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Abstract

In this paper, we extend the model firm dynamics of Garcia-Macia, Klenow, and
Hsieh (2016) (GHK) to include a description of the costs of innovative investments as in
the model of Klette and Kortum (2004). In this model, aggregate productivity (TFP)
grows as a result of innovative investment by incumbent and entering firms in improving
continuing products and acquiring new products to the firm. This model serves as a useful
benchmark because it nests both Quality-Ladders based Neo-Shumpeterian models and
Expanding Varieties models commonly used in the literature and, at the same time, it
provides a rich model of firm dynamics as described in GHK. We show how data on firm
dynamics and firm value can be used to infer the elasticities of aggregate productivity
growth with respect to changes in incumbent firms’ investments in improving their in-
cumbent products, incumbent firms’ investments in acquiring products new to the firm,
and entering firms’ investments in acquiring new products. As discussed in Atkeson and
Burstein (2015), these elasticities are a crucial input in evaluating the extent to which it
is possible to alter the medium term growth path of the macroeconomy through policies
aimed at stimulating innovative investments by firms. We use these methods to pro-
vide quantitative estimates of these elasticities of aggregate TFP growth with respect to
changes in each of the three categories of innovative investment in the model as well as
of the rate of social depreciation of innovation expenditures. We demonstrate that these
quantitative implications of the model are highly sensitive to one’s estimate of the baseline
research intensity of the economy and to one’s estimate of the baseline market value of
intangible capital within firms.
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1 Introduction:

Garcia-Macia, Klenow, and Hsieh (2016) (henceforth GHK) present a tractable model of firm
dynamics that captures many features of the data on firm dynamics. Firms in this model
are distinguished by the technologies they posses for producing intermediate products. In this
dimension, the model is a straightforward extension of Klette and Kortum (2004). This model
allows for aggregate productivity growth to arise through innovation by incumbent firms to
improve their own products, innovation by incumbent firms to obtain products new to the firm,
and innovation by entering firms to obtain new products. Products that are new to a firm may
be new to society or “stolen” from other firms. The goal of their paper is to use data on firm
dynamics to estimate how much of the observed growth in aggregate productivity comes from
these different types of innovation by firms.

In this paper, we extend the GHK model of firm dynamics to include a description of
the costs of innovative investments that are left un-modelled in their paper. We also extend
this model to allow for two simple forms of social depreciation of innovation expenditures: we
allow incumbent firms to lose products due to exogenous exit of products and we allow for the
productivity with which incumbent firms can produce products to deteriorate over time in the
absence of innovative investments by that firm.

Our extended version of the GHK model then conveniently nests both the canonical Expand-
ing Varieties models analyzed in Luttmer (2007), Luttmer (2011) and Atkeson and Burstein
(2010) and the canonical Quality-Ladders based Neo-Shumpeterian models analyzed in Klette
and Kortum (2004) and the many models based on that framework. As a result, it incorpo-
rates the increasing returns due to increased variety as well as the intertemporal knowledge
spillovers from one firm’s success in innovation to the social payoffs to another firm’s innovative
investment.

We then use this extended version of the GHK model to consider the question of how an
economist who has access to rich data on firm dynamics and firm value might identify the
social returns to increased innovative investment by firms. We measure the social returns to
innovative investment by firms in terms of the increased growth of aggregate productivity that
would result from an increase in innovative investment.

We are able to measure these social returns to innovative investment by firms due to several
assumptions in our extended GHK model that make the model implied relationships between

firms’ innovative investments and the dynamics of firm size and value particularly tractable.



Under these assumptions, the current productive capacity of all firms corresponds to a
measure M,;(z), where M;(z) is the measure of intermediate products that can be produced
with physical capital and labor at productivity exp(z). The corresponding measure of products
in this economy is M; = > M,(z). Under the assumption that markups are constant across
products, aggregate TFP in the economy is given as a geometrically weighted aggregate of
product level productivities

1/(p—1)

Zy= > exp((p—1)2) My(2)

In general, to measure the social returns to firms’ innovative investments, one must construct
a model of how those investments translate into dynamics for the measure of productivities with
which firms produce the products consumers desire M;(z). These dynamics must be inferred
from data on the size of products, which corresponds to the model implied measure of size
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reflecting either the share of output of a product in total output, the share of production labor
devoted to a product in total production labor, the share of physical capital devoted to a
product in total physical capital, or the share of variable profits earned on a product in total
variable profits. This inference is complicated by the fact that the growth in the number of
products of a given size may be genuinely new products for society or simply a reallocation due
to business stealing.

To make progress on this inference, we use two key assumptions. First, we assume that
the equilibrium dynamics of z at the product level obeys a strong form of Gibrat’s Law: both
the exit rate of products and the increment to z for continuing products are independent of
product size. This assumption is quite close to the assumptions made in GHK to derive a
simple transition law for aggregate TFP as a function of the arrival rate of different types of
innovations to z at the product level. (We do drop the assumption in GHK of endogenous exit
of small products due to fixed operating costs.) Second, we assume that equilibrium innovative
investment at the product level is proportional to product size. This second assumption is quite
close to those used in Klette and Kortum (2004) and Atkeson and Burstein (2010) to aggregate
innovative investment. In our model, these assumptions lead us to the following simple form of

the aggregate relationship between firms’ innovative investments and TFP growth
log Z11 —log Z; = G(Tict, Timt, Tet)
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where x;. is the aggregate investment incumbent firms undertake at ¢ to lower the marginal cost
with which they produce their current products, z;,: is the aggregate investment incumbent
firms undertake at ¢ in acquiring new products to the firm (both those new to society and those
stolen from other firms), and z; is the aggregate investment by entering firms at ¢ in acquiring
new products to produce at t+1 (both those new to society and those stolen from other firms).
These innovative investments are in units of a produced input to innovation that we term the

research good and are subject to a resource constraint
Tict + Time + Tet = Yt

where Y,; is the aggregate ouput of the input into innovation and P,; is the price of this research
good relative to consumption. We refer to S,; = P,,Y,;/GDP, as the research intensity of the
economy.

We seek to measure the social returns of firms’ innovative investments in terms of the
derivatives of this equilibrium function G.! We do so at an assumed baseline level of aggregate

TFP growth g and unobserved baseline levels of investment. For example, we refer to
Gicj:ic

as the elasticity of aggregate TFP growth with respect to a change in firms’ investments in
lower the marginal cost of production of their currently produced products, and likewise for the
other two forms of innovative investment. The elasticity of aggregate TFP growth with respect

to a proportional change in all three forms of innovative investment, is then given by
Giciic + szfzm + Gefe

We also consider the elasticity of changes in innovative investment concentrated entirely on

each one of the three forms of innovative investment

_ Y
Gic$ic —
ic

L As discussed in Atkeson and Burstein (2015), these elasticities of aggregate TFP growth with respect to
changes in real innovative investment are impact elasticities. That is, these elasticities are useful for measuring
the elasticities of aggregate TFP growth with respect to policy-induced changes in expenditures on innovative
investment on impact. As discussed in our earlier paper, the dynamics are shaped to a large extent by the
degree of intertemporal knowledge spillovers. If these are large enough to ensure that the model displays fully
endogenous growth, then impact elasticities are also useful in measuring the permanent change in the growth
rate of aggregate TFP that arises from a policy-induced permanent change in the innovation intensity of the
economy.



and likewise for the other two forms of investment.

Following Atkeson and Burstein (2015), we first show that if one imposes the assumption
that there is no social depreciation of innovation expenditures, as is done in Klette and Kortum
(2004) and GHK, then the quantitative implications of the model for the elasticities of aggregate
productivity growth with respect to changes in innovative investments in economies with low
baseline levels of TFP growth are tightly restricted by that low baseline level of TFP growth
regardless of the fit of the model to the data on firm dynamics and value. Specifically, the

function G is concave in a proportional increase in its three arguments so
Gicjic + G'Lmi‘zm + Geii‘e é gZ - G(()) 07 O)

since gz corresponds to the growth of aggregate TFP at the baseline level of investments. We
refer to the model’s counterfactual implications for the growth rate of aggregate TFP if there
were 1no investments by firms in innovation (G(0,0,0)) as the social depreciation of innovation
expenditures. Under the assumption of no social depreciation, G(0,0,0) = 0, and hence the
social return we wish to measure is bounded by the baseline growth rate of TFP g.

