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1 Introduction

Industrial policy is back in fashion. Even relatively free-market countries like the United
States are promoting investment in geographically concentrated “innovation zones,” subsi-
dizing R&D in the strategic semiconductor industry, and backing nascent green technologies
in the hopes they become profitable.

The standard economic rationale for industrial policy is to correct market failures intro-
duced by externalities among firms or between firms and households. These market failures
come in two distinct varieties. First, externalities cause individual economic actors to under-
or over-prioritize actions relative to their marginal social value. For example, a firm may be
unwilling to invest in a green production method if it bears the full cost while others share
in the benefit of lower pollution. Second, externalities can create multiple, Pareto-ranked
equilibria. If all economic actors believe that the economy will fall into an inefficient equi-
librium, then this belief can be self-fulfilling—a coordination failure. For example, suppose
that a green technology becomes cheaper as more firms adopt it. Even if it is efficient for all
firms to adopt the technology, each individual firm may choose not to if no one else does.

The dominant industrial policy paradigm for correcting these externalities is Pigouvian
taxation and subsidization. A Pigouvian policymaker taxes or subsidizes an activity—such
as a firm’s investment in green technology—until its private marginal cost equals its so-
cial marginal cost [Pigou, 1924]. This logic underlies policies as wide-ranging as carbon
taxes, R&D subsidies, and federal grants for basic science research [Nordhaus, 2006, Gorg
and Strobl, 2007, Mandt et al., 2020]. Even non-Pigouvian policies, like infant industry
protection, are often justified as second-best versions of the Pigouvian ideal [Harrison and
Rodriguez-Clare, 2010].

Despite its popularity with academics and policymakers alike, Pigouvian policy has a key
limitation: it does not resolve coordination failures. To see why, consider a simple economy
with a traditional sector and an industrial sector. In the traditional sector, workers have fixed
productivity. The industrial sector features external economies of scale, so that each worker’s
productivity grows with the number of other industrial workers. Pigouvian policy subsidizes
wages in the industrial sector to compensate workers for these externalities on the margin.
However, these externalities—and so, Pigouvian subsidies—are zero if all workers choose
the traditional sector because, in this case, no one benefits from the increase in industrial
productivity caused by any one worker’s decision to industrialize. Full non-industrialization
is therefore an equilibrium under Pigouvian policy as long as traditional productivity ex-
ceeds industrial productivity under full non-industrialization. However, it is efficient only if

traditional productivity exceeds industrial productivity under full industrialization.



In this paper, I propose a new, “super-Pigouvian” policy that retains the spirit of Pigou-
vian policy while also preventing coordination failure. Like Pigouvian policy, this new policy
steers clear of central planning, instead simply augmenting the prices faced by households
with taxes and subsidies. Moreover, both policies adjust prices in order to align households’
private incentives with their marginal contributions to social welfare.

However, super-Pigouvian policy differs from Pigouvian policy in two essential ways.
First, although both policies ensure households are paid for the welfare impact of their ac-
tions, inclusive of externalities, super-Pigouvian taxation measures this impact in a more
comprehensive way. Namely, it seeks to reward households for actions that trigger large
shifts in aggregate behavior—away from “bad equilibria” and toward the efficient alloca-
tion. Standard Pigouvian policy does not incentivize these actions because it measures a
household’s impact on welfare while holding fixed the behavior of all other households. Super-
Pigouvian policy instead compensates each household for not only these direct effects but
also the indirect effects of its actions through their influence on other households’ behavior.

The second essential feature of super-Pigouvian policy helps to address a question posed
by the first: How does any one household’s behavior affect another’s? So that this notion
is well defined, I work in an alternative version of the traditional general equilibrium setup
wherein (a) households act sequentially and (b) the economy must follow a competitive equi-
librium starting from any history of past behavior. Within this setting, I require that super-
Pigouvian policy compensates households for their actions’ direct and indirect welfare effects
starting from any history. This condition—the second key aspect of its definition—shapes
behavior off of the equilibrium path and therefore disciplines the effects of one household’s
action on another’s. This differs from Pigouvian taxation, which need only be specified along
an equilibrium path.

My main theoretical result is a first welfare theorem for super-Pigouvian policy. Namely,
I show that any equilibrium in which policy is set according to the super-Pigouvian rule
is Pareto efficient. Three ideas underlie this result. First, I study a dynamic model in
which households act sequentially rather than simultaneously. This narrows the scope of
coordination failure by allowing each actor to observe actions that have come before them,
rather than guessing what they might be. Second, my approach compensates households
for their welfare impacts accounting for effects on other, future behavior, which ensures
households choose the action that maximizes welfare given how others will respond. Third,
the fact that super-Pigouvian policy is set off the equilibrium path ensures that a household
who deviates away from an inefficient equilibrium knows that those who act afterwards will
continue the efficient transition it began. The combination of these three factors implies

efficiency by a logic akin to the principle of optimality in dynamic programming.



The idea that an alternative policy can improve on Pigouvian taxation may appear to
conflict with standard results in public finance. It is well known that any taxes or subsidies
that implement an efficient allocation must be Pigouvian locally to that allocation. Con-
sistent with this fact, I show that, in any strategy profile that can be implemented under
super-Pigouvian policy—and so, according to my first welfare theorem, is efficient—ypolicy is
Pigouvian locally to the equilibrium path. Where super-Pigouvian taxes and subsidies differ
from the Pigouvian prescription is in inefficient strategy profiles. There, super-Pigouvian
taxes and subsidies guarantee that the profile cannot be individually rational for some mar-
ket participant and so is not an equilibrium. I moreover confirm that super-Pigouvian policy
is not overly selective by providing a second welfare theorem: as with standard Pigouvian
policy, any efficient allocation can be implemented in a super-Pigouvian equilibrium.

A concern with some approaches to industrial policy—such as regulating quantities or
“picking winners”—is that they require the social planner to be unrealistically well-informed.
One of the advantages of standard Pigouvian policy is that it can be implemented using
only information on the extent of externalities on the margin of the equilibrium path—or
equivalently, households’ willingness to pay (WTP) for one another’s actions, holding fixed
all future behavior. I show that, analogously to the Pigouvian case, a planner can implement
super-Pigouvian policy using only household WTPs for one another’s actions, provided that
these WTPs account for actions’ indirect effects through their influence on future behavior.
Importantly, households can form these WTPs using only information about prices and
transfers, without any individual knowing the efficient allocation.

After establishing these welfare properties in a general environment, I quantify the wel-
fare gains from super-Pigouvian policy in a dynamic model of structural transformation that
[ calibrate using South Korea’s heavy and chemical industry (HCI) drive in the 1970s. This
model captures the idea that there may be strong complementaries between firms—for ex-
ample steel manufacturers and industrial machine producers—who use one another’s output
as an input [Rodrik, 1996, Buera et al., 2021]. When these complementarities are strong
enough, entrepreneurs’ optimism or pessimism about industrialization can be self-fulfilling.

I take this model to the data using estimates of the HCI drive’s effects on industrialization
from Lane [2022] and use the calibrated model to compute welfare under a range of policies.
I find that Pigouvian taxation can support multiple equilibria at different levels of self-
fulfilling optimism about investment into new industrial technologies. Relative to the worst
Pigouvian equiilbrium, super-Pigouvian policy generates modest welfare gains equivalent to
a ~2% increase in HCI value added. T also examine the mechanism by which super-Pigouvian
policy incentivizes households to “escape” inefficient Pigouvian equilibria. Super-Pigouvian

policy offers large incentives for investment in new technology concentrated in states where



firms are nearly indifferent to investment.

Literature: This paper is not the first to propose a policy that can resolve coordination
failures without requiring a social planner to know the efficient equilibrium path. Notably,
Sandholm [2002, 2005, 2007] studies whether a social planner may implement the efficient
allocation by simply committing to engage in Pigouvian taxation at any history the economy
may reach. He shows that when—rather than acting with perfect foresight—households
update their behavior myopically and with a small enough amount of noise, only welfare-
maximizing strategy profiles are played in a non-negligible fraction of periods in the long
run. Fujishima [2013] provides a similar result in the case of perfect foresight, showing that
in the limit of small frictions in updating behavior, (a) there always exists an equilibrium
path from the current state to the efficient steady state and (b) starting from sufficiently
close to that state, all equilibria converges to it.

Like the policy these papers propose, super-Pigouvian policy requires taxes to be set
appropriately both on and off the equilibrium path. However, super-Pigouvian policy sets
these taxes in a non-Pigouvian fashion. I show that this difference leads to stronger welfare
properties: super-Pigouvian policy ensures efficiency along the entire path, not just at a
steady state, and its efficiency properties do not rely on agents acting myopically or with
vanishing frictions. This welfare guarantee is analogous to that of Atkeson et al. [2010], who
propose a monetary policy rule that eliminates indeterminacy in the New-Keynesian model.
The key difference between our respective approaches to unique implementation is that mine
does not require the social planner to (even approximately) know the efficient allocation.

Also related is a literature on dynamic mechanism design. One way to understand the
welfare properties of super-Pigouvian policy is by analogy to a dynamic game of common
interest with staggered actions. Super-Pigouvian policy ensures that households (a) act in
the common interest and (b) even though they are price takers, act as if they can influence
the equilibrium path. My first welfare theorem is then analogous to the efficiency of sub-
game perfect equilibria in sequential-action, discounted, dynamic games of common interest
[Lagunoff and Matsui, 1997].1 The super-Pigouvian idea that households should be compen-
sated for their full contribution to welfare is also familiar from the well-known mechanism of
Vickrey [1961], Clarke [1971], Groves [1973] and the more recently-proposed dynamic pivot
mechanism [Bergemann and Véliméki, 2010]. The essential distinction between the approach
of these papers and my own is that their mechanisms require households to share all private

information with a central planner; this makes it easy to avoid coordination failure, as there

'Methodologically, the one-shot deviation principle in discounted dynamic games is closely tied to the
dynamic programming logic on which my proof relies.



is a single decision-maker.? By contrast, I emphasize how super-Pigouvian policy can prevent
coordination failure without requiring the central planner to know the efficient allocation.

While the idea of coordination failure applies to many topics, it has received particu-
lar attention in the industrial policy sphere [Rosenstein-Rodan, 1943, Murphy et al., 1989,
Rodriguez-Clare, 1996, Ciccone, 2002, Rodrik, 2004]. From a modelling perspective, my
main contribution to this literature is to nest an empirically-motivated static model of in-
dustrialization within the dynamic setup of Frankel and Pauzner [2000]. On the estimation
side, I calibrate my model using empirical moments from actual policy variation, rather than
steady-state sufficient statistics as in Buera et al. [2021]. Finally, I assess the gains from a
novel industrial policy.

Although I focus on industrial policy, my theoretical results apply to numerous other
settings where positive externalities can create multiple equilibria. One important case is
economic geography, where a long literature has considered whether local spillovers may lead
to agglomeration in inefficient locations [Krugman, 1991, Davis and Weinstein, 2002, Bleakley
and Lin, 2012, Allen and Donaldson, 2020]. Another application is to directed technolog-
ical change, where the fact that successive innovations “build on the shoulders” of earlier
inventions can create multiple equilibria [Acemoglu et al., 2012]. The theory also applies to
business cycle models, in which recent papers have ruled out multiple “sunspot” equilibria
with modelling assumptions, using tools from the global games literature [Angeletos and
Lian, 2016]. In each of these contexts, many authors either make modelling assumptions
that rule out multiplicity or, if they allow for multiplicity, study policies that are neces-
sary for efficiency but not typically sufficient [Guimaraes and Machado, 2018, Schaal and
Taschereau-Dumouchel, 2015, Fajgelbaum and Gaubert, 2020]. Super-Pigouvian taxation
is a policy that one can propose while neither foreclosing multiplicity through modelling
choices nor narrowing the definition of policy success. The methodological contribution that
underlies these applications is my first welfare theorem’s reliance on dynamic programming

rather than convexity assumptions.

Outline: The paper is organized as follows. In Section 2, I provide a motivating example
that introduces the main ideas of the paper in a simplified setting. Section 3 presents
the general model. Sections 4 and 5 characterize the welfare properties of Pigouvian and
super-Pigouvian properties, respectively, as well as the information required for a planner to

implement them. Finally Section 6 quantifies the welfare gains from super-Pigouvian policy

2T also differ from this literature—as well as the one on subgame perfect implementation more generally,
e.g. Moore and Repullo [1988]—by implicitly assuming that a social planner can elicit household willingnesses
to pay. Here I am motivated by the application to large economies in which any one agent’s preferences may
have a negligible effect on policy.



in a specialized model of industrialization, calibrated using the HCI drive in 1970s South

Korea. Section 7 concludes.

2 Motivating example

Before expositing the formal model, I introduce the main ideas behind super-Pigouvian

policy in an accessible example.

2.1 A simple model of industrialization

Two households 7 = 1, 2 sequentially decide whether to work in the traditional sector or
the industrial sector. After both have chosen a sector, they each inelastically supply one
unit of labor and production occurs.

The traditional and industrial sectors are competitive and produce a common final good.
In the traditional sector, each household has productivity A > 0. The industrial sector
features a productivity externality, with each household having productivity (L?)®, where
L' is the number of households in the industrial sector and « > 0.

A government taxes labor in each sector and can condition the second household’s taxes
on the sectoral choice of the first.

Figure 1 depicts the timing of household sectoral choice and its implications for output.

Remark. Economists often study Pigouvian taxation in contexts where households’ deci-
sions are sensitive to the incentives they face on the margin. It may therefore surprise the
reader that this model’s equilibria are corner solutions to the household problem, implying
that household behavior is locally insensitive to marginal incentives. Nonetheless, Pigouvian

taxation plays an important role in determining which of these corners can be supported.

2.2 Pigouvian policy and coordination failure

We begin by considering what can happen when the government sets taxes in the standard
Pigouvian fashion. A Pigouvian equilibrium is a path for the wages faced by firms, the wages

faced by households, and households’ labor supply and consumption decisions such that:

e The wages faced by firms are their marginal products of labor, i.e. A in the traditional
sector and (L) in the industrial sector.
e The wages faced by households are those set by firms plus the value of the marginal

externalities they generate on output, local to the equilibrium path, i.e. A in the
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Figure 1: Timing and output in a simple model of industrialization. The structure of the
tree represents the timing of household sectoral choice. T is the traditional sector and [ is
the industrial sector. Terminal nodes show the value of aggregate output at each allocation
of households to sectors.

traditional sector and (L!)* + % _ (L)*L' = (1 + a)(L))* in the industrial sector.
In other words, the post-tax wage in each sector equals the total, marginal output
contribution of labor in that sector, through both the direct and externality channel.
e Taking these paths of wages as given, households make the labor supply decisions that

maximize the NPV of their earnings, and they consume up to their budget constraints.

