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Abstract

Economic disruptions generally create winners and losers. The compensation problem consists of
designing a reform of the existing income tax system that offsets the welfare losses of the latter by
redistributing the gains of the former. We derive a formula for the compensating tax reform and its
impact on the government budget when only distortionary tax instruments are available and wages
are determined endogenously in general equilibrium. We apply this result to the compensation of
robotization in the U.S.
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Introduction

Economic disruptions, for instance technological change, opening to international
trade, inflows of immigration, or exogenous price shocks, generally create winners
and losers, i.e., real wage and welfare gains for some individuals and welfare losses
for others. The welfare compensation problem consists of designing a reform of the
tax-and-transfer system that offsets the losses by redistributing the winners’ gains.
We solve this problem in an environment where only distortionary taxes are available
and wages are determined endogenously in general equilibrium.

The traditional public finance literature (Kaldor [1939], Hicks [1939, 1940]) shows
that in an economy where individualized lump-sum taxes are available, the tax reform
that redistributes the welfare gains and losses caused by a disruption is straightfor-
ward: It simply consists of raising (resp., lowering) the lump-sum tax liability of
agents whose welfare increases (resp., decreases) from the shock by an amount equal
to their compensating variation. This standard Kaldor-Hicks approach is flawed,
however. First, because of asymmetric information, as in Mirrlees [1971], the only
tax instrument at the government’s disposal, the labor income tax, is distortionary.
Second, many economic shocks require explicitly modeling the endogeneity of wages.

Consider for instance an inflow of low-skilled immigration—i.e., an exogenous
(relative) increase in the total supply of low-skilled labor. In partial equilibrium, i.e., if
wages were exogenous, this would not affect the individual utility of resident workers.
In general equilibrium, this disruption lowers the wage of low-skilled workers whose
marginal product of labor is decreasing and raises the wage of high-skilled workers
whose labor is complementary to the tasks performed by the incoming workers; see,
e.g., Card [2009]. Therefore, immigration flows have non-trivial welfare consequences
only because the endogeneity of wages is explicitly taken into account. Similarly, the
impact of automation on inequality can be understood as a race between education—
the supply of high-skilled workers—and technology; see, e.g., Katz and Murphy [1992].
In both of these examples, movements in the relative labor supplies of different skills
fundamentally drive trends in relative wages. As a result, standard public finance
models in which labor supply is endogenous but wages are exogenous cannot properly
account for the welfare implications of these disruptions.

Now suppose that in response to the disruption, the government implements a

tax reform that aims at compensating the welfare losses of agents whose wages are



adversely impacted. Since the only available policy tools are distortionary taxes, such
a reform affects workers’ labor supply choices. These labor supply adjustments im-
pact individuals’ wages and utility by the same general equilibrium forces as we just
described. The resulting welfare effects need themselves to be accounted and compen-
sated. But this can only be done through the distortionary tax code, which creates
further welfare gains and losses, and so on. Hence the combination of distortionary
taxes and endogenous wages leads to an a priori complex fixed point problem for the
compensating tax reform.

We start by analyzing the welfare compensation problem in a partial-equilibrium
environment where wages are exogenous. We show that the design of the compen-
sating tax reform that brings every agent’s utility back to its pre-disruption level
is simple, even when distortionary income taxes are the only available instrument.
The key insight here is that individual utility is only affected by the average tax
rates of the reform—that is, the changes in marginal tax rates do not impact welfare.
This follows from an envelope theorem argument: The marginal tax rate that the
individual faces affects their indirect utility only through their optimal labor supply
decision so that the corresponding welfare effect is second-order. As a consequence, it
is straightforward to show that a suitably designed adjustment in the average tax rate
is sufficient to achieve exact welfare compensation: namely, one that exactly cancels
out the after-tax income gain or loss caused by the exogenous disruption, regardless
of the marginal tax rate changes that it induces.

The analysis becomes significantly more complex when distortionary taxes are
coupled with general equilibrium forces. In this case, despite the envelope theo-
rem, endogenous changes in labor supply do matter for welfare through their impact
on wages, resulting from the decreasing marginal productivities and the production
complementarities. Therefore, in general equilibrium, because of the labor supply re-
sponses that they generate, the tax reform’s marginal rates directly affect the agent’s
utility, even conditional on the average tax rate change. As a result, to determine
the compensating tax reform, we must solve for its average and marginal rates simul-
taneously. This is the key difference from the partial-equilibrium environment and
the main technical challenge of our paper. We show that the solution to the welfare
compensation problem can be formalized as the solution to an integro-differential
equation.

Our first main result is to derive a formula for the compensating tax reform in



general equilibrium in terms of elasticity variables that can be measured empirically.
This formula is valid for arbitrary preferences, initial tax code, production function,
and wage disruptions as long as they are marginal—that is, our tax reform compen-
sates for the first-order welfare effects caused by general disruptions. Our second main
result is to derive a formula for the fiscal surplus, i.e., the impact of the disruption
and its compensation on the government budget. Thus, our analysis generalizes the
traditional Kaldor-Hicks criterion and provides a simple test to determine whether
economic shocks or policies are compensable, in the sense that offsetting the individ-
ual welfare changes using only distortionary tax instruments is budget-feasible. More
generally, the value of the fiscal surplus (and not only its sign) provides a relevant
monetary measure of the aggregate welfare gains or losses from the disruption.

We first show that, unless the disruption affects all wages uniformly, the compen-
sating tax reform features an element of progressivity that departs from the simple
partial-equilibrium policy. This is because, when the marginal product of labor is de-
creasing, the compensation must be designed such that the (positive) welfare effects
caused by the average tax rate cuts counteract the (negative) welfare effects caused
by the lower marginal tax rates. Thus, agents who face a lower average tax rate must
also face a lower marginal tax rate. All else equal, this naturally leads tax rebates to
grow with income at a rate of progressivity that is determined by the ratio between
the labor supply and labor demand elasticities, net of the rate of progressivity of the
initial tax code. This implies that the general-equilibrium compensation front-loads
the tax cuts whenever the disruption causes non-uniform income losses.

Second, skill complementarities in production generate additional indirect wage
adjustments that also need to be compensated. The marginal tax rates of this second
round of compensation cause, in turn, further wage and welfare changes, which them-
selves need to be compensated, and so on. We show that we can generally solve this
fixed point problem by defining inductively a sequence of functions that each cap-
ture a round of general-equilibrium wage changes and their compensation. In other
words, when the shock hits, we adjust the tax schedule to compensate for it, ignoring
production complementarities. We then compute the first round of general equilib-
rium effects on wages, compensate for them again, and so forth until convergence.
If the production function is CES, this series boils down to a uniform shift of the
marginal tax rates, in addition to the progressive reform described in the previous

paragraph. We explore quantitatively the robustness of the compensating tax reform



to the size of the labor supply and demand elasticities, the initial tax schedule, and
the (non-marginal) size of the disruption. We show in particular that our tax reform
compensates for at least 95 (resp., 78, 53) percent of the welfare losses of a disruption
that leads to 1 percent (resp., 5 percent, 10 percent) wage losses.

We finally apply our theory in the context of the robotization of the U.S. economy
between 1990 and 2007. Acemoglu and Restrepo [2020] estimate the impact of an
additional robot per one thousand workers on the wages of different skills—roughly
the amount observed in the U.S. between these dates. The closed-form solution that
we derive allows us to easily evaluate the compensating reform quantitatively. For
instance, we find that an additional robot per thousand workers requires compensating
agents at the 10" (resp., 85™) percentile of the wage distribution by 97 percent of
their income loss (resp., 132 percent of the income gain) from the disruption. This
represents a 0.7 percentage point (resp., 0.08 pp) decrease in their average tax rate

and generates a $145 budget deficit for the government.

Related literature. Our theoretical analysis builds on Kaplow [2004, 2012] and
Hendren [2020], who extend the Kaldor-Hicks principle to the case of distortionary
taxes in partial equilibrium using inverse-optimum weights (see, e.g., Jacobs et al.
[2017]). Our main contribution is the analysis of the general equilibrium environment
in which wages are endogenous. Guesnerie [1998], Itskhoki [2008], and Antras, de Gor-
tari, and Ttskhoki [2016] study compensating tax reforms and the welfare implications
of trade liberalization in a general-equilibrium framework similar to ours. They re-
strict the analysis to specific classes of distortionary taxes and tax reforms, however:
linear for Guesnerie [1998] and with a constant rate of progressivity (as in Bénabou
[2002], Heathcote, Storesletten, and Violante [2017]) for Antras, de Gortari, and It-
skhoki [2016]. While we do not consider a sophisticated model of trade, we solve the
compensation problem allowing for arbitrarily nonlinear tax schedules and nonlinear
tax reforms. The generality of the tax reforms, in particular, is necessary to ensure
that every agent’s welfare is compensated for. Andersen and Bhattacharya [2017,
2020], Andersen et al. [2020] extend the Kaldor-Hicks approach to dynamic OLG
settings; they focus on achieving generation-by-generation Pareto-neutrality via tax-
ation and debt and do not consider intra-generational heterogeneity. More broadly,
our model is within the class of Mirrleesian economies in general equilibrium. Stiglitz
[1982a], Rothschild and Scheuer [2013], Sachs, Tsyvinski, and Werquin [2020] study



optimal taxes in this environment for given production and social welfare functions.
Ales, Kurnaz, and Sleet [2015], Guerreiro, Rebelo, and Teles [2017], Thuemmel [2018],
Costinot and Werning [2018], Hosseini and Shourideh [2018], Beraja and Zorzi [2021]
characterize optimal income taxes, robot taxation, or trade policies following dis-
ruptions. Costinot and Werning [2018], in particular, derive optimal robot taxes by
studying, like us, tax changes that keep utility unchanged. In contrast to these pa-
pers, our goal is to study the specific tax reform that achieves such compensation in
general equilibrium. Finally, our paper is related to the literature that analyzes the
set of Pareto efficient taxes—an important alternative to the standard optimal tax
problem that does not require positing a social welfare function; see, e.g., Werning
[2007], Scheuer and Werning [2017], Bierbrauer and Boyer [2014], Lorenz and Sachs
[2016], Bierbrauer et al. [2020]. We discuss in more detail the relationship to the op-
timal and Pareto efficient taxation literature in Section 4.1. Finally, from a technical
viewpoint, our derivations are based on the general-equilibrium tax incidence analysis
of Sachs, Tsyvinski, and Werquin [2020]; however, this paper does not address the
compensation problem, which requires solving not only for labor supply changes in

response to a given tax reform, but simultaneously for the tax reform itself.

