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Abstract

In this paper we study the coevolutionary dynamics of knowledge creation, diffusion and the for-
mation of R&D collaboration networks. Differently to previous works, knowledge is not treated as
an abstract scalar variable but represented by a portfolio of ideas that changes over time through
innovations and knowledge spillovers between collaborating firms. The collaborations between firms,
in turn, are dynamically adjusted based on the firms’ expectations of learning a new technology from
their collaboration partners. We analyze the behavior of this dynamic process and its convergence
to a stationary state, in relation to the rates at which innovations and costly R&D collaboration
opportunities arrive, and the rate of creative destruction leading to the obsolescence of existing tech-
nologies. We quantify the innovation gains from collaborations, and show that there exists a critical
level for the technology learning success probability in collaborations below which an economy with
weak in-house R&D capabilities does not innovate even in the presence of R&D collaborations. More-
over, we show that the interplay between knowledge diffusion and network formation can give rise to
a cyclical pattern in the collaboration intensity, which can be described as a damped oscillation. We
confirm this novel observation using an empirical sample of a large R&D collaboration network over
the years 1985 to 2011. We then study the efficient network structure, compare it to the decentralized
equilibrium structures generated, and design an optimal network policy to maximize welfare in the
economy. Our efficiency analysis further allows us to study the effect of competition on innovation
in R&D intensive industries where R&D collaborations between firms are commonly observed.
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1. Introduction

R&D collaborations play an important role in the creation and diffusion of new technologies. Con-
versely, new technological opportunities impact the formation of R&D collaborations. In this paper
we study the two-way influence of innovation, technology diffusion and R&D network formation.
This paper develops the first tractable model to study endogenously the coevolution of network
formation, knowledge creation and diffusion, in which knowledge is not treated as an abstract scalar
variable but considered a diverse portfolio of heterogenous technologies. The technology portfolios
change over time through innovation and knowledge spillovers from imitation and learning across
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collaborating firms. The growth of knowledge is thus an interactive process between innovation and
imitation [cf. Jovanovic and Rob, 1989; Konig et al., 2012]. Moreover, some technologies can become
obsolete [cf. Adams, 1990; Klette and Kortum, 2004], while R&D collaborations have a finite lifetime,
are costly and their profitability is plagued with uncertainty [Harrigan, 1988; Kelly et al., 2002].

A key finding of the model is the existence of a threshold for the learning and imitation success
probability between collaborating firms below which an economy with weak in-house R&D capa-
bilities does not innovate even in the presence of R&D collaborations.! This indicates that R&D
collaborations can only benefit an economy if firms have developed sufficient “absorptive capacities”
to learn and incorporate other firms’ technologies [cf. Cohen and Levinthal, 1990; Griffith et al.,
2003]. We further analyze changes of the threshold with respect to various parameters of the model,
and, in particular, find that competition lowers the threshold. Moreover, we show that the threshold
is increasing with the knowledge obsolescence rate [i.e. the “intensity of creative destruction”; see
Klette and Kortum, 2004] and the linking cost, while it is decreasing with the productivity of the
firms and the alliance duration. Moreover, the change in the threshold with the uncertainty in the
profitability of R&D collaborations is non-monotonic. We further study the knowledge gains from
R&D collaborations. Our results show that these are higher in the presence of competition. More-
over, we find that the gains are increasing with increasing in-house R&D capabilities, but only if these
are below a threshold that depends on the knowledge obsolescence rate, and decreasing otherwise.

We then test some of the implications of the model using a large firm-level panel dataset on R&D
collaborations over several decades and various sectors matched (partially) with patent data. To
motivate the model we provide micro-level evidence illustrating the dynamic interaction between the
technology (patent) portfolios of firms and the R&D collaboration network, and we show that neither
of them can be studied in isolation. In particular, the existence of technological opportunities through
complementary knowledge between firms generates incentives to collaborate, while the existence of
collaborations fosters the diffusion of technologies across firms [cf. Jovanovic and MacDonald, 1994;
Jovanovic and Rob, 1989].

Moreover, we identify a novel empirical observation, namely, that the R&D collaboration intensity
follows a cyclical pattern that can be described as a “damped oscillation”.? A key contribution of this
paper is to explain this phenomenon from the existence of technology cycles, in a tractable framework
that is also amenable to policy analysis. Our theoretical results further indicate that the cyclicality
in the data is a competition effect. In the early stages after a new technology is discovered, there
is a large market for this technology and firms have strong incentives to form collaborations which
allow them to get access to the technology. However, once the technology has sufficiently diffused
trough the network, the market size shrinks, and so do the incentives to collaborate. As a result, the
economy experiences periods of high collaborative activity followed by periods of low collaborative
activity [cf. Matsuyama, 1999]. This has important policy implications. If policy makers want to
increase welfare in the economy by strengthening competition then our model suggests that a natural
side effect is an increased volatility in the network, akin to the Schumpeterian waves of “creative
destruction” [cf. Jovanovic and MacDonald, 1994; Jovanovic and Rob, 1990; Schumpeter, 1934].

We then investigate the efficient network structure, and compare it to the decentralized equilib-
rium [cf. e.g. Konig et al., 2014; Westbrock, 2010]. Our analysis indicates that equilibrium networks
tend to be less centralized than the efficient structure, and in the empirical application of our model
we quantify the welfare loss (by providing a lower bound) incurred by a suboptimal network struc-
ture. Moreover, we find that in the absence of competition the efficient network has a core periphery
structure and can be characterized as a “nested split graphs” [cf. Konig et al., 2011; Konig et al.,

1Similarly, Kelly [2001, 2009] finds a threshold in a static spatial environment.

2This is an oscillation of the average number of collaborations in which the amplitude of the oscillating average is
decreasing with time (cf. Figure 2 in Section 2).



2013].2 Our analysis further allows us to investigate the impact of competition on social welfare. We
find that competition is welfare increasing. This is due to the fact that competition leads to realloca-
tion and the replacement of less productive firms with more productive ones, which are characterized
by a more central network position. Our paper thus provides a novel contribution to the discussion
of whether competition has a conducive or detrimental effect on innovation [cf. Aghion et al., 2013;
Kretschmer et al., 2012; Schmutzler, 2010], by focussing on R&D intensive industries where R&D
collaborations between firms are commonly observed.

Relation to the literature. There exists a growing number of empirical studies of R&D networks
that document their increasing importance [see e.g. Hagedoorn, 2002]. However, only recently it has
been recognized that the R&D network structure is highly unstable. Networks tend to become more
dense and increasingly centralized [Hanaki et al., 2010]. Other empirical studies have shown that the
propensity to form new alliances by central firms in the network follows a non-monotonic pattern
over time [Gay and Dousset, 2005; Hagedoorn and van Kranenburg, 2003]. Gulati et al. [2010] find
a rise and fall of “small worlds” in the R&D alliance network over time.* A possible explanation for
this phenomenon might be that in the pursue of complementary knowledge firms form small worlds
initially but the excessive formation of these ties makes the information they gather redundant and
ultimately leads to the decline of the small world [Hagedoorn and Frankort, 2008; Powell et al.,
2005]. As Jovanovic and Rob [1989] put it “...spillovers of knowledge depend not only on how hard
people are trying, but also on the differences in what they know: if all of us know the same thing,
we cannot learn from each other.” Various empirical studies have also documented the convergence
of firms’ knowledge bases in sectors like electronics and the biotechnology industries [see e.g. Fai and
Von Tunzelmann, 2001; Gambardella and Torrisi, 1998; Nesta and Dibiaggio, 2003; Patel and Pavitt,
1997]. In order to explain this phenomenon, in this paper we develop a tractable model in which
firms experience decreasing returns from collaboration the more similar their technology portfolios
are [cf. Jovanovic and Rob, 1989]. We further show that we can fully replicate the cyclical pattern
observed in the data if we also take into account the competition of firms across different sectors [cf.
Matsuyama, 1999].5

There exists a different strand of literature, seemingly unrelated to R&D networks, in which
cyclical patterns of technological change (“innovation waves”) have a long history [e.g. Aghion et al.,
2013; Anderson and Tushman, 1990; Geroski and Walters, 1995; Goodwin, 1946; Jovanovic and Rob,
1990; Kuznets, 1940; Schumpeter, 1934].6 For example, Andersen [1999] investigates the growth of
different technological classes and identifies an S-shaped (Sigmoid curved) pattern over time [see also
Griliches, 1957]. Technology cycles have been found in the income of patents as a function of age
(see e.g. Giummo [2010] and Jovanovic [2009]) and the diffusion of chip technologies (Jovanovic and
MacDonald [1994]). Cycles have also been found in firm R&D expenditures [Barlevy, 2007]. Franke
[2001] studies oscillations in the growth rates of average productivity. Klepper [1996] shows that the

3 A network is a nested split graph if the neighborhood of every node is contained in the neighborhoods of the nodes
with higher degrees [see also Mahadev and Peled, 1995].

4A small world network is characterized by high clustering and a short average path length between the nodes in
the network [Watts and Strogatz, 1998]. It has been argued that such small worlds are advantageous in generating and
diffusing innovations in networks [cf. Cowan and Jonard, 2004].

®In particular, a purely technology based explanation as e.g. conjectured in Hagedoorn and Frankort [2008] for
these cycles ignoring market and competition effects does not seem to be sufficient.

SBusiness cycles are another prominent instance for the unstable and periodic patterns that can be observed in
economic activity [Desai and Ormerod, 1998; Goodwin, 1951; Kaldor, 1940], and technological change has been one
of the explanations for their occurrence [Gali, 1999; Holly and Petrella, 2012]. Here we find, both empirically and
theoretically, that technological development in R&D networks can follow a cyclical pattern. These cycles could be one
of the mechanisms that trigger business cycles.



number of firms and the rate and diversity of product innovation eventually decline along a product
life cycle. Cyclical patterns have further been observed empirically in mergers and acquisitions [Golbe
and White, 1993], and joint ventures [Gomes-Casseres, 2002|. However, a comprehensive theoretical
and empirical study (by showing their existence and providing a theoretical explanation) of cycles
in R&D networks is missing so far.

The theoretical analysis of R&D collaborations has attracted some attention in the literature [e.g.
Amir et al., 2003; Amir and Wooders, 2000; Bloch, 1995, 1997; D’Aspremont and Jacquemin, 1988].
For example, Dawid and Hellmann [2014]; Goyal and Joshi [2003] have investigated the formation
of networks of R&D collaborating firms in which firms can share knowledge of a cost reducing
technology. Konig et al. [2011]; Konig et al. [2011] study the evolution of R&D networks in which
firms form collaborations to maximize their knowledge growth rate through knowledge spillovers
from other firms. These works, however, abstract from the process of innovation and do not study
how such technologies are discovered in the first place. Moreover, in all these works knowledge is
treated as an abstract scalar variable instead of a portfolio of different technologies held by a firm.
A key consequence is that in these models larger firms have lower incentives to form collaborations
than smaller firms. However, this contradicts the fact that many collaborations formed, for example,
in the biotech sector are between large and small firms, where the small firm possess knowledge of
a key technology that is particularly valuable to the larger firm [cf. Powell et al., 2005]. Here we
propose a model in which even large firms have incentives to collaborate with smaller ones when
these hold some technologies of interest.

Another strand of literature has studied the process of knowledge diffusion in an exogenously
given communication or social network. In the mathematics, epidemiology, computer science and
physics literature the spread of epidemics on networks has been extensively studied [see e.g. Acemoglu
et al., 2011; Anderson et al., 1992; Berger et al., 2005; Chatterjee and Durrett, 2009; Pastor-Satorras
and Vespignani, 2001; Van Mieghem et al., 2009; Wang et al., 2003].7-% In the economics literature,
Morris [2000] provided topological conditions on the network structure under which the adoption of
a new technology (in a coordination game played on a fixed network) becomes epidemic. Jackson
and Rogers [2007] have analyzed the effect of different, exogenously given network topologies on the
spread of innovations and welfare. Meagher and Rogers [2004] and Andergassen et al. [2006] study the
process of innovation and knowledge diffusion on an exogenous network structure. Further examples
include Lopez-Pintado [2008] and Montanari and Saberi [2010]. In particular, Montanari and Saberi
[2010] investigate the speed of diffusion of innovations in a network in relation to certain topological
characteristics of the network. These works, however, do not explain the network structure but take
it as exogenously given. We improve on them, by analyzing the endogenous formation of networks
in which innovation and knowledge diffusion takes place. While the above mentioned literature finds
that it is typically the largest eigenvalue of the (adjacency matrix associated with the) network which
determines a threshold below which epidemics do not spread [see e.g. Newman, 2010], here we show
that when networks are formed endogenously, this threshold can be reduced to a function of the
rates at which neighboring nodes become infected and the infected nodes recover.

There exist only few epidemic spreading models with an endogenously formed network. Notable
examples are Gross et al. [2006] and, more recently, Fosco et al. [2010] and Blume et al. [2011].
However, these papers do not take into account the incentives of agents to form links. For example,
Gross et al. [2006] assume that links are rewired at random. Similarly, in Blume et al. [2011] an
agent receives a constant payoff from forming a link, linking decisions are not fully endogenized, and

"See also Chapter 17 in Newman [2010] for an overview and introduction.

8The model analyzed in this literature is the “susceptible-infective-susceptible” (SIS) model for epidemics spreading
on a network. This model corresponds to the one we study in Section 3 for the specific parameter choice of « =~ =0
and N = 1 with an exogenously given network.



the network is formed according to a specific random process. Similarly, Fosco et al. [2010] study an
endogenously formed network where agents show either good or bad behavior, bad behavior spills
over between linked agents, and links involving agents with bad behavior vanish at a higher rate
than others. As in Blume et al. [2011] and Gross et al. [2006], the link creation and removal process
is mechanistic, and does not depend on the marginal payoffs agents receive from forming or severing
links. In our model link formation is based on a standard profit maximizing rationale. We further
improve on these models by allowing agents in a network to be characterized by an arbitrary number
of characteristics instead of a single one.” Moreover, none of these papers is applied to the current
context of R&D collaborations, nor has an empirical application.

Only few studies analyze the interplay between knowledge creation, diffusion and network evo-
lution. Most notably, Baum et al. [2010]; Berliant and Fujita [2008, 2009, 2011]; Cowan and Jonard
[2004, 2008] have taken into account the existence of ideas in an abstract “technology space” and
how collaboration decisions are influenced and are influencing the innovation process. However, these
studies either abstract away from the network structure of collaborations, or they are based on nu-
merical simulation studies and do not provide an analytic framework for the study of innovation and
technology diffusion in networks. Moreover, they do not provide an empirical application, and also
do not explain the non-monotonic behavior of the collaboration activities of firms over time that we
find in the empirical data.

Outline of the paper. The paper is organized as follows. In Section 2 we provide an empirical
motivation for our analysis by investigating the interaction between the patent portfolios of firms and
the formation of R&D collaborations, and the average number of collaborations in a panel of a real
world R&D network. In Section 3 we introduce the model, Section 4 describes the innovation process,
and Section 5 the formation of the network. Section 6 describes the coevolution of the technology
portfolios and the network, while Section 7 investigates the coevolution of the knowledge stocks and
the network. The equilibrium analysis is given in Section 8, while Section 9 analyzes efficiency. An
empirical application and a calibration of the model’s parameters is provided in Section 10. Section
11 concludes. All proofs are relegated to Appendix B.

2. Empirical R&D Networks

Data. To motivate our model we consider a sample of R&D alliances ranging over the years 1985
to 2011. The data stems from the Thomson SDC alliance database.'® Similar to Garcia-Canal et al.
[2008] we take into account three types of alliances reported in the SDC database: (i) alliances that
imply the transmission of an existing technology from one partner to another or to the alliance;
(ii) alliances that imply the cross-transfer of existing technologies between two or more partners or
between these and the alliance, and (iii) alliances that include the undertaking of R&D activities.
This gives us a total of 21,478 firms in our sample. We construct the R&D alliance network by
assuming that an alliance lasts for 5 years similar to e.g. Rosenkopf and Padula [2008].!!

In the language of statistical mechanics our generalization of e.g. Gross et al. [2006] is similar to the generalization
of the n-vector model over the classic Ising model [cf. e.g. Grimmett, 2010; Stanley, 1968].

9For an overview and comparison of different types of R&D alliance data sets see Schilling [2009)].

"Rosenkopf and Padula [2008] use a five-year moving window assuming that alliances have a five-year life span, and
state that the choice of a five-year window is consistent with extant alliance studies [e.g. Gulati and Gargiulo, 1999;
Stuart, 2000] and conforms to Kogut [1988] finding that the normal life span of most alliances is no more than five
years. Moreover, Harrigan [1988] studies 895 alliances from 1924 to 1985 and concludes that the average life-span of
the alliance is relatively short, 3.5 years, with a standard deviation of 5.8 years and 85 % of these alliances last less
than 10 years. Park and Russo [1996] focus on 204 joint ventures among firms in the electronic industry for the period
1979-1988. They show that less than half of these firms remain active beyond a period of five years and for those that



From our sample of 21,478 firms we could further obtain patent information for 4,223 of them
(19.66%) from the European Patent Office (EPO). We matched the firms in our alliance data with the
assignees in the EPO Worldwide Patent Statistical Database (PATSTAT). We classified the patents
according to the USPTO 3-digit classification system as of 2008 [see also Hall et al., 2001]. This
allowed us to construct the technology portfolios for the subset of the firms for which patent data
was available, and we obtained 261 unique patent classes for the matched firms.

Micro-level evidence. With the patent data and the R&D collaboration data we can illustrate
the two-way influence of patent portfolios and R&D collaborations at the firm level. Let hy; €
{0,1},i=1,...,n, k=1,..., N be the indicator variable of firm ¢ indicating whether it possesses
the technology k at time ¢, and let h;; denote the vector of technologies of firm i describing the
patent portfolio of firm i. Let the support of h; be given by S(h;) and its cardinality given by
|S(hy)| = (hg,u), where u is a vector of ones and (-,-) is the usual scalar product in RY. In
other words, |S(h;)| counts the number of technologies known to i. Moreover, the technologies j
possesses but ¢ does not, can be written as (h§,, h;;), while the technologies i possesses but j does
not, is (hf;, h;t). Further, let a;;; € {0,1} be the indicator for whether firms 7 and j have an R&D
collaboration at time t.

On the one hand, R&D collaborations facilitate the diffusion of technologies across firms. On
the other hand, technological opportunities through learning and imitation from other firms’ patent
portfolios determine the creation of R&D collaborations. To illustrate the first effect, i.e. the impact
of R&D collaborations on the technology portfolios, we estimate the following non-linear regression
mode]'?

—In (1 = Phigs = 1)) = | S(hig)| + 1 Y aijihjns, (1)
j=1

to obtain the estimates é&p = 0.0042*** (0.0001) and &; = 0.0557*** (0.0013) with standard errors
reported in parenthesis for the year t = 2010. In particular, we find that the estimate for the spillover
coefficient, &, is highly significant. This illustrates the importance of R&D collaborations for the
diffusion of ideas across firms [cf. Jovanovic and MacDonald, 1994].

In order to illustrate the second effect, i.e. the impact of the technology portfolios on R&D
collaborations, we estimate the following the nonlinear regression model

eﬁ0+61<hlc't7hjt> 660+61<h§t7hit>

P(asj=1) = 1+ ePotBr(bg by | | BotFi(hs, hir)” (2)

to obtain the estimates 5y = —4.7240** (0.0200) and 3; = 0.0123*** (0.0009) with bootstrapped
standard errors in parenthesis for the year ¢ = 2010. That is, we obtain a positive and significant
coefficient Bl for the effect of the ideas j possesses but ¢ does not, (h,,hj;), and ¢ possesses but j
does not, (h;t,hm, on their propensity to form a collaboration. This indicates the importance of
complementarity in the technology portfolios for the creation of R&D collaborations [cf. Jovanovic
and Rob, 1989]. The above exploratory empirical results will serve as a motivation for our general

model introduced in Sections 4 and 5.

last less than 10 years (2/3 of the total), the average lifetime turns out to be 3.9 years.

12 et Yik,+ € N denote the count variable for the number of patents of firm 7 in technology class k at time t.
Moreover, let hix: = Ly, >0} be the indicator variable whether firm ¢ has a patent in technology class k at time ¢.

If Yik,: ~ Pois(\) with rate A then P(hix; = 1) = 1 — e~ . Conversely, it follows that A = —In (1 — P(hsy: = 1)).



Table 1: Estimated coefficients with their standard devi-
ations, t-statistics and p-values for the regression model
of Equation (3).

0 0 o tg Dg
ap 0.4885***  0.0084 58.4100 0.0000
ay —0.4085***  0.0118 —34.5350 0.0000
b1 —0.0286** 0.0118 —2.4190 0.0247
as 0.1648*** 0.0118 13.9340 0.0000
ba —0.2587*** 0.0118 —21.8760 0.0000
as —0.0433*** 0.0118 —3.6634 0.0014
bs 0.0613*** 0.0118 4.3366  0.0003

The number of observations is T' = 28, the error
degrees of freedom is 21. The root mean squared
error is given by 0.0443. R? is 0.989, adjusted R? is
0.986. F-statistic vs. constant model is 317, and the
p-value is approximately zero.

*** Statistically significant at 1% level.

** Statistically significant at 5% level.

* Statistically significant at 10% level.

Macro-level evidence. FExemplary networks for the years 1985, 1990, 1995, 2000, 2005 and 2010
can be seen in Figure 1. The figure demonstrates that the evolution of the network is highly non-
stationary. The average number of collaborations, d;, per year t is shown in Figure 2. The figure
demonstrates that the evolution of the network is highly non-stationary, and the varying network
density indicates a periodic rise and decline of the R&D network structure.

In order to investigate the non-stationary (oscillatory) pattern in the network data at the aggre-
gate level, we perform an estimation procedure similar to Golbe and White [1993] to test whether
the R&D collaboration intensity, as measured by the average number of collaborations d; in a given

year t, shows a cyclical trend. For this purpose we estimate a regression model of the form'?
3
1 .
Yt = 50 + Z (a; cos (w;t) + bjsin (w;t)), t € [0,T7, (3)
j=1
with the parameters ag,aj,b;, j = 1,...,3 (Fourier coefficients), where the angular frequency is

given by w; = 2% j, and y; is periodic with period 7. The results of this regression can be seen in
Table 2. The table shows that all coefficients are statistically significant. Following Golbe and White
[1993] we take this as an indicator for the presence of a cyclical pattern in the data.!* From the fact
that the amplitude of the cycle is decreasing over time we conclude that the average degree follows
a “damped oscillation”. In the next section we develop a model that can generate such a cyclical
pattern in the R&D collaboration activities of the firms.

"“Equation (3) is a Fourier series representation of the time series {y:}¢c[0,7]. See e.g. Hamilton [1994, Chapter 6.2]
for further details.

“Note that Hagedoorn and van Kranenburg [2003] investigate the presence of cycles in a different, smaller data
set, over the years 1960-1998. They find evidence for the non-stationary nature of the collaboration intensity but no
conclusive evidence for an oscillatory pattern. Despite the different way in which their data was collected we suspect
that this is due to the fact that they do not explicitly look at the average degree of firms in the R&D network, their
data set covers a shorter period of observation than ours, is much smaller and therefore potentially more noisy.
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{a) 1985: n = 263, m = 171, (b) 19890: n = 1815, m = 1970,

{e) 1995: n = 9572, m = 13977. (d) 2000: n = 8258, my = 0237,

{e) 2005: n = 5487, m = 4463, (f) 2010: n = 6683, m = 5032.

Figure 1: Network snapshots for the years (a) 1985, (b} 1990, (¢) 1995, {(d) 2000, (e} 2005 and (f}) 2010, A node’s size
indicates its eigenvector centrality.
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Figure 2: The average degree d over the years 1985 to 2012. The circles indicate the empirical observations while the
curve indicates the function in Equation (3) with the parameter estimates from Table 2.

3. The Model

We consider a Schumpeterian model of monopolistic competition as in e.g. Acemoglu et al. [2006];
Aghion and Howitt [2009]; Konig et al. [2012]. A unique final good, denoted by Y, is produced by a
representative competitive firm using labor and a set of intermediate goods x;, i € N = {1,...,n},
according to the production function

1 n
Y = aLI*a ZA%_O‘QJ?, a € (0,1),
i=1

where x; is the economy’s input of intermediate good ¢ and A; is the productivity of the firm in sector
i. We further normalize the labor force to unity, L = 1. The final good Y is used for consumption,
as an input to R&D and also as an input to the production of intermediate goods. The profit
maximization program yields the following inverse demand function for intermediate goods,

As 11—«
pi = (—Z> 7
T

where the price of the final good is set to be the numeraire. Each intermediate good ¢ is produced
by a firm ¢ with constant marginal cost ¢, where 1 < ¢ < 1/a. The firm sets the price equal to the
unit cost, p; = ¢, and sells at that price the equilibrium quantity z; = qﬁ_ﬁAi. The gross profit
earned by a firm ¢ in an intermediate sector 4, not taking into account any R&D collaboration costs,
will then be a linear function of its productivity

= (pi — 1) x; = YA, (4)

where ¢ = %gb*ﬁ which is monotonically increasing in « and decreasing in ¢. In equilibrium,
output is proportional to aggregate productivity as follows Y = éqﬁ_ﬁ S A= é(b_ﬁA, where
aggregate productivity is A = > | A;,

Next, we consider the same economic environment as above, but now assume that a firm can



produce more than one intermediate good by introducing multiproduct firms [cf. Bernard et al.,
2011]. In this setup firms can produce new varieties in different sectors by applying their technological
knowledge in all sectors, similar to variety expanding models [cf. Jones, 1995, 2005]. More precisely,
we assume that the probability that a firm ¢ becomes the supplier in sector j by winning a production
contract in that sector, and to produce the intermediate good 7, is given by the contest success
function [Corchén, 2007; Fullerton and McAfee, 1999; Meland and Straume, 2007; Tullock, 1980]:15
P(firm i produces in sector ;) As (5)

rm 4 produces in sector j) = ———.

