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Abstract

We propose a new measure of firms’ exposure to investment shocks—i.e., shocks that

affect firms’ cost of investment—and study its implication for cross-sectional returns.

Theoretically, we show that a firm’s exposure to investment shocks is determined by

its discounted future investment expenditures scaled by its current market value. Unlike

existing measures, which rely on noisy proxies of investment shocks, ours can be computed

directly from observable investment data. Empirically, we find that across book-to-market

portfolios, our investment-based measure of risk exposure to investment shocks has the

opposite pattern to that of existing proxy-based measures. This finding has profound

implications for the pricing effect of investment shocks. According to our measure, value

firms have a higher (as opposed to lower) exposure to investment shocks suggesting that a

positive (as opposed to negative) price of risk for investment shocks is required to explain

the value premium.
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1 Introduction

Capital-embodied, or investment-specific, technology shocks (hereafter referred to as “in-

vestment shocks” or, in short, “IST shocks”) are technological innovations that materialize

through the creation of new capital stock. Since the work of Solow (1960), these invest-

ment shocks have been recognized as an important determinant of economic growth and

business cycle fluctuations. More recently, financial economists have stressed their impor-

tance for explaining cross-sectional and time-series properties of returns. Unfortunately,

IST shocks are not directly observable and are commonly measured through noisy prox-

ies constructed from either macroeconomic or financial data. Existing studies find that

proxies built on macro data typically exhibit very low correlation with proxies built on

financial data, suggesting that our understanding of the effects of IST shocks on asset

prices could be undermined by mis-measurement of these shocks.1

In this paper we show that, to study the effect of IST shocks on asset prices, one does

not need to construct proxies for IST shocks. Exploiting the economic mechanism through

which technical change gets embodied into new capital stock, we propose a new, proxy-

free, methodology for measuring the exposure of a firm’s stock return to IST shocks. Our

methodology rests on the observation that IST shocks, by definition, must affect a firm’s

value through investment expenditures. Therefore the exposure of a firm’s return to IST

shocks can be measured by its investment expenditures relative to its market value. After

developing the theoretical foundations of this “investment-based” approach, we apply the

methodology to study the role of these shocks in explaining the value premium, i.e., the

tendency of value stocks to earn higher expected returns than growth stocks.

A simple example illustrates the key intuition behind our investment-based measure

of IST risk exposure. Consider a firm with a market value of P = $100 that plans to

invest I = $20 of capital. Suppose that the occurrence of a transitory IST shock ε = 1%

decreases the unit price of capital from $1 to $0.99. As a result, the firm value increases

1Garlappi and Song (2014) find that the correlation between two commonly used IST proxies—the
change in the relative price of equipment and the return spread between investment and consumption
goods producers—is only 0.04 in the 1930–2012 period and 0.02 in the more recent 1963–2012 period.
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by the current saving in the investment cost, i.e., I × ε = 20× 0.01 = $0.2, which implies

a return R = (I × ε)/P = 0.2/100 = 0.2%. The firm’s beta with respect to IST shocks

is the percentage change in firm value for one percent change in IST, i.e., βIST = R/ε,

which, by the definition of the return R, corresponds to the firm’s investment-to-price

ratio, I/P = 0.2. In the paper we show that this intuition generalizes to a multi-period

setting in which the effects of IST shocks are persistent, and show that a firm’s IST beta is

the sum of discounted future investment expenditures scaled by the firm’s current market

capitalization. Because investment expenditures are ex-post observable, we can estimate

IST betas directly from investment data thus avoiding the need to use noisy proxies of

IST shocks.

We use our methodology to study the relationship between IST shocks and the value

premium. To this purpose, we estimate investment-based IST betas of book-to-market

portfolios using a sample of U.S. listed common stocks covering the period 1963–2012.

We find that value firms exhibit higher investment-based IST betas than growth firms.

This pattern is in stark contrast with that of proxy-based IST betas. In fact, using two

commonly used proxies for IST shocks to construct IST betas—the change in the relative

price of equipment and software from the NIPA tables and the return spread between

investment and consumption good producers—we find that, consistent with the existing

literature, value firms exhibit lower proxy-based IST betas than growth firms.

The empirical evidence on the investment-based IST betas across book-to-market port-

folios is important because it imposes novel restrictions that can be useful in identifying

the economic mechanism through which IST shocks may affect prices. We investigate

such restrictions within the theoretical framework developed by Kogan and Papanikolaou

(2013, 2014) (KP hereafter). Within this framework a firm’s “true” IST beta is equal to

the fraction of growth opportunities in the firm’s total value. A comparison with this true

IST beta provides therefore a natural way to assess the validity of our proposed measure

of IST beta.
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We first show that, within KP’s framework, a firm’s investment-based and proxy-based

IST betas are theoretically equivalent to the true IST beta. However, unlike investment-

based IST betas, proxy-based betas are typically dependent on specific structural assump-

tion within a model, making them more vulnerable to potential model misspecification. If

the model is misspecified, one can still estimate the true IST beta using the investment-

based approach, but not the proxy-based approach. This may explain why the betas from

the two approaches are different in the data. We then show that, in the model, when

cross-sectional variation in book-to-market is driven primarily by variation in growth op-

portunities, value firms have a lower exposure to IST shocks as it is commonly assumed

in the existing literature. However, when cross-sectional variation in book-to-market is

driven primarily by variation in the value of assets in place, value firms have a higher ex-

posure to IST shocks. These findings have potential implications for the risk premium of

IST shocks. In fact, assuming that IST shocks help explain the positive value premium in

the data, IST betas that are decreasing in book-to-market imply a negative IST risk pre-

mium. On the contrary, IST betas that are increasing in book-to-market imply a positive

IST risk premium. The empirical fact that investment-based IST betas are increasing in

book-to-market lends support to the case of a positive IST risk premium. This evidence

imposes an important restriction on general equilibrium asset pricing models with capital

embodied shocks.

Our main idea of using firms’ investment to study the cross section of returns closely

relates to the large investment-based asset pricing literature that emphasizes the link

between investment and stock returns within a neoclassical Q-theory framework (Hayashi

(1982)). This literature explores the role of firms’ optimal investment decisions in the

determination of expected stock returns—see, e.g., Cochrane (1991, 1996), and, more

recently, Liu, Whited, and Zhang (2009) and Lin and Zhang (2013). We follow the same

general idea of this literature and focus on the link between firms’ investment and their

exposure to capital-embodied technical change.
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Our paper also relates to a vast literature, pioneered by Berk, Green, and Naik (1999),

that uses structural models of heterogeneity in firms’ investment decisions to study the

cross section of returns. Significant contributions include Gomes, Kogan, and Zhang

(2003), Carlson, Fisher, and Giammarino (2004), Zhang (2005). Recent studies that

introduce sources of risk in addition to neutral productivity shocks include Garleanu,

Kogan, and Panageas (2012) and Garleanu, Panageas, and Yu (2012). Our paper com-

plements this literature by studying the role of IST shocks in explaining cross-sectional

return patterns, such as the value premium.

A growing literature in macroeconomics and finance studies the effect of IST shocks

on growth, business cycles, and asset prices. Greenwood, Hercowitz, and Krusell (1997,

2000) and Fisher (2006) show that IST shocks can account for a large fraction of growth

and variations in output and Justiniano, Primiceri, and Tambalotti (2010) emphasize the

importance of IST shocks for business cycles. Christiano and Fisher (2003) study the im-

plications of IST shocks for aggregate asset prices. Papanikolaou (2011) introduces IST

shocks in a two-sector general equilibrium model. Garlappi and Song (2015) emphasize

the importance of capital utilization flexibility and product market competition in deter-

mining the equilibrium effects of IST shocks on asset prices. We differ from these papers

by focusing on the cross-sectional asset pricing implication of IST shocks.

