


Table 3: Industry and city skill intensities. Broad industries.
Year | 1980 | 1990 | 2000
B 0.92 | 0.99 | 0.97
s.e. 0.36 | 0.34 | 0.27
R%? | 0.39 | 0.50 | 0.56
N 15 15 15
Notes: See table 2. However, this table uses broad industries.

Figure 3: Industry examples



tivity, T i
Ym,i = Am,i F; (Tm,iHm,ia Lm,z) (8)

Cities may also differ in the productivity terms A,,; without affecting the argument. Skilled labor
productivities are industry neutral (Trefler 1993), if

Tm,i = ¢m (9)

Thus, for a given pair of cities (m, ), the productivity gaps, In7,,; — In7y, ;, are the same for all
industries. Trefler (1993) argues that a Heckscher-Ohlin model can account for international trade
data, if countries differ in industry neutral factor augmenting productivities. Hendricks (2007a)
shows that industry neutral differences in skilled labor productivity account well for cross-country
data on educational attainment. Fact 3 argues that the same is true for cross-city data:

Fact 3: Education gaps across cities and industries are consistent with industry
neutral differences in skilled labor productivity.

Estimation. In order to establish fact 3, I estimate the parameters of city-industry production
functions. Assume that output is produced using a CES production function:

1/p

Vioi = A [T i Hipy+ (1= ) I, (10)

) m,i
If factors are paid their marginal products, industry-neutral productivity gaps imply a relationship
between relative labor inputs and skill premia of the form

(1 o) () =0 o/ (1= ) + 10 (0) = I (01 (1)
The value of p governs the substitutability of skilled and unskilled labor. Empirical estimates of
the substitution elasticity between are typically based on aggregate rather than industry data (see
Ciccone & Peri 2005). Lacking better evidence, I set p such that the elasticity of substitution
between G and L is (1 — p)~! = 1.6. This is in the middle of the empirical range cited by Ciccone
& Peri (2005). Caselli & Coleman’s (2006) preferred value is 1.4.

The values of u; and ¢,, are estimated from the first-order condition (11). This translates into
a regression equation

(1 — p) In (Hmﬂ/Lmﬂ) =D;,+ D, + Bw In (wH,m/wLﬂn) + Emyi (12)

which I estimate via weighted least squares. The weights are set to the square root of the number
of observations in each (m,i) cell. The skill premium is set to its cross-city average as skill pre-
mium variation across cities and industries is largely orthogonal to Hy, /Ly, ; and may represent

measurement error (see section 3.4). The skill bias parameters may then be recovered from the
: Do,

ePi
1+eDi 9

Quantitative evaluation. How well does the industry neutral model account for variation in
skill composition across cities and industries? One way of answering this question is to compare
the predicted values of H,, ;/Ly,; obtained from (11) with the data.

Table 4 evaluates the model’s ability to account for education gaps across cities within industries.
For each industry, I regress predicted against observed In (Hy, i /Ly, ;). In the year 2000, the model
accounts on average for half of the observed variation in skill intensities. That is, the average R?
of the regression is near 0.5. The model is somewhat less successful in earlier years. In evaluating

industry dummies, p; = and from the city dummies, ¢,, =€



Table 4: Evaluating the industry neutral model

Year | 1980 | 1990 | 2000
B 037 045] 0.52
se. | (0.12) | (0.14) | (0.19)
R? 029 | 0.41| 0.48
N 44 55 60

Notes: The table shows the results of regressing, for each industry, In (Hy, ;/Ly, ;) as predicted by
the industry-neutral model against observed In (Hy, ;/Ly ;). B is the average regression coefficient
and "s.e." denotes the mean of its standard error. N is the number of industries with sufficient
data.

Table 5: Evaluating the industry neutral model
Year | 1980 | 1990 | 2000
153 0.93 0.92 0.90
s.e. (0.06) | (0.07) | (0.07)
R? 0.83 0.83 0.82
N 99 127 143
Notes: The table shows the results of regressing, for each city, In (H,, /Ly, ;) as predicted by the
industry-neutral model against observed In (H,, i /Ly ;). [ is the average regression coefficient and
"s.e." denotes the mean of its standard error. N is the number of industries with sufficient data.

the model’s performance it is worth keeping in mind that part of the variation in the observed
skill composition is due to measurement error as many of the industry-city cells contain only small
numbers of observations. When broad industries are used, the fraction of the variation accounted
for by the model rises to 65% in the year 2000.

Table 5 assesses the model’s ability to account for skill intensity variation across industries
within cities. For each city, I regress predicted on actual In (H,y, ;/Ly, ;). Cities are dropped if fewer
than 30 industries have sufficient data. Similarly, cities with fewer than 30 industries are dropped.
The model accounts for more than 80% of the variation in skill intensities across industries within
a city. I conclude that industry-neutral differences in skilled labor productivity offer a reasonable
approximation to the data.

3.2.2 Skilled Labor Productivity and City Education

The industry neutral model implies that a single parameter (¢,,,) determines each city’s skill in-
tensities in all sectors. Together with the fact that within-industry gaps account for 80% of city
education gaps, this implies that ¢,, and H,,/L,, should be highly correlated. Fact 4 shows that
this is consistent with the data.

Fact 4: Skilled labor productivity (¢,,) and city skill composition (H,,/L,) are
highly correlated.

Figure 4 shows that a regression of In (H,,/Ly,) on In(#,,) vields an R? of 0.88 for the year
2000. Table 6 shows the regression results for the years 1980 to 2000. The correlation between
attainment and ¢,, is strong in all years, but substantially lower in earlier years.

This observation highlights that facts 3 and 1 provide good approximations of the data. If
industry-neutrality held exactly (fact 3) and if industry mix made no contribution to city education
differences (as suggested by fact 1), or if industry mix were perfectly correlated with ¢,,, the
correlation between ¢,, and H,,/L,, would be perfect.
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Table 6: Skill intensity and skill bias
Year | 1980 | 1990 | 2000
I3 1.68 | 1.79 | 1.80
s.e. 0.05 | 0.04 | 0.03
R%? | 0.76 | 0.83 | 0.88
N 271 | 273 | 297
Notes: The table shows the results of regressing In (H,,/L,,) on In (¢,,). 0 is the regression
coefficient and "s.e." denotes its standard error.