2221 Ay
If firm ¢ becomes the producer, it earns a gross profit of 7; = 1) A;. The contests in each sector are

assumed to be independent. Firm 4’s expected gross profit from all n sectors is then given by!6

A; A?
Ti = pAn=r—— = V= (6)
Zj:l 4; % Zj:l Aj
A?
Wi:ﬁ—cdizeAi—f—(l—e)niz—Cdi, (7)
%Zj:l AJ’
7

where 0 € {0,1} is a (zero/one) competition parameter,'” we have normalized ¢ = 1, ¢ € R, is a
fixed R &D collaboration cost, d; is the degree (i.e. the number of links/collaborations) of 7 in the
network G € G" and G" denotes the set of graphs of size n.18

We assume that the productivity A; of firm ¢ is a linear function of the number of technologies
(size of the technology portfolio) owned by the firm [cf. Klette and Kortum, 2004]. Let h; denote
the knowledge vector (technology portfolio) of firm 4, with h; € HY = {0,1}" and N € N denoting
the number of different technologies. Then we assume that

Ai = a+b|s(h2)|a a,b € Ry,

where the support of h is S(h) and its cardinality is given by |S(h)| = (h,u), counting the number
of nonzero entries in h. Here u is a vector of ones and (-,-) is the usual scalar product in RY.

5 Alternatively, we could assume that a firm can win a patent in a patent race that allows it to produce the
intermediate good variety [cf. Futia, 1980; Reinganum, 1985], with a duration of one unit of time, and that the good
becomes obsolete after the expiration of the patent.

OLet p; = ﬁ denote the probability that firm ¢ becomes the producer in sector j. Then the expected number
k=1 g

of sectors in which firm i is producing is given by >°7_; (?)pf(l — )" = np;.

"Note that 6 is a measure for monopoly power: # = 1 indicates local monopolists in each sector, while § = 0
indicates competition across different sectors. An alternative interpretation — which we do not emphasize here — is
that @ measures the scope and generality of the technologies used by the firms, i.e. the extent to which firms are using
general purpose technologies (GPT) [cf. Aghion et al., 2013; Jovanovic and Rousseau, 2005].

18As in Berliant and Fujita [2008]; Dawid and Hellmann [2014]; Konig et al. [2011]; Konig et al. [2011]; Roketskiy
[2011]; Westbrock [2010] we do not explicitly incorporate the firm’s R&D expenditure decision in the productivity, and
consequently firms’ profits in Equation (8). Instead we focus on the strategic choice of a firm’s collaboration partners.
We can thus view Equation (8) as a reduced form that allows us to study the coevolution of the network and knowledge
portfolios emanating from the firms’ strategic linking decisions. Moreover, as in the models analyzed in Konig et al.
[2012]; Lucas and Moll [2011]; Perla and Tonetti [2012] firms can choose between in-house R&D and copying another
firm’s technology by forming (or not) an R&D collaboration. In particular, in our model firms which do not participate
in R&D collaborations innovate through in-house R&D instead.
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Normalizing also a = 1, the profit function from Equation (7) then becomes

1+ 26| S(hy)| + b2 S(hy)[?
1+b: >0 |S(hy)

with h € ™Y = {0,1}"*" denoting the matrix of stacked vectors h; for all i € N.

In the following sections we consider a dynamic environment, where in every period an existing
final good is replaced with a new one. In the non-competitive case (§ = 1) the final good uses inputs
from the same intermediate goods producing firms at every period. In contrast, in the competitive
case (6 = 0), the firms supplying the intermediate goods are redrawn every period according to the
contest success function in Equation (5).1 The probability with which a firm becomes the producer
of a variety depends on its productivity relative to the aggregate productivity of all other firms in
the economy, and these productivities change over time through innovation or learning other firms’s
technologies in R&D collaborations.

mi(h) = 0(1 + b/ S(hy)]) + (1 — 0)

—edi, 0€{0,1}, (8)

4. Innovation, Spillovers and Marginal Profits from Collaboration

The knowledge vectors hy; € HY of the firms i € N change over continuous time ¢t € R,. New
knowledge arrives as a Poisson process with an innovation rate that depends on the stock of knowledge
of the firm [cf. Dasgupta and Stiglitz, 1980, 1981; Klette and Kortum, 2004; Loury, 1979]. We also
allow for spillovers between collaborating firms such that the rate with which a firm ¢ makes an
innovation in the knowledge category k increases with the number of collaborating firms that know
k [cf. Jackson and Rogers, 2007; Jovanovic and Rob, 1989]. In particular, we assume that a firm i
discovers idea k, if it does not know it already, at a rate

N n
Vikt =7+« Z hi + 8 Z @ij ikt - 9)
=1 Jj=1
inno:f;tion imitation

With rate A, each knowledge category can also become obsolete [cf. e.g. Adams, 1990; Andergassen
et al., 2006; Caballero and Jaffe, 1993; Klette and Kortum, 2004].2!

In the following we assume that collaborative R&D agreements between firms have only a finite
lifetime. The fact that collaborations do not last forever is a quite natural feature of real-world
networks. Ehrhardt et al. [2008] put forward inter-firm alliances and scientific collaborations as
examples of networks in a volatile environment. For inter-firm alliances, Hagedoorn [2002] for research
partnerships, Kogut et al. [2007] for joint ventures, Harrigan [1988] for alliances and Park and Russo
[1996] for (equity-based) joint ventures provide empirical evidence on this phenomenon. For example,
Harrigan [1988] studies 895 alliances from 1924 to 1985 and concludes that the average life-span of

The competitive case builds on Futia [1980], where a discrete time model in which firms engage in an R&D race
for a patent in each period is considered (see also the discussion in Section IV in Reinganum [1985]). In this model the

probability of a firm 4 to succeed with innovating in period ¢ is given by P(firm ¢ succeeds at time ¢) = ZnAi where
j=1

t
A
Aj; is the productivity of firm 4 at time ¢. This functional form is also known as a Tullock contest success function [cf.
Baye and Hoppe, 2003; Tullock, 1980]. For a stochastic derivation see Jia [2008].

20Tn models such as the one by Klette and Kortum [2004], where the firm’s R&D expenditure choice is explicitly
considered, one finds that a firm scales up its R&D expenditure (and its innovation probability) in proportion to its
knowledge capital. Hence, we can view Equation (9) as a reduced form where the innovation rate increases with the
stock of knowledge of the firm and spillovers from collaborating firms.

2Klette and Kortum [2004] call this rate the “intensity of creative destruction”.
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the alliance is relatively short, 3.5 years, with a standard deviation of 5.8 years and 85 % of these
alliances last less than 10 years. Park and Russo [1996] focus on 204 joint ventures among firms in
the electronic industry for the period 1979-1988. They show that less than half of these firms remain
active beyond a period of five years and for those that last less than 10 years (2/3 of the total), the
average lifetime turns out to be 3.9 years.

Let 7 > 0 denote the expected duration of a collaborative R&D agreement. When evaluating a
potential collaboration, a firm i computes its discounted profit at time ¢ + 7,?2 taking the current
network G as given [cf. Jackson and Watts, 2002],2® while discounting future profits at a rate
0= ﬁ > 0. The firm ¢’s present discounted profit at time ¢ is then given by

1
Vi(hy, Gt) = mi(hy) + 1—+rEt (mi(hyyr)he, Gy) .

In the following we assume that the time 7 of a collaboration is short compared to the dynamics of
the generation and diffusion of knowledge in the entire industry.?* Then we can derive the change
in the present discounted profits of a firm from forming a collaboration as follows.

Proposition 1. The change in the present discounted profit of the firm i from forming the link ij
for 8 € {0,1} can be written as

Vi(hy, Gy +ij) — Vi(he, Gy) = p76 <9b +(1- 9)%(1 + 9] S(hi,t)|)> (he

-
= © h)—6e+0 (-
1+ bhy(hy, Gy) it Bye) = oc + (n> ’

where hy = L 37" | |S(hy )| denotes the average stock of knowledge at time t.

In the following we denoted by

- 1-6
() =7ob(0+2——L ) 10
(i) = 700 (0 27 ) (10

Note that gg,T(th) is decreasing with the average knowledge stock h;. Dropping the remainder term
O (%) in Proposition 1 we then get

Vi(hy, G +1ij) — Vi(he, Gy)
)

~ Bgo.r(he) (1 + b S(hig))' 7 (b, hye) — c. (11)

From the above expression we find that marginal profits for firm ¢ from forming a link 45 are increasing

22Related to our setup, Sannikov and Skrzypacz [2010] consider a dynamic game of strategic interaction where players
learn information continuously over time, but take actions only at discrete points in time.

23This assumption is reminiscent of myopic behavior and is common in the complex strategic environment that
networks represent. For example, Jackson and Watts [2002] state that “..in larger networks and networks where
players’ information might be local and limited, or in networks where players significantly discount the future, myopic
behavior is a more natural assumption”. Taking into account the strong uncertainty involved in R&D projects and
R&D cooperations we think that this assumption is not too restrictive.

24This assumption also guarantees that firms need only limited information about the knowledge portfolios of other
firms. In particular a firm needs only to know the knowledge portfolios of its alliance partners (but not of any other
firm), and the total average portfolio size (e.g. from some statistic of the aggregate innovativeness of the economy),
in order to compute its present discounted profit. Any higher order corrections would require information about the
knowledge possessed by the neighbors’ neighbors, their neighbors, and so on. Since this information is hard to obtain
(firms typically do not make their R&D programs public), this would be a strong assumption. Moreover, there exists
empirical evidence that agents in a network use only information limited to their immediate neighborhood when deciding
about their actions [e.g. Friedkin, 1983]. Related theoretical models of networked agents with limited information sets
are DeMarzo et al. [2003]; Golub and Jackson [2012]; Jackson and Golub [2010], Montanari and Saberi [2010] and Konig
[2011].
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in the number of ideas that firm j has but firm ¢ does not have, (h,,hj;), and - in the competitive case
- the total stock of knowledge possessed by firm 4, | S(h; ;)| relative to the average stock of knowledge
hs. In the first case (without competition, § = 1), as in Jovanovic and Rob [1989], marginal profits
from collaboration incorporate the fact that “...spillovers of knowledge depend not only on how hard
people are trying, but also on the differences in what they know: if all of us know the same thing, we
cannot learn from each other.” The latter case (with competition, § = 0) shows that relatively more
competitive firms are better in reaping the gains from getting access to complementary knowledge
than less competitive ones (indicating economies of scale and scope). For the remaining sections we
will assume that firms evaluate the marginal value of a collaboration on the basis of the change in

the present discounted profits of Equation (11).

5. Innovation and R&D Network Formation

In the following we introduce more formally the knowledge creation, diffusion and R&D network
formation process.

Definition 1. Consider a population of firms N = {1,...,n}. Each firm i € N is equipped with
a knowledge vector hy € HN = {0,1}Y, in a network Gy = (N, &) € Gn, & € N x N, at time
t € Ry. Denote by h; the n x N matriz with rows equal to hy for eachi =1,...,n. We consider the
continuous time Markov process (hy, Gi)ier, , in which the following events happen in a small time
interval [t,t + At), At > 0:

Innovation: Fach firm i € N discovers knowledge category k =1,..., N at a rate
N n
Vikt =7+« Z hie + B Z aijthjk.t,
I=1 j=1
and the probability that firm i discovers idea j in the time interval [t,t + At) is given by

P(hikrrar = Uhigs = 0,hy, Gy) = 1 — e ikt A =y At + o Ab). (12)

Knowledge Obsolescence: At rate A > 0, each idea k = 1..., N becomes obsolescent. That is,
the probability that idea j becomes obsolescent in the time interval [t,t + At) is given by

P(hiksrar = Olhips = 1,1y, Gy) = 1 — e A = XAL + o(Ab). (13)

Link Creation: Each (unordered) pair of firms i,j € N x N receives an opportunity to create the
link ij with rate p > 0. If the pair i,j receives such an opportunity, then the link ij is created,
if it is not present, with probability®

P(Gt-i-At = Gt + Zj‘ht, Gt)
= pP({Vi(hs, Gt +ij) + eir > Vi(he, Go)} N {Vj(he, Gt + i) + €5t > Vj(he, Gi)})
eN(B890,7 (h) (1+b] S(hy 1))~ (hs, hyje) —c) en(ﬁQQ,T(ht)(1+b| S(hy;,e))' =% (hS, hit)—c)

=P 1 + en(Bgo,r (he) (148l S(hy ) )10 (hf hje) =) | n(Bgo,r (he)(14b] S(hje)[)!~° (b, hit) —c)

At+o(At),
(14)

2The probability that firms ¢ and j form an R&D collaboration depends on both finding a collaboration profitable,
that is, it must hold that both V;i(he, Gt +ij) 4+ €ix > Vi(he, Gt) and Vj(he, Gi + ij) + €5¢ > Vi(he, Gy).
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Figure 3: Illustration of the network formation and innovation process outlined in Definition 1.

where we have assumed that profits from forming a link are perturbed by identically and inde-
pendently logistically distributed error terms ey, € with parameter n/4.

Link Removal: An existing link ij is removed when the collaboration between i and j expires. This
happens at a rate p = pg+ 1/7, so that

]P)(Gt—f—At = Gt — Z]’ht, Gt) = pAt + O(At) (15)

In the following we assume that the link creation and link removal rates are identical and given
by p. This entails no loss of generality but helps us to simplify our notation. An illustration
of the stochastic process introduced in Definition 1 is shown in Figure 3. Further note that the
introduction of noise in marginal profits from collaboration leading to Equation (14) is quite natural,
as the establishment of an R&D collaboration is fraught with ambiguity and uncertainty [cf. Kelly
et al., 2002]. Moreover, Podolny and Page [1998] document that many collaborations fail and are
terminated early. We allow for this possibility by including the term pg in the rate p adding to the
inverse of the expected duration 7 of a collaboration.

Note that without knowledge obsolescence (i.e. when we set A = 0) the firms’ technology portfo-
lios eventually become complete, and there would be no incentives to form collaborations any more
so that the network would be empty. Moreover, without link removal (i.e. when we set p = 0) the
network would eventually become complete.?® Both of these extreme cases are at odds with the
R&D network structures that we observe in the data.

In the next section we analyze the evolution of the number of firms with different technology
portfolios and the number of links between them.

260bserve that when p = 0 then the network does not change and when also @« =~ = 0 and N = 1 we are within
the framework of the well known SIS model for epidemics spreading on a static network.
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6. Coevolution of Knowledge Portfolios and the Network

From Definition 1 describing the dynamic process of network formation and knowledge diffusion it is
possible to obtain a coupled system of ordinary differential equations that completely describes the
evolution of the average number of firms with a certain knowledge portfolio and the probability of a
link between any pair of firms with given knowledge portfolios over time from any initial condition
as the number of firms becomes large. This is shown in the next theorem.

Theorem 1. Let the probability that a firm with technology vector h is connected to a firm with
technology vector h' be denoted by &(h,h') = P(a;j; = 1|hy = h,hj; = h'), and let the fraction of
firms with knowledge vector h be xy(h) = P(hy = h). Introduce the rescaled parameters B — (/n,
c—c/n, n— nn,?" and denote by

(Bgo,- (he) (145 S(h)) =% (h* h') —c) "(Bgo,r (he)(1+0] S(W)) 1~ (W'¢,h)—c)
1 + e1(Bge,r () (1+b] S(M))1 =0 (he,h')—c) | 4 en(Bga,- (z¢)(1+b] S(h')[)1 =0 (h'e,h)—c) *

g(h,h') (16)

Then, in the limit of large n, x;(h) converges in probability to the solution of the system of ODEs

dleih) =(v+a(Sh)-1) Y zth—e)+ X Y z(h+ep)

keS(h) keS(he)
— (AISM)[ +1S5(0)] + | S(h)[| S(h®)[) z4(h)
+8 Y. Y &(h—ep b )ay(h — ep)ay(h)

keS(h) h/eMN :h) =1

Y Y amn)mbm), (17)

keS(he) b/ eHN ) =1

where ey, is the k-th unit basis vector in HY™, (-,-) is the usual scalar product in RY, S(h) is the
support of h,®® and & (h,h') converges in probability to the solution of the system of ODEs

déi(h,h')

o = P9mB) —p (1+g(h k) &(hh) + ofp). (18)

With the dynamics of z4(h) and & (h,h’) known from Theorem 1, the current period average
stock of knowledge is given by hy = > o~ | S(h)|z:(h), and the current period average degree
is di = 1y penn &(h, )z (h)z(h'). Since the average stock of knowledge h¢ is completely
determined by z¢(h) we will write gp - (ht) as g - (zt).

When we do not make the assumption that p is large, then we need to take into account the
remainder term which is of the order of o(p) in Equation (18). The differential equations governing
the dynamics of the expected number of links becomes considerably more involved, and can only
be derived by making a pair approzimation:>® Let n;(h) denote the expected number of firms with
technology h, my(h,h’) the expected number of links between firms with technologies h and h'.
Moreover, let 7¢(h,h’, h”) denote the expected number of triplets with a firm with technology h being

2"The assumption of the technology spillover parameter being given by 8/n ensures that the contribution to the total
spillovers from a single firm in a dense network is O(1) [see e.g. Levin et al., 2009, Chap. 15.2].

28The support of h is S(h) and its cardinality is | S(h)| = (h,u), counting the number of nonzero entries in h, with
u being a vector of ones.

#See e.g. Newman [2010, Chap. 17].
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connected to a firm with technology h’ and this firm being connected to a firm with technology h”.
Then we make the following pair approximation®’

mt(h, h’)mt(h’, h”)

h hl hl/ ~
Tt( 9 9 ) nt(h/)

(19)

Appendix A provides a complete derivation of the dynamics for an arbitrary number N of technology
categories using the approximation in Equation (19). However, in the next sections we will be mostly
concerned with the exact case in the limit of p — oo, as this also simplifies our analysis considerably.

7. Coevolution of Knowledge Stocks and the Network

The description of the dynamics of our system reduces drastically if we consider the dynamics of the
stocks of knowledge and the probability of a link between firms with given knowledge stocks. More
formally, let the fraction of firms with a stock of knowledge of s, 0 < s < N, be given by (];[) Z4($),
where we have denoted by

Ti(s) = L > m(h), (20)

N
(s) heHN:| S(h)|=s

T¢(s) being the solution of Equation (17) and let the probability of a link between a firm with
knowledge stock s and a firm with s/, with 0 < s, s’ < IV, be given by (];[) (‘Q{)&(s, s"), where we have

introduced 11
(s, s') = L) > &(h,h). (21)
s/ \s'") neHN:|S(h)|=s
h/cHN:| S(h)|=s'

and & (h,h’) being the solution of Equation (18). Further, define the symmetric matrix, g(s,s’) =
g(s',s) for all 0 < s, < N, given by

1
g(s,s/) = T)m Z g(h, h/), (22)
s/ \s'") heHN:|S(h)|=s

h/cHN:|S(h)|=s'

—

with g(h,h’) as in Equation (16) in Theorem 1. Then the dynamics for the fraction 7;(s) of firms
with knowledge stock s, and the probability &(s,s’) of a link between firms with knowledge stocks
s and s', respectively, are given by the following proposition.

Proposition 2. Let the fraction of firms with a stock of knowledge of s be denoted by Z¢(s) and let
the probability of a link between a firm with knowledge stock s and a firm with s' be & (s, s') for any
0 < s,8 < N defined as in Equations (20) and (21). Then T(s) is the solution of the system of
ODEs

di“;is) =(ys+a(s—1)8)z(s — 1) + AN — 5)Ze(s + 1) — (As + (N — s) + as(N — 5))Z4(s)
N
+ 4 Zl C:,r: 11> (Sgt(s —1, s’)@(s — 1)@(3’) — (N - S)gt(é,’ 8/)@(8)@(8,)) 7 (23)

30The rationale for Equation (19) is that the expected number of links between firms with technology h and technology

h' is given by m;(h,h’), and the expected number of links to firms with technology h” involving a firm h’ is given by

mjl(th(/h’}l)//) . A more detailed discussion can be found e.g. in Do and Gross [2009]; Gross et al. [2006]; Keeling and Eames

[2005]. The pair approximation becomes exact for “locally tree-like” networks [cf. Dembo and Montanari, 2010].
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and &(s,s') is the solution of the system of ODEs

d& (s, s')

= 3(s:5") = p (1+3(s,5))&(s,5") + olp). (24)

The stationary solution of the above dynamics for the special case of 8 = 0 is particularly simple
and given in the next corollary.

Corollary 1. Let the expected number of firms with knowledge stock s be denoted by

Z4(s) = Z z¢(h), 0<s<N,
heHN:|S(h)|=s

then in the case of B = 0 the stationary distribution of Z(s) = limy_,oo 4(8) is given by

— . . _1
5s) = (ENJ [IZi (N = i) (v + aJ)) LN — k)(y + ak) o5)
= [Tj-1 A [Tii Ak
If we also set a = 0 then we obtain a binomial distribution with success probability AVTW so that

o () () ()

Equation (26) corresponds to a simple birth-death process with birth rate 7 and death rate A
[Grimmett and Stirzaker, 2001]. Note that we can further simplify Equation (22) to

oy = L LIS N sy s Y (N
N O NI - AVACE JAC S,
en(ﬁge,f(mt)(HbS)gka) en(ﬁge,T(wt)(1+bs/)9(sfs/+k)70)

" 1L en(Bao (@)L Tb3k—0) 1 4 on(Bas - (@) (L1657 (s T k) )

(27)

Moreover, note that the average stock of knowledge is given by hy = Zévzl s(]: ):Et(s), while the
average degree can be computed from dy = 2%t = > nweny zt(h,h') =n Zi\fs,zo (N) (N) Zi(s,s') =

n s/ \s

n Zi\,[s/z(] (];[) (]S\f) T4(5)x4(8")& (s, 8'), where m; denotes the number of links at time ¢. In the following
section we study the stationary states of the dynamics introduced in Proposition 2 and their stability

properties.

8. Equilibrium Characterization

In this section we first identify a threshold ¢ such that the economy does not innovate if the
technology spillover parameter § is below 5¢. We then preform a comparative statics analysis of the
threshold 8¢, and, in particular, show that the threshold is increasing with the knowledge obsolescence
rate A and the linking cost ¢, while it is decreasing with the productivity function parameter b and
the alliance duration 7. Moreover, the change with the uncertainty of R&D collaborations 7 is non-
monotonic. For small spillover effects § (or alternatively, for a small number of technology categories)
we further characterize the innovation gains (in terms of the average stock of knowledge) due to the
presence of R&D collaborations. These gains are decreasing with the in-house R&D success rate, the
linking cost and the collaboration uncertainty, while the the effect of the knowledge obsolescence rate
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is non-monotonic, and there exists a critical value A° as a function of the in-house R&D success rate
~ such that the gains from collaboration are increasing with A if A < A¢, and decreasing, otherwise.
The characterization of the equilibrium solution for an arbitrary parameter choice and arbitrary
N is rather involved. However, further insights can be obtained by restricting our analysis to the
case of independent markets, § = 1, when g(s.s") does not depend on Z(s), and letting p — oo. The
following lemma provides an explicit solution to the (conditional) linking probability of firms with
different knowledge stocks, and a recursive characterization of the asymptotic stocks of knowledge.

Lemma 1. Considef the limit p — oo and independent markets with € = 1 in Proposition 2. Then
the fized points for (s, s') of Fquation (24) are given by

g(svs/) - %7

while the fized points of Equation (23) satisfy

5(0) N1\ gks)
)\S_Hkl;[()<’y+ka+ﬁs/Z:1(S,_1>1+g(k’s,)x(s)>.

T(s+1)=

Lemma 1 shows that Z(s) is higher for all s > 0 when § > 0. Hence, the presence of R&D
collaborations leads to a higher average knowledge stock in the economy. Moreover, from Lemma
1 we find that for v, — 0 a stationary solution is always given by Z(s) = J50, where firms have
empty technology portfolios and thus vanishing stock of knowledge. However, this trivial stationary
state is not the only stationary state if 8 exceeds a threshold. Moreover, the trivial stationary state
becomes unstable if § is higher than this threshold.

Proposition 3. Consider the limit of p — oo, 8 = 1 and v,a — 0 in Proposition 2. Then the
unique, asymptotically stable stationary state is T(s) = 059 if B < B¢, with

W ()\bm' (eT+1) e”(c_b7(66"+2)>‘))

c _ /)
B¢ = At (e + 2) + o=

, (28)

where W (x) is the Lambert W function (or product-log), which is implicitly defined by W (z)eV (®) =
x.

Proposition 3 illustrates that if the in-house R&D capabilities of firms are weak (v, — 0), then
the presence of R&D collaborations can only lead to an economy with non-vanishing innovation
activities (i.e. a significant fraction of firms has non-empty technology portfolios, z(0) < 1) if the
spillover parameter 8 exceeds a threshold 5¢. Proposition 3 further states that when 8 > (¢ then
the trivial stationary state becomes unstable and there exists non-trivial stable stationary state.
Moreover, one can show that (see the proof of Proposition 3 in Appendix B)

op° op° op°

roJox
>0 > 0, ab<0, o

o\ " de

<0, (29)

while 8¢ is a convex function of 7 as indicated in Figure 5 for different values of the linking cost c¢. The
existence of a threshold for the learning success probability between collaborating firms below which
an economy with weak in-house R&D capabilities does not innovate even in the presence of R&D
collaborations is a key finding of our model. In particular, it indicates that R&D collaborations
can only benefit an economy if firms have developed sufficient absorptive capacities to learn and
incorporated other firms’ technologies [cf. Cohen and Levinthal, 1990; Griffith et al., 2003].

In contrast, in the absence of technology spillovers, when g = 0, the following corollary follows
immediately from Lemma 1.
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Figure 4: Examples of the stationary expected fraction of links £(s,s’), 0 < 5,8’ < N with ¢ =1, § = 1, 7b = 1, for
n=1,2,3 (rows) and N = 2,5,10 (columns) (where higher values are black and lower values are white). We observe
that with increasing values of 1 (and ¢ > 0) the number of links is highest along the diagonal with firms having similar
portfolio sizes, except for the upper left and lower right corners. This indicates assortative matching. That is, firms
with similar portfolio sizes tend to be connected, however, their portfolios need to be composed of different technologies.
Assortativity has been observed in empirical studies of R&D collaboration networks.