Finally, our paper also relates to more recent studies that investigate the pricing

impact of IST shocks on cross-sectional asset returns. Kogan and Papanikolaou (2013,

2014) explore how IST shocks can explain return patterns in the cross-section that are

associated with firm characteristics. Li (2013) proposes a rational explanation of the

momentum effect in the cross-section by using investment shocks. Yang (2013) uses

investment shocks to explain the commodity basis spread. Garlappi and Song (2014) use

proxy-based measures of firms’ IST exposure to assess the ability of IST shocks to explain

the magnitude of the value premium and momentum profits in the U.S. stock market.

We complement this literature by providing a new, investment-based, methodology to

estimate the IST risk exposure and analyze its effect on the cross section of equity returns.
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Our paper makes three contributions to the asset pricing literature. First, we provide a

new, theoretically motivated, methodology to study the effect of IST shocks on asset prices

that does not require the use of potentially misspecified proxies of IST shocks. Second,

we provide new, independent, evidence on the relative risk exposures to IST shocks for

book-to-market portfolios. Finally, we show how our new methodology can be used to

differentiate among different economic mechanisms available in the existing literature.

By combining theoretical analysis with empirical evidence, our study complements the

existing investment-based asset pricing literature and offers a new channel, i.e., a firm’s

exposures to investment shocks, to understand the relationship between investment and

expected returns in the cross-section.

The rest of the paper is organized as follows. Section 2 illustrates the general idea

behind our investment-based approach to IST betas. Section 3 documents the empirical

evidence of IST betas for book-to-market portfolios. Section 4 studies IST betas for

book-to-market portfolios within the structural model of Kogan and Papanikolaou (2014).

Section 5 provides a discussion of the results and Section 6 concludes.

2 Investment-based IST exposure: the general idea

A firm’s investment expenditures can be used to measure directly the exposure of its’

stock return to IST shocks. In this section we illustrate the main intuition behind this

claim.

Let us consider an infinitely-lived firm that produces output through a declining-

return-to-scale technology requiring physical capital as the only input. In each period

the firm decides whether to incur investment expenditures in order to increase capital.

The firm value is the present value of future net cash flows, i.e., output net of investment

expenditures. The price of new capital is subject to exogenous shocks, which we refer to

as IST shocks. We assume that such shocks have a direct impact only on the cost of new

capital but not on the valuation of the capital already installed. Implicitly this means
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that we ignore the general equilibrium effects of IST shocks on the discount rate used to

evaluate future cash flows. We discuss below the implications of this assumption.

MC

MC∗ = (1− ε)×MC

MV

K K∗

ε×MC

Capital

∆NPV

Figure 1: IST shocks and investment expenditures: a graphical illustration.

Figure 1 provides a graphical illustration of the proposed measure of a firm’s exposure

to an IST shock. In the figure we consider a firm’s optimal choice of physical capital.

The declining curve MV represents the marginal value of capital. The horizontal line

MC represents the marginal cost of investment, i.e., the price of new capital, which, for

simplicity, we take as a constant.2 Let us consider an IST shock ε to the price of capital.

Under our assumption, a positive IST shock ε causes a drop in the marginal cost of capital

from MC to MC∗ = (1− ε)×MC but does not affect the marginal value of capital MV .

As a consequence of the shock ε, the firm will “save” on investment costs, and hence

increase its NPV by an amount represented by the shaded area in Figure 1, which is

approximately equal to

∆NPV ∗ ≈ ε×MC ×K∗ ≈ ε×MC∗ ×K∗ = ε× I∗, (1)

2The main intuition is unaffected by considering an increasing marginal cost function as in the case
of convex capital adjustment costs.
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where we ignore terms of order ε2 and use the fact that investment expenditure I∗ =

MC∗×K∗.3 Hence, per unit of shock ε the NPV increases “on impact” by an amount I∗

and this positively affects the firm’s value. If the IST shock is persistent, it impacts not

only the current period but also all future investment costs. Therefore, the effect of an

IST shock at time t on firm value can be written approximately as follows

∆Pt ≡ Pt − Pt−1 ≈ ε× PVt

(
∞∑
s=0

I∗t+s

)
, (2)

where Pt is the firm’s market value at time t, I∗t+s is the investment expenditure at time

t + s, and PVt(·) denotes present value at time t.4 The firm’s return beta on the IST

shock can be written as

βIST

t =
∆Pt/Pt−1

ε
≈
PVt

(∑∞
s=0 I

∗
t+s

)
Pt−1

. (3)

Equation (3) illustrates that, in this simple framework, investment expenditures are

directly related to a firm’s return sensitivity to IST shock. The expression for βIST
t is

intuitive: a persistent per-unit positive IST shock decreases all future investment cost,

and therefore increases firm value by the discounted future investment expenditures, i.e.,

PVt
(∑∞

s=0 I
∗
t+s

)
. The increase in firm value scaled by lagged firm value, Pt−1, represents

the response of the firm’s return to the IST shock, i.e., its IST beta.

In a more general setting with homogeneous capital, the analysis above will still be

valid after interpreting K∗ as the change in the level of installed capital. In this setting,

the curve MV in Figure 1 represents Tobin’s marginal Q (see Hayashi (1982)) and, in

the presence of convex adjustment costs, the curve MC would be increasing in K. The

total investment expenditure equals the required physical capital (including a potential

3Alternatively, we could have used the approximation ∆NPV ≈ ε×MC×K = ε×I, with I = MC×K.
Because K∗−K is of order ε, the difference between ∆NPV and ∆NPV ∗ is of order ε2. Note, however,
that empirically we observe only the investment response to the IST shock, I∗, but not I.

4In Section 4 we provide an explicit characterization of the present value PVt(·) in the context of a
structural model of investment characterized by non-stationary aggregate neutral and capital embodied
shocks, and transitory idiosyncratic profitability shocks.
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adjustment cost) multiplied by the per-unit price of capital goods. Since IST shocks

affect only the per-unit price of capital, a shock of, say, 1% to the price of capital good

implies a 1% change in the total investment expenditures, all else being equal. Therefore,

even in the case of convex adjustment costs, the effect of an IST shock on firm’s value is

proportional to the firm’s investment expenditures and hence equation (3) still holds.

It is important to emphasize that (3) applies quite generally in a partial equilibrium

setting. The only assumption needed for this claim is that the marginal value of capital

MV is unaffected by the IST shock. To see why (3) is a robust result, note that the

analysis above captures the marginal effect of IST shock, even in the presence of other,

unmodeled, shocks. For example, a demand shock that affects marginal cost (MC) and

marginal value of capital (MV ) will obviously impact the chosen level of K in Figure 1.

However, even in this case, the sensitivity of a firm’s value to IST shocks is still given

by (3), for which observing investment expenditure (and not the demand shock itself) is

sufficient.

If the IST shock has general equilibrium effects on the discount rate, then the marginal

value MV in Figure 1 will also be affected by the shock ε, implying that equation (3)

may no longer hold. A general equilibrium analysis can only be performed by committing

to a specific structure of preferences and technology, and is therefore sensitive to these

specific choices (see, e.g., Papanikolaou (2011) and Garlappi and Song (2015)). Given

the cross-sectional focus of our study, we believe that a partial equilibrium approach is

a worthwhile exercise that, as we show in Section 4, complements and extends similar

existing work that relies on proxy-based measures of IST exposure.

3 IST exposures of book-to-market portfolios: em-

pirical evidence

In this section, we empirically analyze the exposure of book-to-market portfolios to IST

shocks. Section 3.1 constructs empirical measures of investment-based IST betas for book-
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to-market portfolios and Section 3.2 estimates IST betas from commonly used proxies of

IST shocks.