We then take up the question of what quantitative social returns to firms’ innovative invest-
ments the extended GHK model with the two forms of social depreciation can admit once it has
been fit to data on firm dynamics and firm value. We assume that the economist conducting the
measurement has access to data on the size and number of products in entering and incumbent
firms and data on the value of firms in excess of their stock of physical capital. We show how to
identify the parameters of the function G and the levels of investment of each type from these
data up to two unidentified parameters: the fraction of products that are new to entering and
incumbent firms that are new to society as opposed to stolen from other firms, and the fraction
of firm value that is due to the variable profits earned on existing products versus due to the
added innovative capacity of the firm associated with the acquisition of these products. We are
able to use the model to impose upper and lower bounds on these two unobserved parameters.
Our main results are presentations of the model-implied relationships between these data on
firm dynamics and firm value, the two set-identified parameters, and the elasticities of aggre-
gate TFP growth with respect to changes in these three categories of innovative investment by
firms.

We next use our theoretical results to deliver quantitative estimates of the social returns
to firms’ innovative investments implied by our extended GHK model and the data in the

Business Dynamics Statistics database as well as calibrations of total innovative expenditure



from Nakamura (2009) and firm value from McGrattan and Prescott (Forthcoming). We find
elasticities of aggregate productivity growth with respect to individual categories of investment
ranging from 0 to 0.44 and with respect to a proportional increase in all three categories
of innovative investment ranging from 0.013 to 0.039, with the alternative estimates driven
primarily by different calibrated values of the baseline market value of intangible capital within
firms. We find corresponding rates of social depreciation of innovation expenditures ranging

from 0.023 to 0.037 per year.

2 Model and Equilibrium Properties:

In this section, we review the key results we derive from the dynamic equations of the model.
Details of how these dynamic equations are derived from a fully specified version of the model

are given in subsequent sections.

2.1 Aggregate Output and Total Factor Productivity:

At each date t, aggregate output of the final good used for consumption and investment in
physical capital is given by
Y, = Zth‘L;; @

where K, is the aggregate stock of physical capital, L, is the aggregate quantity of labor used
in production of this final good, and Z; is total factor productivity.

As is standard in this literature, we assume that this final good Y; is produced from a
continuum of intermediate products through a CES aggregator with elasticity p. These inter-
mediate goods are each provided by monopolist producers who engage in monopolistic price

competition. These intermediate products are produced according to production technologies

yo(2) = exp(2)he(2) Tu(2)

where z indexes the position of the marginal cost curve for the producer of the intermediate
good and k;(z) and [,;(2) denote the quantities of physical capital and labor used in production
of the intermediate good with index z at date t. To simplify our notation, we assume that
the support of z is a countable grid with z, = nA for the integers n. Assuming constant
markups p > 1 of prices to marginal costs across products, we get the result that in equilibrium

total factor productivity is a CES aggregate of the indices z across the available intermediate



products of the form
1/(p=1)

= Zexp((p — 1)z,) My(2,)

where M;(z,) is the measure of intermediate products with index z, at date t. Note that the

measure of products available in the economy at date ¢ is given by
My =" My(z)

2.1.1 Product Size:

In equilibrium we have that

_exp(lp—1)z) _ w(z) _ ku2) _ ln(2)

i(2) 77T Y, K, Ly

Hence, we refer to s;(z) as the size of a product. In data, this can be measured in terms of
value added or profits or physical capital or production labor. This measure is also additive,

so we can use it to refer to the size of categories of products as we do below.

2.1.2 Factor Shares:

In equilibrium with constant markups p across products, fraction o/ of output Y; is paid to
physical capital, fraction (1 — «)/u to production labor, and fraction (u — 1)/p to the firms

that produce the intermediate products are variable profits.

2.2 Contributions to TFP by firm and product categories:

As in Klette and Kortum (2004), firms in this economy produce a number of products j, where
7 is a natural number. Entering firms enter with a single product, so j = 1. Firms exit when
the number of products that they produce drops to zero.

We say that a firm is an incumbent firm at t if it also produced products at ¢t —1. Otherwise,
firms at t are entering firms.

We say that a product is an existing product at t if it was also produced at t —1. Otherwise,
products at t are new products.

New products are new to society. Not all products that a new to a firm at t are new to
society. Some products that are new to a firm at ¢ are incumbent products that were produced

by some other firm at ¢t — 1. We refer to existing products that are produced by a different firm



at t than at ¢t — 1 as stolen products. We refer to incumbent products at ¢ that are produced
by the same firm at ¢ as at ¢ — 1 as continuing products. Note that, by definition, continuing
products are produced by incumbent firms.

With this terminology, we decompose aggregate productivity at ¢ into five components:

1/(p-1)
zct - [Z eXp - 1 Zn)Mict(Zn>]

where M;.(z,) is the measure of continuing products with index z, produced by incumbent

firms at date t,

/(p—1)
Limt = [Z exp((p — 1)zn)Mmt(zn)]

n

where M;,(2,) is the measure of new products with index z, produced by incumbent firms at

date t,
1/(p—1)
zst — [Z eXp - 1 Zn)Mist(Zn)]

where M, (z,) is the measure of stolen products with index z, produced by incumbent firms

at date t,
1/(p—1)
ent - [Z eXp - 1 Zn)Ment<Zn)]

where M., (z,) is the measure of new products with index z, produced by entering firms at

date ¢, and
1/(p—1)
est - [Z eXp - 1 Zn)Mest(Zn)]

where M, (2,) is the measure of stolen products with index z, produced by entering firms at
date t.

With these definitions, we have the following decomposition of aggregate productivity

=z ez e 2zt 20

ict ist est

As in GHK, this decomposition can be done by product categories existing and new

Z¢ = (20 + 20+ 20 + (20 + 28

ict ist est ent

and firm categories, incumbent and entering

Z0 = (20 + Ze 20 + (20 + 28

ict ist ant est ent



In using data on firm dynamics to discipline the model, we use the results that these decom-

positions of aggregate productivity correspond to decomposition of product categories categories
—1 —1 —1 —1 —1
1 = (Zzit + Zzpst + ngt ) 4 (Zzpnt + Zepnt )
= —1 —1 1 —1 —1
zt oz zt Z
and likewise for firm categories, incumbent and entering

Zh' | Zhe | Zhe Zba' | Db
1= p—1 + p—1 + p—1 + p—1 + p—1
Zi A A A A

by category size

We also use notation for a corresponding decomposition of the measure of products into five

categories

Mict - Z Mict<zn)

and similarly for the categories is, in, es, and en.

Let .
z0
Sict = =

p—1
Zt

denote the aggregate size of continuing products at incumbent firms, and likewise let S;y.;, Sist,

Sent and S.g; denote the sizes of the other four product categories. Let
Simt = Sint + Sist

denote the size of those products that are new to incumbent firms at ¢t and Sy = Sent + Sest

the size of those products that are new to entering firms at ¢.

Mict
M,

denote the fraction of products that are continuing products at incumbent firms, and likewise let

Fict =

Fii, Fist, Fony and Foy denote the sizes of the other four product categories. Let Fj,.; = Fi +
F;,; denote the fraction of products that are new to incumbent firms at ¢ and F; = Fi,; + Fog
the fraction of products that are new to entering firms at t. Note that the average size of

products in a category is given by the ratio S/F.

2.3 Technology for Innovative Investment:

We assume that firms make three types of investment in innovation as in GHK: incumbent firms

invest to improve their continuing products, incumbent firms invest to acquire new products to



the firm either through the creation of a new product or acquisition of a stolen product, and
entering firms invest to acquire new products to the entering firm either through the creation
of a new product or acquisition of a stolen product. Innovative investment is undertaken using
a second final good, which we term the research good, as an input. The aggregate amount of

this research good produced at time t is
Yy = AnZ " Ly (1)

where L,; = Ly — L, is the quantity of labor devoted to production of the research good, A,
is the level of exogenous scientific progress, and the term Zf’ ~! for ¢ < 1 reflects intertemporal
knowledge spillovers in the production of the research good as in the model of Jones (2002)
equation 5.