Figure 5: The threshold level 8 as a function of n for b =10, 7 =0.01, A =1, and ¢ € {1,1.25,1.5}.

19



Corollary 2. Consider p — oo and let 3 =0, 8 = 1 in Proposition 2, then the stationary stocks of
knowledge are given by

(s) = (Z (3 ) l>_1 kHO 1L (30)

The next proposition characterizes the stationary state in the limit small 8/~, that is, when the
in-house R&D capabilities are much higher than the spillovers from collaboration.

Proposition 4. Consider the limit p — oo and independent markets with 6 = 1 in Proposition 2.
Then for /v — 0, the stationary stocks of knowledge are given by

3(s) = To(s) + ffz (f - 0(s)> +0 (g)Q, (31)

where To(s) = Z(s)|z—g is given in Equation (30),

'y—i—alz -1 H'y—i—ak”
s'—1 1+gks

k=0

s—1s—1

=2 11

k=0 Ik

b= Zgzo (]SV)bS/ and a = Zk 0( ) f 01 el for all s = 0,...,N. Moreover, the eigenvalues of

the Jacobian J corresponding to the dynamzcal system in Equatwns (23) and (24) are all real, and
consequently their solution trajectories do not show oscillatory behavior.

The average stock of knowledge is given by

_ _ gb Zi\les(f)bs 7 2
_g < ) h0+——2< b _h0>+0(5 ),

where hg = + Z 15 ( )as The stationary average stock of knowledge h can be seen in Figure 6 for
varying Values of v and A. The gains from R&D collaborations are given by

N N
Ah=h— hy = f;(&%(s)bs_%)w(ﬁ?).

The relative gains from R&D collaborations, Ah/hg, are illustrated in the right panels in Figure 6.
As we have assumed that 3 is small the figure tends to underestimate the increase in the average stock
of knowledge due to collaborations. We also find that the relative gains decrease with the in-house
R&D success rate v. However, the effect of the knowledge obsolescence rate A is non-monotonic. We
will identify an explicit critical value A\° for A\ as a function of v in the next section focussing on the
case of N = 1 for which Ah/hg is increasing with \ if A < \¢, or decreasing, otherwise.

Proposition 4 also shows that at least when spillover effects are not too strong, a non-competitive
economy cannot generate the oscillatory time evolution of the average degree that we have doc-
umented in Section 2. However, as we are going to demonstrate in the following sections, such
oscillations can be obtained in a competitive environment. In order to demonstrate this, and to
obtain more general results beyond the case of small spillover effects, in the following two sections
we will confine our analysis to the case of at most two competing technologies, with N € {1,2} 3!

31This simplifying restriction is shared with various other works in a similar context such as Lazear [2004]; Montanari
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Figure 6: (Top left panel) The stationary average stock of knowledge h over different values of v € [1, 50] for varying
values of A € {10,25,50,75,100}. (Top right panel) The relative percentage gain in the average stock of knowledge,
Ah/hg, for the same parameters. (Bottom left panel) The stationary average stock of knowledge h over different values
of A € [1,50] for varying values of v € {10, 25,50, 75,100}. (Bottom right panel) The relative percentage gain in the
average stock of knowledge, Ah/ho, for the same parameters. The parameters are § =1, N =5,¢=0.1,n=1, a =0,
7=0.01,b=1and g =1.

considering both, absence of competition, § = 1, and a competitive environment setting 6 = 0.

8.1. The Case of N =1
In the case of N =1 where s € {0,1} we obtain from Equation (23)

dz(1 _
ctlf‘ ) - YZ(0) — AZe(1) + BE(0,1)2:(0)24(1),
dz(0 -
10— X(1) ~12,0) ~ B (0, DF ()T (D), (32)
and from Equation (24) we get
d&(0,1) _ .
—g = r9(0,1) = p(1+9(0,1))&(0,1) + o(p), (33)
with . : ( :
nbkgy,r—¢ —nc n(Bbr—2c .
1je7l(591,7*‘3) 1—?—6_770 = (1+en(%b77c))(1+e—nc) if 0 = 1’
900,1) = aor@-0 e SR ) gene $0—0 (34)
TR0 The e = 2 T =0,

and Saberi [2010]; Young [2002], and it is also at the center of the analysis of two competing technologies in Jovanovic
and MacDonald [1994].
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where the average stock of knowledge is given by h;(z) = z4(1). Observe that in the case of N = 1 the
parameter o does not affect the dynamics. Also note that lim, ., §(0,1) = 0 and lim, ¢ g(0,1) = %.
We then can state the following proposition, characterizing the stationary states and their stability
properties.

Proposition 5. Consider the limit p — oo, N =1 in Proposition 2 and denote by x = limy—,oo Z¢(1)
and z = limy_,00 £(0,1).

(i) Threshold: We have that x = 0 is an asymptotically stable fixed point in the limit of v — 0 if
B < B¢ where

W ((2 = 0)Abyr (€7 + 1) enle=(2=00r(e+2)N)

F=2e 2+ @ =0

, 0€{0,1}, (35)

and W (z) is the Lambert W function (or product-log), which is implicitly defined by W (x)eVV (®) =
x.

(ii) No competition: Let @ = 1, then the stationary state of the dynamic system in Equations
(32) and (33) is asymptotically stable and given by

LB = A=A+ VAL 4 9)By + (Y + A+ 9(r +A - B))
2958 ’
g

Z:—’ 36
1+g (36)

where g = g(0,1) is given in Equation (54) and (0) = 1 — Z¢(1). The Jacobian has only
negative, real eigenvalues, so that the solution trajectories for z4(0),Z4(1) and &(0,1) do not
exhibit oscillatory behavior. Moreover, in the limit of v — 0 the non-trivial solution is given by

)\(2 + eN(c—bBT) (ebﬁm + el 4 1))

3 (37)

r=1-—

(iii) Competition: Let =0, v = 0 and consider small T such that terms of the order O(7%) can
be neglected. Then the non-trivial stationary state of the dynamic system in Equations (32)
and (33) is given

= 2A25n (Br (€*1(—=28bnT +b— 1) — 2“1 (b(Byr — 1) + 1) + 2(b — 1)) — A%bA
+ (AN + 2A4%0BAn (21 (BbnT — b — 1) + > (28T — b — 1) — 2(b + 1))
+82n? (2e“(BbnT + b+ 1) + *1(2BbnT + b+ 1) +2(b + 1))2) %> , (38)
and 1 2bBnTe (e 4 1)
_ L nre e
Z‘A<1+ Albz + 1) > (39)

where we have denoted by A = 2 + 2e + €%,

(iv) Large shocks: In the case of n — 0 and 6 € {0,1} the asymptotically stable stationary state

s given by
—5(y +A) +/(Bn — 5(y + \))2 + 208yn + Bn
28n
and
1
z= -,
5
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Figure 7: (Left panel) Stationary average knowledge stock h as a function of 3. The dashed line indicates the threshold
B¢ from Equation (35). (Right panel) The stationary average knowledge stock h as a function of i for 6 € {0,1}, A = 1,
B=30,b=1,7=0.01, c=0.1 and v = 0. The dashed line indicates the solution from Equation (40). The average
knowledge stock in the competitive case (0 = 0) is always higher than in the non-competitive case (0 = 1).

and the Jacobian has only real eigenvalues, so that the solution trajectories for 74(0),z¢(1) and
£:(0,1) do not exhibit oscillatory behavior.

(vi) Small shocks: When n — oo, 6 € {0,1} and ¢ > 0 then the asymptotically stable stationary
state is given by limy oo (1) = %ﬂ/ and limy_, o £(0,1) = 0 and the Jacobian has only real
etgenvalues.

The left panel in Figure 7 also illustrates the stationary fraction h as a function of 3 together
with the threshold 8¢ from Equation (35). A significant fraction of firms has on average knowledge
of the technology once the spillover parameter § exceeds the critical value 5¢. The same comparative
statics as in Equation (29) hold for the critical level 8¢. Further, from Equation (35) we find that the
threshold ¢ is lower in the competitive case (f = 0) than in the non-competitive case (§ = 1). Hence,
introducing competition lowers the threshold above which innovation can take off in the economy.
Moreover, from Equation (37) in Proposition 5 we find that the asymptotic stocks of knowledge

h = lim;_,o Z¢(1) satisfy (see also the proof of Proposition 5 in Appendix B)

Oh Oh Oh Oh Oh
5<07 E<O7 %>O, %>O, 8_’7'>O

The change in h with 1 is non-monotonic, and h being a concave function of 7, where 2—2 > 0 if
c (ebﬁm + 2eM + 1) < bpT (e“7+ 1) and g—z < 0 otherwise. This is shown in the right panel of Figure
7. As Figure 7 illustrates, we find that the average knowledge stock in the competitive case (6 = 0)
is higher than in the non-competitive case (6 = 1). From Equation (40) we also find that g—z > 0 (see
also the proof of Proposition 5 in Appendix B). Further, from Equation (36) for the case of § =1 in
the limit of small 8 we can write

) A
h=—1tp -

2
T P e grap O

which is what we would get from Equation (31) in the case of N = 1. We then find for Ah that (see
also the proof of Proposition 5 in Appendix B)

OAh <0 OAh
dc T on

<0,
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while

Oy

_ ) N
0Ah | >0 ify<g,
<0 otherwise.

Similarly, we find that
OAh | >0 ifx<Z,
oA

<0 otherwise.

Increasing linking costs ¢ or a reduction in the noise 1 unanimously reduce the innovation gains
Ah from collaboration, while the effect of the in-house R&D innovation rate + and the knowledge
obsolescence rate A\ are ambiguous, and increase Ah only if they are below a threshold level.

When we do not make the assumption that p is large, then we need to take into account the
remainder term of the order of o(p) in Equation (33). Using the pair approximation of Equation (19)
we can state the following proposition:3?

Proposition 6. Let N = 1, § = 1 in Proposition 2 and denote by x = limy_,o0 Z¢(1), 21 =
limg o0 &(0,1), 22 = limy_00 &(0,0) and 23 = limy_,00 &(1,1). Assume that the pair approzima-
tion in Equation (19) holds.

(i) The stationary state is given by

oz —=v=A+Axn)

- 2213

2z A+ g2p — gawp

C22A— (1 +go)(—1+2)p

. 2(=14+z)z1(z218+ ) — gsxp
2(=1+2) (218 +7) — (1 + g3)zp’

22

(41)

where z1 is the root of
2(g3(=1+21) +2)A (218 =7 — A+ A(21))
(218 + 7+ A= A(21)) @A+ p+ g3p)

(g2(=1+21) +21) (1B + 7+ A= A(21)* (218 +7 — A+ A(21))
(218 =7 = A4+ A(21)) (21B(2A + p 4 g2p) + (=7 = A+ A(21)) (A = (1 + g2)p))’

and A(z1) = /42187 + (—z18 + 7 + V)2

2g1 — 2(1 + 91)21 =

_l’_

(ii) In the case of v = 0 the Jacobian has only real eigenvalues, trajectories do not oscillate, in first
order of large p the non-trivial asymptotically stable solution is characterized by

1
" 28(go + 1)(g3 + 1)

X <\/(92 + 1) (48(g3 + 1)(91(92 + 1)(g3 + 1)p + Ag2 — g93)) + (92 + 1)(Bgz — (g1 + 1)(g3 + 1)p)?)

21

—(91 +1)g2(g3 + 1)p — g193p — g1p + Bg293 + Bgz — p(1 + g3)) , (42)
and )
r=1- ",
52’1

32 Appendix A provides a complete derivation of the dynamics for an arbitrary number N of technology categories
in terms of a system of ODEs.
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while the threshold level for B is given by

A (2e + e+ 2) (A + 20)ePPNT 4 (X + p)enOBTHE) L e (X 4 p) 4 2\ + p))
A (e + 1) (ebB7 + ecn) + p (26 + €21 + 2) ebBnT

g =

In the case of v = 0 we find from Proposition 6 that (see the proof of Proposition 6 in Appendix

B)

ap¢ oh
b <0, —>0.

dp dp
Hence, a more adaptive network (higher p) implies a lower threshold 3¢ and a higher average stock of
knowledge h. Moreover, we note that in the non-competitive case of @ = 1 for all the cases analyzed,
the trajectories did not exhibit any oscillatory behavior (as indicated by the Jacobian having only
real eigenvalues). However, this does not hold for the competitive case with § = 0, where such

oscillations could be observed.

8.2. The Case of N =2
When N = 2 with s € {0,1,2} we obtain from Equation (23)

dx;liO) = 2 (AZ4(1) — 7Z4(0) — B(&(0, 1)F(0)F, (1) + £(0, 2)T4(0)Z4(2)))

d:f;il) =7Z¢(0) + AZ¢(2) — N+ v+ @)z (1) + B (é(o, 1)z (0)Z (1) — gt(l, 1)ft(1)2
+£61(0,2)7¢(0)7¢(2) — &(1,2)74(1)7:(2))

dxf) =2 ((y 4+ @)Z(1) — AZe(2) + B (&(1, D)z (1)* 4 &(1,2)2,(1)24(2))) (43)

and from Equation (24) we obtain

dgtgz, ) Lps0.1) — p (1 + 1300 1)> £(0,1) + olp)

d&gi’ 2) _ pg(0,2) — p (1 + §(0,2)) &(0,2) + o(p)

d&gllt’ 1 i,og(l, 1) —p (1 + ié(l, 1)) &(1,1) +o(p)

dz(1,2) 1 . 1 .

B = S - p (14590, 01,2+ olp) (44)

We next identify the stationary states of the stochastic process and their stability properties.

Proposition 7. Consider the limit p — oo, N = 2 in Proposition 2 and denote by 1 = limy_, 0 T4(1), 290 =

limg o0 74(2) and 21 = limy_y00 £(0, 1), 22 = limy o0 £(0,2), 23 = limy 00 &(1, 1), 24 = limy o0 &(1,2).

(i) Threshold: There exists a threshold such that x1 = x2 = 0 is a stable fized point in the limit
of v,a — 0 if B < 3¢, where the threshold value 3¢ is given by Equation (35).

(ii) No competition: Assume that o =y =0 and consider 0 = 1, then in the limit of T — O the
non-trivial stationary state of Equation (43) is given by

o — 533%21
2 A — ﬁxlzl’
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(iii)

(i)

and
B 1
T BVAR (4838 (21 — ) + 221 — 22) + 1)
x (=A% 1 2V ABz (N + B(B22(68(21 — 22) + 1) + M12821 (21 — 22) + 921 — 223)))
—43528(68(21 — 20) + 1) + 48Nz} (B(12(38%21 (21 — 20)(221 + 22)
+ 8427 — 22120 + 23) + 21) — B22) + 1) — B2N2F(48(1445° 21 (21 — 20)°
+486%21 (322 — 42120 + 22) 4 B(4823 — 272129 + 423) + 621 — 20) + 1)),

where A is a function of 5,m and ¢ (provided in the proof of the proposition in the appendiz),
while the stationary state of Equation (44) is given by

1 bBnTe (e + 1) 9
21 =23 =24 = 5 2 (T)7
2eN + e+ 2 (2e + 21 + 2)
1 2b8nTe (e + 1
% Bn ( ) +0 (7_2) ‘

T 2eT 1 e21 12 (2een 1 e2en 4 2)2

If we also set ¢ = 0 then the nontrivial stationary state of Equation (43) simplifies to x1 =

% and T9 = (5—;3)2 with 21 = 29 = 23 = 24 = % If also a < % then the Jacobian has

only real eigenvalues, so that the solution trajectories for T,(s) and &(s,s'), s,s' € {0,1,2}, do
not exhibit oscillatory behavior.

Large shocks: Assume that v = 0 and that To(0) < 1. In the limit of n — 0 the stationary
state of the dynamic system in Equation (43) is given by x1 = x9 =0, or
20(A — 5a) + A(—2ba+ A — )
T2 = )
2a8

and

_ 1 2
=603 (1507 + 450\ — 2A(20 + X)

+a (100aA’ + A* (—=175a” 4 28(8 — A) + 10a8) + o® (250° + B(4A + 58) + 1003)
20 (8~ 5a)? — 48))* + 0?8 + 2061

where we have denoted by A = \/100a\ + (5o + B)2, while the stationary state of Equation (44)
1§ given by z1 = 20 = 23 = 24 = % If also a < %, then the Jacobian has only real eigenvalues,
so that the solution trajectories for Ti(s) and &(s,s’), s, s’ € {0,1,2}, do not exhibit oscillatory
behavior.

Small shocks: Assume that Bbr > c in the case of 6 = 1 and % > c in the case of

6 = 0. In the limit of n — oo starting from an empty graph K, the stationary state of the
dynamic system in Equation (43) is given by

o —3ay—3(y+ N2+ A
1— 25’}/ )

and

To (Bay + 37 — 69X\ — 302 + A) <—3a’y —3(y+ N+ A) ,

1
T 12892\
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Figure 8: (Left panel) The asymptotic average stock of knowledge lim¢— oo he = lims— oo 2(Z+(1) + +(2)) for n = 0,
v=0.01,b=1, p =10, n = 500, A = 500 as a function of 8 with the threshold ¢ indicated with a dashed line
from Equation (35). (Right panel) Trajectories of the average stock of knowledge h¢, and the average degree d; in the
competitive case where § = 0 for a = 0, 8 = 700, b = 69, ¢ = 2900, v = 1, n = 0.01, A = 400, n = 500, p = 1/7 + 300
and 7 = 0.01. The initial condition is zo(0) = 0.75, Zo(1) = 0.125, Zo(2) = 0 and an empty network.

where we have denoted by A = \/12ﬁ72)\ +9(ay+ (v + )\)2)2, while the stationary state of

Equation (44) is given by z1 = z9 = z4 = 0 and z3 = % If also v = 0 then the unique

stationary state is limy_,oo 4(0) = 1. If Bbr < c in the case of @ = 1 and % < cin
the case of @ = 0 then the stationary state is given by z1 = 29 = z3 = 24 = 0 and x1, T2 are
determined by Equation (30). In the case of 6 = 1 the Jacobian has only real eigenvalues, so
that the solution trajectories for Ti(s) and &(s,s'), s,s' € {0,1,2}, do not exhibit oscillatory

behavior. In the case of 8 = 0 this holds if % <cand A> 3.

This threshold 8¢ in part (i) of Proposition 7 is indicated with a dashed line in the right panel
in Figure 8. A significant fraction of firms has on average a positive technology portfolio size once
the spillover parameter 8 exceeds the critical value 5¢. In contrast to the case of N = 1 where the
parameter « did not play any role, here we find in both cases, small and large shocks, that

oh
7 > 0.
Note also that, differently to the case of N = 1, the links between firms do not cease to exist in the
limit of small shocks as n — co. Hence, increased in-house R&D capabilities lead to higher average
stocks of knowledge, irrespective of the uncertainty involved in R&D collaborations.

The left panel in Figure 8 shows the asymptotic average stock of knowledge limy o0 bt = limg 00 2(Z¢(1)+
74(2)) for n =0, v = 0.01, b = 1, p = 10, n = 500, A = 500 as a function of § with the threshold
B¢ indicated with a dashed line from Equation (35). The right panel in Figure 8 shows solution
trajectories for general levels of p (instead of taking the limit of large p) using a pair approximation
of Equation (19). The figure illustrates that in the competitive case (# = 0) the average stock of
knowledge and the average degree can oscillate and spiral towards their stationary state. We will
discuss this more in relation to empirically observed networks in Section 10.

We find that for all cases for which we could obtain an analytic characterization, cyclical behavior
did not occur when we assumed that there is no competition (6 = 1). In contrast, we observed cyclical
patterns in our numerical integration of the governing differential equations when competition was
allowed (# = 1), as for example in Figure 8. This is a first indication that competition increases the
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variably of the network density over time, and is a necessary ingredient to explain the pattern with
have observed in Section 2.

9. Efficiency

In this section we define welfare from a social planners perspective and show that it is increasing
with competition, and we find that this effect is stronger the higher is the variance in the stocks of
knowledge relative to the average stock of knowledge. We then provide explicit welfare characteriza-
tions for a given network structure, and show that more centralized structures increase welfare. We
then derive the welfare gains from competition, and compare different levels of uncertainty in R&D
collaborations.

The social welfare function is given by aggregate profits

i=1 % Z}Ll Aj(hj)

where m is the number of links in the network. In the case of independent markets (§ = 1) we obtain

= Zn: Al(hz) — 2mc,
=1

In this case social welfare is increasing with the total productivity A(h) = """ | A;(h;) in the economy
and decreasing with the number of links m in the network. Using the fact that A;(h;) = a+b|S(h;)|
and setting a = 1 we obtain

Zm (h,G) Z <9 +(1- 9)%> A;i(hy) — 2me, (45)

W(hG)—n+bZ|S )| — 2me
—n<1+b Z\S ]——c)
:n(l—l—bh—cd), (46)

where h is the average stock of knowledge and d the average degree. In contrast, in the case of
competitive markets (6 = 0) social welfare can be written as

— 2mec.

n ()2
Wo(h,G) = %

Gross social welfare is proportional to the ratio of the second to the first sample moment of the
productivity distribution, and net welfare decreasing with the number of links m in the network.
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Similarly, for A;(h;) = a + b/ S(h;)| with a =1 we get

n+ 26300 [S(hi)[ +62 35, [ S(hy)?
L+ 5 320 [S(hy)]

. (1 + 2 ST [ S(hi)| + 07 S (S 2_m>

Wo(h,G) =

— 2mec

1+bE 570 [S(hy)l n
7 2 2 2712
_ (4 bh + V*oj, + b*h i
1+ bh
_ b2o2 o
=n(1+bh h_  ed 47
n( + +1+bh c>, (47)

where U,QL is the variance in the stocks of knowledge. With welfare in the case of independent markets
from Equation (46) we then can write

anU,Q1
1+bh’

Wo(h,G) — Wi(h,G) = (48)
It follows that, when the stocks of knowledge are exogenously given, welfare in the competitive case
is higher than in the case of independent markets, and this effect is stronger the higher is the variance
in the stocks of knowledge relative to the average stock of knowledge (cf. the coefficient of variation
¢y = op/h).

We next take into account that the knowledge stocks are endogenous. The social planner’s goal
is to maximize welfare Wy (h, G) by choosing the network G € G" and knowing that the dynamics of
knowledge depend on the network structure G of collaborating firms. Hence, we can write the social
planner’s problem as follows

maxgegn Vo, (G) = maXGegn/ e " E(Wy(hy, G)|G)dt (49)
=0

subject to Equation (74). We denote by G* the efficient network solving the above optimization
problem.

9.1. The Non-Competitive Case
When 6 = 1 we obtain

Vi.(G) = / e "E(Wy(hy, G)|G)dt = ; + nb/ e "E (Z |S(hy )|
0 0 i=1

G) at — 2me.
T

We now analyze the dynamics of the stock of knowledge of a firm when o = 0, assuming that
pair-correlations of the form Cov(hk ¢, hjrt) can be neglected.?®> When o = 0, the dynamics of
the individual knowledge categories k¥ = 1,..., N become independent. Then consider the time
dependent random variable X;(t) = 1 {hix=1}> where we have dropped the index k. Given the
current state X;(t), if hiz; = 1 then X;(¢) can change from 1 to 0 at a rate A. If k¢ = 0 then X;(¢)
can change from 0 to 1 at a rate v+ 2?21 a;j X;(t). The expected change in h;;, for a sufficiently

33We assume that E(X;(t)X;(1)|G) = E(X;(t)|G)E(X;(#)|G).
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small time interval [t,¢ + At), conditional on the current state X;(¢) and G, is then given by
E(Xi(t+ At)|Xi(1),G) = Xi(t) = | v+ 8D ayX;(t) | (1— Xi(t) At — AX;(£) At + o(Ab).

Taking the expectation on both sides, dividing by At and denoting by y;(t) = E(X;(¢)|G), where
yi(t + At) = E(E(X,(t + At)|X;(t), G)|G) by the law of iterated expectation, we obtain

P20 5l _ (it +5Zawyj 52% X;(0)|G) + o(L).

Observe that the last term can be written as follows

E(X;(1)X;()|G) = E(Ln,, =1y L n,,,=1}|G)

(hike = 1, hjre = 1|G)

(hjrt = Uhigt = 1, G)P(hirs = 1|G)
(hjkt = higt = 1, G)E(Lgn,, ,=1}|G)
(hjp = Uhire = 1, G)yi(t).

Hence, in the limit of At | 0 we obtain

dy; (t)
dt

—(A+7)uilt)+8 Z aijy;(t) = B aijP(hjee = Uhipe = 1,G)yi(t).

In the following we make the pairwise independence assumption P(hjr = 1, hix s = 1|G) = P(hijrs =
1|G)P(hjrt = 1|G), so that P(hjr = 1|hjxt = 1,G) = P(hjrs = 1|G), and we obtain the following
system of ODEs

dyi(t) _
dt

()‘ + 7 yz "' B Z al]y_] - B Z aijyi(t)yj (t) (50)
j=1

The following lemma describes the evolution of the stocks of knowledge according to Equation (50)
at early times starting from the initial condition h;o=0foralli=1,...,nand k=1,...,N.

Lemma 2. Consider a given network G and let « = 0, hijp o =0 foralli=1,...,nandk =1,...,N,
and assume that pair-correlations can be neglected, i.e. Cov(hiyt, hjrt|G) = 0, then in the limit of
small t the expected stock of knowledge is given by

v(u,v;) (A — B
E (|S(hi)||G) = Z,V_F)\ ]18’u (1—6 (v+A 5#])1&)’
J

where v; is the eigenvector associated with the j-th eigenvalue p; of A, ie. Av; = p;v; and
(vi,vj) =10;j forallk=1,...,N andi,j=1,...,n

From the above lemma we see that the assumption of weak correlations implies a solution for the
stock of knowledge of the firm that is bounded only if Su; < v+ A. This means that there exists a
critical value given by the inverse of the largest eigenvalue 1/pq such that if 5/(A++) > 1/u1 then
there is a rapid diffusion of knowledge such that all firms quickly attain h;,¢ = 1foralli=1,...,n
and k =1,...,N. In contrast, if 5/(A\+ ) < 1/u1, the average size of the knowledge portfolios will
be much smaller and given by N 2?21 v{u,v;)?/(y + A — Bp;) which is determined by the spectral
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decomposition of A.
The objective function of the social planner for § = 1 can then be written as follows

& 1 1 2me
VTG:/ e " E(Wy(hy, G Gdt:—+nbN vy ( >— .
1(G) = | TEW (b, G)IG) vZ oy w770l Pty vy ) R

A discussion for the derivation without the assumption that Cov(hk ¢, hjk|G) = 0 using a moment
closure method at the level of two variables averages can be found in Newman [2010, Chap. 17.10.1],
and its interpretation of a mean field approximation is given in Van Mieghem et al. [2009].