3.1 Investment-based IST betas

We consider all U.S. common stocks (with share code of 10 or 11) from 1963 to 2012. The

price and return data are from CRSP, and accounting data are from Compustat. Because

our focus is on firms’ investment in capital goods, we exclude financial stocks, i.e., firms

with Standard Industry Classification (SIC) codes between 6000 and 6999. We first sort

firms according to their book-to-market ratio at the end of each year and then hold the

portfolio for the following year.5

To construct an empirical measure of IST beta, we implement equation (3) under the

following three assumptions. First, we use a constant discount rate η when computing

the present values of future investment, i.e.,

PVt

(
∞∑
s=0

Ift+s

)
= Et

[
∞∑
s=0

Ift+s
(1 + η)s

]
. (4)

Second, we assume that ex-post realizations of investment expenditures provide a good

approximation for their expected value. Specifically, we assume that

Et

[
∞∑
s=0

Ift+s
(1 + η)s

]
≈

∞∑
s=0

Ift+s
(1 + η)s

. (5)

This is a reasonable assumption given our focus on portfolios rather than individual firms.

Third, due to data limitation, we track firms’ investment expenditures for ten years after

5To calculate the book-to-market ratio, we use a firm’s book equity for the fiscal year end (as in Fama
and French (2008a,b)) and its market capitalization (price×share outstanding) at the end of December
of year t. If Compustat book equity is missing, we use the historical book equity as in Davis, Fama, and
French (2000), available from Ken French’s website.



10

portfolio formation. That is, we approximate equation (3) by

βIST

10,t =
9∑
s=0

1

(1 + η)s
It+s
Pt−1

, (6)

where the subscript ‘10’ indicates that we take the sum of ten years of discounted invest-

ment expenditures scaled by the current market value as a measure of IST beta.

In (6) the discount rate η is the only free parameter. We take a value of η = 10% in

our benchmark analysis and assess the robustness of our findings under different values

of η. We will show that equation (6) provides a good approximation of the true IST beta

in the theoretical model of Section 4.

To construct the portfolio-level IST betas according to equation (6), we use firm-level

capital expenditures (CAPX) from COMPUSTAT, as a measure of investment (I), and

market capitalization from CRSP, as a measure of market value (P ). Following (6), we

construct the portfolio-level IST betas by taking the average firm-level It+s/Pt−1 ratios and

adding these ratios over ten years.6 The use of value-weighted averages in the construction

of IST betas effectively assumes that firms with missing capital expenditures are treated

as the average of the firms with valid capital expenditures data. We explore alternative

ways to dealing with delisting of firms later in this section.

Table 1 summarizes the returns, investment rates, and IST betas for book-to-market

portfolios. Panel A reports the book-to-market portfolios’ returns in excess of risk-free

rate and investment rates. The excess return pattern confirms the existence of a positive

value premium. The return difference for the high-minus-low book-to-market portfolio is

6.76% per year (with a t-value of 2.56). The difference in the investment rate between

high and low book-to-market portfolios is -21%. The investment-based IST betas (βIST
10 ),

reported in Panel B, are monotonically increasing in book-to-market ratio: βIST
10 increases

from 0.50 for the growth firms to 2.94 for the value firms, with a beta difference of 2.44

6For example, the It/Pt−1 ratio of portfolio i in year t is calculated as the value-weighted average∑
f∈Fi wf,t−1If,t/Pf,t−1 where If,t/Pf,t−1 is firm f ’s I/P ratio, wf,t−1 = Pf,t−1/

∑
f Pf,t−1 are the

weights, and F i is the set of firms in portfolio i with a non-missing I/P ratio.
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(with a t-value of 6.42) for the high-minus-low (HML) portfolio. If we approximate IST

betas by βIST
10 , a relatively small IST premium of 2.5% can generate a sizable value premium

of 2.44 × 2.5% = 6.10%. Therefore, investment data indicate that IST shocks have the

potential to generate a large value premium if the IST risk premium is positive.

To assess the robustness of the results reported above, we consider two modifications

to our procedure for estimating investment-based IST betas.7 The first modification

concerns the discount rate η used in equation (6). Besides the benchmark value η = 10%,

we consider a lower value of 5% and a higher value of 15%. We find that a different discount

rate affects only the magnitude, but not the sign, of the IST beta spread between the

high and the low book-to-market portfolios.

The second modification allows for the possibility that not all capital expenditures

are affected by IST shocks. This can happen, for example, when firms need to replace

parts of an aging equipment, and the price for replacements is not directly affected by

the price of state-of-the-art technology. To address this possibility, we take an approach

similar to that followed in modelling depreciation of physical capital and assume that

a fixed fraction θ of a firm’s installed capital Kt−1 needs to be replaced, and that this

replacement cost is not directly affected by the IST shocks.8 Therefore, at each time t the

adjusted capital expenditures, Ît, that are affected by the IST shocks, are determined by

Ît = max{0, It − θKt−1}. (7)

Given that capital expenditures are non-negative (It ≥ 0), it follows that Ît = It when

θ = 0, which is the case considered in the previous analysis. For robustness, we consider

an alternative value for the depreciation parameter θ = 10%, which is relatively high

compared to commonly used values of a firm’s capital depreciation rate.9

7In unreported analysis, we also confirm that our results are unaffected if we restrict our sample to
non-financial firms that produce consumption goods.

8The physical capital (K) is measured by net Property, Plant and Equipment (PPEN) from Com-
pustat.

9If, alternatively, we assume that a fixed fraction θ of the investment expenditures It, (instead of

capital Kt−1) is not affected by IST shocks, then Ît = (1 − θ)It and all the results with θ = 0 will be
essentially unaffected.
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Figure 2 plots the investment-based IST betas (βIST
10 ) for each book-to-market portfolio

across different parameter values. The IST betas increase monotonically with book-to-

market and decrease with both θ and η. The high-minus-low difference in the betas ranges

from 0.78 to 3.01 and is statistically significant (with t-values higher than 4.47) across all

parameter values.

In the above analysis, we calculate portfolio-level IST betas based on capital expen-

ditures for a 10-year window after portfolio formation (see equation (6)). This approach

can have two potential problems. First, truncating the time series of investment after

10 years can underestimate IST betas. This is a valid concern if one were interested in

measuring the level of IST betas. However, because of our focus on the cross section,

we are concerned more with the relative raking than the actual level of betas. In our

analysis, we find that the differences in the investment-to-price ratio (It+s/Pt−1) across

book-to-market portfolios are fairly persistent over time. Therefore, we do not expect any

qualitative change in the IST beta rankings across the book-to-market portfolios from

using a longer time series of investment expenditures.

Second, some firms may be delisted over time and this can bias our measure of IST

betas. In calculating portfolio-level IST betas, we assume that delisted firms have the

same average capital-expenditure-to-price ratio as the surviving firms. Since delisted

firms are more likely to make less investment than the average firm, our implementation

may overestimate the level of investment expenditures. As a robustness check, we repeat

our analysis under the assumption that delisted firms make zero capital expenditure,

which underestimates the level of investment expenditure.10 Under this alternative way

of handling delisting, we find that IST betas are qualitatively similar to those reported in

Figure 2.

In summary, based on the evidence from investment expenditures reported in this

section, the IST beta spread between value and growth is positive. This result is robust

to a wide range of parameter values.

10To implement this case, we use total portfolio-level investment expenditures divided by the portfolio’s
total market capitalization, effectively assuming that delisted firms have zero investment expenditures.
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3.2 Proxy-based IST betas

In this section we compare investment-based IST betas of book-to-market portfolios to

the corresponding proxy-based quantities. To construct proxy-based IST betas we focus

on two IST proxies commonly used by existing studies: one based on macroeconomic data

and the other based on financial market data.11 The first measure of IST shock (Ishock),

originally proposed by Greenwood, Hercowitz, and Krusell (1997), is defined as:

Ishockt = −
[
ln
(
pI/pC

)
t
− ln

(
pI/pC

)
t−1

]
, (8)

where pI is the price deflator for equipment and software in gross private domestic invest-

ment, and pC is the price deflator for nondurable consumption goods. The price deflator

for nondurable consumption goods, pC , is from the National Income and Product Ac-

counts (NIPA) tables. The price deflator of investment goods, pI , is obtained from the

quality-adjusted series of Israelsen (2010).12 A positive technology innovation reduces the

relative price of new capital goods and results in a positive measure of Ishock.