Suppose full industrialization is Pareto efficient, i.e. 24 < 2'*®. Can Pigouvian taxation
support this outcome? Can it support other, inefficient, outcomes?

Pigouvian taxation can indeed support industrialization. On an equilibrium path in
which both households industrialize, the post-tax industrial wage is (14 «)2%. The fact that
industrialization is efficient implies that this wage exceeds that offered in the traditional

sector, rationalizing households’ equilibrium behavior:
24 < 2!t — A < (14 a)2v (1)

However, Pigouvian taxation can also support the “development trap” outcome where
both households choose the traditional sector. This is simply because, on the equilibrium
path where no one works in the industrial sector, (a) productivity in the industrial sector is
zero and (b) there is no one to benefit from externalities that boost industrial productivity.
So the post-tax industrial wage is zero and both households prefer the traditional sector.
The left panel of Figure 2 illustrates households incentives under these post-tax wages. If
either household deviates from its equilibrium choice of the traditional sector then, holding
the other household’s behavior fixed in the standard general equilibrium fashion, it ends
up with a post-tax wage of zero instead of A. The dynamic structure of the diagram is

unimportant for this point but will become relevant in the next section.



In other words, Pigouvian taxation cannot rule out the coordination failure outcome in
which each household—expecting that no one will join it, should it migrate to the industrial
sector—stays in the traditional sector. This self-fulfilling prophecy arises despite the fact
that taxes are set so as to correct for externalities on the margin of the equilibrium path
where no one works in industry. The core problem is that non-industrialization corresponds
to a local maximum of the production function, away from which neither household can move
without coordinating with the other.?

As Pigou [1924] himself wrote, “All of the relative maxima are, as it were, the tops of

hills higher than the surrounding country, but only one of them is the highest hill-top of all.”

2.3 An alternative to Pigouvian policy

The main contribution of this paper is to provide an alternative, “super-Pigouvian” policy
that retains the spirit of Pigouvian policy while avoiding coordination failure. Within this
simple model, I now introduce super-Pigouvian policy in two steps.

First, consider the sectoral choice of the household who acts second. Our assumption
that industrialization is efficient implies that it is efficient for this household to industrialize
if the first household does. For simplicity, assume that it is otherwise efficient for the second
household to choose the traditional sector, i.e. A > 1.

How can a planner set taxes to guarantee that the second household chooses the efficient
sector? One simple way is to “sell the household the economy” by ensuring that the difference
in post-tax wages across the two sectors is equal to the difference in aggregate output that
results from her choice. This way, she is a full residual claimant to her action’s effects and
chooses the sector that maximizes output—i.e. whichever the first household has chosen.

The post-tax wages shown for the second household in the right panel of Figure 2 illustrate
this logic. On one hand, if the first household chooses the traditional sector, then aggregate
output is either 2A if the second household also chooses the traditional sector or A + 1 if the
second household chooses the industrial sector. So if the second household’s post-tax wage
in the traditional sector is A, then its post-tax wage in the industrial sector should be 1.* On
the other hand, if the first household chooses the industrial sector, then aggregate output is
either 1 + A if the second household chooses the traditional sector or 2'*¢ if it chooses the
industrial sector. So if the second household’s post-tax wage in the traditional sector is A,

then its post-tax wage in the industrial sector should be 2!+ — 1.

3Part of the problem is also that—due to the neoclassical assumption that households are price takers—
each is unable to “coordinate with itself” and move to the industrial sector motivated by how doing so will
affect its own productivity. However, the self-coordination issue disappears in the many household limit.

4The level of the post-tax wage does not affect behavior because households have inelastic total labor
supply. What matters here is the difference in post-tax wages across sectors.



Second, consider the sectoral choice of the household who acts first. How can the planner
set taxes to guarantee it chooses the efficient sector? One method is to follow the same
approach as for the second household, setting taxes so as to ensure that the first household’s
difference in post-tax wages across sectors is equal to the difference in aggregate output
that results from her choice of sector. This is not quite as simple as in the case of the
second household, since the level of output that results from any sectoral choice of the first
household also depends on how the second household responds. In order for to incentivize the
first household to industrialize, taxes must reflect the knowledge that the second household
will follow suit—as the taxes we specified for it imply.®

To see how this works, consider the first household’s post-tax wages shown in the right
panel of Figure 2. If the first household chooses the traditional sector, then—as the second
will also choose the traditional sector in this case—total output is 2A. If the first household
instead chooses the industrial sector then—as the second household will also choose the
industrial sector in this case—total output is 21*®. So if the second household’s post-tax
wage is A in the traditional sector, its post-tax wage in the industrial sector should be
21ta _ A This ensures that the first household chooses the industrial sector.

To summarize, we have decribed a policy in which each household is paid a post-tax wage
that reflects its total contribution to output, taking as given past behavior, and taking into
account effects on future behavior. Note that this can result in total post-tax wages that
exceed aggregate output, since both households are full residual claimants of their effects on
output. However, this does not present a challenge to the policy provided that the social
planner can set lump-sum taxes to balance its budget after observing household behavior
and—in the standard general equilibrium fashion— households take these transfers as given.

Note that this alternative policy retains elements of Pigouvian policy, as both regulate
prices rather than quantities, and both compensate households for what is—in one sense
or another—the contribution of their behavior to output. And, as we will later see, both
policies offer incentives closely related to households’ willingness to pay for one another’s
actions. Motivated by these similarities, I call the alternative policy “super-Pigouvian.”

Super-Pigouvian policy differs from standard Pigouvian policy in two ways. First, it
compensates households for the entire change in output induced by their actions—inclusive
of indirect effects through changes in later actors’ behavior. By contrast, Pigouvian policy
only compensates households for the effect of changing their own actions on the margin of

the equilibrium path. Second, whereas Pigouvian policy need not be specified away from the

5Tf, for instance, a policy reflected the belief that the second household would choose the traditional sector
no matter what, then—in order to compensate the first household for its total effect on output—it would pay
A in the traditional sector and 1 in the industrial sector. So the first household would choose the traditional
sector.
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Figure 2: Left panel: Post-tax wages for each household in the Pigouvian equilibrium where
both households work in the traditional sector. “-” represents wages that the policy need
not specify, as they are more than one deviation away from the equilibrium path. Equilib-
rium outcome is underlined. Right panel: Post-tax wages for each household under super-
Pigouvian policy. (I, ) is the unique equilibrium. “-” represents wages that the policy need
not specify, as they are off the equilibrium path for either action taken by the first-actor.
Equilibrium outcome is underlined.

equilibrium path, off-path super-Pigouvian policy disciplines what is meant by the “entire
change in output” used in the definition of on-path Pigouvian policy.

The remainder of the paper formalizes, generalizes, and characterizes the idea of super-
Pigouvian policy introduced informally above. Most importantly, I show that its ability to
implement efficient outcomes is a general feature, rather than a quirk of this particular set-
ting. Aside from this and other welfare properties, I also consider the information required
for a planner to use Pigouvian or super-Pigouvian policy, showing that each can be imple-
mented using knowledge of only households” willingnesses to pay for one another’s choice of
action. Finally, I turn to a quantitative application that gauges the potential welfare gains

from super-Pigouvian policy in practice.

3 Model

I now lay out a general model in which to formalize the ideas introduced in Section 2.

I take as my starting point a standard model of competitive equilibrium with production
externalities and taxation. However, this model is not rich enough to accomodate super-
Pigouvian policy because it has no notion of how households behave off of the equilibrium
path. To capture this idea while remaining as close as possible to competitive equilibrium, I
study recursive competitive equilibria—a standard concept in macroeconomics, e.g. Prescott

and Mehra [2005]. In a recursive competitive equilibrium, the path of the economy is well-
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defined starting from any initial “state” of the economy, but—unlike in, for example, the
game-theoretic notion of subgame perfect equilibrium—each such path is a competitive equi-
librium in which households take prices as given. I differ slightly from standard applications
of recursive competitive equilibrium by taking the “state” to be the entire history of factor

supply decisions to date, rather than a low-dimensional or Markovian variable.

3.1 Environment

The economy contains finitely many households i € Z, finitely many factors n € A/, one

consumption good, and a finite or infinite number of discrete time periods t € T = 0,1, ...

Preferences: At each time ¢, each household 7 supplies factors i and consumes ci units of
the final good. Each household i has GHH preferences u(ci — v(¢!)) over consumption and
factor supply within each period ¢ and discounts the future at a rate 5 € (0,1). I assume u
is increasing and v is differentiable.

While households can adjust their consumption freely, they are constrained in their ability
to adjust their factor supply. Each household 7 has initial factor supply Zf). At the end of
each period ¢, exactly one household i; may update her factor supply to a new level ¢},
contained in a feasible set A < RV. In period ¢ + 1, i, supplies ¢, and all other households

j continue to supply ¢ = o,

Technology: At each time ¢, a representative firm produces output Y; using factor inputs
L, according to production function Y; = F(Ly, L;). The first argument of F' represents
inputs chosen by the firm, whereas the second represents a production externality that the
firm takes as given. I assume that F' is differentiable and that it is constant-returns-to-scale

in its first argument.

Prices, taxes, and transfers: I normalize the final goods price to one in all periods. At
each time ¢, firms face a vector of factor prices w;. Each household ¢ faces factor prices that
differ from w; by a vector of marginal taxes 7/(¢;), which in general may depend on not
only her identity but also her level of factor supply. I denote the corresponding post-tax
factor prices by wi(£}). Between periods, households have access to an exogenous interest

rate R > 1, as in a small open economy. Finally, households receive lump-sum transfers 7}.

3.2 Equilibrium

A recursive competitive equilibrium is a set of competitive equilibria, each corresponding

to the economy’s path following a different history of factor supply. As in subgame perfect
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Nash equilibrium, I require that the competitive equilibrium following a time-(¢ 4+ 1) history
coincides with the competitive equilibrium starting from the time-t sub-history provided that
households take equilibrium actions at time t.

More formally, A history h' = (hs_1, ..., hg) is a sequence of factor supply updates, with
each hg representing the labor supply decision that 75 commits at time s to begin at time

s+ 1. T denote by hY = () the empty history before any households have acted.

Definition 1. A recursive competitive equilibrium is an on-path consistent profile of
function {c', £1Y , L,w,w’, 7%, T} that, when applied to any history ht, returns a compet-
itwe equilibrium {c.(h'), €.(h'), Yy(h'), Ls(h'), ws(h'), wi(h), 7i(h), TH(Rh')}i, starting from
that history. Formally, conditions (2)—(7) hold.

I now describe the equilibrium conditions for a competitive equilibrium following any his-
tory, as well as one additional condition that guarantees a recursive competitive equilibrium
is self-consistent along the equilibrium path following any history.

First, the problem of household i following any history A’ is

(¢ (ht), £i(h1)} e  argmax Zyrwﬂu@y—mag
feasible {cs.ls} o>t

| . . (2)
st d'(h)+ Y R (e — wi(lu ht) - £y — TH(RY)) <0,

s>t
where d'(h') is household 7’s debt accumulated along the history h!,® and where by “feasible”
[ mean that (a) {5 € A, (b) {541 # {5 only if i = i, and (c) ¢, = hy for last time ¢’ before ¢
at which ¢ = iy, or £, = ZZ if no such ¢ exists. Above and throughout, I omit indices when
clear from context, e.g. above {c%, ('} represents {c’, (1}~
Second, following any history A!, the representative firm’s problem at any time s > ¢ is
Y.(h"),Ly(h") € argmax Y —w,(h') L s.t. Y = F(L,L,(h")). (3)
Y,L

Third, following any history h’, the schedule of factor prices faced by each household i

at any time s > t differ from the prices facing the firm by the schedule of marginal taxes:

wi(h) = w(h') =T ). (4)

SFixing h! = (hy_1, ..., ho), let—for each i € T—(¢1),~; be the path of labor supply defined by £} = Zé,
0Ly =(Lifi# i, and ¢, = hy if i = is. Household i’s private debt d’(h') is given by

= VR () Wik £ - THR) . where  h* = (hosres.

s<t
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Fourth, following any history h!, factor markets clear at each time s > t:

L(n") = ) &(h). (5)

€L

Fifth, following any history h!, goods markets clear in net present value, taking as given

aggregate debt accumulated up to ht:" 8

MIREY (R = Y RETIN () +  D(h), (6)

s>t s>t i€T
Finally, in order for them to constitute a recursive competitive equilibrium, I require that
the functions pertaining to each equilibrium quantity are consistent along the equilibrium
path of factor supply following any history. That is, they make the same prescriptions at
any history h' as at the histories that follow from h' on the equilibrium path—i.e. according

to the function for factor supply. Formally, for any history h* = (hy_1, ..., ho),

2 (h) = 21 ((e;“(ht), hi 1o, h0)>, (7)

for x = ¢, 0, W', 7, T for all i € T and for z = w,Y, L.

Moving forward, I refer to “recursive competitive equilibrium” as simply “equilibrium.”

3.3 Discussion

Two elements of the model warrant further discussion.

First, I have required that at most one household may act at a time. This assumption is
innocuous in settings—such as worker migration—where, even if some actors move simulta-
neously, each is small enough so that they do not affect the optimality of any other’s decision.
In settings—such as the formation of large firms—where this may not be the case, my fo-
cus on sequential actions rules out multiplicity due to self-fulfilling expectations about how

others will act in the present. Still, it is possible to support multiplicity due to self-fulfilling

"Fixing h* = (hy_1, ..., ho), let—for each i € T—(¢1),~; be the path of labor supply defined by ¢} = Zg,
Ol =0 if i iy, and ¢, = hy if i = i,. Aggregate debt D(h') is given by

D(h') ==Y R (F (Z 4 foé) -2 ci(hs)> . where B = (hr)osr<s.

s<t €L i€l i€l

8The fact that goods markets need clear only in net present value—rather than in every period—reflects
the presence of the savings technology (the source of the exogenous interest rate R) in the background.
Together with households’ budget constraints, goods market clearing implies the government satisfies a
lifetime budget constraint, which I therefore omit.
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expectations about how others will act in the future.

Second, I have assumed that households’ consumption and factor supply strategies may
condition on the entire history of factor supply, but may not condition on the history of
consumption. While not critical, this assumption simplifies my analysis by allowing the
planner to leave consumption un-taxed. I view it as sensible in the context of industrial
policy, where, for example, workers forming beliefs about future employment in a sector are
unlikely to need information on the path of consumption given they have information on the

path of aggregate income and sectoral labor supply.