In the limit of weak discounting for small values of r we can write3*

Vir(6) = [ Wit (61t = 0w +0

T) Tim E(Wp(hy, G)|G).

a) . zmc) |

Proposition 8. Consider a given network G, let o = 0, assume that asymptotically pair-correlations
can be neglected, i.e. limy_,oo Cov(hig ¢, hjkt|G) =0 for alli=1,...,n and k=1,...,N. Then

In the case of @ = 1 we then obtain

Vi (G) = /Ooo e "E(Wi(hy, G)|G)dt = O(1) + O <%> (n +0 lim E <Z | S(hi )l
i=1

The next proposition derives the asymptotic knowledge stocks in the case of a = 0.

(i) the stationary stocks of knowledge can be computed from the continued fraction expansion

n A
limE<Z|S(h“)| G) =N|1- A N (51)
00 ’ i L B n aq ’
t— Pt 1+ )\Jr,ydz )2 ijl . . ]
1+ xlod—
(ii) we have the bounds
n )\L
0< lim E Shi)||G)| <N |[1-—22 ),
<z (st c) < (15
(iii) and asymptotically, we have that
n NTL, if 6> A,
Jim E <§; |S(hy)| G) = (ub(Gsds)) B
- pr= if B0,

-1
where b (G, /\ﬁ > is the Bonacich centrality vector defined as b (G, )\f ) = (In A£7A> u.

For example, a third-order continued fraction approximation to the stationary knowledge stocks

34Related works such as Aghion et al. [2005, Sec. III.C ff.] assume that the discounting rate r equals zero for all of
their analytic results.
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is given by

n A
lim E (Y [S(hiy)||G |~ N [1- A .
oo i 1425 a1 —a (- a5
VX Lej=170 =25 S0 agn 1425 dy

Note that the importance of the Bonacich centrality in relation to equilibria and aggregate outcome
in network games has been prominently studied in Ballester et al. [2006]. We then can write the
value function as follows

14 bN —cd, if B> A,
Vin(G) = /0 e TE(W (hy, Q)| G)dt = O(1) + O (;) 1+ 21l (G, %) H1 —ed, B <A
1+ 32 —cd, if B—0.

From the above analysis we find that when 0 = 1 the efficient graph G* is characterized by having
a large largest eigenvalue g while minimizing on the number of links m. We then can give the
following proposition.

Proposition 9. Let o = 0, and hypo = 0 for alli = 1,...,n and k = 1,...,N. Moreover, let
G(n,m) denote the class of graphs with n nodes and m links. Then the graph maximizing the value
function lim,_,o V1, is the graph with the largest eigenvalue in G(n,m), and hence a nested split
graph.

Nested split graphs are also known as threshold graphs [cf. Diaconis et al., 2008; Mahadev and
Peled, 1995]. From Proposition 9 it follows that the efficient graph in the class of graphs G(n) with
n nodes must be a nested split graph. A candidate for such a graph is the star K ,_1, which has
been studied in Durrett [2007, Lemma 4.8.2],% or the nested star architecture F, 4 studied in Konig
et al. [2011] maximizes welfare.

In the following we provide two examples for which we explicitly compute the asymptotic knowl-
edge stocks. First, we consider a k-regular graph.3¢

Corollary 3. Assume thata =0, 8 > 0 and that pair-correlations can be neglected, i.e. 1imy_oc Cov(hik ¢, hjk |
0 foralli=1,...,nand k=1,...,N. Then in the k-reqular graph the asymptotic knowledge stocks
are given by

N VA = BE) + (v + BR)* + X2 — 1+ Bh(y + )

tli)I&E(‘S(hi,t)H k-reg. G) = 25k

Next, we consider the star K ,_1 in the following corollary.

Corollary 4. Assume that a = 0 and that pair-correlations can be neglected, i.e. lim; oo Cov (R ¢, h]’kﬂg’G) =
0 foralli=1,...,n and k=1,...,N. Then in the star network Ky ,_1 the asymptotic knowledge

35See also Berger et al. [2005]; Cator and Van Mieghem [2012].

36 A discussion of the approximation with vanishing correlations and the exact analysis for the star and the complete
graph considered here can be found in Cator and Van Mieghem [2013].
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Figure 9: (Top left panel) The asymptotic knowledge stock of the firms in the complete graph K, for varying values of
B with v = 0.001, A = 10, N = 2 and n = 10. The critical value for the spillover parameter § is ¢ = #—;% = 3:—?
(Top right panel) The asymptotic knowledge stock of the firms in the star Ki ,—1 for varying values of 8 with v = 0.001,
A =10, N = 2 and n = 10. The critical value for the spillover parameter 3 is 8¢ = m(lztiq) = \;’% (Bottom left
panel) Asymptotic welfare for the complete graph K, (blue) and the star K1,—1 (red) as a function of g for different
values of the linking cost ¢ = 0.01,0.02,0.03 when # = 1. (Bottom right panel) Asymptotic welfare for the complete
graph K, (blue) and the star K1 ,—1 (red) as a function of § for different values of the linking cost ¢ € {0.01, 0.02,0.03}
when 6 = 0.

stocks are given by

w4 e )
N(y+M)? (A ﬁ(ﬂ(n—l)Jrv(n—?))_l)’

lim E(|S(hyy)|| G) =

A E(Sh2)I 6 = 3G CESE
where
= VIR TN TN (372 T P (1)) + Bym) £ BT )G+ B 1) + (BP0 - Bl D

(v + )2

An illustration for the asymptotic knowledge stocks is given in Figure 9 for the complete graph
K, and the star Ky ,_1.
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9.2. The Competitive Case

Next, we consider the competitive case with § = (0. The value function can then be written as follows

a) @

In the following we consider the steady state in the limit of ¢ — oo and assume pairwise independence
limy 00 Cov(hik ¢, hjrt|G) = 0 for all i # j. Then h and a,21 are the sample mean and variance of
the i.i.d. random variables {| S(h;)[}?,, defined by h = 2 3% | |S(h;)| and o7 = 1 3" | |S(h;)|* —
h?. Note that, under pairwise independence and a = 0, |S(h;)| follows a binomial distribution
Binom(N, p) with success probability p = E(h;;), mean g = Np and variance 02 = Np(1 — p). In
the limit of large n, by the CLT we then have that

00 o0 _ b252 _
Vor = [ B, G)[G)dt = n | e”E<1+bht+ ht _ o,
0 0

1+ bhy

\/ﬁ(ﬁ - M)‘G)) ~ N(07U2)7 as n — 0o,

and
Vn(or —o%)|G)) ~ N(0,20%), asn — oco.

Next, denote by § = (h, a,%)T. Because the mean and variance are independent for normally dis-
tributed random variables, we can write

Vn(d —E(8)) ~N(0,X), asn — oo,

o2 0
¥= [0 204} ‘
In the following we denote by ®(h,07) = 2Wy(h,G). Since ®(h,0}) is a continuous function of h
and 0'121 we can directly apply the delta method to show that

with

Vn(®(8) — D(E(8))) ~ N(0,Vg), asn — oo,

where

02 (E(9)) , 02 (E(9))
Vo="0s > a5

In particular, this implies that

lim E(®(h,0},)) = ®(E(h),E(0})) = ®(Np, Np(1 - p)),

n—oo
1—0p -
G|=1+b|Np—+ 1 —cd,
1+Wp

Since this is an increasing function in p,3” asymptotic welfare attains its maximum at p = 1, where
we get

where p = E(hx). It then follows that

2 9
b Tht

= —cczt
14 bhy

t—oon—oon

1 _
lim lim —FE <l—|—bht—|—

lim 2V (G) = o(1) + O (%) (14BN — cd).

n—oo N

3"The derivative w.r.t. p is given by b (@2271})2 +n— 1) > 0.
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Wo(h, K1 p—1) — Wi(h, Ky 5-1)

Figure 10: The welfare gain from competition in the star network K ,—1 with the same parameter values as in Figure
9. The threshold 8¢ = (A +v)/yv/n — 1 is indicated with a dashed line.

This is identical to the case without competition (with = 1), when 5> X or § — 0 and 7 > A (cf.
Proposition 8).

Figure 9 also shows asymptotic welfare for the complete graph K, and the star for # = 1 and
6 = 0 as a function of § for different values of the linking cost ¢ € {0.01,0.02,0.03}. For both cases,
# =1 and 6 = 0, welfare is increasing with decreasing cost c. Moreover, welfare for the star K ,,_1 is
always higher than in the complete graph K,,, indicating that centralization has a conducive effect on
welfare. This resembles previous studies of R&D networks which abstracted away any technological
dynamics [cf. Westbrock, 2010]. Moreover, observe that the variance in the knowledge stocks in the
complete graph is zero, so that welfare in both cases, # = 1 and 8 = 0 is the same. However, welfare
gains can be obtained from competition in the case of the star Kj,_;. These gains are shown in
Figure 10. We see that the gains are increasing with increasing values of 3, but only after 3 exceeds
the threshold g¢.

9.3. Welfare Gains from Competition

By considering the two polar opposite cases of independent markets (6 = 1) and full competition
(0 = 0) we can investigate whether competition has a conducive or detrimental effect on innovation
[cf. Aghion et al., 2005; Schmutzler, 2010]. In the case of N = 2 and n — oo as well as n — 0 we
know from Propositions 7 that the stationary knowledge stocks and network density are identical
for the non-competitive case (f = 1) and the competitive case § = 0, so that from Equation (48) it
follows that welfare in the competitive case is higher.

Proposition 10. In the case of N = 2 and p — oo the value function lim,_,o V1, in the competitive
case with 8 = 0 is higher than in the non-competitive case with 0 = 1 for both strong shocks when
n — 0 and vanishing shocks when n — oo. In particular, in the limit of large p the following holds:

(i) In the case of n — 0 and v = 0 the welfare gain from competition is given by

Wo(h,G) = Wi(h,G) =
b? (=500 + o (20A(A — 5A) + Bn(A — 15X) — f2n?) + 5a?(2A — 40X — 38n) + BAn(A — Bn))

afB(Ab — b5b(a+2X) + (b+ 1)8n) ’
(53)

where we have denoted by A = \/100a\ + (5o + fn)2.

35



0.4r 0.0008["
0) )
< 03f < 0.0006}
= =
I 02f | 0.0004}
) <)
S < 00002
= =
i 1 0.0000L.
0.0k ‘ ‘ ‘ ‘ ‘ o
0 200 400 600 800 1000
10F 1
9 g
< < y=0.03
= = gl 1
L B y=002 —
< O 4f - 1
= =) —
° ° _— =0.01
ok ‘ ‘ ‘ ‘ J ok ‘ ‘ ‘ ‘ J
0 200 400 600 800 1000 0 200 400 600 800 1000
B B

Figure 11: (Top left panel) The welfare gain from competition for different values of the knowledge obsolescence rate
A with @ =0.01, y =0, n =100 and b = 1 when n — 0. (Top right panel) Welfare gain from competition for different
values of « for the same parameter values setting A = 10. (Bottom left panel) The welfare gain from competition for
different values of the knowledge obsolescence rate A with @ = 0, n = 100 and b = 1 when 7 — co. (Bottom right
panel) Welfare gain from competition for different values of - for the same parameter values.

(ii) In the case of n — oo the welfare gain from competition is given by
1
ol &) =€) = e 57 Ban(r + M + (3 + N B3 + N = 4]+ 2577)
x [0* (—18a72 (v + A)2 — 6(y + N)* (3(y + A)2 — A) — 3ay (2(y + A)? (6(y + A)? — A)
+07*0(y 4+ 2X)) + 871 (Ay + 24X = 3(y +60) (v + 1)?)) ], (54)

where we have denoted by

A= 1/992(a +7)2 + 18yX2(a + 37) + 369A3 + 9A + 122X (3a + 3y + Bn).

Figure 11 shows the welfare gain from competition for different values of the knowledge obsoles-
cence rate A, the in-house innovation rates v and the « for both cases without profit shocks (n — o0)
and with strong shocks (n — 0) as a function of the spillover parameter 5. The two cases can show
starkly different behavior, as we find for example that the welfare gain is decreasing with strong
shocks, but increasing with vanishing shocks.

10. Empirical Implications

In this section we estimate the parameters of the model by targeting the temporal evolution of the
average number of collaborations shown in Figure 2 in Section 2. We focus on this statistic not
only because it is of primary interest for the analysis in this paper, but also because it captures
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the time varying pattern of the R&D collaboration network using all firms in the data sample in a
concise way.?® In order to estimate the parameters of the model we use the Likelihood-Free Markov
Chain Monte Carlo (LF-MCMC) algorithm suggested by Marjoram et al. [2003].3%:40 The purpose of
the LE-MCMC algorithm is to estimate the parameter vector & = («, 5,7, p,n, A\, 7,b,¢)1x1, L =9,
of the model on the basis of the summary statistics of the average degree S° = (d?%)201L .. The
algorithm generates a Markov chain which is a sequence of parameters (65)85:1 with a stationary
distribution that approximates the distribution of each parameter value § € & conditional on the
observed statistic S°.

Definition 2. Consider the statistics S and denote by S° the observed statistics. Further, let A(S°,S)
be a measure of distance between the realized statistic S of the model with parameter vector § and the
observed statistic S°. Then we consider the Markov chain (63);9:1 induced by the following algorithm:

(1) Given &, propose &' according to the proposal density qs(6 — &').
(ii) Generate a network according to &' and calculate the summary statistics S'.
(iii) Calculate /
h(8,8") = min (1, %nm(s/yK%Q ,
where €5 > 0 is a monotonic decreasing sequence of threshold wvalues, €, | €™", and A :
RJTF X RJTF — R is a distance metric in Ri.

(iv) Accept 8" with probability h(8,d"), otherwise stay at § and go to (i).

Marjoram et al. [2003] have shown that the distribution generated by the above algorithm con-
verges to the true conditional distribution of the parameter vector 4, given the observations S° and
the threshold values.

The proposal distribution ¢5(d — d’) is a truncated normal distribution &' ~ N (8, Xy)
Ligmin gmax) (&) for each parameter ¢ € § with a diagonal variance-covariance matrix Xy = diag{ai . ,O'%’ N
More precisely, for each parameter 6; € R we choose a proposal distribution given by

¢(&']6,0%)
q5(5 — 5,) - @(511135(‘57 O-g) — @(5111111’5’ 0'2) ]1[5[1]il\,5ll]ax} (5,),

where ¢(8|p,0?) and ®(d|u,0?) are the pdf and cdf, respectively, of a normally distributed ran-
dom variable with mean p and variance o?. During the “burn-in” phase [Chib, 2001], we con-
sider a monotonic decreasing sequence of thresholds given by €, > €541 > ... > €M with €541 =
max {(1 — ¥)é€s, emin} and v = 0.05. Similarly, we assume a decreasing sequence of variances o2 >
o, > ... > (¢™)? with 62, = max {(1 — )02, (¢™™")?} for the proposal distribution gs(§ —

0’).  The maximum number of iterations, S, has been chosen such that reasonably high values
of ps(S) were obtained. As a measure of distance we choose the Euclidean distance A(S,S°) =

T (de — ngs)z. The parameter ranges are «a € [0,200], 5 € [0,50], v € [0,0.025], p € [0, 1.5],

38In contrast, the patent data is only available for 20% of the firms, and hence any estimation relying on patents
would force us to discard 80% of the data.

39This is essentially a simulated method of moments (SMM) estimation procedure [cf. McFadden, 1989; Pakes and
Pollard, 1989].

40See Sisson and Fan [2011] for an introduction to LF-MCMC, Robert and Casella [2004] for a general discussion of
MCMC approaches, and Chib [2001] and Chernozhukov and Hong [2003] for applications of MCMC in econometrics.
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Figure 12: Comparison of the average degree d from the prediction of the theoretical model for N = 2 indicated with
a line and the empirical observations indicated with circles. The parameters used are § = 0, « = 0, 8 = 700, b = 69,
¢ =2900, v =1, n = 0.01, A = 400, n = 500, p = 1/7 + 300 and 7 = 0.01. The initial condition is z¢(0) = 0.75,
Zo(1) = 0.125, Zo(2) = 0 and an empty network.

n €= 10,5], A € [0,50], 7 € [0,0.05], b € [0,500] and ¢ € [0,5]. The parameters ™" are choose
sufficiently small after long experimentation with different starting values and burn-in periods.

The parameter estimates from the above procedure are shown in Table 2. Moreover, Figure 12
shows a comparison of the average degree from the theoretical model for N = 2 and the empirical
observations. The parameters used are 0 = 0, a = 0, § = 700, b = 69, ¢ = 2900, v = 1, n = 0.01,
A =400, n = 500, p = 1/7 + 300 and 7 = 0.01. The initial condition is z((0) = 0.75, To(1) = 0.125,
Z0(2) = 0 and an empty network.

We can further infer the knowledge stocks of the firms from the observed network for every year
by using Equation (50), or by using a continued fraction expansion approximation as in Equation (52)
with the estimated parameter values from Table 2. This allows us to compute asymptotic welfare.
We can further compute welfare for a star network with the same number of firms as in the observed
network from Corollary 4. The relative welfare gains from imposing the star network structure over
the different years of observation are shown in Figure 13. We find that welfare can be improved
by up to 48%. This indicates the possibility for policy makers to improve the innovativeness of an
economy considerably from not only fostering R&D collaborations per se but also paying attention
to the overall R&D collaboration network structure.

11. Conclusion

In this paper we study the co-evolutionary dynamics of firms’ technology portfolios and the formation
of R&D collaborations that influence and get influenced by these technology portfolios. We inves-
tigate the stationary states of this dynamics process, and show that there exists a critical level for
the technology spillover parameter below which no significant innovation takes place in the economy.
Moreover, we analyze the impact of competition on innovation and R&D network formation, and
find that in general competition is welfare increasing. This is due to the fact that competition leads
to reallocation and the replacement of less productive firms with more centrally located ones in the
network that also tend to be more productive. We further identify the efficient network structure as
a nested split graph, which is characterized by a core periphery structure. The stability analysis of
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Table 2: Estimation of the model parameters 6 € 8 =
(a, By, p,m, A, 7, b, ) for the competitive case when 6 = 0. The ta-
ble shows simulated averages of the parameters and their standard
deviations,® after the chain has converged.”

1) 73] 05 (o8} ts ps(S)
« 112.6535 48.7623 9.1379 8279.6846  0.8612
153 802.4149 166.5676 34.0604 20089.8680 0.6556
¥ 0.5054 0.2458 0.0171 985.8151  0.7242
p 366.5746  150.7862  31.8503  22590.2242  0.2957
n 0.1734 0.1147 0.0237 24211.7205 0.4745
A 299.6674 107.8416 21.6602 13774.0216  0.9460
T 0.0254 0.0220 0.0035 15998.2589  0.0766
b 46.5475 24.1763 4.5532  22727.7992  0.2348
c 27454919  177.2581 36.3354  16860.3328  0.9309
n 500

S 200000

® us is the average and &5 is the simulation standard deviation
of the respective parameter, while o5 is the standard deviation
calculated from batch means (of length 10) for each parameter
0 € 6 [Chib, 2001]. ¢ is the integrated autocorrelation time
which should be much smaller than the number S of iterations
of the Markov chain [Sokal, 1996].

bp(;(S) is the p-value of Geweke’s spectral density diagnostic
(converging in distribution to a standard normal random vari-
able as S — 00) indicating the convergence of the chain [Brooks
and Roberts, 1998; Geweke, 1992]. The maximum number of
iterations, S, has been chosen such that reasonably high values
of ps(S) were obtained.

10¢ ]
1985 1990 1995 2000 2005 2010

year

Figure 13: Relative percentage increase in welfare (W (K1 n—1) — W(G°?))/W (G°") from imposing a star network
K1 n—1 as compared to the observed network G°Ps.
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our model indicates that the R&D collaboration intensity can exhibit a cyclical pattern, which can
be described as a damped oscillation. We confirm this novel observation using an empirical sample
of a large R&D collaboration network over the years 1985 to 2012. We provide a formal explanation
for this novel empirical observation, and our results indicate that the cyclicality in the data is a com-
petition effect. Finally, we indicate the potential welfare loss incurred in the empirically observed
networks.
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Appendix

A. Pair Approximation

In this section we provide a complete derivation of the dynamics for an arbitrary number N of
technology categories without making the assumption that p is large, so that we need to take into
account the remainder term of the order of o(p) in Equation (18) in Theorem 1.

Proposition 11. Consider the parameters as in Theorem 1. Let the probability that a firm with technology
vector h is connected to a firm with technology vector h' be denoted by & (h,h’) = P(a;j; = 1/h;; = h,hj; =
h'), and let the fraction of firms with knowledge vector h be xi(h) = P(h;; = h). Then, under the pair
approzimation of Equation (19), xi(h) converges in probability to the solution of Equation (17), and &(h,h’)
converges in probability to the solution of the ODE
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Observe that Equation (55) is of the form of Equation (18) as p becomes large, independently of
the approximation in Equation (19).

Proposition 12. Consider the parameters as in Theorem 1. Let the fraction of firms with a stock of knowledge
of s be denoted by T+(s) and let the probability of a link between a firm with knowledge stock s and a firm with s’
be &(s,s") for any 0 < s,s" < N defined as in Equations (20) and (21). Then, under the pair approximation
of Equation (19), T+(s) converges in probability to the solution of Equation (23), and &(s,s') converges in
probability to the solution of the ODE
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A.1. The Case of N =1

In the case of N =1 where s € {0,1} we obtain from Equation (23)

dfflil) = 72,(0) — Az (1) + B&(0,1)Z4(0)74(1),
djzl—io) = ATt (1) — vZ¢(0) — BE(0, 1) (0)T4(1), (57)

and from Equation (56) we get
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where the average stock of knowledge is given by hi(x) = 7,(1), and

6—2770

9(0,0)=g(1,1) = m’

(61)
for both cases § = 0 and ¢ = 1. Note that lim,_,,g(0,0) = lim,0g(1,1) = i and lim,_,~ g(0,0) =
lim, o g(1,1) = 0. Further note that z,(1) = 1 — z;(0). Observe that in the case of N = 1 the
parameter o does not affect the dynamics. Also note that lim, . g(0,1) = 0 and lim, ¢ §(0,1) = %.

An example of a numerical simulation of the stochastic process introduced in Definition 1 using
the “next reaction method” for simulating a continuous time Markov chain [cf. Anderson, 2012;
Gibson and Bruck, 2000], and the solution of the ODEs in Equations (57)—(60) superimposed is
shown in Figure 14.

A.2. The Case of N =2

When N = 2 with s € {0, 1,2} we obtain from Equation (23)

djzlio) =2 (AZ4(1) — 7Z4(0) — B(&(0,1)Z4(0)Z4(1) + &(0,2)7(0)74(2)))
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di’}f) =2 ((vy+ )z (1) = AZ(2) + B (&1, DZ (1)* + & (1,2)3:(1)Z4(2))) (62)
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Figure 14: An example of a numerical simulation of the stochastic process introduced in Definition 1 for N = 1 using
the “next reaction method” for simulating a continuous time Markov chain [cf. Anderson, 2012; Gibson and Bruck,

2000], and the solution of the ODEs in Equations (57)-(60) shown with a dashed line.

and from Equation (56) we obtain

dt
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From the definition in Equation (22) we find that
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- 2 1Jer:n 1&?(2; (x()x:i)w =2 1fr:n enwﬁ? if 6 =0,
+enBoo.r e TR )
(890, GVAHB SN0 1)—) (8o, (I1-+b] S0 (b hy—c)
90.2)= > 15 1B GOGTHSEINT 7)) 1 4 onBo.- COTHISANT (e b))
: /_:((011,01)) T
T 1f€ff§;§,,i> = e T if0=1,
T\ emne en(28s0,, 0—0) L == vye R
THe T TenCP0 090 — Tae ™ s 2l if 0 =0,
(890.+ VOB SN (0 0) ) n(Bgo.- ()(1+b SR (B ) —c)
g(1,1) = Z T B GO RIS (e W) T 4 (g GO HI ST (e ) o)
:/eeﬂ((%,i)) Ty,((ﬁﬁ,%)) T}}
2 ((ﬁiinncc)z + (1f;(<igglf;icc)>)2) =2 ((1-?;11)2 + (14(?2;:((?;:)))2) ifo=1,
= _ X)—c e 2n((14b)8 T 2Fb —~ —¢)
2 ((lJereiTi'CC)2 + (1i2;<(<(11++b;)ﬁo[;<(3)76)))2) =2 (1Jer;"nc)2 + (1ien((1+b)ﬁi?%6))2> it6=0,
(890, OB SN (0 0) ) (8o, ()10 S~ () —c)
9(1,2) = Z T B OIS 70 W)—) T 4 n(Ban,- (LTSN (e )
ety oo
T e = 21 T 01,
B P L R S T 0B T e =) £ =0
I+e 1 11 en((IF0)Bg0, - () —e) T4e—nc 1+en((1+b)51+§+f(x)—c) ’
(890, CHABI SN (0 0) ) (8o, (I(1+b] S~ () —c)
90.0=" > T B OIS e W) —) T 4 n(Bao.- GOTHI SN 7 (b))
ooy
_ {ﬁ if 0 =1,
G 0 =0,
(890, CHABI SN0 0) ) (8o, ()(1-+b S~ () —c)
§2.2)= Y T e TSI e W) T 4 n(Ban GO HI ST 7 e —o)
e
_ {ﬁ if 0 =1,
G 0 =0,

where the average stock of knowledge is given by hy(x) = 2(z¢(1) + 74(2)).

