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AI AND THE FUTURE OF WORK

AI: One of the most important technological breakthroughs in history?

A lot of angst about the future of work (Will AI take all our jobs?)

Actually, common theme since Industrial Revolution (e.g., Luddites)

Can simple economics help us think about this?
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TRADITIONAL PRODUCTION FUNCTION

Traditional production function: Yt = F (At ,Kt , Lt)

Yt is output, Kt is capital, Lt is Labor, At is “productivity”

Example: Cobb-Douglas: Yt = AtKα
t L1−α

t

Important properties:

1) Returns to scale 2) Elasticity of substitution 3) Labor share
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RETURNS TO SCALE

Definition: A function f is homogeneous of degree m in x and y if

f (λx , λy , z) = λmf (x , y , z)

m < 1: decreasing returns to scale

m = 1: constant returns to scale

m > 1: increasing returns to scale

Cobb-Douglas:

At(λKt)
α(λLt)

1−α = λYt
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WHY CONSTANT RETURNS TO SCALE?

We usually assume that the production function is constant returns to scale:

F (At , λKt , λLt) = λF (At ,Kt , Lt)

Why?

Economy large enough that each establishment has reached efficient size

(micro returns to scale and gains from specialization exhausted)

Fixed factors (e.g., land) unimportant

Positive and negative externalities between establishments unimportant at macro level

(cities have achieved efficient size)

At non-rival (can be used many times)

Replication argument: Can build a second identical establishment with double the inputs
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EULER’S THEOREM

Euler’s Theorem: If f is homogeneous of degree m in x and y :

mf (x , y , z) =
∂

∂x
f (x , y , z)x +

∂

∂y
f (x , y , z)y

(See Acemoglu (2009, p. 29) for a more careful statement of this theorem.)

Competitive labor and capital markets:

w =
∂

∂L
F (A, L,K ) r =

∂

∂K
F (A, L,K )

With constant returns production function:

Yt = F (At ,Kt , Lt) =
∂

∂L
F (A, L,K )L +

∂

∂K
F (A, L,K )K = wL + rK

I.e., factor payments exhaust output (no pure profits)
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ELASTICITY OF SUBSTITUTION BETWEEN CAPITAL AND LABOR

Elasticity of substitution between capital

and labor is the curvature of the isoquant

of the production function

Slope of an isoquant is the marginal rate of

technical substitution:

MRTS =
∂F (·)/∂K
∂F (·)/∂L

Elasticity is then:[︃
d(MRTS)
d(L/K )

L/K
MRTS

]︃−1

With competitive factor markets:

MRTS = r/w

Elasticity becomes:

d(L/K )

d(r/w)

r/w
L/K

=
d log(L/K )

d log(r/w)

Percentage change in L/K when r/w

changes by one percent

Intuitively: How easy is it to substitute

between labor and capital

For Cobb-Douglas this equals 1
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TRADITIONAL FORMS OF TECHNICAL CHANGE

Hicks Neutral: AtF [Kt , Lt ]

(Ratio of marginal products constant for a given K/L ratio)

Harrod Neutral / Labor-Augmenting: F [Kt ,AtLt ]

(FK K/FLL constant for a given K/Y ratio)

Solow Neutral / Capital-Augmenting: F [AtKt , Lt ]

(FK K/FLL constant for a given L/Y ratio)

Cobb-Douglas satisfies all three:

Hicks Neutral:

AtKα
t L1−α

t

Harrod Neutral:

Kα
t [ÃtLt ]

1−α where Ãt = A1/(1−α)
t

Solow Neutral:

[ǍtKt ]
αL1−α

t where Ǎt = A1/α
t
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BALANCED GROWTH: KALDOR FACTS

Kaldor (1963): As per capita income has risen

The capital-output ratio has been roughly constant

Real interest rates have no trend

The labor and capital share of production have been roughly constant
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ROUGHLY CONSTANT CAPITAL-OUTPUT RATIO

time. This suggestion is confirmed in Fig. 3. The broadest concept of physical capital

(Total), including both public and private capital as well as both residential and non-

residential capital, has a ratio of 3 to real GDP. Focusing on nonresidential capital

brings this ratio down to 2, and further restricting to private nonresidential capital leads

a ratio of just over 1.

The capital stock is itself the cumulation of investment, adjusted for depreciation.

Fig. 4 shows nominal spending on investment as a share of GDP back to 1929. The share

is relatively stable for much of the period, with a notable decline during the last two

decades.

In addition to cumulating investment, however, another step in going from the

(nominal) investment rate series to the (real) capital-output ratio involves adjusting for

relative prices. Fig. 5 shows the price of various categories of investment, relative to

the GDP deflator. Two facts stand out: the relative price of equipment has fallen sharply

since 1960 by more than a factor of 3 and the relative price of structures has risen since

1929 by a factor of 2 (for residential) or 3 (for nonresidential).

A fascinating observation comes from comparing the trends in the relative prices

shown in Fig. 5 to the investment shares in Fig. 4: the nominal investment shares are

relatively stable when compared to the huge trends in relative prices. For example, even

though the relative price of equipment has fallen by more than a factor of 3 since 1960,

the nominal share of GDP spent on equipment has remained steady.

The fall of equipment prices has featured prominently in parts of the growth litera-

ture; for example, see Greenwood et al. (1997) and Whelan (2003). These papers make

the point that one way to reconcile the facts is with a two-sector model in which
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0
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Total

Nonresidential

Private nonresidential

Year

Ratio of real k / real gdp

Fig. 3 The ratio of physical capital to GDP. Source: Burea of Economic Analysis Fixed Assets tables 1.1 and
1.2. The numerator in each case is a different measure of the real stock of physical capital, while the
denominator is real GDP.

12 Handbook of Macroeconomics

Source: Jones (2016)
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EX POST REAL INTEREST RATE
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Source: FRED. 3 month T-bill rate minus 12-month CPI inflation.
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ROUGHLY CONSTANT LABOR AND CAPITAL SHARES

is broadly consistent with the facts we’ve laid out. A key assumption in this approach

is that better computers are equivalent to having more of the old computers, so that

technological change is, at least partially, capital (equipment) augmenting. The Cobb–
Douglas assumption ensures that this nonlabor augmenting technological change can

coexist with a balanced growth path and delivers a stable nominal investment rate.e

2.3 Factor Shares
One of the original Kaldor (1961) stylized facts of growth was the stability of the shares

of GDP paid to capital and labor. Fig. 6 shows these shares using two different data sets,

but the patterns are quite similar. First, between 1948 and 2000, the factor shares were

indeed quite stable. Second, since 2000 or so, there has been a marked decline in the

labor share and a corresponding rise in the capital share. According to the data from

the Bureau of Labor Statistics, the capital share rose from an average value of 34.2%

between 1948 and 2000 to a value of 38.7% by 2012. Or in terms of the complement,

the labor share declined from an average value of 65.8% to 61.3%.

Labor share

Capital share

Year

1950 1960 1970 1980 1990 2000 2010

Percent

20

30

40

50

60

70

80

Fig. 6 Capital and labor shares of factor payments, United States. Source: The series starting in 1975 are
from Karabarbounis, L., Neiman, B. 2014. The global decline of the labor share. Q. J. Econ. 129 (1), 61–103.
http://ideas.repec.org/a/oup/qjecon/v129y2014i1p61-103.html and measure the factor shares for the
corporate sector, which the authors argue is helpful in eliminating issues related to self-employment.
The series starting in 1948 is from the Bureau of Labor Statistics Multifactor Productivity Trends,
August 21, 2014, for the private business sector. The factor shares add to 100%.

e This discussion is related to the famous Uzawa theorem about the restrictions on technical change required

to obtain balanced growth; see Schlicht (2006) and Jones and Scrimgeour (2008).

14 Handbook of Macroeconomics

Source: Jones (2016)
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UZAWA’S (1961) THEOREM

Roughly speaking:

Balanced growth in the long run is only possible if all technical progress is labor augmenting

(See Acemoglu (2009, sec. 2.7) and Barro-Sala-I-Martin (2004, sec. 1.2.12) for details)

Acemoglu (2009, p. 59):

This result is very surprising and troubling, since there are no compelling reasons for

why technological progress should take this form. [i.e., be labor augmenting]
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LABOR AUGMENTING OR CAPITAL AUGMENTING

Actually very hard to think about whether any given technological innovation is labor

augmenting or capital augmenting

Is a better computer labor or capital augmenting?

Is it like having two old computers? (capital augmenting)

Or does it effectively increase the user’s time (labor augmenting)

Not at all clear!!

Same with most other technological improvements

(spinning jenny, steam engine, electric motor, tractor, container shipping, AI etc.)

Task-based production functions will help us think about this
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TECHNOLOGY AND LABOR

Workers have long worried that labor-saving technology would supplant them

True ever since onset of Industrial Revolution

Every technology destroys some jobs. But does it make workers worse off in general?