4 The limits of Pigouvian policy

I begin by analyzing standard Pigouvian policy. This highlights its strengths and brings
its limitations into focus. In the next section, I will introduce a new policy that overcomes

these limitations.

4.1 Defining Pigouvian policy
I begin by defining Pigouvian policy.

Definition 2. An equilibrium is Pigouvian if for all times t, households i, and factor
supplies ¢,
T (1% = —Fp (Ly(h°), Ly(h")) . (8)

This definition is standard: Factor supply subsidies should be set equal to a household’s
marginal contribution to output through externalities, so that a household’s post-tax wages
equals its total, marginal contrbution to output. However, three details are worth higlighting.
First, I have embedded Pigouvian policy in an environment that—unlike the standard neo-
classical framework—explicitly models off-path behavior. Pigouvian policy does not specify
how taxes are set off of the equilibrium path. Second, note that Pigouvian taxes only account
for the externalities that a household generates directly, through its own behavior, and not
any welfare gains it generates indirectly by influencing the behavior of others. Finally, note
that that although marginal taxes in principle may depend on household identity and factor

supply behavior, Pigouvian taxes do not.

4.2 Welfare properties of Pigouvian policy

Despite its inability to prevent coordination failure, Pigouvian policy has several positive

welfare properties. As these properties are relatively well understood, I state them as a single
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result. I then discuss how they can guide our thinking in the design of a policy that shares
these properties while also addressing coordination failure.

These properties all relate to a weak notion of Pareto efficiency that I now define.

Definition 3. An allocation {ci, (i}iX is first-order Pareto efficient if for all {Aci, Ali}
such that {c} + eAci, 0} + eAlL} is feasible for small enough € > 0,

d

de

Zej<{cz+eAcZ,€{—i—eAE{}teT,{cZ,@{}teT) < 0 (9)

e=0 jeT

where el ({1, 0 er, {c], 6} er) is the additional expenditure i would require in the second

profile in order to acheive the same utility as it does under the first.*

Proposition 1 (Pigouvian welfare properties).

1. Every Pigouvian equilibrium is first-order Pareto efficient.

2. Suppose factor supply disutility v and the action set A are both convex,'', the pro-
duction function F' is concave in its first argument, and consumption utility u is such
that the household problem has well-defined value given the path of factor supply and

total consumption expenditure.'?

Then any first-order Pareto efficient allocation can
be tmplemented as a Pigouvian equilibrium.

3. Suppose an equilibrium implements a first-order Pareto efficient allocation. If tazes
are differentiable in factor supply and equilibrium factor supplies are interior to the
feasibility sets A, then—Ilocal to the equilibrium path—taxes are effectively Pigouvian

in the sense that they provide households with the same factor supply incentives.'

9By feasible, I mean that (a) labor supply is within A and satisfies its timing constraints and (b) goods
market clearing holds in net present value when output is given by F' evaluated at the labor supply allocation.
10Because preferences are GHH, we have

ej ({CI‘Z7 K/i }t€T7 {Cga fg}teT) =

S R ((C’i - U(M)) - (Ct] - ”(d)»] ' 10)

teT

1On the surface, the combination of these assumptions may appear somewhat restrictive since they imply
that, for example, a household who is indifferent between working in two different industries or locations
must weakly prefer to split its time between them. However, A’s convexity can be dispensed with in limits
in which there are many copies of every agent, a convexification “trick” that dates back to Aumann [1965].
For this reason I do not dwell on it.

12T e. the following is defined

max Z Blule; —v(ly))  s.t. Z R'¢, <FE (11)

lechzo i =0
13Taxes can only violate (8) insofar as either (a) they shift payments across time differently or (b) they

use the quantity-dependence of taxes to ensure that households’ post-tax factor income varies with factor
supply in the same as as under Pigouvian taxes. The proof formalizes these conditions.
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In the second result above, and throughout the paper, I use “implement” in the Ramsey
sense—i.e. to mean that there exists an equilibrium whose equilibrium path is the allocation
in question—rather than the unique implementation sense from mechanism design.

The first result provides a fairly weak welfare guarantee for Pigouvian equilibria: They
cannot be locally improved to first-order. A notable corollary is that, if the economy is
convex in an appropriate sense—namely A convex and F'(L, L) convex in L—then Pigouvian
equilibria are globally Pareto efficient, a first welfare theorem.

So, where does Pigouvian taxation go wrong in non-convex economies? The second
result provides an answer: Pigouvian taxation can implement any first-order Pareto effi-
cient allocation—i.e. every “local optimum.” In non-convex economies, there may be many
such allocations, only one of which is globally efficient. In other words, the shortcoming
of Pigouvian policy is not its inability to support efficient outcomes, but rather its ability
to rule out some inefficient outcomes—as we saw in the example of Section 2 (where the
economy was non-convex). Pigouvian taxation runs the risk that households will land on a
Pareto-dominated local maximum, i.e. will fall into a coordination failure.

Given that Pigouvian policy implements not only global but also local optima, there is
room for an alternative policy to do better. The third result narrows the scope for such
improvements by clarifying that, along the path of any policy that implements efficient allo-
cations, policy must (at least locally) be set according to the Pigouvian rule.

This leaves room for two places in which an alternative policy might differ from Pigou.
First, it could differ off of the equilibrium path. However, this could not cause households—
each of whom expect that the economy will remain on the equilibrium path whatever actions
they take—to take different actions in the inefficient equilibria we would like to change. The
second possibility is more subtle. On one hand, if we succeed in constructing an alternative
policy that satisfies guarantees efficiency, then—as every equilibrium under that policy is
efficient—the third result in Proposition 1 implies those equilibria must be Pigouvian. So the
new policy must be Pigouvian in every strategy profile that is an equilibrium under the policy.
On the other hand, Proposition 1 says nothing how taxes are set in hypothetical strategy
profiles that are not equilibria. While, by definition, such profiles never arise in equilibrium,
this may be precisely because of the incentives our alternative policy rule provides when
applied to them. Given that the problem with Pigouvian policy is over- rather than under-
inclusiveness, this is a promising approach.

Indeed, this is the avenue taken by the “super-Pigouvian” policy introduced next. Super-
Pigouvian policy manages to set taxes so as to (a) be Pigouvian in efficient allocations and

(b) prevent all other allocations from being consistent with household optimization. This

14 A version of this “Pigouvian first welfare theorem for convex economies” appears in Starrett [1972].
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Pigouvian

equilibria
Non-Pigouvian
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: Efficient :
I allocations i

Figure 3: Summary of Pareto efficiency properties of Pigouvian equilibrium. Both efficient
and inefficient allocations can be implemented as Pigouvian equilibria. However, all efficient
allocations can be implemented as Pigouvian equilibria, and they (essentially) cannot be
implemented in non-Pigouvian equilibria.

resolves the coordination failure problem of Pigouvian policy while, at the same time, policy

remains Pigouvian in any strategy profile that actually arises as an equilibrium.

5 Super-Pigouvian policy

In the previous section, I showed that Pigouvian policy can implement any Pareto efficient
allocation—and moreover that any policy implementing a Pareto efficient allocation must
effectively be Pigouvian along the equilibrium path—and yet Pigouvian policy can also
implement Pareto inefficient allocations.

In this section, I propose an alternative policy that, unlike Pigouvian policy, always
guarantees an efficient outcome—i.e. satisfies a first welfare theorem, even in non-convex

economies. For lack of a better name, I call this super-Pigouvian policy.

5.1 Defining super-Pigouvian policy

In order to highlight the similarities between Pigouvian and super-Pigouvian policy, I
begin by rearranging the definition of Pigouvian policy. To start, since the Pigouvian post-
tax wage is equal to a household’s entire marginal contribution over time, adding these

contributions starting from any time ¢ > 0 until the next time t’ at which i, ; can adjust
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implies that for any ¢ € A,

t/ t’
DRG0 RY) 0 = ZR‘(S‘”i

- F(L,L) Y. (12)

L=Ls(h0)

s=t s=t

This implies that, for any change Af in i,_;’s factor supply between ¢ and t’ (away from

£7*(h")) the change corresponding in 4;_;’s NPV income is

t' t
~ YR (Ly(h%) + AL L(h%) + AL) — Y RTCTIF (Ly(R°), Ly(h°)) . (13)

s=t s=t
Finally, note that if we add to both sides the effect that this A¢ has on i;_1’s factor
supply disutility between ¢ and t’, then the left-hand side equals her full perceived change in
consumption-equivalent utility from deviating by Af¢. Let AU~1(Al, h') denote this change
starting from an arbitrary history h!.!® Similarly, if we add the change in i,_;’s factor supply
disutility to the RHS, then it represents the full effect of the A/ deviation on the NPV
of aggregate output less factor supply disutility over the entire future following ¢. This is
because Al (a) only affects output until period ¢ and (b) does not affect the labor disutility
of any households other than i; . Let W ({¢’}) denote the NPV of aggregate output less
factor supply disutility on any path of factor supply {#/}’Z;.'6 Putting these observations

together, we obtain the following description of Pigouvian policy:

Lemma 1. Suppose d‘%F(L, L) exists and is bounded. If policy is Pigouvian, then for all

histories ht = (€11 (R9), ..., £29(h9)) on the equilibrium path—we have
AU (AL RY) = W ({eg(m + ]lg:if”Aﬁ}) W ({eg(ht)}) v oA, (14)

In words, Pigouvian policy ensures that, in adjusting their factor supply at a point along

5 Formally, for any history A*>% = (h;_1, ..., ho), and any Al such that h; 1 + Al € A, define

’

AU (ALRY) = Y RCD [wir (€1 (hY) + ALRY) - (€01 (BY) + Al) — (1 (h') + AL)]
t

o+

S

“\

= R [t (€ (), 1) - £ () — w2 ()]

S

Il
B

where ¢’ is the next time after ¢ — 1 at which i;_; can adjust her factor supply (or |7 if no such ¢’ exists).
16 Formally,

w({e)) =S

s=t

F (2 a4,y eg‘) =) v(eg)] .

JET JEL JET
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the equilibrium path, a household ¢’s perceived private incentive equals her effect on the NPV
of aggregate output less labor disutility —provided that all other households (including ¢ in
the future) behave as if ¢ had played her equilibrium action.

The definition of super-Pigouvian policy below differs in two key ways. First, in measuring
the social benefit of any deviation in factor supply, it accounts for how households who
act after any deviation change their behavior in response, according to the competitive
equilibrium that begins from the resulting history. Second, it considers the benefits of

deviations away from all possible histories, not just those on the equilibrium path.

Definition 4. An equilibrium is super-Pigouvian if, for all histories h'>° = (hy_q, ..., ho)
and for all Al such that hy_1 + Al e AN

AU (AL, hY) = W({eg((ht,l+A£,ht,2,...,h0)>}) - W({eg(ht)}). (15)

The first essential difference between Pigouvian and super-Pigouvian policy is that the
latter incentivizes households to change welfare not only directly, through the effects of
their own actions, but also indirectly, through their actions’ influence on other households
behavior. As in the motivating example of Section 2, this incentivizes households to behave
as if they understood their ability to change the behavior of others with whom they seek to
coordinate. This helps prevent self-fulfilling expectations and coordination failure.

The second essential difference is that super-Pigouvian policy applies both on and off of
the equilibrium path, whereas Pigouvian policy need only apply on the equilibrium path.
The role of this distinction is rather subtle, as—since households believe that (however they
behave) prices and transfers will follow the equilibrium path—taxes set off of the equilib-
rium path do not affect behavior on the equilibrium path. To the extent that we are only
concerned with efficiency along the equilibrium path, therefore, it would appear that the
off-path definition of super-Pigouvian policy is irrelevant. However, note that the definition
of super-Pigouvian policy on the equilibrium path depends on outcomes that occur off of the
equilibrium path, through off-path welfare. As a result, the precise way in which off-path
welfare is constructed can affect the design of super-Pigouvian policy on path and therefore
what allocation it implements. As I will later show, the assumption that super-Pigouvian
policy holds off of the equilibrium path is precisely the right way to discipline off-path welfare

in order to guarantee that the policy succeeds on path.'®

17 Although this definition only implicitly defines marginal taxes, one may rearrange it in order to obtain
an explicit definition for marginal taxes using the definition of AU%-1. Intuitively, AU~ contains pre-tax
wage payments, tax payments, and labor disutility; one may simply bring market wages and labor disutility
to the other side of the equation. Note that taxes are still only defined up to the re-shuffling of payments
over time between ¢ and the next period when 7,1 may adjust her behavior.

18Pigouvian and super-Pigouvian policy also differ in a fourth, less essential, way that corresponds to
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Note that whereas Pigouvian policy only depends on production externalities, the super-
Pigouvian policy depends on all of an acition’s impacts on production, as well as its effects
on factor supply disutility. The reason these terms do not appear in the Pigouvian case is
that a household already internalizes its own direct effect on production through its wage as
well as its own direct effect on its factor supply disutility. This is no longer the case once

one accounts for a household’s impacts on other households.

5.2 Avoiding coordination failure with super-Pigouvian policy

In Section 4, I showed that Pigouvian policy can implement any efficient allocation,
but also runs the risk of implementing inefficient allocations if there is coordination failure.
Above, I defined a new policy—super-Pigouvian policy—that differs from Pigouvian policy
in that (a) it compensates actors for both their direct effects on welfare and their indirect
effects, through impacts on other households’ behavior and (b) it requires that private and
social incentives align both on and off the equilibrium path. Are these two modifications
enough to rule out coordination failure while still supporting efficient equilibria?

Our next two results show that this is the case. First, super-Pigouvian policy satisfies a

first welfare theorem.

Theorem 1 (Super-Pigouvian first welfare theorem). If an equilibrium is super-Pigouvian,

then it is Pareto efficient starting from any history.'

Both of super-Pigouvian policy’s distinguishing features—the consideration of indirect
effects on welfare and the requirement that policy be set off path—play key roles in this
result. The first feature ensures that policy effectively “sells the future of the economy” to
the household ¢ who acts at ¢, by compensating her for all other households’ willingness to
pay for the future her action creates. So i acts in the public interest, taking as given her
equilibrium belief about how the next actor will behave along the path she starts them on.
The second feature ensures that this next actor, too, acts in the public interest, as do all who
follow her. Since, at every history, these households act as the planner would, the principle
of optimality from dynamic programming ensures the equilibrium path is efficient.

Apart from the design of super-Pigouvian policy, the other key building block of Theorem

1 is the assumption that only one household acts at each time. This rules out the possibility

the difference between the o(Af¢) term in (14). Namely, Pigouvian taxation compensates households for
their marginal impact on production at existing quantities rather than their total impact. However, this
difference vanishes in the large household limit, where any individual household’s action is small relative to
the curvature of the production function.

