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Investment Shocks and Asset Prices:

An Investment-based Approach

Abstract

We propose a new approach, based on investment data, to determine firms’ return exposure
to investment-specific technology (IST) shocks. When applied to U.S. data, we find that, in
contrast to the pattern estimated from empirical IST proxies, value firms have higher exposure
to IST shocks than growth firms. When applied to simulated data from existing theoretical
models, our approach reveals that existing empirical findings may result from measurement
errors in the IST proxies. Importantly, our simulation analysis uncovers the key role played
by investment data in determining the economic mechanism through which IST shocks affect

cross-sectional asset prices.
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1 Introduction

Capital-embodied, investment-specific technology shocks (hereafter referred to as “investment
shocks” or “IST shocks”) are technological innovations that materialize through the creation of
new capital stock. Since the work of Solow (1960), these investment shocks have been recog-
nized as an important determinant of economic growth and business cycle fluctuations. More
recently, financial economists have stressed their importance for explaining cross-sectional and
time-series properties of returns. Unfortunately, IST shocks are not directly observable and are
commonly measured through noisy proxies constructed from either macroeconomic or financial
data. Existing studies find that proxies built on macro data typically exhibit correlations close
to zero 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 IST shocks.!

In this paper we propose a novel approach to construct firms’ return exposure to IST shocks,
that, unlike existing studies, does not rely on noisy empirical proxies of IST shocks. Our ap-
proach rests on the idea that IST shocks affect firm value directly through the cost of firms’
expected investment. Because the change of a firm’s market value in response to an IST shock is
proportional to the firm’s expected investment, the percentage change, that is the exposure of a
firm’s return to an IST shock, can be measured by the firm’s expected investment expenditures

relative to its market value.

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 that plans to invest one-time amount of
capital I. Suppose that the occurrence of an IST shock € decreases the unit price of capital from
1to 1 —e. As a result, upon the occurrence of the shock, the firm value increases by the saving
in investment costs, i.e., AP = I X ¢, which implies a realized return r = AP/P = (I/P) x ¢.
The firm’s return IST-beta, by definition, is given by 8" = cov(r,e)/var(e) = I/P. Therefore,
we can estimate the firm’s exposure to IST shocks directly from its investment-to-price ratio
without relying on the empirical measure of IST shock €. As we show in Section 2, this intuition
generalizes to the case of multi-period investment in which the firm’s IST-beta is determined by

the ratio of present value of future investment to current equity value.

'For example, Garlappi and Song (2017a) 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 0.03 in the 1930-2012 period and 0.02 in the more recent 1964-2012 period.



We use our approach to estimate investment-based IST betas of book-to-market portfolios
from a sample of U.S.-listed common stocks from 1963 to 2016. This analysis unveils a potentially
different interpretation of the economic mechanism underlying the pricing effect of IST shocks
from that available in the existing literature. Specifically, we find that investment-based IST
betas are monotonically increasing with book-to-market ratio, with value firms exhibiting much
higher exposure to IST shocks than growth firms. This pattern is in stark contrast with that
of proxy-based IST betas. For example, using two commonly used proxies for IST shocks, one
based on macro price data and one based on financial return data, we find that, proxy-based IST
betas are either hump-shaped or V-shaped in the book-to-market ratio, with value firms exhibit
either similar or lower exposure to IST shocks than growth firms. Our main empirical findings
on investment-based IST betas of book-to-market portfolios are robust to (i) different choices of
parameters in the implementation of empirical IST betas; (ii) different assumptions regarding
the portion of the capital expenditures that are directly affected by IST shocks; (iii) different

ways of treating firms with missing observations; and (iv) different sample of firms.

Although our investment-based approach can be used to estimate the IST-beta of any port-
folio of stocks, in this paper we focus on the cross section of book-to-market sorted portfolios.
This choice is motivated by the following reasons. First, the existing literature argues that,
because value firms have lower investment rates, I/K, they should have lower IST-betas. In
contrast, our investment-based approach implies that IST-betas are proportional to I/P ratio.
Therefore, in order to test these two competing views, it is important to choose a cross section
of portfolios for which these two investment ratios differ. The cross section of book-to-market
portfolios is a natural choice, because sorting on B/M is equivalent on sorting on the relative
value of the two ratios: B/M = K/P = (I/P)/(I/K). Second, even though IST shocks have
been studied in many other cross-sections such as past investment, profitability, market beta,
or idiosyncratic volatility, the economic mechanism linking IST shocks to returns is most trans-
parent for book-to-market portfolios (see, e.g., Kogan and Papanikolaou (2013, 2014)). Finally,
book-to-market portfolios are arguably one of the most extensively studied cross-sections in the

asset pricing literature.

To further understand our empirical findings on the IST-betas of book-to-market portfolios

and link them to the existing literature, we also apply our investment-based approach to sim-



ulated data obtained from the well-known theoretical framework of Kogan and Papanikolaou
(2013, 2014). In this framework, the exposure of stock returns to IST shocks is given by the
relative weight of growth opportunities in a firm’s value. Because a firm’s growth opportuni-
ties are not observable, empirical proxies of IST shocks are required to estimate the IST betas.
We show that, within such a framework, IST betas can be computed directly as the ratio of
a firm’s expected discounted future investment expenditures to its market value. That is, our
investment-based IST beta and the proxy-based beta are equivalent within such a model. This

makes the model an ideal economic environment for understanding our empirical findings.

Using simulated data from the model, we show that, when IST shocks are measured with
error, the patterns of proxy-based IST betas across book-to-market portfolio can be fragile, and
this might explain the discrepancy between proxy-based and investment-based IST betas in the
data. We further show that, within the structure of the simulated model, when cross-sectional
variation in the book-to-market ratio is driven primarily by variation in growth opportunities,
growth firms tend to have a higher exposure to IST shocks as it is commonly assumed in the
existing literature. However, when cross-sectional variation in the book-to-market ratio is driven
primarily by variation in the value of assets-in-place, growth firms have a lower exposure to IST
shocks. We emphasize that these results hold within the theoretical framework of Kogan and
Papanikolaou (2013, 2014). Our goal is not to assess whether this framework is the correct
framework to analyze the effect of IST shocks on asset prices but to reconcile, in a controlled
experiment environment, the discrepancy between investment-based and proxy-based IST beta

documented in our empirical work.

Our analysis highlights the importance of investment data in understanding the impact of
IST shocks on asset prices. In particular, investment data not only provide an alternative way to
estimate IST beta, but can also help in discerning between competing economic interpretation
of the data. For example, in the context of the aforementioned structural framework, to match
the empirical fact that investment-to-price ratio increases in book to market, one would need the
value of assets-in-place, instead of the growth opportunities, to be the key driver of cross-sectional
variation in the book-to-market ratio. Within the model, this requirement implies that growth
firms have a lower exposure to IST shocks. In addition, because in the data investment-based

IST exposure increases in the book-to-market ratio, IST shocks can help explain the observed



value premium only if the implied IST risk premium is positive. Again, we emphasize that
this conclusion hold within the simulated model, in which IST-exposures are the main driving
force of cross-sectional return difference. Importantly, we do not claim that exposures to IST
shocks alone can explain the cross-section of returns.? Instead, we provide an alternative way to
measure [ST-betas that can be useful in future studies featuring the link between cross-sectional

returns and investment shocks.

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 implications of IST shocks
for aggregate asset prices. Papanikolaou (2011) introduces IST shocks in a two-sector general
equilibrium model. Garlappi and Song (2017b) emphasize the importance of capital utilization
flexibility and product market competition in determining the equilibrium effects of IST shocks

on asset prices.

Our paper is closely related 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. Yang (2013) uses investment shocks to explain the commodity basis spread.
Garlappi and Song (2017a) 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. Li (2018) proposes a rational explanation of the momentum effect in the
cross-section by using investment shocks. Dissanayake, Watanabe, and Watanabe (2017) provide
international evidence on the effect of IST shocks on asset returns. We complement this literature
by providing a new, investment-based, methodology to estimate the IST risk exposure and
analyze its implications for understanding the existing economic mechanisms linking IST shocks

to asset prices.

It is certainly possible that, in the real world, there are aggregate shocks other than IST, and that the
exposures to these shocks are correlated with IST-beta. In this case, we cannot easily identify the risk premium
related to IST shocks without explicitly accounting for these additional shocks.



Our work also relates to the large investment-based asset pricing literature that emphasizes
the link between investment and stock returns. This literature explores the role of firms’ optimal
investment decisions in the determination of expected stock returns—see, e.g., Cochrane (1991,
1996), Liu, Whited, and Zhang (2009), and Lin and Zhang (2013). Similarly, our main idea is
to exploit firms’ investment data to infer their return exposure to capital-embodied technical

change.

Finally, our paper is 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), and 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 complements this literature by

studying the potential role of IST shocks in explaining the cross-section of asset returns.

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 uncover the key role of investment data in studying the economic mechanism through

which IST shocks affect asset prices.

The rest of the paper is organized as follows. Section 2 provides the general idea and
implementation of our investment-based approach to measuring IST betas. Section 3 documents
empirical evidence on IST betas for book-to-market portfolios. Section 4 applies our approach
to the simulated data from an existing structural model of investment. Section 5 discusses the

implications of our analysis and Section 6 concludes.

2 The investment-based approach to estimate IST exposure

In this section we first develop the general idea underlying the use of investment expenditures
to measure a firm’s return exposure to IST shocks. We then show how to empirically implement

this measure.



2.1 The general idea

Our approach to construct a firm’s risk exposure to IST shocks rests on a simple, intuitive, idea:
since investment shocks affect firms through the cost of investment, investment expenditures

should be a key ingredient in the estimation of firms’ risk exposure to investment shocks.