Fact 4 has the potential to discriminate between alternative theories. A single number that only
depends on each city’s within-industry skill intensities relative to other cities predicts almost 90%
of the variation in education across cities. In particular, note that the estimation of ¢,, does not use
any information about other city characteristics that could plausibly account for education gaps,
including city size (suggested by agglomeration theories), industry specialization, or geographic
location. In this sense, any theory of city education must be a theory of ¢,,.

05—
b=180 [s..003] R

-05 -

In(H_/L )
N

L5 b L %es

In(f ) 2000

Figure 4: City skill composition and skill bias

3.2.3 Skilled Labor Productivity and Wages

Rauch (1993) shows that more educated cities pay higher wages. Given that ¢,, is highly correlated
with education, it is not surprising to find that ¢,,, and average wages are positively correlated across
cities. This conjecture is supported by figure 5, which shows the relationship between a city’s mean
wage (W,) and ¢,, for the year 2000. A city’s mean wage is defined as

Wy, = Z W, jWUS,j (13)
J

where j indexes age / education / sex groups and wys,; is the U.S. population weight. w,, removes
differences in demographic composition from the mean wages of cities

11



Fact 5: Skilled labor productivity and average wages are positively correlated across
cities.

3.05
2.95
2.9

2.85 1

2.75

Ln(mean wage)
N
o

2.7

2.65

2.6

2.55
-0.5

In(f ) - Year 2000

Figure 5: Wages and skill bias

3.3 Business Services and Skilled Labor Productivity

Fact 3 asserts that differences in the productivity of skilled labor, ¢,,, account for the bulk of city
education gaps. A theory of city education must therefore be a theory of skilled labor productivity.
One interpretation, formalized in the model of section 4, holds that ¢,, proxies for unmeasured
inputs that complement skilled labor. A similar idea features prominently in the literature on skill
premia.”
To clarify the implications of this hypothesis, assume that the production function for good i
is given by
Y= Am,iFi (G (Hpmi, Xmi) Lim,i) (14)

where X, ; denotes the unmeasured intermediate input. If 4 and X are complements in the sense
that 02G/OHOX > 0, then larger X inputs raise the marginal product of H. The model thus
suggests that X,,; and ¢,, should be correlated across cities.

Lacking a fully specified model, it is not obvious how the correlation between X,,; and ¢,,
can be measured. One simple way, which turns out to be consistent with the model developed in
section 4, is to measure X,,; by the employment share of industry X. The next fact shows that
only one industry has the property that X and ¢ are highly correlated across cities.

Fact 6: The employment share of business services is highly correlated with ¢,,,. No
other sector has this property.

"This literature identifies capital as the skill-complementary input (Krusell et al. 2000). Since capital appears to
be mobile across cities, capital-skill complementarity is not a promising hypothesis.

12
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Figure 6: Business sector employment share and ¢,,

Figure 6 plots business services employment shares against ¢,,,. The employment share is the
fraction of total hours worked in industry i. Measuring employment shares by a sector’s share of
skilled labor input (H,y, »/H,y,) yields similar results. Since breaking up the business services sector
into sub-industries would be undesirable, I use the broad definition of industries. Observations are
weighted by the square root of the the number of observations.

A strong correlation between employment in business services and skilled labor productivity is
apparent. The regression R? is 0.52. No other industry covaries strongly in size with ¢,,. Figure 7
shows the results of estimating similar regressions for all industries. For each industry regression,
the figure shows R? multiplied by the sign of the regression coefficient. The horizontal axis displays
the industry’s skill intensity. As Fact 1 suggests, more skill intensive industries covary more strongly
in size with ¢,,,, but the relationship is not strong. The data point to a single industry that strongly
covaries in size with ¢,,: business services. Its R? is above 0.5, while all other industries are below
0.25. A similar result holds in the time series: business services is the only sector for which
the change in ¢,, between 1980 and 2000 is strongly correlated with the change in the sector’s
employment share.

Figure 8 repeats the same industry regressions with detailed industries. Of the 84 industries
with sufficient data, only 6 have R? substantially above 0.1. Five of these are, broadly speaking,
business services.® Hendricks (2007b) shows that similar findings hold for cities in several other
countries.

Clearly, fact 6 admits various interpretations. The interpretation proposed here and formalized
in the model of section 4 is that business services complement skilled labor. In cities where business
services are heavily used, skilled labor is highly productive. This is consistent with the evidence
discussed in Davis & Henderson (2008) that cities with large business services sectors attract firms’
headquarters, which are presumably skill intensive. Since business services are used as intermediate
inputs in the production of many goods, the complementarity might also explain why skilled labor
productivity is correlated across industries.

8Legal services and brokerage services are not part of the business services sector, but they evidently provide
services to businesses.
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Figure 7: Skill bias and employment shares.
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Business services and wages. Further evidence suggesting that the business services sector
plays a special role is provided by the next fact.

Fact 7: Cities with larger business services sectors pay higher wages. This is not
true for any other sector.

Figure 9 explores the relationship between sector size and wages in the data. For each industry,
I regress its employment share, measured in hours worked, on the city’s mean wage, w,,. I measure
the strength of the relationship by the regression’s R? statistic. Once again, business services is
the only sector with a strong correlation.
03 S

02 bbb

02 iy

03

04 ; ; ; ; ; ; ; ; ; ;
-12 -1 -08 -06 -04 -02 0 02 04 06 08

In(rq/(l— ml))

Figure 9: Wages and employment shares.

Figure 10 repeats the exercise for detailed industries. The same five business services industries
that strongly covary with ¢,, also feature the strongest correlations with wages. This evidence is
consistent with hypothesis of scale economies in the production of skill complementary business
services. Other interpretations are, of course, possible.

3.4 Skill Premia

The next set of observations characterizes the relationship between skill premia and skill intensities.
One might expect to see a systematic relationship between the two variables. If cities differ primarily
in the supply of skilled labor, the correlation should be negative as firms in more educated cities
move down their skilled labor demand curves. Alternatively, if cities differ primarily in the relative
demand for skill, the correlation should be positive. Instead, the next two facts show that the
correlation between skill premia and skill intensities is close to zero, both at the city level and at
the city-industry level.