"This result relies on an additional technical assumption: The function F(3,.7 €%, Y7 ) — Yier v(€')
is bounded over across all {£/}*¢T e AT,
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of coordination failure between two households acting simultaneously. With one household
acting at a time and perfect alignment of household incentives with social welfare, it is as if
a social planner simply hires one household to “run the economy” in each period.

A potential concern with Theorem 1 is that it could hold vacuously by simply ensuring

that no super-Pigouvian equilibria exist. My next result ensures that this is not the case.

Theorem 2 (Super-Pigouvian second welfare theorem). Suppose that, given any history
ht, some functions {c',£'} return Pareto efficient paths of consumption and factor supply
following that history and satisfy the on-path consistency condition (7). Then {c',£'} can be

implemented as a super-Pigouvian equilibrium.

5.3 Decentralization and super-Pigouvian policy

So far, I have shown that super-Pigouvian policy satisfies strong welfare properties, ruling
out coordination failure and ensuring Pareto efficiency. However, skeptics will rightly point
out that it is not the only such policy. For example, a planner could implement the efficient
allocation by simply regulating quantities—i.e. prohibitively taxing all inefficient actions.

If its welfare properties alone do not uniquely characterize super-Pigouvian policy, what
does? My next result answers this question by showing that any policy rule that decentralizes
efficient decisions in an appropriate sense must be super-Pigouvian policy.

To state this result, I first introduce the notion of a generic policy rule. A policy rule is
simply a method for setting history-contingent marginal taxes in response to (a) economic

fundamentals and (b) households’ equilibrium factor supply strategies.

Definition 5. A policy rule is a function that, given any fundamentals 6 and any on-
path consistent factor supply strategies {Ej }, returns some on-path consistent marginal tax
functions {T7(-;-;0,£)}.%°

Super-Pigouvian taxation describes a particular policy rule characterized by Equation 15
holds.?! In words, super-Pigouvian policy incentivizes households according to the full wel-
fare impact of their behavior at fundamentals 8, accounting for reactions of other households
according to their strategies £. This policy rule has two stark properties: First, it guarantees
that households make efficient choices, even if the behavior that follows them is inefficient.
Since they are incentivized according to their actions’ total welfare impact, taking as given
the strategies using which the economy will respond, their actions are constrained Pareto

efficient given those responses. Second, it compensates households for the social benefits of

20By on-path consistent, I mean that (7) holds at every history.
2INote that super-Pigouvian policy is only defined up to re-shuffling of payments to each household i
between periods during which ¢ cannot adjust her behavior, as such changes have no effect on incentives.
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their actions, but leaves them to appropriately internalize their private costs (factor supply
disutility) in a decentralized fashion. Concretely, taxes set according to the super-Pigouvian

rule are, at any history, invariant to changes in the actor’s current factor supply disutility.

Remark. The model of Section 3 assumes that all households have the same factor supply
disutility function, v. However, this makes it impossible to change the factor supply disutility
of the current actor—as mentioned above—without changing disutilities of future actors, and
therefore the efficient allocation. I therefore assume for the remainder of the section that
households have heterogeneous and time-varying factor supply disutilities vi. I discuss this

extension formally in Section 5.5 and show that it does not affect my other results.

My next result shows that these two properties are in fact unique to super-Pigouvian
taxation: Any policy rule that implements efficient outcomes without depending on the

current actor’s factor-supply disutility must be super-Pigouvian.

Proposition 2. Fizx a policy rule. Suppose that for all fundamentals 6, factor supply strate-

gies £, and feasible histories hi=1:

o Any solution to i;_1’s problem of adjusting its factor supply for period t subject to the
policy rule’s tazes is Pareto efficient, given that future factor supply follows £.22
e For any alternative fundamentals 0" that differ from 0 only in terms of i;_1’s factor

supply disutility at t, tazes Ttit‘l(-; ht=1,0'.8) are the same as at 6.
Then tazes are super-Pigouvian at 0, £, and h'™", i.e. (15) holds at h* = £/~ (h™') ~ ht~1.

The main idea behind the Proposition is that any non-super-Pigouvian policy rules offer
households net incentives that are not aligned with social welfare. For some factor supply
disutilities, the discrepancy may be innocuous, not interfering with the actor’s optimal de-
cision. However, there always exists a factor supply disutility for which—if policy cannot

update in response to the specific disutility profile—it must result in an inefficient choice.

5.4 Informational requirements for super-Pigouvian policy

When comparing standard Pigouvian policy to full central planning, advocates point to
an additional advantage Pigouvian policy: It can be implemented with limited information
on the part of a social planner. In particular, a planner can evaluate whether an equilibrium

is Pigouvian using only knowledge about the extent of externalities, by checking whether

22More formally, any profile constructed by combining this path for factor supply with a path of consump-
tion that satisfies household optimization and market clearing is Pareto efficient among feasible paths that
start from h'~! and whose factor supply obeys £ after time ¢.
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subsidies indeed align with factors’ marginal output contributions through the externality
channel, and updating them if not. This does not require her to know the efficient allocation.

It is less obvious whether super-Pigouvian policy should satisfy a similar “test,” since its
definition depends on not only more primitives but also households’ endogenous behavior.
My next result shows a social planner may nevertheless verify whether taxes are super-
Pigouvian using a simple test that only depends on households’ willingnesses to pay for one

another’s factor supply adjustments.

Proposition 3. An equilibrium is super-Pigouvian if and only if for all histories h>° =
(hy_1, ..., ho) and all alternative histories h'* = (hy_y + AL, hy_g, ..., ho) with hy_; + Al € A,

5 e (fertr a0 fe o em) ) v sm@nn) < o o

JFl—1

where dgp(AL, RY) is a “correction” term that goes to zero in any limit in which individual

households’ impacts on prices and transfers vanish.

In words, taxes are super-Pigouvian if and only if the aggregate willingness to pay of
all households other than i;_; for a change in her behavior is zero. This is the case when
factor supply subsidies to 7;_;—which these households finance by accepting smaller lump-
sum transfers—exactly offset the other benefits of i, _1’s actions to other households, making
them indifferent.

This condition is akin to the willingness-to-pay condition often used as the definition of
Pigouvian taxation for externalities that manifest in households’ utility functions (rather
than production): Taxes on an action are Pigouvian if and only if they equal aggregate
willingness to pay for that actions’ effect on utility through the externalities it generates,
holding all other behavior constant. Proposition 3 provides a similar condition, but allows
for willingnesses to pay to account for indirect effects—through impacts on other households’
behavior—and for all channels, rather than just the externality channel.

While super-Pigouvian policy can be implemented with relatively limited information on
the part of a social planner, doing so requires that households have somewhat more informa-
tion than neoclassical models assume. Typically, households are assumed to have rational
expectations about the evolution of prices and transfers along the equilibrium path; this is
what allows them to make optimal forward-looking decisions. However, for a planner to elicit
from households their willingnesses to pay for one another’s behavior, households must also
have rational expectations about how prices and transfers will evolve off of the equilibrium
path. More precisely, it must be the case that, should any history A’ be reached, all house-

holds will have rational expectations of prices and transfers both along the equilibrium path
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Table 1: Welfare guarantees of various policies and the information they require from the
social planner and households. The first-column is not discussed in the main text; it refers
to the first welfare theorem without market failures.

following h! and along the equilibrium path that follows any one-step deviation away from
ht. This is a more demanding requirement.

Note, however, that this does not imply that any individual household is so knowledgable
that, on its own, it knows the efficient path of the economy. Households only need know
only the equilibrium path of prices and transfers starting from one step deviation away from
any history they may reach—not the path of aggregate welfare. In this sense, the economy
still aggregates information, achieving an allocation that no household could on its own.

Above, I have emphasized the possiblity of implementing super-Pigouvian policy without
the social planner having any information other than household willingnesses to pay. The
downside of this approach is that it imposes a larger informational burden on households
than is standard in welfare economics, requiring them to have rational expectations both on
and off of the equilibrium path. In practice, government institutions could share this burden
with households.

As a point of comparison, consider how governments implement Pigouvian carbon pricing:
First, they fund research and employ scientists who model the causal relationship between
tons of CO2 that factories emit and actions in people’s lives, such as higher temperatures and
flooded homes. This step is purely descriptive. Second, policymakers assign a monetary cost
to these outcomes. This step is normative, and—in order to implement efficient outcomes—
must assign costs that align with households’ willingness to pay to avoid adverse outcomes.

In a similar fashion, super-Pigouvian policy could be implemented using a mix of tech-
nocratic analysis and household preference reports. Social scientists could first conduct
empirical analyses to gauge how any one household’s decisions—say, to transition to a new

sector—affect the sectoral choices of other households. They could similarly gauge how
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sectoral growth affects wages. Second, households could report their willingness to pay for
higher wages in various sectors.?> Such an approach could reduce the information needed
by households without requiring either households or the government to know the efficient
allocation. Of course, the viability of such an arrangement hinges on the assumption that
social scientists can estimate a wide range of behavioral elasticities. While this may be
challenging, the problem is analogous to estimating the technologies elasticities on which

standard Pigouvian policy relies—also a difficult task in the case of, say, climate change.

5.5 Extensions

With an eye toward the quantitative application presented in the next section, I now
explain how my characterization of super-Pigouvian policy extends to environments with
various forms of heterogeneity, uncertainty, and imperfect competition. The same extensions

also apply to my characterization of Pigouvian policy.

Heterogeneity and time variation: The model of Section 3 assumes that all households
have the same intra- and inter-temporal preferences over consumption and labor supply.
Additionally, it assumes that the production function and the interest rate are constant over

time. All of my results continue to hold in the more general model where:

e Each household 7 has a discount factor 5* € (0, 1), time-varying factor supply disutil-
ity functions {v}}, time-varying consumption utility functions {u}}, and time-varying
action sets {A!}. Preferences are still GHH and satisfy the same technical properties,
and action sets are consistent with the timing of behavior.?*

e The production function F; varies over time. The production function still satisfies the
same technical properties within each period.

e The interest rate R, > 0 varies over time. The quantity >, (R;)~" is still bounded.

Uncertainty: The model of Section 3 is completely deterministic. All of my results continue

to hold in the more general model where:

e Household preferences, the production function, and the variable i, that determines
the timing of household actions are all stochastic processes, measurable with respect

to a common filtration.

23To first order, such reports are unnecessary, as a household’s WTP for a change its wage is simply the
wage change itself. However, extrapolating WTPs for larger wage changes—which might be particularly
relevant if small changes in one household’s action triggered large shifts in aggregate outcomes—requires
knowledge of preferences.

2AThat is, if i does not act between ¢ and ¢/, then A} = Af,.
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e All households have accurate beliefs about these processes, and all uncertainty is
public—there is no imperfect/asymmetric information.

e Households have access to perfect insurance at exogenous and risk-neutral prices.

In this model, histories must include all realizations of uncertainty to date, so that equi-
librium variables—including taxes—are interpreted as filtration-measurable functions of the

underlying state of the world.

Imperfect competition: It is well known that models of imperfect competition can be
represented in reduced form as models of perfect competition with external economies of
scale—i.e. externalities—when firms are monopolistically competitive within each sector
and face CES demand [Kucheryavyy et al., 2016]. Below, I provide a new “recipe” for
reinterpretting imperfect competition as externalities under far more general assumptions.
Specifically, I require that firms make their taxable decisions—such as entry or technology

adoption—competitively, but allow for arbitrary forms of competition given these decisions.

e Households’ factor supply decisions are interpretted generally, so as to include decisions
such as operating a firm of a particular type or adopting a new technology at such firms.
Similarly, households’ factor incomes are interpretted generally, so as to include income
sources such as profits. Households take as given the post-tax income schedule that
corresponds to these decisions.?

e To the extent that any household has additional sources of income stemming from her
additional factor supply decisions—such as labor income and dividend income—these
can be taxed jointly and with quantity-dependence.

e There exists a (differentiable) per-unit-supplied income function w(-) such that at any
factor supply profile {¢}7€Z, each household i has pre-tax income (3] jeT AR

e At every factor supply profile, aggregate output equals aggregate pre-tax income.

Under these assumptions, the production side of the economy can simply be reinterpret-
ted as deriving from a perfectly competitive model with externalities. In particular, the

production function F' of this perfectly competitive economy may be defined as

F(L,L) = w(L)-L. (17)

25For example, this formulation does not allow a household to open fewer firms out of concern that her
marginal firm will decrease the profits of her inframarginal firms. However, it does allow these firms to
themselves make imperfectly competitive choices—such as marking up prices or marking down wages.
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6 Quantitative application

So far, I have compared the design and welfare properties of Pigouvian and super-
Pigouvian policies in a general, theoretical setting. This leaves open an important prac-
tical question: Could super-Pigouvian industrial policies produce quantitatively meaningful
welfare gains?

I now address this question by assessing the impacts of super-Pigouvian policy in a
calibrated dynamic model of structural transformation in a small open economy. This model
retains the basic spirit of the motivating example in Section 2 but captures several key
institutional features that make it possible to calibrate empirically. In the model, industrial
firms decide whether to pay a fixed cost to use a more productive technology. Importantly,
fixed costs are paid in goods, labor supply to the industrial sector is somewhat elastic, and
firms use intermediate inputs in production. At realistic parameter values, these features
make investment decisions complementary and can generate multiple equibria. The model
fits into the extensions described in Section 5.5, so my earlier theoretical results apply.

I calibrate this model using South Korea’s targetted industrial policy to the heavy and
chemical industries—which I interpret as the “industrial sector”—in the 1970s. In particular,
I interpret the rapid expansion of these industries as a transition between steady states and
use this assumption to back out the parameters of my model from statistics reported in
Lane [2022]. Under this calibration, the model admits multiple, Pareto-ranked Pigouvian
equilibria. Finally, I simulate the calibrated model in order to assess the gains from super-

Pigouvian policy.

6.1 Model

Motivated by my application to South Korea in the 1970s, I develop a model of a struc-
tural transformation featuring an industrial sector with strong complementarities in invest-
ment. [ interpret the industrial sector as a reduced form representation of the heavy and
chemical industries (HCI), which were directly targetted during by “HCI drive” policies be-
tween 1973 and 1979. The static version of the model is similar to Buera et al. [2021] except
without firm entry, but—as staggered actions over multiple time periods are essential to
super-Pigouvian policy—I embed it in a dynamic setting where firms’ technology adoption
decisions are inertial. Similarly to Frankel and Pauzner [2000], I assume that productivity
in the industrial sector follows a stochastic process, with the goal of “smoothing out” the
responsibilty of individual households for dramatic transitions between steady states. How-
ever, I depart from Frankel and Pauzner [2000] by assuming that productivity shocks are

mean-reverting, so as to ensure that the model can generate equilibrium multiplicity and,
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therefore, coordination failure.