The second measure of IST shocks (IMC), originally proposed by Papanikolaou

(2011), is the stock return spread between investment and consumption producers, i.e.,

IMCt = RI
t −RC

t , (9)

where RI
t and RC

t are the returns on a portfolio of firms producing, respectively, the

investment and consumption goods. In determining whether a firm belongs to the invest-

ment or consumption sectors, we follow the procedure of Gomes, Kogan, and Yogo (2009)

who assign each Standard Industry Classification (SIC) code to either the investment or

consumption sectors on the basis of the 1987 benchmark Input-Output tables. A posi-

tive investment shock benefits investment firms relatively more and therefore results in a

positive measure of IMC.

11Other measures proposed in the literature include the change in the aggregate investment to con-
sumption ratio, and Fama and French’s (1993) HML portfolio. See, e.g., Kogan and Papanikolaou (2014).

12We are grateful to Ryan Israelsen for sharing with us the annual series of quality-adjusted equipment
prices.
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To estimate the proxy-based IST beta of a given portfolio, we regress the time series of

the portfolio excess returns on an IST proxy. We consider both univariate and bivariate

time-series regressions. In univariate regressions, we use the IST proxy as the only regres-

sor. In bivariate regressions, in addition to the IST proxy, we consider either the return

on the market portfolio (MKT) or the growth rate in total-factor-productivity (TFP).13

We repeat the estimation for all book-to-market portfolios and compute the beta spreads

for value-minus-growth.

Panel C of Table 1 reports the estimates of proxy-based IST betas for book-to-market

portfolios. In univariate regression, Ishock betas are negative for all portfolios, with most

estimates statistically significant. The beta difference for HML is −0.93 (with a t-value

of −0.97). The univariate IMC betas are all positive with most estimates statistically

significant. The beta difference for HML is −0.05 (with a t-value of −0.24). Bivariate

regressions give similar patterns of IST betas. For example, controlling for the market

factor (MKT), although Ishock and IMC betas are different from their univariate coun-

terparts, their high-minus-low spread is similar to that observed in the univariate case. In

bivariate regressions that control for TFP growth, the values of univariate and bivariate

betas are very close.

These results indicate that proxy-based IST betas of value firms are lower than those

of growth firms. This is in contrast to the earlier finding that investment-based betas of

value firms are higher than those of growth firms.

4 IST exposures of book-to-market portfolios: a struc-

tural model

To understand the discrepancy between proxy-based and investment-based IST betas

documented in the above empirical analysis, we analyze the implication of these two dif-

13The annual TFP is the multifactor productivity measure for private business sector from the Bureau
of Labor Statistics.
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ferent measures within a structural model of investment. To this purpose, we derive our

proposed investment-based IST beta within the theoretical framework of Kogan and Pa-

panikolaou (2013, 2014).14 In Section 4.1 we summarize the model setup and in Section 4.2

we provide a closed-form expression for the investment-based IST beta. We compare the

investment-based IST betas with the proxy-based IST betas in Section 4.3 and provide

numerical simulations of book-to-market portfolios within the model in Section 4.4.

4.1 Model setup

There is a continuum F of measure one of infinitely lived firms who behave competitively

in the product market but have monopoly access to their growth opportunities. At time

t, each firm f ∈ F owns a finite number J f
t of existing projects. Project j, owned by firm

f , produces a flow of output equal to

yfjt = εftujtxtK
α
j , (10)

where εft a firm-specific productivity shock; ujt is a project-specific productivity shock;

xt is the common productivity shock for all existing projects; Kj is the project’s physical

capital which is determined at the time of the project’s initial investment; and, α ∈

(0, 1) captures decreasing returns to scale at the project level. Each project expires

independently at a Poisson death rate δ.

The evolution of the three shocks is governed by the following processes:

dεft = −θε(εft − 1)dt+ σε
√
εftdBft, (11)

dujt = −θu(ujt − 1)dt+ σu
√
ujtdBjt, (12)

dxt = µxxtdt+ σxxtdBxt, (13)

14The modelling framework in Kogan and Papanikolaou (2013) is similar to that in Kogan and Pa-
panikolaou (2014) with two main differences. First, Kogan and Papanikolaou (2013) do not consider
firm-specific idiosyncratic shocks. The absence of firm-specific shocks weakens the relationship between
profitability and investment opportunities. Second, Kogan and Papanikolaou (2013) introduce uncer-
tainty about the firm’s growth opportunities, which can be learned from a public signal. This learning
feature helps to link growth opportunities to idiosyncratic volatility.
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where dBft, dBjt, and dBxt are increments of independent standard Brownian motions.

At each time t, firm f acquires new projects according to a firm-specific Poisson process

with arrival rate

λft = λf · λ̃ft, (14)

where λf is a firm-specific constant and λ̃ft follow a two-state continuous time Markov-

chain with states λH > λL and transition probability

P =

(
1− µLdt µLdt

µHdt 1− µHdt

)
. (15)

The state λft = λf ·λH is the high growth state and the λft = λf ·λL is the low growth state.

The quantities µHdt and µLdt denote the instantaneous probabilities of transitioning,

respectively, into a high or low growth state. Without loss of generality, E[λ̃ft] = 1.

Upon arrival of a new project j, the firm makes a take-it-or-leave-it decision. If the firm

takes the project, it chooses the associated size of capital Kj and pays the corresponding

investment expenditure of

i(xt, zt, Kj) =
xt
zt
Kj, (16)

which depends on productivity, xt, size of the new capital, Kj, and on the embodied IST

shock, zt. A positive realization of zt reduces the cost of new capital investment. The

process for IST shocks zt also follows a geometric Brownian motion

dzt = µzztdt+ σzztdBzt, (17)

with dBzt a standard Brownian motion independent of dBft, dBjt, and dBxt. When a

firm invests in a project j, the project specific productivity is set to its long run value

ujt = 1.

The stochastic discount factor πt is given by

dπt
πt

= −rdt− γxdBxt − γzdBzt, (18)
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where r is the constant risk-free rate, and γx and γz are the constant prices of risk for xt

and zt, respectively.

Kogan and Papanikolaou (2014) show that the value of assets in place (VAP) and the

present value of growth opportunities (PVGO) for firm f are given, respectively, by

VAPft = xt
∑
j∈J ft

A(εft, ujt)K
α
j , (19)

PVGOft = xt z
α

1−α
t G(εft, λft), (20)

where A(εft, ujt) and G(εft, λft) are defined in equations (A.2) and (A.5) of Appendix A.

The firm value is the sum of the two components,

Pft = VAPft + PVGOft. (21)

Using (21), the firm’s return IST exposure is given by

βzft =
∂ lnPft
∂ ln zt

=
α

1− α
PVGOft

Pft
. (22)

A firm’s return exposure to IST shock is therefore proportional to the relative fraction

of growth opportunities in the firm’s total value. Unfortunately, because the fraction of

growth opportunities in the firm value is not directly observable, in order to apply the

above framework empirically, it is important to find an operational way to measure a

firm’s IST exposure.