Fact 8: (a) City skill composition (H,,/Ly,) and skill premia (wg m/wr,m) are

approximately uncorrelated. (b) Within a given industry, the correlation between
Hyp i/ L and Wi mi/wr m, is typically close to zero.
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Figure 10: Wages and employment shares. Detailed industries.

Table 7: Skill intensities and skill premia at the city level

Year 1980 1990 2000
B 0.035 | -0.009 | 0.004
s.e. | (0.011) | (0.008) | (0.007)
R? 0.03 -0.00 -0.01
N 271 273 297

Notes: The table shows the results of regressing In (wg ym/wr, m) on In (Hy,/Ly,) via weighted
least squares. [ is the regression coefficient and "s.e." denotes its standard error. NV is the
number of cities.

To establish this fact at the city level, I regress the logarithm of city skill premia on In (Hy, /Ly, ).
Observations are weighted by the square root of each city’s number of observations. Table 7 shows
the results for each year. The slope coefficient varies in sign and is significant only in 1980.° The
R? statistics are at most 3%.

Repeating the analysis for city-industry data yields similar results. To establish this, I regress
In (WH i /WL,m,i) on In (Hy, /Ly ;) for each industry using weighted least squares. Table 8 shows
the results. The average slope coefficients are small and change signs across years. On average,
a 10% change in skill intensity is associated with a change in the skill premium of roughly 0.1%.
The average R? statistics are at most 0.03. In an unpublished paper, Peri (1998) reports a similar
finding.

Mis-measurement of labor inputs. One concern is that measurement error in Hy, ;/ Ly, ; could
bias the regression coefficient towards zero. However, it is easy to show that the coefficients would
be biased towards negative numbers, not towards zero. To see this, consider the case where the

9Beaudry, Doms & Lewis (2006) report similar findings for the year 2000. In 1980 and 1990, they find a stronger,
negative correlation between skill premia and H/L. Still, in all years regressing the skill premium on In (Ly,/Hp)
yields an R? of at most 0.13. Their measures of labor supply and skill premia differ from mine.
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Table 8: Skill intensities and skill premia at the city-industry level

Year 1980 1990 2000
B 0.013 | -0.001 | 0.004
se. | (0.077) | (0.056) | (0.059)
R? 0.031 | 0.021 | 0.023
N 75 77 76

Notes: The table shows the results of regressing skill premia on In (Hp, /Ly, ;) by industry. /5 is
the average slope coefficient. "s.e." denotes the standard deviation of the slope coefficients. IV is
the number of industry regressions estimated in each year.

production function has a constant elasticity of substitution:

1/
-Fi (Hm7ia Lm,z) = Am,i |:H1H7/—)n7z + (1 - /~Lz) sz] ’ (15)

If workers are paid their marginal products,

In (meHn”> =In (MZ) +pln <Hml> (16)
WLm L 1 —py Ly
In the model, regressing the wage bill ratio on In (Hy, /Ly, ;) yields a slope of p, which is below
unity if H and L are imperfect substitutes. Measurement error biases the slope towards zero.
Yet in the data, the regression slope is close to p = 1. Thus, measurement error exacerbates the
discrepancy between theory and evidence.

A related concern is that labor inputs could differ in quality across cities. The problem posed by
fact 8 resembles that encountered in cross-country data: H/L varies dramatically across countries,
whereas skill premia do not (Caselli & Coleman 2006). One interpretation is that factor qualities
vary across countries and are correlated with measured quantities (Trefler 1993 offers a similar
interpretation based on international trade data).

The main difficulty with this hypothesis is that factor quality differences generally imply a non-
zero correlation between H/L and skill premia. To see this, assume that each skilled (unskilled)
person in location m is endowed with ap.,, (arm) efficiency units of skilled (unskilled) labor.
Observed factor inputs are then I:Im = Hp, /oy, and I:m = Ly /orm. To be specific, assume a

CES production function of the form (15). The measured skill premium in industry ¢ is then given
by

WH,m,i _ WH,m,i Hypi Lo (17)

WL,m,i WL, m,i Lm,i Hmﬂ‘

. ~ ~ p—1
= (Hpi/Imi)” (@trm/@Lm)” (1)
L= py
In the data, across cities, the measured skill premium (@Wg m, i/Wr, m,;) and measured skill in-
tensity (.ﬁ]mZ / im,> are uncorrelated. For this to be true, a knife-edge condition must be satisfied:

across cities, a 1% higher H,, ;/ L, ; must be associated with a (1 — p) % higher ap m/ar m.
3.5 City Size

Previous research has shown that larger cities are more educated and pay higher wages (Black &
Henderson 1999; Glaeser & Mare 2001). For completeness, I show that the same is true in my data.
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Fact 9: Larger cities are more educated and pay higher wages.

For consistency with the model of section 4, I measure city size by In H,,, + L,,. Results are
similar when it is measured by the number of city workers. Figure 11 plots city skill composition
In H,,/L,, against size. Figure 12 shows the relationship between city size and wages (w,,). Both
figures show year 2000 data. Earlier years yield similar findings. Doubling city size is associated
with 15% higher skill intensity and with 5% higher mean wages. Both correlations are highly
significant.

m

InH /L
m

18 185 19 195 20 205 21 215 22 225 23
InHm+Lm-2000

Figure 11: City size and skill composition.

4 Theory

In this section, I develop a model that can account for the facts documented in the previous
section. Motivated by facts 6 and 7, which suggests that business services play a special role for
city education, I consider an input sharing model (e.g., Duranton & Puga 2003) where final goods
are produced using non-traded business services.

The world lasts for one period. There are M cities, indexed by m, and I industries, indexed
by 4. All industries are perfectly competitive and subject to free entry. I — 1 industries produce
final goods which are costlessly traded. Their prices are denoted by p, ;. Each city also produces a
non-traded intermediate input (business services, ), subject to external scale economies. Its price
is denoted by py, .-

The economy is endowed with H skilled workers and with L unskilled workers. I interpret fact
8 as labor mobility: workers move costlessly between cities to maximize their labor earnings, net of
congestion costs, which equalizes skill premia across cities. I also assume that workers are mobile
across industries. This assumption could be relaxed without affecting most of the results.

The main departure from the standard input sharing model is the assumption that business ser-
vices complement skilled labor. This is motivated by the observation that skilled labor productivity
and the scale of the services sector are correlated (fact 6).