6.1.1 Environment

A representative worker and a unit mass of entrepreneurs interact in a traditional and
an industrial sector over a discrete, infinite horizon of periods ¢ € T spaced an amount A.
At any time t, N, entrepreneurs produce using a “new” technology and 1 — N, use an “old”

technology.

Households: The population contains two types of households: workers and entrepreneurs.
While agents of both types are “households” in the sense of the general model in Section
3, the entrepreneurs are the main economic actors of interest and those whose behavior
super-Pigouvian policy can influence in an interesting way.

First, a representative worker inelastically supplies M A total units of labor in each pe-
riod. Each infinitesimal unit m of this labor has productivity 1 in the industrial sector and

productivity a(m) in the traditional sector, distributed according to the CDF

Pla(m) <a] = max [(%)E : 1] (18)

for some ¢,a > 0. I assume that labor is allocated within the market—i.e. its sectoral
allocation cannot be taxed—and that it can move across sectors freely. Under a parametric
assumption ensuring @ is large enough, this implies supply curves for industrial labor L! and

efficiency units of traditional labor L!:

szM(w'{y, o — M(a——(wg/wtw%) (19)

aw! e+1 as

where w! and w] are the industrial and traditional sector wages per effective unit of labor.

Second, a finite set of entrepreneurs i € Z each own and operate a mass 1/|Z| of industrial
firms. Entrepreneurs choose whether to operate each firm using the new or old technology,
but face an adjustment friction. Concretely, each ¢ € Z may adjust her technology decisions
at the end of any period t if and only if i, = i, where 7; is a scalar random variable. i, is
distributed independently across time and symmetrically across mobile households, taking
each value i with probablity A < 1/|Z|.2¢ The frictional nature of entrepreneurs’ technology
choice makes it akin to an investment—an interpretation I leverage in the model’s calibration.

Intertemporally, households of all types save at an exogenous interest rate and buy in-

264, can also take the value 0, in which case no household may adjust.
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surance in perfect and risk-neutral markets in order to maximize expected lifetime utility

E [Z B u(ey) A

teT

, (20)

where u is increasing and differentiable. Households’ consumption strategy—as well as their
technology decisions—may depend not only on the history of those decisions, but also on
the history of the random process for mobility, ¢;, and the random process for productivity,

2, introduced below.

Production: In the traditional sector, a representative, competitive firm produces the final
good one-for-one with effective units of labor and pays a competitive wage w! per effective
unit of labor.

At any time t, the industrial sector contains two types of firms: intermediate variety
producers operating with either the new or old technology and a representative, competitive
final goods producer that aggregates these varieties.

At each time t, each intermediate variety n pays a (flow) fixed cost f(n) in units of the

final good and produces output ¢;(n) according to a Cobb-Douglas production function
@(n) = z(n) L(n)" z:(n) ", (21)

where a € (0,1) is the labor share, l;(n) is labor, and z;(n) is intermediate inputs. Which
technology n uses determines its fixed cost, productivity shifter, and labor share. The new

technology has higher fixed costs f¥ > f© but also higher productivity zV > 2°.

Each intermediate firm buys labor and intermediate inputs competitively at wages w/
and final goods price 1, but sets its selling price p;(n) to maximize profits given the final

goods producer’s demand function for inputs. The firm therefore earns profits

m(n) = p)a(n) — z(n) — wil(n) — f(n). (22)

I assume that variety producers must operate at their fixed technology, even if they earn
negative profits.
At each time ¢, a representative, competitive final goods producer produces gross output

@; according to a CES production function

O = =z [LlXt(n)nnldn]nL, (23)
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where 1 > 1 is the elasticity of substitution across varieties, X;(n) is the quantity of each
variety n used as an input, and z; is a productivity shock. I assume log z; follows an AR(1)

process
logz;, = logziei — OAlogzi1 + oVAeg (24)

where 6,0 > 0 and ¢, ~ N(0,1) i.i.d. I normalize the price of the final good to one.

Policy: A government taxes and subsidizes firms’ technology adoption decisions, but not
the allocation of workers to sectors, which occurs within the market. Taxes on aggregate
labor supply and firm entry are irrelevant as both are exogenously given and the government
has access to lump-sum transfers. Taxes and transfers may condition not only on the history
of technology adoption decisions, but also on the history of the random processes i; and z
and household identity. The government saves and trades in insurance so as to balance its

budget intertemporally.

Market clearing: In each period, labor markets clear in both the traditional and industrial
sectors, and input variety markets clear. Starting from any history, the final good market

clears in net present value given debts accumulated along the history.

6.2 Investment complementarities and multiplicity

A key question in this model is whether Pigouvian policy can support multiple equilibria.
If so, there is scope for coordination failure and therefore welfare gains via super-Pigouvian
policy. Before explicitly computing the model’s equiilbria, I discuss key economic mechanisms
that determine whether there is multiplicity.

As a first step, I express aggregate net output as the sum of labor income and profit

income net of fixed costs.

71 Irl
w; L w; L
Y, = const + —Ltt — ("N, + f°1-N)). (25)
. 1+4¢ a(n—1) N - .
e . g Fixed costs
Aggregate labor income Profits of industrial firms

The fact that labor income varies less than one-for-one with industrial sector income reflects
that each unit of labor allocated to the industrial sector has an opportunity cost in the
traditional sector. Using the industrial labor supply curve to express industrial labor supply

in terms of wages and solving for wages using the optimization condition of final producers,
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we have that for some constant k > 0,

1+e€

c = (fNNt + fo<1_Nt))-
(26)

Finally, recall that under Pigouvian investment subsidies, the difference in profit between

1+e

Y; = const + k- (%)«

[Nz + (1= N (0)r1] 7

firms operating new and old technologies is equal to the marginal impact of technology
adoption on aggregate output:
iy -9 = 3—]}\2 (27)

We can now address the question of whether firms’ technology investments are comple-
mentary under Pigouvian policy. In other words, does investing generate more output when
more other firms invest? Equation 27 makes clear that this is the case if and only if Y; is
convex in N, i.e—by Equation 26—if and only if 1 + & > a(n — 1).

The parameters €, o, and n all play intuitive roles in determining whether investments
are complementary. First, the higher is elasticity of industrial labor supply, €, the more an
increase in industrial wages draws in workers from the traditional sector—so that one firm’s
productivity growth does not limit another’s ability to hire workers. Second, when the
labor share, «, is low, improvements in productivity increase gross output above and beyond
their effects on value added, which raises the value of further productivity improvements
(by Hulten’s theorem). Finally, the lower is the elasticity of substitution across varieties,
7, the less does any one firm’s productivity improvement detract from the importance of
improvements in other varieties.

The calibration in the next section finds that this inequality holds, i.e. technology invest-
ments are complementary. Still, the mere presence of such complementarities is not sufficient
to guarantee there are multiple Pigouvian equilibria. In a static setting, complementarities
in investment imply multiplicity so long as productivity is neither too high nor too low.
However, this logic breaks down because the model is dynamic and the productivity process
z; can reach extreme values at which choosing either technology is optimal however other
households will behave. Under such conditions, results from the global games literature
imply there is still a unique equilibrium in the continuous time limit where A — 0 if pro-
ductivity follows a random walk [Frankel and Pauzner, 2000]. Nonetheless, these results do
not apply if productivity is mean reverting—as will be the case in my calibration—so it will

indeed be the case that investment complementarities support equilibrium multiplicity.?”

ZTFrankel et al. [2005] show that mean-reversion is consistent with equilibrium uniqueness if it only lasts
for a certain number of periods. I assume the productivity process has a constant level of mean-reversion
over an infinite horizon.
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6.3 Calibration
6.3.1 Calibration strategy

I calibrate this model using estimates from Lane [2022] of the effects of South Korea’s
heavy and chemical industrial (HCI) drive from 1973 to 1979. This policy provided large,
targetted subsidies to these industries in the form of subsidized lending, as well as exemptions
from trade restrictions and tariffs on imports. I do not attempt to compare South Korean
industrial policies to the Pigouvian or super-Pigouvian benchmarks, but rather use them as
a source of variation that identifies key model parameters.

Two main assumptions underlie this approach. The first is that differential growth in
the heavy and chemical industries was caused by investments in new technology, rather
than differential exogenous TFP growth. This view is supported by the large increases in
investment in these industries as well as extensive technology adoption contracts between
South Korean and foreign firms [Lane, 2022, Choi and Shin, 2022]. Moreover, there is no
particular reason to suspect that the heavy and chemical sectors were on the cusp of sudden
technological improvements; the Park government championed their expansion largely for
political, rather than economic, reasons.

Second, I assume that heavy and chemical industry productivity after the policy drive
reflects technological upgrading among all, rather than some, major players in these indus-
tries. Here, I draw on the fact that investment in the heavy and chemical industries remained
steady (relative to other manufacturing) after the end of the policy drive in 1979. Given my
estimates of strong complementarities in technology adoption, this stability suggests there

was little scope for further improvements.

Remark. Whereas the model features endogenous TFP growth through investments in tech-
nology, it abstracts away from exogenous TEP growth. I have already justified my decision
to ignore exogenous, sector-specific TFP growth, but I also ignore exogenous, aggregate TFP
growth, which may have been significant during this period. I abstract from aggregate exoge-
nous growth for the sake of tractability; ignoring aggregate productivity changes allows me
to work in a stationary environment.?® For this reason, the most literal interpretation of
my quantitative exercise is that I study what the effects of industrial policy would have been
i an economy similar to 1970s South Korea but which experienced no exogenous aggregate

productivity growth.

28The model can accomodate exogenous productivity growth without sacrificing stationarity if the cost
of investment goods increases at the same growth rate. In this case one may simply interpret the model’s
interest rate as the true interest rate less the growth rate. However, high-tech investment goods were largely
imported during this period, which—given South Korea’s rapid development—suggests that their real cost
fell over time [Choi and Shin, 2022].
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6.3.2 Calibration details

I now explain how I calibrate each parameter of the model. In cases where the identi-
fication of a parameter from moments in the data requires significant rearrangement of the
model’s equilibrium conditions, I simply describe which moments are used and relegate the
algebra to Appendix B.3. Except where I state otherwise, pre- and post-HCI drive statistics
are from summary statistics tables (4-digit panel) provided to the author by Nathan Lane,
and changes over time are from the 4-digit panel, doubly-robust DD estimates of Lane [2022],
with controls.

I set the labor share a equal to the labor share of total input costs within heavy and
chemical industries in the 1970 South Korean input-output table.?. I set the elasticity of
substitution n to 5, a standard parameterization in industrial policy calibrations, based on
estimates in the trade and industrial organization literatures [Broda and Weinstein, 2006,
Hendel and Nevo, 2006].

I set productivity under the old technology, z°, to match gross output per worker in 1972.
I set productivity under the new technology, zV, to match Lane [2022]’s estimates of the
increase in gross output per worker during the HCI drive, relative to non-HCI manufacturing
industries. I set the fixed costs of production under the old and new technologies, f© and
N, equal to HCI investment in 1972 and 1980, respectively.

I set the elasticity of labor supply into the industrial sector, €, to match HCI employment
growth given HCI wage growth implied by my estimates of z© and zV. I set the constant in
the labor supply equation, M@ ¢, to match HCI employment in 1972.%°

I set the interest rate R = 1.1, an approximation of bank interest rates in South Korea
over this period [Kim, 1991]. I set the frequency of adjustment, d, to 0.11, a typical rate of
capital depreciation in heavy manufacturing [Bureau of Economic Analysis|. Here, I draw
on a natural interpretation of firms’ adjustment friction: they each invest in capital, which
functions properly until randomly breaking down at a memoryless rate 9.

Finally, I consider a range of parameter values for the levels of noise and mean-reversion
in the productivity process, i.e. o and 6. As discussed above, these parameters—especially
f—are key determinants of whether the economy can support multiple Pigouvian equilibria.

My main estimates focus on high levels of mean reversion and low levels of noise in order

29Coarsely following Lane [2022], I classify the following industries as heavy and chemical: Metal ore, inor-
ganic basic chemical products organic basic chemicals, chemical fertilizer, other chemical products, petroleum
products, pig iron and crude steel, primary steel products, non-ferrous metal base and primary products,
metal products general machinery, electric machines, transport machines, precision machinery and optical
instruments.

30The separation of M /a® into M and @ is undetermined but unnecessary for my purposes, except for that
I maintain the assuption that a is sufficiently large; see Appendices B.1 and B.2.
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robustness of my results to these parameter choices.

Table 2 summarizes the calibration.

to illustrate how multiplicity can arise under Pigouvian policy. Appendix B.4 explores the

Parameter | Value Strategy Data source
o 0.32 Share of HCI inputs in HCI Bank of Korea (1970)
gross output
: Broda and Weinstein [2006],
n ) Follow trade, 10O literatures Hendel and Nevo [2006]
Match HCI output per
o
z 4.29 worker in 1072 Lane [2022]
Match HCI output / worker
N
: 4.85 growth during HCI drive Lane [2022]
Match aggregate HCI
o)
/ 647, 700 investment in 1972 Lane [2022]
Match aggregate HCI
N
! 3,621,700 investment in 1980 Lane [2022]
Match HCI emp. growth
c 123 during HCI drive Lane [2022]
. Match HCI employment
Ma 25,738 before FICT drive Lane [2022]
Match interest rates during :
R 1.1 HCT drive Kim [1991]
0 0.11 Rat'e of heavy'mfmufacurmg Bureau of Economic Analysis
capital depreciation
o 0.01 [lustrate multiplicity -
0 2 [ustrate multiplicity -

Table 2: Calibration summary

Under this calibration, I simulate the model in the continuous time, many agent limit
as A — 0 and |Z| — co. This allows me to use efficient methods based on Moll [2017]. As
there are many possible equilibria, I focus on the most-industrialized and least-industrialized
equilibria—both under Pigouvian policy and laissez faire—as well as the social optimum—or
equivalently the super-Pigouvian equilibrium. Here I leverage the fact that, since my calibra-
tion satisfies a(n — 1) < 1 + ¢, profits are increasing in the number of firms; a monotonicity
argument in Frankel and Pauzner [2000] then implies that these extremal equilibria exist
and take the form of cutoffs in the space of z; and N; for whether or not firms invest in the

new technology.
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6.4 Results

Using the calibration and computational approach discussed above, I compute the least-
industrialized and most-industrialized Pigouvian equilibria, as well as the efficient strategy—
which recall is a super-Pigouvian equiibrium. I discuss these findings positively and norma-

tively below.