Two measures:

1. Real wages

2. Labor share of income
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REAL WAGES IN THE UNITED STATES
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Figure 2: Real Wages in the United States

Note: This figure plots real wages in the United States from 1830 to 2009. Data for the period 1830
to 1988 are from Williamson (1995). Data from 1988 to 2020 is from the Main Economic Indicators
of the OECD (average nominal wages in manufacturing). The price series used to deflate nominal
wages is the CPI. I plot decadal averages. That is, the data point listed as 1830 is the decadal average
for 1830-1839.

implications, some of which we will explore later in the chapter. Ignoring income
effects is a common error in economic analysis. Many people seem to find substitu-
tion effects “more intuitive” than income effects and therefore implicitly or explicitly
ignore income effects. An important example of this is the analysis of permanent tax
cuts. It is common for people to argue that a permanent tax cut will lead people to
work more. This would be the case if there were no income effects. But if income ef-
fects are larger than substitution effects, a permanent tax cut might result in people
working less (depending on how the money is used, as we discuss in more detail in
section 4).

While hours worked per worker have been on a downward trend since at least
1830, the same is not true of hours worked per person. Figure 4 plots hours worked
per person of age 15-65 in the U.S. from 1950 to 2020. This series fluctuates quite a
bit, but it does not display a downward trend. In fact, hours worked per person in
2020 are almost exactly the same as in 1950. The reason for the difference between
Figures 3 and 4 is that the fraction of the population that is employed increased
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Figure 21: Productivity and Real Wages in the United States

Note: These data series were constructed by the Economic Policy Institute using methodology de-
scribed in Bivens and Mishel (2015). The black line is productivity measured as output of goods
and services less depreciation per hour worked. The gray line is hourly compensation (wages and
benefits) of production and non-supervisory workers in the private sector. Data is from 1948 to
2021.

5.3 Was Marx Right After All?

For about 150 years Marx was dead wrong empirically about the relationship be-
tween productivity and real wages. Productivity rose and real wages rose along
with it. But over the past 40 years, things have looked quite different. Figure 21
plots productivity and the real wages of production and non-supervisory workers
in the U.S. from 1948 to 2021. Between 1948 and 1980, productivity and real wages
increased in lock step. This is what the model we developed earlier in the chapter
predicts should happen. But after 1980 the two lines diverge. Productivity con-
tinued to increase – albeit at a somewhat slower pace – but real wages stopped
increasing and an ever widening gap opened up between changes in productivity
and changes in real wages.

The period between 1980 and 1996 was particularly dismal. Over this period,
productivity rose by 21% but real wages fell by 2%. Since 1996, real wages have
started to rise again. But the rate at which they have risen has not kept up with
productivity growth. Over the period between 1996 and 2021, productivity growth

75

(Deflated by CPI)
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LABOR SHARE IN THE UNITED STATES
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Figure 2: Labor Share in U.S. Non-farm Business Sector

Note: The source of these data is the U.S. Bureau of Labor Statistics.

Figure 2 plots the labor share in the non-farm business sector of the U.S. economy
from 1947 to 2024. Over this period, it varied relatively little. Its average value
was about 61%. Before 2000, it fluctuated in a very narrow band between 60 and
65%. More recently, it has fallen slightly to around 55%. (More on this below.)
The British economist John Maynard Keynes called the high degree of stability of
the labor share “one of the most surprising, yet best-established, facts in the whole
range of economic statistics” (Keynes, 1939) and Nicholas Kaldor famously argued
that it was one of the key stylized facts of economic growth (Kaldor, 1961).

It is not at all obvious or inevitable that the labor share would remain so stable
over such a long period of time. Ever since the Industrial Revolution (and before),
economic growth has been accompanied by a heavy dose of worry that labor saving
technologies would supplant workers. These worries led to machine breaking riots
by the Luddites in the early 19th century in England. At the time of this writing, it is
artificial intelligence and robotics that are causing such worries. But if machines are
taking all the jobs, the share of income accruing to labor should be falling. Figure
2 shows that this has not occurred (yet) to an appreciable degree. In particular,
over the course of the second half of the 20th century, despite huge amounts of
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Figure 4: Labor Share in U.S. Nonfarm Business Sector, A Closer Look

Note: The source of these data is the U.S. Bureau of Labor Statistics. The data are annual. The
sample period is 1947-2024.

logical unemployment” would beckon.

6.2 Has the Labor Share Started to Fall?

Over forty years have passed since Leontief’s pessimistic prognosis for human use-
fulness and we seem to be doing just fine. Or are we? Figure 4 provides a closer
look at the labor share by tightening the vertical axis relative to Figure 2. This close-
up reveals that the labor share seems to have been on an ever-so-slight downward
trend over the course of the second half of the 20th century which has accelerated
substantially since 2000. Between 2000 and 2024, the data in Figure 4 indicate that
the labor share fell from 63% to 54%. Perhaps this is the beginning of the long-feared
takeover of the machines.

This apparent fall in the labor share since 2000 has led to a substantial amount
of new research. One strand of this research has argued that some part or perhaps
even all of the apparent fall in the labor share is not actually real, but rather due to
mismeasurement. Koh, Santaeulàlia-Llopis, and Zheng (2020) show that accounting
changes made by the U.S. Bureau of Economic Analysis (BEA) over the past quar-

27
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LABOR SHARE IN THE UNITED STATES

Fall in labor share goes away if we use

pre-1999 methods

But aren’t new methods better?

They capitalize intel. property products

(growing share, high depreciation rate)

GDP double counts investment

We are interested in factor shares as

measure of ability to consume

But growing share of GDP goes to

maintaining capital stock

Capital share in NDP better measure

0.56

0.58
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BEA Labor Share
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Figure 5: Economy-Wide U.S. Labor Share

Note: This figure is based on data from the U.S. Bureau of Economic Analysis. It reproduces Figure
2 from Koh, Santaeulàlia-Llopis, and Zheng (2020). The data are annual. The sample period is
1929-2018.

ter century which gradually reclassified spending on intellectual property products
(chiefly software, research and development, and artistic originals) as investment in
intangible capital—as opposed to as intermediate inputs—can explain the entire fall
in the labor share since 1950.

Figure 5 plots the BEA’s measure of the labor share for the whole economy along
with an alternative measure of the labor share constructed by Koh, Santaeulàlia-
Llopis, and Zheng using the BEA’s pre-1999 methods. The difference is striking.
While the official measure using current BEA methods has a substantial downward
trend all the way back to 1950, the version using pre-1999 methods has no down-
ward trend at all. Mechanically, this difference in the trends is due to the growing
importance of intellectual property in the U.S. economy. It seems that all of the fall
in the labor share can be explained by the BEA’s changing methodology.

But does this mean that the fall in the labor share is not real? Presumably, the
BEA updates its measures to improve measurement. Perhaps the new methodology
just reveals a downward trend in the labor share that the old methods erroneously
did not capture.

28

(Koh, Santaeulalia-Llopis, and Zheng (2020))
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LABOR SHARE IN THE UNITED STATES

Smith, Yagan, Zidar, and Zwick (2022):

Third of fall in labor share in U.S. corporate

sector due to tax-related shifts in how

income is reported

Firms shift from being C corps to being

S corps

High-labor share firms shift towards being

partnerships (drop from corporate sector)

(Hard to measure non-corporate sector due to reporting issues)

333SMITH ET AL.: PASS-THROUGHS AND THE LABOR SHAREVOL. 4 NO. 3

In 2017, gross value added for sole proprietorships and partnerships is $3.29 tril-
lion. Gross value added equals the sum of three components: labor compensation is 
$1.13 trillion; proprietors’ income (i.e., non-W-2 payments to sole proprietors and 
partners) accounts for $1.50 trillion; and rental income, net interest, and deprecia-
tion account for $0.66 trillion. To estimate each component of gross value added 
for partnerships, we use the partnership share of the analogous component from 
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Figure 3. Adjusted Corporate-Sector Labor Shares (1978–2017)

Notes: This figure plots adjusted corporate sectors against the headline labor share computed using NIPA Table 
1.14 aggregates (the “BEA labor share”). Panel A computes the labor share after adding our estimate of recharac-
terized wages of S corporations to corporate-sector compensation. Specifically, we apply estimates from equation 
(2) for each firm-size bin and year. Panel B computes the labor share after adding excess partnership compensation 
growth and recharacterized wages of partnerships to corporate-sector compensation, and excess partnership gross 
value added growth to corporate-sector gross value added. We estimate recharacterized wages of partnerships by 
applying estimates from equation (3) for each firm-size bin and year. Panel C, our preferred series, combines these 
adjustments.

(Smith, Yagan, Zidar, Zwick (2022))
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WAGES AND LABOR SHARE WITH COBB-DOUGLAS

Suppose the production function is

Cobb-Douglas Yt = AtKα
t L1−α

t

Wages:

w =
∂Y
∂L

= (1 − α)AKαL−α

Effect of A on w :

∂ logw
∂ logA

= 1 > 0

Effect of K on w :

∂ logw
∂ logK

= α > 0

Labor share:

w = (1 − α)AKαL−α

wL = (1 − α)AKαL1−α = (1 − α)Y

wL
Y

= (1 − α)

So, labor share is constant!

