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Abstract

This paper presents a model of capital accumulation for a large number of heterogenous producer-
consumers in an exchange space in which interactions depend on agents’ positions. Each agent is described
by his production, consumption, stock of capital, as well as the position he occupies in this abstract space.

Each agent produces one differentiated good whose price is fixed by market clearing conditions.
Production functions are Cobb-Douglas, and capital stocks follow the standard capital accumulation
dynamic equation. Agents consume all goods but have a preference for goods produced by their closest
neighbors.

Agents in the exchange space are subject both to attractive and repulsive forces. Exchanges drive
agents closer, but beyond a certain level of proximity, agents will tend to crowd out more distant agents.

The present model uses a formalism based on statistical field theory developed earlier by the authors.
This approach allows the analytical treatment of economic models with an arbitrary number of agents,
while preserving the system’s interactions and complexity at the individual level.

Our results show that the dynamics of capital accumulation and agents’ position in the exchange
space are correlated. Interactions in the exchange space induce several phases of the system.

A first phase appears when attractive forces are limited. In this phase, an initial central position in
the exchange space favors capital accumulation in average and leads to a higher level of capital, while
agents far from the center will experience a slower accumulation process. A high level of initial capital
drives agents towards a central position, i.e. improve the terms of their exchanges: they experience a
higher demand and higher prices for their product. As usual, high capital productivity favors capital
accumulation, while higher rates of capital depreciation reduce capital stock.

In a second phase, attractive forces are predominant. The previous results remain, but an additional
threshold effect appears. Even though no restriction was imposed initially on the system, two types
of agents emerge, depending on their initial stock of capital. One type of agents will remain above the
capital threshold and occupy and benefit from a central position. The other type will remain below the
threshold, will not be able to break it and will remain at the periphery of the exchange space. In this
phase, capital distribution is less homogenous than in the first phase.
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Introduction

Field theory applied to economic models is useful to overcome the pitfalls of aggregation. This approach
developed in Gosselin, Lotz and Wambst (2017, 2018) preserves the microeconomic concepts of standard
economic models to describe fully or partly rational agents, while enabling the study of the transition from
individual to collective scale given by statistical physics. It provides an analytical treatment of a broad class
of economic models with an arbitrary number of agents, while keeping track of the system’s interactions and
complexity at the individual level.

Field theory describes an environment of an infinite number of interacting agents, from which various
phases or equilibria may emerge. It allows to study the agents’ behaviors, the way they are influenced by and
interact with their environment. Depending on the parameters of the system, the form of the ground state
may drastically change the description at the individual level. It is thus possible to compare the features of
the macro state of a system and those of the micro level, and their interactions. As such, it may confirm or
invalidate some aspects of the representative agent models and shed light on up-to-now discarded micro and
macro phenomena.

The present paper applies this field formalism to a model of capital accumulation for a large number of
heterogenous producer-consumers in an exchange space in which interactions depend on agents’ positions.
Each agent is described by his production, consumption, stock of capital, as well as the position he occupies
in an abstract space of exchanges. Each agent produces one differentiated good whose price is fixed by market
clearing conditions. Production functions are Cobb-Douglas, and capital stocks follow the standard capital
accumulation dynamic equation. Agents consume all goods but have a preference for goods produced by their
closest neighbors. Thus, demand depends not only on prices, but also on the distance between consumers
and producers in the exchange space. The closer the agents, the higher their propensity to exchange, the
higher the demand. Moreover, the position of each agent is itself dynamic. Agents in the exchange space
are subject both to aggregation and repulsion forces. Exchanges drive agents closer, but beyond a certain
level of proximity, closest agents will crowd out more distant agents: an increased proximity weakens more
distant exchanges.

The dynamic exchange space presented in this model allows to study the production, exchanges, market
shares and capital accumulation within a large group of agents. What are the patterns of accumulation across
agents? Is there a threshold effect leading some producers to accumulate at the expense of the others? Is
there a phase in which a better wealth distribution could be reached? All these questions can be addressed
within our formalism.

Translating standard economic models into a statistical field model is a two-step process. In a first step,
the usual model of optimizing agents is replaced by a probabilistic description of the system. In such a setting,
individual optimization problems are discarded. Each agent is described by a time-dependent probability
distribution centered around this agent’s classical optimization path. In a second step, the individual agents’
description is replaced by a more compact model of field theory that replicates the properties of the system
when N, the number of agents, is large (Gosselin, Lotz and Wambst 2017, 2018, and Kleinert 1989). This
modeling, although approximate, is compact enough to allow an analytical treatment of the system.

In our model, this formalism yields the probabilistic dynamics of individual agents through the com-
putation of so-called transitions functions. Given an initial stock of capital and an initial position in the
exchange space, each individual stochastic path can be found, and depends on parameters such as strength
in exchange interactions, rate of capital depreciation and uncertainty in economic variables. We show that,
depending on the interaction forces in the exchange space, two phases of the system appear. One corresponds
to a society in which the repulsion force is a large enough to compensate the attractive force resulting from
the exchange. We show that in that phase capital accumulation and mobility in the exchange space depend
highly on the initial capital stock. However, this phase presents a certain stability and allows, up to a point,
some capital accumulation for most agents. The second phase appears for an attractive force larger than the
repulsive one.

The first section details the literature review. Section two describes a classical model of capital accumu-
lation with N economic agents, translates it into a probabilistic framework and presents its associated field
formulation. In section three, we solve the dynamics of the system and present its various phases. Section
four interprets the results and section five concludes.



1 Literature review

A large branch of the recent economic literature has been devoted to address the notion of representative
agent. Complex systems, Networks, Agent Based Systems or Econophysics are among the various paths that
have been explored to remedy its pitfalls.

By several aspects, our approach is related to the Multi-Agents System economic literature, notably
Agent Based Models (see Gaffard and Napoletano 2012) and Economic Networks (Jackson 2010). Both rely
on numerical simulation of Multi-Agents System but are often concerned with different types of model. Agent
Based Models deal with general macroeconomics models, whereas Network Models rather deal with lower
scale models, such as Contract Theory, Behavior Diffusion, Information Sharing or Learning. In both type
of settings, agents are typically defined by, and follow, various set of rules. These rules allow for equilibria
and dynamics that would otherwise remain inaccessible to the representative agent setup.

The Agent-Based approach is similar to ours in that it does not seek to aggregate all agents but considers
the interacting system in itself. It is however highly numerical, model-dependent, and relies on microeconomic
relations, such as ad-hoc reaction functions, that may be too simplistic. On the contrary, Statistical Field
Theory accounts for the impact of scale changes. Macroeconomic patterns do not emerge from the sole
dynamics of a large set of agents but are grounded on particular behaviors and interactions structures.
Describing these structures in terms of Field Theory allows to study the emergence of a phase at the macro
scale, and in turn its impact at the individual level.

Econophysics is closer to our approach (for a review, see Chakraborti, Muni Toke, Patriarca and Abergel
2011a, b and references therein). It often considers the set of agents as a statistical system. Moreover,
Kleinert (2009) has already used path integrals to model the stock prices’ dynamics. However, Econophysics
does not apply the full potentiality of Field Theory to economic systems. It focuses on empirical laws, but
the lack of micro-foundations casts some doubts on the robustness of these observed empirical laws, that are
prone, like ad-hoc macroeconomics, to the Lucas critique (see Lucas 1976). Our approach, in contrast, keeps
track of usual microeconomics concepts such as utility functions, expectations, forward looking behaviors.
It includes these behaviors in the analytical treatment of Multi-Agents Systems by translating the main
characteristics of a system of optimizing agents in terms of a statistical system.

Capital accumulation has been considered in several ways since the Solow growth model (Solow 1957)
and its subsequent developments (see Barro 1995 for an account). The closest approaches to this paper
stems from Economic Geography (Krugman 1999) and introduce several types of producers in a differenti-
ated geographical environment, ”core” and ”periphery”. This environment impacts the production of partly
differentiated goods, such as agricultural and manufactured goods (see Fujita and Thisse 2013 for a review).
There is a notion of space in these models, but the position of agents is static, whereas in our approach,
exchange position is dynamic and interacts with capital accumulation. Moreover, although conditions for
takeoff and convergence are studied for regional industrialization or multi countries growth models (Aghion
and Durlauf 2005), it is the fixed geographical parameters that determine the environment, notably trans-
portation costs and shares of immobile workers. The present approach, on the contrary, considers an evolutive
environment, that may be endogenized to interact with capital accumulation.

Also related to our purpose, a recent combination of evolutionary theory, complex systems and agent-
based model (Gintis 2007) has allowed a detailed study of a large number of producers’ capital dynamics
(Dosi and Nelson 2010; Dosi, Fagiolo and Roventini 2010; Dosi et al. 2015; Dawid et al. 2011, 2014),
(Ciarli et al. 2010; Mandel et al. 2010; Wolf et al. 2013). More refined models investigate how several
production sectors interact and compete, using neighbors’ output as inputs (Mandel et al. 2016; Mandel
2012). Competition and capital accumulation are driven by random changes in technology, and producers
progressively adapt their production via imitation, replacing parts of their inputs with newer, more efficient
technologies. In these models, the firms’ interactions dynamics are simulated numerically and track the
persistence of heterogenous production sectors and the computation of emergent macro quantities such as
total output, wages or unemployment. This focus on the evolution of independent sectors is close to our
purpose. However, we do not use numerical methods and consider an exchange space determining exchanges
between agents. Moreover, we do not focus on the evolution on technology, even if it could be included,
as in Gosselin, Lotz and Wambst (2018), but rather study the impact of the exchange dynamics on agents’
capital accumulation.



2 Description of the model

This section describes a standard model of capital accumulation for a large number of agents. The usual
capital dynamics and production function are maintained, but here agents interact dynamically through an
exchange space.

2.1 Setup

There are N consumer-producer agents. Each agent is differentiated by his position on an exchange space,
denoted X; (t) € [—1,1]. This exchange position is a dynamic variable that interacts with the other variables
of the model. It can be seen as a geographic space, but also as an abstract exchange space, in which the
central position X = 0 ensures higher exchanges.

Each agent produces a single differentiated good. Production functions are Cobb-Douglas. Each agent ¢
individual capital stock is denoted K; (t). It is a fully liquid capital whose price is set to one. Since agents
are individual producers, labor can be discarded, and we further assume a constant technology factor A. So
that the individual production function is of the form AK (t). The price of each good P; (t) is determined
by market-clearing condition. Ultimately, the agent’s income is the product of his production and his price:

Yi(t) = P (t) AK (1) (1)

Each agent consumes all the goods produced. We denote Ci(] ) (t) the consumption of good j by agent i at
time t. Three factors determine the agents’ consumption of each good. First, the quantity of each good that
an agent consumes is proportional to his income, with a proportionality factor to consume £ (0 < k < 1).