An example of a numerical simulation of the stochastic process introduced in Definition 1 using
the “next reaction method” for simulating a continuous time Markov chain [cf. Anderson, 2012;
Gibson and Bruck, 2000], and the solution of the ODEs in Equations (62)-(68) superimposed is
shown in Figure 15.
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Figure 15: An example of a numerical simulation of the stochastic process introduced in Definition 1 for N = 2 using
the “next reaction method” for simulating a continuous time Markov chain [cf. Anderson, 2012; Gibson and Bruck,

2000], and the solution of the ODEs in Equations (62)—(68) shown with a dashed line.
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B. Proofs

Proof of Proposition 1. When the time 7 of a collaboration is short compared to the dynamics of the
generation and diffusion of knowledge in the entire industry, we can write the expected stock of knowledge of
firm ¢ at time t + 7, given the current knowledge portfolios h; and network G, as follows

ht; Gt)

P(hik,t+- = 1|he, Gy)

N

B¢ (| S(hy47)|[he, Gi) = Ey <Z Linip =1}

k=1

M= 1

(Vik,tﬂl{hik,t:o} + (1 - )\T)]l{hik,,,:u) +o(7)

b
Il

1
N

= |S(hi )| + Z (Vik,t U,y =0y — Min,, ,=13) T+ 0(7)
k=1

N n
=S+ Y| | v+alSthi)l+ 8D aiihjer | Lny,=0p = M, ,=1y | 7+ 0(7)
k=1

Jj=1

= |S(hit)| + (47 + a7| S(hie) )| S(hip)| = A7|S(hie)| + BT aije (b, hye) + o(7).
j=1

(69)
The product (h$,, h;;) measures the number of ideas i does not know but j knows. Denoting by fi: = | S(hy)|
and Afy = (v + afS(hi)[)| S(h§,)| — Al S(hie)| + BT X7, aiji(hs,, hyi), we can write the above equation as
Ee (|S(hieyr)[|he, Gi) = fie + Afiut + o(7).
Considering the network Gy + ij obtained from G; by adding the link ij we then can write

E¢ (| S(he,t4-)||he, Gi 445) = fie + Afurm + Bfije 4 o(7),

where we have also denoted by f;;; = (h$,, hj;).
From Equation (8) it follows that in the case of independent markets when 6 = 1, a firm’s gross profit is
a linear function of its stock of knowledge. We then can write the expected next period’s profit of firm ¢ as
E¢ (mi(heyr )by, Gt) = 1+ Ey (| S(hip17¢)| |y, Gi) — cdi
=1+ fu + Afut + Bfijat — cdir + o(7).
Then the change in the present discounted profit of a firm ¢ from forming the link 75 is given by
Vilhe, Gi +ij) — Vi(he, Gt) = 6 By (mi(her ) [y, G + i) — 6 By (i (et )[hye, Ge) + o(7)
=6 By (| S(hit4r)|[he, Ge +ij) — 0 By (| S(hipyr)[[he, Ge) — dc + o(7)
=0 (B7fijr —c)+o(T)
=6 (Br(hi;, hji) —¢) 4 o(7).

To simplify our notation we have assumed in the expression above that the per period cost for an additional
link needs to be paid at the end of a collaboration period.*!

41 Otherwise, we could introduce a cost ¢’ = 1 + ¢ to obtain the same expression.
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Next we consider the case of competitive markets when 6 = 1. Note that

Et (| S(hyegr) by, G) = | S(hy)|?

+2/S(hir)| | (v + al S(hi) )| S(hip)| = Al S(hie)| + 8 ) aije(hiy, hye) | 7+ o(7), (70)

j=1

which can be written as
E; (| S(hi,t+r)|2|ht7Gt) = fi 4+ 2fuDfut + o(T).

Adding the link ij yields

E; (| S(hyt+r)|*he, Gy + ij) = fA 4 2fufur + 2B fitfijem + o(T).

htht>
[0

1 -\ — 97 & T — . BT o — .
S SIEIIEE S MIEIRIEUTIES S STMURTENS

Moreover, we have that

_ 1 &
htJr'r(hh Gt) =E; (ﬁ Z | S(hi,t+r)|

=1

n : :
=1 j=1

= hy + AhyT + o(T), (71)
where we have denoted by hy = L 377 | |S(hy)| and Ak, = yN =222 3™ |S(hy)[+2 320 | S(hye)|| S(hS,)|+
% Doim1 2 @ije(h, hye). Similarly we get

1 n
E¢ (; > ISy sir)]

i=1

.. - - 1
h;, G¢ + ZJ) =hy + AhyT + EﬁT(fij,t + fjie) +o(7).

Using a Taylor expansion around the mean (see e.g. Chap. 2.3 in Paolella [2007])

X E(X) 1
E(?):Ww@mz)’

we then can write*?

hta Gt + lj)

1 1
E _ h;,G; +ij | =nE -
t<1+b%zj_1|s<hj,t+f>| o ) t<"+b2j—1|5<hj’t+f>'

1
=N +O <—2)
n + OE, (Z}Ll |5(hj,t+7)|‘ hy, Gy —H’j) n
1
1+ b, (%Z?ﬂ|5(hj,t+r)|‘htaGt+ij) "

42This approximation also becomes more accurate the higher is the average stock of knowledge and the larger is b.
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and
1 B 1
1By (L5070, ISyl | by, Go + 7)1 bl Ahur 4 5 B(fig + fis)7 + 0(7)
1 1

- h h bB(fij,e+fiit)T
L+ b(he + Aher) 14 ﬂg(ﬁtigﬁ;l) +o()
_ 1 <1 _ L0+ )T (T))

T 14 b + Aher) n1+b(h + Ayr) | \n

1
= T b0 £ Al (%)

It then follows that

1 1 T
E . h,Gi+ij | —E n hi, G ) =0(7 )
t <1 +b 30 [ S(hyear)| v ]> t <1+b% 2j=1 1Sy eer)] t t> (n)

Moreover, similar to above using a Taylor approximation around the mean for large n we have that

S(hyyr g Bt (|S(hyipr)|| by, Gy + i 1
1&( 1| (n 47 ht,Gt+m>= ¢ (15l By, G + i) +O(—),
L+ 300 [S(hyesr )| 1+ bE, (%Z}ll |S(hj,t+7)|‘ hy, G, +ij) n
and
Ey (|S(hieyr)|| b, G +ij) _ _ fit +7Afit7_+ﬂfij7tT+O(7')
1+ 0E, (% S0 IS(hy el Dy, Gy + ij) L+ b(hy + Al + 5 B(fije + i)™ + 0(7))
_ Ju A+ AfiaT + Bfijat +0o(7) 1

h h 1 b8(fij,e+fiie)T
14+ b(he + AhyT) 1+;m+0(7)

_ fi+ Afut + Bfijer +o(7) (1 1 bB(fije + fii)T Yo (Z))
- 1+ b(hy + AhyT) n 1+ b(h + Ahyt)

_ Jut Afut + Bfijat + o(7) L0 (Z) _

1 + b(}_lt + Al_zﬂ) n
g |S(hyeyr)]
h;, Gy +ij | — E; o h;, Gy
) (1 OIS, Sy
BfijtT T BfijT T
— — i — O = ) O -
15 60 + Aher) () T ()

n

We then have that

E, |S(hy 14+
L+bn >0 |S(hyeir)|

n

Next, note that similar to above we an write due to a Taylor approximation around the mean for large n

. < |S(hier)| Eq (|S(hyer)[*| by, Go + ) o <1>
t n - ’
1405 370 [S(hyeer )] 1+ bE, (%z;;l 1S(hy i) ht,GtJrz'j) n

htaGt +7’]> =
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and

E; (1S iq)?| by, Ge +ij) _ Ja+ 2fuNfut + 2B fit fijur + o(T)
1+ bRy (% >oi1 IS(hy e e, G+ ij) L b+ Dbyt 4 3 B(fije + fiia)T + 0(7))
_ ot 2fiuDfut + 2B firfije + o(7) 1
L bl o+ Ahy) L A o (F)

2 4 2fu N fut + 2B fitfiju + o(T)
1 + b(}_lt + Ai_ltT)

L bB(fije + fiie)T T
<1 T nl+ b(]ﬁt + if‘m) to (‘))

_ Lk 2l + 26 ]ufur bolr) | (T,
hi tir)?
ht,Gt+z‘j> _Et< |t

o 1 + b(}_lt + Ai_ltT)
= h;, G
L6 S0 [S(hyen)l | )
2B fit fijut L0 (T) - 2Bfitfijut L0 (%) '

T 1+ b(hy + Abyr) n 1+ bhy

X

It then follows that

Et |S(hi7t+7)|2
L+bs 30 [S(hyeer)|

The change in the present discounted profit of a firm ¢ from forming the link ¢j in the competitive case of
0 = 0 is given by

Vithe, Gy + i) — Vi(hy, Gy) =

1
hy, Gy +1ij | — E¢ D h;, Gy
) ( I+ b% Zj:l | S(hj,t+r)| | )

. 20| S(h; 14+ )
h, G +1ij | — E; O h;, Gy
) <1+b% Zj:l |S(hj,t+r)|

iy b*| S(hyeq-)[?
h;, Gy +1ij | — E; T h;, Gy
) ( 1 +b% Zj:l |S(hj,t+r)|

B 1
N+ [S(hyagr)]

2b| S(hi ¢4
+E; TR
( 105 370 [S(hyieer)]

b%|S(h; ¢4)]?
45, (ISl
1 +b5 Zj:l |S(hj,t+r)|

+o(1)—(|

From the above calculations it follows that for § = 0 the change in the present discounted profit can be written
as

208(1 + bfir) fijuT
1+ bhy

Vi(h, Gt + 1) = Vi(he, Ge) = 6 —de+0 ().

n
Therefore, we can write the change in the present discounted profit of the firm ¢ from forming the link ij for
the general case of 6 € {0,1} (for independent or competitive sectors) as follows

Ville, Gy + 1) — Vil G) = 7o (9 . 9)%) fur—se+0(L). (72)

O

Proof of Theorem 1. Let n:(h) denote the expected number of firms with technology h, m:(h,h’) the
expected number of links between firms with technologies h and h’ for h # h’ and m(h, h) being equal to
twice the number of links between firms with technology h. Moreover, let 7¢(h, h’, h”) be the expected number
of triplets with a firm with technology h being connected to a firm with technology h’ and this firm being

connected to a firm with technology h”. Further, let z;(h) = 22 and z/(h, b') = %zh,) Normalization

= n
requires that >, o v 2¢(h) = 1 and Y}, peyn 2e(h b)) = 25 = de where m; is the expected number of

n2 n’

links and d; is the expected average degree. Moreover, the expected number of ideas of a firm is given by
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he = 3 e e(h)[S(h)].

The expected number n;(h) of firms with technology h can increase by in-house R&D through discovering
idea k of firms with technology h—ey. This happens at a rate y+a(h—ey, u). Moreover, firms with technology
h — e, can learn idea k from firms with technology h’ wand h) =1 at a rate Sm;(h — e, h’). Similarly, n.(h)
can decrease if a firm with technology h discovers a new idea (hy = 0) either through in-house R&D at a
rate v + a(h,u) or through learning from collaborating firms with technology h’ at a rate Sm;(h,h’) for all

h’' € H" such that hj = 1. Besides, n:(h) increases if an idea k becomes obsolete for a firm with technology
h + e, at a rate A\, and it declines if an idea k with hy = 1 becomes obsolete at the same rate A\. The expected
change in the number n:(h) of firms with technology h is then given by

h) Ezﬂ{hkzl} (v+ath—eg,u))n(h—e;)+ 8 Z mi(h — e, h')
= h/eHN:h) =1

N
> Loy | (e ) (h)+ 5 Y my(hh)
=1 h/EHN‘h’ =1
N

+>\Z]l{hk O}Tlt h+ek )\Zﬂ{hk 1}7Lt (73)
k=1

Dividing by n and using the fact that z4(h) = @ and z(h,h’) = M yields the expected change for
the fraction a:(h) of firms with technology h given by

N
z h—ek,h’
Fo(h) =Y lgn -y (v+ath—epu)+n8 ) 725 h-e ))ﬂ{zt<hek>>o} zt(h — ey)
k=1 henNiny =1 k
N
z¢(h,h')
=D Loy (Y Hathw) 0 Y ;T]l{m(h)>0} i (h)
k=1 hIEHN'h/: t
N
+)\Zﬂ{hk O}ZL't h+ek )\Z]l{hk 1}:L't (74)
k=1

Observe that by introducing the rescaled variables 8 — 8/n, ¢ — ¢/n, §/n — ¢, marginal profits in Equation
(72) do not change, and similarly, rescaling the parameters 8 — §/n, ¢ = ¢/n and assuming that the parameter
of the logistically distributed error term for the marginal profits from collaborations in Definition 1 is rescaled
as /8 — nn/é leaves the linking probability in Equation (14) unchanged. However, Equation (74) becomes
independent of n and can be written as

N

zZ hfek,hl
F.(h) :le{hkzl} v+ ath —eg,u) + 5 Z té T ))]l{zt(h—ek)>0} xi(h —eg)
k=1 WEHN:h, =1 " b
N
z¢(h,h’
*Z]l{hkzo} v+ ath,u) + 3 Z %ﬂ{m(h)w} z¢(h)
k=1 WeHNh =1 '
N
+)\Z]l{hk O}SCt h+ek )\Zﬂ{hk 1}56,5 (75)
k=1

Note that the probability that a firm with technology vector h is connected to a firm with technology vector

o6



h’ is given by

]P)(aij’t = 1, hit = h, hjt = h/)
P(h;; = h)P(hj; = h’)
my(h,h) 1 1

n2 ne(h) ne(h’)

my(h, h')
() ()
z¢(h,h’)
z¢(h)z(h')

=& (h,h),

P(aijyt = 1|h1t = h, hjt = h/) =

where z(h,h') = P(a;;; = 1,hy = h,hy, = h') = 2800 454 4, (h) = P(hy, = h) = 238 The probability
that a randomly selected firm j has technology h’, given that it is connected to a firm ¢ with technology h, is

P(aij; = 1,h;, = h'|hy = h) = P(a;j, = 1|hy = h,h;, = h)P(h;, = h')
P(aij; = 1,h;, = b’ hy = h)
P(hy; — h)P(h;; = I)

P(aij, = 1,hj = b’ hy = h)
- P(h;; = h)
z(h, ')
z¢(h)

P(hj; = h)

Let the support of h be S(h) and its cardinality | S(h)| = (h, u), counting the number of nonzero entries in h,
with u being a vector of ones. Then we can write Equation (75) as follows

h)=v > a(h—e)+X > z(h+ey)

keS(h) keS(he)
— (A[S(h)[ + 7| S(h®)]) z¢(h)
+a(]S(h)| —1) Z zi(h — ey)
keS(h)

— | S(h)[[S(h®)[z¢(h)
+ 5 Z Z zt(h — eg, h') 14, (h—ey)>0

keS(h) h'eHN:h) =1

-8 > > am W), @m0 (76)

keS(he) h’eHN:hj =1

In the following let n2F, (h, h’) denote the expected increment in the number m;(h, h’) of links between firms
with technologies h and h’. The rate at which links between firms with technologies h and h’ decay is given
by pn:(h)n.(h’' )%, where n:(h)n:(h’) is the expected number of pairs of firms with technologies h
and h’ that are selected, and % is the probability that a link exists between them. Similarly, the
rate at which such links are created is given by pn;(h)n.(h’)g(h,h’) (1 - %), where 1 — %
the probability that a link does not exist between the firms with technologies h and h’, and g(h,h’) is the
probability that they want to form a link when they have the opportunity. Collecting these terms, and noting
that contributions stemming from changes in the technologies h and h’ of the firms happen at a rate o(p) we
get

me (ha h/)

n?F.(h,h') = pny(h)ne(h')g(h, b') <1 T e()ng ()

) ~ pmy(, ) + ofp), (77)

o7



where we have denoted by

en(Bgo,7 (x:)(14b S(h)])' % (h*,h') —c) en(Bgo,r (we)(1+[S(R") )~ (h'*,h) —c)
g(h, h/) = 1—0(he b/ BN . (78)
15 o(Bo0 @) (o ST (0o 01 —0) T 4 on(Bao = (@) (1F SN2 (e By =)
Dividing Equation (77) by n? gives
h, ) 2(h, )
F.(hb) = pas () (W) | g(m 1) (1= 2t _ : 79
( ) ) pZCt( )xt( ) |:g( ) ) ( zt(h)zt(h’) SCt(h)l't(h/) +O(p) ( )

We next introduce the vector P"(t) = ((z¢(h))nenn, (ze(h,h' )y penn)) € RiN”N“N. Moreover, we intro-
duce the random variable (3 = (¢, (7), whose distribution describes the stochastic increments of (P™(t))ier
from the state P to state z given by

P(Ch=2)=P(P"(t+At)=P+z| P"(t) = P).

The increments ()} describe the change due to innovation or obsolescence, while the increments ¢ correspond
to the change due to link formation or decay.
Let F;(h) be defined as in Equation (76) and F,(h,h’) as in Equation (79). Further, we introduce the

functions V;N , Aév and A;\f s defined by

Vy'(P) = AgEI¢y],
Ay (P) = AE[IG 1],
Ay 5(P) = NE( G Ty 12 )

with y € {z, z}. The jump rate at which innovations happen is given by A} = n while the jump rate of link

changes is given by A\ = n?. Observe that V"(P) = (V,*(P),V"(P)) is the expected increment of Cyefa,sy for

a short time interval [¢,¢ 4+ At). Consider some sequence (6™)22  with lim, ., 6™ = 0. In the following we

want to show that the following three conditions hold: -
(i) limp—oo SUPpepn |Vy'(P) — V,(P)| =0,
(ii) sup,, suppepn Ay (P) < 0o, and
(ili) limp— o0 SUPpepn AP 5n (P) =0,
First, consider y = x. Let ey be the standard unit basis vector corresponding to technology h. Observe that

V;'(P) = nE[C”]

) =n Z (én —en) (C" (ehr — eh)>

hh’

= Zeth(h) = VZ(P)?

which is independent of n assuming that g is propositional to 1/n. This implies that condition (i) is satisfied.
Further, observe that since |eps —en| = v/2 for h # h’ and 0 otherwise, (P™(t));er has jumps of at most v/2/n.
Hence, for 6™ = \/§/n it follows that

J=o

Az 5 (P) = nE |

>v/2/n}

and condition (iii) holds. Finally, we find that

A2(P) =l <0 Y2 = V< o

and also condition (ii) is satisfied. Next, consider the case of y = z. Let en n/ be the standard unit basis vector
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indicating a link between a firm with technology h and a firm with technology h’. First, observe that
VI'(P) = n’E[C!]

z
2 E 1 n 1
=N E(eh”,h”/ — eh,h')]P) gz = ﬁ(eh”,h”’ — eh,h/)

1" 22
h’ ,h

= Z enwFz(h,h) =V,(P),
h,b/

which is independent of n. This implies that condition (i) is satisfied. Further, observe that since |en» n —
enn| = V2 for (h” h") # (h,h’) and 0 otherwise, (P"(t));er has jumps of at most v/2/n?. Hence, for
6" = v/2/n? we have that

2o (P) = n’E | | =0,

CGliien > vame)

and condition (iii) holds. Moreover, we find that

A2(P) = nE(C2] < w2 Y2 = VB < o,

and also condition (ii) is satisfied. Finally, observe that V(P) is a Lipschitz continuous vector field in P,
as both F,(-) and F,(-,-) are linear functions of z and z in the limit of large p, and hence have bounded
derivatives. Together with conditions (i), (ii) and (iii), we then can apply Kurtz’s Theorem [cf. Sandholm,

2010, Chap.10.2], which states that for any solution {P(t)}ser of the mean-field dynamics*?
V(P .
[Vz EPH - (80)

starting from Py we have that

n—00 te[0,7]

lim P ( sup |P"(t) — P(t)] > e) =0,

for any T' < oo and € > 0. In particular, in the limit of large n we then can write

lim ——— = F,(h),
hoe dt ()
and PITIRY.
plim 2D g
Next, if we introduce the variable
h,h')
b l) = Pag, = 1[hy = h hy = by = LB 81
Et( ) ) (a gt | t y Hyt ) :Ct(h)l‘t(h/), ( )
then we have that
dé(h,h') 1 dzi(h,h') B z¢(h,h’) 1 dx(h) n 1 dz(h')
dt - ZCt(h)ZEt(h/) dt ZCt(h).’L't (h/) ZCt(h) dt Tt (hl) dt '

“3See also Kurtz [1971] and Wormald [1995].
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Inserting Equation (79) gives

% = pg(h,h') (1 — & (h,h')) — p&(h,h’)
1 dxy(h) 1 dxt (h')
zt(h) dt SCt h/ )
' 1 dx(h) 1 dzt h’
— &(h,h) (xt(h) TR )
1

= pg(h,h') —p (1+g(h,h))&(h, h’ ) + o(p). (82)

et

Jro

Moreover, inserting the definition of & (h,h’) from Equation (81) into Equation (76) we get

d"’”zlih) =7 Y mh—e)+r Y z(htep)

keS(h) keS(he)
— (AIS()[ + 7 S(h?)[) z:(h)
+a(]S(h)| —1) Z zi(h — ey)
keS(h)
— afS(h)|[S(h®)[z;(h)
+8 > > &(h— e, h)ai(h — ep)a(h)

keS(h) b/ €M N :hl =1

-8 > Y. &bz (h)a (). (83)

keS(he) h’eHN:hj =1

Proof of Proposition 2. Let us define

Zi(s) = Z x¢(h), 0<s<N.
heHN:| S(h)|=s

Summation over all h € HY with the property that |S(h)| = s in Equation (76) gives

di’t (S)
dt

=y(N=s+DZ(s— 1)+ AMs+ 1)Te(s+ 1)
—(As + (N = 5))Z(s)
+a(s—1)(N —s+ 1Di(s—1)
— as(N — s)Z(s)
+8 > > Y &(h—ep W)z (h - ep)ai(h)

hE’HN-l S(h)\:s keS(h) h/E’HN'h’ -1

5 Y Y Y amahe ), (84)

heHN:|S(h)|=s keS(he) h’eHN:hj =1

where we have used the fact that

Z Z zi(h—ep) = Z Z z¢(h)

heHN:|S(h)|=s ke€S(h) heHN:|S(h)|=s—1keS(h°)

(N—s+1) > z:(h)
heHN:|S(h)|=s—1

= (N —s+1)F(s— 1),
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and

> > a(htep) = > Y wi(h)

heHN:|S(h)|=s k€S(he) heHN:|S(h)|=s+1 keS(h)
=(s+1) > i (h)
heHN:|S(h)|=s+1
=(s+ 1)Z(s+1).
Further, define

Zi(s,s') = Z zi(h,h'), 0<s,s" <N,

heHN:|S(h)|=s
' eH™:|S(h)|=s

and let the average be given by

Zi(s,8) = %% Z zi(h,h') = %%}(s,s’), 0<s,s <N. (85)
(5 (&) (5) (&)
s/ \s') peHN:|S(h)|=s s/ \s
h'eH™N:|S(h)|=s"

With*4

> > > a(h-eph)= > > zi(h, 1)

heHN:| S(h)|=s keS(h) b/ €HN A, =1 heHN:| S(h)|=s—1keS(he) h €M N:h) =1

=YY Y adsmlIsm))

heHN:|S(h)|=s—1keS(he) h’ eHN:hf =1

=(N-s+1) ZN: <s]i 1)@(51,5’)

s'=1

()

> Zt(s - 15 S/)
s'=1 (i\/[)

/

N
S ~
= (N—S+ 1) Z mzt(s— 1,81),

s'=

NE

=(N-s+1)

and similarly

N ’

Z Z Z Zt(h,h/):(N_5+1)Z ﬁét(s,sl).

heHN:[S(h)|=s keS(he) h'eHN:h| =1 s'=1

“41f the initial conditions are such that xo(h), 20(h,h’) and &(h,h’) depend only on the knowledge stocks | S(h)]
and | S(h')|, respectively, then this holds for all later times ¢ > 0.
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we obtain

djt (S)
dt

= (N = s+ D (s — 1)+ As + DE(s + 1)
— (As + (N — 5))Z(s)

+als —1)(N —s+1)F(s — 1)

—as(N — 5)Z(s)

N ’
S ~
+AN —s+1)> mzt(s —1,8) iz, (s—1)>0}
s'=1
N S/
—B(N—s+1) Z mit(s, §') gz, (s)>0} (86)
s'=1

We can write Equation (86) more compactly as follows

djt (S)
dt

=~v(N —s+1)(y4+al(s —1)Z(s — 1) + A(s + D)Fe(s + 1)
— (As+ (N —8) + as(N — )3 (s)

N /
S . -
+AN —s+1)> m(zt(s = 1,8z, - 1)>0y — (5, 8) L z,(9>0})- (87)
s'=1
Introducing the average

_ 1 1

Ti(s)= = >, w(h)=3xi(s), 0<s<N, (88)
(s) heHN:|S(h)|=s ( )

and using the fact that

dfct(s) 1 d(Et(h)
=N Z ’
dt (é) he#HN:|S(h)|=s dt

where (J:) is the number of vectors h € H" with | S(h)| = s, we obtain from Equation (76)

d.’ft (S)
dt

=ysZi(s — 1) + ANV — 8)y(s + 1)

— (As + (N = 5))Z4(s)
+a(s—1)sTi(s — 1) — as(N — s)T(s)

) N-1
+ Bs Z Zi(s — 1, s’)<8, _ 1)ﬂ{mt(s—1)>0}

s'=1

al N-1
— BN =3) Y z(s,s) (S, B 1)]1{m(s)>o},

s'=1

which can be written more compactly as follows

dethES) =(ys+a(s—1)s)Ti(s— 1) + AN — 8)T(s + 1)
— (As + (N —s8) + as(N — 5))Z(s)
N

s'=1
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We further define

Flono L1 2b)  E(s )
&(s,s) = - G 90
) (5) () heHNg(h)l_s AGEACORIEAOEACY (90)

h'eH™N:|S(h)|=s'
so that we can write Equation (89) as follows

dii’t (S)
dt

=(ys+a(s—1)8)T(s — 1) + M(N — s)Z(s + 1)
- ()\s + (N = s) + as(N — 3))Z+(s)

+8 Z ( ) s&i(s — 1,8) T (s — 1)T4(s") — (N — 8)Ei(s, )T ()T (s")) -

Summation over all h € H" with the property that |S(h)| = s and b’/ € H" with |S(h’)| = s’ and inserting
the definition in Equation (90) into Equation (18) gives

déi(s,s')
tT = pg(s,5') = p(1 + G(s,8)&(s,5') + o(p),
where we have denoted by
1 1
g(s,8') = mmg(& s')
1 1
T i
s/ \s"/ henN:|S(h)|=s
h'eHN:|S(h')|=s"
1 1 eﬂ(ﬂge,f(It)(1+5)179<hcvh’>—c) eﬂ(ﬂge,f(ﬁz)(l-i-S')l’e(h’c,h>—c)
= mm Z 1+ en(Bgo,- (@) (1+5)—7(he0) =) 1 4 on(Bgo,-(we)(1+5) ~° (b, h)—c)”’
s/ \s'") neHN:|S(h)|=s
h'eHN:|S(h')|=s'
which is a symmetric matrix, g(s,s’) = g(s', s) for all 0 < 5,8’ < N. O
dzt(s)

Proof of Corollary 1. The proof follows from setting = 0 in Equation (87) and inserting Z(s) from
Equation (25). O

Proof of Lemma 1. It follows immediately, that the fixed points for £(s, s’) of Equation (24) are given by
- g(s, s’
5( /) = (— )/ *
1+3(s, )
Moreover, the fixed points from Equation (23) satisfy the following recursive equation

()\s + (N —=3s)(y+as)+ B(N —s) Z <i\j : 11) £(s, 5’);2(5’)) z(s)

s'=1

<3(7 +ta(s—1)+8s Y (iv B 11)5(5 — 1,5/);5(3/)) (s — 1)+ AN — s)Z(s + 1).

s'=1 N

For s = 0 we obtain

N
(w + 5 Z @fj) £(0, s/)f(s')> (0) = Az(1). (91)
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Similarly, for s = 1 we get
N
<A+ (N-1)(y+a)+ (N Z ( >g (1 s/):z(s')> z(1)
NNz ) 7
=|~v+8 Z (S/ B 1)«5(0,5 )Z(s") | z(0) + AM(N — 1)z(2).
Using Equation (91), this can be written as

(v +at+By <iv_ 11> £Q, s/)z(s’)> (1) = Az(2).