Outline. In Section 1, we set up the model and define the welfare compensation
problem. In Section 2, we solve for the compensating tax reform and the fiscal
surplus in partial and general equilibrium. In Section 3, we analyze the compensating
tax reform by considering various examples of disruptions, as well as an empirical
application to the robot disruption. Section 4 concludes with a discussion of the
differences between the compensation approach and the standard optimal taxation

approach. The proofs are gathered in the Appendix.

1 Welfare Compensation Problem

1.1 Initial Equilibrium

There is a continuum of measure 1 of individuals indexed by their skill ¢ € [0,1]. In
the initial (undisrupted) economy, agents i earn a pre-tax wage rate w; € R, that
they take as given. Without loss of generality, we order skills so that wages w; are

increasing in ¢. Thus, the skill index i € [0,1] can be interpreted as the agent’s



percentile in the wage distribution of the initial economy.

Agents with skill ¢ have preferences over consumption ¢ and labor supply [ that
are represented by the utility function wu; (¢,1). They choose effort /; and earn pre-tax
income y; = w;l;. Under standard assumptions on preferences, income y; = w;l; is
strictly increasing in ¢, so that there are one-to-one maps between skills ¢, wages w;,
and incomes y; in the initial equilibrium.! We assume that incomes 7; belong to an
interval [y, y] C Ry and have a continuous density f (-).

The government levies a non-linear income tax. The tax schedule T': R, — R
is twice continuously differentiable. Agents ¢ consume their after-tax income ¢; =

y; — T (y;). Their indirect utility U; is thus given by

where the labor supply [; satisfies the first-order condition?

i (wil; — T (wily) , 1
e 2R g @)
BCZ (wll, -T (wzlz) , lz)

There is a continuum of mass one of identical firms whose inputs in production
are the aggregate labor supplies L; of all types j € [0,1]. The production function
has constant returns to scale and is denoted by F (L), where L = {L;};ci0,1). In
equilibrium, firms earn no profits and the wage w; is equal to the marginal product
of labor of skill 7,

OF

w; = oL, (L) (3)

We finally denote government revenue by

R = /0 T (wil) di (@)

For future reference, we define the local rate of progressivity of the tax schedule at

income y; as (minus) the elasticity of the retention rate r; = 1 — 7" (y;) with respect

IThis is the case, for instance, if agents have a common utility function w that satisfies the
Spence-Mirrlees condition. Importantly, because we focus on marginal perturbations, this ordering
of wages need not be preserved by the disruption and the tax reform.

2We assume that this equation has a unique solution.
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_ 0In(1-T"(ys)) .

to gross income y;, that is, p (y;) = 9Tny,

1.2 Wage Disruption and Tax Reform

Consider an exogenous perturbation w” = {wF }Yicpo,) of the wage distribution w =
{wi}ie[0,1]7 where ©F € R for all 4. That is, the wage of agent i changes, on impact,
from w; to w;(1 + pwf), where p > 0 is a constant. Such a disruption can be caused
by various exogenous shocks—e.g., technological change, which affects the production
function F, or immigration flows, which modify the relative shares of different skills in
the economy.” Without loss of generality, we normalize sup;c(o ) [@;°] = 1. Thus, the
map {0y }icp,1) defines the (infinite-dimensional) direction of the disruption, while
the scalar pu parametrizes its size.

Following the disruption, the government can implement an arbitrarily non-linear
tax reform 7' (-), whereby the statutory tax payment at income y; changes from T (y;)
to T (4:) + pT (i)

In response to the wage disruption @” and the tax reform T , individuals optimally
adjust their labor supply. In general equilibrium, these decisions impact their wages,
which in turn further modify their labor supply choices, and so on. We denote by
pw; and ul} the total endogenous percentage changes in the wage and labor supply
of individual ¢ between the initial and the perturbed equilibria. Thus, the wages and
labor supplies in the disrupted economy are respectively given by w;(1 + pF + pab;)
and 1;(1 + pl;).

We define agent i’s compensating variation ,u(A]i as the change in utility between
the initial and the perturbed equilibria, normalized by the (initial) marginal utility of

consumption %13 so as to obtain a monetary measure of the welfare gains and losses.

Finally, we denote by ,uf% the change in government revenue caused by the disruption

and the tax reform, or fiscal surplus.

3For instance, the wage disruption implied by a change in the production function from F to F
is given by pwF = w%[g—i - g—i] for all i.

4Throughout the paper, we focus on continuously differentiable functions i ’LTJZE on [0,1].

5In Section 2.4, we assume that the tax reforms T that the government can implement belong
to the Banach space of functions that are continuously differentiable, bounded, with bounded first
derivative.



1.3 Compensation Problem

Compensating Tax Reform. The welfare compensation problem consists of de-
signing a reform T of the existing tax code that offsets the welfare gains and losses of
the wage disruption p@”. Hence, the tax reform T must be designed such that each

agent’s compensating variation is equal to zero:
U = 0, Viel0,1]. (5)

We say that the disruption {@f };cjo,1) is compensable if the fiscal surplus is non-

negative, i.e., R>0.

Marginal Wage Disruptions. In this paper, we characterize analytically the so-
lution to the welfare compensation problem for marginal wage disruptions, i.e., as
i — 0. Thus, our exercise consists of designing, and evaluating the fiscal impact
of, a tax reform 7' that compensates the first-order welfare effects of a small wage
disruption in the direction @”. In Section 3.4, we explore quantitatively how our

compensating tax reform fares against large shocks.

Aggregate Gains of Disruptions. If a disruption is compensable, then it is pos-
sible to find a reform of the initial tax code 1" that achieves a strict Pareto improve-
ment.® Conversely, it is possible that a disruption generates strictly positive aggregate
gains, both in terms of gross incomes and government revenue, but that these gains
are not compensable (i.e., the fiscal surplus R is negative), if the labor supply dis-
tortions that the compensation would generate outweigh these gains. More generally,
the value of the fiscal surplus, and not only its sign, carries important information: It
provides a metric that allows us to compare, in monetary units, the aggregate welfare
gains (or losses) of different economic shocks. For example, suppose that a given
disruption (say, automation) generates more revenue, after implementing the com-
pensating tax reform, than another (say, an inflow of immigration). It follows that
the government can achieve a strictly better Pareto improvement from the former
shock.

SFor instance, the government can redistribute lump-sum the budget surplus uniformly to all
workers.



Remark: A More General Problem. It is natural to wonder what a compen-
sating tax reform would be if the government’s objective were to compensate every
agent to make their welfare at least as large (rather than exactly as large) as in the
initial economy, i.e., U; > 0 for all 7. To address this problem, we can directly specify
the non-zero welfare improvements (or losses) U; = h; € R that one wants to achieve
for each skill level. We then solve the compensation problem by replacing 0 with h; in
the right-hand side of (5). The differential equation derived in Lemma 2 below now
features the exogenous function h. The corresponding tax reform and fiscal surplus
can then be straightforwardly derived following identical steps as in the proofs of

Propositions 1 and 2.

2 Compensating Tax Reform and Fiscal Surplus

2.1 Elasticity Concepts

As a preliminary step, we start by defining the elasticities—of labor supply, labor
demand, and substitution—on which the solution to the compensation problem de-

pends. All of them are standard and can be naturally mapped to empirical estimates.

Elasticities of Labor Supply. We decompose the uncompensated (Marshallian)

elasticity gll;’ fj of labor supply of skill 7 with respect to the retention rate r; as e] —e,
where e = gizfnc > 0 is the compensated (Hicksian) elasticity, or substitution effect,
dlnl;

and e} =1, > 0 is the income effect parameter—i.e., (minus) the semi-elasticity

O(—n;)
of labor supply with respect to non-labor income n;. The elasticity of labor supply

with respect to the wage w; is then equal to e’ = (1 —p(y;)) e} — el'. We define the

corresponding elasticities along the non-linear budget constraint” by &7 = : ﬂfé)er for

x € {r,n,w}. The scaling factor 1+p (y;) el accounts for the fact that the direct labor

supply response e? endogenously affects the agent’s marginal tax rate T’ (y;) by the

rate of progressivity p(y;), which in turn causes a further labor supply adjustment

given by p (y;) €]

Elasticities of Labor Demand and Substitution. We define the cross-wage

elasticity 7;; of the wage of skill ¢ with respect to the aggregate labor of skill j,

See, e.g., Scheuer and Werning [2017], Jacquet and Lehmann [2021].
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and the own-wage elasticity (or inverse elasticity of labor demand) 1/ 5? of the wage

Olnw;
OlnL;

delta function.® For instance, if the production function has a constant elasticity of

of skill j with respect to L, by = %ij — 20 (i — j), where 4 (-) is the Dirac

substitution between skills (CES),” the own-wage elasticity 1/¢¢ is constant, and the
1y

Ay
so that different skills are Edgeworth complements in production. Moreover, «;; does

cross-wage elasticity is equal to 7;; = In this case, we have v;; > 0 for all 7, j,
not depend on ¢, implying that an increase in the labor supply of type j raises the

wages of all types i # j by the same percentage amount.

2.2 Incidence of Disruptions and Tax Reforms

To characterize the compensating tax reform and the fiscal surplus, we derive first-
order Taylor expansions as 1 — 0 of the perturbed equilibrium conditions (equations
(19)-(22) in the Appendix) around the initial equilibrium (1)-(4). This variational
approach was pioneered by Saez [2001] and extended to general-equilibrium environ-
ments by Sachs et al. [2020].

Welfare Changes. The (normalized) change U; in the utility of agent ¢ induced by

the wage disruption @” and the tax reform 7' is given by
Uy = (=T (y) o + @] - T (y) = 0, (6)

where the second equality imposes that, once the new tax schedule is implemented,
agent ¢ keeps the same level of welfare in the disrupted economy as in the initial
equilibrium. The first term on the right-hand side of (6) shows that the change in the
utility of agent i is equal to their total income gain or loss y;[wF + ;] caused by both
the exogenous shock @ and the general-equilibrium adjustments ;,"" weighted by
the share (1 — T" (y;)) of this income change that they keep after paying taxes. The
second term shows that their utility also responds to the change in their tax liability

T (y;), which makes them poorer (resp., richer) if T (1) > 0 (resp., < 0).

8The Dirac notation ensures that the Euler theorem holds: fol w; L; X %gT“’;}di =0.

d
9The CES production function is defined by F(L) = [fol GjL;_l/E e/ =),
10Recall that ; is a percentage wage change, so that w;w; is the absolute wage change, and
l; x (w;w;) is the gross income change.