Section 5 shows that this model can account for the facts documented in the previous section.
An outline of the argument is as follows. I interpret the observed cross-section of cities as an
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equilibrium in which multiple cities coexist. This is due to the usual balance of agglomeration
economies and congestion costs. Cities differ endogenously in the scale of the business services
sector. This could be due to multiple equilibria or to heterogeneity in the demand for the products
produced in different cities. The model’s implications are similar for both cases. Scale economies
imply that the price of business services is low in cities with large services sectors. In these cities,
firms substitute services for labor. Due to the complementarity, the productivity of skilled labor
increases (fact 6). This leads firms employ more skilled labor (higher H,, ;/Ly, ;) within each
industry (fact 1).

Since intermediate inputs are "shared" by all final goods sectors, skilled labor productivity
increases in an industry neutral fashion (fact 3). Thus, H, /Ly is correlated across industries
(fact 2). Finally, higher productivity in services raises wages in all industries (fact 7). The model’s
logic suggests that more educated cities should be larger (fact 9). However, the model does not
imply this. A small city may have a large business services sector, but employ little labor in the
production of final goods. The next several sub-sections describe the model in detail.

4.1 Workers

The representative worker inelastically supplies H units of skilled labor and L units of unskilled
labor. She derives utility from consuming the I — 1 final goods produced in each city and chooses
consumption levels C,, ; and labor supplies, H,, and L,,, to solve

maxU(Cl,l,...,CMJ,l) (19)
subject to the budget constraint
M I-1 M
WH.mHp + wpmL
Z me,icm,i _ Z ;mAlm mim (20)
m=1 i=1 m=1 Xm
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and the time constraints
M

H=)Hpy, (21)

m=1
L= Ln (22)

X, 18 a congestion cost, which the worker takes as given. The optimal allocation of the time
endowments H and L maximizes earnings net of congestion costs. Hence, labor mobility equates
wages, net of congestion costs, across all cities:

WL = WL Xom (24)

A solution to the worker’s problem yields demand functions for final goods. In addition, labor
supplies must satisfy the time constraints (21 and 22).

While the worker takes congestion costs as given, in equilibrium, they depend on the size of the
city:

Xm = r (Hm + Lm) (25)

with TV > 0.

For some of the results, it is necessary to impose structure on the demand for final goods via
the following assumption.

Assumption A1l: Household preferences are of the form

U(Clyl,...,CM,[_l):V(Ul,...,U]_l) (26)
M 1/v
Ui (Cris s Cari) = | D YmCins (27)
m=1

The household first aggregates all varieties of good i into a composite good according to (27).
The resulting sub-utilities are then aggregated across goods according to (26). This structure
implies that relative quantities consumed are given by the same function for all cities:

Crni Dy OV/OU YY)
Cm7j N Pmi 8V/8Uj

(28)

The key feature of (28) is that C,;/Cy, ; only depends on the relative price py,i/pm,; and on
(0V/oU;) / (0V/0U;) which is common across cities. This symmetry is necessary to derive im-
plications about quantities produced and thus about industry specialization (see the discussion
surrounding Proposition 4).

4.2 Final Goods

The production function for industry 7 is given by
Ym,i = Fi (G (Xm,i, Hmyi) s Linyi) (29)

where Y, ; is output and X, ; denotes purchased intermediate inputs. Both F; and G have constant
returns to scale. G is common across industries and cities. F; is common to all cities, but differs
by industry. Firms maximize profits

maxpm,iym,i - wL,mLm,i - wH,mHm,i - pm,me,i (30)
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The first-order conditions equate marginal products to factor prices:

Wrm/Pmi = Fir (Gm,i/Lm.i) (31)
WHm/Pm,i = Fic (Gm,i/Lm,i) Ga (Xmi/Hm,) (32)
pm,x/pm,i = FiG (Gm,z/Lm,z) GX (Xm,z/Hm,z) (33)

where G, i = G (Xpm,i, Him,i). The partial derivatives, F;, = 0F;/0z, depend on input ratios due
to constant returns to scale. A solution to the firm’s problem consists of Y, s, Ly, i, Hyn i, Xim,i that
satisfy the firm’s first-order conditions and the production function. For the purpose of taking the
model to the data I assume the F; has a constant elasticity of substitution, (1 — p)~!:

1/
Fy = G (X s Hn) + (1= ) L] 5 0 < p <1 (34)

4.3 Intermediate Inputs

The production function for intermediate inputs is given by
Yz = Emle (G (Xma, Hna) s Ling) (35)

This differs from the production function for final goods only in the productivity term Z,,. Fj,
exhibits constant returns to scale. Firms maximize

maxpmemFx <G (Xm,xy Hm,x) aLm,w) - wH,mHm,a; - wL,mLm,a: - pm,me,a; (36)

The first-order conditions are the same as for final goods producers, except for the =, factors.
A solution to the firm’s problem consists of Yy, ¢, Lz Hpzy Xime that satisfy the first order
conditions and the production function.

A key feature of the model is agglomeration economies in the production of good x. These are
modeled as an externality. While firms take =, as given, in equilibrium it depends on the scale of
the = sector:

Em=Fy (Gma,Limg)", €>0 (37)

This may be thought of as a reduced form of a model with differentiated intermediate inputs
along the lines of Duranton & Puga (2003). In such models, larger markets support more varieties
of intermediate inputs, which raises productivity in the final goods sectors. Examples of such
specialized inputs are legal and accounting services, which plausibly raise the productivity of skilled
labor more than that of unskilled labor. The exact source of scale economies is not important for
the purpose of this paper.

Throughout the analysis, I assume that scale economies are not too strong in the sense that
0lnY,, ,/0In X, , < 1. This assumption is necessary for the model to make sense. Were it violated,
it would be possible to produce larger amounts of services using less of all inputs.

4.4 Competitive equilibrium

A competitive equilibrium consists of an allocation (Ch,i, Lim.i, Hm. i, Xm.is Ym,is Hms Lm, X,n) and
a price system (W m, WL m, WH, WL, Pm,is Pm,z) Such that

1. Workers maximize utility, given prices and congestion costs.
2. Migration equates wages net of congestion costs across cities; see (23) and (24).

3. Firms maximize profits, given prices.
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4. Congestion costs are determined by (25).