We denote the aggregate quantity of the research good that incumbent firms invest at ¢ in
improving z for continuing products at t + 1 by z;,. We denote the aggregate quantity of the
research good that incumbent firms invest at ¢ in acquiring products new to that firm at ¢ + 1
by x;mt. We denote the aggregate quantity of the research good that entering firms invest at ¢
in acquiring products new to that firm at ¢t + 1 by z;. The resource constraint for the research
good is

Tict T Timt + Tet = Yt (2)

As in Klette and Kortum (2004), we assume that the innovative investment undertaken by
a firm is simply the sum of the investments by that firm at the product level. As in Atkeson
and Burstein (2010), the equilibrium investment by incumbent firms in improving each of their
continuing products is directly proportional to the size of the product. Asin Klette and Kortum
(2004), the equilibrium investment by incumbent firms in acquiring products new to the firm is
directly proportional to the number of products produced by the firm. Finally, we assume that
the amount that each entering firm invests is a parameter at ¢ that we normalize to 1/M;. The
technologies for innovative investment that we assume build in two key spillovers. First, for
incumbent firms investing in improving a continuing product, the cost of such investment falls
with aggregate TFP. Second, for incumbent and entering firms investing to acquire products
new to the firm, the productivity index z of the acquired product rises with the average value
of exp((p — 1)z) across existing products and the cost of the investment falls with the measure
of existing products M;.

Furthermore, as in Klette and Kortum (2004) and Atkeson and Burstein (2010) and many

other papers in the literature, we assume that these investments result in equilibrium dynamics
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for the scale of existing products consistent with a strong form of Gibrat’s Law characterized
by the following four properties of equilibrum. First, we assume that a fraction dy of existing
products at t cease to be produced (for exogenous reasons) at ¢ 4+ 1, with this exogenous
exit probability dp independent of the index z of the product. Second, the probability that an
existing product is stolen from an incumbent firms is independent of the index z of the product.
Third, the increment to the index z for existing products that are stolen by incumbent and
entering firms between t and t+1 is 2,41 —2; = A independent of the index z of the product that
is stolen. Fourth, the distribution of the increments to the index z between ¢ and t+ 1 for those
products that are continuing products produced by incumbent firms at ¢ + 1 is independent of
the index z of those products at t.

We now describe the dynamics of the measures and contribution to aggregate productivity of
each product category, based on our assumptions on the technologies for innovative investment

at the firm level. Further details are given in the Appendix (To be written).

2.3.1 Measures by product category

The measure of products produced at t 4+ 1 by entering firms is given as a function of entering

firms’ innovative investment at ¢ by
MestJrl + MentJrl = xetMt-

This expression follows from the assumption that if an entering firm spends 1/M; units of the
research good, it acquires 1 new product. Thus if there are M, entering firms at time ¢ they
spend M, /M; units of the research good and produce M, new products at t+ 1. Further details
are provided in the Appendix (to be be written).

We assume that fraction § of these products produced by entering firms at ¢t + 1 are stolen
from incumbent firms, with the remaining fraction 1 — 9 being new to society. Thus, we assume
that

Mestr1 = 0w My

We assume that the measure of products new to incumbent firms at ¢t + 1 is given as a

function of these firms’ investments x;,; at t. Specifically, this measure is
Mist1 + Minsy1 = M@ ime) My

where h(-) is a strictly increasing and concave function with A(0) = 0 and h(x) < 1 for all z.

This expression follows from the assumption that if each incumbent firm spends x/M; units

11



of the research good per product it produces, it acquires h(z) new products per product —
if ¥ = xjy, is the same for each product then w;,, is spent on aggregate and h(x;y,:)M; new
products are created at t + 1.

We again assume that fraction ¢ of these products are stolen products, so
Mist41 = 5h($z‘mt)Mt

The measure of continuing products produced by incumbent firms at ¢4 1 are those products
at t that do not cease to exist at ¢t + 1 plus those products at ¢ that are not stolen at ¢ + 1.
Thus
Micry1 = (1= 60) My — Mgy — Mesty1 = (1 — ) M,

where
Ont = 00 + 0 (h(Time) + Ter) (3)
2.3.2 Dynamics of the measure of products

These assumptions imply dynamics for the total measure of products

Myt
M,

= (1 = dme) + M(@imt) + Ter (4)

2.3.3 Investment and growth of Z by product category

In this subsection, we make assumptions about the relationship between investment and the
growth of Z by product category. These assumptions deliver our model’s predictions for the
relationship between investment and the growth of size by product category as well as for the
relationship between investment and the growth rate of aggregate TFP.

We assume that, due to spillovers as in Luttmer (2007), new products in entering firms at
t 4+ 1 have average exp((p — 1)z) indexed by 7, Z~' /M, so that their total contribution to
aggregate productivity is

Zlir = TenZf (1 = 0)er.

where we used the assumption that

Ment+1

Mt = (1 — 6)1’615

New products obtained by incumbent firms have average exp((p—1)z) indexed by 7, 2" /M,
so that
by = Z{ " (1= 0)h(ims)-
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where we use the assumption that

Mint+1

= (1 —=0)h(zim
B — (1= §)h(ain)
Products that are stolen each have increment of size A to their index z from ¢ to ¢ + 1.

Thus, they have average exp((p — 1)z) indexed by exp((p — 1)A)Z°~" /M, so
Zlaia = expl(p = )A)Z{ ™ o,

and
Z0 1 = exp((p — 1)A) Z0 ™ Sh( i),

Those products that are continuing products in incumbent firms at ¢ + 1 experience, on

average, increment ((2,) to their exp((p — 1)z) from ¢ to ¢ + 1. Thus
Zz'%;l = (1= dme) E(xict)zf_l

This expression follows from the assumptions that if an incumbent firm with a continuing
product with productivity z spends x of the research good on improving that product, it
draws a new productivity, conditional on survival, that is k steps from z with probability

—1
¢ (kz, xm) In equilibrium, each incumbent firm chooses the same investment per unit

exp((p—1)z)
zP~1

that is k steps from the current level is ¢ (k, ;). We define the expectation over k as ¢ (2¢).

size x (2) = Tix , so for all products the probability of drawing a new productivity

Adding over all incumbent products, the aggregate resources spent in this activity are z;,;. We

assume that ((z;.) is a strictly increasing and concave function, and that 0 < ((0) < 1.

2.3.4 Dynamics of TFP
These assumptions imply dynamics for aggregate productivity

p—1
Zt+1

p—1
Zt

= (1 =00 — 0("(Zimt) + Tet)) E(xict) + il (Tmt) + NeTet (5)

where
ni = 6exp((p — 1)A) + (1 — 0)7in
and

776 = (5eXp((p - 1)A) + (1 - 5)77677,
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2.3.5 Parameters and the length of the time period

The parameters dg, 9, Nin,and 7., all represent ratios of level variables and hence are set inde-
pendent of the length of the time period.

The variables z;., x;, and x. represent flows, and hence are proportional to the length of
the time period. Likewise, since h(x;,,) reflects an arrival rate of new products, this rate should
also be proportional to the length of the time period. The step size A for stolen products is
independent of the length of the time period.

Since log(¢(x)) corresponds to the growth rate of z for continuing products in incumbent
firms, we do require that log({(x)) converges to zero as the time interval between periods ¢ and
t + 1 shrinks to zero.

Thus, without loss of generality, we can assume that exp((p—1)A) > ((x). This corresponds
to the requirement that a product that is stolen from incumbent firms is produced with a
higher z at ¢ + 1 in its new firm than it would have had as a continuing product in the firm
that previously produced it. As we discuss below, this assumption also thus corresponds to the

assumption that stolen products have larger average size than continuing products in incumbent

firms.

2.4 Nested Models

This model nest five commonly used models in the literature: three types of Expanding Varieties
models and two types of Neo-Schumpeterian models.

If 6 = 0, then there is no business stealing and hence all new products acquired by incumbent
and entering firms are new products for society, expanding the measure of products M;. This is
the assumption typically made in an Expanding Varieties model. Luttmer (2007) is an example
of an expanding varieties model in which there is only innovative investment in entry. (Note
that we do not consider the endogenous exit of products due to fixed operating costs featured in
that paper and in GHK). Atkeson and Burstein (2010) is an example of an expanding varieties
model in which there is innovative investment in entry and by incumbent firms in continuing
products. Luttmer (2011) is an example of an expanding varieties model in which there is
innovative investment in entry and in the acquisition of new products by incumbent firms.