Besides, the consumption of each good will also be a decreasing function of the good’s relative price, and
of the distance between its producer and consumer. We detail these two last conditions below.

Agents’ consumption depends on the relative price level of goods: we assume that agent’s i consumption
of good j is a decreasing function g (R; ; (t)) with R;; (t) = P; (t) /P; (t). The ratio R; ; (t) is the relative
price of good j with respect to a general subjective price level for agent i. We chose a dependency of the type

— A € _

g (Rij) ~ (Ri,j)f(Hv). We define P; (t) = Py © (Pi (t)) , where 0 < ¢ < 1. Thus, the price level P, (t) is a
combination of the general price of capital Pg and a subjective location-dependent consumption price index
~ — ~ S N €
P; (t). Since the price of capital is set to 1, P; (t) = (PZ- (t)) , and the ratio R; ; (t) rewrites P; (t) / (R- (t)) .

The index P (t) is a weighted average of prices, where each weight is a function of the distance between the
consumer and producer. Thus, it depends on the agent’s exchange position at each moment of time, and
writes:

Pi(t) = 5 3P (D exp (i (1) /)

with:
dij (t) = | Xi (t) — X ()]

and d a constant parameter. The factor é inside the exponential models the fact that agents interact in
average on an interval of length in the exchange space. The factor é outside the exponential acts as a

normalization factor.

Agent’s consumption also depends on the distance between consumer and producers. We assume con-
sumption to be an exponentially decreasing function of the distance between consumer i and producer
J, |Xi(t) — X; (t)]. Recall that X, (t) and X; (t) € [—1,1]. In analogy with the price level, we chose a
dependency of the form exp (—d;; (t) /d) /d. This exponentially decreasing factor has only a relative value.
It may reflect the agents’ connections: the position in the exchange space only indicates the exchanges
agents establish within the exchange space. It could also account for transportation costs in a geographic



interpretation. It also implies that an agent at the center of the exchange space will face a higher demand
for his good.

Under the previous hypotheses, consumption of good j by agent i writes:

kY (1)  exp(—di; (t) /d)

@ (1) —
O G

(2)

For the sake of simplicity we normalize (14 )& = 1 in the sequel, but this factor could be reintroduced
without impairing the results.
The consumption function of good j by agent i rewrites:

@ py—_avi® o di (D)

Remark that agent ¢ propensity to consume depends on his relative price index, and thus is location.
More precisely, the dependence in X; (¢) of this propensity follows the pattern:

o (e (44)

k

Replacing the summation by an integral, equation (4) is proportional to (1 — cosh (%) exp (—%))2. All
things equal, the agent’s propensity to consume is maximal for X; (¢) = 0, minimal for X; (t) = —1 and
X; (t) = 1. The individual marginal propensity to consume is thus higher in the center of the exchange space
than at the periphery, reflecting the fact that exchanges are a decreasing function of the distance between
agents.

The above assumptions reflect the fact that exchanges are more frequent at the center of the exchange
space. Actually, this space can be seen as a scale of exchanges, in which the position of the agent measures
the intensity of his exchanges. Moves towards the center or the periphery depict respectively an improvement
or a deterioration of his terms of exchanges. We define the terms of exchanges of a producer as his ability
to sell his production at a given price within this exchange space - competitors and consumers, depending
on their capital, revenue, distance from the producer, etc.

To conclude this section, note that the proportionality factor x should be determined by optimization of
an intertemporal utility function under the constraint of future flow of expected profits. However, assuming
some autonomous consumption proportional to the agent’s revenue, x is constant in first approximation.
Agents consume an average "minimal” necessary level of goods, given their position in the exchange space,
and reinvest the full amount of their remaining income. In our setting, the creation of trade relations
compensates the income loss due to a high production. This favors capital accumulation and ultimately,
through a better position in the exchange space, increases the producer price.

2.2 Classical description of the model

In this setting, each good’s price at each point in time is determined by market clearing conditions. The
global demand for good i at time t by all agents j, Zj C](-Z) (t) matches the production of good i:

> O\ (1) = AKY (t)

Using (3) and (1), this equation can be rewritten as:

LB 0RO o (-2 OLO) _p ke ) 6



Capital accumulation dynamics follows a standard pattern. Capital depreciates at rate §, and capital accu-
mulation is subject to a shock ¢; (t). We further assume that revenue saved is entirely reinvested in capital
at a price 1. In such a setting, the capital dynamic equation is:

K (64 1) = (1= 8) K (1) + Yi (6) = D P (0 CF (1) + e (1) (6)
Using (3), we find:
Ki(t+1)~ (1—8)K; (t) + Y (t) — d%Yi (t) f:’; ((?) exp (— b () ;d““ (t)) +é (t) (7)
gk I

€ (1), egl) (t), 61(-2) (t) variance o2.

2.3 Probabilistic Description

Three dynamic variables K;, P; and X; describe our model. Each agent dynamics is described by a path
within the space defined by these three variables: from an initial point in K;, P; and X;, the agent reaches
a final point in this same space. Classically, up to some fluctuations, an optimal path does exist for each
agent.

For a large number of agents however, because of fluctuations, all possible paths may exist with varying
probabilities. So that, for a large number of agents, we must take into account the set - or space - of all paths,
and associate to this set a probability density centered around the classical optimal path'. This description
is a good approximation of standard descriptions and translates the fact that each agent experiments some
idiosyncratic shocks.

Once this probability density computed for an individual agent, the probability density for the set of
all agents is merely the product of the individual probability densities. This probability density for a
configuration of N arbitrary individual paths is called the statistical weight of a state of the system. By
construction, it is centered around one - or several in case of multiple equilibria - configuration of paths
that represent the classical equilibrium. Its shape need not be known, since we are working directly with
statistical weight.

In this section, we provide a probabilistic description of the model. To do so we build a statistical weight
for each equation of the model. Their product will be the probability description of the system. The two first
variables, K and P, are standard economic variables, and their weight will be derived from the equations
of the model, as proposed in Gosselin, Lotz, Wambst (2018). The last variable X is not a strictly standard
economic variable. We will depart from our methodology and ascribe to its dynamics an ad hoc form.

2.3.1 Probabilistic description for capital dynamics

We associate a probability to the dynamic accumulation of capital, centered around the average classical
capital dynamics solution, for each period of time ¢. To do so, note that (7) implies that the quantity:

10, (_d<f>+dk<t>>

Py (1) P d ()

K

Ki(t+1) = (1=0) K () +Yi (t) — 55Yi (1) )

gk

is a gaussian random variable ¢; (¢) of variance 0. In our context, equation (7) is replaced by the probability
density for K; (t):

2
. K

1 a Py, (t) exp (_M)
xp | =55 Ki(t)+0K;(t)— AP, (t) K* (t) | 1 — . Z - N

gk J

1We use the word probability density rather than probability, since due to the infinite number of possible paths, each
individual path has a null probability to exist, just like a gaussian defining the size of a population.



To account for the dynamics over the whole timespan, we sum over ¢ in the exponential. This associates
a density probability for a path of capital accumulation over the whole timespan. This will account for
stochastic paths K; (t) that satisfy in average the classical dynamic accumulation equation.

Ultimately, to associate a statistical weight to the set of paths of capital accumulation for all agents, we
sum over ¢ and ¢ in the exponential of (9). The statistical weight associated to the capital accumulation of
the set of agents is thus:

Py (t) exp — L)t din®)
- _222/ PR AR 1_ﬁz k 1£v(t) : ) dt | (10)

Jk J

2.3.2 Probabilistic description for market clearing condition

The dynamics for P; (t) can be replaced, as for capital dynamics, by a statistical weight derived from for the
market clearing condition. We assume that market clearing holds in average for a large number of agents,
but that fluctuations appear for individual agents. Thus (5) only holds up to some random noise, and must
be replaced by a probability for each agent i to deviate from (5).

exp —% P (1) — KZP t) Py (t) exp (—dij ®) —gdkj (t)) (11)

with o? normalized to %—Z in the sequel where A2 is a constant. We consider market clearing as a more
binding condition than capital accumulation, so that A% >> 1. As for the capital, we associate a statistical

weight for the system to the market clearing condition:

2

exp | —2 5 Z/ P1+~/ VKO () — HZP 1) Py (£) exp <_dij (t) -2 d;j (t)) dt (12)

2.3.3 Probabilistic description of the exchange space dynamics

The exchange position X does not correspond to a usual economic variable. We could postulate its dy-
namic equations, along with its interactions with the other economic variables, and from there, deduce its
probabilistic description for an arbitrary number of agents. However choosing an ad hoc form is equivalent,
simpler and faster.

We postulate three types of forces governing agents’ dynamics within the exchange space and directly
write the associated statistical weights.

A first force applies to all agents whatever their position and attracts them towards the center of the
exchange space. Without this force the system would not exist or would tend to disintegrate. This force
could be a political or social structure assuring the cohesion and exchanges of the group. More broadly, it
can also represent the set of all factors insuring a minimal level of exchanges for each good. In the following,
we will refer to this force as the ”cohesion force”.

We postulate a second force induced by the exchanges existing between agents. We suppose that exchang-
ing agents create connections that will smooth their further exchanges, and get closer within the exchange
space.

Finally, we postulate a third force that counterweight the second force. We suppose that a small group
of agents, i.e. close and exchanging, tend to repell potential new entrants. This force can model exclusive
connections such as clientelism or various degrees of market openness.

Considering these three assumptions, we chose the following statistical weight for the all set of agents:

exp Z/ ) + Vo (X +ZV1 ij ))+Zk‘/2(dij(t),dik(t),djk(t)) dt (13)



where 0% is a constant parameter measuring the inertia of X;. For 0% << 1, the variable X; presents a

strong inertia, whereas, for Ug( >> 1 the variable X; adjusts freely.

Xi 2
This statistical weight describes a random dynamic for the variables X; (¢). The first term ( U(;))
. X
represents the inertia of the variable X; (¢). The variation of X; (¢) over one period, measured by X; ()
in average of order ox: the value of X; (t) cannot be changed instantaneously.

The three other terms represent the forces acting on each individual agent, but also on groups of various
size.

The term V; represents an attraction force between agents exchanging at the individual level.

KK ()
4 {K)x 0 (B x, 0

Two exchanging agents have a tendency to get closer in an exchange space. xi is a parameter and (K) Xi(t)
and (K)Xj(t) are the average capital stock of agents at position X; (t) and X; (). As (14) shows, V1 (d;; (¢))
is proportional to K; (t) K; (t) / (K) x, 4 (K)Xj(t): the attraction force is proportional to agents’ exchanges,
revenues, and consequently capital stocks.

The term V, describes some repulsive forces that occur in the interaction of small groups.