10



Labor Supply Changes. The disruption @” and the tax reform T induce changes
in labor supply equal to:

A

7 (y: |
D) T )
=T (y:)

— W[ AE ~
li = ellw;y +w)—e¢ AT o (7)
This equation shows that agent ¢ adjusts their effort upwards, i, > 0, if their wage
increases (first term on the right hand side of (7)), their marginal tax rate decreases
(second term), and their total tax liability—or average tax rate—increases (third
term). For future reference, we denote the labor supply response to a disruption and
a tax reform absent any endogenous wage adjustment @; (i.e., in partial equilibrium)

by

A

AT e

E . T, (yl)
7 7 1 _ T/ <yl)

¥ = v (8)
Endogenous Wage Changes. The disruption @w” and the tax reform T lead to

endogenous wage changes equal to:

. 1~ b
i 0
Intuitively, a 1 percent increase in the labor supply of individuals with skill ¢ leads
to a —1/e¢ percent change in their own wage, because the marginal product of labor
is decreasing. A 1 percent increase in the labor supply of agents with skill j € [0, 1]
leads to a v;; percent change in the wage of type ¢ through complementarities between

skills in production.

Fiscal Surplus. Finally, the fiscal surplus generated by the disruption @” and the

tax reform 7" is given by

A

The first term in square brackets is the mechanical effect of the compensation on
government revenue due to the statutory changes in tax rates. The second term
accounts for the fiscal externalities from changes in workers’ earnings y; via wage

adjustments and labor supply choices. The marginal tax rate 7" (y;) captures the

11



share of these earnings gains or losses that accrues to the government.

2.3 Compensation in Partial Equilibrium

In this section, we show that the solution to the compensation problem takes a simple
form in partial equilibrium, even when when taxes are distortionary. Suppose that
the production function is given by F(L) = fol 0;L;di, so that for any ¢, the wage
w; is equal to the exogenous technological parameter ;. The marginal product of
labor is then constant (¢ — o00), and skills are infinitely substitutable in production
(755 = 0). In this case, a disruption w” generates no further endogenous adjustment
in the wage: @; = 0 for all . Equation (6) thus gives immediately the compensating
tax reform 7. Since there is a one-to-one map between skills 7 and incomes y = y; in
E
(

the initial equilibrium, we denote w¥ (y) = ¥ and g, =¢; forz =rn,w.

Proposition 1. In partial equilibrium, the tax reform that compensates a marginal

wage disruption in the direction W is given by

Ty = Q-T(y)yd"(y). (11)

The fiscal surplus generated by the disruption and the compensating tax reform is

given by
R = El[yd” (y)] -E|T ) yeyd )], (12)

where @/A) (y) = %n(yy) measures the local variation of the erogenous wage disruption

along the income distribution.

Equation (11) shows that if wages are exogenous, the compensating tax reform

%y) of each

simply consists of increasing or decreasing the average tax rate (ATR)
agent ¢ by an amount equal to their net-of-tax wage gain or loss resulting from the
disruption, (1 — T (y;))®wE. This makes them just as well off as if the disruption
had not occurred. Equation (12) allows us to determine whether a given economic
shock {F };e(0.1] is compensable. Note in particular that calculating the fiscal surplus
does not require actually implementing or even computing the compensating tax
reform: The expression for R depends only on the exogenous disruption and the
characteristics—tax rates, income distribution, labor supply elasticities—of the initial

(undisrupted) economy.

12



Taking Stock. The feature that allowed us to trivially solve for the compensating
tax reform 7 in partial equilibrium is that, in the absence of endogenous wage ad-
justments (w; = 0), the changes in marginal tax rates (MTR), T (yi), do not enter
equation (6). That is, conditional on the total tax change T (y;), the MTR does not
matter for welfare. This follows from the envelope theorem: The MTR that an in-
dividual faces affects their utility only through their labor supply decision (equation
(2)); but since labor supply is initially chosen optimally, these behavioral responses
induce no first-order effect on welfare. As a result, it is sufficient to adjust every
agent’s total tax payment (or ATR) to neutralize their income gain or loss due to the
exogenous disruption, regardless of the changes in MTR that such a reform implies.
Of course, while the endogenous labor supply responses (8) are irrelevant for the wel-
fare compensating tax reform, they determine the deadweight loss of the reform and,

therefore, the fiscal surplus R.

2.4 Compensation in General Equilibrium

We now characterize the compensating tax reform and the fiscal surplus when wages
are endogenous. In general equilibrium, equation (6) no longer gives directly the tax
reform 7" that compensates the exogenous disruption w”, because the wage changes
w; are endogenous to the tax reform. Specifically, these wage responses are determined
by the labor supply responses via equation (9). In turn, these labor supply changes

are driven by the changes in marginal and average tax rates via equation (7).

Labor Supply Changes. The first step of the analysis is to solve for the total
labor supply changes following the disruption and tax reform. Substituting for w; into
equation (7) using equation (9) implies that the labor supply adjustments {IZ Yiepo,
are the solution to an integral equation. The following lemma follows from Proposition

1 in Sachs, Tsyvinski, and Werquin [2020] and is proved in the Appendix.

Lemma 1. Assume that [ 2 |picyy|* didj < 1, where ¢; = 1+Ei/€¢.11 The change

in labor supply of agent i in response to a wage disruption and a tax reform is given

1This condition ensures that the series defining I';; converges. It is straightforward to derive
sufficient conditions on primitives for this condition to hold: e.g., a CES production function, a CRP
tax schedule, and a quasilinear utility function with isoelastic disutility of labor.
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1
i = i+ ot [ Tyoia (13)
0
where lAlE is defined by (8). If the production function is CES, we have Fij =T, yk dk%J
0
with v = Eld %;/ More generally, we have I'y; = X707 F(n with F =, and for all

n>1, F fo T ey dk.

The first term on the right-hand side of equation (13) is the partial-equilibrium
change in labor supply lAZE , scaled by a factor ¢;. This scaling factor accounts for the
fact that the marginal product of labor is decreasing, so that the agent’s initial (say,

positive) labor supply adjustment lowers their wage by a factor 1/e¢, which in turn

leads them to reduce their labor supply by a factor £¥/e¢—thus dampening their
initial response by ¢; =1/ [1 + e/ 6?]

The second term on the right-hand side of (13) captures the change in the labor
supply of agent i caused by the behavioral responses of all other agents j € [0, 1]
through complementarities in production. An increase in the labor supply of skill
J raises the wage of skill ¢ by the cross-wage elasticity I';;, which in turn raises the
labor supply of skill ¢ proportionately to ;. If the production function is CES, I';; is
simply proportional to the structural elasticity v;;. For a general production function,
it is defined by a series > 7¢ o I';; ™) that comprises the direct effect F 0 — = 1,5 of the
labor supply [; on the wage w;, as well as the infinite sequence of 1nd1rect effects that

(n)

occur in general equilibrium: For each n > 1, I';;” accounts for the impact of [; on w;

via the wage and, hence, labor supply adjustments of n intermediate types—e.g., for
n=1,1; MNP BN
Integro-Differential Equation Characterization. Combining equations (6), (9)

and (13) yields an implicit characterization of the compensating tax reform.

Lemma 2. The compensating tax reform T is the solution to

T@):(Lﬂwwmf‘@rf@)ZT@J+G—T@»%%U®

Yi Y;
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where QF is the total wage disruption faced by agent i and is defined by

1
OF = 6l + o | Tyoserafd (15)

and where A; is equal to

1 T T ],
A = /0 Lijo; l—ejl T TS (yj))y} dj. (16)

J

Moreover, the (income-weighted) mean change in average tax rates is equal to the

mean exogenous disruption: E [ﬁuTT%))g,,} =E {E%Qﬂ .

must

The interpretation of equation (14) is again that the ATR change T;y)
compensate the wage (and hence welfare) gains or losses incurred by agent i. The
first term on the right-hand side, (1 — 7" (y;)) O£, is the net-of-tax wage change caused
by the exogenous disruption. In partial equilibrium, we have QF = #F, so that (14)
reduces to (11). In general equilibrium, Qf accounts for the full incidence of the initial
shock—absent any tax reform—on the wage of agent i. Equation (15) shows that this
total disruption comprises the direct impact @ scaled by the own-wage dampening
factor ¢;, plus all of the indirect effects caused by the wage adjustments {ﬁ)jE }iepoals
which affect the wage of skill 7 via cross-skill complementarities I';;. Empirical studies
that evaluate the impact of a disruption on the wage distribution may already account
for these labor demand spillovers. In this case, the compensation formula we derive
below can be applied using {QZ‘E}ie[O,l]a rather than {®/ };c,1], as a primitive.

The remaining terms on the right-hand side of (14) account for the welfare gains
and losses triggered by changes in the tax rates themselves. The key observation is
that, in general equilibrium, both the average and—this is new—the marginal tax
rates impact welfare: This is because they generate labor supply distortions which,
despite the envelope theorem, have a first-order effect on utility through their impact
on wages. The welfare consequences of a given tax reform are thus much richer,
and the design of the compensation correspondingly more complex, than in partial
equilibrium. The second term (in square brackets) on the right-hand side of (14)
captures the welfare effects of agent ¢’s own tax rate changes, while the third term
captures the welfare effects caused by the tax changes of all other agents j # i.

Formally, an increase in the MTR of agents i by 7" (;) reduces their labor supply
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(substitution effect) by ¢;eT” (y;) and hence, because the marginal product of labor
is decreasing, raises their own wage by %T’ (y;). Analogously, an increase in the

ATR of agents ¢ by T(yi) raises their labor supply (income effect) by ¢! T;yi)

yi X
hence, reduces their own wage by %% Therefore, while a higher average tax

and

rate at income y; hurts the welfare of agent 7 by directly making them poorer (as
in partial equilibrium) and by triggering increases in labor supply, a higher marginal
tax rate, by discouraging effort and consequently raising wages, increases the welfare
of agent 7.'” Analogously, an increase in the marginal (respectively, average) tax rate
of any agent j # i by 7" (y;) > 0 (vesp., T'(y;) > 0) leads to a reduction (resp.,
increase) in their labor supply and hence in the wage of agent ¢ whenever these skills
are complementary in production (I';; > 0). Summing over all j leads to the term A,

in equation (16).