Neo-Schumpeterian models based on the Quality-Ladders framework typically assume § = 1
and dy = 0. The simplest versions of these models do not accommodate growth in the measure

of varieties M;. Grossman and Helpman (1991) and Aghion and Howitt (1992) are examples
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of Neo-Schumpeterian models in which there is only innovative investment in entry. Klette
and Kortum (2004) is an example of a Neo-Schumpeterian model in which there is innovative

investment in entry and by incumbent firms in acquiring new products.

3 Disciplining the Model with Data on Firm Dynamics

We consider an economist who has data on the growth rate of the measure of products M, /M,
as well as data on the fraction of products that are continuing products in incumbent firms
Fi.4 11, the fraction of products that are new to incumbent firms measured as the sum of those
that are new to society and stolen Fj,,;11, and the fraction of products that are produced in
entering firms measured as the sum of those that are new to society and stolen F; ;.

We also assume that this economist has data on the growth rate of aggregate TFP Z,,,/Z,
(at least for some baseline value) and data on the aggregate size of continuing products in
incumbent firms S;.;1 1, the aggregate size of products that are new to incumbent firms measured
as the sum of those that are new products and those that are stolen S;,,;+1, and the aggregate
size of products that are new to entering firms measured as the sum of those that are new
products an those that are stolen Se;p41-

We use the notation
9zi1 = log(Zy41) — log(Z;)

to denote the growth rate of aggregate TFP and gp;1 = log(M;y1) — log(M,;) to denote the
growth rate of the measure of products.
3.1 Implications of data on the dynamics of the measure of products

Data on the dynamics of the measure of products allow one to identify the values of the following

on a balanced growth path (BGP)

(1—6u) = Ficexp(gur)

Te = Fe eXp(gM)

3.2 Implications of data on size and aggregate TFP growth

Data on size and aggregate TFP growth, together with the data on the measures of products

discussed above, allow one to identify the following model parameters.
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The parameters 7, and 7); are identified from data on the average size of products that are
new to entering and incumbent firms on a balanced growth path (these BGP average sizes are

denoted with a bar): B
_ &exp((p —1)gz)

c Fe exp(gM)
__ Sim exp((p — 1)92)
" F exp(gn)

The value of ¢ (z¢) is identified from data on the average size of continuing products in

incumbent firms B
O F exp(gnr)

3.3 Parameters that are not identified

The parameters dy and § governing the share of products new to incumbent and entering firms
that are stolen from other incumbent firms together with the parameters 7;,, and 7., governing
the average value of exp((p — 1)z)/Z° " for that fraction (1 — &) of products new to incumbent
and entering firms that are new to society are not pinned down by the data on firm dynamics
we have discussed. Instead, we have only identified &, as defined in equation (3) and 7; and
7. defined in equation (5).

Our model does impose bounds on these parameters d; and §. Both of these parameters
must be non-negative. We must have §, < d,; as observed in the data (Fj.exp(gas)). We must
have ¢ below the minimum of four upper bounds. The first of these is 4 < 1. The second of
these corresponds to the value of § implied by equation (3) with 6y = 0 (since &y cannot be
negative) and the data on the exit rate of incumbent products and the fraction of new products
in incumbent and entering firms. Specifically

5 < Onr I }?ic exp(Jn)
T (@) + T (1= Fie) exp(gu)
The third and fourth bound corresponds to the requirement that stolen products in incum-

bent firms have higher z (on average) than the products that they replace, i.e. exp((p—1)A) >

((Z;.). Note that our model’s implications for the average size of stolen products in incumbent

and new firms is B ~
Si Ses eXp((p _ 1)A) —
_— = — g ex

and that the average size of new products in incumbent firms is the solution to
S; Sis S;

— = [— 1_

S
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The requirement that stolen products be larger than those that they replace, i.e.

; Sic

1S N Fic

|

(or, similarly, exp((p — 1)A) > ((%;.)) together with the requirement that new products have

non-negative average size (7;,, > 0) implies that we must have

S

Similar arguments for entering firms give the fourth bound

5<§ Sie
T Fel Fi

The minimum of these bounds binds when new products in incumbent or entering firms are
smaller than continuing products on average in the data.

We have imposed directly by assumption that ~2(0) = 0 and that the measure of products
in entering firms at ¢ + 1 is equal to zero when z. = 0.

The parameter ((0) corresponding to the counterfactual growth rate of exp((p — 1)z) for
continuing products in the absence of investment in improving these products is also not iden-

tified.

4 Elasticities of TFP growth with respect to innovative
investment

From equation (5), we can write the growth rate of TFP as a function of innovative investments

as

log(Zi11) —log(Z:) = G(Tict, Timt, Tet)

where

G0, Tomy 76) = — 1og (1= 8y = 8(h(in) + 7)) Claic) + Tib() + )

We now consider the elasticities of TFP growth with respect to the three types of innovative
investment. To do so, we evaluate derivatives of G at a point (Z;., Zim, Z.) and Y, that satisfies

equation (2). Define gz to be the growth rate of TFP at those levels of investment. Define
& = log(x) — log(x)
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Then, to a first order approximation we have
9z = Gicjicxic + sza_jzmxzm + Gea_;exe

where
gz = log(Z') —log(Z) — gz

and

and

4.1 Identifying or bounding elasticities

In what follows, we look to use data on firm dynamics and the value of firms to identify precisely
or bound the model-implied impact elasticity §z/Y; computed from derivatives (6), (7), and
(8), baseline investment levels Y;, %, Z;, and Z., and alternative perturbations to investment
Tic, Tim, Te-

We consider two types of perturbations to investment. The first type is a proportional

change in all categories of investment
xic:xim:l’e:}/r

The second type of perturbation is concentrated on a single form of investment

. Y, ¢
Lie = __Y;“
Tic
R Y, &
Tim
or ~
Y
Le = — 1y
Te

We start our analysis with an application of the results of Atkeson and Burstein (2015)
bounding the impact elasticity g/ Y, with respect to a proportional change in all three cat-

egories of investment by the difference between the baseline growth rate of TFP and the
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model implied counterfactual growth rate of TFP in the absence of any innovative investment,
gz —G(0,0,0). In the original GHK model, it is assumed that G(0,0,0) = 0, so this proposition
imposes a tight bound for advanced economies with low baseline gz. We then show that in our
specification of the GHK model, G(0,0,0) can be less than zero, relaxing this bound.

Once we allow for the possibility that G(0,0,0) < 0, the model admits for a large value of
the impact elasticity g7/ Y, even in an advanced economy. As we have discussed above, data on
firm dynamics allows us to identify some terms in the derivatives (6), (7), and (8), but we are
not able to identify the parameter ¢ governing the extent of business stealing, the derivatives
of the innovation technologies ('(Z;.) and h'(Z,,), and the baseline investment levels Y., Zic, Zin
and 7, needed to compute these elasticities.

In section 5 we discuss how to use data on the value of intangible capital in firms together
with the condition that firms choose investment to maximize that private value to identify the
derivatives of the innovation technologies ('(Z;.) and h/(%Z,,) and the breakdown of expenditure
on innovation into the three categories of innovative investment. In section 6 we then report
on the model’s quantitative implications for these elasticities for various assumed values of the

parameter 0 governing the extent of business stealing.

4.2 Elasticity with respect to a proportional change in all innovative
investment

Following Atkeson and Burstein (2015), we are able to bound the elasticity of TFP growth with

respect to a proportional change in all innovative investments as follows.

Proposition 1. If ;. = T, = 2. = Y,, then the elasticity of TFP growth with respect to
mnovative investment is bounded by the difference between the baseline growth rate of TFP and

the growth rate of TFP when all investment is zero, i.e.