4.2 Investment-based IST beta

In this subsection we show that the intuition of Section 2 allows us to derive an expression

of a firm’s IST beta equivalent to (22) that, similar to equation (3), depends on the path

of its future investment expenditures. To see this note that, because the arrival rate of

new projects is exogenous, firms’ investment decision follows a simple intra-temporal NPV
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rule. That is, at each time t firm f maximizes the project j’s NPV:

NPVjt = v(εft, 1, xt, Kj)− i(xt, zt, Kj). (23)

where

v(εft, ujt, xt, Kj) = Et

[∫ ∞
t

e−δ(s−t)
πs
πt
εfsujsxsK

α
j ds

]
= A(εft, ujt)xtK

α
j , (24)

with A(εft, ujt) defined in equation (A.2) of Appendix A. The optimal capital choice that

maximizes the NPV (23) is then given by

K∗t = (αztA(εft, 1))
1

1−α . (25)

The following proposition formalizes how a firm IST beta depends on investment expen-

ditures.

Proposition 1. Under the assumption of the structural model described in Section 4.1,

firm f ’s stock return IST beta is given by

βzft =
Et

[∫∞
t
e−η(s−t)Ifsds

]
Pft

, (26)

where η = r + γxσx + α
1−αγzσz, Ifs is firm f ’s investment expenditures at time s, and Pft

is firm f ’s market value at time t.

Equation (26) is the equivalent of equation (3) derived in Section 2 and follows the same

intuition. A positive and persistent IST shock decreases the cost of all future investment

expenditures. In response to a positive unit IST shock, the firm value increases by

the present value of all future investment expenditures. Therefore a firm’s IST beta is

the present value of future investment expenditures scaled by the current market value.

Under this model’s structure, the present value in equation (3) is obtained by applying

a constant discount rate at all maturities. This lends support to our implementation of

investment-based IST beta in equation (6).
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4.3 Comparison with proxy-based IST beta

The current model provides a useful setting to compare our investment-based IST beta

to a proxy-based measure that relies on financial market data. By assuming the existence

of an investment good sector supplying the capital good to the consumption good sector,

Kogan and Papanikolaou (2014) show that the return spread between investment and

consumption good firms, IMC = RI − RC , is a mimicking factor for the IST shock.15

Specifically,

βIMC

ft ≡
cov(Rft, R

I
t −RC

t )

var(RI
t −RC

t )
=

1

β0t

PVGOft

Pft
, where β0t ≡

∫
F VAPftdf∫
F Pftdf

. (27)

Equation (27) defines a proxy-based measure of IST beta that can be constructed from

financial data. Note that, according to equation (22), we can write

βIMC

ft =
1

β0t

1− α
α

βzft, (28)

and hence proxy-based IST beta (βIMC
ft ) is an approximation of the investment-based IST

beta (βzft).
16

Importantly, while it is true that, within the model, the two IST-beta measures are

identical, proxy-based measures are more heavily dependent on the model assumptions,

hence making them more vulnerable to model misspecification. As discussed in Section 2,

our investment-based IST beta rests on considerably fewer structural assumptions.

To see how proxy-based measure depend on structural model assumption, note, for

example that a crucial condition for obtaining IMC as a proxy of IST shocks within the

model of Section 4.1 is that the value of investment and consumption good producers

have the same degree of homogeneity in the neutral productivity shock xt. Without this

15The idea of using IMC as a measure of IST shocks is originally developed in Papanikolaou (2011).
16The two are theoretically equivalent, conditional on the realization of the IST shock zt. To see this,

note that, from equations (19)–(21), the term β0t in equation (27) depends on the aggregate IST shock
zt, but not on the neutral productivity shock xt.
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assumption, IMC is not a factor-mimicking portfolio for the IST shocks. In Appendix C we

show that when output (10) and investment cost (16) have different degree of homogeneity

in the neutral shock xt, the return spread IMC is a mixed measure of both the IST shock

zt and the neutral shock xt.
17

As we discussed in Section 3.2, another common approach to proxy for IST shocks in

the literature is to rely on the relative price of new capital equipment (see equation (8)).

In the context of the structural model of Section 4.1, these proxies capture the cost of

per-unit capital in consumption units, i.e., xt/zt in equation (16). Because it is affected

by both neutral (xt) and investment specific (zt) shocks, the change in the price of capital

cannot uniquely be linked to IST shocks. One potential remedy for this measurement

problem is to adjust the capital good price for the effect of productivity shocks, i.e.,

construct a “quality-adjusted” capital good price, as we did in Section 3.2. However, as

for the case of IMC, this adjustment is also model-dependent, and therefore potentially

affected by measurement problems.

In summary, because they rely on restrictive modeling assumptions concerning ei-

ther firms’ valuation or the determinants of capital good prices, proxy-based IST be-

tas are a more “fragile” measure of a stock’s return exposure to IST shocks than the

investment-based measure developed in Section Section 3.1. As we show next, the pro-

posed investment-based approach to measuring a firm’s exposure to IST shocks comple-

ments the existing proxy-based approach and helps us better understand the channels

through which IST shocks may affect firms’ return in the cross-section.

4.4 IST betas of book-to-market portfolios

We assess the ability of the structural model of Section 4.1 to generate the empirical

pattern of IST beta across book-to-market portfolios documented in Section 3. To this

17A similar argument applies to an alternative proxy of IST shocks constructed from the the growth
rate difference between the total investment and consumption. Similar to IMC, it can be shown that
only under a homogeneity assumption of investment and consumption value with respect to the neutral
productivity shock, this proxy is a correct measure of IST shocks.
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purpose, we simulate the model under the same parameter values used by Kogan and

Papanikolaou (2014) and reported in the column labeled “KP parameters” in Table 2.18

As in Kogan and Papanikolaou (2014), we simulate the model at a weekly frequency and

time-aggregate the information to form annual observations. We simulate 1,000 samples

of 2,500 firms over a period of 100 years and drop the first half of each sample to remove

dependence on initial values. We report the median across samples of each variable of

interest. For example, in each of the 1,000 samples, we form book-to-market portfolios

at the end of each year and calculate the portfolio returns for the next year. The sample

portfolio average return is the time series average return of each portfolio. We report the

median of the average returns across the 1,000 samples.

The results of the simulation for book-to-market portfolios are reported in the left

panels of Figure 3. These results confirm the findings of Kogan and Papanikolaou (2014).

First, the return is monotonically increasing in book-to-market ratio, consistent with the

empirical evidence on the value premium. The average return increases from below 8%,

for the lowest book-to-market portfolio, to above 10% for the highest book-to-market

portfolio. Second, IST beta is monotonically decreasing in book-to-market ratio. In

particular, a constant scaled version of the investment-based IST betas (the dash-dotted

line labeled “5 × βIST
10 ”) obtained from equation (6) matches well the decreasing pattern

of the true IST beta (the solid line labeled “βIST
true”). The scale difference is due to the fact

that we use only 10 years of investment expenditures to construct the empirical version

of the IST beta in (26), and thus we ignore all investment expenditures occurring after 10

years. Given our focus on the cross section of returns, a constant scaling factor in the IST

beta will only rescale the magnitude of IST risk premium required to match the return

spread, without affecting the interpretation of the economic mechanisms in the model.

A similar scaling issue applies to the IMC beta constructed by time series regressions of

portfolio returns on the IMC spread, and represented by the starred line in Figure 3. Note

18The only difference from the parameters used by Kogan and Papanikolaou (2014) is the distribution
of mean project arrival rate λf which we take to be uniformly distributed between [λ, λ] = [5, 25], as in
Kogan and Papanikolaou (2013). Using the non-uniformly distributed λf as in Kogan and Papanikolaou
(2014) gives the same results.
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that βIMC tracks closely the investment-based IST beta βIST
10 in this model, confirming the

equality between these two betas established in equation (28). Finally, consistent with the

results reported in Table 1, the growth stocks have much higher investment rate (I/K)

than value stocks.