Taking Stock. To sum up, equation (14) formalizes the insight that, in general
equilibrium, the ATR and the MTR of the tax reform have to be determined simulta-
neously as they both affect welfare: The compensating policy must be designed such
that the total effect of these two instruments exactly offsets that of the exogenous
disruption. Suppose, for instance, that the planner implements the tax reform (11)
that would compensate every agent’s welfare in partial equilibrium. This tax reform
is constructed so that its average tax rates exactly compensate the wage gains or
losses of the disruption. While the implied adjustments in marginal tax rates can
be ignored in partial equilibrium because of the envelope theorem, in general equi-
librium they lead to additional, unintended welfare consequences. These first-order
welfare effects themselves need to be compensated (second term in the right hand
side of (14)), which requires further changes in marginal tax rates, and so on. As
a result, the combination of distortionary tax instruments and elastic labor supply
(whereby marginal tax rates affect labor supply behavior) and general equilibrium
(whereby labor supply decisions determine wages) leads to a fixed point problem for
the compensating tax reform, formalized by expressing the compensating reform 7T

as the solution to the integro-differential equation (14).

12The fact that an agent is made better off from a higher marginal tax rate (conditional on a
total tax payment) follows from the same logic as the “trickle-down” result of Stiglitz [1982b] that
implies lower optimal high-income tax rates than in partial equilibrium.
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Solution to the Compensation Problem. The next proposition gives the so-
lution to equation (14): It is the main result of this paper. As before, since there
is a one-to-one map between skills 7 and incomes y = y;, we can change variables
and denote the wage disruption (15) by OF (y), the welfare effects due to production
complementarities (15) by A (y), the labor supply and demand elasticities by &} for

x =r,n,w,d, and the cross-wage elasticities in (13) by T, ,."

Proposition 2. The tax reform that compensates a marginal wage disruption in the

direction W is given by
) = -7y [ 102697 () +A ()] de (a7)

and the fiscal surplus is given by

A

T R LTy e (RES TOTH P

with U (z) = w2 [p:1QF (2) + A (2)]. In these expressions, we let

dlnz 7z
d z d
15 g
M(y,z) = =* — ““dx
ez y ERT

and A () = X2, A™ (2) is defined inductively by A© (z) = $71QF (2) and

n=1

AP (2) = /y "I, lqsy D (y) — / "1 (y.2) A (:c)dx] dy, V> 1.

E[y(¢y A (y)— [ T(y,2)A O (2)dx )]

If the production function is CES, A (z) is a constant £y 7 Ti(y.2)da]

Formulas (17) and (18) depend only on the exogenous wage disruption QF (or @™)

and on variables that are observed in the pre-disruption economy—statutory marginal

tax rates, elasticities of labor supply &/ elasticities of labor demand 5 , and

Yy’ y7 y7

13The relevant Change of variables for the cross-wage elasticities reads vy, ,, = 7/ y; and Iy, . =

Iy /yj, where y; = . In particular, if the production function is CES, we have v;; = and

= A
Vyiry; = EdE'L/ f (yj) Where f is the density of incomes.

14This expressions assumes for simplicity that 3§ — oo; the general expression is derived in the
proof in the Appendix.
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elasticities of substitution between skills I', , (or 7,). It is thus straightforward to
implement such a tax reform in practice. In Section 3, we analyze the shape of the

compensation (17) in detail and study various examples and empirical applications.

Remark: Extensive Margin of Labor Supply. Our results extend to a setting
where, in addition to adjusting their labor effort on the intensive margin, workers can
respond to wage disruptions and tax changes by deciding to enter or exit the labor
force. Suppose that agents differ along two dimensions: their skill i € [0, 1], as in
the previous sections, and their fixed cost of participating in the labor force k € R.
These two characteristics can be arbitrarily correlated in the population. An agent
with types (i, k) has idiosyncratic preferences over consumption ¢ and labor supply [
described by u; (¢,1) — ko), where I~y is an indicator function equal to 1 if the
agent is employed. Agent ¢ participates if their fixed cost of work k is smaller than
a threshold k; equal to the difference between the utility conditional on employment,
w; [wil; — T (wyl;) , l;], and the utility conditional on unemployment, wu; [—7 (0),0].
We can easily show that the tax reform derived in Proposition 2, along with a fixed
unemployment transfer —7" (0), continues to solve the compensation problem in this
setting. Indeed, this reform leaves unchanged the worker’s utility both conditional
on employment and on unemployment, so that no agent switches participation status

after the disruption and its compensation.!”

3 Analysis of the Compensating Tax Reform

In this section, we analyze the economic implications of Proposition 2 by applying
the compensation (17) to various disruptions. In Sections 3.1 and 3.2, we start by
analyzing two polar cases: a disruption that affects all skills uniformly and one that
affects the wage of a single skill. These two special cases serve to establish the
main principles of welfare compensation in general equilibrium. We then study in
Section 3.3 a more general class of disruptions that affect a range of skills (e.g., the
middle-class, or the top decile). In Section 3.4, we evaluate the robustness of our

results to the size of the behavioral elasticities, the shape of the initial tax schedule,

15This argument implies in particular that the values of the elasticities of participation with re-
spect to the tax rates (which otherwise would matter to determine the endogenous wage adjustments
;) are irrelevant for the construction of the compensating tax reform.
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and the size of (non-marginal) disruptions. Finally, Section 3.5 turns to a concrete
empirical application: the compensation of robots in the U.S. Unless stated otherwise,

throughout this section we impose the following assumption:

Assumption 1. The initial (pre-disruption) production function is CES. Preferences

take the form u(c,l) = ﬁcl_” - %l/ellﬂ/e with e > 0 and n > 0. The initial tax
.. . o 1—7,,1— .

schedule has a constant rate of progressivity (CRP), i.e., T (y) =y — =y " with

TeRandp < 1.

Assumption 1 ensures that the rate of progressivity p (y) = p, the Hicksian elastic-

ity e} = the income effect parameter e = (1 — p)ne”, the labor supply

e
14+pe+(1—p)en’
elasticities €7, %, e¥, the labor demand elasticity ¢, and the elasticity of substitution

(2R 2R g A

between skills, are all constant.'®

3.1 Uniform Disruptions

We first study a perturbation that reduces the wages of all workers by the same

amount in percentage terms.

Corollary 1. Suppose that Assumption 1 holds. Consider a uniform wage disruption,
so that wF = wF for all i € [0,1]. Then the general-equilibrium compensation (17)

coincides with the partial-equilibrium compensation (11).

To understand this result, notice first that the partial- and general-equilibrium
compensations coincide if and only if the endogenous wage adjustments w; in (9)
vanish; that is, if —6%@ + fol ’Yijijdj = 0. Now, Euler’s homogeneous function theorem
imposes that —5% + fol 7i;dj = 0. Thus, it suffices to prove that, under Assumption
1, the labor supply response to the disruption and the compensation is uniform,

ie, (F =

ZJE for all 4, 7. But this is straightforward to show by plugging (11) into
(8). Therefore, for a uniform wage disruption and the assumed preferences and tax
schedule, the own-wage and cross-wage effects just offset each other, thus yielding zero
general-equilibrium wage adjustments. As a result, the partial-equilibrium tax reform
achieves exact welfare compensation even in the general-equilibrium environment.
The uniform disruption and its compensation are represented in Figure 1. We

calibrate the elasticity of labor supply to e = 0.33 (Chetty [2012]) and the elasticity

6Moreover, we then have (1 — T (y)) I (y,2) = (1 — 7) S Li——
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of substitution between skills to €¢ = oo (partial equilibrium) or €? = 1.5 (Katz and
Murphy [1992], Card and Lemieux [2001], Card [2009]). We suppose moreover that
there are no income effects on labor supply: 7 = 0. We take a rate of progressivity for
the initial tax schedule equal to p = 0.15 and a level parameter of 7 = —3 (Heathcote,
Storesletten, and Violante [2017]). The marginal tax rate is thus increasing with
income: It is equal to 9% at $20,000, to 23% at $60,000, and to 29% at $100,000.
We match the U.S. annual earnings distribution by positing a (truncated) log-normal
distribution below $150, 000 with mean 10 and variance 0.95 and appending a Pareto
distribution with a tail parameter that decreases from a = 2.5 at $150,000 to a = 1.5
for all incomes above $350, 000 (Diamond and Saez [2011]). As in Saez [2001], we infer
the wage distribution from the observed earnings distribution and the individuals’
first-order conditions (see Sachs et al. [2020] for details on the extension of this method

to the general-equilibrium setting).

Figure 1: Uniform Disruption and Compensation
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The left panel shows that the disruption reduces the wage of all agents by 1 per-
cent. These wage losses translate into pre-tax income losses represented by the black
curve in the right panel: E.g., workers with income equal to $60,000 (respectively,
$100,000, $500,000) before the disruption suffer pre-tax earnings losses of $600 (resp.,
$1,000, $5,000). The blue and red curves in the right panel show the compensation in
partial and general equilibrium, respectively. Recall that the decrease in the agent’s
average tax rate implied by the tax reform mirrors the after-tax income losses due
to the wage disruption. Since the initial tax schedule is progressive, this implies that

the compensation is flatter than the gross income losses: Losing a dollar of pre-tax
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income does not hurt higher-paid workers as much, since they retain a smaller share
1 —T"(y) of that dollar. Quantitatively, a pre-tax income loss of $1,000 at $100,000
(respectively, $5,000 at $500,000) translates into an after-tax income loss—and thus
requires a reduction in tax payment—of $712 (resp., $2,796).

3.2 Dirac Disruptions

Consider next a disruption that affects only the wage of agents with a given skill ¢*.17
Specifically, in Figure 2, we construct a 1 percent wage disruption uZ at income level
yi+ = $60,000.'® This leads to a pre-tax income loss of y;-uZ = $600 (black curve
in the right panel) and an after-tax income loss of (1 — 7" (y;+)) ys pidj: = $461 (blue
curve in the right panel). As shown in Proposition 1, the compensating tax reform in
partial equilibrium tracks the after-tax income loss (blue curve). This compensation,
however, creates large movements in marginal tax rates around income y;+, which
yield large unintended welfare consequences in general equilibrium: For instance, an
agent with skill just below ¢* is strictly worse off after the compensation than in the
initial equilibrium, because of the large decrease in their marginal tax rate—recall

that this raises labor supply and hence lowers their wage and welfare.