To formalize this intuition, 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 equal to the present value of future net cash flows, which are determined
by output net of investment expenditures. The price of new capital is subject to exogenous

shocks, which we refer to as IST shocks.

K K* Capital

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 @ represents the marginal value of capital. The horizontal line p! represents the marginal
cost of investment, i.e., the price of new capital, which, for simplicity, we take as constant.? Let
us consider an IST shock ¢ to the price of capital. We assume that a positive IST shock e causes
a drop in the marginal cost of capital from p! to p!” = (1 — ¢) x p!, but does not affect the

marginal value of capital Q.

3The main intuition is unaffected by considering an increasing marginal cost function as in the case of convex
capital adjustment costs.



As a consequence of the shock ¢, 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
p"
ANPV ~exp! x K* =¢ x ;
— &

x K*~expl x K*=¢xI* (1)

where we ignore terms of order o(?) and use the fact that investment expenditure I* = p!” x K*.4
Hence, per unit of shock €, 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 ¢ on firm value

can be written approximately as follows
oo
AP,=P,—P,_ i ~ex PV, <Z I;;S) : (2)
s=0

where P; is the firm’s market value at time ¢, I}, ; is the investment expenditure at time ¢ + s,

and PV;(-) denotes present value at time ¢. The firm’s return beta on the IST shock is then

wr_ cou(AP/P_1,€) _ PV (332, Ify,)
7 _ ~ . 3)
var (e) P

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 5{°T is intuitive: a persis-
tent per-unit positive IST shock decreases all future investment cost, and therefore increases firm
value by the discounted future investment expenditures, that is, PV; (Z;io It +s). The increase

in firm value scaled by lagged firm value, P,_1, represents the response of the firm’s return to

the IST shock, that is, its IST beta.

It is important to emphasize that the above argument does not require investment expendi-
tures to be driven only by IST shocks. By definition, an IST shock is represented by a change
in the marginal cost of capital. Any other shock that is orthogonal to the IST shock will affect
the marginal value of capital. In the context of the model illustration in Figure 1, an IST shock

is a change in the capital good price p! while any other shock impacts the marginal value of

4 Alternatively, we could have used the approximation ANPV ~ ¢ x p! x K =ex I, with I = p’ x K. Because

K* — K is of order ¢, the difference between ANPV and ANPV in equation (1) is of order o(?). Note, however,
that empirically we observe only the investment response to the IST shock, I, but not I.



capital Q). Investment expenditures are therefore determined jointly by all shocks affecting both
the price and the marginal value of capital. The argument leading to equation (3) holds for any
given marginal value of capital ). Hence, the investment-based beta in equation (3) captures
firms’ return sensitivity to IST shocks, even if investment expenditures are driven also by other
shocks orthogonal to IST shocks. In Section 4.1 we will confirm this argument within the context

of a structural model of investment with two shocks.

Note finally that the investment-based IST beta in equation (3) only captures the partial
equilibrium effect of IST shocks on the cost of investment but not the general equilibrium effects
on the value of existing assets. In order to assess such effects, one has to commit to a specific
structure of preferences and technology, implying that any inference will be sensitive to these
specific choices (see, e.g., Papanikolaou (2011) and Garlappi and Song (2017b)). The partial
equilibrium approach that we take in this paper is however useful for studying the effect of IST
shocks on asset prices, as shown in prior work (see, e.g., Kogan and Papanikolaou (2013, 2014),

and Li (2018)).

2.2 Implementation

To implement the measure of IST beta derived in equation (3), we need to construct the present
value of future investment expenditures. This task is equivalent to a standard valuation problem
via discounted cash flows. As such, we make the same simplifying assumption typically used in
a discounted cash flow implementation. First, we assume a constant positive risk premium and
discount the future investment expenditures at a constant rate 7. Second, we split the stream of
future investment expenditures into two periods at the horizon T', after which we assume that
investment expenditures grow at a constant rate g < . Under these two assumptions, we obtain

that the present value of investment expenditures is

s:l

0o [ oo I Lie

PV, (zzt+s> S ST ] @
s=0
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The investment-based IST-beta in equation (3) becomes

T—1 Ii_ I
E t-lts t—14T
ST 2ot (In)*=t T p(14+n)T—1 (5)
T — P ’

where T is the number of periods of investment expenditures we use in our implementation.
If we further assume that the ex-post realization of investment expenditures represents a good

approximation for their expected value, then we can simplify equation (5) as

T-1
IST _ 1 It—l—i—s 1 It—1+T (6)
o (LT+ns=t Py p(L+n)T1 Py

s=1

Note that when T = 1, both equations (5) and (6) collapse to

1 I
- : 7
p P @

which is simply a scaled version of the investment-to-lagged-price ratio (I/P).

In our empirical implementation we only focus on IST beta at the portfolio level and not
at the firm level. Therefore, the quantities I;;s and P;_; in expressions (6) and (7) refer
to investment expenditures and market valuation of a portfolio of firms. Because we only
consider betas at the portfolio level, ex-post realization of investment expenditures does provide
a good approximation for their expected value in that idiosyncratic components of investment
expenditures are diversified away. In our main analysis, we will rely on the realized investment

expenditures and use (6) and (7) to estimate portfolio IST betas.

It is worth pointing out that the practical implementation of equation (6) requires knowing
future investment expenditures over the next 1" periods. One may argue that, because investors
cannot observe future investment expenditures at the current time, our approach cannot be
implemented. This argument is misplaced. In fact, note that our formulation of IST-beta
involving future investment makes the same informational assumption as any standard valuation
model linking asset prices to future net cash flows, that is, the difference between output and
investment. In other words, as investors have to account for future cash flow expectations in
valuing stocks, so they should also account for future investment (output minus cash flow) when

valuing exposure to IST shocks. Obviously, as econometricians, we do not observe investors’



expectations directly but only realized investment which we use to infer expectation about future
investment at the portfolio level. Alternatively, one can rely on historical data to predict future
investment and use the predicted future investment in the construction of investment-based IST

betas. For robustness, we explore this alternative approach in Section 3.3.3.

3 Analysis on empirical data

The theoretical analysis of the previous section shows that a firm’s IST beta is directly related
to its investment-to-price (I/P) ratio. Although, at first, it might seem intuitive to think
that returns of firms with high investment rates (I/K) are more exposed to investment shocks,
the above analysis points to the investment-to-price ratio I/P as the main ingredient for a

conceptually correct measure of return exposure to investment shocks.

To understand the difference in the economic content of these two ratios, in our empirical
analysis it is important to select a cross section of assets for which I/P and I/K ratios differ.
These two ratios are linked to each other through the book-to-market ratio, that is,

B K I/pP (8)
M P I/K’
Therefore, the cross section of book-to-market sorted portfolios is a natural choice for our em-

pirical analysis, because sorting on the B/M is equivalent to sorting on the relative value of the

two investment ratios.

We emphasize that, our empirical analysis is grounded in the theory developed in Section 2.1,
showing that IST-beta are directly related to the I /P ratio. This investment-based approach to
IST-beta is independent of our choice of the specific cross-section. In other words, one can apply
the measures constructed in Section 2.2 to any cross-section of portfolios, including B/M-sorted
portfolios. The focus of our empirical analysis is to estimate the IST-betas of B/M portfolios

based on investment data and compare them with those based on IST proxies.

We consider all U.S. common stocks (with share code of 10 or 11) from 1963 to 2016. 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, that is, firms with Standard

10



Industry Classification (SIC) codes between 6000 and 6999. At the end of each year, we first
sort firms into ten portfolios, according to their book-to-market ratio and then keep track of

firms in each portfolio over subsequent years, as described in more details in Appendix B.?

As discussed in Section 2.2 (see equations (6) and (7)), the implementation of the investment-
based IST betas depends on the two free parameters: p and 7, representing the discount rates
for future investment expenditures. In our benchmark analysis, we choose n = 12%, which is

roughly the same as the average market return from 1963 to 2016. To guarantee that B{StT and

5?‘? have comparable magnitudes, we chose a value of p equal to 4%. Due to data limitations,

when implementing S77 from equation (6) we take 7' = 15 as our benchmark measure. In
Section 3.3, we assess the robustness of our parameter choice to different values of the discount

rates and investment horizon 7T'.

3.1 Investment-based betas of book-to-market portfolios

Because our measures of IST-beta depend on investment data, we first analyze the investment
patterns of B/M portfolios after portfolio formation. As measures of investment (I) and cap-
ital (K), we use, respectively, firm-level capital expenditures (CAPX) and property, plant,
and equipment-total (PPENT) from COMPUSTAT. As a measure of market value (P), we
use market capitalization from CRSP. Following the definition of B,}?f in equation (6), we keep
track of firms in each portfolio for T' = 15 years and compute two investment-related ratios.
The first ratio is the investment rate, defined as I/K = I;45-1/Kiys—2, with s = 1,...,15.
The second ratio is the investment-to-price ratio, which, following equation (6) we define as
1

I/P = WItJFS,l/Pt,l, for s = 1,...,15.5 We provide more details on the construction of

portfolio-level ratios in Appendix B.

Table 1 reports the I/K ratios (Panel A) and I/P ratios (Panel B) of B/M portfolios over
a 15-year window after portfolio formation. In the first year after formation, s = 1, the I/K
ratio is monotonically decreasing in the B/M ratio. The spread in I/K ratios between the value

and growth portfolios (HML) is —18% in the first year after portfolio formation. This spread in

5 To control for industry effects, in an unreported robustness analysis, we form book-to-market portfolios by
using within-industry sorts. We find that our main results on the investment-based IST betas still hold after
removing the industry effect on book-to-market portfolios.