6.4.1 Pigouvian multiplicity

I focus on the class of equilibria in which the investment decision depends on a cutoff
threshold in the space of productivity and the current number of high-tech firms. Because
my model fits into the framework of Frankel and Pauzner [2000] their results imply that the
equilibria with the most and least industrialization always take this simple, cutoffs form.3!
Concretely, in such an equilibrium there exists a function z(N) such that firms at ¢ invest
if and only if z; > 2(N;). An equilibrium with low cutoffs reflects that firms are willing to
invest in high-tech even when the exogenous component of productivity is low, because they
expect many other firms to invest soon. Conversely, an equilibrium with high cutoffs reflects
that firms are pessimistic about whether others will invest in high-tech and so are unwilling
to do so themselves unless the exogenous component of productivity is very high.

Can these expectations about other firms be so important so as to be self-fulfilling—
creating a coordination failure? I find that this is indeed the case. Figure 4 demonstrates this
by plotting the equilibrium cutoffs that define the most- and least-industrializing equilibria,
i.e. those in which the productivity cutoffs for investment in the new technology are the
lowest and highest, respectively.®? These cutoffs differ at low shares of new technology
usage, including at the point—where the dotted line representing mean log productivity
intersects the X axis—that represents the initial condition of the HCI drive. Since the
stochastic process for log productivity is fairly stable, with its stationary distribution having
a standard deviation of a/\/@ = 0.005, it is easy to interpret the path of the economy
under these two equilibria: Following the lowest-HCI Pigouvian equilibrium, the economy
(with high likelihood) stays at its initial level of development, with all firms adopting the
old technology. Following the highest-HCI Pigouvian equilibrium, all firms invest in the new
technology at their first opportunity and (with high likelihood) the economy industrializes.

The figure also plots the cutoffs that describe the first-best equilibrium. As there is a

unique first-best strategy profile, Theorem 1 implies that these are the equilibrium cutoffs in

31This fact does not depend on whether z; is a mean-reverting (which I assume and they do not).

32Figure 4 can be interpretted as a stochastic phase diagram. In the Y dimension, the share of firms who
have invested drifts either up or down depending on whether productivity is above or below the cutoff. In the
X dimension, productivity noisily drifts toward its mean. Appendix Figure A3 illustrates this interpretation.
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Figure 4: Productivity cutoffs for new technology adoption characterizing the highest- and
lowest-industrializing equilibria of the calibrated model under Pigouvian policy.

any super-Pigouvian equilibrium. Interestingly, the efficient cutoffs coincide with the most-
industrializing Pigouvian equilibrium. In other words—although this need not be the case
in general—it is under this calibration efficient for households to have the higest level of
industrial optimism that Pigouvian policy can sustain. Appendix Figure A2 shows a version

of the figure that also contains the (unique) laissez-faire equilibrium.

6.4.2 Welfare gains from super-Pigouvian policy

I next consider welfare in each of the two equilibria depicted in Figure 4. Since labor
supply is fixed and the planner has access to lump-sum transfers, welfare is simply the net
present value of aggregate output. In principle, one could compare output across the two
equilibria starting from any (z;, IV;) initial condition. However, the calibrated productivity
process is sufficiently concentrated around its mean that it suffices to simply perform this
exercise while setting log z; = 0.

Figure 5 shows welfare gains—compared to laissez faire—from Pigouvian policy in the
lowest- and highest-industrialization equilibria. Recall that the latter coincides with the
welfare gains from super-Pigouvian policy. I consider these gains as a share of the annuitized
value of HCI value added before the HCI drive. A value of 1% is therefore the welfare
equivalent of a permanent 1% increase in value added in the heavy and chemical industries.

The figure shows that, depending on the initial share of firms using the new technology,

the efficient allocation improves upon laissez faire by between between two and twelve percent
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Figure 5: Welfare gains from the least-industrializing Pigouvian equilibrium and the efficient,
most-industrializing Pigouvian equilibrium, at log productivity 0 and various initial shares
of new technology adoption.

of HCI value added. These gains are smaller when fewer firms initially adopt the new
technology, as in this case the (usually) efficient path—industrialization—is only slightly
more efficient than the typical laissez-faire path—de-industrialization due to transition costs.

Most interesting is how welfare under the lowest-industrialization Pigouvian equilibrium
compares to the laissez-faire and efficient welfare levels. Namely, whether this equilibrium
delivers the laissez-faire welfare level or the efficient welfare level depends on the initial
share of firms using the new technology. When there are sufficiently many, even the low-
industrialization Pigouvian path leads to the efficient path, industrialization (with high like-
lihood); when there are too few, it leads to, it leads to the inefficient path, deindustrialization
(with high likelihood).

The initial conditions of my calibration correspond to the left-most points in the figure.
Here, the worst Pigouvian equilibrium is worse for welfare than the efficient equilibrium,
implying there are gains from super-Pigouvian policy. However, these gains are modest,
equivalent to about two percent value added in HCI industries. The modest size of these
welfare gains do not reflect a failure of policy but rather the large cost of investments in new
technology, which—in my calibration—almost completely offset the productivity gains they

generate.
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Figure 6: Subsidies to new-technology firms under Pigouvian and super-Pigouvian policy, at
log productivity 0 and various initial shares of new technology adoption, in the lowest-HCI
Pigouvian equilibrium. Y axis is expected discounted subsidies until next readjustment, as
a share of expected discounted fixed costs until next readjustment.

6.4.3 Super-Pigouvian policy in inefficient Pigouvian equilibria

As discussed in Sections 4 and 5, super-Pigouvian policy is simply Pigouvian when eval-
uated in any efficient equilibrium. However, one benefit of the calibrated model is that I
can use it to study the structure of super-Pigouvian policy in inefficient allocations—such
as the lowest-HCI Pigouvian equilibrium discussed above. This both helps to clarify the
mechanism behind super-Pigouvian policy and to shed light on whether a social planner can
credibly commit to offer super-Pigouvian incentives.

Figure 6 compares Pigouvian and super-Pigouvian subsidies to HCI firms in the ineffi-
cient, lowest-HCI Pigouvian equilibrium discussed in the preceding sections. As in earlier
sections, I study these subsidies at a range of values for the share of firms using new technol-
ogy but assume log productivity is at its mean, 0. Intuitively, Pigouvian subsidies increase
in the number of new technology users—i.e. the number of existing firms on whom an ad-
ditional firm can have an externality—and increase sharply when around 12% of firms use
the new technology, since this is the threshold above which the future actors will choose to
do so (see Figure 4).

Super-Pigouvian policy coincides with Pigouvian policy almost exactly except for in a
narrow region around the 12% threshold. Intuitively, this is because this cutoff is inefficiently

high, and super-Pigouvian policy can prevent it from being consistent with individual opti-
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mization if it offers households a large incentive to enter at a slightly lower threshold.
Although strong incentives for coordination in a critical region are a general feature
of super-Pigouvian policy, the strength of these incentives is particularly dramatic in this
example. The magnitude of the super-Pigouvian subsidy dwarfs the Pigouvian subsidy
around the critical threshold; if not truncated, the graph would show a maximum around
5 (see Appendix Figure A4). This extremeness presents two challenges for implementing
super-Pigouvian policy: First, the government may not be able to commit to make sure large
payments. Second, the government may not be able to acquire precise enough information
to target the critical region, given it is very narrow. To the first point, it is important that,
in fact, firms would be willing to use the new technology with much smaller subsidies: For
example, it of course suffices to provide subsidy payment equal to the expected discounted
cost of increased fixed costs from the new technology. This corresponds to a value of 1 in the
Y axis of Figure 6. In this sense, the super-Pigouvian planner has no need to provide such
generous subsidies. It wishes to, because the welfare contributions of the pivotal household
are so large, but household behavior would be the same with subsidies that are capped
at a much lower level. To the second point, it is worth noting that a “smoothed out”
policy that spreads the super-Pigouvian subsidy over a larger region would still prevent
the low-industrialization Pigouvian allocation from being an equilibrium, even if it created
a small amount of misallocation on the margin. Finally, although the super-Pigouvian
policy is somewhat extreme, the presence of noise in the productivity process prevents super-
Pigouvian policy from recommending that the planner pay a finite fraction of GDP to the
single, infinitesimal firm that pushes the economy over the cutoff threshold. Rather, the
planner spreads payments across firms sufficiently close to this threshold. This point is
illustrated more clearly at higher productivities, where the lowest-HCI Pigouvian equilibrium

cutoffs are steeper in productivity x adoption-share space; see Appendix Figure Ab5.

7 Conclusion

Coordination failures are one of the primary justifications for industrial policy. Yet, they
have no clear policy solution: Pigouvian taxes that address market failures on the margin
risk arriving at a local, rather, than global optimum-—whereas its known alternatives require
a centralized approach based on regulating quantities rather than prices.

This paper has proposed an alternative, “super-Pigouvian” policy that can resolve coor-
dination failures without requiring central planning. The idea behind this policy is to elicit
households’ willingness to pay for each others’ actions—as in Pigouvian policy—but taking

into account those actions’ indirect effects on others’ later behavior. When households know
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that policy has this structure both on and off the equilibrium path, they are guaranteed to
take the same actions the social planner would. This guarantees Pareto efficiency.

While this paper has studied the application of the super-Pigouvian approach to indus-
trial policy, there is room to apply similar ideas to other settings. At a high level, this
paper’s method for deriving welfare theorems—one that leans on arguments from dynamic
programming rather than convex optimization—may be useful in applications where convex-
ity is unlikely to hold. For instance, the literature on economic geography actively debates
whether or not agglomeration forces lead to multiple equilibria, but has not yet proposed
new policies that can ensure multiplicity is resolved efficiently [Bleakley and Lin, 2012, Allen

and Donaldson, 2020]. This would be a natural setting for future work.
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Appendix

A Proofs

A.1 Lemmas characterizing Pareto efficiency, household optimal-
ity

Lemma 2. Fiz an equilibrium and a history h. The equzl@bmum profile is Pareto efficient

starting from h is and only if its path of factor supply (¢}, mazimizes W ({1}/Z}) among

feasible allocations starting from ht.

Proof. Formally, a profile {c/, ¢/ }ff;t is Pareto efficient starting from A’ if and only it satisfies
the following conditions:

e For all j € Z, we have (a) ¢/ € A for all s > t, (b) £] = h, for the last time #/ before

t at which 4, = j, or v = Zé if no such time exists, and (c) for all s > ¢, s < |T|, we
have ¢/ = ¢, unless j = is.

i Z >tR (=0 [Z jeT s (Z]eI s?Z]eIw)} + D(ht) = 0.
e Among all other profiles satisfying the first two bullets, none weakly improve welfare
for all households and strictly improve welfare for at least one.

Since utility is non-satiated, these Pareto efficiency conditions are equivalent to

(&, YL ¢ argmin ZR_(S_t) [ZQ—F (2@@,2@)]

{?8231?}21 s>t jez jer - get
s=t
st Y A (@ —u(l) = Y (e — ()
s>t s=t
<

{—v(¥), 6} e argmin ) REY

feasible
T s>t
{CLUYS]

st YEuCl) = Yl — o)

Z(ég’mﬁ) (Ze Zég)]

JjeT JET

s=t s=t
<
(Y, e argmax Y R [F (Z@S’,Z@‘) —Zv(ég)] (A1)
geé*}s}i}glf s>t jeT  jeT jeT
sis=t
{d —v(l)}ssy € argmin ER s=t) ZC’J
{Og}szz s>t JET
st M ETuCE) = Y8 (e - ()

s>t s=t
—
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feasible
@y

s=t

OV ¢ agmax YR F( z,zz)—zv<z@]
JET

{Cg}szt € argmin ZR—(s—t)Zéi

{ég}szt s>t

JjeT
st R0 Tu(E (@) = 35 ule —o(d)
s>t s>t
<
((PV e argmax ERf(Sft) [F (ZQ:Z@) —Zv(éﬂs)]7
ﬁs}@@l; s>t jeI  jeI jeT

where “feasible” refers to the first bullet in the conditions for Pareto efficiency above. The

second part of the third and fourth sets of conditions hold for all j € Z. The final equivalence
follows from household optimization with w strictly increasing, using that {c, 7}/ the path

CRANE]

of consumption and factor supply in an equilibrium. O

Lemma 3. Fiz a history h' and a household i. The profile {ci, (:}'<, satisfies household
optimization for i starting from h' if and only if

{cl}=r € arg maxZ B (el — (L))
{Cilomt s>t
st d'(h') + Y TR (& — wi(lishl) - 6= Ti(RY) <0 (A2)
s=t
(Gl € argmax YR (WA 8- o(l)).

feasible {0i}s>t s>t

Proof. We use the GHH structure of household preferences to rearrange the condition for

48



optimality:

{cl, Ozt € arg max Z/B_(S_t)“(éi _ U(@))
feasible {éé,é@}szt s>t
st d'(0)+ Y R (& - Wil nt) - - Ti(Y)) <0
s>t

<

{Ci - U(€;)7 gi}szt € argmax Z ﬁ_(s_t)U(éé)

feasible {C? ,EAQ Yozt s>t

st () + 3 R0 (Gt off) — il )-8~ Ti(RY) <0
s>t

—

{ct —v(l)}ssy € arg maxZ B0y (CY

{éﬁ}szt s>t

st d'(h) + Y R0 (é; bl — Wl Ry T;’(ht)) <0

s>t

(s, € arg min Z R~ (U(&) — Wil nY fé) .

feasible {£i}s>t s>t

where the final equivalent statement uses that u is non-satiated. O

A.2 Proof of Proposition 1

I prove each item in turn.