Labor and capital benefit from technical

progress proportionally

Technical progress does not make workers

(overall) worse off if production is

Cobb-Douglas
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CES PRODUCTION FUNCTION

Constant labor share for Cobb-Douglas is a knife-edge case

To see this, we consider a more general class of production functions

Constant elasticity of substitution (CES):

Yt =
[︂
α(AKtKt)

σ−1
σ + (1 − α)(ALtLt)

σ−1
σ

]︂ σ
σ−1

Elasticity of substitution between capital and labor is σ

If σ > 1 labor and capital are “gross substitutes”
If σ < 1 labor and capital are “gross complements”

AKt , ALt capital and labor augmenting technical change, respectively

Notice that it is constant returns to scale (this is what outer exponent does)
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CES PRODUCTION FUNCTION

Labor and capital demand:

(1 − α)A
σ−1
σ

L,t

(︃
Yt

Lt

)︃ 1
σ

= wt αA
σ−1
σ

K ,t

(︃
Yt

Kt

)︃ 1
σ

= rt

Labor and capital shares:

wtLt

Yt
= (1 − α)

(︃
AL,tLt

Yt

)︃σ−1
σ rtKt

Yt
= α

(︃
AK ,tKt

Yt

)︃σ−1
σ
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WAGES WITH CES PRODUCTION

We can write wages as

wt = (1 − α)A
σ−1
σ

L,t

(︃
Yt

Lt

)︃ 1
σ

= (1 − α)A
σ−1
σ

L,t

[︄
αA

σ−1
σ

K ,t

(︃
Kt

Lt

)︃σ−1
σ

+ (1 − α)A
σ−1
σ

L,t

]︄ 1
σ−1

From this it is easy to see that

∂w
∂K

> 0
∂w
∂AK

> 0

More and higher productive capital benefits workers (true for any value of σ!!)

This model cannot help us understand how capital-augmenting technical change

may hurt workers
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LABOR SHARE WITH CES PRODUCTION

Another way to write labor and capital shares:

rtKt

Yt
= ασ

(︃
AK ,t

rt

)︃σ−1 wtLt

Yt
= 1 − ασ

(︃
AK ,t

rt

)︃σ−1

.

If σ > 1: Increase in AK ,t and fall in rt reduce the labor share

Strong substitution towards capital when it gets better or cheaper

If σ < 1 it’s the opposite

Weak substitution towards capital when it gets better or cheaper

Steinsson Labor Share 24 / 71



KARABARBOUNIS AND NEIMAN (2014)

Relative price of investment has fallen

This is like a fall in rt

Argue that σ > 1

Explains fall in labor share

But is σ > 1 really true?

Many argue σ < 1

(e.g., Oberfeld and Raval, 2021) 0.6

0.7

0.8

0.9

1.0

1.1
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Figure 6: The Price of Investment Goods Relative to the Price of Output

Note: The source of these data is the U.S. Bureau of Economic Analysis. The sample period is 1947-
2024.

goods has fallen. Figure 6 plots the price of investment goods relative to the price of
output in the United States since 1947. Starting in the early 1980s, the relative price
of investment goods has fallen steadily. By 2024, it had fallen by almost 40%.

Karabarbounis and Neiman (2014) argue that this large fall in the price of in-
vestment goods has been a major contributor to the fall in the labor share over the
past few decades. They present a model with two types of goods: investment goods
and consumer goods. Technological progress in the production of investment goods
lowers the price of these goods. This results in a reduction in the rental price of cap-
ital rt. From equation (34), we see that this will lower the labor share if σ > 1.

6.4 Estimating the Elasticity of Substitution σ

But is it reasonable to think that σ > 1? When we casually observe the produc-
tion process of a particular firm it often seems as though there is little scope for
substitution of capital for labor. Each machine needs a certain number of workers
to operate it. Perhaps output can be increased some by adding more workers for
a given number of machines or by adding more machines for a given number of

36
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ESTIMATING CAPITAL-LABOR ELASTICITY

Labor and capital demand:

(1 − α)A
σ−1
σ

L,t

(︃
Yt

Lt

)︃ 1
σ

= wt αA
σ−1
σ

K ,t

(︃
Yt

Kt

)︃ 1
σ

= rt

Taking the ratio of these and then taking logs yields:

log

(︃
Kt

Lt

)︃
= σ log

(︃
wt

rt

)︃
+ σ log

(︃
α

1 − α

)︃
+ (1 − σ) log

(︃
AL,t

AK ,t

)︃
Or more concisely:

log

(︃
Kt

Lt

)︃
= σ log

(︃
wt

rt

)︃
+ ϵt

where ϵt is variation in log(AL,t/AK ,t)

σ is the slope of the relative factor demand curve
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ESTIMATING CAPITAL-LABOR ELASTICITY

K/L

r/w

“Good” Variation

K/L

r/w
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Figure 7: Estimating Elasticity of Substitution

panel are on the same relative demand curve. One can then draw a line through
these points and the slope of this line will be the slope of the relative demand curve,
i.e., it will be σ.

The left-hand-side panel in Figure 7, therefore, shows that, if one can isolate
variation (Kt/Lt, rt/wt) that arises only from variation in the relative supply curve,
one can use this variation to estimate σ. This is why we label the left-hand-side
panel as “good” variation.

Contrast this with the right-hand-side panel of Figure 7. In this panel, the vari-
ation in (Kt/Lt, rt/wt) arises from shifts in the relative demand curve. In this case,
the variation in (Kt/Lt, rt/wt) doesn’t trace out the relative demand curve, rather it
traces out the relative supply curve: Since the relative supply curve is stable (doesn’t
shift) all the points in this panel are on the same relative supply curve. One can
therefore use these points to estimate the slope of the relative supply curve. But one
cannot use these points to estimate the slope of the relative demand curve. For the
purposes of estimating the relative demand curve, this is “bad” variation.

In most real world situations, both the relative demand curve and the rela-
tive supply curve will shift around. This will give rise to a cloud of points in
(Kt/Lt, rt/wt) space. Running regression (35) will then recover neither the slope
of the relative demand curve nor the slope of the relative supply curve. This is a
major challenge for empirical economics, arguably the central empirical challenge in
the field.

The primary approach economists take to solving this challenge is to look for

39
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ESTIMATING CAPITAL-LABOR ELASTICITY

We want aggregate σ. Not the same as firm or industry σ

When R/W falls (say), each firm and industry will respond

But substitution will also occur across firms and industries

Houthakker (1955):

Each firm Leontief (σ = 0)

Each firm has fixed production capacity

Capacity follows Pareto distribution across technologies

Aggregate production function Cobb-Douglas (σ = 1)
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THE “CANONICAL MODEL” IN LABOR ECONOMICS

Katz and Murphy (1992), Acemoglu and Autor (2011)

Two types of workers high and low “skill” (usually means education)

Production function:

Y =
[︂
(ALL)

σ−1
σ + (AHH)

σ−1
σ

]︂ σ
σ−1

L is quantity of low-skilled labor, H is quantity of high-skilled labor

σ is the elasticity of substitution between low- and high-skilled labor

Technology (AL and AH ) is factor-augmenting (no directly factor replacing tech)
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COLLEGE / HIGH SCHOOL SKILL PREMIUM

The College / High School wage

premium has risen substantially

since 1980

Update

Skills, Tasks and Technologies: Implications for Employment and Earnings 1051

Compositiion adjusted college/high-school log weekly wage ratio, 1963-2008

Lo
g 

w
ag

e 
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Figure 1 Source: March CPS data for earnings years 1963-2008. Log weekly wages for full-time, full-
year workers are regressed separately by sex in each year on four education dummies (high school
dropout, some college, college graduate, greater than college), a quartic in experience, interactions
of the education dummies and experience quartic, two race categories (black, non-white other), and
a full set of interactions between education, experience, and sex. The composition-adjusted mean log
wage is the predicted log wage evaluated for whites at the relevant experience level (5, 15, 25, 35, 45
years) and relevant education level (high school dropout, high school graduate, some college, college
graduate, greater thancollege). Themean logwage for collegeandhighschool is theweightedaverage
of the relevant compositionadjusted cells usingafixed set ofweights equal to theaverageemployment
shareofeachsexbypotential experiencegroup.Theratioofmean logwages forcollegeandhighschool
graduates for each year is plotted. See the Data Appendix for more details on the treatment of March
CPS data.

affected by shifts in the experience, gender composition, or average level of completed
schooling within the broader categories of college and high school graduates.11

Three features of Fig. 1 merit attention. First, following three decades of increase,
the college premium stood at 68 points in 2008, a high water mark for the full sample
period. A college premium of 68 log points implies that earnings of the average college
graduate in 2008 exceeded those of the average high school graduate by 97 percent
(i.e., exp (0.68) − 1 � 0.974). Taking a longer perspective, Goldin and Katz (2008)
show that the college premium in 2005 was at its highest level since 1915, the earliest year
for which representative data are available—and as Fig. 1 makes clear, the premium rose

11 These 40 groups consist of five education categories (less than high school, high school graduate, some college, four-
year college degree, post-college schooling), four potential experience levels (0 to 9 years, 10 to 19 years, 20 to 29 years,
and 30 to 39 years), and two genders. Full-time, full-year workers are those who work at least 40 weeks per year and at
least 35 hours per week. The construction of the relative wage series follows Katz and Murphy (1992), Katz and Autor
(1999), and Autor et al. (2008). We follow closely the conventions set by these prior studies to facilitate comparisons.
The Data Appendix provides further details.