Comparing the investment-based IST betas from the simulation result to those ob-

served in the data and reported in Figure 2, we observe that the model-implied and

empirical IST betas have opposite patterns with respect to the book-to-market ratio: in

the data, investment-based IST betas are increasing across book-to-market portfolios;

in this parameterization of the model, investment-based IST betas are decreasing across

book-to-market portfolios. In the rest of this section we explore alternative parameter

values to verify whether the model can replicate the pattern of investment-based IST

beta observed in the data. Our goal is simply to assess whether existing models can

be made consistent with our new empirical evidence. We would like to stress that it is

outside the scope of this paper to propose an alternative calibration of existing models or

to claim that the alternative parameterization reported below provides the most accurate

explanation of the empirical evidence.19

As we show in equation (22), IST beta is determined by the fraction of growth oppor-

tunities in firm value (PV GO/P ). In order to generate IST betas that are increasing in

book-to-market ratio within the model, heterogeneity in book-to-market should be driven

predominantly by variation in assets-in-place instead of growth opportunities. To see this,

let us rewrite the book-to-market ratio as follows

B/M =
K

P
=

K

V AP
×
(

1− PV GO

P

)
. (29)

19The key theoretical implication of the model of Section 4.1 is that the true IST beta is proportional
to the fraction of PVGO in the firm value. Note that this implication is a result of the proportionality
among project’s market value, investment expenditure, and NPV. In the data, this tight relationship
may not hold. For example, a firm may invest in a project with near zero NPV, but that requires large
investment expenditures. While KP’s model setup does not apply to such an example, our investment-
based approach developed in Section 2 is independent of the proportionality restrictions and therefore
still holds.
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If the B/M ratio is driven only by the growth opportunities, that is, if K/V AP is constant

in (29), high B/M implies low PV GO/P . The negative correlation between B/M and

PV GO/P is weaker in the presence of shocks that have a relatively large impact on the

profitability of existing assets (captured by K/V AP ) and a relatively small impact on

growth opportunities. To explore these channels, we make three modifications to the

above parameterization (see the column labeled “Alternative parameters” in Table 2).

First, we shut down the firm-specific productivity shock εf , as in Kogan and Papaniko-

laou (2013), to reduce the shock to growth opportunities. This is a natural choice because,

εf is a shock that affects the value of both assets-in-place and growth opportunities.

Second, we reduce the speed of mean-reversion parameter θu for the project-specific

shock uj, as in Kogan and Papanikolaou (2013), in order to increase the importance of the

project-specific shock within the model. Note that the projet-specific shock will generate

a positive correlation between B/M ratio and PV GO/P . For example, a negative uj

reduces the market value of an existing project, i.e., it decreases V AP but does not affect

growth opportunities (PGV O). This leads to higher values of both B/M and PV GO/P

ratios. A slower mean-reverting parameter for the uj shock makes its effect stronger

because the shocks will last for a longer period.

Finally, we choose a smaller value for the ratio λH/λL. This ratio represents how

many more projects a firm receives when it is in its high growth state relative to its low

growth state. From equation (14), firm f ’s project arrival rate is governed by the Poisson

parameter λft = λf ·λ̃ft, where λ̃ft ∈ {λL, λH} and E[λ̃ft] = 1. A high ratio λH/λL implies

a wider range for λft. Especially in low growth states, the volatility of the Poisson process

will dominate the variation in the value of assets in place.20 In the model of section 4.1 ex-

post variation in the number of projects acquired does not affect PV GO while it directly

impacts V AP and K. When the Poisson randomness dominates, i.e., when λH/λL is

high, a firm that receives more projects than expected has roughly the same K/V AP

20Recall that the mean and variance of a Poisson process with intensity λ, are equal to λ. Hence for
low values of λ, the volatility-to-average ratio of the Poisson process, 1/

√
λ, increases for low values of

the arrival rate λ.
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as one that receives less projects than expected but it will have a higher V AP and a

lower PV GO/P ratio. According to equation (29) firms that receive unexpectedly higher

number of projects will then have higher B/M ratios. In other words, the Poisson arrival

uncertainty generates a counterfactual positive correlation between B/M and size in the

model. This effect is particularly strong in Kogan and Papanikolaou (2014), where the

ratio λH/λL = 6.4. In the alternative parameterization reported in Table 2, we set this

ratio to 2, implying that in the high growth state firms receive twice as many projects

than in the low growth state. In this alternative parameterization, the effect of Poisson

randomness on V AP is weaker, which help reduces the negative correlation between B/M

and PV GO/P .

We summarize our parameter choice in Table 2, under the column labeled “Alterna-

tive parameters”. The three right panels in Figure 3 report the results for this alter-

native parameterization. As the figure illustrates, the pattern of IST beta is increasing

across book-to-market portfolios, consistent with the empirical evidence reported in Fig-

ure 2. Because in this parameterization we use a negative price of risk for the IST shock

(γz = −0.35), the model generates a counterfactual growth premium. Note that with this

alternative parameterization the investment rate (I/K) is also higher for growth stocks

than for value stocks.

In summary, the analysis in this section highlights that the investment-based beta we

propose represents an important restriction that can help identify the economic mecha-

nisms in a given structural model of investment and returns. Combined with the empir-

ical evidence from the previous section, the main message from our analysis is that, the

investment-based evidence indicates that value firms are more exposed to the IST risk

than growth firms, and a positive IST risk premium is needed to claim that IST shocks

can help explain the value spread observed in the data.
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5 Discussion

In Section 4.3 we proved that investment-based and proxy-based betas are theoretically

equivalent within the structural model of Kogan and Papanikolaou (2014). However, as

shown in the Section 3, the two approaches produce opposite empirical patterns of IST

betas for book-to-market portfolios. There are at least two possible reasons for this ob-

served discrepancy. The first reason is that the model does not capture the underlying

economic mechanisms that underly the empirical evidence. In this case, we should not

expect the equivalence between the two approaches to hold in the data. As illustrated

in Section 2, the idea behind our investment-based approach is not dependent on any

particular model structure (besides the assumption of declining marginal value of capi-

tal), and therefore provides robust estimates of IST betas. The second reason is that,

although the model might be capturing the right economic mechanism underlying the

data, some of the specific assumptions needed to construct a model-based proxy of IST

shock, might not hold in the data. In this case, the resulting proxy-based betas might con-

tain measurement error. In summary, the investment approach provides not only a new,

complementary, methodology, but also a useful identifying restriction for cross-sectional

asset pricing models, as we demonstrated in the simulations analysis of Section 4.4.

In a related study based on IST proxies, Garlappi and Song (2014) find that the

implied risk premium of IST proxies obtained by using only book-to-market portfolios

as test assets may not be reliable. In particular, they find that the IST risk premium

estimated from proxy-based IST betas on ten book-to-market portfolios changes from

negative in the 1963-2012 period, to positive in the early 1930-1962 period or in the full

sample spanning from 1930 to 2012. In addition, the IST risk premium is positive and

stable over time when estimated from a broader cross-section of assets. This evidence is

broadly consistent with the evidence from investment-based IST betas for book-to-market

portfolios reported in Section 3.1.
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The results of Section 4.4 indicate that a negative IST risk premium fails to match

simultaneously the investment expenditures relative to market value and the value pre-

mium that we observe in the data. This results raise an important question regarding

the sign of the price of risk of IST shocks in equilibrium. Garlappi and Song (2015) point

out that an important determinant of the sign of the price of IST risk in equilibrium is

the degree of capital utilization. In the context of a two-sector general equilibrium model

with consumption and capital good producers they show that, when capital utilization is

sufficiently flexible in the economy, the equilibrium price of IST risk is positive, indepen-

dent of investor’s preferences towards the resolution of uncertainty. This is in contrast to

general equilibrium models with fixed capital utilizations, such as Papanikolaou (2011), in

which the price of IST risk is negative when investors prefer late resolution of uncertainty.

We believe that further explorations of the general equilibrium implications of IST shocks

for asset prices remains an important venue of future research.