First welfare theorem

Suppose not, i.e. letting {c{, /i} denote the equilibrium path, there exists some {Act, Ali}
such that (a) for small enough € > 0, {ci + eAc}, £i + eAli} is feasible, i.e. i + eAli € A,
Ui+ €Al = 0| + eAl;_| unless i = i; 1, and

B> (+eAd) < YRT'F (Z O+ eAGY G+ EM;) , (A4)
t=0 i€l t=0 €L i€l

and (b) {c! + eAci, li + eAli} generates a first-order Pareto improvement

DIRTY[AG — u(£) - AL > 0. (A5)

t=0 €L

To proceed, note that since (A4) holds for all small enough € > 0 and F is differentiable,

YRTY A < % YRTF (Z O+ eAGY L+ eAe;') . (A6)

t=0 i€ e=0¢>0 i€l i€
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Combining this with (A5) implies

d
—t
27 ;Ilflm

e=0¢>0

d
de

F(Ly, L) —ve(ty) | - Al > 0. (A7)
Li:ZieIe%

J

‘V
=wi (€3,h0)

where the relationship to wj (¢, h°) follows from the definition of Pigouvian taxation

Next, for all 4 and ¢, let t"**(i,¢) denote the next time after ¢ at which i can adjust its
behavior, or |T] if no such time exists. In this notation, and using the fact that feasiblity
implies Al = 0 for ¢ < t"*%(4,0), we can rewrite (A7) as

1Rext (4, 1)
DIRTYT R Wi (i B0) = vy(€)] - AL > 0. (A8)
t=0 s=t+1

It follows that there exists at least one ¢ > 0 such that

sl (%)
DRI Wl (£ B0 — v (€)] - ALY >0
s=t+1
et (34,
— 3 R [ (Wi (€ + DG RO - (€ + eAli*) — (£ + eAL)) (A9)

s=t+1

— (@l (2, R0) - O —v(l2)) ] > (0 for small enough € > 0,

where the second line follows from the fact that, under Pigouvian policy, taxes are not
quantity dependent. However, since, for small enough ¢ > 0, (% + ¢Afl is feasible by
assumption, (A9) implies that {¢},-¢ is suboptimal for #;, a contradiction.

Second welfare theorem

Fix a first-order Pareto efficient allocation {ct, ¢i}. We now construct a Pigouvian equi-
librium as follows. First, for each 7 € Z, fix any /i e A. Also denote by H the set of histories
that follow {¢i}, i.e. h' = (£, ..., £). For histories h* = (h;_y, ..., hg) not in H, let #(h')
denote the first time ¢ at which ht—l # (;'. And for an arbitrary history h' = (hy_1, ..., ho),
let ¢!84(3, h') denote the last action to which i has commited along the history h’, i.e. h, if
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there exists s <

{el(h)}z

t with ¢, = s and E otherwise. Then set

e, if hteH

dast(i pt), if bt ¢ H and (i t) > s

/i if h'¢H and t"*(i, 1) < s
PNAGS
€L
Fr(Ly(h'), Ly(h"))

—Fp(Ls(h'), Ls(h")),

ws(ht) ( ( ) (O))H]l +g||2 - ]lgzlé(ht)
ws(ht) - Tsi(lz ht)

(Yoo B [ — Wi (L 1) - 4],

q argmaxy, y ¥, 8 u(cs — v(€,(h")))
(st Do R ey — ¢

wi (€ (h'); ht) - £(R")

if hteH

otherwise

— T (W],

if s=t=0,
if hte H and s> 0,

% (Zs/% D WP ,(€2,(h); BY) - €2, (ht) — D(ht)> otherwise.

if hted
if hie¢H
(A10)

where, in the h' ¢ H case, we select ¢/(h') to be on-path consistent in the sense of (7) and
where note that the arg max used to define consumption is non-empty by assumption.

It remains to show that the profile above constitutes a Pigouvian equilibrium. The
“Pigouvian” qualifier is immediate from the definition of taxes on the equilibrium path. All
equilibrium conditions (including on-path consistency) are immediate from the construction

except goods market clearing and household optimization, which I now show.

First, consider goods market clearing. Starting from any history h' € H , goods market
clearing follows from the assumption that {cf, ¢i} is Pareto efficient. Now instead consider a
history h' ¢ H. Adding household budget constraints and using the definitions of lump-sum
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transfers and aggregate debt implies:

0= Y R IN el (h') = Y lw(h') - (h') + Y 7i(€L(h'); ht) - € (h') = > Ti(h') ]
s=t | €T €l €L €L
=D R Y el - Y(h%] DI D WA R A
s>t | i€eZ s=t €l
— Y R (Z RGO N (€, (h'); ht) - £, (h') — DW))
s>t s>t JET
=Y RETIN el(nf) — Y(ht)] + > R7G
s=t €L s=t ;
~ S R 7
s'>t 1T
= R'Y R ) ci(h') — ht)] :
s=0 €L

(A1)

where the second line follows from that production is CRS.
Finally, consider household optimality. For any h' € H, the Pareto efficiency of {c, (i}
and the set of equivalent conditions in the proof of Lemma 2 that for all i € Z,

{gi}SZt €

arg max
feasible
{E }s>t

{esy € arg min

{ég}SZt

s.t.

Z R—(s=0)

F<@§+Z£§,€§+Z€]>— £) Zv(ﬁi)]

s>t j# VE) J#

MR N (A12)
s>t jEI

255 u@, —v(ty) = 253 fu(c, —v(£y))-

By Lemma 3 and the fact that u is increasing, these conditions imply household optimality
for 7 so long as factor supply maximizes the NPV of income less factor supply disutility.
Toward a contradition, suppose that for some feasible deviation to i’s factor supply, {A¢},
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we have

4 F(L,L)
L=Yper ¢§
DRI Wl ()]
s>t
< DR Wil + ALY -6+ AG) — ol + AL | (A13)
s>t
diL F(L,L)
L=Yjer t§
S— t 7 7 7 7
— de;R [ (L + eAL L+6M)—v(63+eMs)]>0

where the second line follows from that A is convex and v is convex. Note that the final line
implies one can construct a first-order Pareto improvement, a contradiction.

It remains to verify household optimality in histories h' ¢ H. This follows immediately
from the construction of marginal taxes and consumption, using Lemma 3.

Pigouvian necessity

Suppose that the equilibrium path {c, ¢} is first-order Pareto efficient allocation. The
absence of a first-order Pareto improvement implies that for all ¢ > 0, if ¢;* is in the interior
of A, then

-1
R0 [ ‘ JF(LL) —W(ézt)] =0, (A14)
;t dL1L=y,. .7
where ¢’ is the next time after ¢ at which ¢, can adjust its factor supply (and |77 if no such
time exists). .
At the same time, by Lemma 3, household optimality for ¢, ;—given that £ is in the
interior of A—implies that if the prices i, ; faces between ¢t and t’ are differentiable in

quantity, then
-1

N R0 Lw]e o L) -] —W(e;'t)} ~ 0. (A15)

s>t

We conclude that

t'—1
R (s—t) ‘ Ztlgho) g] — R (s—t) ‘ F(L,L)
; dﬁ K— Sz>t dL L= Zyel’
-1 -
RIS S b a‘,zfz) 10
s>t s>t JjeEL JET

t'—1
+ Y R dé‘z P G R

s=t
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A.3 Proof of Theorem 1

Before we begin, a few pieces of notation:

e For any history of factor supply adjustments h' = (h;_1, ..., ho), let {Zg(ht)}‘;g be the
correspondlng history of factor supply, i.e. for all j € Z, % () = Zé, and for s =1, ..., ¢,
B0 = Tjmiy yhor + iy By (1),

e Similarly, for any feasible history of factor supply {¢1 let ht({(1}/) = (£, ..., (o)
be the corresponding history of factor supply adjustments.

e For any history h', let TI(h') denote the set of all feasible factor supply paths that pass
through A, i.e.

m(n') = {{HG | (0P = (HES, and ¢ > 1, {4y eT ((EF) ],
where T’ ({eg}jd> = {{@j}jEI ’ VjeZ, @ =, unless j = it/,l}.

s<t!

(A17)

Fix a history h. In order to establish that the equilibrium path following h! is Pareto
efficient, it suffices by Lemma 2 to show that

(Y e agmax W ({E))
{BYSien(nt)
(A18)
=  argmax ZR_(S_t) [F <Z Eg,ZEg) —Zv(ﬁj)]

{011 Teli(ht) s>t jeT  jeI jeT

By Theorems 4.3 and 4.5 of Stokey et al. [1989] the boundedness assumption in Footnote ,
it suffices to show there exists a function V that, for all histories A" that can feasibly follow
ht, satisfies

A (CUET-ARMCS
€ max, argmax F(ZW (ht) Zﬁj ht/> ZU@f/(htl)) (A19)
feF({W(hi)}Je /) V= JjeT JjeT
+ RV (BN, ~ 1),
or equivalently,
V({0NYS) e
— max, argmax F(Zw (), N2 hf’> ACG) (A20)
e A jeT jeT jeT
FRIV (RO, ~ B0y~ ).

To this end, for all feasible histories of factor supply {¢/ }iizt,, define V({Eg}ig,) as the NPV
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of future aggregate output less factor supply disutility on the equilibrium path:

V(i) = w(fe ( () 1) A2y

By (a) household optimality, (b) the definition of super-Pigouvian policy, and (c) the
definition of W (-), we have that for any history A" = (hy_1, ..., ho) that can feasibly follow
ht,

67 (B") e argmax U (v — €7, (B"), (£ (h"), hy_1, .., ho))
e
= argmax W ({€ (% hoo1,ho 2, ho) Yo, )
e A
Eif;l(ht,) € argmax F(Zﬁj (h") ZW ht'> 21;(2{,@’5')) (A22)
2 e A jeT jeT jeT

W (8 e i)

=V ({B (W2 ~E, ()7 )

s<t/

Moreover, the definition of W (-) implies that the right-hand side of (A22) evaluated at

(v = Eif'ﬂ(ht/) is equal to W ({€5,(h'")}i5Z,). So (A20) holds, completing the proof.

A.4 Proof of Theorem 2

Suppose that the functions {c’, £'}"** satisfy (7) and generate paths {c.(h"), €. (h')}'<,
starting from any history h' that are Pareto efficient taking as given the labor allocation at
t in that history and aggregate debt D(h') accumulated along that history.

Starting from any history A, (a) the fact that u is non-satiated and (b) Lemma 2 imply
that

s e argmax W ({4})Z))
feasible {¢%}%
given ht
VieZ, ()L e argmax 3B tulch - o(€(h))) (A23)
{Cé}f;zt s>t
s.t. Z R0 < Z RVl (hh)
s>t s>t

Note that the above condition for factor supply in particular implies that for all histories
ht = (ht—lv X3 hO)a

G e argmax W((Ey(C s,y ho) ) (A24)
le A

We now construct the equilibrium as follows: Let consumption and factor supply be given
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by {c!, £:}*Z. For any history h! and any s >t

Lh') = ) £(h)

€L
Y.(h) = F (Ls(ht),Ls(ht))
wy(h') = Fyp (Ls(ht),Ls(ht))
JET
! t ~ ht
I ({ (¢~ (€ o ~ ) )
nGh) L= + 300 ) R4 0) [ay (1) - € — 0 (0)] if i = i,
0 otherwise

WGRY 0 = wy(hY) -l —THERY) -4

T(h') = Zm “ED [ (RF) — wi (€ (RY): 1Y) - £, (RY)] + d'(h') if s =t

s B otherwise,
(A25)

where t"*(4, 5) is the next period after s with i, = imext(; 5) (and T if no such period exists),
and where note that T¢(h') is defined recursively, since d'(h') depends on transfers at times
before t. Note that 7/(¢; h') is constructed so that for any history h' and any time ¢’ > ¢
with ¢ = iy,

tnext (’i,t/)

~= W) [ (quy(ht) — 790 b)) - € — w(l
DI [(ws(r) = 7i(e: ) - £ = 0(0)] (A26)

= W ({0~ 188 (W) ormtra ~ VL)

As the equilibrium consumption and factor supply profile is Pareto efficient starting from
any history by construction, it suffices to verify that this profile is a super-Pigouvian equilib-
rium, i.e. (7) and (2)—(6) hold. (7) holds for consumption and factor supply by assumption,
and therefore holds for all other equilibrium functions because they are constructed from the
consumption and factor supply functions.

Of the conditions (2)—(6), all are immediate from their construction and—in the case of
goods market clearing—the fact that for a profile to be Pareto efficient from any history it
must satisfy goods market clearing from any history, except for household optimality. By
Lemma 3, it suffices to show, for every history h' and household 7 that

{elh))er € argmin Y 5" u(@ — (€ (h)))

{5§}s>t s>t
DIRTETE < Y TRTCTI [Wi (B (RY); hY) - (') + T(RY)] — di(h)
s=t s>t

(e & agmin YR (W0 8- o(l)))
feasible {fi}s>t s>t

(A27)
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To see that the condition for consumption is true, note that by the definition of transfers,
the budget constraint can be replaced by >, _, R=¢79¢ < > R=("Y¢i(h!). The fact that
consumption satisfies this condition then follows immediately from the Pareto efficiency of
the profile with which we began the proof. Next, consider the condition for labor supply.
Note that it is equivalent to the condition that for all times ¢’ > t at which ¢ = iy,

tnext (’L t/)

4 .1(h') € argmin Z R0 (Wi (0, hY) - £ — v(0))

teA s=t/+1
<
Eilﬂ <{£if//:r1(ht)}t":t ..... t—1 7 ht) € ar%erjlin w ({Ejs(g - {gif//ﬁ(ht)}t”:t ..... t'—1 7 ht)ﬁi/ﬂ)

(A28)

where the equivalence follows from—on the LHS—the fact that the profile we began with
satisfies (7) and—on the RHS—(A26). As desired, the last condition holds by (A24).

A.5 Proof of Proposition 2

Fix a policy rule, fundamentals 6, factor supply strategies £, and a feasible history h*~*.
Let ¢’ be the next time at which i;_; can adjust its behavior (or |7 if no such time exists).
For ¢ € A, define

t'—1

U (60) = 3 RO Wl (R 0,8) - - v (66)] (A29)
s=t

where I have suppressed the dependence on 6 of variables (such as i;_; and #’) that we will
hold fixed throughout, and where post-tax prices are equal to market prices given factor
supply follows the equilibrium path, less marginal taxes under the policy rule:

W (G 6,6) = F <2 ¢ <h“>,2ez<h“>) S rGRT 0,0, (A30)
jeT JET

Toward a contradiction, suppose that the policy rule is not super-Pigouvian, i.e. there
exist £,/ € A such that

U=1(6,0) = U1(€,0) > WL ~h)}L0) — WHEE ~ 1), 6), (A31)
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where W is as defined in Footnote 16. Expanding definitions, this implies that
G;0) - G5 0) > G*(¢;0) — G*(V';0)

-1
where G(f;0) = Z RG00i-1(0: h 71 0,0) - 0
s=t

and G*( /; 0) ZR s—t) [F (Z&(ZA htil),Zﬂg(gr\ ht1)> (A32)

s>t jeT JjeT

N Z Ljsir sy or SZt’Ug (Eé(g - htl))] .

JEL

Note that G(f;#) and G*(/;0) are both invariant to changes in @ that only affect vi*-1 for
s>=tand s <t.

Now, construct a new fundamental 6" as follows: Keep all quantities the same as under
0 except for v;""', defined as:

vTNGE) = 0T (G0) + U(0) — L — 1 ,€/2

Where € = [G(f,@) —Gl;0)] — [G*(¢;0) — G*({;0)]. (A33)

To obtain a contradiction and therefore complete the proof, I now claim that at funda-
mentals ',

e / solves i,_;’s problem at h!~! when she faces taxes given by the policy rule, and
e ( is Pareto inefficient given that future behavior follows £.