SSpecifically, we form the portfolio in year t — 1, and then compute the investment to lagged capital ratio and
the discounted investment-to-price ratio for the next 15 years (from year t to year t 4+ 14).

11



I/K ratio shrinks to —7% after 15 years. The large spread in investment rates between value
and growth portfolio after portfolio formation motivates the conjecture that growth firms should

have higher exposure to investment shocks.

Panel B reports the discounted I/P ratio of B/M portfolios over a 15-years window. In
stark contrast with the I/K ratio in Panel A, in the first year after portfolio formation, the I/P
ratio is monotonically increasing in the B/M ratio. The spread in I/P ratios between value
and growth portfolio is 25% in the first year after portfolio formation. This spread decreases
gradually over time but remains at a level of 15% after 15 years. According to the theoretical
framework developed in Section 2, a firm’s IST beta is directly linked to its discounted I/P
ratio. Therefore, from the I/P ratio reported in Panel B, we infer that, contrary to common
intuition, value firms have much higher exposure to the investment shocks than growth firms.
That is, relative to their market value, value firms spend more in investment than growth firms,

and their returns are therefore more exposed to IST shocks.

Table 2 displays returns and IST betas for book-to-market portfolios. Panel A reports
the book-to-market portfolios’ returns in excess of risk-free rate. The excess return pattern
across B/M portfolios confirms the existence of a positive value premium. The return difference
between the high- and low-B/M portfolios is 8.26% per year (with a ¢t-value of 2.53). Panel B
reports two versions of the investment-based IST betas, 51 and Bi3}, constructed according to
equations (7) and (6), respectively. When we use only one year of investment data in computing
IST betas, ﬁiStT increases monotonically from 1.09 for the growth portfolio to 7.23 for the value
portfolio, implying a spread in IST betas of 6.14 (with a ¢-value of 9.61). When we use 15 years
of investment data in computing IST betas, Bﬁft also increases monotonically from 1.52 for the
growth portfolio to 8.12 for the value portfolio, implying a spread in IST betas of 6.60 (with
a t-value of 5.87). These values of IST exposure of B/M portfolios confirm the intuition from
the investment ratios reported in Table 1: value firms invest more than growth firms relative

to their market capitalization, and therefore they exhibit higher exposure to investment shocks

than growth firms.

12



3.2 Comparison with proxy-based IST betas

We now 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 one based on financial
market data.” The first IST proxy (Ishock), originally proposed by Greenwood, Hercowitz, and
Krusell (1997), is defined as:

Ishock; = — [ln (pl/pc)t —1In (pl/pc)t_l] , (9)

where p! is the price deflator for equipment and software in gross private domestic investment,
and p© is the price deflator for nondurable consumption goods. The price deflator for nondurable
consumption goods, p¢, is from the National Income and Product Accounts (NIPA) tables. The
price deflator of investment goods, p!, is obtained from the quality-adjusted series of Israelsen
(2010).8 A positive technological innovation reduces the relative price of new capital goods and

corresponds to an increase in Ishock.

The second IST proxy (IMC), originally proposed by Papanikolaou (2011), is the stock

return spread between investment and consumption producers, i.e.,
IMCy = vl —rC, (10)

where 7/ and r¢ are the returns on a portfolio of firms producing, respectively, the investment
and consumption goods. To determine whether a firm belongs to the investment 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 positive investment shock benefits investment

firms relatively more and therefore results in a positive measure of IMC.

We estimate the proxy-based IST beta of a given portfolio by regressing the time series
of portfolio excess returns on either: (i) an IST proxy, in univariate regressions, or (ii) an IST

proxy together with the return on the market portfolio (MKT) or the growth rate in total-factor-

"Other IST proxies proposed in the literature include the change in the aggregate investment to consumption
ratio, and Fama and French’s (1993) HML portfolio excluding investment sector firms. See, e.g., Kogan and
Papanikolaou (2014).

8We are grateful to Ryan Israelsen for sharing with us the extended quality-adjusted equipment price series.
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productivity (TFP), in bi-variate regressions.” We repeat the estimation for all book-to-market

portfolios and compute the beta spreads for value-minus-growth.

Panel C of Table 2 reports our estimates of proxy-based IST betas for book-to-market port-
folios. In univariate regression, Ishock betas are negative for all portfolios, with most estimates
statistically significant. The beta difference between value and growth portfolios is —1.41 (with
a t-value of —1.24). The univariate IMC betas are all positive with most estimates statistically
insignificant. The beta difference between value and growth portfolios is 0.14 (with a t-value of
0.44). Bivariate regressions give similar patterns of IST betas. For example, when controlling for
the market factor (MKT), although I'shock and IMC betas are different from their univariate
counterparts, their HML 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.

The results in Panel C indicate that proxy-based IST betas are either hump-shaped or V-
shaped in the book-to-market ratio with the IST betas of value firms either similar to or lower
than those of growth firms. This contrasts with the patterns in Panel B, showing that investment-
based betas are monotonically increasing in the book-to-market ratio, with value firms exhibiting
higher IST exposure than growth firms. In Section 4 we investigate the potential reasons behind
the discrepancy between the two approaches by relying on simulated data from a structural

model of investment.

3.3 Robustness of investment-based IST betas

We explore the robustness of the patterns in the investment-based IST beta documented in
Panel B of Table 2 along four dimensions: (i) the choice of time-window and discount rates used
in the construction of IST betas (Section 3.3.1); (ii) the proportion of investment expenditures
that are affected by IST shocks (Section 3.3.2); (iii) the treatment of missing observations
(Section 3.3.3); (iv) the choice of sample (Section 3.3.4).

9The annual TFP is the multi-factor productivity measure for the private business sector from the Bureau of
Labor Statistics.
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3.3.1 Alternative choice of parameters

In the benchmark analysis of Section 3.1, we choose a window of T" = 15 years in the implemen-

tation of equation (6) for the construction of 857}. As a robustness check, we repeat the analysis

using a window of 7' = 20 years. Panel A of Figure 2 reports (1%, i35, and 85} for the ten
B/M portfolios. As the figure illustrates, all three versions of the IST-beta are monotonically
increasing in B/M, and unaffected by the choice of the window 7. In particular, the similarity

between B13Y and B3, indicates that our findings are robust to the choice of the cutoff year 7.

In our benchmark analysis, we construct the quantities 81° and 87} in equations (7) and (6),
respectively, by using the discount rates p = 4% and n = 12%. Because these discount rates
apply to all B/M portfolios, different values will simply affect the magnitude of the IST-betas,
but not the patterns across B/M portfolios. One might argue that different portfolios have
different dynamics of investment, and therefore require different discount rates. We allow for

this possibility by using the realized returns of each portfolio as a reference quantity for discount

rates. Specifically, we implement equation (7) as

. I,/ P
;,Sftzit/ ZLi=1,...,10, (11)

%fi,t,t+14
where we replace the constant p with the portfolio average return 7;; ;414 in the 15-year win-
dow following portfolio formation and rescale the return by a factor of 1/3 in order to have
comparable magnitude of IST-beta as in the benchmark analysis.!® Note that, according to
equation (11), each portfolio has a different discount rate, with the investment expenditures
of the value portfolio discounted more heavily than the growth portfolio. This is a conserva-
tive choice, because, with these discount rates the IST beta spread between value and growth

portfolios is smaller than with the benchmark constant discount rate.

Similarly, we implement equation (6) by discounting the stream of investment expenditures

over the next T'— 1 years at the realized portfolio returns, and the investment in year t +7 — 1

10T the benchmark analysis of Section 3.1, we use a constant value of p = 4%. In equation (11), we replace the
constant p by a portfolio-specific discount factor p; = 7 ¢.++14/3, chosen to insure that the average p; is roughly
equal to the constant p. This rescaling of the returns guarantees that the average magnitudes of IST betas across
B/M portfolios are comparable between the two alternative approaches.
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at the average (rescaled) return used in equation (11). Specifically,

T-1

~ 1 Tiys— 1 Iier1
IST
I — + s z:l,...,lo, ]-2
=2 Rittss—1 Piot §Tigsrr 1 Rogr Pt "

s=1

where Ry 1451 = H?;é(l + 7¢+j), with r;, = 0, for all portfolios ¢ = 1,...,10.

IST  QIST IST

Panel B of Figure 2 reports Bl’t , P15y, and B20,t for the ten B/M portfolios. The figure
shows that all three versions of the IST-beta are increasing in B/M, indicating that our main

analysis is robust to a different choice of implementation parameters.

3.3.2 Alternative assumptions on the impact of IST shocks on investment

In our baseline analysis we assume that all capital expenditures are affected by IST shocks. In
reality, this might not always be the case, when, for example, firms need to incur expenses to
replace parts of an aging equipment. In this case the expenditure incurred for capital replacement
is likely not directly affected by the price of the state-of-the-art technology. To address this
possibility, we assume that a fixed fraction 6 of a firm’s installed capital K; 1 needs to be
replaced, and that this replacement cost is not directly affected by IST shocks. Therefore, at
each time ¢, the capital expenditures, ft, that are directly affected by IST shocks, are given by

I, = max{0,I, — 0K, _,}. (13)

Because capital expenditures are non-negative (I; > 0), our benchmark analysis corresponds to
the case of # = 0. For robustness, we consider an alternative value for the annual depreciation
parameter § = 10%, which is is conservatively chosen among the higher end of the commonly

used values of a firm’s capital depreciation rate.!'!