One can show by induction that for general s > 0 the following recursive equation holds

<V +sa+p Z (i\,{_ 11)5(5, s’)x(s’)) Z(s) = AZ(s+ 1).

s'=1

Hence, we get

O

Proof of Corollary 2. The proof follows directly from Lemma 1 for § = 0 and the normalization condition
N /Ny~
1= ()z(s). O

Proof of Proposition 3. In the limit of p — oo and 3,7 — 0 we have that

where we have denoted by £(k,s') = (5, 1)§(k s'). From this equation we see that Z(s) = s, is always a
solution. We next compute a threshold 8¢ such that for all § < g€ this is the unique solution. For s = 1 we
obtain 5

#(1) = 2(0)5£(0,1)7(1).

When Z(1) > 0 (and consequently Z(0) < 1) we must have that

As 7(0) < 1 it must hold that

p=p £0,1) 90,1
Note that
en(BbT—2c)
900.1) = (14 enBbr=e))(1 + e=ne)’
from which we get
1

B =AM+ D)+ GV (Ao (e 4 1) nte=tre 42

(2—0)bn

and W (z) is the Lambert W function (or product-log), which is implicitly defined by W (z)e" ) = .
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We next analyze the stability of the trivial solution. Denote by Fs = dz(s) and Zs ¢ = %. In the case
of independent markets, # = 1, when g(s.s") does not depend on Z(s), we can write the Jacobian as follows

B 8F0 o GFO GFO o GFO T
07(0) oz(N)  0£(0,0) DE(N, N)
0Fy  OFy  9Fy  0Fy
3 |9%(0) dz(N) a(g; 0,0) OE(N,N)
0,0
0 R
0 0
aZN N
0 . 0 0 S )
L DE(N, N) |

The Jacobian is thus a block matrix of the form
I Ji2
J= |: 0 J22:| ’

whose eigenvalues are the combined eigenvalues of J1; and Js2. The latter is a diagonal matrix and has

eigenvalues given by pus = ;g;,;) = —p(1 4+ g(s,s)). In order to compute the eigenvalues of the first, Jq1,

observe that in the limit of 7, & — 0 we have that

OF,
0z (k)

(Jll)sk = = )\(N - S)ék,s-i-l - )\S(Sk,s

al N
+ (S S/:l (i\/] : i)gs—l,s’m(sl)ék,s—l - (N - S) Z (i\/[_ i) gs,s’j(Sl)6k7s

This can be written as

OF ©) ¥
=F F
8f(k) sk + ﬁ sk
where the matrix F(©) is given by
0 AN 0 0 0
0 —A AN -1) 0 0
Fo — [0 0 -2\ AN —2) 0
0 0 0 230 AN —3)

Observe that F() is a upper triangular matrix whose eigenvalues are given by the entries on the diagonal,
that is, 0, —A, =2, ..., —N\. Similarly, we get

0 —NE(0,1)7(0) —N(N — 1)£(0,2)z(0)
0 0

v _ |0 &<,10>:e<0> (N >5<, 2)(0)
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Combining F(©) and F(| and setting z(0) = 1, yields

0 N(X—pBE(0,1)) —N( —1) £0
0 —A+pB£(0,1) (N —1)(A+ BE(O,
Ju =19 0 —2A AN —2) 0
0 0 0 —3A AN —=3)
This is an upper triangular matrix with eigenvalues given by 0, —\ + BE(O, 1), —2A,..., =N\ All eigenvalues

are non-positive if § < which is equivalent to the critical level 5¢ we have identified above. Hence, if

5(0 1)’
B < ¢ then the trivial solution is asymptotically stable.
From the threshold g¢ we finally find that

op°  bmAt (e"+2)+ W (bn)\T (e 4 1) eW(C*b/\T(EC"Jr?)))

= > 0,
[ AT (W (bnAT (7 4 1) enle—bAm(e1+2))) 4 1)
and .
9B bnhre (€7 + 1) + (2¢77 + 1) W (bnAt (€7 + 1) en(c=bAT(e+2))) 0
de br (en 4 1) (W (bn)\T (e +1) e”(C*bAT(eC"+2))) + 1) ’
and

ape W (bn)\T (e 4 1) en(C*bM(eC“r?))) (bn)\T (eMM4+2)+W (bn)\T (eT+1) e”(c’b”(ecn”))))

ob b2n7 (W (bnAt (€97 4 1) enle—bAT(ee7+2))) 4 1) <0,
and

0B¢ _ w (bn)\T (eT+1) e"(c_b”(em”))) (bn)\T (em4+2)+W (bn)\T (eT+1) e"(c_b”(ecn”)))) “0

or br2 (W (bnAt (€97 + 1) en(e—bAT(e7+2))) 4 1) ’
This concludes the proof. O

Proof of Proposition 4. We have that

8
—

S

+

—_
S~—

\

S

o
S~—

2
w
+
—
/N

—

+

>~

Q

+
el

[~]=
plag
-

CIJ\
1
—

CIJ\

~

[ (ax + Bbx) = Hak+BZHazbk+052

k=0 k=0 Ik

we get
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We then obtain
~ N ~
2(s+1) =207 [ [J(1+ak)+ 5 (L+al) > &k, s)a(s') | +0(8%).

From which we get

N
#(s+1) =207 [ [0 +ak)+ 5 (L+a) Y €k, sHT(0)7" J[ A +ak) | +082).

k=0 k=0I#k s'=1 k=0
Further, denoting by
s—1
as =~° H(l + ak)
k=0
and
s—1s—1 N ) s'—1
bo=7" Y [Ja+a) > &k, 57 J[ A +ak)
k=0 ik s'=1 k=0

we can write

L . N
Moreover, from the normalization condition 1 =3%"" (]Z

=3 (Ve =203 (Ve + 3502y (V)

s=0 s=0

)Z(s) we obtain

Denoting by a = Zivzo (N) as and b=V 0 (J;[) bs we find that

S

2

z(0) = —————.
a+ /a2 + 480

From a first order Taylor expansion we then find

and
so that

Further, observe that

a so(1+ k) o 5 : .
oW N NN 15 —1 N =N N\ 71151 ytak $(5)|ﬁ:o = Zo(s).
2 v=o (s’) r—o (L+ak) 370 g (5’) k=0 ~ A

Hence, we can write

~ bs — bfo(s)

This is
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where Zo(s) = Z(s)|5_, is given in Equation (30),

S ~y+ al 1 'erozk”
YIS S (3N ]
=0 £k s/=1 k=0

b= Zi\{:o (g)bsr and a = Z,ZCVZO (JZ) H;:Ol 'YJ;O‘I for all s =0,..., N. In the following we denote by Fs = dZ—(ts)

and Zs g = %t’s/). In the case of independent markets, § = 1, when g(s.s’) does not depend on Z(s), we can
write the Jacobian as follows

B GFO o GFO GFO o GFO T
07(0) oz(N)  0£(0,0) DE(N, N)
0Fy  OFy  9Fy  0Fy
3 |92(0) Ox(N)  9(0,0) OE(N,N)
0,0
0 0 92(0.0) 0 0
0 0
0ZN N
o0 0 9E(N,N)

The Jacobian is thus a block matrix of the form
I Ji2
J= |: 0 J22:| ’

whose eigenvalues are the combined eigenvalues of J1; and Js2. The latter is a diagonal matrix and has
p(1+ g(s,s)). In order to compute the eigenvalues of the first, observe

. . 0Zs s
eigenvalues given by ps = (s =

that

=s(y+a(s—1))0ks—1+ AN —5)0k s+1 — (As + (N — s)(y + as))dk,s

N N
+6<SZ (i\lf )gs 15’.’1]( )6k5 1_ N —s Z (i\/] )6551,’1; )6k,s

s'=1
N

+sf(51)<k_1)g“”“(]v e (JIX >k)

This can be written as

0z (k)

OF (0) &)
——=F F
oz (k) TAE
where the matrix F() is given by
FO —
AN AN 0 0 0
v A+ (N=-1)(y+ ) AN —1) 0 0
0 2(v+ ) —(2XA + (N = 2)(y + 20)) A(N —2) 0
0 0 3(y + 2a) —(BA+(

N —3)(y+3a)) AN —3)

Observe that F(?) is a real tridiagonal matrix of the form

a; b2
F(O): Co a9 bg
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where a; = —(Ai— 1)+ (N —i+1)(v+a(i—1))), b = AMN —i+2) and ¢; = (i — 1)(y+ a(i — 2)). It is known
that such a real tridiagonal matrix has only real and simple eigenvalues if ¢;b; > 0 [cf. e.g. Veselié, 1979]. We
have that ¢;b; = A(N —i+2)(i — 1)(v+ a(t —2)) > 0 and so this condition is satisfied. We thus conclude that

F(© has only real and simple eigenvalues.
Moreover, we have that [cf. Horn and Johnson, 1990, Theorem 6.3.12]

w] FDv,

-
i

pi(J1) = p(FO) + 5 +0(5?) (92)

W, V;

where w; and v; are the left and right eigenvectors corresponding to the eigenvalue u;(F(?)). The characteristic

equation 0 = (F(O) — ulI,)v for the right eigenvector v is given by the following second order difference equation
with variable coefficients [cf. Elaydi, 2005]

k(v 4+ alk — D)o — (A + (N — k)(y + ak) + p)vks1 + AN — k)vgg2 =0,

with the boundary conditions vg = vyy2 =0 for K =0,..., N — 1. Similarly, the difference equation for the
left eigenvector reads as

AN = k)wi — (M + (N = k)(y + ak) + p)wiss + k(7 + alk — D))z = 0,
with the boundary conditions wy = wy4e = 0 for k = 0,...,N — 1. We then find that all terms on the
right hand side of Equation (92) are real up to the first order terms in 3, showing that the eigenvalues of the
Jacobian are real.

In the following we provide an explicit expression for N = 1,2. The difference equations for the eigenvalues

1 together with the boundary conditions admit a closed form solution only in the cases of N =1 and N = 2.
In the case of N = 1 we obtain the two eigenvalues

pr =0, pz=—(y+A).

The corresponding left eigenvector is given by

while the right eigenvector is

In the case of N = 2 we get the three eigenvalues

1
p =0, pz=—5 (04+3(7+)\)i\/042—2a(7—3)\)+(7+)\)2)-

Observe that
a® = 2a(y = 3\) + (v + A)? > a? = 207+ = (@ — )2 > 0,

so that all eigenvalues are real. The corresponding left eigenvectors are given by

S A"
Vi = ) ) :|

[y(@+7) at+y

- T
o — —a+7v—A++/a2 —2a(y —3\) + (v + )2 _Oé+3’}/*)\+\/027204(’}/73>\)+(’Y+>\)2 )
i 2(a+7) | A+7) ’

- T

a—y+ A+ /a2 =2a(y =3\ + (v +A)? —a—3y+ A+ /a2 —2a(y —3)) + (v + \)?
V3 = [— ) 71 )
2(a+7) Aa+7)
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while the right eigenvectors are

W1 = [15 27 I]T

r 4T
B 7(—a+’y—)\+\/042—204(7—3)\)-1-(74—)\)2) a+3y— A+ /a2 —2a(y —3X) + (7 + \)? 1
W2 = 2)2 e 2A ’
_ . _ o7
7(—a+7—)\—\/a _204(7_3)‘)"‘(7"')‘)) —a =37+ A+ /a2 —2a(y —3X\) + (v + A)? )
W3 = ’ )
2)2 2

We find that in all cases considered (for § = 1, 8 small and N = 1,2) the Jacobian possesses only real
eigenvalues. O

Proof of Proposition 5. We first show that the eigenvalues of the Jacobian J are all negative evaluated at
x = 0 if the spillover parameter 3 is below a threshold 5¢. The Jacobian is given by

(I1-22)z8—~v—2X —(x—1)zp
J = QbZGW(%ic)(z—l)ﬂin B 1+ e"(%ﬁ_ﬂifc)

T T p
(14-ecm) (1+e"(%7c)> 2(bz+1)2 (14-ecm) (1+e"(%’c)>

Evaluated at © = 0 this simplifies to

zZB—v—A 0
J= 2b2¢"(¢+287) (1) Bnpr _1_ e2bB8nT .
(1+eon)(ecn+e2bBnT )2 (T+eon) (e +e2bPnT) P

The eigenvalues of the Jacobian are given by 12 = 1(tr(J) £ 1/tr(J)? — 4det(J)), and we obtain complex
eigenvalues if tr(J)? < 4det(J). For the trace we get

p€2bﬁ77'r

tI‘(J) = (ecn + 1) (€2bﬂn‘r 4 ecn)

and for the determinant we obtain

) (262136777' 4 en(QbBT—i-c) 4 e 4 62077) (_,y N an)
(ecn + 1) (eQb,@nT + ecn)

det(J) = —

Inserting into p1,2 = 2 (tr(J) & /tr(J)2 — 4det(J)) delivers the eigenvalues

H1 = =79 — A + ﬂza
p (262bﬁnr + e?bﬁn‘rJrcn 4 e 4+ 6267])
(ecn + 1) (e2b5n‘r + ecn)

P2 =—

From these eigenvalues we find that they are real and negative if g < 8¢ = )‘—JZFV Hence, we have that 1 =0
is an asymptotically stable fixed point in the limit of v — 0 if

e AMl+yg
g<pr= 29 (93)
g
where g is given by
e ifo=1
en(Bbr—c) e—mne -
9= {(1;(2:%5@ )(letnc ) . (94)
T+en(@pro—c) Tte—me if6 =0,

from which we get

W ((2 = 0)Abyr (€7 + 1) enle=(2=0br(e7+2)))
(2—0)bnt ’

B¢ = AbnT (T4 2) +
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and W (z) is the Lambert W function (or product-log), which is implicitly defined by W (z)e" () = 2.
Next, we consider the limit n — 0. We then have that g = i and it follows that in the stationary state
z= % The steady state for x then solves

yféﬂM7+M+ﬂ@*1»:Q

from which we obtain

_ B=50r+ 2 + V(B 50y +AN)* + 208y
23 '

From the above equation we find that

oz 1( 5(B+5(y +A) 5>'

ay 28\ \/(B-5(1+ V) + 208,

This derivative is non-negative for all 5 > 0 and attains its unique maximum at 8 = 5(y+ A). Next, for n — 0

we obtain the Jacobian
(I1-2x)28—v—XA —(x—1)zp
J= 0 5 .
4

The trace and determinant are given by

tr(J) =—y - A+ 61 —2z)z — %,

and 5
det(J) = Zp('y + A+ 82z — 1)2),

from which we get the eigenvalues

p2 = ——.

Inserting the fixed point delivers

pr =~/ (B =50 + N + 205,

which shows that the Jacobian possesses only real and negative eigenvalues.
We next consider the case of § = 1. The stationary state is given by

g
Z:—, 95
14+g¢ (95)
and 5 5
g 9 g
— = — - A - z—v=0,
l+yg <1+g 7) K

with the solutions

LI A—gA+VAg(1+9)By+ (v + A+ 97+ A= §))?
298 '

(96)

In the limit of v — 0 we obtain the trivial solution x = 0 and the solution z =1 — %. Inserting g gives

)\efbﬁnr (2617[3777' + en(bﬁ‘rJrc) 4 e 4 6267])
6 .

r=1-—
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oot

0 50 100 150 200
Y
Figure 16: The average stock of knowledge h as a function of v for A € {10, 50,100}. The solid line indicates the exact

solution, the dashed line the first order approximation in 8 and the dashed-dotted line the solution for 5 = 0. The
parameters used are b =10, § =100, c=1, n =1 and 7 = 0.01.

We then find that

ox en(c—bBT) (ebﬁnf 4 e 4 1) )

a = 3 <0

ox nAe(c—0AT) (ebﬁnf 4 2eM 4 1) “0

de 8

dx Ae7UANT (265807 4 en(bBnT + 1) + €27 (bAnT + 1) 4 €MbFTH))
= = >0
op p?

Ox

= = en 1) en(e—b87)

2% nAT (e +1)e >0

0

IL = A (7 + 1) ee=bB7) 5 .

or

Moreover, we find that
or Aen(e=b87) (BT (e + 1) — ¢ (P17 + 2¢n + 1))
an B8 ’

which is positive if ¢ (ebﬂ"T < 2em + 1) + bB7 (e“7+ 1). Further, in the limit of small 5 we obtain

Ag(0,1 ) A )
(v+;)3€1(+g)<0,1))+0(ﬂ) St 3 o).

0
+
s v+ A (2em + €21 + 2) (v + A)

€r =
v+ A

An illustration can be seen in Figure 16. Next we analyze the stability of the fixed point. The Jacobian is

J— (I1-2z)z8—~v—X (1—2x)ap
- 0

—p(l+g) |
Using the fact that x at § =0 is given by #—A we can write
T=ux o 5 +0(67).

(e + &1+ 2) (y + V)
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From this expression we then find

0Az AN —27)

_ 2
o ~ ey g W)
0Az F(y —2X) 5
T Yo A G
cn (,cn

OAx 2ynAe" (e 2—|— 1) L0 (8)

b~ et e 1 27 (4 A

0Ax 2cy e (e + 1

o~ et e 1 2 (3 4 A8

The trace of the Jacobian is tr(J) = (1 — 2x)z8 — v — A — p(1 + g) and its determinant is det(J) = ((2z —
1)zB+ v+ A)p(1 + g). The eigenvalues of the Jacobian are given by 12 = 2 (tr(J) £ /tr(J)% — 4det(J)), so
that we obtain complex eigenvalues if tr(J)? < 4 det(J), or equivalently

(VA7 T Gt A= 2B + p(1+9)) < 4TG0+ A~ 28Pp(1L + ),

where z = g/(1 + g). Denoting by y = /4287 + (v + XA — 28)2, this can be written as follows

(y+p(1+9))* < 4yp(1+ g).

This is equivalent to (y — p(1+ g))? < 0 which can never be satisfied for any admissible choice of the model’s
parameter values. Hence, when 6 = 1 this system does not show oscillatory behavior. Moreover, for the
eigenvalues we obtain

VO +9(=B+7+XN) + A2 +48y9(g + 1)
g+1

p = —
p2 = —p(L+g),

which are both real and negative.
In the following we compute the fixed points for small values of 7 when v =0 and # = 0. From

ecl=m) (7555 —¢)

(ec=m) +1) (e" T —e) 4 1) ’

gEg(O,l) =

we obtain for the stationary state

9 1 2bBnTe (e + 1) 1
z = = —
1+g e”(c—%) (6217?% +oeon 4 1) +9  (br+1)(2en + e2en + 2)2 2ecn + e2¢n 4 2

—|—O(7'2).

Dropping terms of the order O (7‘2) and inserting into the stationary state condition x(fnz — \) — Bna?z =0

gives the solutions indicated in Equations (38) and (39).
Finally, in the case of n — oo we have that ¢ = 0 and the fixed point is given by % and z = 0. If

c> beff then the eigenvalues of the Jacobian are given by pq3 = — (v 4+ A) and ps = —p, which are both real
and negative. O

Proof of Proposition 6. The stationary solution satisfies

0=7—B2%z +x(—y — A+ B21)
(L= 2)(z2 = 20) (7 + frza) | Ax(zs — 21)
T 1—2
2Ax(z1 — 22)
1—2
2(1 — x)(21 — 23)(y + Brz1)
xz

0=g1p— (91 +1)pz1+

0=g2p— (92 +1)pza+

0=g3p—(g3+1)pz3 +
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From this system of equations we obtain

o YAV A B2)? 4872 + B2
28z
oy = gop — G2 px + 2)x21
2 x — (g2 + 1)p(z — 1)
2(x —1)z1 (v + Brz1) — gspx
2(x = 1)(y + Baz1) — (93 + 1)pa’

zZ3 =

and

2(gs(=1+2z1) +z)A (218 =7 = A+ A(21))
(18+7+A—A(21)) A+ p + g3p)
(g2(—1+21) +21) (1B + 7+ X — A(21))* (18 +7 — A + A(21))
(218 =7 = A+ A(21)) (21B2A + p+ g2p) + (=7 = A+ A(21)) (2A — (1 + g2)p))’

291 —2(1+g1)z1 =

with A(z1) = \/4,2167 + (=218 + v+ A)2. In the case of v = 0 the non-trivial solution is then given by

A
r=1———
. gop — gopx + 2Ax 21
‘T2 — (g2 + Dp(z — 1)
g3p — 2B(x — 1)2f
(95 +1)p—2B(x — 1)z1’

while z7 is the root of

A -1 —1 A —
n— ) — (g2(z1 — 1) +21) n (93(z1 —1) + 21)(A — Bz1) =0
G2p — 22+ p+ 26z gsp+2X+p

A (cumbersome) closed form solution to this equation exists and can be obtained upon request from the
author. In first order of large p the above equation can be written as

0= % <<93<Zl - 1)9;211)@ —B2) A(gz<z;2+11> + zl>> L0 (i) |

2
The solution to this equation is given by

1
T 2B(g2+1)(g5 + 1)

X (*\/(92 +1) (4B(g3 + 1)(g1(g2 + 1) (g3 + 1)p + Mgz — 93)) + (92 + 1)(Bgs — (91 + 1)(g3 + 1)p)?)
+(g1 + 1)g2(g3 + 1)p + g193p + g1p — Bg293 — Bgs + gzp + p) .

zZ1 =

The critical level 3¢ is obtained from setting 1 — ﬁ = (0. This yields

e (g2+DAMgip+A+p)

g192p + g1p + gaA
with the limit A1
lim ge — 20 +9)
p— 00 gl

Inserting g1 and gs into ¢ yields

A (2 + €21 +2) (A 4 2p)e®P1T + (X + p)enPATHe) e (X + p) + e21(\ + p))

= A (e + 1) (ebBnm + eon) 4 p (2en + e2en 4 2) ebBnT

74



0.150% 8o5r
0145} a0l
0.140}
= 2

0.135" ] = g55)
0.130}

o5t 8500

20 40 60 80 100 20 0 60 80 100
p P

Figure 17: (Left panel) The average stock of knowledge h, and (right panel) the critical threshold B¢ as a function of
pforb=10,8=10,c=1,np=1, A=1and 7 = 0.01.

For the derivative we then obtain

B¢ B A2e6n (ecn 4 1)2 (26677 4 e2en 4 2) (ebﬁn'r _ 1) (ebﬁn‘r + 6377) -0
ap (()\ + Qp)ebﬂnr + ()\ + Qp)en(bﬂr-i-c) + peb5n7—+2cn + e + )\620”)2 .