Figure 2: Dirac Disruption and Compensation
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As a result, the general-equilibrium compensation no longer mirrors the shape of

the income losses. The main difference is that the reduction in tax payment of the

I"Note that this perturbation is not differentiable: We approximate it with a smooth wage disrup-
tion centered around income y;+ (or, equivalently, around the percentile i* of the wage distribution).
18The calibration is the same as in Figure 1.
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disrupted agents ¢* is much smaller than in partial equilibrium, while at the same
time agents who earn an income lower than y;« now also face substantial tax rebates
even though they were not initially hurt by the exogenous disruption. Agents with
income larger than y;- also face a tax cut, albeit of small magnitude.'” Intuitively,
the wage disruption lowers the labor incentives of workers with skill ¢*. In general
equilibrium, this labor supply reduction marginally raises their wage, so that the
government needs to compensate a smaller wage decline. In other words, the wage
disruption is partly self-limiting. By the same token, the government lowers the tax
bill of initially unaffected workers (above and below i*), who are adversely affected
by the lower labor supply of workers with skill i*. To interpret formally the shape of
the compensating tax reform, we focus on the ODE characterization given in Lemma
2.

Own-Wage Effects. Ignore for now the cross-wage complementarities, so that A =

0. Suppose first that ;:T =1,o0r z—f = p.?Y Equation (14) then reduces to % =T (y;)

for all + < ¢*. In order to reduce the tax liability of agent ¢*, the marginal tax rates

of agents with lower skills i < ¢ must be reduced, 7" (y;) < 0. But this creates

welfare losses in general equilibrium. These must therefore be offset by welfare gains

of equal magnitude through reductions in average tax rates % < 0. The equality

of the marginal and average tax rates of the reform implies immediately that the
compensating tax schedule 7' must be linear on [y, yi- ).

For more general values of €% and e", the ratio between the average and marginal

tax rates must be constant: L) — =27V (y;). As a result, the compensating tax
R 4 Yi pe
reform satisfies % o y5 /¥ 7P for all i < i*: It is progressive on ly, yi+) if and only

if the ratio of elasticities of labor demand and labor supply ¢ /¢" is larger than the

21

rate of progressivity p of the pre-existing tax code.”” Intuitively, reducing the tax

liability of an agent ¢ < ¢* requires reducing their marginal tax rate—so as to keep

9Note also that the compensation peaks at a skill ** that is strictly below the the skill of the
agent ¢* who incurs the largest wage loss. Indeed, by definition the agent with the highest tax
reduction (:**) has a zero marginal tax rate change. Thus, an agent with a slightly higher skill gets
almost the same total tax rebate (the difference between the two is second-order since T’ (yi=+) = 0)
and a strictly higher marginal tax rate change (the difference is first-order if 7" (y;+-) > 0), and
hence a strictly higher compensation. This explains why we must have ** < ¢*.

20This follows from the fact that ¢ = 1/[1 + (1;’;)Er], which implies (;;T =1+ Z—i —p.

21 Empirically, the inequality i—i > p (or, equivalently, df% > 1) is clearly satisfied, since we have
p~0.15, " = 0.3, and € > 0.5.
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them indifferent—more than one-for-one. But this mechanically lowers further the
tax bill of agents with slightly higher skill, thus requiring an even larger cut in their
marginal tax rate, and so on. This “race” between the MTR and the ATR leads
to exponentially decreasing tax rates. The (inverse of the) ratio £”/e? is the key
determinant of the progressivity of the compensation as it determines the extent to
which welfare drops in response to a cut in the marginal tax rate: It raises labor

supply proportionately to ", which in turn lowers the wage proportionately to 1/£%.

Cross-Wage Effects. Next, we need to account for the cross-wage complemen-
tarities, i.e., the last term on the right-hand side of (14). For a general production
function, compensating the exogenous wage disruption A9 (2) = gb;lQE (z) accord-
ing to the “naive” formula (1 — 7" (y))y f YT (y,2) A© (2) dz analyzed in the previ-
ous paragraph—which only accounts for the decreasmg marginal product of labor—
generates further wage changes for agent z. These wage changes due to complemen-
tarities I', , are given by A® (z) in Proposition 2. These must be in turn compensated
by (1 =T"(y))y f Y11 2) AW (2) dz (second round of “compensating the compensa-
tion”), thus leadmg to further changes in wages, and so on. Repeating this procedure
for all n > 2 yields the full compensation (17), where each term A™ (z) in the series
captures the wage changes caused by the (n — 1)th round of compensation. In other
words, when the exogenous shock hits, we adjust the tax schedule to compensate
for it, ignoring the endogeneity of wages due to production complementarities—i.e.,
treating each labor market, with its own labor demand curve, independently of the
others. We then compute the first round of general-equilibrium effects on wages,
compensate for them again, and so forth until we have settled.

When the production function is CES, this iterative procedure becomes particu-
larly simple. In this case, each intermediate round of compensation leads to uniform
wage changes across workers, A" (z) = A™ for all z. As a result, the series A (-)
collapses to a constant that must be added to the exogenous disruption. If the tax
schedule is CRP, this amounts to adding a constant (in percentage terms) change in
: fér(/y(y)z) = (1 —p) A, to the naive (own-wage)

compensation.?? This is equivalent to an increase in the parameter 7 of the baseline

the retention rate of the tax schedule

tax schedule by an amount ﬁ = (1 — p) A, that is, a uniform percentage shift in the

T/(yi) —

22For an arbitrary (non-CRP) initial tax schedule, the additional correction is given by T =

Ui (1 — exp ( v ;deoz>) A.
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tax rates of the compensation above and beyond the progressive reform described in
the earlier paragraphs. This additional correction implies in particular a reduction
in the tax rates of agents ¢ > ¢*, while these were left unchanged both in partial
equilibrium and in the absence of cross-wage effects. In the right panel of Figure 2,
these tax cuts above ¢* are barely noticeable, because the disruption affects a small
number of workers and thus generates small cross-wage effects. They become more
important when a larger number of workers are disrupted, as we show in the next

paragraph.

3.3 Interval Disruptions

We finally consider disruptions that are intermediate between the two polar (uniform
and Dirac) cases studied above. Figure 3 constructs two such experiments. In the top
panels, a smooth disruption hurts middle-class workers and peaks at y; = $60, 000.
In the bottom panels, the disruption affects uniformly all workers with earnings higher
than $120, 000. The top and bottom left panels depict the direct and total wage losses
®F and QZE , respectively. The black curves in the top and bottom right panels depict
the corresponding gross earnings losses.

The key insights described in the previous sections carry over to these cases. First,
the compensation in partial equilibrium tracks the shape of the after-tax earnings
losses due to the exogenous disruption. These are represented by the dashed blue
curves in the top and bottom right panels. As before, a given percentage change in
the wage leads to larger absolute earnings losses at higher income levels, although
these losses are dampened by the progressivity of the initial tax code. In general
equilibrium, the compensation—represented by the solid red curves in the top and
bottom right panels—accounts for the additional wage adjustments induced by the
disruption and tax changes. For instance, a wage loss for high-income workers (bottom
panels) lowers their labor supply, which marginally increases their wages and lowers
the compensation necessary to keep utility unchanged. At the same time middle- and
low-income workers need to be compensated because the labor supply reductions of
high-income workers adversely affect their wages via production complementarities.
Typically, whenever the partial-equilibrium compensation implies sharp changes in
marginal tax rates, and hence large unintended welfare effects, the general-equilibrium

forces smooth out such non-linearities by front-loading the tax changes. The top right
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Figure 3: Interval Disruptions and Compensation
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panel of Figure 3 also shows that the general equilibrium compensation reduces the
tax rates even for the high-income workers who are not directly impacted by the
disruption: This reflects the compensation of the general-equilibrium wage changes

due to cross-skill complementarities described in the previous section.

3.4 Robustness of the Results

In this section, we evaluate the robustness of our results to the values of the labor
supply and demand elasticities, the shape of the baseline tax schedule, and the size
of the exogenous disruption. Throughout this section, we focus on the middle-class

disruption studied in the top panel of Figure 3.
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Behavioral Elasticities. The top left panel of Figure 4 displays the compensation
for different values of the Frisch elasticity e € {0.25,0.33,0.5}, otherwise keeping the
same calibration as in the previous sections. The top right panel of Figure 4 plots the
compensation for various values of the income effect on labor supply, n € {0,0.25,0.5}.
While the partial-equilibrium compensation in unaffected by these different behavioral
elasticities, the general-equilibrium compensation is sensitive to the values of e and
7. Recall from Lemma 2 that income effects increase the welfare cost of raising an
individual’s total tax liability: They make the agent work more, which reduces their
wage. As a result, higher income effects move the general-equilibrium compensation
closer to the partial-equilibrium one. Moreover, the endogenous wage adjustments
are driven by the magnitude of the labor supply responses to tax and wage changes,
which is in turn determined by the Frisch elasticity. Accordingly, the compensation in
general equilibrium is closer to the partial-equilibrium compensation for smaller values
of e. The bottom panel of Figure 4 displays the compensations for different labor
demand elasticities ¢¢ € {0.5,1.5,2.5,00}. This exercise shows that the magnitude
of general-equilibrium effects plays a critical role for the compensation of the middle-
class disruption. A smaller value of £? implies stronger own- and cross-wage effects,
lowering the middle class’s compensation and raising the tax cuts for higher incomes.
Conversely, as ¢ grows larger, the compensation converges to the partial-equilibrium
case (e? = 00).