Panel C of Figure 2 reports the investment-based IST betas constructed using the adjusted
capital expenditure ft in equation (13). As in the benchmark case, IST betas increase mono-
tonically with book-to-market. For example, the high-minus-low difference in B{StT is 1.92 with

a t-value of 7.13. Note that the magnitudes of the betas for all three measures are lower than

L1f alternatively, we assume that a fixed fraction 6 of the investment expenditures Iy, (instead of capital K;_1)

is not affected by IST shocks, then ft = (1 — 6)I; and all the results in the benchmark analysis (6 = 0) will be
essentially unaffected except for a constant rescaling factor.
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the benchmark case in Panel A, since only a part of the firms’ capital expenditure is subject to

the investment shocks in Panel C.

Panel D of Figure 2 reports the IST betas BiStT , N{%?t, and Bé%Tt from equations (11) and (12)
constructed using the adjusted investment expenditures I, in (13). The overall pattern of the

IST betas is unaffected: value firms have higher IST betas than growth firms.'?

3.3.3 Alternative treatment of missing observations

As noted earlier, the construction of IST beta from equation (6) requires tracking the investment
expenditures of firms in each portfolio for 7" years. Obviously, not all firms in a portfolio at
time t will remain in our sample until time ¢ + 7. Delisting may happen for a variety of
reasons, such as bankruptcy, mergers, or going private transactions. To deal with delisting, in
our benchmark analysis of Section 3.1, we assume that firms with missing observations have the
same investment-to-current-price ratio as those with valid investment expenditure data. In this

section, we explore two alternative ways to treat missing observations.

The first alternative approach assumes that firms with missing observations make zero in-
vestment. This puts a lower bound on a portfolio’s capital expenditures. Panel B of Figure 3
reports the IST betas 1%, B3}, and By, for this case. Note that all three version of the IST
betas are monotonically increasing with B/M. Compared to the benchmark results reproduced

in Panel A, the level of the IST betas are, not surprisingly, lower.

The second alternative approach to deal with missing observations uses expected, rather than
realized, investment. The main idea is to use current available information to estimate a firm’s
expected investment. We follow Li and Wang (2017) and estimate firm i’s growth rate of future
investment via the following cross sectional regression:

I; Iy
L= bO,t + blag,t X i

+ bmom,t X MOM;s_1 +bgt X Qit—1 +bepe X CFy_1 + €, (14)

Iit—1 Lit—o

where I;;_1/I;;—2 denotes the one-year lagged investment growth; MOM;,_ is firm i’s cumula-
tive stock return from January to November in the year t — 1; Q;;—1 is the log of the market

value divided by net capital in year ¢ — 1; and CFj;_; is the sum of depreciation and income

12T unreported analysis, we confirm that the investment-based IST betas have the same pattern across book-
to-market portfolios if we also include R&D expenditures in the investment measure.
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before extraordinary items divided by capital in year ¢t — 1. The independent variable I;;/I;;_1

is the growth rate of future investment relative to year ¢t — 1.

To construct our measures of investment-based IST betas, Bﬁr and Bﬁ?, we need the first
year’s investment in year ¢ (equation (7)) and the sum of discounted investment from t to
t+T —1 (equation (5)). We use the results from the regressions (14) to construct both measures
of expected investment. Specifically, we first compute the time series average of the regression
coefficients. We then use these averages, together with time ¢t — 1 information to predict future
investment either at time ¢, or over the window ¢ to t + 7 — 1. We finally use these expected

investment estimate to construct the IST betas for ﬁ{stT and B%S? according to equation (5).

Panel C of Figure 3 reports the IST betas constructed with expected investments. Note that
all three versions of the IST beta have the same pattern as in the benchmark case (Panel A).
Moreover, the values of Bﬁr constructed from the expected investment closely match those
constructed from realized investment (see Panels A and C). Finally, both 3i3"; and 53", are higher
when constructed from expected investment than when constructed from realized investment.
This happens because when estimating regression (14) to estimate future 7T-year investment, we

use only firms that survived over the entire T-year window, and therefore expected investment

are inflated due to a survivorship bias.

To assess the importance of this survivorship bias, we re-estimate regression (14) by assuming
that firms with missing observations make zero investment. In this case, we retain all firms in
the cross section, even those that have less than T years of investment data. This approach
mimics the way we deal with missing observations in Panel B. Panel D shows that the betas
obtained using this procedure are qualitatively similar to those in the benchmark case reported in
Panel A. Note finally that the magnitude of betas in Panels B and D are comparable, indicating
that the expected investment model (14) provides a fairly accurate estimate of actual portfolio

investment.

3.3.4 Alternative samples

The analysis so far has considered a sample of non-financial firms. In this section, we assess
the robustness of our main findings to two alternative samples of firms. First, we consider a

sample of non-financial and consumption firms, excluding investment firms. IST shocks are
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likely to affect investment firms through both their cost of investment and their value of output.
Therefore, by excluding investment firms, we mitigate the concern that investment expenditures
may only capture a partial effect of IST shocks on those firms. Second, we consider a sample
of non-financial firms that have fiscal year end in December. The December fiscal year end
helps to align the accounting and calendar time, eliminating potential mismatch in the timing

of information.

Panel A of Figure 4 reproduces the benchmark results for non-financial firms. Panel B reports
IST betas for non-financial and consumption firms. Panel C reports IST betas for non-financial
firms with a December fiscal year end. Finally, Panel D reports IST betas of non-financial
and consumption firms with a December fiscal year end. All these different samples give both

qualitatively and quantitatively similar patterns of IST betas across B/M portfolios.

To summarize, the robustness analysis performed in this section and the evidence reported
above indicate that the IST beta spread between value and growth is positive. That is, our
investment-based approach suggests that value firms have higher exposure to investment shocks

than growth firms. This finding is robust to a wide range of empirical specifications.

4 Analysis on simulated data

To understand the discrepancy between investment-based and proxy-based approach to con-
struct IST betas in the data, we apply both approaches to simulated data from a structural
model of investment. In particular, we specialize the general framework introduced in Section 2
to the partial equilibrium model of firm investment with vintage capital of Kogan and Papaniko-
laou (2014, KP hereafter).!3 This allows us to (i) validate the empirical implementation of the
investment-based measure of IST exposure in equations (6) and (7), and (ii) compare analytical-
ly investment-based and proxy-based IST betas within the framework of the selected structural

model. More important, this also allows us to carry out economic experiments within the model

13The modelling framework in Kogan and Papanikolaou (2014) is similar to that in Kogan and Papanikolaou
(2013) with two main differences. First, Kogan and Papanikolaou (2014) consider firm-specific idiosyncratic
productivity shocks, while Kogan and Papanikolaou (2013) do not. The absence of firm-specific shocks weakens
the relationship between profitability of a firm’s existing assets and its growth opportunities. Second, Kogan and
Papanikolaou (2013) introduce uncertainty 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. For simplicity,
we follow closely the setup in Kogan and Papanikolaou (2014).
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which can help us to better understand not only our earlier empirical findings in Section 3, but

also the economic mechanisms through which IST shocks affect firms’ values and returns.

4.1 A structural model of investment

KP consider 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 ¢, each
firm f € F owns a finite number jtf of existing projects. Project j, owned by firm f, produces

a flow of output equal to

Ypjt = €prujtti K7, (15)

where £ a firm-specific productivity shock; uj; is a project-specific productivity shock; w; is the
common productivity shock for all existing projects; K is the project’s physical capital which
is determined at the time of the project’s initial investment; and, a € (0, 1) captures decreasing
returns to scale at the project level. Each project expires independently at a Poisson death
rate d. Given these assumptions, capital in the model is not homogenous but stratified across

different “vintages”, depending on the active projects within the firm.

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

det = —eg(c‘:ft — 1)dt+0'g‘/6ft dBft, (16)
det = —9u(u]t — ].)dt + Oy /Uit dBjt, (17)
dﬂj‘t = Nz$tdt + 0.2t dB:rt, (18)

where dBy;, dBjt, and dB,; are increments of independent standard Brownian motions. At each
time ¢, firm f acquires new projects according to a firm-specific Poisson process with a time-
varying arrival rate given by Ay = Ay A ft-14 The constant Ay captures the firm-specific long-run
arrival rate of new projects and A 7t follows a two-state continuous time Markov-chain with states
A > Ap. Therefore, the intensity of project arrival is equal to Ayy = Ay - Ay in the high growth

state and Ay = Ay - Ar in the low growth state. The transition probabilities between time ¢ and

A
At time ¢, the probability that firm f receives m project by time ¢ + 1 is given by eiAft#. The average

)\’V‘L
number of projects received between ¢t and ¢+ 1is Y > neiAft# = Ay¢. Hence, Ay:dt represents the average
number of projects received in the time interval dt.
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t + dt into high-growth and low-growth states are ppdt and prdt, respectively. Without loss of
generality, E[\p] = 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 K; and pays the corresponding investment
expenditure of

T

i(xt,Zt,Kj) = ZKJ, (19)

which depends on productivity, x, size of the new capital, K;, and on the embodied IST shock,
z;. A positive realization of z; reduces the cost of new capital investment. The process for IST

shocks z; also follows a geometric Brownian motion
dzy = pyzedt + 0,2¢d By, (20)
with dB.; a standard Brownian motion independent of dBy:, dBj;, and dB;;. When a firm
invests in a project j, the project-specific productivity is set to its long-run value u;; = 1.
The stochastic discount factor m; is given by

d
ﬂ = —rdt — "}/mng;t - f}/dezh (21)

Tt

where r is the constant risk-free rate, and 7, and ~, are the constant prices of risk for the

aggregate shocks x; and z;, respectively.