9z < (9z — G(0,0,0)) Y,
Proof. The proof follows from the concavity of the function H(a) (see appendix) defined as
H(a) = G(aZic, T, aT.)
Specifically, if z;. = Z;, = T, = }A/T, then
gz = H'(1)Y,
The result follows from the fact that for concave functions H'(1)1 < H(1) — H(0). O
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4.3 Social Depreciation of Innovation in the GHK model

Note that the bound on the elasticity g/ Y, established in proposition 1 is independent of
parameters outside of those that determine the model’s implications for gz and G(0,0,0). We
refer to the growth rate of TFP that would arise if all innovative investment were set to zero,
G(0,0,0), as the rate of social depreciation of innovation.

In both Klette and Kortum (2004) and GHK, it is assumed that the rate of social depreci-
ation of innovation G(0,0,0) = 0. As a result, the elasticity gz/ﬁ is bounded by g.

In our implementation of the GHK model, we do not make this assumption that there is
no social depreciation of innovation. Because we allow for exogenous exit of existing varieties,
denoted by g, and for deterioration of the index z of continuing varieties in incumbent firms,

denoted by ((0) < 1, we have social depreciation of innovation given by

G(Ov 0, O) = log ((1 - 50)6(0)) <0 (9)

p—1
(recall that since h(z;,) denotes a rate at which incumbent firms acquire new products, we

impose that h(0) = 0). Thus, our version of the GHK model potentially allows for a higher
elasticity g/ Y, > g if we allow for social depreciation by calibrating &y > 0 and/or ((0) < 1.

4.4 Bounding elasticities with respect to components of investment

and social depreciation

In the experiment in which we consider proportional changes in investment, we have that the
elasticity of TFP growth with respect to total innovative expenditure is equal to the sum of
three individual elasticities:
gZ = [Gici‘ic + szjzm + Geje] Y;”
Using the same logic based on concavity, in this model, we can bound these elasticities of
TFP growth with respect to each component of innovative investment as follows.

Corollary 2. The individual elasticities of TFP growth with respect to the components of
wmvestment are bounded by

Gicjic S gZ - G(O, jim7 je)
Gimjim S gZ - G(i‘ica 07 je)

Gefe S gZ - G(jica jima 0)
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Proof. These bounds follow as a corollary to proposition 1 from the concavity of the functions
Hic(a) = G(aZic, Tim, Te)
Him(a) = G(Zic, aZim, Te)

and
H.(a) = G(Zic, Tim, aZe)

and the observation that the desired elasticities are given by H/ (1), H, (1), and H.(1) respec-
tively. ]

The bounds on the elasticities of TFP growth with respect to changes in the components
of innovative investment presented in Proposition 2 offer a procedure for bounding the change
in TFP growth ¢ that would arise from a change in total innovative investment Y, focused
entirely on one of the categories of innovative investment. Specifically, consider changes in
investment of the form (Z;, 0,0), (0, Z;,,0), and (0,0, Z.). Then we have
Y,

Lic

jic = YA;
and similarly for z;,, and Z.. This observation gives us that the change in TFP growth g, that
would arise from a change in total innovative investment Y, focused entirely on an individual
category of innovative investment (Z;., 0,0) is bounded by
N I
9z S (gZ - G(07 Lim, xe)) __Y;”
1c
and similarly for z;,, and Z..

We look to calculate these bounds and the corresponding exact elasticities as functions of

observables below.

4.5 Exact Elasticities

Given the functional form of the transition law for TFP in equation (5), we can obtain formulas
for these individual elasticities that show the relationship between the exact elasticities and

these bounds. Specifically, these elasticities are given by

1 exp((p— 1)32) — exp((p = VGO0, Fim, 7)) C(F)7

Gicic = p—1 exp((p — 1)gz) C(Fw) — C(0) (10)
Gimfim - L eXP((p _ 1)@2) — GXp((p — 1>G(a_:167 07 J_:e)) h,<jzm)jzm (11)

p—1 exp((p — 1)7z) (i)
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1 eXp((p — 1)§Z) — eXp(<p B 1)G(Eic;fim7 0))
p—1 exp((p —1)gz)

Thus, our assumptions that {(z) and h(z) are concave and that h(0) = 0 give us tighter bounds

Geje =

(12)

on these elasticities than those in proposition 2. That is, for example, since

1 exp((p—1)gz) — exp((p — 1)G(0, Tim, 7))
p—1 exp((p —1)gz)

< gZ - G(Oajimaje)

for p > 1, these elasticities lie strictly below the bounds above unless we set p = 1. As p — o0,

these elasticities converge to zero.

4.6 Exact Elasticities and Counterfactual Size of Products

To calculate these exact individual elasticities, we need to identify the concavity of the functions

((x;.) and h(z;m,). We can bound these individual elasticities, however, by expressing the terms

1 exp((p —1)gz) — exp((p — DG(0, Tim, Te))
p—1 exp((p —1)gz)

etc. in terms of baseline and counterfactual sizes of product categories. We do so in the next
proposition.

Define
s oy~ (1=0m)C(0) _ Fiexp(gm) -
%e0) = - 152 ~ e0((p— Dgz)* )

where the second equality follows from the identification of parameters in data on firm dynamics

as described above.

Proposition 3. We have the following bounds on individual elasticities.

1 _ ~
F o< - (g _ g
Gzcxzc = o — 1 (Sz Szc(o)) (13)
1 (4 Sie -
N T G B iy n)
szxzm = p— 1 (Sz d - zm> (14)
_ 1 o gic I
Gexe = m (Se - 5F—er> (15)

Proof. These bounds follow immediately from equations (10), (11), and (12), the concavity of
h(z) and {(z), the assumption that h(0) = 0, and the definition of S;.(0). Note that equation
(15) is an equality because we have a linear entry technology.

[]
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Note that if we impose the restriction as in GHK that incumbent firms do not suffer regress of
z on continuing products even if they do not invest in improving these products (i.e. {(0) = 1),
we then have from (13) the bound that

_ 1 /. Fiexp(gar) )
Gicmic S Sic - — 16
p—1 ( exp((p —1)gz) (16)

This bound can be evaluated given the data we assume is available to the economist. Alterna-
tively, as we argue in Corollary 6, if the economist is able to estimate the elasticity G;.Z;. using
other data, one can then use (13) to put an upper bound on the value of {(0). We do so in our
calibration section below.

The result in equation (15) shows that the only source of uncertainty in identifying the
elasticity of TFP growth with respect to entry given the data we have assumed the economist
to have is the parameter 0. Likewise, the result in equation (14) allows us to bound the
elasticity of TFP growth with respect to investment by incumbents in acquiring new products
given knowledge of 4.

If we set § at its minimum value of 0, so that there is no business stealing as in an Expanding
Varieties model, we have

G.7 — ﬁse (17)
This means that a model with o = 0 that is calibrated to a baseline growth TFP growth rate
of gz = .01, p = 4 and aggregate size of entering firms of S, > .03 implies an elasticity at
least as large as 0.01 as long as the other two derivatives are non-negative. Given the bound
in proposition 1, a reasonably calibrated Expanding Varieties model must imply that there is
some social depreciation of innovation expenditures

Note that the corresponding elasticity of aggregate TFP to a change in innovative investment

devoted entirely to investment in entry when § = 0 is then given by

~

= —56

e (18)

e

Y, 1
T

&I

where Z. /Y, is the share of innovative investment undertaken by entering firms. We use data on
the value of firms’ intangible capital to estimate this share of innovative investment by entering
firms below.

In the next section, we turn to using data on the value of firms to identify the levels of
investment Z;./Y;, Zim/Y,, and z./Y;. We then use equilibrium conditions to identify (’(Z;.)

and h/(Z;y,), which allows us to fully identify the desired elasticities up to uncertainty over .
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5 Firm Values and the Equilibrium Levels of Innovative
Investment

We now consider the features of the model that can be identified if the economist requires that
the model also match data on the allocation of factor payments observed in GDP and data on
the value of the intangible capital in firms relative to GDP. We assume throughout that there
are no taxes or subsidies in the observed equilibrium. A full calibration exercise would have to
take into account the impact of taxes and subsidies on measures of firm value. We intend this
section to demonstrate the method for using data on firm value to discipline the model-implied
impact elasticities of aggregate TFP growth with respect to changes in innovative investment).