(Acemoglu and Autor (2011))
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RELATIVE SUPPLY OF HIGH-SKILLED LABOR

Relative supply of skilled labor has

risen substantially

Together, these two facts suggest a

large shift in relative demand for labor

favoring high-skilled labor

1052 Daron Acemoglu and David Autor

College/high-school log relative supply, 1963-2008

Lo
g 

re
la

tiv
e 

su
pp

ly
 in

de
x

–
–

–
Figure 2 Source: March CPS data for earnings years 1963-2008. Labor supply is calculated using
all persons aged 16-64 who reported having worked at least one week in the earnings years,
excluding those in themilitary. The data are sorted into sex-education-experience groups of two sexes
(male/female), fiveeducationgroups (high schooldropout, high schoolgraduate, somecollege, college
graduate, and greater than college) and 49 experience groups (0-48 years of potential experience). The
number of years of potential experience is calculated by subtracting the number six (the age at which
one begins school) and the number of years of schooling from the age of the individual. This number
is further adjusted using the assumption that an individual cannot begin work before age 16 and that
experience is always non-negative. The labor supply for college/high school groups by experience level
is calculated using efficiency units, equal to mean labor supply for broad college (including college
graduates and greater than college) and high school (including high school dropouts and high school
graduate) categories,weightedbyfixed relativeaveragewageweights for each cell. The labor supplyof
the ’’some college’’ category is allocated equally between the broad college andhigh school categories.
The fixed set of wageweights for 1963-2008 are constructed using the averagewage in each of the 490
cells (2 sexes, 5 education groups, 49 experience groups) over this time period.

further thereafter. Second, the past three decades notwithstanding, the college premium
has not always trended upward. Figure 1 shows a notable decline in the college premium
between 1971 and 1978. Goldin and Margo (1992) and Goldin and Katz (2008) also
document a substantial compression of the college premium during the decade of the
1940s. A third fact highlighted by the figure is that the college premium hit an inflection
point at the end of the 1970s. This premium trended downward throughout the 1970s,
before reversing course at the end of the decade. This reversal of the trend in the college
premium is critical to our understanding of the operation of supply and demand in the
determination of between-group wage inequality.

The college premium, as a summary measure of the market price of skills, is affected
by, among other things, the relative supply of skills. Figure 2 depicts the evolution of
the relative supply of college versus non-college educated workers. We use a standard
measure of college/non-college relative supply calculated in “efficiency units” to adjust

(Acemoglu and Autor (2011))
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WAGES OF LOW SKILLED IN THE CANONICAL MODEL

Suppose labor market is competitive

Low-skilled wages:

wL =
∂Y
∂L

= A
σ−1
σ

L

[︃
A

σ−1
σ

L + A
σ−1
σ

H (H/L)
σ−1
σ

]︃ 1
σ−1

This implies that:
∂wL

∂H
> 0

∂wL

∂AH
> 0

∂wL

∂AL
> 0

Having more high-skilled workers benefit low-skilled workers

High-skill-biased technical (AH ) change benefits low-skilled workers (as does AL)

Only technological regress can explain falling wages
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THE SKILL PREMIUM IN THE CANONICAL MODEL

Taking the ratio of demand for high-skilled and low-skilled labor:

wH

wL
=

(︃
AH

AL

)︃σ−1
σ
(︃

H
L

)︃− 1
σ

Taking logs:

log

(︃
wH

wL

)︃
=
σ − 1
σ

log

(︃
AH

AL

)︃
− 1
σ
log

(︃
H
L

)︃
An increase in H/L reduces the skill premium

An increase in AH/AL increases the skill premium if σ > 1

If σ < 1 and increase in AH/AL increases demand for L more than it increases demand for H.

(Think of Leontief case.) It, therefore, decreases the skill-premium. AH/AL is skill replacing.

Empirical literature suggests σ > 1 (perhaps 1.4 to 2)
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RACE BETWEEN EDUCATION AND TECHNOLOGY

Tinbergen (1974, 1975), Katz and Goldin (2008)

log

(︃
wH

wL

)︃
=
σ − 1
σ

log

(︃
AH

AL

)︃
− 1
σ
log

(︃
H
L

)︃
Skill-biased technical change (increase in AH/AL

(if σ > 1)) push up skill premium

Increases in educational attainment

(increase in H/L) push down skill premium

Rough balance 1950-1980

Imbalance 1980-2010

1064 Daron Acemoglu and David Autor

Cumulative log change in real weekly earnings at the 90th, 50th and 10th
wage percentiles

1963-2008: full-time full-year males and females

Cumulative log change in real weekly earnings at the 90th, 50th and 10th

wage percentiles

1963-2008: full-time full-year males
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Figure 7 Source: March CPS data for earnings years 1963-2008. For each year, the 10th, median and
90th percentiles of log weekly wages are calculated for full-time, full-year workers.

(Acemoglu and Autor (2011))
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FALL IN LOW-SKILLED WAGES FOR MEN?

By some metrics, wages of low-skilled

men fell between 1970 and 1995

Canonical model cannot generate this

Fall in wages is somewhat sensitive to

various measurement issue (e.g., which

price index is used, inclusion of fringe

benefits)

1064 Daron Acemoglu and David Autor

Cumulative log change in real weekly earnings at the 90th, 50th and 10th
wage percentiles

1963-2008: full-time full-year males and females

Cumulative log change in real weekly earnings at the 90th, 50th and 10th

wage percentiles

1963-2008: full-time full-year males
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Figure 7 Source: March CPS data for earnings years 1963-2008. For each year, the 10th, median and
90th percentiles of log weekly wages are calculated for full-time, full-year workers.

(Acemoglu and Autor (2011))
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MORE FLEXIBLE FRAMEWORK?

CES production function is a powerful framework for many questions

However, it doesn’t capture well the notion that technological change often involves

machines replacing workers ... potentially making workers worse off

Task-based production function models capture this notion

Developed by Zeira (1998), Acemoglu and Autor (2011), Acemoglu and Restrepo (2018),

Jones and Tonetti (2026) among others
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INTERLUDE: AGGREGATE PRODUCTION FUNCTION?

All the models we consider in this lecture assume an aggregate production function

(except Houthakker (1955))

But does such a thing exist?

What does it mean to talk about aggregate labor, aggregate capital, aggregate output?

Conditions under which firm production functions can be aggregated are non-trivial

Huge debate about this in 1950s and 60s (“Cambridge Capital Controversy”)

Two views of simplifying assumptions:

They are likely wrong. They sweep part of reality under the rug.

They are necessary to allow clear analysis of something more important
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NAVIGATING SIMPLIFYING ASSUMPTIONS

Navigating simplifying assumptions is crucial to being good at economics research

You need to both know when to make them and remember that you are making them

Some are paralyzed because they are not willing to make any simplifying assumptions

Some are brainwashed by them and forget the world is more complex than the models

(This is what Daniel Kahneman called “theory induced blindness”)

Having good taste / judgment on this front is a crucial skill
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CAMBRIDGE CAPITAL CONTROVERSY

Cambridge, U.K.:

Harcourt, G.C. (1969): “Some Cambridge Controversies in the Theory of Capital,” Journal of

Economic Literature, 7(2), 369-405.

Cohen, A.J. and G.C. Harcourt (2003): “Whatever Happened to the Cambridge Capital

Theory Controversies?” Journal of Economic Perspectives, 17(1), 199-214.

Cambridge, U.S.:

Samuelson, P.A. (1966): “A Summing Up,” Quarterly Journal of Economics, 80(4), 568-583.

Stiglitz, J.E. (1974): “The Cambridge-Cambridge Controversy in the Theory of Capital: A

View from New Haven,” Journal of Political Economy, 82(4), 893-903.
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TASK-BASED MODEL OF PRODUCTION

Production of output involves the completion of a continuum of tasks ν

Production function:

Yt =

(︄∫︂ 1

0
Yt(ν)

σ−1
σ dν

)︄ σ
σ−1

Yt(ν) denotes the output of task ν

This is a CES production function with a continuum of inputs (the tasks)

The elasticity of substitution across tasks σ will turn out to be a key parameter
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PRODUCTION FUNCTION FOR TASKS

The production function for a particular task ν is

Yt(ν) = ψkt(ν)Kt(ν) + ψℓt(ν)Lt(ν)

Kt(ν) and Lt(ν) are amount of capital and labor used in production of task ν

ψkt(ν) and ψℓt(ν) denote task-specific productivity of capital and labor

Capital and labor are perfect substitutes in performing task ν
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PROBLEM OF FINAL GOOD PRODUCER

Final good producer chooses how much of each task to “purchase” to maximizes profits:

max
[Yt (ν)]ν∈[0,1]

(︄∫︂ 1

0
Yt(ν)

σ−1
σ dν

)︄ σ
σ−1

−
∫︂ 1

0
Pt(ν)Yt(ν)dν,

Pt(ν) is the price of task ν (and we set the price of the final good to 1 (numeraire))

First order condition yield demand curve for task ν

Yt(ν) = Pt(ν)
−σYt

Constant elasticity demand curve with elasticity −σ
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PRODUCTION OF TASKS

Cost of producing task ν with labor: Wt
ψℓt (ν)

Cost of producing task ν with capital: Rt
ψkt (ν)

Firm will choose whichever is lower

Marginal cost of producing task ν

MCt(ν) = min

{︃
Wt

ψℓt(ν)
,

Rt

ψkt(ν)

}︃
Market for producing tasks is perfectly competitive. So, Pt(ν) = MCt(ν)
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WHICH TASKS ARE AUTOMATED

If Wt
ψℓt (ν)

< Rt
ψkt (ν)

, task ν is produced with labor

If Wt
ψℓt (ν)

> Rt
ψkt (ν)

, task ν is produced with capital

We can order the tasks however we want (they enter production symmetrically)

We assume that ψkt (ν)
ψℓt (ν)

is decreasing in ν

Labor has a comparative advantage at high-index tasks.