KP show that the value of assets in place (VAP) and the present value of growth opportunities
(PVGO) for firm f are given, respectively, by

VAPs = @ Y Ales,up)KY, (22)
jegi
PVGOy = fEtZtlfaG(Eft,)\ft)a (23)

where A(ef,ujt) and G(ep, Apy) are defined in equations (11) and (16) of KP. The firm value

is the sum of the two components,

Pft = VAPft + PVGOft. (24)
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Hence, the firm’s return IST exposure is given by

Oln Py, a PVGOy;
Z pr— pr— . 2
Bft Oln z l—a Py (25)

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 opportu-
nities in the firm value is not directly observable, to apply the above framework empirically, it

is important to find an operational way to measure a firm’s IST exposure.

4.1.1 Investment-based IST betas

In this section, we show that the theoretical IST beta derived in equation (25) can also be
expressed as a ratio of a firm’s expected future investment expenditures and its market valuation.
To see this, note that, because the arrival rate of new projects is exogenous, firms’ investment
decision follows a simple intra-temporal NPV rule. That is, at each time ¢ firm f maximizes the
project j’s NPV:

NPV, =v(ep, 1, ¢, Kj) — (e, 26, K). (26)

where

oo
(e T
V(e ey wje, o, Kj) = By {/ IS t)ﬂ—safsujsxst‘ds = Alege, uje)m K75 (27)
t t
The optimal capital choice that maximizes the NPV (26) is given by

K} = (azA(es, 1)) . (28)

The firms’ capital expenditure is then determined by equations (19) and (28). The following

proposition formalizes how a firm’s IST beta depends on investment expenditures.

Proposition 1. Under the assumption of the structural model of Section 4.1, firm f’s stock

return IST beta is given by

By [ e D 14ds]
Py ’

Byt = (29)

where n = T+’yxax+%’yzaz, It = i(xs, 25, KI) A s is firm f’s average investment expenditures

at time s, and Py is firm f’s market value at time t.
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The expression for IST beta in (29) confirms the intuition underlying the construction of
the IST beta derived in equation (3). A positive and persistent IST shock decreases the cost of
all future investment expenditures. In response to such a shock, the firm value increases by an
amount that is proportional to the present value of all future investment expenditures. Therefore
a firm’s return exposure to a unit IST shock, that is its IST beta, is the present value of its
future investment expenditures scaled by its current market value. Under the assumption of this
model, the present value in equation (3) specializes to the case in which investment expenditures
are discounted at a rate that is constant for all maturities. Proposition 1 justifies the use of
a constant discount rate in the construction of the investment-based IST beta in equations (6)

and (7).

Note that, as shown in equation (19), firms’ investment expenditures in the model are driven
by two aggregate shocks: the IST shock z; and the productivity shock x;. Therefore, equa-
tion (29) confirms our claim in Section 2.1 that the construction of IST beta from investment
expenditures in equation (3) is valid even if investment expenditures are driven by multiple

shocks.

If firm-specific productivity and project arrival rate are deterministic, the investment-based
IST beta in equation (29) further simplifies to a quantity that is proportional to the ratio of
current investment expenditures and current market capitalization, as illustrated in the following

corollary:

Corollary 1. Assume that: (i) the firm-specific productivity ¢ and (i) the project arriving
rate Api are constant over time. Then, firm f’s stock return IST beta is given by
_ Lt/ Py

ﬁ;t - ) ’ (30)

2 a(2a—1
where p =1~ e 1250~ R

In the special case considered in the Corollary, the cross-sectional variation is driven only
by project-specific shocks (u;;) and the Poisson randomness in the project arrival and death.
Equation (30) shows that, in this case, a firm’s I/P ratio is a direct measure of its IST-beta.
Corollary 1 justifies the use of the scaled I/P ratio as a measure investment-based IST beta in

equation (7).
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4.1.2 Comparison with proxy-based IST betas

By assuming the existence of an investment good sector supplying the capital good to the

consumption good sector, KP further show that the return spread between investment and

consumption good firms, IMC; = rf —r¢, is a mimicking factor for the IST shock.!® Specifically,

firm f’s return exposure to IMC' is given by
covi(rpe, ri — ) 1 PVGOy

/BH;;IC = — ,
I var(rl —r¢) Bor  Pre

[ VAP sdf

f}‘ Pftdf (31)

where [So =

Equation (31) defines a prozy-based measure of IST beta that can be constructed from

financial data. Comparing the expression of 53, in (25) to that of B in (31), we can write

1 1-«
ﬁIMC — /BZ . 32
ft ﬁOt a ft ( )
The above equality illustrates that, within the model of this section, up to a scaling factor, a

firm’s proxy-based IST beta (8}“) coincides with its investment-based IST beta (5%).16

Another commonly used approach to construct an IST proxy is to rely on the change in the
relative price of new capital equipment (see, e.g., Greenwood, Hercowitz, and Krusell (1997)).
In the context of the structural model of this section, these proxies capture the cost of per-unit
capital in consumption units, that is, p{ = x¢/7 in equation (19). Because it is affected by both
neutral (x;) and investment specific (z;) shocks, the change in the price of capital Ap{ , cannot be
uniquely linked to IST shocks z;. One possible remedy for this measurement problem is to adjust
the capital good price for the effect of productivity shocks x¢. This involves the construction of
a “quality-adjusted” capital good price. For example, one can adjust the raw capital good price
pl = x4/2 by dividing it by the “quality” of the capital good, approximated by x; and then
obtain an adjusted capital good price pé 4 = 1/z;. The quantity Ishock = —In pg 4j can then be
taken to be a proxy for the IST shock and, in turn, the IST beta can be estimated from the

5The idea of using IMC as a measure of IST shocks is originally developed in Papanikolaou (2011).

The two are theoretically equivalent, conditional on the realization of the IST shock z:. To see this, note
that, from equations (22)—(24), the term Bo: in equation (31) depends on the aggregate IST shock z¢, but not on
the neutral productivity shock .
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return exposure to the Ishock, that is,

ft Ol shock; Oln z;

= B (33)

The above equality indicates that, within the model of this section, a firm’s return exposure to
the quality-adjusted relative price of capital goods (ijcfh“k) also coincides with its investment-

based IST beta (57,).

However, the above equivalence between the proxy-based and investment-based IST betas
depends on the model specification. For example, a crucial condition for the IMC spread to be
a measure of IST shocks is that investment- and consumption-good producers have the same
exposure to the neutral productivity shock z;. It is possible to show that, absent this condition,
IMC is not a factor-mimicking portfolio for IST shocks.!” Similarly, in order to measure precisely

IST shocks, the quality adjustment on the relative price of capital goods is also model-dependent.

In summary, even though proxy-based and investment-based IST betas are theoretically
equivalent within the selected structural model, the two approaches may generate different IST
betas if either the model is misspecified or IST shocks are measured with error. In the next
section we rely on simulation analysis to understand our earlier empirical findings as well as the

economic mechanisms of the model.

4.2 Simulation analysis

In this section we rely on the structural model of Section 4.1 to understand the economic mech-
anisms underlying the observed empirical patterns of the I/K and I/P ratios documented in
Table 1 (Section 4.2.1) and the investment-based and proxy-based betas documented in Table 2

(Section 4.2.2). In Section 4.2.3, we analyze firms’ expected returns.

To understand the model’s main economic mechanisms, we simulate it under two sets of
parameters, reported in Table 3. The first set of parameters are those used by KP and reported

in the column labeled “Baseline.”'® The second alternative set of parameters is reported in

17A similar argument applies to an alternative proxy of IST shocks constructed from the the growth rate

difference between total investment and consumption.
8The only difference from the parameters used by KP is the distribution of mean project arrival rate Ay which

we take to be uniformly distributed between [\, A\] = [5,25], as in Kogan and Papanikolaou (2013). Using the
non-uniformly distributed As as in Kogan and Papanikolaou (2014) gives the same results.
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the column labeled “Alternative.” Compared to the baseline parameters, in the alternative
parameterization: (i) there are no firm-specific productivity shocks, that is o. = 0; (ii) the
project-specific shock u; is more persistent, that is 6, is smaller; and (iii) the difference in
project arrivals between high and low growth states is less pronounced, that is the ratio Ag /A is
smaller.' We emphasize that we choose the alternative parameterization to illustrate qualitative
features of the model. Such a model may not necessarily be the true description of the cross
section of firms exposed to investment shocks. A full calibration exercise is outside the scope of

this paper.

We simulate the model at a weekly frequency and time-aggregate the results to obtain annual
observations. We construct 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.

4.2.1 [/K vs. I/P ratios

Figure 5 reports I /K ratios and I/P ratios under the baseline (Panel A) and alternative param-
eterization (Panel B). The figure shows that under both parameterization, investment rates are
decreasing in book-to-market, indicating that, consistent with the empirical findings in Panel A
of Table 2, value firms have lower investment rates than growth firms. However, the patterns
of I/P ratios across book-to-market portfolios are different under the two parameterization-
s. Specifically, in contrast with the findings in Panel B of Table 2, the model-implied I/P
ratio under the baseline parameters is hump-shaped with value firms exhibiting a lower ratio
than growth firms. I/P ratios are instead increasing in book-to-market under the alternative

parameterization, consistent with the empirical findings reported in Panel B of Table 2.

Panel C and D of Figure 5 show a sharp contrast in the pattern of IST betas under the
baseline and alternative parameterizations. Value firms have low IST betas than growth firms

in the baseline parameterization while the opposite is true under the alternative parameter.

Note that, under the alternative parameterization, condition (i) of Corollary 1—mno time-
variation in firm-specific shock—is satisfied, while condition (ii)—mo time-variation in project

arrival rate—is violated. However, the time-variation in arrival rate is less extreme than under

9The parameter choice in (i) and (ii) is the same as that of Kogan and Papanikolaou (2013).
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the baseline parameterization. This explains why the I/P ratio and the IST-beta are both

increasing in book-to market under the alternative parameters.