Baseline Tax Schedule. In our previous simulations, we assumed that the initial
tax schedule had a constant rate of tax progressivity (CRP). This may be unrealistic
for at least two reasons: The phasing out of low-income transfers may lead to high
marginal tax rates at the bottom (rather than negative tax rates in the case of a CRP
tax code), and the tax rates converge to a value lower than 100% at the top. We now
evaluate formula (17) for alternative tax codes. To illustrate the impact of these two
features, we use the optimal Mirrlees tax schedule (in partial or general equilibrium)
as the baseline tax code. As is well known, the optimal tax schedule has high marginal
tax rates at the bottom, and the tax rate at the top is bounded away from 1, with an
overall U-shape for the marginal tax rates. Figure 5 plots the compensation of the
middle-class disruption studied above. The left panel (resp., right panel) shows the
compensation in partial equilibrium (resp., general equilibrium) for these alternative

baseline tax schemes. The shape of the compensating tax reform is qualitatively
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Figure 4: Robustness to the Behavioral Elasticities
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robust to the initial tax scheme—it always follows the shape of the disruption in
dollar values. However, the size of the compensation is sensitive to the pre-existing
tax rates. The CRP tax scheme has the lowest marginal tax rates in the depicted
income range and, hence, the highest retention rates. Accordingly, the tax cuts are
largest in this case. By contrast, the tax changes under the optimal Mirrlees tax
schedules are substantially smaller. The optimal tax schedule in general equilibrium
features lower marginal tax rates and, hence, higher retention rates than the Mirrlees
optimum in partial equilibrium, so that the compensation under the former tax code
is slightly closer to that obtained under a CRP tax scheme. Properly accounting for
the schedule of marginal tax rates in the pre-existing economy is therefore important

for the design of the welfare compensation.
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Figure 5: Robustness to the Baseline Tax Schedule
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Large Disruptions. A key assumption we have made throughout this paper is that
the disruption is marginal. In other words, our compensation scheme only compen-
sates for the first-order effects of a disruption of the wage distribution. A natural
question is whether appropriately scaling up our compensating tax reform accurately
compensates workers against a large disruption in a given direction. We study this
question in Figure 6. Again, we consider the middle-class disruption studied above,
but contrast a 1 percent with a 5 percent wage shock in that direction (solid vs.
dashed curves). The figure displays the utility changes, expressed as a percentage of
pre-tax income, that result from the correspondingly scaled-up compensations in par-
tial equilibrium (blue curves in the left panel) and in general equilibrium (red curves
in the right panel).”® That is, a value of —0.01 means that the utility loss is equal
to 1 percent of income. We compare these utility changes to those we would obtain
in the absence of compensation (purple curves in both panels). For the 1 percent
disruption, the compensation approach performs very well: It offsets almost exactly

(at least 95.8 percent of) the utility losses from the disruption.”’ For the 5 percent

23The figures depict the actual utility gains and losses of the disruption and the compensation,
that is, MU,»; these are proportional to the size of the disruption u, and are consequently much
larger for the 5 percent disruption than for the 1 percent disruption. Of course, our comparison
of utility losses between these disruptions does not consist of reporting the value of uﬁ,; in both
cases: This would trivially and spuriously imply that the compensation gets proportionately more
accurate as u — 0. Instead, we compare the unweighted utility changes U;: Recall that we designed
the compensating tax reform such that these unweighted values converge to 0 as u — 0.

24The value 95.8 percent is computed as (1 minus) the maximum value of the ratio of utility
changes (in absolute value) without vs. with compensation. Note that some adversely impacted
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disruption, the compensation is no longer exact but still offsets at least 78 percent of
the utility losses in general equilibrium and at least 97.3 percent of the losses of those
workers whose utility after compensation remains strictly lower than in the initial
economy. For a very large disruption of 10 percent of initial wages (not represented
in the figure), our tax reform still offsets at least 53.6 percent of the utility losses
from the disruption, and at least 87.4 percent of the losses of the workers who remain

worse off than in the initial equilibrium.

Figure 6: Robustness to the Size of the Disruption
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3.5 Empirical Application: Robots

In this section, we show how our theoretical results can be implemented in an em-
pirical application: compensating for the welfare consequences of robotization in the
U.S. Using the 1990 and 2007 U.S. Census data, Acemoglu and Restrepo [2020] have
estimated the impact of one additional robot per thousand workers?® on wages, em-
ployment, and hours worked. These estimates are obtained by comparing people in
the same skill cell but who reside in commuting zones with different exposure to
robots. They include both the direct effects of robots on employment and wages and
any indirect spillover effects that might arise because of a resulting decline in local
demand; in other words, they estimate the total disruption QOF rather than the direct

. ~ F
impact w™.

workers realize a net utility gain after the compensation. If we exclude these workers, the remaining
utility losses represent less than 0.6 percent of the losses due to the disruption.
25This corresponds to the increase in robots observed in the U.S. between 1990 and 2007.
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The left panel of Figure 7 plots the wage disruption, i.e., the percentage change in
the wage, along the baseline earnings distribution, as well as the standard errors. We
use panel A in Figure 10 of Acemoglu and Restrepo [2020] to calculate the impact of
robots throughout the income distribution. Since the effects are only calculated for
the 5th, 10th, ..., and 95th wage percentiles, we use a linear extrapolation to estimate
the disruption for the entire wage distribution and keep constant the disruption for all
workers above the 95th percentile. The figure shows that, for the bottom and middle
percentiles, the change in wages is increasing with the agent’s position in the income
distribution. At the top, wages start to decline again. The wage of the 10th wage
percentile in 1990 was reduced by 0.76%, while the 85th percentile experienced an
estimated increase in their wage of 0.06%. The wage at the 90th percentile declines
by 0.05%. The solid black curve in the right panel of Figure 7 gives the corresponding
changes in annual income.

In the right panel of Figure 7, we plot the compensating tax reform (dashed blue
curve) obtained in the partial-equilibrium environment (formula (11)). (We use the
same baseline calibration as in Section 3.1.) The partial-equilibrium compensation
tracks one-for-one the shape of the income gains and losses (solid black curve), cor-
recting only for the fact that the initial tax schedule is progressive so that gross
income changes differ from net income changes. Workers in the 10th income per-
centile ($9,500 per year) have their tax bill reduced by $73 (i.e., 101 percent of their
income loss), while in the 85th income percentile ($74,500 per year) they face a tax

increase of $33 per year (i.e., 74 percent of their income gain).

Figure 7: Robots Disruption and Compensation
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The solid red curve in the right panel of Figure 7 plots the compensation in
general equilibrium. Up to an income of $80,000, the wage losses of the disruption
are declining with income. The compensation is achieved by smoothing-out the tax
changes: Middle-class workers face tax cuts that are smaller than their income losses.
They are made indifferent by the joint effects of reduced total tax liabilities and higher
marginal tax rates. This front-loading avoids the steep decline in marginal tax rates
at low and middle incomes that the partial-equilibrium compensation would create.
Symmetrically, the compensation in the upper regions of the income distribution is
flatter than the disruption. Moreover, in general equilibrium, the decline in marginal
tax rates resulting from the shape of the disruption reduces the welfare of these
workers. The compensation therefore lowers their total tax payments (red curve)
strictly more than in partial equilibrium (dashed blue curve).

Quantitatively, a low-income worker in the 10th percentile (whose annual income
is $9,500) now receives a compensation of $70 (97% of the income loss). At the same
time, a high-income worker in the 85th percentile (whose annual income is $75,500)
also experiences a tax cut of $58 (—132% of the income gain). The average tax pay-
ment of the low-income (resp., high-income) worker declines by 0.7 percentage points
(resp., 0.08 percentage points), versus 0.8 percentage points (resp., 0.04 percentage
points) in partial equilibrium.?® The disruption and the compensation generate a
fiscal deficit (—$145 in partial and general equilibrium), which is only partly due to

the disruption itself, whose fiscal cost without compensation is —$47.

4 Discussion

4.1 Comparison with Optimal Taxation

The compensation and optimal tax approaches address conceptually different ques-
tions. The optimal taxation problem starts by positing a social welfare—typically,
weighted utilitarian—objective and proceeds by characterizing the tax schedule that
maximizes this objective subject to a government budget constraint. In response to
a given disruption, this approach would compare the optimal tax-and-transfer sys-

tem before and after the disruption, keeping the social welfare function fixed, and

26Recall that these numbers are for 1 additional robot per thousand workers. The compensation
should be scaled accordingly when more robots are introduced.
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infer how the optimal tax rates should be adjusted; for an illustration of this exer-
cise in a similar setting as this paper, see, e.g., Ales, Kurnaz, and Sleet [2015]. An
important alternative approach, explored by Werning [2007], Bierbrauer and Boyer
[2014], Lorenz and Sachs [2016], Scheuer and Werning [2017], Bierbrauer et al. [2020],
avoids taking a stand on the social welfare objective and characterizes instead the set
of Pareto efficient tax systems. That is, the goal is to provide bounds on tax rates
below which any redistribution necessarily entails winners and losers; in response to
a disruption, the boundary of this Pareto set adjusts.

The compensation problem studied in this paper contrasts with, and complements
both of these alternatives. It places constraints on the realized, individual-level utility
gains and losses rather than on the fiscal surplus functional. On the one hand, the
main benefit of our approach is that, as the latter set of papers, it relies only on
the Pareto principle: We do not need to choose a social welfare function nor make
interpersonal comparisons of welfare. Yet, as the optimum approach, it pins down a
unique tax reform in response to a disruption, rather than a set of possible reforms.
A practical advantage of our solution is that the policy response to an economic
disruption is given by a reform of the actual (e.g., U.S.) tax schedule rather than of a
fictitious, optimal one which was not implemented in the first place.?” On the other
hand, the main drawback of our approach is that it is silent about how to redistribute
the resulting fiscal surplus or deficit, if any.

Figure 8 illustrates how the policy prescriptions of the optimum and the com-
pensation approaches differ, employing a concrete example. Consider the interval
disruption studied in Section 3.3 that reduces middle-class workers’ wages (top panel
of Figure 3). To make the comparison between both approaches transparent, we
suppose that the tax schedule in the initial (undisrupted) economy is the Rawlsian
optimum.?® The solid red curve in the left panel depicts the compensating tax reform.
The dashed blue curve plots the change in tax payments required to implement the
new Rawlsian optimum, i.e., the optimum associated with the perturbed wage distri-

bution.? While both tax reforms cut the tax liabilities of the most adversely affected

2"The compensation formula also depends on sufficient statistics (endogenous elasticities and
income distribution) estimated with current data, rather than evaluated at the optimum—
unobserved—tax system.

28The rest of the calibration is the same as in Sections 3.1 to 3.3.

29We construct the figure by backing out the changes in the exogenous labor productivity pa-
rameters of the CES production function that rationalize the wage disruption.
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(middle-class) workers, the optimum approach responds much more sensitively to the
disruption and involves large tax hikes (resp., cuts) at the bottom (resp., top) of
the income distribution. The resulting utility gains and losses, depicted in the right
panel of Figure 8, reflect the shape of these reforms: While the compensation does
not induce any welfare changes—up to small approximation errors—by construction
(solid red curve), the Rawlsian optimal reform causes large welfare losses among low-
and high-income workers, and large welfare gains for the middle-class. Notice that
the compensating tax reform generates a fiscal deficit of —$161 since everyone faces
wage losses. To facilitate the comparison between the two approaches, the dotted
line in the left panel plots a uniform upward shift of the tax payments that restores
budget balance. The corresponding utility losses in the right panel are also uniform
since we assumed a quasilinear utility function.®”

The preceding discussion naturally raises the question of how to redistribute the
fiscal surplus. One possibility, of course, would consist of choosing a social welfare
function and optimally redistributing the surplus according to this objective. But
there would then be little benefit to using the compensation rather than the opti-
mum approach to begin with. However, we can also let the policy-maker redistribute
the surplus according to other, not necessarily explicit objectives. For instance, the
redistribution depicted in the dotted curves of Figure 8, which equalizes the welfare
losses from the disruption across the population, can be rationalized as the maxi-
mization of some underlying social welfare function; but this social welfare function
does not need to be known ex-ante, let alone specified analytically, to implement
this redistributive objective. In the same vein, the compensation approach allows a
policy-maker to design redistributive schemes that respond to various political econ-
omy considerations in response to the disruption—for instance, ensuring that the
welfare of a given coalition that amounts to half of the electorate improves. Thus,
directly targeting the ex-post levels of welfare gains and losses across the income dis-
tribution, rather than specifying a social welfare objective ex-ante without knowing
a priori how the resulting utility gains and losses will be distributed, allows us to

achieve specific objectives that the standard approach would find more difficult to
handle.