5. Markets clear.

Labor market clearing is implied by the household’s time constraints (21) and (22). The markets

for final goods clear when
Ym,i = Cm,i) { 7é z (38)

The market for intermediate inputs clears when
Yina =Y _ Xmi Ym (39)

5 Empirical Implications

This section shows that the input sharing model accounts for the facts documented in section 3. 1
interpret the observed cross-section of cities as an equilibrium in which multiple cities coexist. I show
that cities endogenously differ in the price of intermediates, m,,. Cities with cheap intermediates
have properties associated with high ¢,, cities in the data.

5.1 Preliminary Results

In general, each city produces only a subset of the I —1 final goods. Accounting for this introduces
tedious notation without adding any substance. For simplicity I therefore assume that each city
produces all final goods. A sufficient, but too strong, condition for this is lim¢,, ;.o OU/0Cy, ; = oc.

It is useful to establish how various city characteristics vary with m,,. This provides the basis for
showing that cities with different 7, coexist in equilibrium. Labor mobility equates skill premia
across cities, so that the model accounts for fact 8 by construction. Denote the common skill
premium by v = wg/wg. It is easy to show that firms in low m, cities are characterized by
high X, i/Hm,i» Gm,i/Lmis Gmi/Hm,i, and Gg, as well as by low Gx, and Fjg/F;r. In addition,
the final goods firm’s first order conditions imply that m, = Cx(Xm.i/ Hm.i) so that X, i/Hy,; is

_ G (Xm,i/Hm,)’
determined by a common function across all cities and industries:

Xm,i/Hm,i =V (Wm) (40)

with U/ < 0. The intuition is that firms substitute intermediates for skilled labor when 7, is low.
Since G is common to all industries and cities, the optimal input ratio X, ;/Hy, ; only depends on
the relative price of the two factors.

An additional assumption is required to ensure that firms facing low 7, operate at higher skill
intensities.

Assumption A2: Gy (X/H) g(X/H)” ! is increasing in X/H, where g (X/H) = G (X, H) /H.

This assumption is essential for most of the paper’s results and maintained throughout the
analysis. It formalizes the idea that skilled labor and X are sufficiently complementary, so that
lower services prices (m,) lead firms to employ more skilled labor. To see why A2 is needed,
consider how a firm reacts to a lower m,,. Substitution towards cheaper intermediates implies that
firms hire more of them: Gy, ;/Hpm; and Gp,i/Ly,; both increase. Whether Hy, ;/L, ; increases
depends on how substitutable factor inputs are in production.

If H is easily substituted for X, firms respond to cheaper X by "outsourcing" their skilled labor,
i.e., X, increases and H,, ; declines so that Hy, ;/ Ly, ; may decline. Intuitively, firms replace their
own accountants with hired consultants. However, if X and H are strong complements, firms will
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increase both X,,; and H,,; in response to cheaper services. In that case Hy,;/Ly; increases.
Rather than replacing their accountants, these firms hire additional accountants to work with
external consultants. Assumption A2 ensures that firms respond in this second way.

A2 is not highly restrictive. For example, it holds if G (X, H) = X“H'® and p > 0. In this
case,

g(X/H)™" G (X/H) = (1 - ) [X/H]""™V [X/H]" (41)
is increasing in X/H. If A2 is violated, the signs of several model predictions are inverted.

Final goods prices. For future reference, I derive how unit costs, and thus p,, ;, depend on input
prices. The unit cost function of good ¢ is given by

_ _n\11-1/p
emi = [l P+ (1= ) w0 (42)

where n = (1 — p)f1 and P, (Pm,zs WH,m) is the unit cost of G (Xyy,i, Hp i), which is the same for
all industries in a city. Since G has constant returns to scale, we can write:

Pm,G = WHm CG (pm,x/wH,m)
with ¢; > 0. The unit cost of good i is then given by

_ 1-1/p
P = Cmi = W [V e (mm)}? 070 + (1= 1)) (43)

which is decreasing in ;.

Coexistence of heterogeneous cities. The model interprets the observed cross-section of cities
as an equilibrium in which cities differ in the relative price of services (m,,). How can such cities
coexist in equilibrium? One possibility is that multiple 7, satisfy the first-order and zero profit
conditions for the services sector, holding the skill premium fixed. This is possible because services
production is subject to scale economies. In that case, two cities can share identical fundamentals,
yet differ in size, product mix, and real wages (how these depend on 7, is shown below). Of course,
if all cities share identical fundamentals, one cannot rule out the symmetric equilibrium where all
cities are identical in equilibrium.

A second possibility why cities may differ in 7, is that some parameters vary across cities. For
example, consumers may prefer the goods produced in certain cities or, equivalently, certain cities
may be more productive in making all goods. Proposition 1 shows that in this case cities must differ
in 7,,. For the rest of the paper, there is no need to take a stand on whether multiple equilibria
or heterogeneous fundamentals account for the coexistence of cities with different m,,. The results
are not affected by this.

Proposition 1 If A1 is satisfied and if v,, # Vp,, then Ty # Ts,.

Proof. Consider two cities, m and m, with identical 7,,. By the unit cost function (43),
these cities share the same real product wages wg m/pm,; for all final goods. Symmetric demand
over the goods produced in different cities (A1) implies that Cy, ;/Cp; = Cp,.i/Cp,; and therefore
relative quantities produced are the same: Yy, ;/ Y ; = Y,/ Y ;. Due to constant returns to scale,
since both cities share the same relative factor prices, all average products (Yy,i/Hm. i, Ym,i/Lm.i,
Yin,i/ Xom,i for i # x) are equated across cities. In sum, the two cities are identical, except potentially
for the scale of operation. All final goods quantities differ by the same factor. All relative prices
are the same.
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Consider first the case where the two cities share the same wage and price levels. Labor mobility
then equalizes city sizes (H,, + L,,). However, at equal product prices, the quantities demanded
differ. This is due to the assumption that ~,, # 7,,.- Hence, labor markets cannot clear in both
cities.