Steinsson Labor Share 44 / 71



SMOOTHLY DECREASING ψkt(ν)/ψℓt(ν)

Suppose ψkt (ν)
ψℓt (ν)

decreases smoothly

There will be a cutoff task αt where

Rt

ψkt (αt)
=

Wt

ψℓt (αt)

All tasks to the left will be automated

All tasks to the right produced by labor

Automation
optimal
𝜈 ∈ [0, 𝛼𝑡]

Optimal to produce
with labor
𝜈 ∈ [𝛼𝑡 , 1]

𝜓𝑘𝑡(𝜈)
𝜓ℓ 𝑡(𝜈)

𝑅𝑡
𝑊𝑡

0 𝛼𝑡 1
𝜈 (tasks)

Figure 1. Smooth Automation.

Note: The figure shows the case where 𝜓𝑘𝑡 (𝜈)
𝜓ℓ 𝑡 (𝜈) is continuous and declines smoothly in 𝜈, reaching zero at 𝜈 = 1,

with automation optimal below the cutoff 𝛼𝑡 . The cutoff is determined in equilibrium by the indifference
condition 𝑅𝑡

𝜓𝑘𝑡 (𝛼𝑡 ) =
𝑊𝑡

𝜓ℓ 𝑡 (𝛼𝑡 ) , which the dashed lines illustrate: the curve crosses the relative factor price 𝑅𝑡/𝑊𝑡 at

𝛼𝑡 , and automation is optimal for tasks with 𝜓𝑘𝑡 (𝜈)
𝜓ℓ 𝑡 (𝜈) >

𝑅𝑡
𝑊𝑡

.

𝑊𝑡
𝜓ℓ 𝑡(𝜈) =

𝑅𝑡
𝜓𝑘𝑡(𝜈) , the firm is indifferent.)

This implies that the marginal cost of producing task 𝜈 is

𝑀𝐶𝑡 (𝜈) = min
{︃

𝑊𝑡

𝜓ℓ 𝑡 (𝜈) ,
𝑅𝑡

𝜓𝑘𝑡 (𝜈)
}︃
.

Since we assume that the market for producing tasks is perfectly competitive, the price of
task 𝜈 will equal its marginal cost:

𝑃𝑡 (𝜈) = 𝑀𝐶𝑡 (𝜈) = min
{︃

𝑊𝑡

𝜓ℓ 𝑡 (𝜈) ,
𝑅𝑡

𝜓𝑘𝑡 (𝜈)
}︃
. (5)

Assumption 1 says that the relative productivity of capital 𝜓𝑘𝑡(𝜈)
𝜓ℓ 𝑡(𝜈) is decreasing in 𝜈. This

means that the cost of producing goods with capital relative to labor is increasing in 𝜈.
Figure 1 plots an example where 𝜓𝑘𝑡(𝜈)

𝜓ℓ 𝑡(𝜈) declines smoothly across tasks. In this case, there
will be a cutoff 𝛼𝑡 with all tasks to the left of 𝛼𝑡 (i.e., 𝜈 ∈ [0, 𝛼𝑡]) produced by capital and all
tasks to the right of 𝛼𝑡 (i.e., 𝜈 ∈ [𝛼𝑡 , 1]) produced by labor. The location of this automation

5
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AN ALTERNATIVE VIEW

Here we plot the cost of production of

each task with labor and capital

Again, all tasks to the left of crossing

will be automated

Technical progress is increases in

ψkt(ν) and ψℓt(ν)

These shift the lines down

(and can shift the crossing point)

Three categories of innovation

1 2 3

Automation
optimal

Optimal to produce
with labor

𝑊𝑡

𝜓ℓ 𝑡(𝜈) ,
𝑅𝑡

𝜓𝑘𝑡(𝜈)

𝑊𝑡

𝜓ℓ 𝑡(𝜈)

𝑅𝑡
𝜓𝑘𝑡(𝜈)

0 𝛼𝑡 1
𝜈 (tasks)

Figure 2. Cost of Producing Tasks with Labor and Capital.

Note: The figure plots the unit cost of producing task 𝜈 with labor, 𝑊𝑡
𝜓ℓ 𝑡 (𝜈) , and with capital, 𝑅𝑡

𝜓𝑘𝑡 (𝜈) , in the
smooth-automation case of Figure 1. The firm uses the cheaper factor for each task: tasks to the left of the
crossing point 𝛼𝑡 are automated, while tasks to the right are produced with labor. The numbered vertical
strips mark three areas of the task space in which an increase in 𝜓𝑘𝑡 (𝜈) has qualitatively different effects, as
illustrated in Figures 3 through 5.

equilibrium by the indifference condition

𝑅𝑡
𝜓𝑘𝑡 (𝛼𝑡) =

𝑊𝑡

𝜓ℓ 𝑡 (𝛼𝑡) .

We characterize the equilibrium of this smooth-automation case in Appendix A.
Figure 2 presents an alternative view of the smooth-automation case. Instead of plotting

the relative productivity of capital, it plots the cost of producing one unit of each task with
labor, 𝑊𝑡

𝜓ℓ 𝑡(𝜈) , and with capital, 𝑅𝑡
𝜓𝑘𝑡(𝜈) . Assumption 1 implies that the cost of producing tasks

with capital relative to labor is increasing in 𝜈. In the case drawn in the figure, the capital-cost
schedule is increasing and the labor-cost schedule is decreasing. The firm produces each
task with the cheaper factor: all tasks to the left of the crossing point are automated, while
all tasks to the right are produced with labor. The crossing point is precisely the automation
cutoff 𝛼𝑡 defined by the indifference condition above.

In the task-based framework, new technologies shift the cost of producing some set of
tasks with either capital or labor (or both). This means that innovations shift one (or both)
of the cost schedules in Figure 2 down over some range of tasks: an increase in 𝜓𝑘𝑡 (𝜈) shifts
the capital-cost schedule down, while an increase in 𝜓ℓ 𝑡 (𝜈) shifts the labor-cost schedule

6
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INNOVATION DEEP IN AUTOMATED REGION

First consider increases in ψkt(ν)

well to the left of crossing point

Lowers task prices for these tasks

No effect on automation

Pure productivity effect

𝑊𝑡

𝜓ℓ 𝑡(𝜈) ,
𝑅𝑡

𝜓𝑘𝑡(𝜈)

𝑊𝑡

𝜓ℓ 𝑡(𝜈)

𝑅𝑡
𝜓𝑘𝑡(𝜈)

0 𝛼𝑡 1
𝜈 (tasks)

Figure 3. Technical Progress Deep in the Automated Region.

Note: The figure shows the effect of an increase in 𝜓𝑘𝑡 (𝜈) for a set of already-automated tasks far from the
crossing point—the first strip in Figure 2. The capital-cost schedule shifts down for these tasks (the dashed
curve is the old schedule). The crossing point 𝛼𝑡 is unchanged, so no tasks switch factors: this kind of technical
progress is a pure productivity effect. Factor prices𝑊𝑡 and 𝑅𝑡 are held fixed for illustration.

down. Crucially, the consequences of an innovation for the economy depend not only on its
size (how much it shifts the capital cost schedule (say)) but also on where in the task space
this shift occurs.

It is useful to divide innovations into three categories corresponding to the three shaded
vertical strips in Figure 2. Innovations in these three regions of the task space have
qualitatively different effects on the economy. Figures 3 through 5 illustrate these three cases
in turn. To keep things simple, Figures 3 through 5 hold the factor prices𝑊𝑡 and 𝑅𝑡 fixed.
We discuss the equilibrium response of factor prices in Section 5.