6 Conclusion

In this paper we provide a new methodology for estimating a firm’s stock return sensitivity

to capital-embodied technology shocks. Our methodology is based on the intuition that

a firm’s investment contains useful information regarding its exposure to IST shocks.

Empirically, we find that investment-based IST betas are higher for value stocks than

for growth stocks, contradicting the opposite findings in the existing studies based on

IST proxies. To better understand these new empirical findings, we analyze in depth the

economic mechanisms of a well-studied structural model of investment. We show that,

within this model, our investment-based IST betas provide good estimates of the true IST

betas, while proxy-based IST betas are more vulnerable to measurement errors. More

importantly, the new evidence provides useful restrictions on the economic mechanisms

through which IST shocks affect cross-sectional asset prices.
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In light of the discrepancy between investment-based and proxy-based inference, ex-

ploring alternative measures of IST shocks to those available in the existing literature is of

first-order importance for gaining a better understanding of their effect on asset returns.

We believe that the new methodology proposed in this paper represents a useful bench-

mark to assess the validity of alternative measures of capital-embodied technical change

and their effect on asset prices.
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A Results from Kogan and Papanikolaou’s (2014)

model

In this Appendix we reproduce the expressions for the value of assets in place (VAP) and

growth options (PVGO) in Kogan and Papanikolaou’s (2014) model. Given the stochastic

discount factor (18), the market value of an existing project j at time t equals the present

discounted cash flows, i.e.,

v(εft, ujt, xt, Kj) = Et

[∫ ∞
t

e−δ(s−t)
πs
πt
εfsujsxsK

α
j ds

]
= A(εft, ujt)xtK

α
j , (A.1)

where

A(εft, ujt) =
1

r + γxσx + δ − µx
+

1

r + γxσx + δ − µx + θε
(εft − 1)

+
1

r + γxσx + δ − µx + θu
(ujt − 1)

+
1

r + γxσx + δ − µx + θε + θu
(εft − 1)(ujt − 1). (A.2)

The value of a firm’s assets in place is the market value of its existing projects, i.e.,

VAPft =
∑
j∈J ft

v(εft, ujt, xt, Kj) = xt
∑
j∈J ft

A(εft, ujt)K
α
j . (A.3)

The present value of a firm’s growth opportunities at time t, PV GOt, is the discounted

NPV of future investments. Proposition 2 in Kogan and Papanikolaou (2014) shows that

PVGOft = Et

[∫ ∞
t

πs
πt

NPV∗sλfsds

]
= z

α
1−α
t xtG(εft, λft), (A.4)

where

G(εft, λft) =

λf
(
G1(εft) + µL

µL+µH
(λH − λL)G2(εft)

)
, λ̃ft = λH

λf

(
G1(εft)− µH

µL+µH
(λH − λL)G2(εft)

)
, λ̃ft = λL,

(A.5)
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and Gi(ε), i = 1, 2, are solutions of the following differential equations:

C · A(ε, 1)
1

1−α − ρiGi(ε)− θε(ε− 1)
d

dε
Gi(ε) +

1

2
σ2
εε
d2

ε2
Gi(ε) = 0, (A.6)

with

C = α
1

1−α (α−1 − 1), (A.7)

ρ1 = ρ ≡ r + γxσx − µx −
α

1− α

(
µz − γzσz −

1

2
σ2
z

)
− 1

2

(
α

1− α

)2

σ2
z , (A.8)

ρ2 = ρ+ µH + µL. (A.9)

B Proof of Proposition 1

Using the optimal investment scale K∗ from (25), the investment cost in (16) is

i(xt, zt, K
∗
t ) = xtz

α
1−α
t (αA(εft, 1))

1
1−α , (B.1)

and hence, from (23) we have

NPV∗t =
C

α
1

1−α
i(xt, zt, K

∗
t ) =

1− α
α

i(xt, zt, K
∗
t ). (B.2)



30

Direct calculations yield that the present value at time t of firm f ’s growth opportu-

nities, PVGOft, is given by:

PVGOft = Et

[∫ ∞
t

πs
πt

NPV∗sλfsds

]
= Et

[∫ ∞
t

πs
πt

1− α
α

i(xs, zs, K
∗
s )λfsds

]
=

1− α
α

Et

[∫ ∞
t

πs
πt
xsz

α
1−α
s (αA(εfs, 1))

1
1−αλfsds

]
=

1− α
α

∫ ∞
t

E
x,z
t

[
πs
πt
xsz

α
1−α
s

]
E
ε,λ
t

[
(αA(εfs, 1))

1
1−αλfs

]
ds

=
1− α
α

∫ ∞
t

e(−r−γxσx−
α

1−αγzσz)(s−t)Ex,zt

[
xsz

α
1−α
s

]
E
ε,λ
t

[
(αA(εfs, 1))

1
1−αλfs

]
ds

=
1− α
α

Et

[∫ ∞
t

e−η(s−t)i(xs, zs, K
∗
s )λfsds

]
=

1− α
α

Et

[∫ ∞
t

e−η(s−t)Ifsds

]
, (B.3)

where the first equality is the definition of PVGOft; the second equality follows from (B.2);

the third equality follows from (B.1); the fourth equality uses the fact that the processes

xt and zt are independent of λft and εft thus allowing to express the expectation E

as the product of the expectation under the measure governing the dynamics of xt and

zt, E
x,t, and the expectation under the measure governing the dynamics of εft and λt,

E
ε,λ;21 the fifth equality exploits the fact that xt and zt are geometric Brownian motions,

defined in (13) and (17); the sixth equality follows from the independence of the stochastic

processes xt, zt, εft and λft, and uses η ≡ r + γxσx + α
1−αγzσz, and the definition of

optimal investment in (B.1); and, the last equality follows from the definition of firm-level

investment Ifs = i(xs, zs, K
∗
s )λfs.

Using (B.3) in the definition of firm f ’s IST beta (22), we then obtain

βzft =
Et

[∫∞
t
e−η(s−t)Ifsds

]
Pft

. (B.4)

21If PVGOft <∞, by Fubini’s Theorem, we can interchange expectation and integration.



31

C IMC spread as a mimicking factor for IST shocks

Let us suppose that output (10) and investment cost (16) are given, respectively by the

following two functions

yfjt = εftujtx
ωy
t K

α
j , and i(xt, zt, Kj) =

xωit
zt
Kj, ωy 6= ωi. (C.1)

Following the same analysis of Section 4.1, it is easy to show that the value of a consump-

tion good firm f is given by

P̂ft = x
ωy
t

∑
j∈J ft

Â(εft, ujt)K
α
j + z

α
1−α
t x

ωy−αωi
1−α

t Ĝ(εft, λft), (C.2)

where

Â(εft, ujt) =
1

H
+

1

H + θε
(εft−1)+

1

H + θu
(ujt−1)+

1

H + θε + θu
(εft−1)(ujt−1), (C.3)

with H ≡ r + ωyγxσx + 1
2
ωy(1− ωy)σ2

x + δ − ωyµx, and

Ĝ(εft, λft) =

λf
(
Ĝ1(εft) + µL

µL+µH
(λH − λL)Ĝ2(εft)

)
, λ̃ft = λH

λf

(
Ĝ1(εft)− µH

µL+µH
(λH − λL)Ĝ2(εft)

)
, λ̃ft = λL,

(C.4)

where Ĝi(ε), i = 1, 2, are solutions of the following differential equations:

C · Â(ε, 1)
1

1−α − ρ̂iĜi(ε)− θε(ε− 1)
d

dε
Ĝi(ε) +

1

2
σ2
εε
d2

ε2
Ĝi(ε) = 0, (C.5)
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with C given by equation (A.7) and

ρ̂1 = ρ̂ ≡ r − ωy − αωi
1− α

(
µx − γxσx −

1

2
σ2
x

)
− 1

2

(
ωy − αωi

1− α

)2

σ2
x

− α

1− α

(
µz − γzσz −

1

2
σ2
z

)
− 1

2

(
α

1− α

)2

σ2
z , (C.6)

ρ̂2 = ρ̂+ µH + µL. (C.7)

Note that, as ωy, ωi → 1, P̂ft → Pft in (21). The value of investment good producers is

P̂It = Γ̂tx
ωy−αωi

1−α
t z

α
1−α
t , where Γ̂t ≡ φλtα

1
1−α ρ̂−1

∫
F
Â(εft, 1)

1
1−αdf, and λt =

∫
F
λftdf.