Alternatively, the cities could differ in their wage and price levels. The high wage city must
then be larger (higher H,, + L;,) and produce more of all goods. With input ratios equated across
cities, it follows that Y;, , increases with city size. By Proposition 6, the larger city has a lower
7m. 1t follows that no two cities can share the same 7,,. ®

The intuition is as follows. Because of constant returns to scale in the production of final goods,
cities with identical 7, share the same factor input ratios in all sectors. They also share the same
relative unit costs and relative prices. Symmetry in demand ensures that relative quantities are
the same. The cities are identical copies of each other, except for scale. If one city is larger than
the other, it uses more services. Scale economies in services then drive down 7,,. However, if both
cities are of the same size, they are identical. The assumption that consumers favor the goods of
certain cities (7y,,, # 7,;,) rules this out.

5.2 Industry neutral education gaps

Fact 1 asserts that the bulk of city education gaps occurs within industries. Moreover, these
education gaps are consistent with industry neutral variation in skilled labor productivities across
cities (fact 3). This section shows that the model accounts for these observations. The idea is
that skilled labor productivity (¢,,,) proxies for the unmeasured cost of services (7, ), which differs
endogenously across cities.

Since intermediate inputs are not observable, it is necessary to "maximize out" X,,; before
taking the model to the data. This yields a reduced form production function that expresses
Y, as a function of H,,; and L,,;. Proposition 2 establishes that this production function is
characterized by industry neutral skilled labor augmenting parameters 1., .

Proposition 2 Cities are endowed with reduced form production functions of the form

Yoi=Fi (Y, Hpm iy Lim,i) (44)
[ ni + (- i T ] (45)
where ,, =¥ (m,) and ' < 0.
Proof. Write the production function for final goods as
Yini = Fi(g [ Xm.i/ Hm il Hm iy Lini) (46)

Since the optimal Xy, ;/Hy, i = ¥ (7y,) is monotone in 7,,, we can write

Q(Xm,i/Hm,i) = (mm)

with ¢/ < 0. =

Lacking data on industry output, Proposition 2 is not testable. However, Proposition 3 shows
that the firms’ employment choices (Hp, ;/Lm ;) are also consistent with a production function that
exhibits industry neutral differences in skill bias. Thus, the model accounts for fact 3. However,
the skill bias parameters, ¢,, = ¢ (7, ), are different from the 1, appearing in the reduced form
production function (44).
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Proposition 3 The skill intensity of industry ¢ in city m is given by

Hy i :[ Hi %} Y=o

4
L, 1—p, v (47)

where ¢, = ¢ (1) = g (¥ (7)) ' Gu (¥ (7)) with ¢ (1) < 0. Thus, cities with high ¢,,
feature low services prices (wy,) and employ more educated labor in all industries.

Proof. The final goods firm’s first-order conditions imply

WH , _
y="tm P (Gif L) G (Xomi/ Hini)
WL,m L —py

=t (9[Xmi/Hmi) Humi/Lmi)" " Gu (Xm.i/Hmi)

_ Hi P (Hm,i/LmJ)p_l (48)

Since the skill premium on the left hand side of (48) is equalized across cities, cities with high ¢,,
employ more skilled labor in any industry 4. A2 implies that high ¢’ (7,,,) < 0. =

Consistent with fact 2, cities with higher ¢,, employ more skilled labor in every industry, even
though skill premia are equalized across cities. To an econometrician, who does not observe services
inputs, cities appear to differ in the skill bias of technology, even though they are actually endowed
with the same production functions. The skill bias differences are industry neutral because firms
in all industries use the same G function to aggregate X and H.

5.3 Industry specialization

In the data, about 20% of city education gaps are due to industry specialization (fact 1). Cities
with higher skilled labor productivity specialize in skill intensive products. Proposition 4 shows
that the model accounts for this pattern of specialization.

Proposition 4 Cities with high ¢,, (low 7, ) have a comparative advantage in high p,; industries.

Proof. Based on the unit cost function (43), I show that unit costs are more sensitive to
when 7, is low. That is
O 1n (cpmi/wr m)

0 (wH,m/pm,x) O,

<0 (49)

To see (49), define ¢ (Wi m/Pma) = {vea (pmvw/wH,m)}p/(p_l), where I drop the dependence of ¢

on the skill premium which is the same in all cities. Note that 6/ (WH,m/Pm.,z) > 0 because ci; > 0
and p/ (p — 1) < 0. Write the unit cost function as

1 R
I (e fw2,m) = P =0 (411 ") (50)
and take the derivative:
ol (cmi/wrm) p—1 [A 1—p\"t
Rt b e C+( —= <0 51
0 (wH7m/pm,z) P 2% ( )

The second derivative is negative,

9% 1n (Cmi/WL.m)
: : <0, 52
0 (wH,m/pm,x) o (52)
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because a higher p; raises the term in the square brackets and (p — 1) /p < 0. Thus, the slope of the
unit cost function against y,; is smaller (more negative) when wg s, /Pm.. is high or, equivalently,
when 7, is low.

Now consider the ratio of unit costs ¢y, i/cm,j in two locations, m and 7. Without loss of
generality, assume that good 4 is more skill intensive: ji; > ;. Then (52) implies that the log cost
gap between the two goods is larger when 7, is lower: Inc,, ; —Inc,,; > Incs, ; —Incy, ;. The low
Tm location has a comparative advantage in the high u, good. Finally, by A2, low 7, implies high
¥, and high ¢,,. =

Figure 13 illustrates Proposition 4. Consider two cities that differ in their intermediate input
prices. If wages were equalized across cities, the city with cheaper services would have lower unit cost
for all goods. It would have an absolute advantage in all industries and a comparative advantage
in high p, industries. The intuition is that m,, affects unit costs more in industries that place a
large weight on intermediate inputs (f;).

Inc /w
m,i L,m

High p_

Low p_

-3

Figure 13: Comparative advantage

The next step translates the implications for comparative advantage into implications for quan-
tities produced.

Corollary 5 If Al is satisfied, then cities with high ¢,, specialize in skill intensive industries in
the sense that ¢, > ¢, and p; > p; = Y i/ Y > Y/ Y-

Proof. Proposition 4 implies that city m has a comparative advantage in good i: py,i/pm,; <
Pri/Pm,j- The household’s first order conditions with symmetric preferences (Al) imply that
Chn,i/Cm,j is given by the same function (28) in all cities which decreases in py, i/pm, ;. Since in
equilibrium Yy, ; = Cy, 4, it follows that Y, /Y > Vs i/ Y5 ;. ®

In many models of international trade, quantities produced trivially follow the pattern of com-
parative advantage because the goods produced in different locations are perfect substitutes in
consumption. One undesirable implication is that each good is produced in only one or two coun-
tries with the lowest unit costs. The present model avoids this implication by assuming that the
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goods produced in different cities are imperfect substitutes in consumption. It is then necessary
to impose a symmetry assumption on preferences to rule out cases where cities specialize in goods
that are relatively expensive to produce because consumers value them highly.