Vi(dij (1) = — exp (—x1di; (t)) (14)

Va (diy (8)  da (1) g (0)) = 7 oxp (=xa (diy (1) + dux (6) + i (1))

Here, we have chosen interactions within a group of three agents, but this could be generalized to k agents,
with £ << N, where N is the total number of agents. The idea behind this force is that when several - more
than two - agents interact, the interactions they already have deter additional interaction.

The term y2 is a parameter, and the last term, Vj is chosen to be:

oo (X (8) = (X (1))

Vo (Xi (1) = 207

with kg << 1. This describes a "weak” global force that tends to regroup all agents towards the center of
the exchange space, a cohesion force.

2.3.4 Probabilistic description of the system
Gathering the contributions (10), (12) and (13) leads to the probabilistic weight:

exp ( Z/dt )+ 6K, (1) (15)

P, (t) exp (7 dij (t)zdm(t))

AP EP (1) | 1= Z Pl (t)

X exp 2022/ P () K¢ (¢ —KJZP (t)exp(_w> dt

X exp 72/ ——+t WX +ZV1 1] Z‘/Q(dij (t), dik (t)’djk (1)) [ dt
7,k

Appendix 0 rewrites this functional in an alternative form , more suitable to switch to the field theory
formalism.



2.4 Statistical fields description

Describing the whole system by a statistical weight that accounts for a large number of stochastic paths has
allowed us to introduce the various interactions between agents directly inside the statistical weight.

Formally, this statistical weight could be used to study the evolution of the system. Equation (15) would
allow to compute the transition probability from an initial state for N agents to a final state. Yet this
approach, possible in some cases, is intractable for a large number of agents: it would imply to keep track
of the N agents’ probability transitions.

It is however a necessary first step (see Gosselin, Lotz and Wambst 2017, 2018) to turn to the more
compact field formalism. This formalism replaces the probabilistic description of N agents (15) by a collective
field formalism. Rather than tracking N variables, we define an abstract function, the field, that depends
only on one single set of variable, here K, P, X.

These variables are no more indexed by 4, the label of individual agents, because field formalism, rather
than considering N copies of the same variables and defining a probability for the set of these IV copies,
defines a probability density on the space of complex valued functions of the variables K, P, X.

These complex valued functions ¥ (K, P, X) replace the set of paths used in the previous paragraph.
Field formalism reduces the model described by (15) but preserves the essential information contained in
the probabilistic description (15) of the system with N agents. Switching to field formalism is a change of
perspective: rather than keeping track of agents 1,2, ..., IV, this formalism describes dynamics and interac-
tions as a collective thread of all possible anonymous paths. This thread is the environment that conditions
the dynamics of individual agents from one state to another.

To each function ¥ (K, P, X), we associate a statistical weight exp (=5 (¥)) computing the density of
probability associated to the a particular configuration ¥ (K, P, X). The functional S (V) is called the field
action. The form of S () is directly derived from the probabilistic description of our model (15). Technical
details about the derivation of the field action S (¥) are given in Gosselin, Lotz and Wambst (2017) and a
detailed abstract can be found in Gosselin, Lotz and Wambst (2018). In the following, we briefly recall the
main steps and Appendix 1 provides some extensions adapted to our purposes.

2.4.1 Field theoretic formulation

The set of variables (K; (t), P; (t),Xi (t));—; y is replaced by a function ¥ (K, P, X,0), where K, P, X
represent all the possible values of capital, price and exchange position for a non labelled agent. The
parameter 6 is a counting variable and plays the role of time.

The statistical weight is replaced by a weight for this function ¥ (K, P, X, #), and describes the probability
of a set of configurations (K, P, X, #) for all agents. We will define Z = (K, P, X, ) and D;; = |X; — X;|. By
convention, we will consider that, unless otherwise mentioned, the sign of integration [ refers to all variables
involved. The integrations ranges for K, P are RT and for X, the interval [—1,1]. The transformation from
the probabilistic description (52) to a field theoretic model is described in Gosselin, Lotz and Wambst 2017,
2018, and detailed in Appendix 1. The derivation of the results of this section is given in Appendix 2.

We show that the (K, P) part of the field action is:

S () = /iﬁ(z,e) <—02V§(—0§(V§(—192V§+1912+Q)W(Z 0) (16)
(6K APK (1 U))2 2
_ « _ 1 AQ P1+7Koz U _
+/ 5 + ( - + ) 0 (2,0
ag g
with:
. P _ (Di24+Ds3 _
o= f sexp Jﬁ )\ (2,00 9 (200"
2

N Dy + D

U, = —H/Pz(Kz) P36XP(—( 12 Do )|‘I’ Z5,0)] ¥ (Z5,0)



In the sequel, we simplify the notation by replacing ¥ by ¥, but the change of variable will be accounted
for while computing the transition functions of the model.
The X part of the weight yields the field contribution:
S0 = ok [ Ve @oP+ [ ol [vionvEzePy e o)

+/V2(D12aD13aD23)\‘I’(Z179)|2|‘I’(Zza9)|2|‘1’(23,9)|2

where:

Ko 2

WX) = —(X-—-(X

() = % (X - (x))
ki KK exp(—x1|X =Y

(K)
K
Va(I X =Y, | X =Z],|Y - Z|) = fexp(—XQ(lX—YlﬂLlX—Z\+|Y—Z|))

and the full following field action S (V) = 51 (¥) + Sz (¥) becomes:

S(¥) = /\Iﬁ (Z,0) (—a2v§< — 0%V —9°V3 + % + a> V(Z,0) (18)
(65 — APK= (1~ Ul))2 A2 (P 4 U,)°
+

2
5 5 W (Z,0)]

+/ Vo (X) +

g (o2

+/V1<Du> U (7,,0) |w<zg,e>|2+/VQ<D12,D13,D%> U (Z0,0)2|¥ (Za,0)2 [ ¥ (Zs, )]

3 Resolution

Several results about the model can be derived from the field action S (¥) and its statistical weight exp (=S (¥)):
the phases of the system, that describe the collective background of the system, and the transition functions
of the system.

The phases of the system are defined by the field(s) Yo (Z,0) that maximize(s) the statistical weight
exp (—S (¥)), i.e. minimize(s) S (¥). The field ¥y (Z, 6) is the most likely configuration: it represents some
collective background field(s) that condition(s) the dynamics of individual agents.

The existence of a minimum for S (V) (18) depends on the parameters of the system. For some values
of the parameters, only the trivial phase ¥q (Z,6) = 0 exists, and amounts to a system linearized around a
static equilibrium. When non-trivial phases Wy (Z,60) # 0 exist, they reveal other types of equilibria. The
configuration ¥ (Z,0) is the background state in which probability transitions and some average values can
be computed. Thus, the form of ¥y has direct implications on the system’s dynamics.

The transition functions, or Green functions, for k agents compute, for a given phase, the probability
for k agents to evolve from one initial state - the given values of capital, price and exchange position for
each of the k£ agents - to a final state in a certain time span. Thus, the field formalism recovers the random
description of one or any number of agents. We will see below that, in a given phase, the k agent transitions
functions can be recovered from the single agent transition probability.

To find the transition functions, we use the fact that exp (—S (¥)) represents itself a statistical weight
for the system. In fact, the second order expansion of S (¥) around ¥ (Z, ) yields a quadratic action that
determines directly the Green functions of the system. The derivation of this point can be found in (Gosselin,
Lotz, Wambst 2018).

In this section, we study the conditions for the appearance of a non-trivial phase for the system described
by (18). We find that, depending on the parameters of the system, two potential phases arise. We then
compute for each possible phase an ”effective” quadratic action. This is a simplified version of (18) in which
the price variable can be replaced and the specificities of a given phase are taken into account. This quadratic
action is then used to compute the transition functions in each phase.

10



3.1 Possibility of several phase

In this paragraph, inspecting the configurations ¥q (Z,6) that minimize the action, we find the conditions
of appearance of a non-trivial phase for the system.

In the absence of any dynamics for X, since the potential for K, P is positive, the minimal configuration
is null. Thus, the possibility of non-trivial configuration depends on the X part of the action (17). Using a
first approximation for So (‘i/) the minimization of (17) yields:

0 = AVRU(ZO)+ VX)W (Z0) + ([0 X0 (20)7) 0 (2,0
([ 2 (X X X = X, D) 19 (2000 10 (2001 ) W (2.0)

and we replace some quantities by their average:

(X) = 0
X - X,| =~ <(X7Xi)2>:«/2<X2>2\/§n(;%ch

k1 KK exp (—x1 [X — X5|)

Vi(| X -Xa|) = exp (—x1 |[X — Xal)

4 (K)?
o K e (X = l) L3 A
1 VB tx) =
4 <K>2 eXp Xl\/>:‘€0 ox 4
and similarly: B
_1
Vo (X — X2, X — X3, Da3) ~ %exp (—x23\/§/£0 40)() = %

In the sequel, the parameters x1, x2 and k¢ will be considered relatively small. Since we are only concerned
with finding approximate conditions for the existence of a non-trivial phase, we can approximate K, =~ K1,

Ro ~ ko . We are thus left with an approximated equation:
Ko
— X20 (Z,0) (19)
ox

k1 (/|x11(22,9)|2> W (Z,0) + ko </|x1/(22,9)|2 |x1/(2379)|2> U (Z,0)

0=—0xViV (Z,0)+

We define p? = [ |¥ (Z, 9)\2, and assume a fundamental of the form U (Z,0) = U (K) Uy (P) ¥y (X) ¥y (6),
that we will justify later. Equation (19) rewrites:

0= 02 VAU (Z,0) + "2 X2U (Z,0) + 519>V (Z,0) + kap™V (Z,0)
Ox
The associated fundamental eigenvalue satisfies:

1

ilig — 111,02 + I€2p4 =0

Thus for x% — 2I€§ k2 < 0 the system has only one phase, the trivial phase p =0, i.e. ¥ (Z,6) = 0.

1
On the contrary, for x% — 2k3 Ko > 0, there is a possibility of non-trivial phase with:

1
K14\ K3 — 2K¢ K2

2/432

p
The value of p will be refined below.

As a consequence, the possibility of a non-trivial phase depends on the relative strength of the repulsive
force over the attractive one. A non-trivial phase is possible only for a strong enough repulsive force.

11



3.2 Derivation of the effective action

For each phase, we derive a simpler form of the ”effective action” (18). Due to the binding market clearing
condition, the price P in (18) is not a dynamic variable: there are no derivatives in P, i.e. Vp. We will show
that this variable can consequently be expressed in terms of K, X and the field. It is this simplification that
allows to find a quadratic effective action for a field depending on two variables K and X.