To understand the discrepancy in IST betas across parameterization, it is useful to analyze
the connection between a firm’s B/M and the value of its assets-in-place and growth options.
To this purpose, let us rewrite the firm’s book-to-market ratio as follows,

Kp Ky PVGOy,
B/M)y = —— = 1——F—. 4
(/M) = 1 = e (1= T (34)

The above decomposition shows that if, in the cross-section, the B/M ratio is driven mainly by
growth opportunities, that is, if Ky;/V APy, is roughly constant in (34), high B/M is associated
with low PV GOy /Pys. In contrast, if the B/M ratio in the cross section is driven mainly
by the profitability of existing assets (captured by Ky /V APy;) with roughly constant growth
opportunities (PVGOy;), high B/M is associated with low market value (Py;) and therefore high
PV GOy /Pyt Recall that the fraction of growth opportunities in firm value, PV GOy /Py, is
proportional to the IST exposure (see equation (25)). Therefore, different economic mechanisms
that drive the profitability of existing assets and growth opportunities would imply different

patterns of investment shock betas across B/M portfolios.

The alternative parameterization reported in Table 3 is designed to capture a case in which
the variation in B/M ratios is primarily driven by firm profitability instead of growth oppor-
tunities. Note, in fact, that in the alternative parameterization we differ from the baseline
parameterization along three dimensions. First, we turn off the firm-specific productivity shock
ey by setting o = 0. This reduces one source of shock to growth opportunities and lower their
importance in determining cross sectional variation across firms. Second, we reduce the speed
of mean-reversion 6, of the project-specific shock u; from 0.5 to 0.03. This increases the im-
portance of the project-specific shock within the model. According to the decomposition (34),
the more relevant the project-specific shock is, the more important is the role of the profitabil-
ity of existing asset in determining the cross-sectional variation of B/M ratios. As discussed
above, this implies a positive correlation between the B/M ratio and PVGOy./Py;. Finally,
we choose a smaller value for the ratio A\g/Ar. This ratio represents how many more projects
a firm receives when it is in its high growth state relative to its low growth state. A smaller

ratio of Agy/Ar reduces the Poisson randomness in terms of number of arriving projects. The
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Poisson randomness generates a mechanical size effect: a firm receiving more projects has more
assets in place and hence a lower fraction of growth opportunities in firm value. Because a firm
that receives more projects than expected has roughly the same Ky,/V APy as one that re-
ceives less projects than expected, from decomposition (34) we have that a high Ag/\r induces
a negative relationship between B/M ratios and PV GOy /Py, or IST betas. By choosing a
lower ratio Agr/Ar we reduce the randomness in project arrival and, consequently reduce the
negative correlation between B/M and IST beta. These three mechanisms, combined together,
help to generate a positive relationship between B/M ratio and the portfolio’s IST exposure,
thus explaining why the two parameterization generate opposite patterns in the IST betas as

illustrated in Panels C and D of Figure 5.

4.2.2 Investment-based vs. proxy-based IST betas

In Section 3, we document that, in the data, the investment-based and proxy-based IST beta
have different patterns across book-to-market portfolio. This finding is puzzling, considering the
fact that, theoretically, they are equivalent in the model of Section 4.1 (see equations (32) and
(33)). An important difference between the two types of beta is that while the construction of
investment-based IST betas relies on fewer structural assumptions (see Section 2.1), proxy-based
betas, such as those built from the IMC spread, rely on model-specific structural assumptions

(see Section 4.1.2).

In this section, we assess the robustness of proxy-based IST betas to measurement error in
the proxies. Specifically, we assume that the agent cannot observe directly the IST shock z; but

instead a version that is contaminated by other shocks. For simplicity, we assume that the agent

observes
dz dz
At: t"‘gzxr?’ba (35)
Zt Zt

where z; is the true IST shock in equation (20), 7" is the return on the market portfolio, and
&, is a constant capturing the severity of the measurement error. This distortion is meant to
capture the fact that z; is measured with error. For example, 2; can represent the observed
series like the quality-adjusted price of equipment Ishock, discussed in Section 3.2. In order for
the noise to have an impact on the return betas, it has to be related to aggregate risk factors,

and therefore the market return ;" is a natural and parsimonious choice for a “contaminating”
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noise in (35). We follow a similar logic to construct a noisy IMC proxy and assume that the

agent observes a distorted IMC spread, I/]\/[\C', contaminated by the market return, that is,

IMC = IMC + &y X 77 (36)

Panels A and B of Figure 6 report the “true” IST beta from the model 5%, as well as the
investment-based beta, %T, and the IMC beta /M. The left panel refers to the baseline
parameterization in Table 3, while the right panel refers to the alternative parameterization.
Both the investment-based and proxy based betas track the true beta patterns across B/M
portfolios well. Note, however, that in the alternative parameterization, the exposure of value
firms to IST shocks is higher than that of growth firms. This is a reflection of the different I/P
patterns discussed in the previous section. Panels C and D report the noisy proxy-based betas.
As we can see, when proxies are measured with error, the patterns of these betas can be the
opposite of those in the true betas. Because the investment based beta is not affected by such

measurement error, it will still provide the correct patterns across book-to-market portfolios.

In summary, while the investment-based IST beta introduced in this paper relies on a parsi-
monious set of assumptions, the existing proxy-based IST betas rely on the structural assump-
tions of theoretical models. As we show in this section, the observed opposite patterns of IST
betas estimated from the two approaches may be related to the measurement error (or missing
factors) in the IST proxies. Of course, the investment-based approach may also be sensitive to
the way we analyze and measure investment data, even though as shown in Section 3.3, our

main empirical findings survive a broad set of robustness tests.

4.2.3 Expected returns

In the partial equilibrium model of Section 4.1, the prices of risk for both the IST and TFP
shocks are exogenously specified in equation (21). The IST risk premium (per unit IST beta)
for both sets of parameters used in our simulations is negative and equal to A\, = v, X 0, =
—0.35 x 0.035 = —1.23%. Because the return exposure to TFP shocks (%) is the same across

firms, the cross-sectional return difference is solely driven by the different exposure to IST shocks

(5%)-
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Figure 7 reports the return patterns across ten book-to-market portfolios from our simula-
tions. In the baseline parameterization (Panel A), the return is increasing with book-to-market,
reflecting the fact that the chosen IST risk premium is negative and the IST beta is decreasing
in book-to-market (see Panel C of Figure 5). In the alternative parameterization (Panel B), the
return is instead decreasing in book-to-market because the IST beta is increasing in book-to-

market (see Panel D of Figure 5).

5 Discussion

In this section, we discuss the key implications of our empirical and simulation analyses of the
previous two sections. We first highlight the important role of investment data in studying how
IST shocks impact asset prices. We then discuss the potential implication of our analysis for

the sign of the IST risk premium.

5.1 The importance of investment data

The analysis of the previous sections highlights several reasons for which investment data can

play an important role in our understanding of the effect of IST shocks on asset prices.

First, investment data provide an independent estimate of IST betas. In our investment-
based approach, we rely on investment data to construct portfolio-level exposure to IST shocks.
In particular, we used either the ex-post realized investment or the ex-ante expected future
investment as the key ingredient to estimate firms’ IST exposures. More important, these
estimates are obtained without the need to rely on empirical proxies for IST shocks. As we
show in Section 3, our investment-based IST betas increase monotonically with book-to-market
ratio, in contrast to the pattern estimated from IST proxies. Hence, at the very least, the use
of investment data enriches the set of empirical facts one needs to confront when analyzing the

pricing impact of IST shocks.

To corroborate the empirical findings of Section 3 on book-to-market portfolios, we also im-
plement our investment-based approach to estimate IST betas on investment rate (I/K)-sorted

portfolios.? In untabulated results we find that: (i) high investment firms (high I /K portfolios)

20We thank an anonymous referee for this suggestion.
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have lower I/P ratios than low investment firms (low I /K portfolios); (ii) high investment firms
have lower investment-based IST betas than low investment firms; but, in contrast, (iii) high
investment firms have higher proxy-based IST betas than low investment firms. These findings
provide another context in which I/K and I/P ratios, as well as investment-based and proxy-
based IST betas, differ in the cross-section. More important, the analysis on investment-sorted
portfolios strengthen the main message of our analysis, that is, investment data play a key role

in our understanding of the pricing effects of IST shocks.

Second, investment data provide a natural set of moments for realistic calibration of struc-
tural models. In particular, while existing studies emphasize the importance of investment
rate (I/K) when studying the pricing impact of IST shocks, our approach highlights the im-
portance of the investment to price ratio (I/P), which we show being directly related to IST
betas. Therefore, we advocate that theoretical studies that use IST shocks be able to match the

cross-sectional patterns of both investment rate and investment-to-price ratios.

Finally, the use of investment data may help to differentiate among competing economic
mechanisms underlying the impact of IST shocks on the cross section of returns. As we show
in Section 4.2.1, unlike the I /K ratio, the I/P ratio is very sensitive to the choice of economic
mechanisms (represented by model parameters), suggesting that this ratio can serve as a good
indicator to judge the quality of a model’s calibration. For example, in the context of the
theoretical model of Section 4.1, in order to match the pattern of I /P ratio across B/M portfolios
as reported in Panel B of Table 1, one would have to choose the alternative parameterization over
the baseline parameterization. The investment-to-price ratio I /P therefore contains important
pricing information that should be taken into account in future theoretical work that addresses

the pricing effect of investment shocks.