It is now evident how the model can account for the high correlation between skilled labor
productivity (¢,,) and city level education (H,,/L,,) documented in fact 4. In the model, ¢,,
proxies for the unobserved price of business services, which simultaneously determines within-
industry skill intensities and industry specialization.

For the same reason, the model also implies that cities with higher skilled labor productivity
¢, pay higher real product wages (WH m/Pm.i» WL,m/Pm,) (fact 7). This follows directly from the
fact that, by (43), unit cost divided by wp, p, is rising in m,,. By A2, low 7, means high ¢,, and
unit cost divided by wy , is falling in ¢,,.

One complication is that fact 7 refers to absolute wages, while the model makes predictions
about real product wages. In the model, the two could differ by arbitrary amounts. However, it
would not make sense to call a set of goods "varieties" of good 4, unless they are of similar value
(V) and highly substitutable in household preferences. This limits the differences in varieties
prices that can be sustained in equilibrium and helps align absolute wages with real product wages.
Still, the model only implies that absolute wages covary with ¢,, in the special case where the
varieties produced in different cities are perfect substitutes in consumption.

5.4 Business Services Sector

A key observation that motivates the model is fact 6: Cities with high skilled labor productivity
tend to employ large shares of labor in business services. In the model, this is true because high
skilled labor productivity reflects economies of scale in the production of services, which also leads
to high real wages (fact 7). The following two propositions develop this point.

Proposition 6 Cities with low services prices (m,,) have larger business services output (Y, o) and
pay higher real product wages.

Proof. From (43) the unit cost of X, may be written as

Pmax = Cx (7Tma V) wr,m / F, (Gm,xa Lm,a:)a (53)

with Ocg /0T, > 0. cpwp m is the unit cost function for the constant returns to scale production

function F. Thus
Pm,x TTmU

= — F G ’L —€ 54
WLm Cx (7Tm, U) Cy (Wma ’U) * ( o m,x) ( )

Since the elasticity of unit cost ¢, with respect to any input price (here: m,,) is less than one, the
ratio on the left-hand-side of (54) is increasing in ,, for a given skill premium. Thus, the model
predicts that cities with low 7, have large F}, and therefore high Y,,, .. Since the unit cost function
for final goods (43) is increasing in m,,, such cities also pay higher real wages to skilled (W m /Pm.i)
and unskilled (wr, ,,/pm,i) workers. m

This result is intuitive. In some cities, services are cheap due to economies of scale. This
requires large services output. Unfortunately, services output is not observable in my data. I
therefore, derive implications for services employment, which is observable.

Proposition 7 Cities with low m,, have either high Hy, /Hy, or high Hy, 5.

Proof. Write the fraction of skilled labor employed in producing services as

Hm,ac _ Hm,ac Ym,x _ Hm,ac Xm,x
Hm Ym,w Hm Ym,x Hm,w
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The last equality holds because X, ;/Hy, ; is the same in all industries within a city and ), X, ; =
Yin 2. Thus
Hm,x — Xm,a: (56)
Hm Ym,x
This can be satisfied in two ways. If cities with low 7, have low H,, ;, then such cities also have
low Ly, because Hy, /Ly, 5 is decreasing in m,, due to A2. Since 0InY,, ,/0In X, , < 1, such
cities have high X, »/Y}, » and thus high H,, »/H,,. Alternatively, H,, » may be high in cities with
low 7,,. The model then makes no predictions about Hy, 5/ Hy,. ®
It may appear surprising that cities with inexpensive services need not employ large amounts of
skilled labor in the production of services. Scale economies in the production of X are the reason.
With strong enough scale economies, it may be possible to produce more services using less skilled
and unskilled labor.
However, the case where cities with cheap services have low H,, , is empirically implausible.
It implies that such cities also have low H,, (because Hy,./Hy, is high) and thus L,,. That is,
cities with larger services sectors would have smaller (in absolute terms) employment in all other
industries.

5.5 City Size

Fact 9 shows that larger cities are more educated and pay higher wages. This is consistent with
the model’s logic. To the extent that larger cities produce more services, the model implies higher
skill intensities in all sectors and in the aggregate, as well as higher real wages. This is implied by
the negative relationship between Y;, , and m,, established by Proposition 6.

However, without additional structure, the model does not rule out the existence of small,
highly educated, highly productive cities that pay low wages. There are two reasons for this. First,
scale economies stem from the size of a single sector. A small city could have a large services
sector, but employ little labor in the production of final goods. Second, final goods are imperfectly
substitutable. A highly educated and highly productive city may be small because its products
fetch low prices, either because consumers do not value them much (low ~,,) or because demand is
inelastic.

To illustrate the second case, consider a city with completely inelastic demand for its goods.
Potentially, multiple values of 7, satisfy all of the city’s equilibrium conditions. A lower 7,, induces
firms to substitute services for labor so that Xy, ;/Hp,; and Xy, /Ly, ; both rise. If demand is
inelastic, a fixed quantity Y, ; is produced using more services and less labor. The services sector
expands to the point where the lower 7, is consistent with zero profits, while employment in final
goods production contracts. This may be an equilibrium as nominal wages are pushed down by
lower final goods prices, holding wages net of congestion costs constant.

The model’s failure to imply a positive relationship between city size and skill intensities is not
necessarily a drawback. The empirical relationship shown in figure 11 is quite weak, and small,
highly educated cities do exist in the data.

6 Alternative Theories

Readers of this paper have suggested a variety of alternative theories of city skill composition. In
response, this section makes two points: (i) A number of apparently promising theories are difficult
to reconcile with at least some of the observations documented in section 3. (ii) This motivates why
these particular observations were chosen and considered useful: they have the power to distinguish
between alternative models.