3.2.1 Phase 1: p=0

We first inspect the case p = 0. Recall that we assume relatively small individual fluctuations around the
market clearing condition, so that A >> A. We also assume that 02 < 1. The ratio % will thus measure the
effect of these fluctuations on the system.

As a consequence, in the statistical weight exp (— (S (¥))) with S (¥) defined by (18), the potential term:

¥ (Z,0) (20)

/ (6K—APK‘X <1—U1))2 +[12 (P1+7KQ+U2)2

2 2

g g

is predominant. It implies that exp (— (S (¥))) is peaked around fields minimizing (20). Since the
dependence of ¥ in P is static, i.e. no gradient in P appears in S (¥), we can consider that the fields
minimizing (20) have the form:

U (Z,0) = §(P—F (K, X))V (K, X,0) (21)

In other words, the most likely fields are those of the form (21). Classically, the interpretation is straight-
forward: due to the market clearing condition, the price is a function F of (K, X).
Inserting (21) into the potential terms (20), the minimization equation of (20) becomes:

U (K,P,X,0) (-UAK® (K — APK°U) + (1 +7) PYA’K® (P K* - V)) U1 (K,P,X,0) =0 (22)
where U = 1 — ;. Appendix 2 shows that inserting (21) in (22) leads to identify:

P=F(K,X)=K ™ f(X) (23)

where f is a trial function that must be identified in (22). We thus arrive to the following equation for f (X):

()™ = [ ()P (1) (060 (X exp (= (P52 ) ) 10 Xa) 0 (0 X

(24)

Appendix 2 shows that we obtain in first approximation:

with:

D = (? <l—hexp (_21d) (1_exp(2;d)>>>uo§m+n

1+7(1—o)

1+7(1—a) RN )
X( 2R <<1+’y(1—a)> 1))

Appendix 2 also shows that the average capital stock (K) for agents at position X in the exchange space

rewrites:
oS X %
() = (‘g‘fm (1 ~ e (-151) (1 - g))) (25)
d
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where h and & are defined by:

ko= 5(1—h§z <1—exp(—cll>)> (26)

h
(1= 42k (1=exp (-3)))

- 1+9(1—a) 2—a 2 3 e
(1+7(1_0‘))< 2(2— a) ((1+v(1—a)> _1>> (2_ 2) (28)

Moreover, we also show in Appendix 2 that P, as a function of K and X, writes:

1
2 f=rt
14y(1—a) 2w (1—a)|X]|
( (;—a)k <(1+'y(1—a)) - 1)) exp (* d(1+’7(1—a)))

. (- (29)
—hexp(—1Xl _ cosh X Tty(l—a
1—hexp(—15 )(1 - d)>

1
d

()™
Hix 1—hexp(—35) <1fcxp(;i))

>
I

Once the price level associated to K and X is found, the potential (20) becomes:

2

w
with:
A2 A2
w=o0 |02+ A4

2

(42 (1= n(1=exp (-1)))" + 42)

and the effective action, is now equal to:
S(U) = /\Iﬁ (K, X,0) (Hvi( — 0% V% —9?V2 + ;’—j (K — (K)y)* + % + a> U (K, X,0) (31)
+ [ 06 (O (X + [ Vi (D) 10 (63, X0,0) ¥ (K X, )
—|—/V2(D12,D13,D23)|\I/(K1,X1,9)|2|\I/(K2,X2,9)\2|\II(K3,X3,6)|2

This simplified form will be useful to compute the transition functions of the agents in the system.

We can now interpret these first set of results. From the above, we can see that the average level of capital
is a function of the variable X and the parameter d. The average level of capital of an agent (25) decreases
exponentially as a function of his distance from the center X. Indeed, an agent at the center has more
opportunities to exchange. He faces a higher demand, has a higher price, a higher income, and accumulates
more capital. Our results show that capital accumulation is an increasing function of parameter d, the
average distance of interactions with other agents. Recall that agents exchange with all other agents, but
that due to the exponential form of consumption an agent exchanges mainly with the agents on an interval
of length d, centered around his position. The more the agent can exchange - the better the infrastructures
for instance - the higher capital accumulation. Besides, inspection of (27) shows that the fluctuations of
prices around the market clearing condition deteriorate the average level of capital stock.

Finally, and as expected, equation (25) shows that high capital productivity favors capital accumulation
while higher rates of capital depreciation reduce capital stock.

Moreover, the above results show that the level of prices is a function of the variables K, X, and the
parameter d. The price (29) of a good produced by an agent in a specific position X is a decreasing function
of the ratio between the level of capital and the level of average capital in X. We retrieve the result that
the higher the level of capital, the more agents produce and sell at lower prices. However, this dependence
to the level of capital is relative. Rather, it is the ratio of the agent’s level of capital to the average level of

13



capital that is determinant. The price (29) is also an exponentially decreasing function of position X. Given
a constant level of capital, an agent at the periphery faces a lower demand and has lower prices than at
the center of the exchange space. Ultimately, the price of a good produced is an increasing function of the
parameter d. The higher d, the higher the volume of echanges, and the higher the prices.

3.2.2 Phase 2: p>0

In phase 2, computations are similar to phase 1 but expectations are computed for a field ¥y (Z,0)+ ¥ (Z, 6).
We thus compute the corrections to phase 1 due to the non-trivial ¥y (Z, 6).
Appendix 3 shows that the previous equations defining the potential (20), P (22) and (K), are still
valid:
P=F(K,X)=K ™ f(X) (32)

However, now the trial function f satisfies:

Dis + Das

(7)™ = [ () ¥ (1675 5 (6 £ (e (- (222

)) 0 (K3, X3)|* |0 (Ko, Xo)|°

(33)
with ¥ (K, X,0) = ¥, (K, X,0) + ¥ (K, X,0). Equation (33) is actually equation (24), but evaluated now
for a "translated field”, since the properties of f (X;) are modified by the non-trivial fundamental state. As
explained above, this reflects the particular features of the non-trivial phase and the collective contribution
of the environment created by the set of all agents.

Appendix 3 computes the function f in two steps corresponding to the decomposition ¥ (K, X,0) =
Uy (K, X,0)+ ¥ (K, X,0). We find:
X
Fx) = e (5

1+~

D = (? <1hexp(21d> (18Xp(2—21d)>>><>(+>

1+72<1*€¥)
1+v(1—-a) 2 -« 2 (1-2%)a-o
X — -1
2-a)ipt \\1+7(1-a)

and where h is defined as in (27). The associated average capital stock is given by:

cosh & Tt
() = (?f(X) (1 ~ e (-51) (1 - f’)>>> (39
d

with h is defined as in (27). Moreover, we also show in Appendix 3 that P, as a function of K and X, writes:

1
2 T
1+y(1—a) 2— (1—o)|X]
((27@@4 ((m(laa)) _1>> eXp (‘d(m(ka)))
pP— (35)

(3
cosh X TT7(1—a)
o l—hexp(—%)<1_ﬁ) T(i—a

((Iﬁgx)m yhexp(fﬁ)(lf@)

with:

Having found (K) y, appendix 3 shows that the potential part involving K has the same form as in the first
phase (30):
2
w 2
= UK, X,0) (K — (K)x)* ¥ (K, X,0) (36)
These results are similar to those of phase 1. The patterns of (35) and (34) as a function of K, X and
d, are the same as those of (29) et (25). Only their magnitudes differ. This is due to p?, the norm of the
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fundamental state ¥y, a parameter specific to phase 2. The two phases will be compared in our interpretation
of the results. The formula for the effective action in phase 2 is also the same as (31). Yet again, in phase
2, these formulas depend explicitly on the value of p?. We previously found an approximative value for p.
With the results now at hand, the value of p can be found more precisely by writing the equation for the
state ¥ (K, X, 6). Appendix 3 shows that:

o I{1+\/I€%—2I€2 (2a+ \/ko + 06)

2/’62
and the precise form of ¥y (K, X, 0) is given by:
\IJO (Kva 9) = pN\IIO (K) l:[JO (X)

where:
1
N =
21 (kg 20 [02 + ATA? 2 N\2
W Ve )
. n1+\/l£%f2nz(2a+%+\/%+g5)
’ 2%)2
62+ A2 A2 I K_ K 9
\/ (Az(lfh(lfcxp(—é))) +A2) ( < >X)
Uy (K) = exp |- :
g

Uy (X) = exp (W) H (x)+exp <2> H(—x)

K
§X = (xmmf—xmp“)

3.3 Transition probabilities

In the previous paragraph, replacing P as a function of K, X and the field has reduced the system to a field
theory of the two variables K and X with quadratic potentials (30) and (36). This simplification allows to
compute the transition probabilities for the system in both phases, i.e. the probabilities for agents to evolve
from one initial state of K, X, and P towards a final state during a certain time-span, given the environment
created by the set of N agents (see Gosselin, Lotz, Wambst 2018). To do so, we first simplify in each phase
the part of the action dependent on X.

3.3.1 Phase 1: p=0

Using the effective action (31), we can isolate the part of the action dependent on X:
W) = ok [IVe@oP+ [ ol [viow v Eory P o)
+ [ Va(Diz, D, D) [0 (22, 6) 10 (22,0 [¥ (Za,0)

This action Sy (V) can be evaluated replacing the interaction potentials by their average in phase 1:

/ J— J—
- [ S xop By 0y g
()
S /<KK e"p<(K>’§1 lt]) |W<K',xa>|2>|wK,X,e>|2
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and:
K2 2 , 2 ” 2
17 2
— m2/|\P<K,X,e>|2<exp<—><2 X = Y] = xe|X = 2] = xa |V = 2D W (K, Y,0) |w (K", 2,0)| >

The computations, performed in Appendix 4, lead to an approximation:

Sy () = =% 0T (2) VE U (2) + wx U1 (2) X2 (2) + ax U (2) ¥ (2)

with:
K
wx = HoJr/flﬁeXP(*Xl)Xl*HzeXP(*X2)X2 (38)
— — 1— —
ax = a—ff1£2(1 exp ( Xl))+ﬁ22( exp (—x2))
<K> X1 X2

Gathering the part of the effective action depending on K and our simplification for S5 (¥), the system is
thus described by an overall action:

w?

S () =9l (K,X,0) (—a2v§( —9°V3 — 0% V% + — (K —(K))* +wx X% + % + aX> U (K, X,0)
(39)
The equation (39) describes a system that looks like a three-variable system with quadratic potential. An
important difference however is that each variable of the system influences the other non-linearly.
To get a better insight on the dynamics, we will simplify the mechanism at hand, and consider that when
an agent moves from K, X towards K', X /7 we will average along the path the influence of one variable on
the other. To do so, we first set for two values X and X’:

(K) = X /X (40)
where (K) is an average of capital for agents whose trajectory in the exchange space starts from X to

reach X'’. This represents the average influence of X on the capital stock within the dynamics.
Similarly, we define average values for wx and ax along a path of capital from K to K'.