Here we consider the older notion of GDP as equal to the sum of expenditures on consump-

tion and investment in physical capital. This notion of GDP corresponds to
Ct + Kt+1 - (1 - 5K)Kt == }/;g - ZthaL;;a

Standard arguments imply that fraction a/p of GDP is paid to physical capital as either
explicit or imputed rentals, fraction (1 — «)/p is paid as compensation to production labor
L. The remaining fraction (u — 1)/u of output is available to owners of firms in the form of
variable profits. A portion of these variable profits are spent on firms’ innovative investments.
The cost of these innovative investment is paid to research labor. Note that to match the model
implications for compensation of research labor to data from the National Income and Product
Accounts, one must impute compensation of research labor in the form of sweat equity as in
McGrattan and Prescott (2010).

We assume that the compensation of research labor W;L,; is equal to the total value of
research output P,;Y,; where P,; represents the price of the research good in terms of consump-
tion. Thus, the total compensation of labor is given by W,L,, + W,L,,. The aggregate flow
of variable profits paid to firm owners in excess of aggregate costs of innovative investments is

then

p—1 }
—S.1Y, 19
[ 1% ot ( )
where
PrtY;’t
Syt =
Ty,

denotes the research intensity of the economy.
We now turn to the equations that we use to match data on firm value on a balanced growth

path.
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5.1 The value of a continuing product for an incumbent firm

We guess that a product of size s at t adds value V;s to the firm that produces this product at
date t. We also guess that in equilibrium, investment by incumbents in improving their own
products is directly proportional to product size s = exp((p — 1)2)/Z™", or @.,(s) = x..s for
all s.

We then have the following recursion for this value of a product in terms of its variable

profits to an incumbent

vs=""ly. p P R Y )Zp_1
s = s — P — Tic s
t ¢ tLict 1+ R, t+1 Mt t th+11

where R, denotes the consumption interest rate between ¢ and ¢ + 1. Using the notation

exp(th+1) = Ygl

p—1  Pyxiy  exp(gyis1)
) P v L+ R, Crridi (20)

and in a BGP

Y 1+R

When an incumbent firm chooses investment x;. optimally, its choice satisfies the first order

condition
1 Y zr!
P, = Vit (1 — Tict) ——
t 1+ Rt t+1( Mt)C ( t) Zt+11

which, in a BGP is equivalent to

U

Y  1+R  exp((p—

PeZic _ exp(Gy) (1 = 0ar)C (Tic) Tic (22)
1)gz)

5.2 The value of a new product in facilitating further acquisition of
products

We guess that each incumbent firm invests a constant amount of the research good per product
that it owns at t in acquiring new products for that incumbent firm. Thus, if x;,; is the total
investment of this type by incumbents, then this investment per products i8 Zim:($) = Time/M,;

independent of the size s of the product.
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We then have the following recursion for the value of a product to an incumbent in terms

of the added research capacity it gives to that incumbent

Poiims 1 1zt
U, = — T Vi s h (g ) Ty e et
t M, 1+ R, (ime)7 M, z¢7]

1
1+ R,

(M(@ime) + (1 = 0ar1)) Upia

Using the notation
_ UM,

Uy =
Y:

and multiplying by M, gives

PriZimt eXp(th+1)

Y, 1+ R, [Vt1Simt+1 + U1 Fig1]

Uy = —

where

Fitv1 = Fiepr + Fiea

is the fraction of products that produced by incumbent firms at ¢ + 1. These include products
that are new to the firm and products that are continuing.

In a BGP, we then have

u = Szm 7-F_1’L
! v tiig (Pt
or
Prjim eXp<§y) — g exp(gy) | =
= =08 — |1 — =~ I 23
Y 1+R 1+r " (23)
When an incumbent firm chooses investment x;,, optimally, its choice satisfies the first order
condition
1 o ,
‘=11 R, t+17) thﬁl + Ut My | P (i) (24)

In a BGP, this is equivalent to

Prtjjim - eXp(gY) O o 7Mthf(xzm) h,(fzm)fzm
Y  1+R O(Sin + 5is) + 0 M;q h(Zim)
or
Prtfim eXp(gY) _ O — h/(fzm)fzm
= = im Fzm = N 2
v L 0 [US +u ] (@) (25)
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5.3 Value of a new firm

Finally, we have free entry condition

Py 1 . 20"
S | VPR S 26
My 1+R | Mzl (26)
Multiplying by z.;M; and dividing by Y; gives
P.x. exp(g
;; * = 1 (4_);:{1) [Ve41Set+1 + U1 Ferra]
In a BGP, this equation becomes
Prje eXP@Y) _ & -
= —~ 108, + ul, 2
v T iy R OSetur 27
5.4 Aggregate Value of Firms
Summing together equations (21), (23), and (27) gives the standard formula
_ -1
o el exp(gy)
=|— =5 |1-—== 28
el 15 - [ - e

where v+ is total firm value relative to GDP and, from equation (19), “7_1 — S, is the fraction

of GDP that is paid as profits in excess of innovative investments to owners of firms. This
formula values the aggregate stock of intangible capital of firms in the economy as a perpetuity
that grows at the same rate as consumption in the economy.

Under the standard decentralization in which firms manage the stock of physical capital,
we then have that the total value of all firms in the economy relative to GDP is given by

Kooy
—> TUTU
Y

equal to the sum of the values of the tangible and intangible capital within firms.

5.5 Implications of data on firm value for the level of each category
of investment

We now consider the model’s implications for the division of firm value into components v and
u and the division of innovative investment into components

Prxic Prxim Prxe

Sr Y Y Y
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To do so, assume that one has data on the division of firm intangible value into components
v/(v 4 u) and @/(v + w). This split of total firm value may be difficult to identify in data. We
are able to bound this fraction v/(v 4+ @) above and below by the requirement that both z;. and

ZT;m are non-negative.

Proposition 4. In equilibrium, on a balanced growth path, the fraction of intangible firm value

v/(v 4 u) must lie in the interval

1— eXp(gy)Fii| B pu—1 |:1 . exp(gY)i|
| e <<t - (29)
1 SR S| O [ ] [ oS

Proof. If one has such data on the division of firm value, then equation (21) determines P,x;./Y .

To ensure that the implied value of P.x;./Y > 0, we must have

1 B =
o< [oeRlg ) v
! 1+ R v+u

exp(gy) & v, w—1
1- == Sic| —— < —
[ I1+R }v%—u(vdl_u) i
_ —1
v < 1 e
v+u T exp(gy) &, | U+ U
v+ U [1_ 1119]%/52,6}1) U

and thus the second inequality above follows from equation (28).
Likewise, given a division of firm value, then equation (23) determines P,z;,, /Y. To ensure

that P.x;,/Y > 0, we must have

0 SP)g v [y _eplr)pl (v
1+ R v+ u 1+ R U+ u

- Sp] oS g, L

which implies the first inequality above.

o]
_|_
|

]

This proposition implies that any calibration of total intangible value of firms relative to
GDP, v + u, together with a division of that value that lies in the bounds set in proposition 4,
we have P,Z;./Y, given from equation (21) and P,Z;,/Y, given from equation (23). The value

of P.7./Y, then follows from equation (27) and is immediately non-negative.
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5.6 Implications of optimality of investment for the elasticity of TFP
growth with respect to changes in investment in improving own
products

From equation (6), we see that we must identify the derivative ('(Z;.) to identify the elasticities
that we desire. We do so using our model’s implications for steady-state firm value and the
assumption that investment in continuing products is chosen optimally in steady-state given
in equations (21) and (22). Specifically, equation (22) identifies the desired derivative up to
knowledge of v and the scale of this category of innovative investment from the condition that
the private return to innovative investment in continuing products is equal to the interest rate.
We then use our calibration of the scale of firms’ intangible value v + % and its division between
v and @ to determine v and the valuation equation (21) to determine the scale of this category
of innovative investment.

These arguments give the following proposition.