The first point is immediate from the construction of vj~'(-,#’), the fact that e > 0, and
the assumption that i;_;’s post-tax wages at h;_; are the same under 6 and #'. To see the
second point, note that it suffices by the forward direction of the proof of Lemma 2 to show
that W ({2 (¢ ~ h'=1)},0") < W({€(¢' ~ ht=1)},6'). Indeed, the definitions of ¢, G, and G*
and (A31) imply

W ~hT}0) = W ~hTHLE)

= [W{e(' ~h1},0) — U (0;0) + €/2]

— [W{€(l ~h=1)},0) — U (4;0) + €]

= [G*(l';0) — G(¢';0)] — [G*(£;0) — G(£;0)] — €/2 = €/2 > 0.

(A34)

A.6 Proof of Proposition 3

Below, I state a full version of the proposition that defines the dgp term used in the
main text. To do so, I introduce the following notation: Fix a history h*>°? = (hy_1, ..., ho).
First, denote by O"~'(Af, ht) i,_;’s utility loss—in NPV consumption terms, starting from
t—from misoptimizing along the path where prices and transfers follow h! but 4,_,’s initial
labor supply is h;_1 + Af¢ that results from ;_; playing according to her strategy that is
optimal if prices and transfers follow her deviation. Second, denote by I"~*(Af, ht) the
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internality bias—again, in NPV consumption units starting from h'—that 4;,_; has toward
her equilibrium behavior according to the deviated-by-Af path following h! because she
believes that prices and transfers evolve as they do on the equilibrium path following A!
rather than on the deviated-by-A/ path.33

Importantly, note that both of these terms disappear in any limit where 7;_; has no market
power, i.e. cannot influence prices or transfers (except through the quantity-dependence of
marginal taxes). For O%-1, this is because if i;_1’s behavior has no effect on prices, then her
optimal behavior following h' and (h;_1 + Al, hy_s, ..., hg) only differs due to the change in
initial condition. For I“*-!, this is because i;_; has no internality if her incorrect belief that
she does not affect prices or transfers is, in fact, true.

Proposition 3°. An equilibrium is super-Pigouvian if and only if for all histories h>° =

(Ri_1, ..., ho) and all alternative histories h'* = (hy_y + AL, ..., hy) with hy_y + Al € A,

2 e ({Ci(h't%‘i(h't)}% et () & ) }5%) — O{(ALB) — (AL ) = 0. (A36)

JFi—1

Fix a history h' = (h;_1, ..., ho) and for notational convenience, let i = i;_;. Fix some
Al such that hy_y + Al e A, and let h'* = (hy_y + AL, hy_s, ..., hy). Finally, let ¢’ denote the
next time after t — 1 at which ¢ = iy, or |T| if no such time exists. We then have

e ({00,800} fe 09200 )

J#i

= S RN () - v )

s>t G#i
- (cl(h') —v(€(h")))]
— S RN | (wite <h't> ;m ")+ TI(W") ~ v(€l(n"))

s>t j#i

— (@& h) - () + T (R — (5 (1)) ]
= Y RO wl (W) - (W) —v(€l(R")) — wi(h) - €(h') + o(€(h"))

s>t J#i

—T (G L) + TR + T (E0); 1) - () = T () |

= DR | P, Lo() = wi (W) - €0 = F(Ly(), Ly()) + wh(h) - £4(k")

s>t

33Formally, fix any history h* = (hy_1, ..., hg) and any A/ such that h;_; + Al € A. Let i =i; 1. Then

O (AL, b a R0 (Wi (0 hty - 01— u()) — (wi(@;ht) -0 —w(e)) ],
e = e SR |(WlE - B i) = () £ i)
given £i=h;_1+AL (A35)
(ALY = Y RO Wl () - L+ T — Wl (¢ k) - O =TI
5=t

where £ = €1 (ht), 0" = £ (W), and h'* = (hy_y + Al hy_o, ..., ho).
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3 e - i)

J#i
ST 1) ()~ THR') = Ti(E(RY); ) - €4(1) + TR

F(L ("), Ly(1")) = F(Ly ("), Ly(h)) = 3 (v(€(k")) = v(€l(h")))

JeET

W (B K - €K — T + o8 ()
+«éwamxw>waw>+IaM>—vwaM»] (A37)

= [{(ALRY) + W ({eg’ (RN . ho))}jez> —w ({eg (') }j€I>

s>t s>t

+ R [l (B0 1) - (0" = T + (e (")

s=t
FWLEL (R W) - £L(R) + TR = o(€l(0)]
— I'(AL, ht) + oi(M Rty + W ({eg ((he—r + AL by, ...y o)) JeZ) W ({eg () ];t)
+ D TR [l ((hY) + Docp AL 1Y) - (1(RY) + Doy AL) — TH(A) + 0(€2(h') + 1< A)

s=t
-maaw%myﬁww+ﬂmw—wamm]
— I'(ALRY) + OF(AC R + W ({eg ((heer + AC, hy_o, oo, o)) gj) W ({eg (') ft)
~ AUYALRY,

Above, the first equality is by the definition of e/. The second equality is by the household
budget constraint. The third and fifth inequalities are by the equilibrium condition relating
pre- and post-tax wages. The fourth inequality is by (a) the fact that production is constant
returns to scale and (b) the government budget constraint (which recall is implied by Walras’
law) and the fact that h* and 2'* are the same up until ¢*(h). The sixth equality is by the
definitions of I* and W*. The seventh equality is by the definition of O¢ and the observation
that—conditional on playing h;_1 + Al at t—#£L(h') + 1,4 Al is optimal behavior given
prices following A, since by household optimality £.(h') is optimal ignoring the constraint
of playing ¢! at t. The seventh equality is by the definition of AU".

Moving I'(Al, ht) and O (AL, ht) to the left-hand side reveals that (A36) holds (i.c. the
LHS is zero) for all histories ' if and only if (15) holds (i.e. the RHS is zero) for all histories
ht.
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B Analysis of quantitative model

B.1 Characterization of sectoral laboral labor supply
Each unit of labor m is assigned to the traditional sector if and only if w!'a(m) > w!. So

I\E
L] = MPla < w] jw]] = M ( - ) : (A38)

o T
aw;

provided w! /w] < a. Similarly,

a d a a1 s 1 wli\ e
LtT = Mf a—DPla < a]lda = M ace——da = M — |at*te — (—tT) )
wl fw? A wljw?  O° e+1las

B.2 Characterization of equilibrium given investment

I now characterize the equilibrium of the quantitative model of Section 6 at any period
t, given some fixed N; and M.

First, wages are pinned down by the optimal price-setting behavior of intermediate pro-
ducers and the normalization of the final good’s price to one.

Io 1=n INo 1=n
n—1a*(l—a)l=2zNz n—1a%(l—a)l=229z

e K B e R I CO T

Ui
(A40)
Industrial labor supply is then given by the industrial labor supply curve:
M
L = —(w}). (A41)
aE

Cost minimization by the final producer implies a relationship between each variety
producer’s prices and its gross output, which—given industrial wages and labor supply—
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pins down the production of each firm as well as industrial input usage and gross output.

wlly(n) o¢ py(n)g(n) o p(n)=" o z(n)"?

z(n)11

I B 17T
=  w,li(n) = N, (T 1 (1= Nt)(zo)"_lwt L,
_ z(n)" l—a ;o
I P Ty A ) T (A42)
B Zt(n)nfl n thLf
pi(n)a(n) = Ny(zN)=1+ (1= N)(29)tnp—1 «
1—a wILI
— Xt = 'LUtIL{, Qt = —n L=t .
o} n—1 «

Aggregate net output is the sum of traditional sector output (or equivalently, effective
labor supply in the traditional sector) with industrial gross output, less intermediate goods
and investment expenditures.

V= LI+ Qi —Xi — (fNNe + fO(1 = V).

Irl
€ n w,L l—a
:const—le{L{Jrn_l tat— - wi L — (fYNy + (1 = Ny)). (A43)
1 IrI N O
= t L, — N, 1-N,
cons +<5+1+04(77—1))wt c— (N + O +))

for some exogenous constant.

Given this expression for aggregate output, it is easy to compute the contribution of
an additional firm’s use of the new technology to output—or in other words a firm’s total
renumeration for investment under Pigouvian policy.

ay, 1 1 d M, nit: v o
dNt_ (5+1+04(T,—1>) dNtas (wt) (f f )
l+e¢ dlog w!
B (1 Taln - 1)) wile dN, F =19, (Ad4)
dlog wy 1 (2N)1=1 — (01

h _ .
WHEC TN, T aln — ) NNy 1 (1= N)(20) T

One other useful quantity is the difference in profits between new- and old- technology
firms under laissez-faire investment policy:

7TtLF,N _ 7TtLF,O _ (pivqwfv B fN) o (fﬁ . fo)
Ui Ui
__ 1 ()~ ()
a1 N2Vt (1 - Nt)(zO)n—lw{L{ - (=17 (A45)

dlog w!
_ ng{—dNt L—(fN=19).
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This implies that the Pigouvian investment subsidy is

dY, LF.N LFO> l+e ; ;dlogw/
-t N ) - - A46
dN, (”t i aln—1) "t aN, (A46)

B.3 Expressions used for calibration

In this appendix I go through the mathematical steps required to back out various model
parameters from moments of the data. I rely on expressions for various model relationships
derived in Appendix B.2.

I set 2z to match HCI output per worker in 1972, given o and 7 and using (a) the

thL

observation that (); = %T{ and (b) the expression for wages when all households use the

old technology. Combining (a) and (b) implies
— 1 é LI _ 1 11—« Q o
[77 Oza(l _a)laZO] -t n o — ZO _ ( n (1 —Oé)) <_(I)> . (A47)
n Q1 n Ly
Applying the same steps, I set 2V to match Lane [2022]’s estimates of growth in HCI gross
output and employment, relative to non-HCI manufacturing.

11—« «@
Se(hi/eee) (G e
0

I set € to match the relative growth of HCI employment and gross output, using the fact

IrI
__n wily
that Qt =01 a -

1
Alog Q; — Alog LI = Alogw! = EAlothI

Alog L} (A49)

= ¢ = :

Alog Q; — Alog L{

I set Ma~* to match HCI employment in 1972
Li Ll
L =Ma*(w))® = Ma "= ——= . (A50)
('wO)E (Ea&?)
n Ly

B.4 Robustness to alternative productivity processes

The calibration used in the main text assumes that the productivity process has noise
parameter ¢ = 0.01 and mean reversion parameter # = 2. This serves to illustrate the
potential for equilibrium multiplicity under Pigouvian policy.

However, it is well known that with no mean reversion, models (including mine) that
fit within the framework of Frankel and Pauzner [2000] have a unique dynamic, stochastic
equilibrium. The essential feature of such models is that productivity can reach extreme
enough values that either choice for firms (adopting the old or new technology) is a dominant
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strategy—i.e. it is individually rational, however other firms will behave. Intuitively, if firms
know that others will adopt the new technology if productivity reaches a high enough level,
they become more willing to adopt it themselves, which makes other firms more willing
to adopt it, etc. When productivity follows a random walk, this “contagion” from the
dominance regions eventually leaves only one rationalizable strategy. The fact that Pigouvian
policy can always implement the first best then implies that this unique equilibrium must
be Pareto efficient. In particular, there is no scope for coordination failure and therefore no
room for welfare improvements via super-Pigouvian policy.

Away from the case where productivity follows a perfect random walk, it is an open
research question in what models multiple equilibria exist [Frankel et al., 2005]. Arguing by
analogy to the case of static global games, Angeletos and Lian [2016] suggest that multiplicity
is the most likely when the productivity process is strongly mean reverting and has little
noise. Intuitively, such cases are the closest to the static model with productivity at the
mean—where we know that multiplicity is possible because investment is complementary.

To gauge the sensitivity of my conclusions to the parameterization of the productivity
process, I simulate my model under a range of alternative assumptions about the mean
reversion parameter # and the noise parameter o. Figure Al shows at what parameter values
I find unique equilibria and at what parameter values I find multiple Pigouvian equilibria.
In particular, it shows that multiplicity requires sufficiently high mean reversion and low
noise, as Angeletos and Lian [2016] suggest.

In all cases where I find multiplicity, the lowest- and highest-industrializing Pigouvian
equilibria are qualitatively similar to those in the calibration discussed in the main text.
In particular, starting from the pre-HCI-drive initial condition—i.e. productivity at its
mean and no firms adopting the new technology—firms choose the new technology in the
highest-industrializing equilibrium and choose the old technology in the lowest-industrializing
equilibrium. This implies that, with high probability, the economy industrializes in the
former case and does not industrialize in the latter. As a result, welfare gains from super-
Pigouvian policy are quantitatively similar across the cases where I find multiplicity. When
there is no Pigouvian multiplicity, there are no welfare gains from super-Pigouvian policy,
as discussed above.
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Figure A1l: Presence of multiple Pigouvian equilibria at different levels of noise and mean-
reversion in the productivity process. Red ”X” = unique equilibrium. Blue ”O” = multiple
equilibria.
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C Additional figures
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Figure A2: Productivity cutoffs for new technology adoption characterizing the highest- and

lowest-industrializing equilibria of the calibrated model under Pigouvian policy, as well as
the unique laissez-faire equilibrium.
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Figure A3: Interpretation of Figure 4 as a stochastic phase diagram, showing one possible
path productivity and the share of firms using the new technology. Upper panel: Starting
from an initial condition at which productivity is below the adoption, the share of firms using
the new technology deterministically drifts downwards while productivity noisily drifts to-
wards its mean. Eventually, the path may cross the cutoffs. Lower panel: After productivity
crosses the cutoff level, the number of firms using the new technology deterministically drifts
upwards while productivity continues to noisly drift toward its mean.
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Figure A4: Subsidies to new-technology firms under Pigouvian and super-Pigouvian policy,
at log productivity 0 and various initial shares of new technology adoption, in the lowest-HCI
Pigouvian equilibrium. Y axis is expected discounted subsidies until next readjustment, as
a share of expected discounted fixed costs until next readjustment. See Figure 6 for a more
“zoomed-in” view.
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Figure A5: Subsidies to new-technology firms under Pigouvian and super-Pigouvian policy,
at log productivity 0.69 and various initial shares of new technology adoption, in the lowest-
HCI Pigouvian equilibrium. Y axis is expected discounted subsidies until next readjustment,
as a share of expected discounted fixed costs until next readjustment.
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