Wwx = Ko+ m% <<KK>X + <KK>Y) exp (—x1) x1 — k2 exp (—x2) X2 (41)
o am (KK N2(l—en(ox) | 2(—exp(—xe)
T 2 <<K>X i <K>y) X1 M X2

Once (39) found and given (40) and (41), the transition probability for one agent in the first phase can
be computed. Recall that this is the probability for an agent to evolve from an initial state to a final state
during a certain timespan. Appendix 4 shows that:
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G(K,K',P,P,X,X'0,0)

r v (KX
(5 — (1) )? )

R 202 (K.X) e
(K,X)
x wx ((X2+(X’)2>cosh(th)—2XX’)
S sinh (@xh) O | 2sinh (@x1)
5 w (K = (B)) 4 (K" = (K))*) cosh (wt) — 2 (K — (K)) (K = (K))
2702 sinh (wt) P 202 sinh (wt)
of » (e () 1)) o (i)

()™ (1= hexp (= X)) (1 — b)) 5

1
2 1— /
1+y(1—a) 2—a _ K 7(170‘)|X ‘
P <<2—a>~(1—h33<1—exp<—;>>>d<(1+v<1-®) 1)) eXp( AT

(=)™ (1 hewp (- X)) (1 — sy 7

')

H(0-9)

(K) x/

where ¢ (u) is the Dirac function. A Dirac function is a function which is null for all u # 0 and peaked at
u = 0.

Equation (42) computes the probability for an agent starting at (K, P, X,60) to reach (K', P, X', ¢")
during a timespan 6 — 6.

This formula also allows to compute the probability for k& agents with initial state (K;, P;, X;,0),_, 5
to reach the state (K, P;,X/,0"),_, . Formula (42) is the product of Green functions:

k
HG (KiaKgaf)iaP)i/7Xi7Xz{a050/)

i=1

This probability is a product of independent probabilities. Indeed, recall that in this set up interactions
have been absorbed in the Green function parameters. This illustrates the fact that the transition functions
of agents are shaped by the global environment, and not by some specific interactions.

Formula (42) allows to understand the main features of individual agents’ dynamics.

Consider an agent starting from K’, X’ and arriving at a final point K, X after some time. This final
point is partly random, but due to the parameters of the system some values of K, X are more likely, and
some dynamic patterns appear.

We will in turn examine each of the terms of this equation (42).

The first exponential in (42) is trivial: it merely translates the fact that the capital stock of agents in
position X is bounded around the average stock (K) .

The second exponential in Formula (42) describes the dynamics on X. It has the form of a stochastic
harmonic oscillator, with one important difference: the frequency wx is not constant and satisfies (41). This
exponential can be rewritten:

ox (((X = X)?) + (cosh (@xt) — 1) (X2 + (X)?
R X<( ) 2sinh(w);t) ( )) (43)
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The first term in the exponential (X — X’ )2 represents a Brownian random walk: any agent starting at X’
could move randomly with a standard deviation of 4/ %

The additional term however, (cosh (wxt) —1) (X 21 (X")?), favors a final X closer from the center

X = 0: the cohesion force drives agents toward the center of the exchange space.

The parameter wx is a rough estimator of the speed of this move towards the center.

For wx << 1, the weight (43) is dampened for all final value of X, which means that all final points X
is equally probable. The driving force is weak, and the convergence very slow.

Inspection of (41) shows that this speed @x depends on the agent’s initial level of capital. As expected,
this speed also depends positively on xg, the magnitude of the cohesion force, and negatively on ko, the
magnitude of the repulsive force.

Most importantly x;, the magnitude of the attractive force is dampened by the ratio of the agent’s
current capital stock to (K) . Recall that (K)  is the average capital stock of agent’s current - transitory
- exchange position. Since (K) increases as the agent moves towards the center of the exchange space (
X — 0), the closer the agent gets to the center, the more he decelerates. A strong enough repulsive force
and a relatively low initial level of capital may prevent the agent to ever reach the center of the exchange
space. The attractive force towards the center is thus inequal among agents. It favors those endowed with
a higher initial capital.

The third exponential in (42) determines the dynamics on K. It can be rewritten:

w (K = K7)?) + (cosh (wt) — 1) (K — (K))? + (K — (K)?
P (< >+ 22;2 sinhgwt) - )) (44)

where (K) is defined by (40). For a relatively stable X, an agent’s capital stock is in average driven towards
the average stock of his exchange position. The quadratic term (K — K’ )2 represents a random Brownian
walk around this trend.

Equation (25) shows that as long as an agent moves towards the center his average capital stock will
increase in average.

As a matter of fact, the two dynamics of X and K interact and can create a virtuous circle. A move
towards the center tends to increase capital, and an increase of capital tends to accelerate the move towards
the center. This positive interaction will only stop when the repulsive force will overcome the attractive
forces. Given (41), this occurs when initial capital is insufficient. The attractive force depends on the ratio
of initial over average capital. It may also occur if an adverse shock reduces the stock of capital. The agent
can then be driven back towards the periphery.

The fourth term in equation (42) describes the market clearing conditions given X and K. The Dirac
function in the last line of (42) implements (29). For a given level of capital K, prices are higher towards
the center of the exchange space, and for a given position in the exchange space X, prices are a decreasing
function of K.

3.3.2 Phase 2: p>0

As in the non-trivial phase, we isolate in the effective action (31) the part dependent on X. Appendix 4
shows that in phase 2 its second order approximation is:

2 2
Sy (U) = Ut (K, X, 0) <v§( + Ko <1 - % + 2X2/€2p4> (X + sgn (X) 6X)2> U (K, X,0) (45)

+ (ptr2 = pia = (6X)7) W (K, X, 0)°

with:

K1+ \/ﬁ% — 23 (2a + (/Ko + 09)

2 _ 46
P 5es (46)
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and:

K
X — 2 4 47
0X = x1f15 Ry X (47)
Thus, the full action for the system is:
2
S (V) = /\Iﬁ (K, X,0) (—a2v§< —9?V; — 0% VX + % (K — <K>)2> U (K, X,0) (48)
g

+HO/ ((X + xsgn (X) </@12<KK>p2 - lﬂgp4>)2 + ax> | (K, X,0)

2
+ (2/)2/{2 — Kq)

/ U (K, X,0) ¥ (K, X,0)

where:

N
w = o0,/0 B —
(A2U2 + A2)

2 A2 A2
W T Gy
ke[ 1 — S 4 2xEkopt —

2 2

ayxy = —

Given (48), the transition function in the phase p # 0:

G(K,K',P,P,X,X'0,0)

9 (K',Xx7") (", X7)
(K — (K) ) ]

= exp| —
p 202 (K,X)

X GK+K’ (X,Xl)
2

(K, X)

(49)

sinh (0 (0 — ¢’ 202 sinh (w (6 — 6"))

ofzmst ( @ (K = ()Y 4 (K = (K)* ) cosh (@ (0 = 0)) = 2 (K — (K)) (K - <K>>))
)) ex —

1

14y(1—a) o \? e (1-a)|X]|
(o () -1)) ™ o ()
x| P— —a—

1
2 11—+ ’
1+y(1—a) ( 2—a ) _ _ (17Q)|X |
> ((2_(1)”<1_h2§(1_exp(_é)))p4d( I+y(I—a) 1)) eXP< I+v(1—a)

'’ - - H(0—0)
(=)™ (1= hewp (= X)) (1 - ey 755
where:
Gk (X,X) = GX+6X, X' +6X)HX)H(X)+G(X -6X, X' —0X)H(-X)H (-X') (50)
+G (X +0X, X' —0X)H(X)H (-X')+G(X —6X, X' +0X)H (—X)H (X)
with:
GX,X) = 2ro% s?r(ih (Kot) P << 20% sil:;l (/Qot)) ((X B XI)2 + (cosh (rot) — 1) <X2 + (X/)Z))>

(51)
where H (X)) is the Heaviside function defined by H (X) =1 for X > 0 and 0 otherwise. As in phase 1, and
for the same reasons, the definition of (K) is given by (40). The quantity 6X is defined in (47).
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Here again, the first exponential in (49) is trivial: it merely translates the fact that the capital stock of
agents in position X is bounded to be around the average stock (K) .

The second exponential in formula (49) describes the dynamics on X. Given the formulas (49) and (50),
this dynamic is different from that of phase 1. Equation (48) shows that an individual variable attraction
point appears for each agent, along with X = 0. This point depends both on the agent’s initial position and
capital.

The Green function G Y] (X,X’) in (50) commands the dynamics of the exchange position. Assume

X and X' are positive. Using (51), one has:

Ko
G ’ X X, = - -
= (X, X7) 2mo% sinh (kot)

xexp« "v'O) (X = X7 + (cosh (o) — 1) ((X+6X)2+(X’+6X)2))>

202 sinh (kot)

As in phase 1, the quadratic term (X — X’ )2 represents a random Brownian walk around the starting point
X'’. The second quadratic term:

(cosh (kiot) — 1) ((X +0X)2 4 (X + 5X)2>

drives the position X towards the position —4X. Thus, the attraction point is shifted from 0 to —d.X.

For a large level of capital, equation (47) shows that the attraction point appears on the agent’s opposite
side of the center X = 0. This variable attraction point quickly drives the agent towards X = 0. When
X =0 is reached, the agent does not cross this point in average. Were he to cross it randomly, he would be
driven back towards X = 0. Actually, when X’ < 0 and X < 0, i.e. when an agent has crossed the center
X = 0, equations (50) and (51) show that the agent is driven back toward the variable attraction point
0X > 0, which in turn drives back the agent toward 0. The whole oscillatory process reveals that X = 0 is
indeed an attractive point.

For a low level of initial capital, the dynamics is different. The variable attraction point appears on the
initial position side. The agent is driven towards this point, even if he was closer to the center X = 0. This
implies an eviction mechanism from the center for agents with low capital.

At first sight, the dynamics of capital accumulation should be identical to phase 1, since the third
exponential in (49) is similar to (42). Up to some random fluctuations, agents are driven to the average level
of capital of their current exchange position. However, since capital accumulation and exchange position are
interacting, the features of the dynamics of X in phase 2 impact capital accumulation.

In phase 1, a positive shock in capital could drive the agent towards the center, in turn increasing his
capital stock.

Here, due to the presence of the variable attraction point, a small positive capital shock may not initiate
a move towards the center. An agent with a low level of capital will be driven back towards his variable
attraction point, possibly farther from the center.

The fourth term in equation (49) describes the market clearing conditions given X and K. Actually,
the Dirac function in the last line of (49) implements (35). For a given level of capital K, prices are higher
towards the center of the exchange space, and for a given position in the exchange space X, prices are a
decreasing function of K.