Proposition 5. Data on firm value in steady-state together with the condition that innovative

wmvestment in continuing products be privately optimal gives

1 Prfic
Coufirg = —— Y (30)
iclic _ 1 exp(@y) -
p—1ERED

Thus, the elasticity of aggregate TFP growth with respect to a change in aggregate innovative

imvestment directed entirely at investment by incumbent firms in improving their own products

18 given by
_ Y, 1 S, |1
Gicxici‘_ic - E [exp(g_y)] 5 (31)
1+R

Proof. Equation (30) follows directly from equations (6) and (22). We have

Y, Y
L =03,
Tic Pr-fic
With equation (30), we then have the result (31). O

Note that this procedure allows us to identify this elasticity G;.z;. without knowledge of
the extent of business stealing. Note as well that we have the following corollary that allows
us to use firm value to place an upper bound on the counterfactual value ((0), i.e., the model-
implied deterioration of productivity for continuing products that would occur in the absence

of innovative investment by incumbent firms in those products.
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Corollary 6. The counterfactual growth rate of continuing products in incumbent firms is

bounded above by

Przic
& q %
5ie(0) < Sie — 7
1+R
or equivalently,
_ _ 1 b _ Pz
{0 < eng.((e/; ()g)z) (S 3 expéy))
ic CXP\gm H—RU
Proof. This bound follows directly from (13) and equation (30) O

5.7 Elasticities with respect to incumbent and entrant investment
in new products

In the event that 7; = 7, the first order condition for x;,, in equation (24) and the free entry
condition (26) imply that A'(Z;n:) = 1 in equilibrium for all dates ¢ in which both investments
are undertaken. This implies that G;,, = G. at all dates ¢t in which both investments are
undertaken along the equilibrium path. In this case, we have the result that the elasticity of
TFP with respect to a change in EA/T devoted entirely to either z;,, or z. is the same. That is
Gelo— = szfzm_ﬁ
im

I

More generally, the first order condition and free entry condition above imply that

p—1
Vigr _ 2, Uit

e
Yir 20 Yin

Vier 207" Ui )
i1 T M| W (i) =

SO
V1 Set 1/ Fery1 + Ui

h/(l‘imt) -
U1 Simtt1/ Fimes1 + Ui

We now compute the elasticities sz@m% and G¢T.z" in the more general case.
m e

Proposition 7. Data on firm value and the condition that incumbents’ investments in acquiring
new products be privately optimal imply that

Praim Q n Q n
1 Y Sim/-Fim - 5Szc/-cm

4 = 32
p—122@)G S/ Fim + 1/ )

Gimjim =

The elasticity of aggregate TFP growth with respect to a change in aggregate innovative invest-

ment directed entirely at acquisition of new products by incumbent firms is given by

(33)

S| =

. —1 | e2@)
Tim  p—1 e
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Proof. From equation (11) and proposition 3, we have

— 1 o R o h,<fzm)j1m
szxzm p— 1 (Szm/ im 55’10/ zc) h(a_:zm>

We obtain an expression for

B (Zim)Tim
h(fzm)
from the first order condition for privately optimal ;. in equation (25). This proves (32). We
have _
Y, Y
Tim P
With equation (32), we then have the result (33). O

We also have the following proposition regarding the elasticity of TFP growth with respect

to a change in aggregate innovative investment concentrated entirely on entry.

Proposition 8. The elasticity of aggregate TFP growth with respect to a change in aggregate

imnovative investment directed entirely at entering firms is given by

szi 1 Sr 1 S’e/Fe_agic/Ec (34)
“Cz. p—1 % v| S./F,+u/v

Proof. We have G.Z. given in equation (15). To compute the desired elasticity, we multiply
this expression by S,./(P,z./Y). We have P.z./Y given by the free entry condition (27). O

Corollary 9. These elasticities can be ordered as follows
Y, Y,
GimTim— < Giclie—

m xZC

Y, Y,
Geie__r S Gicjic__r
Le ic

In the event that the average size of new products in incumbent and entering firms is the same,

as i Spm/Fym = Se/F., then

Y, Y,
Gimxim — = Gel‘e,_
im Te

Proof. The first inequality follows from the observation that
The second from the observation that
Se[Fejésic/Fic <1
Se/Fe+u/v |~
The final equality follows directly from the assumption on the equality of the average size of

new products in incumbent and entering firms. O
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5.8 Dynamics

To be completed.

6 Quantitative analysis

We now turn to a calibration of our model. To reiterate, we make several key assumptions
regarding what the economist observes.

We assume that the economist observes the elasticity of demand for intermediate products
indexed by p, the gap between the interest rate and the growth rate of the economy indexed
by exp(gy)/(1 + R), the growth rate of the labor force gr.

We assume that the economist observes the baseline growth rate of aggregate TFP due to
innovative investment by firms indexed by gz and the baseline growth rate of the number of
products gyp;. We also assume that the economist observes product level data on the fraction
of products that are continuing products in incumbent firms, Fj., the fraction of products that
are new to incumbent firms, F},,, the fraction of products that are new to entering firms F,,
and the corresponding sizes of these three product categories Sic, Sim, and S.. As discussed in
section 3, these data are critical for identifying 07, 2(Zim), Ze, (Zic), Ti, and 7.

We assume that the economist observes the overall innovative intensity of the economy .S,,
and either the share of profits to intangible capital in GDP indexed by (u — 1)/u — S, or,
equivalently, the value of intangible capital in firms relative to GDP indexed by v 4+ u. We
also assume that the economist observes the division of that intangible value between v and
u. As discussed in section 5, these data are critical for identifying the division of innovative
investment S, into the three categories of investment P,%;./Y;, P.Zim/Yy, and P.Z./Y, and for
identifying the derivatives ('(Zi.)Tic/C(Zic) and b/ (T i) Zim /M (Tim ).

To implement a calibration of the model, we use data from the Longitudinal Business
Database covering the time period 1980-2014. This data set reports on the number and em-
ployment of business establishments in the United States. These establishments are matched
to the firms that own them. We make the identifying assumption that an establishment in the
LBD data corresponds to an intermediate good in the model. We assume that the fraction of
new products in entering firms in the model corresponds to the fraction of establishments in
the data that are new and are owned by new firms. The fraction of new products in incumbent

firms in the model corresponds to the fraction of establishments that are new and are owned
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by firms that are not new. The fraction of products that are continuing products in incumbent
firms in the model corresponds to the fraction of establishments are are not new. We make the
same mapping between model and data for product (establishment) size measured as the share
of employment in establishments in each of the three categories above. We use averages of the
data from 1980-2014 in our calibration.

We are not able to identify two key parameters in our model: the split indexed by ¢ of new
products to firms between those that are new to society and those that are stolen from other
firms and the division indexed by ©/(v 4+ @) of firms’ intangible value between components v
and u. The fraction ¢ is bounded below by zero and above as describe in section 3.3. We
consider specifications of our model with ¢ set to its minimum and maximum values. The
fraction v/(v + u) is bounded above and below as described in proposition 4. In our baseline
specification of the model, these bounds impose tight restrictions on this fraction. Hence we
consider only and intermediate value of this fraction.

We are also uncertain about the level of the value of firms’ intangible capital relative to
GDP as indexed by v + u. Given the importance of this quantity in determining the model-
implied elasticities of aggregate TFP growth with respect to changes in innovative investment
by firms, we consider two alternative calibrations of this quantity in our model. To implement
the alternative specification of the model with this lower level of firm intangible value, we leave

the innovation intensity of the economy S, unchanged and reduce the share of variable profits
in GDP (u—1)/p.

6.1 Calibration

We set the parameter governing the elasticity of demand for intermediate goods at p = 4. We
set the total employment growth rate at g, = 0.0136 and the growth rate of the number of
products gy = 0.0123 (based on the Longitudinal Business Database described above). We
set the baseline growth rate of aggregate productivity due to innovative investment by firms of
gz = 0.0125 and the baseline growth of output per capita at gy = 0.02.

We follow McGrattan and Prescott (Forthcoming) in setting the ratio between the growth
rate of output and the gross interest rate at % = 0.98, and we target v + u = 1.7 based
on their estimates of the stock of business intangible capital relative to GNP in the U.S. From

equation (28), we obtain the fraction of profits to intangible capital in GDP as “T_l — S, =0.034.
We calibrate S, = 0.077 based on Nakamura (2009). This calibration implies a gross markup
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of p=1.125.

We measure Se, Sy, Fe, and Fj,, (and hence S;; =1 — S, — Sy, and F;. = 1 — F, — F,)
using the Longitudinal Business Database as described above. Averaging between 1980 and
2014 for all sectors, we obtain F, = 0.085, F}, = 0.022, F,, = 0.893, S. = 0.030, S;, = 0.026
and S;. = 0.945. The average growth rate in the number of establishments is §p; = 0.012, which
we also target in our calibration, while the average growth rate in total employment is given
by the target described above.