Consider first an innovation that increases 𝜓𝑘𝑡 (𝜈) for a set of tasks that are already
automated and lie well to the left of the crossing point 𝛼𝑡—i.e., in the shaded region labeled
1 in Figure 2. Figure 3 illustrates this case. This innovation lowers the cost of producing
a set of tasks with capital. Since these tasks are produced with capital, the task price of
these tasks falls. This raises the economy’s productivity (it produces more output with less
inputs). Furthermore, the innovation only affects tasks that are already produced by capital.
This means that it does not lead to any automation: no tasks shift from being produced by
labor to being produced by capital. Machines simply become better at tasks that machines
were already performing. The effect of this kind of technical progress is therefore purely a

7
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INNOVATION NEAR AUTOMATION CUTOFF

Next consider increases in ψkt(ν)

that straddle the crossing point

Move αt to the right

Displace workers from tasks ν ∈ [α, α′]

Also lowers task prices for these tasks

Combination of automation and

productivity effects

𝑊𝑡

𝜓ℓ 𝑡(𝜈) ,
𝑅𝑡

𝜓𝑘𝑡(𝜈)

𝑊𝑡

𝜓ℓ 𝑡(𝜈)

𝑅𝑡
𝜓𝑘𝑡(𝜈)

Newly automated
tasks: 𝜈 ∈ [𝛼𝑡 , 𝛼′

𝑡]

0 𝛼𝑡 𝛼′
𝑡 1

𝜈 (tasks)

Figure 4. Technical Progress Near the Automation Cutoff.

Note: The figure shows the effect of an increase in 𝜓𝑘𝑡 (𝜈) for tasks close to the crossing point—the second
strip in Figure 2. The capital-cost schedule shifts down around the crossing point (the dashed curve is the old
schedule), moving the crossing point from 𝛼𝑡 to 𝛼′

𝑡 . Tasks 𝜈 ∈ [︁
𝛼𝑡 , 𝛼′

𝑡

]︁
—previously performed by labor—are

now cheaper to produce with capital and become automated (darker shaded band). This kind of technical
progress combines a productivity effect with an automation effect. Factor prices𝑊𝑡 and 𝑅𝑡 are held fixed for
illustration.

productivity effect.
Consider next an innovation that increases 𝜓𝑘𝑡 (𝜈) for a set of tasks that straddles the

crossing point 𝛼𝑡—i.e., the set of tasks in the shaded region labeled 2 in Figure 2. Figure
4 illustrates this case. The downward shift in the capital-cost schedule in this case moves
the crossing point to the right, from 𝛼𝑡 to 𝛼′

𝑡 . The innovation implies that tasks 𝜈 ∈ [︁
𝛼𝑡 , 𝛼′

𝑡

]︁
that were previously most cheaply performed by labor, are now most cheaply performed
by capital. The innovation therefore results in the automation of these tasks. This type of
innovation combines a productivity effect with an automation effect. Some workers are
displaced. They must find new jobs performing the tasks to the right of 𝛼′

𝑡 . This tends to
lower wages. However, the remaining jobs are more productive since they work with more
powerful machinery, which tends to raise wages. The overall effect on labor is ambiguous as
we will explore in more detail below.

Finally, consider an innovation that increases 𝜓𝑘𝑡 (𝜈) for a set of tasks well to the right of
the crossing point 𝛼𝑡—i.e., in the shaded region labeled 3 in Figure 2. Figure 5 illustrates
this case. This innovation makes it less expensive to perform a range of tasks with capital.
But even after the innovation, it remains more expensive to perform these tasks with capital

8
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INNOVATION FAR BEYOND AUTOMATION CUTOFF

Finally consider increases in ψkt(ν)

well to the right of crossing point

No immediate effect on economy

No automation, no change in

task prices

But can build toward eventual

automation

𝑊𝑡

𝜓ℓ 𝑡(𝜈) ,
𝑅𝑡

𝜓𝑘𝑡(𝜈)

𝑊𝑡

𝜓ℓ 𝑡(𝜈)

𝑅𝑡
𝜓𝑘𝑡(𝜈)

0 𝛼𝑡 1
𝜈 (tasks)

Figure 5. Technical Progress Far Beyond the Automation Cutoff.

Note: The figure shows the effect of an increase in 𝜓𝑘𝑡 (𝜈) for tasks well to the right of the crossing point—the
third strip in Figure 2. Capital becomes better at these tasks (the dashed curve is the old schedule) but remains
more expensive than labor, so the allocation of tasks is unchanged and there is no immediate effect on the
economy. Such latent improvements matter once 𝜓𝑘𝑡 (𝜈) rises enough for the capital-cost schedule to fall below
the labor-cost schedule. Factor prices𝑊𝑡 and 𝑅𝑡 are held fixed for illustration.

than with labor. This means that the innovation has no immediate effect on the economy.
Production continues as before with the same allocation of tasks to capital and labor and
with the same task prices. Improvements of this kind are nevertheless important for the
future evolution of the economy: they are the seeds of future automation. If 𝜓𝑘𝑡 (𝜈) for this
set of tasks continues to improve, the capital-cost schedule will eventually fall below the
labor-cost schedule and the tasks will be automated, i.e., innovation for this set of tasks will
shift from of this type to being of the type discussed above. AI and robotics systems that
are improving rapidly but are not yet good enough to be deployed in many tasks are an
example of this kind of technical progress.

Analogous reasoning applies to innovations that increase 𝜓ℓ 𝑡 (𝜈): an improvement at
tasks performed by labor far to the right of the crossing point is a pure productivity effect,
an improvement close to the crossing point can move the cutoff to the left and reverse
automation, and an improvement at automated tasks far to the left of the crossing point has
no immediate effect on the economy. Appendix B illustrates these three cases.

The taxonomy of technical change discussed above shows that innovations in our task-
based model affect the economy through two channels: productivity and automation. To
simplify our analysis below, we focus on a simple case that separates these two channels.

9
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SIMPLE CASE (UNIFORM PRODUCTIVITIES)

We assume:

ψkt(ν) =

{︄
ψkt for ν ∈ [0, αt ]

0 for ν ∈ [αt , 1]

ψℓt(ν) = ψℓt for ν ∈ [0, 1]

Allows us to study changes in αt and ψkt

separately

These capture pure productivity and

automation effects

Automation
optimal
𝜈 ∈ [0, 𝛼𝑡]

Optimal to produce
with labor
𝜈 ∈ [𝛼𝑡 , 1]

𝜓𝑘𝑡(𝜈)
𝜓ℓ 𝑡(𝜈)

𝑅𝑡
𝑊𝑡

0 𝛼𝑡 1

𝜓𝑘𝑡

𝜓ℓ 𝑡

𝜈 (tasks)

Figure 6. Uniform Productivities.

Note: The figure imposes Assumptions 1 and 2: capital productivity is uniform at 𝜓𝑘𝑡 on [0, 𝛼𝑡] and zero
on [𝛼𝑡 , 1] while labor productivity is uniform at 𝜓ℓ 𝑡 across all tasks. Tasks 𝜈 ∈ [𝛼𝑡 , 1] can therefore only be
produced with labor. Producing tasks 𝜈 ∈ [0, 𝛼𝑡] with capital is optimal because 𝜓𝑘𝑡

𝜓ℓ 𝑡
exceeds the relative factor

price 𝑅𝑡/𝑊𝑡—the dashed horizontal line.

long as there is not enough capital in the economy to produce all the 𝑌𝑡 (𝜈) demanded for
tasks 𝜈 ∈ [0, 𝛼𝑡] when the prices of all tasks are equal (as they are with 𝑅𝑡

𝜓𝑘𝑡
= 𝑊𝑡

𝜓ℓ 𝑡
). In this

case, labor will be employed in the production of tasks in the range 𝜈 ∈ [0, 𝛼𝑡] alongside
capital. However, if the amount of capital in the economy is large enough relative to labor to
produce more than all the quantity of tasks 𝜈 ∈ [0, 𝛼𝑡] that is demanded when the price of
all tasks are equal, then the price of capital will fall to a point where 𝑅𝑡

𝜓𝑘𝑡
< 𝑊𝑡

𝜓ℓ 𝑡
. We state this

result formally in the following lemma:

Lemma 2. (Factor Prices) If 𝐾𝑡𝐿𝑡 > 𝐾𝑡/𝐿𝑡 , factor prices satisfy

𝑅𝑡
𝜓𝑘𝑡

<
𝑊𝑡

𝜓ℓ 𝑡
,

implying that all tasks 𝜈 ∈ [0, 𝛼𝑡] are fully automated.

Using the factor market clearing conditions derived below—equation (7)—and 𝑅𝑡
𝜓𝑘𝑡

= 𝑊𝑡
𝜓ℓ 𝑡

we can show that
𝐾𝑡/𝐿𝑡 ≡ 𝛼𝑡

1 − 𝛼𝑡

𝜓ℓ 𝑡
𝜓𝑘𝑡

.

In what follows, we focus on the case where the inequality in Lemma 2 holds, unless
otherwise noted.
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Steinsson Labor Share 50 / 71



SIMPLE CASE (UNIFORM PRODUCTIVITIES)

Using capital is only profitable if Rt
ψkt

≤ Wt
ψℓt

So, this condition must hold

If economy has very little capital: Rt
ψkt

= Wt
ψℓt

(labor also used to produce tasks [0, αt ])

With sufficient capital: Rt
ψkt

< Wt
ψℓt

(Case drawn in figure)

We focus on this last case

Automation
optimal
𝜈 ∈ [0, 𝛼𝑡]

Optimal to produce
with labor
𝜈 ∈ [𝛼𝑡 , 1]

𝜓𝑘𝑡(𝜈)
𝜓ℓ 𝑡(𝜈)

𝑅𝑡
𝑊𝑡

0 𝛼𝑡 1

𝜓𝑘𝑡

𝜓ℓ 𝑡

𝜈 (tasks)

Figure 6. Uniform Productivities.