A last effect which is a direct consequence of the non-trivial phase cannot be read from the Green function
(49) but can be tracked back to the last term of (48):

2
(2072 — 1) ] [ X0 w5, x.0)

The effective action in phase 2 includes a positive term, since now p? is greater than 2’%2 Appendix 5 shows
that this term induces a barrier between agents in position X. Agents with an initial capital stock below
(K)x will find it harder to accumulate above (K) and thus improve their exchange position while agents
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with K > (K)y will more likely remain above this threshold. Therefore, in phase 2, a threshold effect
appears at each point on the exchange space. Agents with high initial capital will more likely overcome
barriers and accumulate, while the others will be evicted from positions in the exchange space for which
their initial stock of capital is too low.

4 Synthesis and discussion

To interpret the previous results, recall that this model considers loosely defined variables. The exchange
space for instance can be seen both as a geographical space, such as national markets or individual sectors,
and as scale of terms of exchanges.

Three forces characterize this exchange space. The cohesion force is the only force that attracts all agents
towards the center of the exchange space. The attractive and repulsive forces bring agents together or apart
on the X axis, respectively. Since exchanges are proportional to the distance between agents, the attractive
forces facilitate exchanges between agents, whereas the repulsive force reduces competition, by preventing
new entrants or more distant agents to establish or strengthen exchanges with consumers. These two forces,
attractive and repulsive, always exist within a market, yet our work stresses that it is r = ko/k1, the relative
magnitude of the repulsive force with respect to the attractive force, that matters. This ratio commands the
occurrence of the two phases of the dynamics.

In phase 1, 7 is high and free exchange is limited. Markets are relatively protected, or exchanges may
be prevented for other reasons, such as distance, lack of infrastructure, regulation, etc. The cohesion force
improves in average the terms of exchange across all agents and contributes to homogenizing the agents.
This tendency impacts all agents, even though agents with high initial capital are favored in the process.
On the contrary, in phase 2, the repulsive force is relatively weaker, and r is low. The agent will experience
higher mobility within the exchange space.

The two phases present similarities. In both, the price of the producer and the average capital stock of
agents decrease exponentially with the distance to the center. Agents at the periphery produce less and sell
at a lower price than central agents. Yet dynamically the two phases are different. Phase 1 displays stability
in exchanges, lower competition, a broad based although slow improvement in the terms of exchanges. In
this phase, random shocks can redistribute capital and initiate a virtuous circle of capital accumulation.

In phase 2, the weakness of the repulsive force induces greater instability in trade relations, but also
greater competition among agents. Increased mobility favors capital accumulation for producers with high
initial level of capital. Producers with a low level of initial capital will experience eviction from the exchange
space and a deterioration in their prices and revenues. This is due to an indirect effect: increased exchanges
induce greater competition and increased inequality in wealth distribution. Actually, removing the repulsive
force opens market to agents with higher level of capital. Selling their products at a relatively low price, these
agents gain market shares over their competitors. A producer that has penetrated a market experiences a
higher demand, higher prices, a higher revenue, and in turn higher capital. This same mechanism, repeated
over time, may drive him along the exchange space to a relatively dominant position.

On the contrary producers with low capital on an existing market will be progressively evicted. To them,
market liberalization is an increase in neighboring competitors. They will face a lower demand, lose market
shares and experience a decrease in income that will push them towards the periphery, and exclude them
from their market. Such mechanisms are at play within sectors where liberalization favors agents with high
concentration of capital. The arrival of big agricultural producers in Africa evicted local producers, that
ended up selling their work force to their previous competitors, and in some cases, lead them to migrate.

Phase 2 displays a seemingly counter-intuitive result: except under mild market liberalization, i.e. when
r is in some range, average capital is lower in phase 2 than in phase 1. This result is mainly due to our
assumption of constant technology. Because of this assumption, our model is only valid within a relatively
short period of time. Therefore, our conclusions do not contradict the standard accounts of industrial
revolution. The short periods of liberalization during the technological boost of the nineteenth century did
not lead decisively to higher accumulation, and freedom of exchanges has been at times contemporaneous of
a crisis. Thus, our model sheds a nuanced light on free exchange dynamics. In our context, a high disparity
in capital and thus in revenue does not imply an average improvement of wealth. Disparities in capital
accumulation are directly related to a collapse in global demand and a lower average wealth.
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Our model has a last implication. In our setting, capital must be renewed to produce: when an agent
cannot do so, he disappears as a producer within his market. This mechanism repeated over time may leave
the agent with the sole capital he may renew, namely his labor force. Thus, phase 2 of our model also
describes the evolution from a society with a large number of small producers towards a society with few
capitalistic producers and a large number of workers: it accounts for de-homogenization of society.

5 Conclusion

In this paper, we have developed a model of capital accumulation with a large number of heterogeneous
agents. This model keeps some features of the classical economic models - a standard equation of capital
accumulation, production function, and market clearing condition. However, it includes an exchange space
that dynamically interacts with capital accumulation. Besides, the classical description of the model is
replaced by field theory techniques. Our results show that, depending on the parameters of the model,
the system displays various phases, each describing different accumulation processes. Depending on the
parameters of the model, capital accumulation is not necessarily favored by greater market liberalization.
Besides, capital accumulation highly depends on each agent’s initial conditions, and shows that the capital
dynamics cannot be reduced to simple aggregates. Various dynamic patterns appear depending on agents.
Yet our model enlightens the fact that by its dynamic divergences, a society of atomic producers can divide
between groups of accumulating producers, and agents progressively losing their capital. Our results show
a dynamic that can produce a society divided in two classes, the first one accumulating capital, the other
one losing its capital, up to the point where its only capital left will be its labor. This model shows the
advantages of field theory modeling in economics. It leads to a finer description of the agents’ dynamics,
both at a global level and individual level, the two descriptions interacting permanently. Our future work
will continue to explore this approach to other fields of economics.
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6 Appendices

6.1 Appendix 0

It will be useful for the description in term of field theory to rewrite the weight (15) in a different form. We
introduce a variable X; () so that (15) is equal to:

exp ( Z ( / % (K (t) + 6K, (t) — AP; (t) K& () + X; (t)>2
_g (P () Ko ()~ i) 48 (%) - U1)>)

where § (XZ (t) — Ul’i) is the delta function and:

Ui = rAR(OKS (0F o e (220242 1)
7,k

7 (t)
dij (t) + d; (t)>

Us,; Ky Pj(t) K (t) P (t) exp ( y
.k

The full weight of the system is thus:

- _ ! 5 (X _ U) 52
exXp 202 202 + ! ! )

(Kt + 0k, (1)~ AR, () Ke () + %) 22 (B () Ko (1) - )’

Ox

X; (t) ’
xexp [ — | Y (2) + Vo (X (D) | + D Va(dig (8) + D Vo (dij (1), dar, (1) djie (£))
7 7,7 1,5,k

6.2 Appendix 1

We use the techniques defined in Gosselin, Lotz and Wambst (2017, 2018) to switch from the probabilistic
description of the model to the field theoretic formalism. A presentation can found in Gosselin, Lotz and
Wambst (2018), but we recall here what is needed for our purpose.

The idea is the following. For a large number of agents, the system described by (52), involves a large
number of variables X (¢) that are difficult to handle. We consider the space H of complex functions
defined on the space of a single agent’s actions. The space H describes the collective behavior of the
system. Each function ¥ of H encodes a particular state of the system. Then, to each function ¥ of H,
we associate a statistical weight, i.e. a probability describing the state encoded in W. This probability is
written exp (—S (¥)), where S (¥) is a functional, i.e. a function of the function ¥. The form of S (¥) is
derived directly from the form of (52).

The weight considered in this work is a particular case of those presented in Gosselin, Lotz and Wambst
(2018), plus some adaptation. In Gosselin, Lotz and Wambst (2018), we showed that for a weight describing
interaction between individual agents:

o Ot R PR Y R
oy ZN/T/T Vi (Xéfl)e,;.,Xéik))d31md8k
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the following field action functional contains the same information about the system:
S(W) = /(\Iﬁ (X)(=0?V? + V1 (X) + @) ¥ (X)) dX — Z/\Iﬂ (*V2+ V.H (z)) ¥ (X)dX

222/ (X1) .0 (Xp) Vi (X1 X5) 01 (X)) 0T (X)) dX..d X,
k>2k>2

where « is the parameter arising in the Laplace transform of the statistical weight (53), (see Gosselin, Lotz,
Wambst 2017) and where U (x) denotes the complex conjugate of W (z). The operator V is the gradient

operator, a vector whose i-th coordinate is the first derivative %: V= % . The operator V2 denotes

2 0?
V= Z aXQ
where the sum runs over the coordlnates x; of the vector x. Applying this to our previous example, where
U (X) =V (ck), we get V2= d¢2 + de

Coming back to the model at stake here, and discarding for the moment the weight associated to the
position in the exchange space, the statistical weight for the Price plus Capital part was (52):

the Laplacian:

exp (_2; (K () + 0K, (1) — AP, (1) K@ (t)+U1i)2 A? (pzl#r( ) K3 (t)—Ug,i>2) (54)

20 9.2
with:
Ui = RAP(OKE ()% oo oxp (- O 20 2 R0
Jk
Un = KX B 0K (0 Pelyenp (- 2O R0 RO 0]
—

The difference with (53) is that, here, the interactions between different agents (terms involving sums over
different agents 7, k, ..., are local, i.e. the quantities involved in these terms are considered at the same time,
whereas it is not required in (53). As explained in Gosselin, Lotz and Wambst (2017), the introduction of
local interactions can be done by introducing for each agent i, a counting variable ©; (s) which is roughly
equal to s apart some random fluctuation. A statistical weight has to be introduced for this counting variable
0; (s) and then, one has to replace this weight by its field counterpart:

/exp —/(@(2392_1) DO, (s) — Ut (K, PP, X, 9) Vo. (0°Vy —2) U (K PP, X, 9)

We will now show that the overall action for the Price + Capital part associated to (52) writes:

U (K, X,0) | —6®V% +

(o7 — APEKe (1‘U1>)2+ ) < AR+ )2 A2 (PO 4 17,)°
)

o
o? P\o?2(a+1 o?

1
— (6pVh + 0% Vi) —9*V + 7+ a> U (K, X,0)

(oK — APKz (1- Ul))2

~ UK, X,0)|-0?V% + 192

g
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which is in first approximation:

(o5 - APK‘: (1- Ul))2

+(PPR® +05) 04 Vh ~ Vi + o5 +o | (K, X,0)

i (K, X,0) | —0?V% + 2

a

with:
Dis+Di3

_ Pgexp(— (7)) = 2= 2
U = H/ 7] : [0 (Z2,0)| | ¥ (Z3,0)]

i [ P Presn (- (PE52) ) (2000 0 (2000

To prove this result, we first start with an arbitrary weight with interactions between agents and including
the counting variable © (s). Such a weight includes our model as a particular case.