30Note that the y-axis of Figure 8 gives the absolute utility gains and losses (in dollars, since
preferences are quasilinear in consumption). By contrast, Figure 6 represented these utility changes
as a percentage of the worker’s initial income.
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Finally, even though we think that the shape of the compensating tax reform is in-
teresting in its own right—it has recently been a particularly salient policy question—
one can also view our paper in a more positive (as opposed to normative) light.
The fiscal surplus defines a relevant notion of aggregate welfare gains or losses of a
disruption—e.g., a measure of the “gains from trade” (or from automation, etc.) that
accounts for the distortionary nature of redistributive tax instruments, and that does
not rely on the choice of a social welfare function. In this light, our paper general-
izes the analysis of Hendren [2020] to the case where taxes have general-equilibrium

effects.

Figure 8: Compensation Approach vs Optimum Approach
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4.2 Directions for Future Research

Our analysis abstracts from several important dimensions that we view as fruitful
directions for future research. First, throughout most of our analysis, we have focused
on marginal disruptions. Our formulas are thus well-suited for compensating the
impact of, say, the progressive introduction of robots in the economy (see Section
3.5), less so for the impact of a large one-time event such as the “China shock.” A
systematic analysis of the compensation for large disruptions would require accounting
for the second- and higher-order effects of tax changes on labor supply, wages, and
welfare.

Second, our analysis does not allow for multi-dimensional worker heterogeneity.

In particular, the disruptions we consider do not have heterogeneous effects condi-
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tional on income. A one-dimensional income tax instrument would no longer be
able to compensate for such multi-dimensional shocks. We can easily add “tags” and
implement tax reforms that target specific sectors (say), as long as there is no endoge-
nous switching between sectors. However, in its full generality, the multi-dimensional
compensation problem would require richer policy instruments.

Third, we also ignored the dynamic effects that an economic disruption and its
compensation may cause. For instance, the literature on optimal taxation highlights
the importance of incorporating the endogenous accumulation of human capital. An
economic disruption, e.g., caused by automation, may alter the incentives for workers
to obtain higher education. At the same time, the compensation of low-income house-
holds may disincentivize them from acquiring human capital if they anticipate tax
relief. The level of compensation we derived in our static setting is a first step towards
understanding the design of tax changes over the life cycle or over time. Andersen
and Bhattacharya [2017, 2020], Andersen et al. [2020] and, more recently, Déavila and
Schaab [2021], who extend the generalized marginal social welfare weights approach
of Saez and Stantcheva [2016] to dynamic environments, provide useful steps in these

directions.

Conclusion

The classic policy question of compensating winners and losers from an economic
disruption becomes quite involved when the environment features distortionary taxes
and general-equilibrium responses. At the same time, both of these considerations are
important in many applied and policy settings (e.g., to compensate for the adverse
effects of technical change). We derive and analyze a general closed-form formula for
the design of the welfare-compensating tax reform and its impact on the government

budget. This equation is straightforward to implement in practical applications.
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A  Proofs

Definition of the perturbed equilibrium. After a disruption and a tax reform,

the perturbed indirect utility of agent 7 is given by

where the equilibrium labor supplies [; = L(1+ ,ulAZ) and wages W; = w;(1+ pf + ;)
are defined by the perturbed first-order condition

j

il = T(wili) — pT(@ily), 1 o e
_uz,l[w * (U} ~) 2 A(w ~) N] _ [1 . T/('lDlll) . /JJT,(’JJZZZ)]ZIJ“ (2())
i [l — T(wsl;) — pl'(wils), L]
and the perturbed wage equation
w; = ]}{({Lj(1+ﬂij)}je[0,1})' (21)

The perturbed government revenue is given by

o= [ @i+ i (22)

O

Proof of equation (6). The change in utility of agent i in response to the disrup-

tion and tax reform is given by:

~ ~ A ~

where w; = w;(1 + pwf + pab;) and I, = L1+ ,ulAl) A first-order Taylor expansion of

this equation around the initial equilibrium (as g — 0) yields:
Ui=U; = p|(1=T" () (i + ystd? + yoibs) = T ()] i + plilinsfy + 0 (11)(23)

But the first-order condition (2), or the envelope theorem, implies (1 — 7" (y;)) yil;u;c—i—
lilAiu;J = 0. We thus obtain (6). O

Proof of equation (7). The perturbed first-order condition of agent 7 in response

40



to the disruption and tax reform is given by:

A first-order Taylor expansion of this equation around the initial equilibrium (as

u— 0) gives:

0 = [(1—T" ()" Wi+ 2 (1= T (i) witt] y + ufy — wIT" (i) i | Ll
T [(1 — T ()" wilit! o + (1= T" () Lt oy + (1 = T () — wili T () Ué,c} wi (@] + ;)

i,cc i,
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The Hicksian (compensated) labor supply elasticity e] and the income effect param-

eter e’ are respectively equal to (see, e.g., Saez [2001] p. 227):
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Solving the previous equation for lA, then implies

(1—p(y))e; —ef
L+p(y)er
R 7' () e T (y)
Ltp(y)ef 1 =T (y;)  1+pi)ef (1 =T (yi))vi

S~

(@F + ;)

Using the definitions of the elasticities along the nonlinear budget constraint €7, eI, e’

(A )

leads to equation (7). O

Proof of equation (9). Consider an exogenous disruption 1 FE of the production

function and a tax reform ,uT, with ¢ > 0. The corresponding wage disruption is
defined by

. OFFE
sz = W({Lj}je[o,l])

Denote by pw; and ufi the first-order endogenous percentage changes as 1 — 0 in the
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wage and labor supply of type i, and let @; = w;(1 4 b + pady) and I; = 1;(1 + ulAZ)
In the perturbed equilibrium, the wage is equal to the marginal product of the labor
of the corresponding type:

I[F + pFF ]

w; = a—LZ({L (1+Ml ) }ielo.)-

The Gateaux derivative of the wage functional is given by:

1
w; = lim [@; — w; — pady’]
p=0 - pw;
1 [O[F + uFF 5
= lim Mwi{ L. ({L; (1 + pj)}jen)

OF OFF
~SE LY ) ~ (L)

This expression is equal to

1 0*F (L)
v wi/leﬁLaL G-

The own-wage (or inverse labor demand) and cross-wage elasticities are defined by:

_J = i — - _ ,
w; 8LJ Vi €d (] Z)

J

for all 7, 7. In particular, when the production function is CES, the cross-wage elas-

ticities are given by, for i # j,

LjaZ}—(L) _ L 0? —1/ed ! 1-1/ed ;. sdlfl
wi OLOL, — wiok; |0 /09ij 4

1—-1/¢e¢
1 Hij 1 U)ij o
T Td 1, plo1/ed - d = T
e [roL, " ak et F(L)
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and the own-wage elasticities by

L, a?f( ) L [ e[ [N e, ]

11 b 7
= vi— ——0;L; 1/e? [ Hle. 1/Eddjl ) (0) = v — =0 (O) .
0

edw;

Substituting into the formula for w; leads to

. L 1
w; = / lj {%‘j d5 (] - @)} dj,
0 6]

which leads to equation (9). O

Proof of equation (10). The effect of the wage disruption and the corresponding

compensating tax reform on government budget is given by

p= g [ @yt ai- [ 1l

n—0 il
A first-order Taylor expansion around the initial equilibrium easily leads to (10). O

Proof of Lemma 1. Thislemma follows from Sachs, Tsyvinski, and Werquin [2020];
for completeness, we give its proof here. Substituting for @; into equation (7) using

equation (9) leads to

1
i = 6l + e / sl di, (25)
0
where we let qbz = W and
X T (y:) T (y)
[F = evof — ¢ 4 gl ! . (26
T () " U-T W) )

This is a Fredholm integral equation in {l}}ie[o,l]. To solve for the labor supply changes
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for a general production function, substitute for lAj in the integral to obtain

>

o~
S

1 1
Gil? +¢i5§”/ Vij [ijlf +¢j5§u/ ij:lkdk} dj
0 0
X 1 A [ pl A

= [@liE—i‘@S?/ %j(bjlfdj] +¢i€;ﬂ/ [/ ’Yik¢k5zlf’7kjdk] Lidj

0 o LJo

1 1

= [@lf‘i‘ﬁbﬁ;”/ %‘jgbjlfdj] +¢i5;u/ ngl’)ljdja

0 0

where FZ(?) = 7;; and I’E;) = fol Fgg)gzﬁke}c”vkjdk:. By induction, it is easy to show that
for all N >0,

1 N 1
li = [Cbz‘liEﬂL@E;U/o {ZFE?)}¢jlfdj] +¢¢€§”/0 Iy Vidj
n=0

where for all n > 0, FZ(;H) = fol T éreyp;dk. The condition fol fol | dictyi; |?
didj < 1 ensures that the series ¥, FZ(?) converges as N — oco. This implies equation
(13). Note that we can write the endogenous wage changes as

A

7' (yi T (yi

. i
~d

w; =
€

P 1=T"(ys) (A =T"(y:) i

1 ) 7 (y;) T (y;) _
r w, ~FE r n
gbi/o e lgj 3T 1-1 'J(yj) g (1-1 (;lj)) yj] g 27

which follows from equations (7) and (13). Finally, if the initial production function

is CES, the cross-wage elasticities v;; depend only on j. Multiplying both sides of
(25) by v; and integrating from 0 to 1 then leads to:

1 1 1 1
0 0 0 0

1— fol %‘@&wdi.