We consider two values of § — its minimum value of § = 0 and its maximum value of
9 = 1/3. The first specification corresponds to a model with no business stealing. the second
specification corresponds to a model with the maximum amount of business stealing consistent
with the observation that new establishments in entering firms have smaller average size than
do continuing establishments. Hence, in this second specification, the marginal contribution of
entry to aggregate productivity growth is zero.

In our baseline calibration, the fraction v/(v + u) is bounded between .80 and .875. We
consider .85 as a baseline value for this fraction.

We consider two values for v + @. The first is 1.7 from McGrattan and Prescott (2016) as
described above. The second is 0.7. This value used to illustrate the sensitivity of our model’s

implications to this calibrated quantity.

6.2 Alternative Specifications of business stealing and firm value

We now present results for four specifications of our model. Specification 1 is our specification
with no business stealing and a high value of intangible capital (§ = 0 and v + u = 1.7).
Specification 2 is our specification with the maximum amount of business stealing and a high
value of intangible capital (§ = 1/3 and v + @ = 1.7). Specification 3 is our specification
with no business stealing and a moderate value of intangible capital (6 = 0 and v + u =
0.7). Specification 4 is our specification with the maximum amount of business stealing and
a moderate value of intangible capital (6 = 1/3 and v + u = 0.7). In Specifications 1 and 2,
“T_l — 5, = 0.034. In specifications 3 and 4, p is reduced so that “T_l — 5, =0.014.

In all four specifications of our model, the research intensity of the economy is fixed at
S, = 0.077. In specifications 1 and 2, the implied composition of these innovative investments
implied by equations (21), (23), and (27) is titled heavily toward expenditure on entry with
P.z;./Y =0.0033, P.Zy,/Y = 0.0010, and P,z./Y = 0.063.
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In specifications 3 and 4, these innovative investments implied by equations (21), (23),
and (27) are more tilted toward investment in continuing products with P,.z;./Y = 0.047,

P.Z;, /Y =0.0041, and P,z./Y = 0.026.

6.3 Implied elasticities

We present the model implied impact elasticities of aggregate productivity growth with respect
to each category of investment in Table 1. We report on the elasticity of aggregate TFP
with respect to a change in innovative investment concentrated on entry in equation (34), the
elasticity of aggregate TFP with respect to a change in innovative investment concentrated on
new product acquisition by incumbent firms in equation (33), and the elasticity of aggregate
TFP with respect to a change in innovative investment concentrated on continuing products in
incumbent firms in equation (31). We also report on the sum of the elasticities (30), (32), and
(15) corresponding to the elasticity of aggregate TFP with respect to a proportional increase
in all three categories of innovative investment.

Consider first the results for specification 1 — the specification with no business stealing
and a high valuation of firms’ intangible capital. Here we see a moderate elasticity of aggregate
TFP with respect to a proportional change in all three categories of innovative investment
of 0.013. Note that this elasticity is of a similar order of magnitude as our baseline growth
rate of aggregate productivity gz = 0.0125 even though, in this specification of the model,
we are allowing for social depreciation of innovation expenditures since all exit of products
is assumed to be due to exogenous exit. In contrast, in specification 2 — the specification
with the maximum amount of business stealing — the elasticity of aggregate TFP with respect
to a proportional change in all three categories of innovative investment is much smaller at
0.002. This is due to the fact that at the maximum value of 9, the elasticity of aggregate
TFP with respect to entry is equal to zero. This second specification of the model implies that
proportional changes in innovative investment by firms would have only a minimal impact of
aggregate TFP growth.

In both specifications 1 and 2, the elasticity of aggregate TFP growth with respect to a
change in innovative investment by incumbent firms on continuing products is moderately high
at 0.018. Hence, a targeted policy that did stimulate innovative investment by incumbent firms
on continuing products could have a moderate impact on aggregate TFP growth, particularly

in the case of specification 2 if that policy could simultaneously discourage investment in entry.
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In specification 2, the bulk of innovative investment is directed at entry but this investment no
marginal contribution to aggregate TFP growth.

In specifications 3 and 4, we see the quantitative importance of the value of firms’ intangible
capital as measured by v + @. In these two specifications, we reduce the assumed value of v + u
from 1.7 to 0.7. At the same time, we leave the division of value v/(v + @) unchanged. Hence,
from equations (31), (33), and (34), we have that all of the elasticities of aggregate TFP growth
with respect to a change in each category of innovative investment is multiplied by 1.7/0.7
relative to the corresponding elasticity in specifications 1 and 2. The impact of this change in
assumptions on the elasticity of aggregate TFP growth with respect to a proportional change
in all three categories of innovative investment is even larger than this ratio (given the larger
share of innovative investment by continuing products in this specification) — rising to 0.039
and 0.028 for specifications 3 and 4 respectively.

These results demonstrate the importance of refining our estimates of the value of intangible
capital in firms for assessing the potential social gains from using policy to stimulate further

innovative investment.

6.4 Implications for social depreciation of innovation expenditures

Now consider the implications of our calibrated model for the extent of social depreciation of
innovation expenditures as defined in equation (9). As indicated in that equation, the rate of
social depreciation of innovation expenditures is determined by parameters p, dy, and (0).

We have fixed p =4 in all specifications of our model.

Given a choice of § in our four specifications of the model, the data imply a value of &y
from equation (3). In specifications 1 and 3, in which we assume that § = 0 so that there is no
business stealing, we have 6y = 0.0966. In specifications 2 and 4 in which we have the maximum
amount of business stealing consistent with the bounds on § discussed in section 3.3, we have
do = 0.067. Note then that in all specifications of our model, we must assume that there is
some exogenous exit of products.

We are not able to identify the parameter ((0). We are able to put an upper bound on this
quantity as described in corollary 6 (as well as the assumed upper bound of 1). In specifications
1 and 2 of our model, this bound in corollary 6 is higher than one, so we set ((0) = 1 as in
GHK. In specifications 3 and 4 of our model, we set ((0) equal to its upper bound of 0.992.

These parameters give the following model-implied rates of social depreciation of innovation
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Table 1: Elasticities of aggregate TFP growth

H Specification . only x;, only x;. only Proportional change H
1.0=0,0+u=17 0.012 0.016 0.018 0.013
2. 0=0.33, v+ u=1.7 0.000 0.011 0.018 0.002
3.6=0,v4+u=0.7 0.029 0.038 0.044 0.039
4. 6 =033, v+u=0.7| 0.000 0.027 0.044 0.028

expenditures. In specification 1, G(0,0,0) = —0.034, in specification 2, —0.023, in specification
3, —0.037, and in specification 4, —0.026. Hence, in each specification of our model, the data

call for the model to allow for moderate social depreciation of innovation expenditures.

Appendix: Concavity of H function

Define
H(a) = (1—1080— 6 (h(aZim) + aZ.)) C (aZi) + T;h (aZip) + HeaTe

We now prove that H” (1) < 0. We have:
H' (a) = ' (aZi) (1 — 09 — 6 (h (aZim) + aZe)) Tie—0 (Timh' (aZim) + Te) C (i) +iZimh (aZim)+TeTe
and
H" (a) = (" (aZi) (1 — 8o — & (h (aZim) + aZe)) T2 — (' (aZic) 6 (W (aZim) Tim + Te) Tie
=0 (Zimh" (aZim) Tim) € (aZic) — 0 (Timh' (aZim) + Te) ¢ (aZie) Tic + TiTimh" (aZim) Tim,
Evaluated at a =1,
H" (1) = ¢" (Zie) (1 = 8 — 6 (B (Zin) + Ze)) Tio — ' (Zic) 0 (W (Tim) Timm + Te) T

=6 (Zimh (Zim) + Ze) ¢ (Tic) Tic + (1 — 6C (Zic)) b (Zim) T,

Given our assumptions that b’ (Z;,) > 0, (' (Zi) > 0, (" (Zse) < 0, B (Zi,) < 0, and 7; >
3¢ (Z;.), all terms are negative so H” (1) < 0.
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