We next compute the Jacobian. For 6§ = 1, it is given by

z1(f —22B) =y = A—p —(z—1)zB 0

Z1—22)\ %1 12 z3—21 xT xr— Tz
e G2 0) L Gmm o - )nf+a(f—2B) +y+ 2 - (g )p- 2 -l
= T — 202 22 — = (g2 +1)p
_ 2(z17Z3)(z1ﬁx2+'y) _ 2(z—1)(x(221—23)B+7) 0
x? x

In the case of v = 0 we get

“A—pu (1—2)zp 0 0
g=| 0 2B-eB+E —p— (1 0 2
~Teiy —5 = R 0

0 0 0 = (g5 + 1)p

An LU decomposition of J — uI; = LU yields [cf. Horn and Johnson, 1990]

1 0 0 0
0 1 0 0
L= 2201 Ry - :
- 57 o - 10
(x=1)2(=A=p)  z2(B—zB)+22 —pu—(g1+1)p
0 0 1
and
“A—pu (1—2)z8 0 0
0 2B-zf)+ 2 —p— (g1 +1)p 0 i
U= o (2Usgemain _2ay)
22\, _ @E-—D2(A—p) =1
0 0 o1 -kt — G e T )
0 0 0 —p—(g3+1)p

Using the fact that det(J — uly) = det(L) det(U), and that the determinant of a triangular matrix is given by
the product of the diagonal entries, gives the following characteristic polynomial

ﬁ(k + 1) (g3p + o+ p)(—(g2 + Dp(z — 1) + p + 2z — px)

x (gip+a(=(g1 + p+A—p)+p+p+p8(=(x—1)*) 2) =0.
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From this equation we obtain the eigenvalues

p1=—A
p2 = —(g3+1)p
2 \x

— - 1
py=——5 — (92 +1)p

(g1 +1)p(1 —2) — Az + B(1 — z)%2
1—=x ’

These eigenvalues are all real and negative for large p. o

Proof of Proposition 7. Note that when N = 2 with s € {0, 1,2} we obtain from Equation (23)

dfc;i()) =2 (AZ:(1) — 42:(0) — B(E(0, )T, (0)Z4(1) + £(0,2)7:(0)7+(2)))

d:EZlil) =79Z:(0) + ATt (2) — A+ v+ @)z (1) + 8 (f_t(o, D)z (0)2(1) — & (1,1)7,(1)?
+60(0,2)7:(0)74(2) — &(1,2)7:(1)7,(2))

d””;;f) =2((v+ a)ze(1) = AZe(2) + B (&(1, )2 (1)* + &(1,2)7:(1)74(2))) (97)

and from Equation (24) we obtain

LD - a0 -p (1+330.0) &0.1)

dft((i(za 2) _ p3(0,2) — p(1 + 5(0,2))E(0,2)

KD _ Lo 1+ Jaon) e

T2 _Loi2) - (1 + 530, 2)) ,(1,2). (98)
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From the definition in Equation (22) we find that

en(Bgo,7 (x)(14+b] S(h)[)' =% (h*,h") —c) en(Bgo,r(x)(14+b S(h'))* ~°(h'*,h) —c)
g(0,1) =
9(0,1) > 1t (e COUFHSNT o (he W) =e) 1 - en(Bgo. () (1HI ST~ (W' ) —¢)
h=(0,0)
h'e{(0,1)",(1,0) "}
e—ne en(Bo1,r—e) e~ e en(BbT—c) . o
21+e,nc 14e"Bo1,7 =) T 21-{-e*ﬂC 1+en(BbT—c) if 0 = 1’
= P S NP e e ) =0
—nc x)— = —mnec 1 =
1+e—"m 1+e77(590,7—() c) 14e—n 1+en(5%,c) )
(B0, (x)(14b] S(h)[)*~? (h®,h') —¢) (B9~ (x)(14b] S())' % (b, h) —c)
§(0,2) = Y
9(0,2) 1+ en(Bee - GOHBISI (b W) =) T - en(Bgo. () (15| ST 7 (W' 1) —c)
h=(0,0)
h'=(1,1)"
e—ne en(Zﬁyf’,T*C) e e en(2Bb7T—c) if 0
1+e—nc 1+en(269f’,76)  1+4e 1° 1+en(@Fbr—0) 1 - 1’
= e—ne eM(2890,r()—e)  —me e"(w 1+§Eﬂ-f(x)7c) f0=0
I+e=7° 14¢7(2F90,rG)=e) T Ite—7e 1+en(2ﬂl++f(x)fc) -
en(Bgo,r (x)(14+b] S(h)[)' =% (h*,h") —c) en(Bgo,r (x) (140 S(h'))* ~°(h'¢,h) —c)
g(1,1) =
g(1,1) ZT 1+ (a0 COUHDISMINT 7 (he W) =e) 1 4 en(Bgo - () (1H] ST (0’ ) —¢)
he{(0,1) ',(1,0) }
h'e{(0,1)",(1,0) "}
e—2mn¢ e2n1(Bg1, 7 —¢) - e~ 2mn¢ e2n(BbT—c) . .
2 ((1+efnc)2 + (1+en(8g1,q—fc))2 =2 (1+e—m¢)2 + (1+4en(BbT—0c))2 if 6 = 1’
= 9 e—2n¢ £21((1+0) B0, 7 (x)—¢) —9 e—2ne 62"((1“7)‘3 1+l§}€f(x) - 0 =0
(14e—7°)2 (1+e"(F0)Bg0,7 G =€) )2 (1+e—mc)2 + (1+en((1+b)6%—c))2 ="y,
(B0, )1+ SN (1) —¢)  on(Bao,- () (15 S(W )1 (b by —)
§(1,2) = >
9(1,2) Tt en(Bae - GOOHHSMNT (b —) T en(Bas.- G (L0 S(W)])T 7 (k) —c)
he{(0,1)7,(1,0)7}
h'=(1,1)"
e~ e en(Bg0,r—e) e~ e en(BbT—c) . _
1+e—nc 1_,,_677(690,77@) - 21+efnc 1+4en(BbT—c) if 6 = 1’
= e—ne (14 Bap 1 () —c) g e en((1+b)ﬂ—1+§;tb(x) —e) 00
= 1 =
1+e=1° 14 n((A+0)Bgo,r () —¢) 14+e—nc 1+en((1+b)5 1+l§i€f(x) —c) ’

where the average stock of knowledge is given by h;(x) = 2(Z4(1) + Z:(2)). Note that in the limit of n — 0 we
obtain

while in the limit of  — co we obtain
lim §(0,1) = lim §(0,2) = lim §(1,2) =0

n—r00
{ﬂ{gbm} it =1,

lim g(1,1) =2 x Limgenar,  i£0=0.

n—00

We now proof part (i) of the proposition. Denote by x1 = lim; oo Z¢(1), 72 = limg o0 74(2) and z; =

limg oo £(0,1), 20 = limy 00 £(0,2), 23 = limg oo &(1,1), 24 = limy00 &(1,2) and also let g = §(0,1),
g2 = §(0,2), g3 = g(1,1) and g4 = §(1,2). The fixed point 21 = xo = 0 is stable if the Jacobian has only
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negative eigenvalues. The Jacobian is given by

_ [ Ja2
Jor Joa |
with
Jii— (1 — 42y — 22)218 — 2B(x022 + T123) — TozaB — 37 — A 20B(1 — 2x0) —x1(21 + 222+ 24)B — v+ A
S 2221238 + x2248 + ) 2w1248 — 2X
Joy — -xl(l — 221 —22)B wa(l — 211 —229)B —2B —x17203
12 0 0 2033 2x1203
—p (14 591) 0 0 0
o 0 —p(1+ g2) 0 0
22 0 0 —p (14 193) 0
i 0 0 0 —p(1+ 1g4)

In the case of 8 = 0 we further have that

2087
4b2€ﬂ(2b(zl+z2)+l )(zlfl)ﬁnp'r
2

2087
4b2€ﬂ(2b(zl+zz)+l )(zlfl)ﬁnp'r
2

77( 2687 76)
(1+ecn) [ 14e \20(@1Fz2)+1 (2b(z1+x2)+1)2

___4bBT
4b2e”( 2b(@1 o) +1 C) (22—1)BnpT
2

(2b(z1+x2)+1)2

4bBnT
(14een) | 1+e 2b(zy+o2)+1

Jor =
8b2(b+1) exp (277(%—0))(,23—1)57”)7

(S Iy AT

77( 2687 76)
(1+ecn) [ 14e \20(@1Fz2)+1 (2b(z1+x2)+1)2

___4bBT
4b2e”( 2b(@1 o) +1 C) (22—1)BnpT
2

(2b(z1+x2)+1)2

4bBnT
(14een) | 1+e 2b(z1+xg)+1

8b7 (b+1) exp (%(%—C))(Zs—l)ﬁnm

(a8 ) e 117

4b2(b+1) exp(n(%*c)) (z4a—1)BnpT
(e (e (e —))) @b +aa) 412

4b%(b+1) exp(n(%*c)) (z4—1)BnpT
(1-+een) (1exp (n( 72EE —¢) ) ) (2b(w1 +22)+1)2 |

while in the case of 8 = 1 we have that

0 0
0 0
Jar=10 0
0 0
Note that we obtain the same result for # = 0 in the special case of n — oo and ¢ > % aswellasn — 0

or 7 — 0. Moreover, in both cases, evaluated at 1 = x5 = 0 we obtain

000 0
312:{0 0 0 0]-

Hence, in both cases when z; = 22 = 0 we have that*®
det(J — /LIG) = det(J11 — ,uIQ)det(JQQ — MI4).

We have that

1
det(Joo — ply) = 1—6(2u + 910) (1 + g2p) (41 + g3p) (21 + gap),

The roots of the characteristic polynomial give us the eigenvalues us = —p (1 + %gl), e = —p(1 + g2),
s = —p (1 + ig3), e = —p (1 + %94). These are all negative an real. Further we have that at x1 = x5 =0

det(Juy — pla) = oy +p) + (v + A+ 1) (2(y + A) + ) = B(21(2A + p) + 222(a + 7).

45We have used the fact that for any block matrix, det {é ]]:3)

} = det(D) det(A — BD~'C) when D is invertible.
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Setting o = v = 0 this simplifies to
det(J11 — MIQ) =\ + o — ﬂ21)2>\ + 1%

The roots are given by

p1 = Bz1 — A
Mo = —2A.
Inserting the stationary state
pp——
YT t2

delivers Equation (35). This completes the proof of part (i) of the proposition.
Next, we consider part (ii) of the proposition. For small values of 7 we have that

bBnT b e (e 4 1 1
e e (e
21 = 2 — 5B ( )2 + 5 +0(r%)
g1+2  2ebBnm 4 en(bfTHe) 4 ecn 4 e2en (2e€ + e2¢n 4 2) 2e€M 4 4N 4 2
e2bBnT 2bpnTem (e 4+ 1 1
2= £ 2b 2b : 2en i ( 2) 2 +0 (%)
g2+ 1 26287 4 en(26B74e) een - e2en (9een 4 e2en 4 9) 2em + e2en 4 2
o208n7 1
g3 (e¥B17 feon)? + (een+1)2 bBnTe (e 4 1) 1 9
%3 = = e2bBnT 1 = 2 2 cn 2¢cn + 0 (7' )
gs+4 (B oo’ + o1y +2  (2e% 4 e2en 4 2) 2e¢ + e2¢n 4 2
bon bBnTe (e 4 1 1
e e (e
2 g4 _ 677 ( ) +0 (7.2) )

N gi+2  2ebBnT 4 en(bBTHe) 4 een 4 e2en (2e°n + e2en 2)2 * 2en + e2cn 4 2
In the case of a =~ = 0, the stationary state solves the equations

0=5 (x%(—z3) +x121(—221 — 22 + 1) + 2229(—221 — 20+ 1) — x1x2z4) — A+ (=221 — 22+ 1) + Axo
0=2 (6 (.T%Zg + x1x224) — )\acg) .
For zo we get

Btz

rTo = ——F—
2 )\—B.lel’

while solving for x; gives

1
 3YAB222(4B(3B21(21 — 22) + 221 — 22) + 1)
X (=A% 429 ABz (A + B(B23(68(21 — 22) + 1) + M12B21 (21 — 22) + 921 — 223)))
—48%28(68(21 — 22) + 1)* + 48 N2 (B(12(38%21 (21 — 22)(221 + 22)
+ B(427 — 22120 + 23) 4+ 21) — Bzo) + 1) — BZN223(48(14433 23 (21 — 22)°
+ 483221 (327 — 42120 + 23) + B(4827 — 272120 + 423) + 621 — 20) + 1)),

x1

where A = B + 6v3C with

B = 27(=86%27(68(21 — 22) +1)° + 128" N2 (B(6(365°21 (21 — 22)* (221 + 22)
+66%(21 — 22)(1027 — 32129 + 223) + B(2027 — 212120 + 723) + 321) — 1129) + 1)
— 66%\223(B(4328% 27 (21 — 22)% (521 — 222) + T2B%21(21 — 22) (3527 — 302129 — 223)
+128%(932 — 1122720 + 92125 + 423) + 2B(11727 — 782120 — 423) + 242, — T22) + 1)
+ A3(2B(4328°27 (21 — 22)* (1121 + 1622) + 216827 (21 — 22)(3327 4 192120 — 1623)
+ 726221 (6027 — 272720 — 232125 + 823) + 26%(321 — 220)(22527 + 332122 — 823)
+ 3B(7527 — 302129 — 423) + 1821 — 323) + 1)),
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and

C = BBN228(4B(3B21(21 — 22) + 221 — 22) + 1)%(129631028 23 (21 — 22)?
+ 432828 29(21 — 22)(6A21 — 18X2g + 22) + 368528 (3602 (21 — 22)% (2] — 102120 + 423) + 2723
+ 24029 (23 — 5222g + 32122 — 23)) + T287N20 (2122(27 — 112120 4 525) + 6 (21 — 22)(325 — 22222,
+ 312122 — 425) — 360221 (21 — 1022) (21 — 22)?) + 1285021 (BA(12A(15) — 8) + 13) 2}
— BA(BA(126)\ — 73) + 37) 2720 + (18X (41427 — 226\ + 29) — 5)2725 — 24N(T2A(2\ — 1) + T)2z125 + 12)23)
+ 2435 X221 ((6A(75X — 13) + 3)23 + (9(55 — 336 \)\ — 10)2725 + (37267\% — 681\ + 31)2, 25
— 2(3X(192\ — 35) + 2)23) 4 BINZ22 (12M(59T\ — 43) + 4) 25 — 4(9144)% — 507\ + 1)z3 29
+ (12X(2703)\ — 253) 4 37) 2125 + 432X\(1 — 16))23) + 283A322(6(199\ — 6)23
+ (79 — 43500) 2225 4 2(1506\ — 71) 2123 + 4(1 — 960)23) + BZA321 (413X — 4)23 + 4(1 — 250)) 232,
4 2(326\ — 5)z125 — 32X25) + 28M 21 (1727 — 262120 + 2023) + AN (2F — 2120 + 22)).

To determine the stability of the fixed points, observe that in the case of 7 — 0 the block element Js; of the
Jacobian J is an all zero matrix, so that

det(J — /LIG) = det(J11 — ,uIQ)det(JQQ — MI4).

We know that the characteristic polynomial det(J22 — p14) has only real eigenvalues. Moreover, in the case of

’y:Oandc:Owher621:22:23:24:%Wehavethat

det(Jy; — pls) = 2—15 (25(ap + (A + 1) (2X + ) + 282 (21 + 22) (221 + 222 — 1)
+58(—=2X — p+ a6z + 4dxe — 2) + 2(3N + 2u) (21 + 22))) -

The roots are given by

1
e = 15 (7504 — 15X+ /2502 + 150ah + (A + B)2 — 10aB(8a1 + 4z — 3) + B(—4wy — 4xs + 1)) :

The eigenvalues are real if the term under the square root is positive. Using the fact that z; = 5)‘(%25” and

T = —(B_;zk)z

we find that this is equivalent to

2000\ + B2 +58(A — 2a)
B

2 10a (B — 20A)(BA + 5)

25
B

+ (5A+B)* > (BA+B)

> 0,

which holds if a < 3.
In the following we prove part (iii) of the proposition. In the case of n — 0 we have that 21 = 25 = 23 =
Z4 = % Setting also v = 0 we obtain for the fixed points

0= —Bz1(z1 + z2) + 2ax1 — 2\x2,

0=

Ul = ol N

(=3BzT 4+ 21 (=5 — BA+ B — 4Bx2) + 22(5A + (B — B12))) .
The solutions are given by x1 = x5 = 0, or

. 2a(A —ba) + AM(—25a+ A — )
2 = )

2a3
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and

1
n=gs [150% + 450X — 2A(2a + A)

+a (100aX® + A? (—=175a” + 2B8(8 — A) 4+ 10a8) + o (25a° + B(4A + 55) + 10a8)
+20 (8 — 50)? — AB))? +a2B + 2aﬂA] ,

where we have denoted by A = /100X + (5 + n)2. Since the block element Jo1 of the Jacobian J is an
all zero matrix when 1 — 0, the same reasoning as above shows that the Jacobian has only real eigenvalues.

Finally, we give a proof of part (iv) of the proposition. When b7 > ¢ in the case of § = 1 and % >c

in the case of & = 0 then in the limit of n — oo starting from an empty graph K, we have that

z1 = 22’4:0,

N
)

Wl

23 =
The fixed points of Equation (43) then satisfy
0=2 (%ﬂzf +z1(a+7) — )\z2>
0=~-— %ﬂxf —z1(a+ 37+ A) —yze + Axg

and the solution is given by

=307 = 3(y+ )% + \/12672A +9(ay + (v +2)?)°
r1 = )
2By

and

T2 (30474-372 — 69\ — 32 + \/12ﬁ72)\+9(a7+ (7+)\)2)2),

1
12692\

X (3047 —3(y+ M)+ \/1257% +9(ay+ (v + >\)2)2) .

For v = 0 the unique solution is z; = x5 = 0. In the case of # = 1 we have that the block element Jo; of the
Jacobian J is an all zero matrix. The eigenvalues of the Jacobian are then determined by

det(J — /LIG) = det(J11 — ,uIQ)det(JQQ — MI4).

We know that the characteristic polynomial det(Joo — uI4) has only real eigenvalues. Moreover, when z; =
z9 = 2z4 =0 and z3 = % we have that

det(Ju1 — plo) = a2y +p) + (v + A+ )20y + A) + 1) + %Bwl(% + ).

The roots give us the eigenvalues

1
P2 =g <73oe =97 = 9X — /A2 + 18\ (B + 7 + 2Bx1) + (3 — 3y + 2B21)2 — QB:El) .

Since the term under the square root cannot be negative, we find that the eigenvalues are real. In the case of

0 — 0 and 2b+1ET

1 < ¢, we have that z; = z; = z3 = z4 = 0 and the characteristic polynomial is given by

det(Ju — pla) = a2y + p) + (v + A+ p)(2(y + A) + p).
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The roots give us the eigenvalues

(i\/aQ—2a(7—3)\)+(7+)\)2—a—37—3)\).

N~

Hi2 =

These eigenvalues are real if A > 3. O

Proof of Proposition 11. In the following we also consider contributions to m;(h,h’) originating from
changes in the technologies h and h’ of the firms that are of the order of o(p) in Equation (99):

my(h,h')

(1) = i (0)pg(b, 1) (1 ) - ot f 4

nt(h)nt(h’)

a . N . my(h — ey, h') . N (b, )
+I; (he=1} (v + a(h — ex, 1)) ny( *ek)—nt(h_ek) *; {(he=0} (7 + a(h,u)) ny( )7nt(h)

- B

N

m(h + eg, h') m my(h,h')

+A 1, —ovne(h+e ——)\ 1 n

; {hr=0} t( k) ne(h + er) Z {hr=1} t (h)

N
" mi(h — ey, h') 7e(h',h — e, ')
By L=y >, mih—enh”) ﬁ{h”#h'}m Tl (1 e )
k=1 h" €HN:h}/ =1

! Tt(h/,h,h/)>:|

N
mt(ha h )
*ﬂ 1 h1.=0 mt(h,h”) |:]l h/#£h/Y 7~ +1 h’’=h’ 1+
; {hx }h//eﬂzN;hg—1 {h"#h’} ,(h) { } me(h, h')

g I g0 —er) (b, b)
+;11{h;.:1} (v + (b’ — ex,u)) ny(h' — ey) (b — o) ;]l{h/_O} (v 4 a(h’,u)) ny(h') )
N
’ mt(h h' +ek (h h/)
A2 Mo e)T ey ‘AZ“W*W (N

N
h,h' — eg) 7t(h,h’ — eg, h)
Ty — W — e h") |1, om0 g () (BB e h)
+BZ = h//e};}w—l mt( o ) |: {n7h) nt(h/ 7ek) - {n7=h} - mt(h/ 7ek’h)
thy =

N
h' h) 7¢(h,h' h)
- ]l r— h/ h// ﬂ " L ﬂ 11— 1 % .
ﬂ; {h},=0} Z mq (B )[ {h”#h} ne(h') + 1nr=n} + me (', h)

h €N :h)=1

(99)

We now explain each of the terms on the RHS in Equation (99). Part A takes into account the contribution

due to link creation or removal. The rate at which links between firms with technologies h and h’ decay is
given by pn;(h)n;(h’ )%, where ny(h)ny(h’) is the expected number of pairs of firms with technologies

h and h’ that are selected, and % is the probability that a link exists between them. Similarly, the

rate at which such links are created is given by pn:(h)n:(h’)g(h,h’) (1 — %), where 1 — % is

the probability that a link does not exist between the firms with technologies h and h’, and g(h,h’) is the
probability that they want to form a link when they have the opportunity.

The remaining parts, B, C, B’ and C’ capture contributions stemming from changes in the technologies
h and h’ of the firms.

First, we consider part B which captures either gains due to the discovery of h by a firm with technology
h — ey, gains trough obsolescence of idea k of a firm with technology h + ey, losses due to successful in-house
R&D of a firm with technology h, or losses due to obsolescence of an idea of a firm with technology h. The
rate at which the first happens through in-house R&D is given by (v + a(h — eg,u)) ni(h — e;). Moreover,
the expected number of links to firms with technologies h’ in which a firm with technology h — ey, is involved
is given by "ﬁl(t?h_ifg:;) Summation over all k =1,..., N gives the first equation in B. In the same way, the
second term captures the rate of decline through a firm with technology h learning about a new idea k it does
not possess yet, i.e. hy = 0, which happens at a rate (y+ a(h,u))n:(h) and the expected number of links

to firms with technology h’ involving the firm with technology h given by mfl(tl(’l’ll;,). The third term captures

the loss of an idea of a firm with technology h + e, which happens at a rate An;(h + ex), and the expected
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my(h+ey,h’)
n¢(h+ey)

Finally, we need to consider the loss of an idea k by a firm with technology h, which happens at a rate An;(h),

and the expected number of links to firms with technology h’ involving a firm with technology h being given

by m;sl(jﬁlgl). Summation over all k = 1,..., N gives the last equation in B.

number of links to firms with technology h’ involving a firm with technology h being given by

Part C captures contributions due to technology spillovers. The first equation corresponds to a firm with
technology h — e, learning about the idea k from linked firms with technology h” which have the idea k,
i.e. h}l =1. The rate at which this happens is Sm.(h — e, h”). We then need to consider two cases. First,
assume that h” # h’. Then the expected number of links created is given by the expected number of links to
%. Second, assume that
h” =h’. Then (at least) one link between a firm with technology h and technology h’ is created. Additional
links are created if the firm with technology h — e, which has learned from the firm with technology h’,
has other neighbors with technology h’. The number of such neighbors for each link between a firm with

.(h’,;h—ej,h’)
T;nt(hfe;:h’)
and technologies h” with h} =1 gives the first equation in part C'.

The second equation in part C' captures the losses from a firm with technology h which is connected to a
firm with technology h’ that learns about a new idea k (that is hy = 0) from a linked firm with technology h”
with A} = 1. Similar to the discussion in the previous paragraph, the rate at which this happens is fm;(h, h")

times the expected number of links to firms with technology h’ involving a firm with technology h, which is
% for all h” # h'. Moreover, when h” = h’ additional links are created if the firm with technology h,

which has learned from the firm with technology h’, has other neighbors with technology h’. The number

of such neighbors for each link between a firm with technology h and a firm with technology h’ is given by

% Summation over all k = 1,..., N and technologies h” with hj] = 1 gives the second equation in

part C.

Part B’ is identical to part B but with the roles of h and h’ exchanged. Similarly, part C’ is identical to
C but with h and h’ exchanged.