Note: The figure imposes Assumptions 1 and 2: capital productivity is uniform at 𝜓𝑘𝑡 on [0, 𝛼𝑡] and zero
on [𝛼𝑡 , 1] while labor productivity is uniform at 𝜓ℓ 𝑡 across all tasks. Tasks 𝜈 ∈ [𝛼𝑡 , 1] can therefore only be
produced with labor. Producing tasks 𝜈 ∈ [0, 𝛼𝑡] with capital is optimal because 𝜓𝑘𝑡

𝜓ℓ 𝑡
exceeds the relative factor

price 𝑅𝑡/𝑊𝑡—the dashed horizontal line.

long as there is not enough capital in the economy to produce all the 𝑌𝑡 (𝜈) demanded for
tasks 𝜈 ∈ [0, 𝛼𝑡] when the prices of all tasks are equal (as they are with 𝑅𝑡

𝜓𝑘𝑡
= 𝑊𝑡

𝜓ℓ 𝑡
). In this

case, labor will be employed in the production of tasks in the range 𝜈 ∈ [0, 𝛼𝑡] alongside
capital. However, if the amount of capital in the economy is large enough relative to labor to
produce more than all the quantity of tasks 𝜈 ∈ [0, 𝛼𝑡] that is demanded when the price of
all tasks are equal, then the price of capital will fall to a point where 𝑅𝑡

𝜓𝑘𝑡
< 𝑊𝑡

𝜓ℓ 𝑡
. We state this

result formally in the following lemma:

Lemma 2. (Factor Prices) If 𝐾𝑡𝐿𝑡 > 𝐾𝑡/𝐿𝑡 , factor prices satisfy

𝑅𝑡
𝜓𝑘𝑡

<
𝑊𝑡

𝜓ℓ 𝑡
,

implying that all tasks 𝜈 ∈ [0, 𝛼𝑡] are fully automated.

Using the factor market clearing conditions derived below—equation (7)—and 𝑅𝑡
𝜓𝑘𝑡

= 𝑊𝑡
𝜓ℓ 𝑡

we can show that
𝐾𝑡/𝐿𝑡 ≡ 𝛼𝑡

1 − 𝛼𝑡

𝜓ℓ 𝑡
𝜓𝑘𝑡

.

In what follows, we focus on the case where the inequality in Lemma 2 holds, unless
otherwise noted.

11

Steinsson Labor Share 51 / 71



LABOR DEMAND

Task-specific labor demand for tasks ν ∈ [αt , 1]: Lt(ν) =
Yt (ν)
ψℓt

Using demand for task ν: Lt(ν) =
Pt (ν)

−σYt
ψℓt

Using price of task ν: Lt(ν) = ψσ−1
ℓt W−σ

t Yt

So we have that task specific labor demand is

Lt(ν) =

⎧⎨⎩ψ
σ−1
ℓt W−σ

t Yt if ν ∈ [αt , 1]

0 otherwise
.
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WAGE

Suppose (for simplicity) that Lt labor is supplied inelastically

Equilibrium in the labor market entails

Lt =

∫︂ 1

αt

Lt(ν)dν = (1 − αt)ψ
σ−1
ℓt W−σ

t Yt

Solving for Wt

Wt = (1 − αt)
1
σ ψ

σ−1
σ

ℓt

(︃
Yt

Lt

)︃ 1
σ

Very similar to earlier CES model, except that αt can change
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CAPITAL AND RENTAL RATE

Suppose economy is endowed with a fixed amount of capital Kt

Analogous step for capital yield

Kt(ν) =

⎧⎨⎩ψ
σ−1
kt R−σ

t Yt if ν ∈ [0, αt ]

0 otherwise
.

Kt =

∫︂ αt

0
Kt(ν)dν = αtψ

σ−1
kt R−σ

t Yt

Rt = α
1
σ

t ψ
σ−1
σ

kt

(︃
Yt

Kt

)︃ 1
σ
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AGGREGATE PRODUCTION FUNCTION

Interestingly, one can derive a CES aggregate production function for this model:

Yt =
[︂
(AktKt)

σ−1
σ + (AℓtLt)

σ−1
σ

]︂ σ
σ−1

where

Akt = α
1

σ−1
t ψkt and Aℓt = (1 − αt)

1
σ−1 ψℓt .

Factor share are:

skt =
RtKt

Yt
=

(︃
AktKt

Yt

)︃σ−1
σ

and sℓt =
WtLt

Yt
=

(︃
AℓtLt

Yt

)︃σ−1
σ

.

See lecture notes for derivation
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INTERPRETATION OF Akt AND Aℓt

Akt and Aℓt traditionally referred to as

capital and labor augmenting technical

change

But is a new more powerful computer:

Like having more old computers (Akt )

Allows worker to economize on time (Aℓt )

Task-based framework clarifies this

First, new computer raises ψkt(ν) for some

set of tasks (which raises Akt )

Second, potentially also raises αt

How does this affect

Akt = α
1

σ−1
t ψkt

Aℓt = (1 − αt)
1

σ−1 ψℓt

Effect on αt depends on whether σ

is larger and smaller than 1

If σ < 1, increase in αt raises Aℓt

Computer neither purely capital

augmenting nor purely labor augmenting
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WEAK LINKS

Technical change can lead to breathtaking increase in productivity of particular tasks

(e.g., cotton spinning in 18th century, computing in 20th century, AI/robotics in 21st century)

How does this affect overall output?

Depends critically on how substitutable different tasks are:

Y
σ−1
σ

t = (AktKt)
σ−1
σ + (AℓtLt)

σ−1
σ

If σ < 1, when if AktKt → ∞, then (AktKt)
σ−1
σ → 0.

In this limit, therefore Yt = AℓtLt
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WEAK LINKS

𝑌̃𝑡 = 𝐴ℓ 𝑡𝐿𝑡

𝑌𝑡

0
𝐴𝑘𝑡𝐾𝑡

(a) Gross Complements (𝜎 < 1)

𝐴ℓ 𝑡𝐿𝑡

𝑌𝑡

0
𝐴𝑘𝑡𝐾𝑡

(b) Gross Substitutes (𝜎 > 1)

Figure 7. Aggregate Output as Capital Becomes Infinitely Productive.

Note: Both panels plot aggregate output 𝑌𝑡 =
[︂
(𝐴𝑘𝑡𝐾𝑡)

𝜎−1
𝜎 + (𝐴ℓ 𝑡𝐿𝑡) 𝜎−1

𝜎

]︂ 𝜎
𝜎−1 as a function of 𝐴𝑘𝑡𝐾𝑡 holding

𝐴ℓ 𝑡𝐿𝑡 = 1. The left panel sets 𝜎 = 0.5: as 𝐴𝑘𝑡𝐾𝑡 → ∞, output asymptotes to the weak-links bound 𝑌̃𝑡 = 𝐴ℓ 𝑡𝐿𝑡 —
the dashed line. The right panel sets 𝜎 = 2: output grows without bound, and the level of 𝐴ℓ 𝑡𝐿𝑡 — the dashed
line — places no ceiling on output.

falls to zero. The right panel of Figure 7 illustrates the case when tasks are gross substitutes.
Next, note that—using equation (10)—we can write

𝐴𝑘𝑡𝐾𝑡 = 𝑠
𝜎

𝜎−1
𝑘𝑡 𝑌𝑡 , (13)

Using this equation and equations (11) and (12), and (13) we have the following

𝑌
𝜎−1
𝜎

𝑡 = 𝑠𝑘𝑡 (𝑌𝑡)
𝜎−1
𝜎 + (︁

𝑌̃𝑡
)︁ 𝜎−1

𝜎 =⇒ 𝑌𝑡 =

(︃
1

1 − 𝑠𝑘𝑡

)︃ 𝜎
𝜎−1

𝑌̃𝑡 ,

Hence, we can show that

𝑌̃𝑡
𝑌𝑡

=

(︃
1

1 − 𝑠𝑘𝑡

)︃ 𝜎
1−𝜎

≈ 1 + 𝜎
1 − 𝜎

𝑠𝑘𝑡 ,

where the approximation is valid when the capital share is small, i.e., when 𝐴𝑘𝑡𝐾𝑡 is large but
finite. This shows that the percent gain in output from making capital infinitely productive
at the automated tasks is finite whenever 𝜎 < 1. This gain is the difference between the solid
blue line and the broken red line in the left panel of Figure 7.

15

Aℓt Lt = 1. Left panel has σ = 0.5. Right panel has σ = 2
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BAUMOL’S COST DISEASE

(AktKt)
σ−1
σ → 0 when AktKt → ∞ and σ < 1 is an instance of Baumol’s cost disease

Relative task demand:
Yt(ν)

Yt(ν′)
=

[︃
Pt(ν)

Pt(ν′)

]︃−σ
When σ < 1, a 1% fall in Pt(ν)/Pt(ν

′) leads to a less than 1% increase in Yt(ν)/Yt(ν
′)

This implies that relative spending on the task ν falls

Tasks (or goods) with high productivity growth see their expenditure share wither away

Tasks (or goods) with low productivity growth come to dominate the economy
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BENEFITS FROM INFINITE PRODUCTIVITY IN CERTAIN TASKS

How much does output rise if capital becomes infinitely productive?