5.2 Implications for the IST risk premium

Note finally that different patterns of IST betas across book-to-market portfolios imply different
sign of the implied IST risk-premium needed to explain the observed value premium. For
example, in the baseline parameterization of the model in Section 4.1, a value of A, = —3.5% and
a IST beta spread of —2.3 between value and growth (Panel C of Figure 5), would imply a value

premium of about 8%. In contrast, a value of A\, = 11% is needed in order to generate roughly
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the same magnitude of value premium in the alternative parameterization. A similar discussion
also applies to the empirical patterns in the IST betas across book-to-market portfolios. As we
report in Table 2, investment-based IST beta is increasing monotonically with book-to-market,
while the proxy-based IST beta is either flat (Sra7¢) or hump-shaped (Brshock) Wwith lower beta
for value firms. Therefore, if we were to rely on IST shocks to account for the entire magnitude
of the value premium, we would need a positive IST risk-premium, when using investment-based

IST betas, but a negative IST risk-premium, when using the proxy-based Brshock-

The existing literature provides general equilibrium theories linking investment shocks and
returns. These theories differs in their implications for the sign of the IST risk premium. For
example, Papanikolaou (2011) shows that the IST risk premium is negative if capital utilization
is fixed and agents have preference for late resolution of uncertainty. In contrast, Garlappi
and Song (2017b) show that the IST risk premium is positive if capital utilization is flexible
and agents have preference for early resolution of uncertainty. Our empirical finding that value
firms have higher investment-based IST betas than growth firms imply that, for IST shocks to

contribute positively to the observed value premium, a positive IST risk premium is required.

Although we ignore general equilibrium effects in our analysis, the empirical finding that
value firms have higher IST exposure than growth firms offers some guidance on the economic
mechanism that links IST shocks and cross-sectional returns. In particular, given the theo-
retical link between investment-to-price ratios and firms’ return exposure to IST shocks, the
empirical evidence of Section 3 indicates that future theories connecting IST shocks to cross-
sectional returns should aim at generating empirically consistent patterns of both I/P ratios
and investment-based IST betas in the cross-section of firms. In this regard, we believe our

partial equilibrium analysis in this paper can serve as an benchmark for future studies.

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 idea 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
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the 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 vulnerable to measurement
errors. More important, our analysis highlights the key role played by investment data when
studying the possible economic mechanisms through which IST shocks affect asset prices in the

cross section.

We acknowledge that our investment-based approach has potential limitations. First, we
only focus on the partial equilibrium impact of IST shocks on new investment, and ignore the
general equilibrium effect on the value of assets in place. Second, the investment data we use
may also contain measurement errors or biases. Notwithstanding these limitations, we view
our contribution as providing an alternative, theory-based, approach to estimate firms’ return
exposures to IST shocks. Furthermore, we think that the empirical facts documented in this

paper enrich our perspective on the pricing of investment shocks.

In light of the discrepancy between investment-based and proxy-based inference, exploring
alternative measures of IST shocks to those available in the existing literature is of first-order
importance for gaining a deeper understanding of their effect on returns. We believe that the
new methodology proposed in this paper represents a useful benchmark for assessing the validity

of alternative measures of capital-embodied technical change and their impact on asset prices.
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A  Proofs

Proof of Proposition 1

Using the optimal investment scale K* from (28), the investment cost in (19) is

o

(a2, K7) = mzl " (@A, 1) 75, (A1)

and hence, from (26) we have

]_ —
NPV; = aai(a:t,zt,Kt*). (A.2)

Direct calculations yield that the present value at time ¢ of firm f’s growth opportunities,

PVGOy, is given by:

PVGOys = By [ / 7781\113\/;Af5d5] (A.3)
t
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where the first equality is the definition of PVGOy,; the second equality follows from (A.2)

and (A.1); the third equality uses the fact that the processes x; and z; are independent of Ay,
and e5; thus allowing to express the expectation [E; as the product of the expectation under
the measure governing the dynamics of z; and z;, E{"®, and the expectation under the measure
governing the dynamics of €7, and A, ]Ef’A;21 the fourth equality exploits the fact that x; and
2z are geometric Brownian motions, defined in (18) and (20); the fifth equality follows from the

independence of the stochastic processes x¢, 2¢, €5 and Ay, and uses ) = r+7,0, +%’yzaz, and

2f PVGO f¢ < 00, by Fubini’s Theorem, we can interchange expectation and integration.
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the definition of optimal investment in (A.1); and, the last equality defines average investment

at time s, Irs = i(xs, 25, KJ)Afs-

Using (A.4) in the definition of firm f’s IST beta (25), we then obtain equation (29) in

Proposition 1. [

Proof of Corollary 1

If €4 and Ay are constant, then the expression of PVGOy, in (A.4) simplifies further as follows,

1— o0 o o
PVGO, = ao‘ [(aA(sf,n)ﬁAf} / o(~reoe— 1257:02) (-0 e [xsz;*a}ds (A.4)
t

1l -«

= aAler, 1 ﬁ:Utzﬁ/\ E, e Pt s
! t !
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1-— OéZ'(ZEt,Zt,Kt*))\f
! P
1—alp

Y

a p

o2 a(2a—1)

where p =1 — 1o — 21 — 5 o) - Using (A.5) in the definition of firm f’s IST beta (25),

we then obtain equation (30) in Corollary 1. ]

B Data details

In this appendix, we provide further details on the construction of portfolios and portfolio-level

variables.

Book-to-market portfolios. To calculate a firm’s book-to-market ratio, we use firm’s book
equity for the fiscal year end (as in Fama and French (2008a,b)) and its market capitalization
(pricexshare outstanding) at the end of December. 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. We sort stocks into ten portfolios according to firms’ book-to-market ratio at the end
of each year and keep track of the portfolio for subsequent years. We report the value-weighted

returns for each book-to-market decile.
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Portfolio-level investment ratios. We construct the portfolio-level I/K and I/P ratios from
firm-level data. Because, after portfolio formation we track the firms in each portfolio for many
years, some firms will naturally exit the sample. To deal with missing observations, we follow
two different approaches. In the benchmark analysis, we only use firms with non-missing capital

expenditure data to construct the portfolio-level ratios as,

< o ) = 2 ¢ Pontolio, & non-missing 7,401 1571 ,i=1,...,10; s=1,...,T.(B.1)
Kt+5_2 Portfolio;

Zf € Portfolio; & non-missing Iy ;151 Kf:t+s_2

Iy s D5 ¢ Portfolio; & non-missing 1 Ifpps1
( ;5 _ ortfolio; non-missing I'f ¢4 51 , 0= 1’710, s = 1,.."T. (BQ)
-1 Portfolio;

Zf € Portfolio; & non-missing Iy 115 1 Pfytfl

The implied assumption in this approach is that the portfolio /K and I/P ratios are computed
as if firms with missing investment data have the same average I/K or I/P ratios as that of
firms with non-missing data in the same portfolio. Alternatively, in the robustness analysis,
we assume that firms with missing investment data make zero investment, and construct the

portfolio-level ratios as,

< It+s—1 > _ Zf € Portfolio; & non-missing I 4451 If7t+5—1 = 17 e 10; s=1,... ,T(B?))
Kt+872 Portfolio; ZfEPortfolioi Kf7t+5_2

Iy s ZfeP tfolio; & non-missing I If,t+571 .
<+5 = ortfolior & non-missing ly,e+s-1 L i=1,...,10; s=1,...,T(B.4)
Pt_l Portfolio; ZfGPortfolioi Pf:tfl

Since firms with missing investment data may incur in non-negative investment expenditure,

this approach puts a lower bound on the investment ratios for each portfolio.
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Panel A: benchmark Panel B: adjusted discount rate
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Figure 2: Investment-based IST betas of B/M portfolios: different parameters

The figure reports the investment-based IST betas of book-to-market portfolios estimated from data on
U.S. common stocks over the period 1963-2016. ST is constructed from equation (7), Si3* and B3*
are constructed from equation (6). Panel A reports the benchmark case in which the discount rates
p =0.04,7 = 0.12. Panel B reports the results from discounting the investment by the portfolio realized
average returns according to equations (11) and (12). Panel C reports the results in which we adjust
investment expenditures according to equation (13) with # = 0.1. Panel D reports the results obtained
by adjust both the investment and the discount rates.
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Panel A: benchmark Panel B: no delist-adjustment
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Figure 3: Investment-based IST betas of B/M portfolios: different methodology

The figure reports the investment-based IST betas of book-to-market portfolios estimated from data

on U.S. common stocks over the period 1963-2016. A7°T is constructed from equation (7), 3" and

18T are constructed from equation (6). Panel A reports the benchmark case in which the delisted
firms are assumed to have the same investment-to-price ratio as the average firm in the same portfolio.
Panel B reports the results in which the delisted firms are assumed to have zero investment expenditure
after delisting. Panel C reports the results in which the betas are computed by using the expected
investment estimated from the cross-sectional regressions in equation (14). Panel D reports the results

that combine both the expected investment and no-adjustment for delisting. In all cases, the discount
rates p = 0.04,n = 0.12.
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Panel A: benchmark (non-financial) Panel B: non-financial & consumption
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Figure 4: Investment-based IST betas of B/M portfolios: different samples

The figure reports the investment-based IST betas of book-to-market portfolios estimated from data
on U.S. common stocks over the period 1963-2016. Ai°T is constructed from equation (7), Bi3" and

18T are constructed from equation (6). Panel A reports the benchmark case using non-financial firms.
Panel B reports the results using non-financial and consumption firms. Panel C reports the results using
firms that have fiscal year-end of December. Panel D reports the results obtained from non-financial and

consumption firms which have December fiscal year-end. In all cases, the discount rates p = 0.04,7 = 0.12.
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Baseline parameters Alternative parameters
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Figure 5: Model implications under alternative parameterizations