In the following we make a pair approximation as in Gross et al. [2006]; Keeling and Eames [2005]:

firms with technology h’ involving a firm with technology h — ey, which is

technology h — e, and a firm with technology h’ is given by . Summation over all k =1,..., N

me (hv h/)mt (hla hl/)
¢ (hl)

Tt (h7 hlv h”) ~

In particular, we then obtain

Tt(h,hl,h) - mt(h,h') o nzt(h, h/)
me(h’,h) — n(h))  a (b))

Introducing the rescaled variables 8 — SB/n, ¢ — ¢/n, §/n — 6 (8 — B/n, ¢ = ¢/n and n/d — nn/é,
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respectively), and dividing by n? we can write Equation (99) as

z¢(h,h') ) z¢(h,h’) }

P (0.1) = i) () gt ) (1 -

z(mz, W) ) "z, W)

+§ Loy 1+ alh = o ) ath e % G2 = 3 0 0+ i) ) 2
+)‘é1{hk—0}xt(h+ek)% *)\Z]l{hk 1}zt Zt(h( l;)
_ ﬁén{hk_o} h”EHzN;hg_l z(h,h") [ll{h”#hf}% + Lpren) (% + %)}
T é Lip =1y (v + a(b’ — ex,u)) 2 (" — ek)% ; L —oy (v + a(h’, w)) xt(h’)_Z;(t}(‘ijl)/)
+A i L —oywe(h' + ek)M - A i ﬂ{hf.zl}xt(h’)M

k=1 z(h' + ep) " x¢(h')
+ Bkzzi]l{hi—l} h”E?—;hz—l zi(h' — ey, h") []l{h”;éh}% + Linr=ny (% + %)}
w3 00 [t ST e (G 250 10

84



Equation (100) can be further written as

F.(h,h") = z;(h)z,(h") [pg(lmh’) (1— 2L ) G }

w@zW)) ~ wb)w W)
N
zi(h — e, h) z(h, h')
Ly, — h - h — _ L, — h h)———=
+ 2 MmO+ ath = enw) ze(h = e) TG00 = 3 Loy (74 b w) B} G
N
Zt(h+ek, Zt(h h)
A 1y, — h —_— 2 A 1
" g re=oyulht-en) <h+ek Z o=y e )= Ty
N
zt(h —ep,h")z:(h — e, b)) f
+5Z]1{hk:1} Z (b —er) + gZ]l{hk:1}]1{h;€:1}2t(h—ek7h/)
k=1 Y eHN by =1 k=1
N N
zt(h,h")z¢(h, h')
- 52 Lin,=0y Z i . )( Z Lgn,=0y L gn, =13 2¢(h, h’)
k=1 h €HN Y =1 t Ly
N
’ ’ Zt(h h' / Zt(hv h/)
+ > A=y (v+ (b — ey u) zy(h' — ek)m Z]l{hk—o} (v + afh’,u)) 2 (h )W

k=1

N N
h, b/ +ey) zi(h, k')

by T h’ . ’%(’7 — T 22— —7
+ 3:1 (n, =0y e (h' + ey) (b T or) 321 (ny =1y () o (b))

N N
zt(h' —ep, h")z:(h,h' —ep) 6
+5 E Lin =1y E + E_ =13 Lgn,=1y2e(h" — ey, h)

I _
P TN =1 (b —eg)
N N
a(0, W)z (W, h) B
=B =0y D z,(1) == Lig=0y =1y 2(W, ). (101)
k=1 h""eHN:h)/ =1 k=1
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From Equation (101) we obtain

N =g 2. (h’ / _ zt(hvh/) _ Zt(hah/)
P b) = ) () [po(h i) (1 SR ) - S
%[Xﬂm 1y (1 b — e ) (B o) — D B,y (74 B, w) ()
k=1

+>\Z]l{hk O}IL't h+ek )\Z]l{hk 1}$t ‘|

=t (zt(h—ek,h') _ Zt(h’hl))

+ Z Tip=1} (v + alh —ep,u)) 2:(h —ey)

1 IL't(h — ek) IEt(h)
N
ze(h + e, h') zt(h,h’)>
+ A 1, —orxi(h+e -
; {hr=0} t( k) ( $t(h+ek) ZCt(h)

N h— ey, h")z(h, b/
+ﬂz]l{hk—1}[ Z & e];c;(h))Zt( -
k=1

h""eHN:h)/=1

zt(h —eg, h) ze(h —ep,h’)  z(h,h') "
| TV — E h — h
=1 n i zi(h —ey) z¢(h) 2t(h —ex, b)
h/eHN Ry =1

N h,h’)z(h, b’ h, b/
752]1{}%:0} |: Z Zt( axt)(;t)( ) )+11{h":1}2t(7,; )]

h""eHN:h}/=1
z h h N
ze(h, ') [Zﬂ{m -1 (v +alb’ —ek,U>)$t(h’7ek)—le{h;czo} (7 + a(h’,u) z;(h)
k=1
N
+)\Z ]l{h’fo}wt +ek )\Z]l{h/ ,1}:515 ]
k=1
+ i 1 ( + <h/ e u>) (h/ e ) Zt (l’l7 h/ —_ ek) 2t (h, h/)
/. o _ ) T B ’ B
k=1 {n,=1}3 \¥ ks t k xt(hl —ep) xt(h’)

(zt(h,h’—i—ek) zt(h,h’))
Tt (h/ + ek) Tt (h/)

N
+ A Z ﬂ{h%:o}xt(h/ + ek)
k=1

Z 2t (hl — €L, hI/)Zt (h, hl)

N
+lel{h;c:1} xt(h/)
k=1

h""eHN:h)/ =1

zt(h' — ey, h) zt(h' —ep,h)  z(h,h') , ”
Ly, — — h' — h
=y n + z¢(h' —ep) z¢(h’) Z ai ex, )
W €HN kY =1

N h.h")z (W, h h.h
521{%—0}[ > = ,xt();f)( g, 1}7( )]-
k=1

h/ €HN b/ =1
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This can be written as follows

F.(h,h) — 20(R)as (1) [pgal, n) <1 -

2(h, ') day (h) z(h—ep b))  z(h h)
a2 M (ol = e —en) (32 - )

amb) \  z(hh)
xt<h>xt<hf>) ”xt<h>xt<hf>]

A Tg=oyai(h
+AY I gn—opai(h + ex) z.(h + eg) ¢ (h)

k=1

a h— ey b h— ey b/ h. b/
+ Bzﬂ{hkzl} |:]1{h§€—1} &l o, 1) + (Zit(h fke’k) ) — Zit(’h) )> Z zi(h — ek,h”)]

n
k=1 h"€HN Y =1

N (zt(h-l—ek;hl) Zt(hah'))

/8 N
T n Z Lin=0yLin, =1y 2¢(h, h')
k=1
h )dl’t(hl

+Zﬂ{h'—1} (v + afh’ —ep,u)) z;(h' —
k=1

o) <zt(h, h'—e;) z(h, h’))

dt ze(h —er)  x(h)

A

h,h' +e;) z(hh')
A P h/ Zt( ) _ )
+ Z {hk_O}xt( + ek) ( IL't(h/ ¥ ek) l't(h/)

s(h' —eph) [z —eph)  z(hh)
22 (e xt<h'>>h,,z

+5Zﬂ{h'—1} {ﬂ{hk 1} -
k=1

B

n

2¢(h' — ek,h”)]

EHN Ry =1

2

> Ay —opln,—1yz(0', h). (103)
k=1

This is

F. (B, b) — 20 (B)as () [pgal,h') <1 -

z¢(h,h') dzi(h) zi(h —eg,h')  z(h,h')
() ar +I;11{hk—1}(7+04<hek,u>)$t(hek)( z:(h — ex) - xt(h))

(zt(h +enh)  zh, h’))

24(h, ) ) -1 (h, ) ]
z¢(h)x:(h') z¢(h)z;(h')

N
+ A Z Lip,—oyze(h +eg)

1 IL't(h + ek) IL't(h)
N
zi(h —eg,h’)  z(h,h') "
Ly, — — h — h
+ ﬁ; {he=1} ( zi(h — ey) z¢(h) » ; v = o 1)
— EHN =1
N
z¢(h, h') h' , zi(h,h" —ey)  z(hh’)
ZCt(hl kz hj =1} 7+O‘<h ek7u>)zt(h ek’) .Z’t(hl _ek) ZCt(hl)

N
A T = h’
+ Z {hk_O}ZEt( +ek) IEt(h/ +ek) IEt(h/)

k=1

N
h' — h h, h’
+ﬂzﬂ{h;c:1} (Zt( e, h)  z(h, )> Z 2(h' — ey, b

— xi(h/ —eg) x¢(h’) nreHR 1

(zt(h, h' +er) z(h, h’))

N
ﬂ B
Z Lin=y Ling=1yze(h —ex, b') + = ,; Lgny =131 gn,=1y2e(h’ — ep, h)
N

_ _Zt 1’1 hl Z (]l{hk:O}]l{h;:H’ + ]l{h;:o}]l{hkzl}) . (104)
k=1
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Using the fact that

N
Zﬂ{hk:o}ﬂ{h;:u = (h,h’),
k=1
N
Z ﬂ{h;ﬂ:o}]l{hk:l} = <h/cv h),
k=1

we obtain

F.(h,h') = 2¢(h)z(h) [pg(h,h’) <1 b b ) et }

2@z (0)) i) (W)

z(h, W) dry(h) & z(h—ep, b)) z(hh
+ﬁ df‘; ) +};]l{hk:1} (’Y+O‘<h7ek7u>)zt(h7ek) ( ZC(t(h—kek)) - ZC(t(h))>
N z(h+teph’)  z(hh
+ )\Z]l{hk:()}l‘t(h + ek) ( z(t(l;’:i»kek) ) _ z(t(h) ))

k=1

N
Zt(h ) h/) Zt(hv h/) "
+ﬂ;]l{hk:1} < xt(h—ek) - .Z't(h) > Z Zt(h*ek,h )

h" eHN:h)=1

"y day (h' N 2 ' _ e z(h, b’
+ %d d(th ) + Z Ly =1y (v +ab’ — e, u)) 2 (h' — ey) < x(t}(lijl_ ekl;) - x(tl(lhl/l)))
k=1

(zt(h, h'+e;)  z(h, h/))

N
+ A Z ]l{h;:()}l't(h/ + ek)
k=1

N
h' — h h, h’
+Bzﬂ{h;€:1} <Zt( ep, h)  z(h, )> Z 2(h' — ey, h")

Pt ze(h' —ey) z¢(h) WM 1

Z't(h/ + ek) Z't(h/)

N
+ § ; Tgn,=13Lgny =1y (2:(h —ep, h') + 2:(h' — ey, h)) — gzt(h, h)((h¢,h’) + (W', h)).  (105)

Using the fact that plim %ﬁ’h,) = F.(h,h"),*S and dropping terms of the order O (1) in Equation (105)

1
n
n—o0

46The same argument as in the proof of Theorem 1 holds. In particular, note that the RHS of Equation (105) is
Lipschitz in +(-) and 2¢(-, -), as it is composed of either linear terms, or has derivatives that are products of (conditional)
probabilities, which are all bounded. It then follows that Kurtz’s Theorem can be applied to establish convergence in
probability to the mean dynamic.
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yields

dz(h, ') , ) 2 (h,h') z(h, ')
a - obnd) [” 9(h, ') <1 N xt(h)xt(h’)) s xt(h)xt(h’)}
z(h,b) dzy(h) z(h—eph')  z(hh)
2 ey (e w) (e (2o - 2 )
a N o (2 terh)  z(hh)
+)\;]1{th0} t(h+ k)( :L't(h+ek) :L't(h) )
al z(h—ep,h')  z(hh) ,,
Jrﬂ;]l{hk:l} < nh—er)  ze(h) >h“e};h”—12t(hek,h )

z¢(h,h') dxi(h')

o) dt

N
' e ) (b — e ze(h,h' —ey) B z¢(h,h’)
+ ; 11{%:1} (v +ath k) ¢ (h k) < z,(h/ — ep) z:(h) )

N
zi(h,h' +er)  z(h, h’))
A Ly — h' + —
+ 321 (n,=0p e ( ek)( (00 + o) 21 (1)

N / /
Jrﬂz]l{h’:l} <Zt(h —eyh) Zt(h,h)> Z Z(h' — ey, h). (106)
k=1

ze(h' —ey) z¢(h) b eHN Ry —1

Equations (74) and (107) now represent a closed system for the variables a;(h) and z;:(h, h’). We next introduce
the variable

N Zt(hahl)
S = ey
for which we have that
dft(h7 h/) _ 1 d,z,g(h7 h/) zt(h,h') 1 dwt(h) 1 dxt(h/)
i mmm)  db () (i) (:pt(h) it mm)  dt ) '
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Using Equation (107) we then get

RO () (1 (0, W) — pé(i, )
. [ 1 da(h) 1 da(h)
+€t(h’h)(xt(h) i ) dt )
’ 1 dlL't(h) 1 dZEt(h/)
gt(h’h)<xt(h) dt zi(h')  dt >
N
o e ZEt(h*ek) Zt(h*ek,h/) B Zt(h,hl)
# 3 L) 0+ ol — ) 2 (SRS - H )

xe(h+ eg) ( zi(h +eg, ) z¢(h, h') )
xe(h+ep)zi(h’)  x¢(h)z (')

N
+)\Z]1{hk:0} z,(h)

k=1

zt(h — e, h') B z¢(h,h') zt(h — e, h")
*521{“ 1 (o o wt<h>xt<hf>)h,/e§h,k,_l zi(h)

+ i Lin =1y (v + o’ — ex, u)) xﬁ/(h/; 2 @:Sl’_h;k);ﬁl) - xt?tlg};xtl<il>)
+ AZ 1 ng=0) I)e : (xj(tl(thrhe:;;k(il) - x;th};z}:(L)>
This is
R o) (1 - &b, 1)) - p&(h. W)
N i Ly (04 ath = o)) 02 60— 0 1) - (0 )
+>\;]l{hk 0}%<&<h+ek,h'>a(h,h'»

+5 Z Lpon) (Gh—enh) ~&01) Y G- e ® ;féff (1)

k=1 h"€HN:hY =1
al x(h' —eg)
+ Z T =1y (v +alh’ —ep,u)) Th,)k (&(h,h' —eg) — & (h,h'))
k=1
al 2. (b + e)
FAY Lm0y ™ (Gl b+ ) — (W)
k=1
N r_ "
+ 52 Lin =1y (&(h" — ex,h) — &(h, b)) Z &(h' — e, h”)wt(h ek2xt(h ) (108)
k=1 h" €HN Ry =1 @ (W)
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We then get

A1 — g, ) (1~ &(, ) — ()

al z.(h — e)
2 Ly (7 -+ el — e w) =P (6(h e ) — (b 1)

k=1

N x(h' —eg)
+ 3 Tgng=1y (7 +a(b’ — e, ) Tl (&(h,h' —ex) — & (h,h'))

k=1

h
+A;ﬂ{hk }% (€ (h + ex, ) — (b, 1))
¥ AZ Lo 0 6+ 00) — (B 1)
63 L (6 - ek —GmE) Y - e w2 ;e(’;f)””t(h )
k=1 h €HN Y =1 t
+ ﬁZﬂ{h L@ —en ) —ghh) S & — ey, e eRnT) )
h”E’HNlhgzl xt(h )
O

Proof of Proposition 12. Summation over all h € H” with the property that |S(h)| = s and h’ € HY
with |S(h')| = ¢’ and inserting the definition in Equation (90) into Equation (55) gives

dls, ) _ pg(s,s") — p(1+g(s,5"))&(s,8)

+ L 3 i]l (v + ah— e ) TR e )~ g (b))

(I;f) (JSV) e T s {h=13 ¥ k> ) t k> t(,
h'eH™N:|S(h)|=s'

+mm Z Z]l{hjczl} (7+Oé<h'—ek,u>)%(&(h,h/—ek)—&(h,h/))

heH™N:|S(h)|=s k=1
h'eHN:|S(h)|=s'

H%ﬁ > Zﬂ{hk o) h“’“)<£t(h+ek,h’>fst(h,h’>>

s/ \s") henN:S(h)|=s k=1 (h)
h'cHY:|S(h)|=s

H(—}v)ﬁ > Z]l{h' o2 +f“ (& (b +ex) — &(h, 1)

s’ N s k=1

Rt e

x¢(h — eg)z(h")
IEt(h)

+5mm > > dgn—ny (Gh—eph) = &(hh) > &(h—eh”)

heHN:|S(h)|=s k=1 h €N by =1
h'cHN:|S(h)|=s

xi(h' — ep)z (")
ZCt(h/)

+ﬂﬁﬁ S S g Gl —enh) )Y G e

heH™:|S(h)|=s k=1 h€HN:hY =1
h'eH™N:|S(h)|=s

(110)
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Note that

> > w+al$(he@|>%&(hek,h’)
h/€HN:|S(h)|=s’ he HN:| S(h)|=s keS(h) t
- X > X Gerasm o amm)

h’eHN:|S(h)|=s' he HN:

S(h)|=s—1 k€S (he)

) 1
= > > (v + al S()|) ze(h)é (b, b)Y~ zi(bh o)

h'€HN:|S(h)|=s' heHN:| S(h)|=s—1 keS(he)

- Z T (a1 BETDEEZLS) o

T\ S
b/ €HN:[ S(h)|=s' heHN:| S(h)|=s—1 t(s) keS(he)

= Z (v +a(s —1))

(s—1,s)

(N—-s+1)

1 1 zi(h—e /
.2 Z Z(wmsmek)wwst(hek,h)

") h'eHN:|S(h)|=s’ heHV:|S(h)|=s keS(h)
Zi(s = D& (s — 1,6)

= s(y+als— 1))

T4 (s)
Similarly, we have that
zi(h—e
> S Y (ralsth—en) e )
h’ N. — ! N. Z't(h)
€HN | S(h)|=s' heHN:| S(h)|=s k€S(h)
z¢(h
> S Grasih)—P g mew)
N xi(h+eg)
h/€HN:|S(h)|=s' heHN:| S(h)|=s—1 keS(he)
&(h, b
- ¥ S Grasmham Y S
N. It(h+ek)
h’eHN:|S(h)|=s’ he HN:|S(h)|=s—1 keS(he)

- > )RR LI LAY

h'€HN:|S(h)|=s' heHN:| S(h)|=s—1 keS(he)

(
= Z (7+a(s—1))( 1()t( )(N—s—i—l)

S
h/€HN:|S(h)|=s' heHN:| S(h)|=s—1 Tt

)
:(v—i—a(s—l))w(]\[_s_,_ ( )(1\/7)

Zt(s)
Hence, we get

1 1

) > X Grrash-e) "2 e )

N
( s ) (s) h’€HN:|S(h)|=s' he HN:|S(h)|=s keS(h)

s(v+o¢(s1))ft(5+()§)t(575/)'
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Next, we have that

> > > xth+e’“ &(h + e, h)

h/eHN:|S(h)|=s" heH":|S(h)|=s k€S(h°)

Thus we get

1

1
T,

_ Ti(s+1)&(s+1,8)

Similarly, we have that

We then get

h'eHN:[S(h)|=s" heH":|S(

S(h
gm0 ()

Tt (h)
Tt (h — ek)

2 PN

h/€HN:|S(h)|=s' he HN:| S(h)|=s+1 keS(h)

Z Z Tt (h)ft(hv h/) Z

§e(h, h')

1

W EHN | S(h)|=s' heHN:| S(h)|=s+1 keS(h) y(h —ex)
Z Ti(s+ D&(s+1,5) Z
h/EHN:|S(h)|=s' heHN:| S(h)|=s+1 Zt(s) keS(h)
Z Z ft(s+12€t(s+1,s’)(s+1)
W EHN | S(h)|=s' heHN:|S(h)|=s+1 Zi(s)
,
)

> ) xt2+ek t(h + ey, )

h/eHN:|S(h)|=s" he #"V:| S(h)|=s kES(h®)

(N =)

i't(S)

Sy e amw)

h)|=s k€S(he)
22
2.

>

Z't(h)
x¢(h —eg)

§(h — e, )
Z $t —ek)

keS(h
>

ZCt(S + 1)615(57 S )
keS(h)

>

h/’eHN:|S(h)|=s" he HN:

&(h — e, h)
S(h)|=s+1keS(h)

h’eHN:|S(h)|=s' heHN:|S(h)|=s+1

2

h/e’HN

>

h/e’HN

>

(h)|=s’ heHN:|S(h)|=s+1

>

)|=s" heHN:|S(h)|=s+1

T4 (s)
Te(s + 1)_t(s,s’)
jt(S

(s+1)

N

> >y eam

h/eHN:[S(h)|=s" heH":|S(h)|=s k€S(h)
,CCt(S + 1)615(5) S )

th(S)

(N —s).
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Moreover, we have that

) S Y @hoenk) - hmn) TS S e W ()
h/eHN:|S(h)|=s" heHN:|S(h)|=s k€S(h) zt(h) h"eHN:h)=1
n(h)
= ) > > (&mb) —g(h+eph) ——L— > > & (h,h")z, (h")
h'€HN:|S(h)|=s' heHN:|S(h)|=s—1keS(he) wy(h+ep) ”

s/ =1h"eHN:h!'=1,|S(h")|=s

_ N
= Z Z Z (gt(s o 1, S/) - gt(S,S/)) :CtES — 1) < /N 1)&(8 -1 S//) (S//)
h'eHN:|S(h)|=s' heHN:|S(h)|=s—1 keS(he) To(s)  SZ\S
Zi(s—1) o~ [ N
-3 > s @1 -G TE Y (Y a6 1nm)
h/EHN:|S(h)| =5 heHN:|S(h)|=s—1 T(s) o \s
N \ /N , ) e 1) N )
B < - 1> <> (V=s4 1) (Gls ~1.5) = &l=) “fgf(s)l) 2 (7 1)@(5 = 1,8")a(s").
s''=1
We then get

1%/ : Z Z (&(h —eg, ") — & (h, h/))M Z & (h— e, h" )z (h")
( ) (s’) h'€HN:| S(h)| T

s h)|=s’ heHN:|S(h)|=s k€S (h) t(h) neHN h=1
- N
=5 (&(s—1,5") = &(s, ) xt;(;)l) 52::1 (S,,N 1) &(s— 1,8 )z (s").
Collecting the above terms in Equation (110) delivers
d_ /
) pg(s,') — (1 + (s, )Euls, )
+strtals =) MO @ - 1) - 6ls.)
+5 (v+a(s —1)) % (&(s' —1,5) — &(5',9))
+ )‘xtij(l»)l) (N - S) (gt(s + 15 SI) - gt(sv S/))
(s +1)

+A Ze(s') (N =5 (&(s" +1,8) = &(s, )

_ N
+ Bs (f_t(s —1,8) — &(s, s’)) xtEs —1) Z <S//]\i 1) E(s—1,8")T4(s")

.’L't(S) s'=1
#0 @19 &) P 30 (LT ) -1 y



This can be further simplified to

% = pg(s,s') — p(1 + g(s,5))&(s,s)
jt(s — 1) ¢ / ¢ / ol N = MN= (M
T Tae) (Ee(s = 1,8) = &(s,8)) s | (v +als — 1)) + Bsgl (s// - 1)@(5 —1,8")Z(s )]
—jt(sl_l) ¢ (o (o / / al N co IN= (M
) (&(s' = 1,8) = &(s',9)) 8" | (v + a(s’ — 1)) +5s;1 (S,, B 1)&(5 —1,5")Z4(s )]
+ )\ft;j(‘!;l) (N —=3s) (&(s+1,5) = &(s,8) + )\%(]\[ — ) (E(s' +1,8) — (5, ). (112)

Equations (23) and (112) provide a complete system of ODEs to describe the time evolution of #;(s) and
&(s,s). O

Proof of Lemma 2. When we start from the initial condition hjz o =0foralli=1,...,nand k=1,...,N
at early times ¢ quadratic terms in O(y;(t)y;(t)) are negligible, and we can analyze the ODE

dy; (t -
W) ) + B e ) (113)
=1
In vector-matrix form this is
dy(®) _ A t) + BAy(t
dt =vyu— (A +7)y(t) + BAy(t).

We can write y(¢) as a linear combination of the eigenvectors {v}}_, associated with the eigenvalues {u,}7_;
of A, that is

n

y(t) = cr(t)vi.

k=1

Inserting into Equation (113) yields

S T gy = 3 i) — (At e(t) + Bier(0] vie
k=1 k=1
Using the othonormality condition of the eigenvectors (v, vy) = 05 we get

dck (t)
dt

=y(u, vg) — (A + v+ Bk )ck-

The solution of this ODE is given by

1

= X

(7 4+ A = Bui)er(0) 4w, vi) (0FA=Pmr 1) | em Ao,
From the initial condition it follows that cx(0) = {(0,...,0) ", vx) = 0, so that we get
er(t) = _rwve) (1 _ e*(’7+)\*ﬁ#k)t) .
Y+ A= Bk
Consequently, it follows that

7{u, Vi) (1 _ e—(v-l-/\—ﬂuk)t) Vi.

yt) =) ——~—a—
=T A = Bk

Because for @ = 0 the different knowledge categories are independent, we then have that E(]S(hy)||G) =
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Proof of Proposition 8. In the stationary state dyl(t) = 0 we obtain from Equation (50) that
n n
— A+ +8 Z aijy; — B Z Qi YilY;-
j=1 j=1
This can be written as

v+ B0 iy,
Ay + B30 aijy;

Yi =

For B> X\ 4+ v we immediately see that y; = 1. In contrast, for 8 < A 4+ v we get

g
yi:A >\+ryzaz]yja
which can be written as 5
s
u+——A
D vy Aty Y
If /\ﬁv < , where p; is the largest eigenvalue of A, the matrix I,, — )\LMA is invertible, and we obtain

Y B - 0 B
= 1, — A =——b|G +— .
y )\+7< A+ > v A+ ( A—i—v)

We have introduced the Bonacich centrality vector defined by [cf. Bonacich, 1987]
~S o
k=1
for ¢ < 1/p1. The Boncaich centrality can also be written as

bi (G,¢) =1+ ¢di +¢° Y aid; + O(¢°).

=1

For 8 — 0 we then find that y; = )\Lﬂ,

process with birth rate v and death rate A.
We further find that the steady state values for y; can be written as a continued fraction expansion

which corresponds to the steady state values of a pure birth death

A
yi =1— Aty
1 T ﬁ n
L+ 555 D001 @iy
A
L Aij
1+ 35di - ooy 2 _
1+>\_~€'de_ '

This gives us an upper bound on y; given by
X
5
0<y; <1~ m
O

Proof of Proposition 9. The proof follows from the fact that the graph G € G(n, m) that maximizes the
sum of Bonacich centralities is a nested split graph [cf. Belhaj et al., 2013; Konig et al., 2014]. O

Proof of Corollary 3. From Equation (51) and the symmetry implied by a k-regular graph we know that
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the
A

pee]

yzliiﬂa

for 0 < k < n — 1, where we have denoted by y = lim; o E(X;()|G) and X;(t) = 1y, ,—1}- Solving this
equation delivers

_1+7+>\ 2)\('y—ﬂk)+(’y+ﬂk)2+)\2_1
Y= ok (7 + )2 '
)

Proof of Corollary 4. In the star K; ,-1 we have two types of firms, the one in the center and the ones
in the periphery. W.l.o.g. we denote by y; the asymptotic probability of the central firm to have knowledge
of the technology, and by yo the corresponding probability of a firm in the periphery. From Equation (51) it
then follows that

A
Ay
ylflf )
1+ 52 (n = 1ys
A
v
Yo =1—
1+%y1

The solution is given by

oy = (r+A)?°
T 28(y A+ B(n— 1))

y <\/47A3 + M+ 202 (392 4 2(=(n — 1)) + Byn) + 4y B+ ) (y + B(n — 1)) + (B +7)%(v + B(n — 1))?
(y+ )1

BBn—1)—~(n—2))

- (7 +2)2 - 1)

_ (r+A)?°
26(n—1)(B+v+A)

" <\/47A3 + M+ 202 (392 4 2(=(n — 1)) + Byn) + 4y A(B+9)(y + B(n — 1)) + (B +7)2(v + B(n — 1))?

Y2

(v + M)

+

B(B(n — 1) + 7(n —2))
CEBYE - 1) |

O

Proof of Proposition 10. In order to determine welfare, we need to compute the following quantities from
the endogenous variables Z(s) and £(s, s’), s,s" € {0,..., N},

From Proposition 7 we know that in the limit of  — oo both cases § = 1 and 8 = 0 are identical, and in
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particular the number of links is the same, so that the welfare gain can be computed from

2 2
nboy,

WO(ha G) - Wl(haG) = 1 +biL’

where we insert #(1) and Z(2) as stated in Proposition 7 into the above expressions for h and o delivers
Equation (54). The same observation can be made for the case of strong socks as stated in Proposition 7,
where x1 and z2 can be obtained for the case of ¥ = 0. Inserting into the welfare gain gives Equation (53). O
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