Y
σ−1
σ

t = (AktKt)
σ−1
σ + (AℓtLt)

σ−1
σ

Defining Ỹt = AℓtLt and using skt =
(︂

Akt Kt
Yt

)︂σ−1
σ

:

Y
σ−1
σ

t = sktY
σ−1
σ

t + Ỹ
σ−1
σ

t

Rearranging:
Ỹt

Yt
=

(︃
1

1 − skt

)︃ σ
1−σ
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BENEFITS FROM INFINITE PRODUCTIVITY IN CERTAIN TASKS

AI and Our Economic Future     11

Figure  2 illustrates this formula graphically. That is, the figure shows the 
proportional gain from infinitely automating more and more tasks for the case in 
which weak links are significant: σ  =  0.2, which is the value chosen in Jones and 
Tonetti (2026) based on a range of evidence. The horizontal axis is s, the share 
of GDP that gets automated. There are two key messages from the figure. First, 
as the share of the economy that gets automated increases, the gains are larger. 
Indeed, if 100 percent of the economy is automated, GDP would be infinite. This is 
an intuitive explanation for how the gains from automation can ultimately be very 
large—as in the “AI accelerates growth” scenario considered earlier.

The second message from the figure is that weak links can significantly slow the 
gains from automation. In the “artificial intelligence accelerates growth” scenario, 
the next step after automating software is that AI automates all cognitive work 
that can be performed on a computer. To see the consequences of this, consider 
the case in which s  =  1/2 so that 50  percent of GDP gets infinitely automated. 
According to Figure 2, this would raise GDP by just 19 percent. The reason is once 
again weak links. With σ  =  0.2, having infinite amounts of half the tasks in the 
economy has relatively small effects because we are limited by the remaining tasks 
that are performed by humans. We are still using people to educate our children, 
provide healthcare, run the government, manufacture goods, and provide hotels, 
restaurants, and travel experiences. Indeed, even just doubling income per person 
requires the infinite automation of 94 percent of GDP.

Figure 2 
GDP per Person with Infinite Automation

Source: Jones and Tonetti (2026).
Note: The figure shows the factor increase in GDP per person from automating with infinite productivity 
tasks that have an initial cost share of GDP equal to s, assuming an elasticity of substitution equal to 0.2.
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Ỹt
Yt

=
(︂

1
1−skt

)︂ σ
1−σ as a function of skt for σ = 0.2. Source: Jones (2026).
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TECHNICAL CHANGE AND PRODUCTIVITY

Log-differentiating the aggregate production function yields

d lnYt

dt
= skt

(︃
d lnAkt

dt
+

d lnKt

dt

)︃
+ sℓt

(︃
d lnAℓt

dt
+

d ln Lt

dt

)︃
Rearranging yields Solow (1957) residual:

d lnYt

dt
− skt

d lnKt

dt
− sℓt

d ln Lt

dt
= skt

d lnAkt

dt
+ sℓt

d lnAℓt
dt

or written more compactly

d lnTFPt

dt
= skt

d lnAkt

dt
+ sℓt

d lnAℓt
dt
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TECHNICAL CHANGE AND PRODUCTIVITY

Recall that

Akt = α
1

σ−1
t ψkt and Aℓt = (1 − αt)

1
σ−1 ψℓt

Log-differentiating these yields

d lnAkt

dt
=

1
σ − 1

d lnαt

dt
+

d lnψkt

dt

d lnAℓt
dt

= − 1
σ − 1

αt

1 − αt

d lnαt

dt
+

d lnψℓt
dt

Plugging this back into expression for d lnTFPt/dt yields

d lnTFPt

dt
= skt

d lnψkt

dt
+ sℓt

d lnψℓt
dt

+
1

σ − 1

(︃
skt −

αt

1 − αt
sℓt

)︃
d lnαt

dt
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TECHNICAL CHANGE AND PRODUCTIVITY

Recall that

Kt = αtψ
σ−1
kt R−σ

t Yt and Lt = (1 − αt)ψ
σ−1
ℓt W−σ

t Yt

This implies

skt = αt

(︃
Rt

ψkt

)︃1−σ

and sℓt = (1 − αt)

(︃
Wt

ψℓt

)︃1−σ

.

Which implies that

skt −
αt

1 − αt
sℓt = αt

[︄(︃
Rt

ψkt

)︃1−σ

−
(︃

Wt

ψℓt

)︃1−σ
]︄
.
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TECHNICAL CHANGE AND PRODUCTIVITY

Plugging this last expression back into the expression for d lnTFPt/dt yields

d lnTFPt

dt
= sℓt

d lnψℓt
dt⏞ ⏟⏟ ⏞

Growth in Productivity
of Labor

+ skt
d lnψkt

dt⏞ ⏟⏟ ⏞
Growth in Productivity

of Capital

+
1

σ − 1

[︄(︃
Rt

ψkt

)︃1−σ

−
(︃

Wt

ψℓt

)︃1−σ
]︄

dαt

dt⏞ ⏟⏟ ⏞
Automation

Three sources of productivity gains

Jones and Tonetti (2026) argue that most TFP growth comes from d lnψkt/dt
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TECHNICAL CHANGE AND PRODUCTIVITY

d lnTFPt

dt
= sℓt

d lnψℓt
dt

+ skt
d lnψkt

dt
+

1
σ − 1

[︄(︃
Rt

ψkt

)︃1−σ

−
(︃

Wt

ψℓt

)︃1−σ
]︄

dαt

dt⏞ ⏟⏟ ⏞
Automation

Automation term is zero if Rt
ψkt

= Wt
ψℓt

(smooth automation case)

But this does not mean that automation doesn’t matter for productivity

Once goods are automated, they start benefiting from d lnψkt/dt

Without continual automation, capital share (and TFP growth) would wither
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TECHNICAL CHANGE AND WAGES

Recall that

Wt = (1 − αt)
1
σ ψ

σ−1
σ

ℓt

(︃
Yt

Lt

)︃ 1
σ

This implies that
d lnWt

d lnψkt
=

1
σ

d lnYt

d lnψkt
=

skt

σ

where we use the fact that the aggregate production function implies that d ln Yt
d lnψkt

= skt

An increase in ψkt unambiguously increases wages (pure productivity effect)

Similar derivation yields: d ln Wt
d ln Kt

= skt
σ , a pure “scarcity” effect
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TECHNICAL CHANGE AND WAGES

Suppose instead that the productivity of labor increases:

d lnWt

d lnψℓt
=

1
σ

[︃
d lnYt

d lnψℓt
− (1 − σ)

]︃
=
σ − skt

σ

Effect ambiguous

“Direct” productivity effect (positive)

“Abundance” effect (negative)

Increase in ψℓt makes labor (effectively) more abundant (increases ψℓtLt )

This pushes down price of labor

Increase in Lt yields a pure abundance effect: d ln Wt
d ln Lt

= − skt
σ
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TECHNICAL CHANGE AND WAGES

Finally, consider automation:

d lnWt

d lnαt
=

1
σ

(︃
d lnYt

d lnαt
− αt

1 − αt

)︃
Overall effect ambiguous

Productivity effect: 1
σ

d ln Yt
d lnαt

≥ 0 (zero if Rt
ψkt

= Wt
ψℓt

)

Displacement effect: − 1
σ

αt
1−αt

< 0

Displacement effect is new relative to traditional production models

Capital takes over tasks. This reduces labor demand.

As a consequence: Better machines can hurt workers
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TECHNICAL CHANGE AND THE LABOR SHARE

Derivations similar to those done above yield

d ln sℓt
d lnαt

= −
(︂skt

σ

)︂(︃ 1
1 − αt

)︃
< 0.

Automation unambiguously reduces the labor share

d ln sℓt
d lnψkt

= − d ln sℓt
d lnψℓt

=
d ln sℓt

d ln (Kt/Lt)
= skt

(︃
1 − σ

σ

)︃
If σ < 1, increases in ψkt raise the labor share (Baumol’s disease)
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UZAWA (1961) THEOREM IN TASK FRAMEWORK

Recall that Uzawa’s (1961) theorem says that on a balanced growth path all technical

progress must be labor augmenting (i.e., Akt must be constant in the long run)

In our task model: Akt = α
1

σ−1
t ψkt

So we have that
d lnAkt

dt
=

1
σ − 1

d lnαt

dt
+

d lnψkt

dt

Jones and Liu (2024):

If σ < 1, technical progress that increases both αt and ψkt in the right proportions

can leave Akt unchanged

All technical progress can be capital improving at the micro level,

but purely “labor augmenting” at the macro level
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Appendix



SKILL PREMIUM

The College-High School wage

premium rose substantially

between 1980 and 2000

Back

Bengali-Valletta-Zhao, College Premium 

Page 36 of 58 
 

Displays 

Figure 1: College to high school earnings gap, overall and by gender 

 
 

Figure 2: Regression-estimated college wage premium, overall and by gender 

 

(Bengali, Valletta, and Zhao (2025))
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