Substituting this expression into (25) yields

1
li = ¢ilf+¢i€;v/0 Fj¢jlfdj>
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v

1—f01 ’yk(éké‘;:dk'
we can write 1 — fol YebreLdk = 01 % (1 — ¢k€k ) dk. Using ¢, =
1—‘ —

where I'; = Using the expression of the cross-wage elasticities v, =

Yk
elEy’

finally gives
O

1
I+l /ed

fo ¢k yk dk
Proof of Lemma 2. Substitute for wF + ; in (6) using (7) to get

L

~ ~ 5;’ ~ ~
T (yi) = w(1—T’(yz))yz~li+;wyiT’(yi) T (y:) -

n
i

’LU

’L

™

Using the expression we derived above for ; leads to

Tw) = |5 0=T W) uod + Zul' () -

1
K| =

(1= T () it /0 ryo,iEdj.

Replacing the partial-equilibrium labor supply changes lAlE with their expression (26)

allows us to rewrite this equation as

1
Py = (=T () o [wﬂ / rij@g;mfdj]

el /ed . en/ed .
zT, 7 T )
ng/gdy (vi) — T+ e /el (vi)

v [ e T T () :
(1-T (%))yﬂbz/o Lijo; [gjl_T,(yj> &j (1—T’(yj))yj1 dj.

+

This leads to equation (14). Rearranging and summing over all agents leads to

bT(y) P A [ T (y;) T (y:) ] :
o OFd i el ——2— — &7 d
/ol—my» /y R A= N T 7 B G e o) v
1
0

The last integral in this expression can be rewritten as

i = [ owraib e, [0 L) Tw) ]
/omZAzdl - /o {/o @yzrwdl}% [gjl—T’(yj) =T )

An application of Euler’s homogeneous function theorem (see Lemma 2, equation (24)
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in Sachs, Tsyvinski, and Werquin [2020]) implies that fol oiylijdi = E%y] We thus

T(y:)

obtain E ()

Proof of Proposition 1. Equation (11) is a special case of (14) obtained by setting
[;; = 0 and letting e — oo. Using this formula for the compensating tax reform in

partial equilibrium along with @; = 0, the fiscal surplus (10) can be expressed as

A

1
R= / [F + T (i) li]yidi.
0

Differentiate T (yy) with respect to y in (11) to obtain the marginal tax rates of the

compensating tax reform. Letting y} = %, we obtain:
2l 1 eallt ~F ! 1 ~AE / dsz
T (yi) = il (ys) yai” + (1 =T" () yidy” + (1 = T" (90)) yi= | -
3
Using p (y;) = ?1”_7;/,81)), we can thus write
A s doF y; dF
o= eaf — e |1 —py)of + LY | L onpp = %0
Ez wz Ez l( p(y ))wz + y; d’L + 61 wz gz y; d’L )

where we used the fact that € = (1 —p(y;)) el — e'. Substituting into the above
expression for R and changing variables from skills to incomes leads to equation
(12). O

Proof of Proposition 2. Since there is a one-to-one map between skills ¢ and in-

comes y;, we can change variables to express the ODE (14) in terms of incomes. We

obtain

. e\ T (y ) gd

7o) - (1-00)+ 2) T — - Law).

ey er
where we used 1/(@5%1) =1—p(y)+ 6;‘1;?, and where
18 Y T'(2) T(2)
= IQE / T T n
A(y) ¢, Q7 (y) + i R T RS DE dz

= ¢,'0% (y) +A(y),
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with

Y
OF (y) = ¢@wE<y»+¢y/“I;J¢ﬁgwE@ndz
Y

We can solve this equation as a first-order ODE. The general solution to the homo-

geneous equation is given by

-J)

. (1 ()it a2 _
TH (y) _ Ce fy (1 p( )+g;> z C(l T (y))

v,
-T@)5

Ni‘t\l&
N‘N&‘

where C' is a constant, and where the second equality uses the fact that Z (z) =
1:5;(/2)7 so that [Y(1—p(z)) £ =log W Using the method of variation of the

parameter, we find a particular solution of the form

, A-T(w)y =

Tp(y) = C(Q)we E

where the function C (y) satisfies

C (y) B /y FIET dx
=Ty ), =¢ AW

The general solution to (14) is thus equal to

an"N N
n ‘&

) = (=T [ Mo Alw)dr+ =TI 0EE

dz
z

®
N%‘N&

where II (y, ) = ;gxe_f:
reform should be T (-) = 0 in the absence of a disruption (QF (-) = 0). (Note that as
y — 00, the last term in the previous expression converges to zero for any value of
C.)

If the production function is CES, I', ., does not depend on y, and hence A (y)
is equal to a constant A € R. To find A, recall that E 1?}%’2}/) =E [yQE (y)}

Substituting the solution to the ODE into this condition (setting C' = 0) yields

. If the initial tax schedule is Pareto efficient, the tax

E [yQE } [y fy o10F (x )da:} |

[y fyy Y, }

A =
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For a general production function, we can use the ODE and insert its solution into

the definition of the auxiliary function A (-) to rewrite it as

Aly) = ¢, (y) - /y Ly.¢. l(el" + 5?) <1_TT(,Z()2))Z

- (b;lQE (v) + /y Fy,z(lﬁzg?“ (2)dz — /y Fy,zgil l/yﬂ (z,2) A(x) dm} dz,

—etA (z)] dz

where the second equality uses ¢, (52" + ez) = ¢, Inverting the order of the two

integrals in the last line implies that this expression can be rewritten as

Aly) = ¢y1@E(y)+/y

Fy,z(bzgg - / II («T, Z) Fy};pgid%] A (Z) dz.
Y

0)

32

But this is a standard linear Fredholm integral equation, with kernel equal to Kgg

where

K(O) = yzsdgbz —/ Il (x,2) Fy,zeidx.
y

Assume that

KO
/[’y 1
which ensures the convergence of the series >°°° ; K™ defined below. Following anal-

ogous steps as in the proof of Lemma 1, we get
Al) = 6'0F(y / (S ooy

with K1) = fyg KD KOda for all n. Inverting one more time the integrals leads to

Il
S
<@
>~
B
—~
<
N
S~—
QL
3\2
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where we denote

A (y,2) = T,.e [qﬁz (6107 (2)) - / yH(z,x) (6,10 (1)) dx].

Now, for any n > 1, we can write

v . 7 2 .
[ Ep e e - x| | Ki‘?ieb;lﬂE(z)dz} i
Yy LYY

g Y
n—1 0
= K@S ) /y A0 (2, 2) dx] dz,

so that

where we denote

AW (y)

Il
o
@
>~
—~
&
S~—
s ¥

_ /y I, [qﬁz (6707 (2)) - / "1z 0) (6708 () da:} d-.

By induction, repeating the above steps for n > 2 leads to

{/ 6107 ( )d} = %AW Z{/ KA )(Z)dZ},
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for all N, where for all n > 2,
(n) ! (0) A (n—1)
AP () = /y KOAD (2) dz

_ /y r,.c l@m D (z) - /jH(z,m)A("_l) () dz| d=.

Assuming that the series converges as N — oo, we finally obtain
Aly) = ¢,'0% (y) + ZA<”

For completeness, let us compute A (z) from the series representation when the
1%} E%zf (2), so that

production is CES. In this case, recall that 'y . =

Ay = o /yyz[@(@l@ff(@)— /jmz,x) (608 o)) e £ 2) 2

E [y¢y]
B[ 7T () (19 1) 4]

1 AE
= B - AT

E [y¢y]

Note that A®M (y) = AW is a constant that does not depend on y. By induction,
assuming that AV (2) is a constant, we get, for any n > 2,
1

AP (y) = E o] /y z [@A("_l) - /y II(zx) A(”_l)dxl f(2)dz

E [yp,] — [ f I (z,x d:c}
E [y¢,] ,

= A

which is a constant. We thus obtain

o B B[ (5 ) o
(n) _
nglA a [yﬁby]
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Solving for A = 3°°°, A leads to

S E [2QF (2)] = E [z [T (z,2) (¢;'0F (x)) dx]
;A [fy zxdz} ’

which is indeed the expression we found above.

We finally compute the fiscal surplus (10). Substituting for [; using (7) and for

WF + ; using (6) in this expression, we can write

R = /o T (y;) di —/0 T (y:) yi [ef% —(I+¢ef +¢l) a —g%)l)) " di.

The ODE (14) can be rewritten as

T,(Z/z) g; T(yz) gd C1AE gd
L VA & e
T () ( py)+ )(1—Tf<yi>>yi FRCRL

Using this equation to substitute for T (y;) in the fiscal surplus expression yields

! " (1. R 1 .
- /0 lH(l_E?) %]T(%)dﬂ/o T (yi) yied |67 'QF + A di.

Using the relationship E 1?}%) =E [yfzﬂ allows us to rewrite the first integral
on the right-hand side as fol yQEdi — 01 lflT(,y(i;i)efT (y:) di. Using the solution for 7

leads to

1
R = / O di
0

) )
+/O 7' (y:) yié‘?{[@l@f +A] - /yH(yi,yj) (67108 + A (y))] dyj}dz'.

Yi

Changing variables from skills to incomes and integrating the last term by parts,
letting X (2) = ¢ 'QF (2) + A (2), leads to:

R = E[yQE(y)}—E[T’(y)y(/yyzgﬂ(y,Z)eizX’(Z)dZN




If the ratio e?/e” is constant, then the last term in this expression is proportional to
gj"fd/ ¢ and converges to zero as ij — oo. This holds more generally as long as 65 / Ey
— d
M %dm

is bounded away from zero, since in this case 0 < e — 0 as y — o0. O]

Proof of Corollary 1. Suppose that the production function is CES, the tax sched-
ule is CRP, and the labor supply elasticities are constant. Consider a uniform wage
disruption, i.e., ©¥ (y) = @, Vy € [g, y]. The partial-equilibrium compensation

reads

Tre(y) = (1—T (y)yd”,
Thely) = 1-T (y))(l—p)wE-

The general-equilibrium wage disruption—absent any compensation—is given by

1 w ~FE 71:

A WAt d gw

aF = ¢i{w?+f° e j}zaﬁwE+¢dwE=@E7
f() ¢J]Eyd'] €

where the last equality follows from (bi—: =1 —¢. The ODE (14) thus simplifies to

e e T () e T (y)
—<”¢d>< =T (y)ye e 1—T ()

vo [ & [t~ Sa=rims]

Plugging in the partial-equilibrium compensation in the right-hand side leads to

n r 1 r
€ ~E € ~E Y; € ~E € .E| ;. ~E
Therefore, Tpp satisfies equation (14). O
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