The figure reports investment rates (I/K), investment-to-price (I/P) ratios, and IST betas for ten
book-to-market portfolios obtained from two alternative parameterizations of the structural model of
Section 2. The parameter values used in each simulations are reported in Table 3. 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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Baseline parameters Alternative parameters

Panel A: IST betas Panel B: IST betas
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Figure 6: The effect of measurement error in IST proxies

The left panels refer to the baseline parameters in Table 3 while the right panels refer to the alternative
parameterization. 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. Panels A and B report “true” IST betas from the model. 3% is obtained

by projecting simulated returns on the IST shock dz;/z;. ™ is obtained by projecting simulated
returns on the simulated series of IMC. 8457 is the investment-based beta from equation (6) with
T = 20. Panels C and D report noisy proxy betas. 3% is obtained by using the noisy proxy for z-
shock in (35) with &, = —0.4 and '™ is obtained by using the noisy proxy for IMC in (36) with

e = —0.9. Both % and BI MC are estimated from bivariate regressions with the second factor being
the noisy a-shock: di;/&; = dxe/xy — 0.4 x 7]
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Baseline parameters Alternative parameters

Panel A: portfolio return Panel B: portfolio return
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Figure 7: Portfolio returns under alternative parameterizations

The figure reports returns for ten book-to-market portfolios obtained from two alternative parameteri-
zations of the structural model of Section 4. The parameter values used in each simulations are reported
in Table 3. 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 of the average returns for each portfolio.
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Table 1: Investment patterns of book-to-market portfolios

This table reports the investment patterns of book-to-market portfolios over a window of 15 years. The
sample covers the period of 1963-2016. After forming portfolios at the end of each year (t), we track
each portfolio for the next 15 years (the last portfolio-formation year is 2001 because we need 15 years of
post-formation investment data). Panel A reports the investment-to-capital ratio (I/K), which is defined
as the capital expenditure divided by the lagged capital (I;4s/K¢+s—1). Panel B reports the investment-
to-price ratio (I/P), which is defined as the present value of capital expenditure divided by the current
equity value (PV(I;15)/P;). The investment I, is the capital expenditure during year t + s, the lagged
capital K41 is the property, plant and equipment-total (net) at the fiscal year end in t + s — 1, and P,
is the market capitalization at the end of formation year t. The PV(I; ) is the present value at year ¢ of
investment expenditure at year ¢+ s, by using a constant discount rate of 12% per year. All the reported
values are the time series averages over all the portfolio-formation years (1962-2001).

post-formation year (s)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Panel A: Investment-to-capital ratio: I/K

Low B/M 0.31 0.30 0.29 0.27 0.27 0.26 0.26 0.25 025 0.24 0.24 024 024 024 0.23
0.26 0.25 024 0.24 0.23 023 022 022 0.22 022 021 021 0.20 0.20 0.20
0.23 0.23 023 0.22 0.21 021 021 0.21 0.21 021 021 0.20 0.20 0.20 0.19
0.21 021 0.21 021 0.20 020 0.20 019 0.19 019 019 019 0.19 0.18 0.18
0.20 020 0.20 0.19 0.19 018 0.18 0.18 0.18 0.18 0.18 0.17 0.17 0.17 0.17
0.18 0.18 0.18 0.18 0.17 0.17 0.17 0.17 0.17 0.16 0.16 0.16 0.16 0.17 0.16
0.17 0.17 0.16 0.16 0.16 0.16 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.15 0.16
0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.14 0.15 0.15 0.15 0.15 0.15 0.15 0.15
0.14 0.14 0.14 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.16
High B/M 0.13 0.13 0.14 0.15 0.15 0.15 0.16 0.16 0.16 0.16 0.16 0.16 0.17 0.16 0.16

HML -0.18 -0.17 -0.15 -0.13 -0.11 -0.11 -0.10 -0.09 -0.09 -0.09 -0.08 -0.08 -0.07 -0.07 -0.07

=W N

© 0 N O Ot

Panel B: Investment-to-price ratio: I/P

Low B/M 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
0.07 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.05 0.05
0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.08 0.08 0.08 0.07 0.07 0.07 0.06 0.06
0.11 0.11 0.11 0.11 o0.11 0.10 0.10 0.10 0.09 0.09 0.09 0.08 0.08 0.08 0.07
0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.11 0.11 0.10 0.10 0.09 0.09 0.08 0.08
0.15 0.15 0.15 0.15 0.14 0.13 0.13 0.12 0.12 0.11 0.11 0.10 0.10 0.10 0.09
0.17 0.17 0.16 0.16 0.15 0.15 0.14 0.13 0.13 0.12 0.12 0.11 0.11 0.10 0.10
0.19 0.18 0.18 0.17 0.16 0.16 0.15 0.13 0.13 0.13 0.12 0.12 0.12 0.11 0.11
0.21 0.20 0.19 0.19 0.18 0.17 0.17 0.16 0.15 0.15 0.14 0.14 0.13 0.13 0.13
High B/M 0.29 026 0.26 0.26 0.26 0.25 024 0.23 0.22 0.21 021 021 020 0.19 0.18

HML 0.25 022 0.22 022 022 021 020 019 0.18 0.18 0.17 0.17 0.17 0.15 0.15

=W N

© 00 = O
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Table 2: Returns and IST betas of book-to-market portfolios

This table reports the returns and IST exposures of book-to-market portfolios. Panel A reports the
portfolio return in excess of risk-free rate. Panel B reports the investment-based IST betas and panel C
reports the proxy-based IST betas. The return is calculated using the data one year after the portfolio
formation. We use capital expenditure data to estimate the IST exposures 81T and B{%" according to
equations (7) and (6) with p = 0.04 and n = 0.12. Investment-based betas are the average across years
from 1963 to 2016 for 51°T and 1963 to 2002 for Si2" (note that the last i3 in 2002 is constructed based
on investment from 2002-2016). We use two proxies of IST shocks, Ishock and IMC, to estimate the
proxy-based 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 growth rate of total factor of productivity (TFP). The
proxy-based beta estimates are based on the time series of 1963 to 2016. The t-statistics (in parentheses)
are Newey-West adjusted with a lag length of 2 years.

Low 2 3 4 ) 6 7 8 9 High  HML

Panel A: Returns

Ret (%) 6.37 594 681 644 692 886 937 9.68 1022 1463 8.26
(241) (275) (3.21) (3.19) (3.06) (4.88) (4.81) (4.71) (5.04) (5.44) (2.53)

Panel B: Investment-based IST betas

ST 109 172 229 276 339 3.84 434 476 536 723  6.14
(7.24) (747) (7.19) (7.72) (8.21) (8.40) (8.16) (9.94) (10.28) (9.58) (9.61)

ST 152 216 282 331 367 426 448 499 572 812  6.60
(8.13) (7.66) (8.59) (7.93) (11.39) (9.58) (9.62) (7.42) (7.90) (6.63) (5.87)

Panel C: Proxy-based IST betas

IST only:
202 -1.79 -1.83 -1.94 -1.51 -1.83 -297 -3.30 -2.87 -3.43 -141
Birshock (-2.07) (-1.86) (-1.79) (-1.39) (-1.56) (-1.45) (-3.16) (-2.89) (-2.84) (-2.37) (-1.24)
043 032 038 037 034 035 021 024 029 057  0.14
Brve (1.81) (1.60) (2.08) (2.06) (1.77) (2.24) (0.88) (0.92) (1.37) (1.72) (0.44)
IST+MKT:
014 028 013 -006 038 -016 -1.31 -1.55 -1.17 -1.24 -1.38
Prshock (0.39) (1.33) (0.61) (-0.08) (0.85) (-0.24) (-2.62) (-2.20) (-2.14) (-1.36) (-1.12)
0.0 0.0 0.08 0.08 006 009 -008 -0.07 000 021 011
Bruc (0.89) (0.01) (1.24) (0.69) (0.65) (0.90) (-0.51) (-0.42) (0.00) (0.89) (0.38)
IST+TFP:

5 2,02 -1.79 -1.83 -1.94 -1.51 -1.83 -2.97 -3.31 -2.87 -344 -142
Ishock (1911) (-1.92) (-1.81) (-1.46) (-1.65) (-1.51) (-3.49) (-3.13) (-3.02) (-2.49) (-1.23)

8 042 031 038 035 033 034 018 021 026 053 011
MO (1.80) (1.55) (2.07) (1.96) (1.66) (2.20) (0.74) (0.81) (1.25) (1.56) (0.32)
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Table 3: Parameter values

This table summarizes the two sets of alternative parameter values used in simulations of the model
described in Section 4.

Parameter Symbol Values

Baseline Alternative

Technology, aggregate shocks

Mean growth rate of the disembodied technology shock s 0.005
Volatility of the disembodied technology shock Oy 0.135
Mean growth rate of the IST shock Ly 0.002
Volatility of the IST shock 0 0.035
Technology, idiosyncratic shocks
Persistence of the firm-specific shock 0 0.350
Volatility of the firm-specific shock O 0.200 0.000
Persistence of the project-specific shock 0y 0.500 0.030
Volatility of the project-specific shock Ou 1.500
Project arrival and depreciation
Project depreciation rate 1) 0.100
Firm-specific long-run arrival rate-lower bound A 5.000
Firm-specific long-run arrival rate—upper bound A 25.000
Transition probability into high-growth state WL 0.075
Transition probability into low-growth state WL 0.160
Ratio of arrival rates in high vs. low growth states A /AL 6.400 2.000
Stochastic discount factor
Risk-free rate r 0.030
Price of risk of the disembodied shock Yz 0.690
Price of risk of the IST shock Yz -0.350
Other
Project-level return-to-scale parameter @ 0.850
Profit margin of the investment sector ¢ 0.070
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