(C.8)

Comparison of (C.2) and (C.8) shows that, because consumption good firm and invest-

ment good firm have different exposures to the productivity shock xt, the return spread

IMC contains information related to both zt and xt. Indeed, we can show that the return

spread RI
t −RC

t is given by

RI
t −RC

t = Et[R
I
t −RC

t ] +
α(ωy − ωi)

1− α
β̂0tσxdBxt +

α

1− α
β̂0tσzdBzt, (C.9)

where β̂0t ≡
(∫
F V̂APftdf

)
/
(∫
F P̂ftdf

)
and V̂APft is defined as the first term on the

right-hand-side of equation (C.2). Notice that in (C.9) the exposure of the IMC return

spread to the xt shock vanishes only if ωy = ωi. Therefore, a proxy-based IMC beta such

as (27) will in general capture a firm’s beta with respect to not only the IST shock zt but

also the productivity shock xt.

In contrast, following the steps for the derivation of equation (B.3) in the proof of

Proposition 1, it is straightforward to show that, when consumption and investment good

producers have different exposures to the productivity shock, expression (26) for the

investment-based beta still holds with a constant discount rate given by η̂ = r + (ωi +

ωy−ωi
1−α )γxσx + α

1−αγzσz. This example illustrates the robustness of investment-based IST

betas relative to proxy-based IMC betas.
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Figure 2: Investment-based IST betas of book-to-market portfolios

The figure reports the investment-based IST betas of book-to-market portfolios estimated
from data on U.S. listed common stocks over the period 1963–2012. βIST

10 is constructed from
equation (6) using three different values for η. In constructing βIST

10 , we adjust investment
expenditures according to equation (7) with two different values of the parameter θ.
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(a) KP parameterization (b) Alternative parameterization
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Figure 3: Model implications under alternative parameterizations

The figure reports returns, IST betas, and investment-to-capital (I/K) for 10 book-to-market
portfolios obtained from two alternative parameterizations of the structural model of Section 4.
The parameter values used in each simulations are reported in Table 2. We simulate 1,000
samples of 2,500 firms over a period of 100 years and drop the first half of each sample to
remove dependence on initial values. The figure reports the median numbers across the 1,000
samples.
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Table 1: IST betas of book-to-market portfolios

This table reports the excess returns (Ret) and IST exposures for book-to-market portfolios.
Panel A reports the portfolio return in excess of risk-free rate and the investment rate (I/K).
Panel B reports the investment-based IST betas and panel C reports the proxy-based IST betas.
Both the return and the investment rate are calculated using the data one year after the portfolio
formation. We use capital expenditure data to estimate the IST exposures βIST

10 according to
equation (6) with η = 0.10. Investment-based betas are the average across years from 1963 to
2003 (βIST

10 in 2003 is constructed based on investment from 2003-2012). We use two proxies
of IST shocks, Ishock and IMC, to estimate the IST betas. We consider both one-factor and
two-factor models, with the second factor to be either the market excess return (MKT) or the
total factor of productivity (TFP). The proxy-based beta estimates are based on data from 1963
to 2012. The t-statistics (in parentheses) are Newey-West adjusted with a lag length of 3 years.

Variable Low 2 3 4 5 6 7 8 9 High HML

Panel A: Returns and investment rates

Ret (%) 7.01 6.31 7.14 7.53 7.44 8.69 9.27 10.58 10.73 13.77 6.76
(2.49) (2.59) (2.97) (2.99) (3.19) (3.57) (3.81) (4.02) (4.06) (4.21) (2.56)

I/K 0.34 0.27 0.24 0.23 0.20 0.19 0.17 0.15 0.14 0.13 -0.21

Panel B: Investment-based IST betas

βIST
10 0.50 0.80 1.07 1.25 1.47 1.62 1.74 1.89 2.04 2.94 2.44

(7.19) (6.99) (6.48) (6.37) (7.42) (6.97) (7.47) (8.01) (7.66) (6.82) (6.42)

Panel C: Proxy-based IST betas

IST only:

βIshock
-1.78 -1.74 -1.60 -1.81 -1.25 -1.98 -2.53 -2.82 -2.50 -2.71 -0.93

(-1.95) (-2.23) (-1.92) (-1.77) (-1.65) (-2.13) (-3.32) (-2.88) (-3.04) (-2.50) (-0.97)

βIMC
0.64 0.46 0.55 0.51 0.49 0.59 0.33 0.35 0.39 0.59 -0.05

(3.04) (2.56) (3.38) (2.91) (2.57) (3.70) (1.57) (1.60) (2.01) (2.43) (-0.24)
IST+MKT:

βIshock
0.20 0.05 0.16 -0.08 0.42 -0.30 -0.98 -1.22 -0.89 -0.67 -0.87

(0.51) (0.23) (0.68) (-0.13) (1.21) (-0.55) (-1.94) (-1.65) (-1.69) (-0.94) (-0.86)

βIMC
0.14 -0.01 0.10 0.06 0.07 0.15 -0.12 -0.11 -0.07 0.04 -0.10

(1.41) (-0.21) (1.67) (0.56) (0.72) (1.94) (-1.01) (-0.79) (-0.59) (0.26) (-0.44)
IST+TFP:

βIshock
-1.78 -1.73 -1.61 -1.79 -1.22 -1.98 -2.49 -2.79 -2.47 -2.63 -0.85

(-1.97) (-2.26) (-1.92) (-1.77) (-1.63) (-2.12) (-3.31) (-2.80) (-2.98) (-2.39) (-0.84)

βIMC
0.64 0.46 0.55 0.50 0.48 0.59 0.31 0.34 0.38 0.56 -0.08

(3.13) (2.56) (3.47) (2.82) (2.48) (3.69) (1.45) (1.51) (1.89) (2.24) (-0.37)
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Table 2: Parameter values
This table summarizes the two sets of alternative parameter values used in simulations. The first
set, listed in column labeled “KP parameters”, is mainly taken from Kogan and Papanikolaou
(2014). The second set, listed in column labeled “Alternative parameters”, reports only the
parameter values that are different from the “KP parameters”.

Parameter Symbol KP Alternative
parameters parameters

Technology, aggregate shocks
Mean growth rate of the disembodied technology shock µx 0.005
Volatility of the disembodied technology shock σx 0.135
Mean growth rate of the IST shock µz 0.002
Volatility of the IST shock σz 0.035

Technology, idiosyncratic shocks
Persistence of the firm-specific shock θε 0.350
Volatility of the firm-specific shock σε 0.200 0.000
Persistence of the project-specific shock θu 0.500 0.030
Volatility of the project-specific shock σu 1.500

Project arrival and depreciation
Project depreciation rate δ 0.100
Arrival rate parameter 1 λ 5.000

Arrival rate parameter 2 λ 25.000
Transition probability into high-growth state µH 0.075
Transition probability into low-growth state µL 0.160
Ratio of arrival rates in high vs. low growth states λH/λL 6.400 2.000

Stochastic discount factor
Risk-free rate r 0.030
Price of risk of the disembodied shock γx 0.690
Price of risk of the IST shock γz -0.350

Other
Project-level return-to-scale parameter α 0.850
Profit margin of the investment sector φ 0.070
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