The first challenge for theory is the finding that skill premia and skill intensities are not cor-
related across cities (fact 8). Why do more educated cities not either move down the skilled labor
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demand curve or up the skilled labor supply curve? In analogy to the cross-country context, a
Heckscher-Ohlin trade model offers a potential explanation. In an equilibrium with factor price
equalization, cities absorb different skill supplies not by adjusting their skill premia but by special-
izing in different industries. However, city education gaps should then be entirely due to industry
specialization, not to within-industry education gaps. This contradicts fact 1.

Some theories sidestep this issue by assuming that skilled and unskilled labor are perfect sub-
stitutes in production. Even though empirical estimates of the elasticity of substitution do not
support this assumption (Ciccone & Peri 2005), there are two reasons why the data might appear
as if the elasticity were infinite.

The first reason is incorrect industry aggregation. Consider a standard Heckscher-Ohlin model.
The economy produces I goods, but the data distinguish only I < I industries. In an equilibrium
with factor price equalization, Hy, ;/ Ly, ; is equalized across cities for each "true" industry i. How-
ever, measured H,, ;/ Ly, ; is a weighted average of the Hy, ;/ Ly, ; of all goods contained in industry
i. Since the weights placed on these goods may differ across cities, so do the measured H,, ;/ Ly, ;-
An observed industry ¢ can absorb variation in skilled labor supplies by changing the product mix
within industries without any change in the skill premium.

A second reason why the long-run elasticity of substitution may be infinite is induced technology
adoption. Beaudry, Doms & Lewis (2006) argue that this is how cities absorb exogenous inflows
of labor. The idea is that, in the short run, inflows of skilled labor lower the skill premium as
firms move down the skilled labor demand curve. In response to lower skilled wages, firms adopt
skilled labor augmenting technologies. This process continues until the skill premium returns to its
original level.

In both types of theories, the (long-run) elasticity of substitution between skilled and unskilled
labor is infinite. This results in multiple equilibria. At the industry level, Hy, /Ly, ; is indetermi-
nate. Empirically, this means that there is no reason to expect Hy, /Ly, ; to be correlated across
industries. New York could be skill intensive in legal services, but not in accounting. This is at
odds with the high correlation of skill intensities across industries documented by fact 2.

Determinacy could be restored by assuming that H and L are highly, but imperfectly substi-
tutable. Small changes in skill premia across cities could then induce large differences in H/L, so
that the empirical relationship is indistinguishable from being flat. However, such equilibria are
sensitive to small, industry specific shocks. Since the variation in skill premia is almost entirely
orthogonal to H/L, firms lack price signals to coordinate their hiring decisions across industries.
Even small shocks to skill prices (e.g., via factor supplies) or industry technologies would then
destroy the cross-industry correlation of H/L.

The model of section 4 views skilled and unskilled labor as imperfect substitutes. This implies
that more educated cities have higher skilled labor productivities (¢,,). Motivated by the observa-
tion that ¢,, is also correlated with the size of the business services sector, the model attributes
cross-city differences in ¢,,, to scale economies in the production of services. However, the evidence
is also consistent with other sources of skilled labor productivity differences.

To see this, consider the following version of the model presented in section 4. Intermediate
inputs are produced subject to constant returns to scale (¢ = 0). Cities are endowed with exogenous,
industry neutral labor productivity parameters ¢,,, so that final goods are produced according to

Y= Fi (G (¢, Hmyis Xmi) s L) (57)

This alternative model accounts for all of the data presented in this paper. In particular, the model
predicts that cities with higher ¢,, have larger business services sectors and pay higher wages.
Causality is reversed relative to the model of section 4: High ¢,, raises demand for skilled labor.
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Due to the complementarity between H and X, the demand for X increases. The example shows
that the evidence presented above is not informative about why skilled labor productivity differs
across cities.

There are two reasons why the paper focuses on an input sharing model where ¢,, is endogenous.
The first reason is parsimony. Rather than inventing a new model of cities, the input sharing
model jointly accounts for the coexistence of cities of different sizes and productivities as well as
education gaps. The micro-foundations that give rise to skilled labor productivity differences have
been explored in the literature.

The second reason is that the input sharing model naturally accounts for the industry neutrality
of ¢,,, differences across cities. Two alternative theories come to mind. In both, it is not obvious how
to account for industry neutrality. One alternative theory attributes ¢,, to technology adoption.
Unless technologies spill over across industries, this theory fails to account for the correlation of
®,, across industries.

A second theory postulates an industry-neutral human capital externality of the form ¢,, ; =
¢ (Hym/Lp,). Various micro-foundations for such spillovers have been proposed (Duranton & Puga
2003). These typically involve some form of information exchange or matching of heterogeneous
workers. Both suggest that human capital spillovers should have limited industry scope. This
makes it difficult to explain why skilled labor productivity varies in an industry neutral way across
cities. However, the evidence on the industry scope of human capital spillovers is limited.'?

It is, in principle, possible to distinguish the input sharing model from the alternatives. One
approach is to look for exogenous variation in the size of the business services sector, which could
serve as an instrument for ¢,,. This is left for future research.

OMoretti (2004a) finds that human capital spillovers are limited to technologically related industries. See also the
survey by Moretti (2004b).
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Table 9: Broad industries

Industry N (thousand)
Agriculture, fisheries 57.0
Mining 10.5
Construction 269.6
Manufacturing 628.5
Transportation 172.5
Telecom., Utilities 101.1
Wholesale, retail 791.1
Finance, insurance, real estate 292.5
Business services 330.5
Personal and repair services 166.0
Entertainment and recreation 79.5
Health care 376.5
Professional services 158.6
Education 384.2
Public administration 268.3

Notes: The table shows the broad industry classification. N is the number of persons working in
each industry.

Appendix

A Data Sources and Variable Construction

Broad industries. The aggregation of industries into 15 broad groups largely follows the cat-
egories of the PUMS variable IND1950. The main exception is that I add legal services to the
business services category. Table 9 shows the industry categories.

Summary statistics. Table Al shows summary statistics for the ten most educated and least
educated cities. Some of the highly educated cities, such as Ann Arbor or Madison, host large
universities. These might increase the supply of college educated labor. I do not drop such cities
for two reasons. (i) The model assumes perfect labor mobility. A city’s skill composition should
therefore not be correlated with its production of college graduates. (ii) It is conservative to retain
cities with idiosyncratic variation in skill composition. They pose a challenge for the model and
should reduce its explanatory power.
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