U,

o [ - [ BHOH OO TV R0 K 0)

572 (56)
This form describes the first part of (54) if we set:
G(X;(t) = OK;(t)— AP (t) K (t) (57)
V(Xi(t),X; () = -l
The second part of (54):
A2 14y « 2
— o (P (0 Ke (1) - Uy
has a direct equivalent in term of field theory:
vl (K, X,0) ((P1+"’KC’ + UQ)Q) U (K, X,0) (58)

so we skip it from the following argument and reintroduce it at the end of the proof.

Then, as in Gosselin, Lotz and Wambst (2017), we replace in V' (X; (), X (t)), the time by two indepen-
dent parameters t; and ¢;, and impose the equality of the counting variables associated to these parameters:
0; (t;) — 6; (t;) = 0. Then the weight (54) rewrites:

(5 () + G (X (1) = S5, IV (X (), (1)) 6 (85 1) — 01 42

—e —
*P 202

To simplify the notations, and include possible generalizations, we will also replace:
[V @080 ) -0 0) > [ V(X 0),01(6).X (1) .05 1)
= [veiw.vw)

where we set:

That is, the 0 factor of the potential is replaced by an arbitrary function of the counting variables 0; (t;),
Gj (t;). Then, we mtroduce an auxiliary variable X; (¢;), equal up to a random error of small square deviation
a3, to 3 fV Y; (t;)) and the weight (56) becomes:
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(5 () + G (%, ()~ % (1)
R 202
(R20) 2R S V0G0V )+, TV ()Y ) S [V (Y m%mw»)
203
We also assume that:
ag << o?

This weight has the required form to apply the techniques developped in Gosselin, Lotz and Wambst (2017),
and the corresponding field theory action writes:

wt (Y X) <—vg (92Vy — 2) — %vx (UQVX LGX)+ X) + G (X) - %Ezvg( - 1w5(2) U (Y, X)

S By O o
ORI )

2
205

We apply the transformation on the field

\I/(YX) — exp (-/(G(X)+X))¢:(Y,i() (59)
and change of notation for the sake of simplicity:
T (Y, X) U (Y, X)

For an action:

v (v, X) (—ve (192v9—2? —;v§(~+ (G(X)~+ X)Q—l 2V —% X2> v (Y, X)
- L g ey
AR 0D g 1y o () Pl ()

For potential satisfying: V' ((Y, X') , (Y’, X')) = V (Y,Y’), which is the case considered in this work, it
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simplifies as:

o (Y X) <v9 (192% —2) - 1v§(+ (G (X)+X>2 - %52V2 - ;w> (YX)
/ ‘xp YX XV (¥, ’\p YX ‘ ‘\II(Y X)’
+f ””;f;” \w(m)\ o (v ) o (v )

and this is equal to:

_ 1 N2 1 1 .
ot (Y, X) (—vg (Vo —2) = 3V + (G (X) + X) — 562V% - 2w> v (Y X)
. “ni2\ 2
<XfV(Y,Y’)‘\I/(Y’,X’)’ > ,
(5)
N / 202 ‘
Now, given our assumptions: ¢ << 1,03 << 1, we can consider that: £?V% — 0. As a consequence, the
condition

(60)

o:/\lﬁ (YX) (X—/V(KY’) ’xp (Y’,X’)‘2)2\I/ (YX)

imposed by o2 in (60) is obtained for a function of the type:
v (Y, X) =5 <X - /\IIT YV (V,Y") ¥ (Y’)) U (Y)

The 6 (f( — [T (YY) V(YY) (Y’)) is gaussian of norm equal to 1 peaked around [ T (Y')V (Y,Y') ¥ (Y").

As a consequence:
/qﬁ (v.%) (60 + %) v (v.X)

[ (%) (en+ [vorle (v ) ) u (v5)

_z/qﬁ (v.%) (G (X) +/Xv v.v")|w (YX)r)

(2= [voa e (vx) ) e (vx)

2

/ (v, )( /V v,y |w (v, X>’2> v (v, X)
- \Iﬁ YX <G(X V(Y,Y') ’\y(y X)‘Q) vy, X
X) G (X V(Y,Y") ’w(y X)‘)

( /T<Y oy ) (1,0) ) o (15)

This last quantity is negligible since:
/\m (v.%) (G (X) + /XV (v, Y") ‘\1/ (v, %) ’2> (X - / ‘xp (Y’,X’)‘QXV v, Y’)) v (v, X)’
< H\m (YX) (G(X) —i—/f(V(Y,Y’) ‘\1/ (Y’,X’>‘2>H H(X —/‘\IJ (Y’,X’)‘QXV (Y,Y’)) v (YXG)IH
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and the norm of the last factor in (83) is close to zero, since:
2
H( \1/* Y’ X’) V(YY) (YX’)) v (Y, X) H

_ /\Iﬁ (YX) (X—/\Iﬁ (Y’,X”) VY, X') U (Y’,X’))qu (Y, X)

Thus, the potential (60) simplifies as:

wl (v, %) ( Vo (9°V —2) — Vﬁ() v (v, X)
2
/ < (X) +/\1/T (Y’,X’) V(YY) (Y’,X')> v (Y, X)
2
= Ui () (-”2v§( - (G (X) +/\I/T (Y (Y, Y’)\IJ(Y’)) ) T (Y)
We can now come back to the initial variables, by letting Y — (X, 6), and this yields:

ot (X, 6) <—v9 (92Vy —2) — O;V?X + (G (X) + /V(X, X')5(0-0") |0 (X’,9’)|2) ) U (X,0)

2 2
= ¥ (X,9) <—V9 (192V9 — 2) — %V?X + (G(X) +/V(X,X') \II(X’,G')2> ) U (X,0)
We also change of variable for the dependence in the counting variable:

U (X, ) = exp (152) T (X, 0)

and reset again: B
U(X,0) = ¥ (X,0)

Given our choice for G and V' (57), and adding (58), the field theoretic version of (54), one obtains (55).
To close this section, we note that due to the change of variable (59) the source terms have to be
included as they participate to the action. One thus has the action plus source terms:

ot (X, X) ( 92V2 4 — 192 - ;v§<> v (X, X)
+/\1ﬁ (X, X) (G (X) +/\Iﬁ (X’,X’) V (X, X)W (X’,X’)) v (X, X)
—|—/J(X)exp (—/ (G(X) +X)) v (XX) +JT (X) exp (/ (G(X) +X)) wl (XX)

1 o? 2
= vh(X) <ﬂ2v +55 - 5v§( + <G (X) +/\1ﬁ (XHV(X)¥ (X’)) ) T (X)

+/J(X)exp (—/(G(X)+X)> ¥ (X) + It (X) exp (/ (G(X)JrX)) ot (X)

for an action including the source terms:

wh (X )( ﬁ2v9+;2 1y ) +/\1ﬁ (G \Iﬂ (X’)V(X,X’)\I/(X’))Q\I/(X)

+/J(X)exp</XG )+ XX (X )qf +/JT exp</XG(X)+XX(X)>\pT(X)
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The Green function are thus computed through the following formula:

<exp <— (/XG(X) +X/\Iﬁ (X"V (X, X’)\I/(X’)))

Y
X U (X)W (Y)exp ((/ G(X)+Y/\1/T (X’)V(Y,X’)\IJ(X’)>>>

<exp <— (/YXG(X) —i—/‘lfJr (X)(XV (X, X") —YV(Y,X'))W(X’))) U (X) vl (Y)>

G(X,Y)

6.3 Appendix 2

We inspect the case p = 0.
As said in the text we look for a configuration that satisfies the market clearing condition. That is for
A >> A we replace
v (Kz, P27X2, 0) — 0 (P - H (K, X, 9)) v (KQ, XQ, 9)

As in the text we set Z = (K, P, X, 0). At zeroth order in % the potential becomes:

(6K—APK°‘ (1 r /P3 op (7 (@ i LdXB‘)) W (Zy,0))? I\P(Zg,0)|2))

@2 Py

2

with constraint:

K . X=X, |Xy—X
P = 2 [ py () Pgexp(—(' s 3'))|@<Zz,e>|2|@<zs,e>|2

The constraint is solved by looking for a field configuration (projection)

U(K,P,X,0)=6(P—H(K,X))¥(K,X,0)

for a function P .
P=H(K X)=(K) ™ f(X)

and replacing in the constraint, leads to:

O = [ ot oo (- (B2 ) w00 o a0 (02

in average.
The potential for K becomes:

(m A £ () (1 | ™ § ) (mg Ssz’XZ’G)'Q v <K3»X379>2))

2

a~y o 2
= 1 — & [(K2)™7 (K3) ™7 f(X3) (f (X2))”
= (“‘— AE) (X) ( xoxp (— (D52 4 B50) ) | (1, X5, 0)/2 [ (5, X, 0)° ))

o

oy
for ary << 1, (K)™7 ~ (K)y'", and this describes, for a given X, an harmonic oscillator of average
(K) y that satisfies:

o 1— ki [ (K) ™77 (K3) "™ f(X3) (f (X2)) 7 x B
H{B)x — ALK F(X) ( xexp (— (BG4 D)) o (16 X, 0 W (K, X, ) ) —0
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with solution:

A,y (1) (K 757 () (7 () R
(57) ( cexp ( ) )

K)y=|—- - _
=1 - (B B ) (K X0 | (K, X,
(64)
This expression can thus be used in (?7?), to identify f (X):
(PO = [ (2™ (102)775 £ (X0 £ (X2) (65)
X-X Xy — X,
e (= (B2 P00 ) w00 o . 0,

At the lowest order of perturbation theory (65) becomes:

(f (X))1+'Y o~ H/G((Kg,Xg,@),(KQ,XQ,H))G((KQ,XQ’Q)’(K?”X:g’a)) (KZ)% (KB)_ﬁ

X f (Xs) J (X2) exp (_ ('X;le X ;XS»

In Appendix 3, we will derive the Green functions. It appears that for #’ ~ 6, The Green functions are those
of harmonic oscillators for a propagation time of order 9¥? that we will write G ((K3, X3), (K2, X3)). We
thus have:

(OO = [ 6 (8, Xa) (B X0) G (2 Xe) (R, X)) () 5 ()75 (7 06 e (52 )

We also assume that the dynamic for K is "faster” than the dynamics for X, so that the Green functions

have the form:
G ((K3,X3), (K2, X2)) = Gx, (K3, K2) G (X2, X2)

As a consequence, the integrals over Ky and Kj:

/ Gxy (K, ) (Ko) 55 (Ka) ™5 G, (K, Ko) dKad K

compute the average of (Kg)% (K3)~ T for a transition from state X5 to state X3. As a consequence:

/G((K&Xs) (K2, Xa)) (Ko) 57 (K3)™ 707 G ((Ka, Xa) , (K3, X3)) dEd K

~ G (X2, X3) G (X3, Xo) (K) i) (K)x, ™

where (K) x, 18 the average level of capital for agent with X = X3 is computed below by identification.
As a consequence:

ay

(O~ 2 [ 6 (X, X3) G (X3 Xa) (K) 57 ()T <X3>f<X2>exp<(

d d

X — X5 | X2 — X3

The potential for X is harmonic in zeroth order in x with low frequency and then we can assume that the

integral is distributed around X5 — X3 ~ 0 and replace exp (— (%)) by d times a delta function. As
a consequence:

(f (X)) ~ g/«iﬁ (f (X2))* G (X2, X2) exp (— (X_dxz»

If the exchange positions are homogenously spread on [—1, 1], one can replace the probability G (Xs, X3) by
a constant density, here % in first approximation, to normalize the probability of the interval [—1,1] to 1.
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Thus, using (64) one can express (K) y as a function of X:

L (A T 1 [ () 55 (565) 775 7 (X) (F (X)) S
(K)x = <5f(X)> ( X exp (_(\X dX2| 4 1X=Xs) X3 ))|\II(K2,X2, )20 (K, X, 0)) ) (66)

(?“X))m (1‘ o [T T 00 (F () e (— (X‘dX2' ; 'X—dX3>))

for v << 1. The factor % appears again to normalize the probability each interval [—1,1] to 1. We thus
postulate the following form for (K) y:

cosh & Tt
(1) = (?f(X) (1 ~ e (-11) (1 - ;3))) (67
d

h X
with h to be determined. In (66), we can replace for the sake of simplicity, 1 — hexp (—%‘) (1 — ::;}E 1d)>

by its average which is approximatively equal to 1 — hexp (—ﬁ) (1 exp ( )) (h < exp (%”7 so that
(66) rewrites:

wx = (3r00) T i LA e sl 1)) )))

4 (X3) (1= )T £ (X) (f (X2)) " exp (- (X572 4 B

A ) 1— 5 (4 (1—hex 1—exp(—= — T
(f(X)) (xf(f( (A A 1 g ))|2¢)x2| )

z X)) TR (1 () R e (© (12520 4 L)

R

and the equation for f (X) becomes:

G = g [T e (-7

a(y—1)

a(y=1) =)
k[ A\ TP X cosh (£)\) ™0™
als) ) <1hexp (-7) (1exp<;>

(7 () P e (X2

cosh( X )

Again, we can replace for the sake of simplicity, 1 — hexp (—%‘) (1 " en(d)
ex Fi

) by its average ~ 1 —

hexp( ) (1 — e)(p(2)> (h < exp (id)) We look for a solution:

061 = Dy (o)

and the identification becomes for v << 1 :

a(y=1)

oly—1) 2 Tty(i—o
X\ _ K (A\TEe ()oe 1 exp (—) =
exp( (1+7)cd ~ 55 D T 1— hexp 54 1 5
(1+7)(2—0) | Xy X — X5
x/exp( ClJr’y(lfa) ¥ exp 7
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The integral can be estimated as (X > 0):

[row (5 o (-0 o [ (252 o (-5572)
o (212 o (=)

e () (1- e (-2572)) (o) ot o0 (2) o ()

d

2a + 1 1—2a 2a + 1

Jhaexp (=) —2exp (=)
4a2 — 1

and the identification for f (X) becomes:

a(y—1) 2 a(y—1)
|X| K (A\ T (17)a-e 1 1 T (-
— - = - —= v(1-a) — JRE — JRE
exp ( (1+7v)ec g A D TR 1—hexp 57 1—exp 57

y (4a exp (=) — 2exp (—2a{j)>

4a? — 1

For v < 1, one has:

1
c ~ —
1+
o (I+79)(2—a) 1
1+7(1—a) 1+~
L
1+ (1-a)
That yields the identification for D:
a(y—1) o 2(2—a) 1 s

w A\ T (1-9%)a-o T =) 1 exp (——)

A el TH(1=a) 1— - 1 =\ 2d) -1

2 <5> P 20\’ 1 hexp( Zd) 2

<1+v(1—a)> -
whose solution is:
aG-0) \ TG

Do 1+v(1—a) 2—a 2_1 Al e (L 1_exp(—21—d) e

o —a)k + -«

2—a) 1+~(1—a) 5 P\ 72g 2
and we are lead ultimately to:
RS
X) = D - 68
X = Dew (i (63)

1+y(1—a)

- (1 ?27_(24)_:) ((1 +2WZ1a— a)>2 B 1)>WMQXP <_d(|1X+|7>>
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and using (67):

. - (LEali-a) 2-a )\
X 2—-a)k 1+v(1—a)
1 exp (— o) T=TH0=a) /4N —1ia
() b))
(X) e
| X| > ( X> cosh (& e
SRS el E— O (S il (i v A
xexp( 1+~v(1-a)d P d exp(é)
Then we can use the condition (66) on (K)y and compute g and h (we consider v << 1):
__a(l—=v)
A 1 exp (— = thme) (1—o)(147) (—a)(14)
v 1‘&(5( e (-5) (1_ e )>>> [ (7 ) T (1 (o)
o (- (X5, o))
d
RN S A 2—a 271
4d? (2—a) 1+7(1—a)
x/exp 1—a ‘X3| exp [ — (1—0[) ‘X2| exp (- |X—X2|+|X—X3|
1—|—’y l—a) d 1+7v1—-a) d d d
1 1+v(1-a) 2 -« 2_1
(2—a) 1+7 (1-a)
x/ (1-a) [|Xs[) . X - X2\+|X*X3|
117(1-a) 4 )P d d
oL 1t9(-a) 2 -« 2_1 /e - X\ XXy
22 (2-a) 1+~ (1—a) P\ 10— a )P

d
B 11+v(1-a) 2—a 27 oo [ (1—a) |Xz] _ cosh ()
= 2d (2-a) <<1+’Y(1_@)) 1)/ xp( 1+~v(1—-a) d ><1 exp(;))

fool-(5520) - - 28)

Then g and h will be found by computing the following integral (for X > 0, the general case being obtained
by replacing X with | X|:

J={etite =)
Joo -0 ) 255
X

/_iexp((l—a)z— du)du—l—/}jexp(—(l—a)Z—I—X;u)du

12

1R

¢

1

Il
=8
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Q
afx
\
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m\
afx
+
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+
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afx
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which can be approximated at the zeroth order in a:

1
ISH
7N
N —
®
|
alx
|
N |
D
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|
(9]
|
afx
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|
no
|
N |
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+
iy
|
a
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The correction terms of order « are negligible in the neighborhood of d = 1. In average, the previous
X
formula is equal to d (— - %e 1) e~ @ . Restoring the absolute value, one finds for d close to 1:

1+7(0-a) [1+9(1-0q) 9 o 2_ §_€_%
"= 2(1-a) ( (2 —a) <(1+7(10¢)> 1>><2 2)

As a consequence of the previous computations, the potential becomes:

2
6% (K — (K)x)
which justifies the assumption of harmonic oscillations.

The price can be rewritten as a function of (K) using (67):

P = H(KX)=(K) ™ J(X)

o
X < 1x]

e (1o () (1-283))) T

A+ (A=)

(f (X)) TS

(@:)
<K>X) A X cosh X =
(# (1o (-50) (1-5525)))
%
1+7(1—a) - (1-a)|X]
( <27 a)r < 1+'y(1 @) _1>> eXp (‘d(lw(l—a)))
P

T (=® (69)
—hex _Ix1 7coshl TF~(1—a)
e
(K) x 17hcxp(7i)<17@)

Having found the price for A — 00, we can now consider the corrections due to A:
A >> A: once again we consider fields of the form: ¥ (K, P, X,0) — ¢ (P — F (K,X,0)) ¥ (K, X,0).

and thus, (67):

The potential considered is now:

2
<5K _ ApK® (1 e T |w<K37X3,0>|2>)
2

2
+ A2 (PH”K“ — H/Pg (K3)* Pyexp (— (| X1 — Xa| + | X2 — X3|)) |V (K2, X3,0)) |¥ (Kg,X?,,e)F)

— (6K — APK°U)* + A% (P K* —V)®

with:
P. (X7 - X X1 —X
U — (1—%/ SGXp( (‘ 1 P’y2|+| 1 3|)) |\IJ(K2,X2,9)2W(Kg,Xg,H)F)
2
vV o= fz/Pg(Kg)aP;),exp(—(\Xl—X2|+|X2—X3|))|\I!(K2,X2,0)\2\\II(Kg,X3,0)|2
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The price is found through the minimization of the sum:

(6K — APK°U)* + A% (P K™ — V)

That yields the condition:

—UAK® (K — APK°U) + (14 ~) PYA’K® (P'"K* - V) =0 (70)
A first order approximation in v of (70) is:

—AK® (6K — APK®) + (1+~) PYA’K® (P'"™K* - V) ~0 (71)
We we then use (71) at first order in yand in f\——z to compute P17 K*:
A(OK — APK?) A(OK — APK®)
RAry)P )
AK® (6K — AV)
A2Ke

PYYKY = V4

~ V+

. 2
Now, we compute P1TYK® at first order in %:

0K — AV

PR A = 2
A2 +A2 14 (7 )
plivga  OAK AV
AZ + A2 A? + A2
0K — AV
PYK* = V(1+A—c—"—r
< T4y (A2 +A2)>
For this value, the potentials become:
(6K — APK°U)* + A% (P K™ — V) (73)
2
- 0K — AUV
~ (6K — APK°U)* + A?A? | ————__
( S (4202 + 1)

_ APKoU + —24°__ Ayv
2 A2 2772 2)2
52 (14 AA_2 K (A2U2+42)
(4202 + A?) (14 AAr
(A2U2+A2)2
A2A% (APK°U — AUV)?
A2A42 + (A2U2 +A2)2

Equations (72) and (73) can be simplified. Since we are looking for first order corrections in %27 in (72)
we can replace we can replace 0K — AV by its lowest order approximation, that is, given that we have
assumed vy << 1:

6K — AV = 6K — AP""TK* ~ K — APK*
To this order of approximation, one can also replace K by (K) and using (63):
5 (K)x = AP (K)3 U
and (67):
0K —AV A5<K>X — AP (K)%
14 o AP (K)%
0 (K)y — AP (K)y
(03
AP(K)S

AU -1) = A(U) -1) =~ -hA (1 - <_c1i)>

1

A
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and (72) becomes:

PR — <1+ %2 () - 1>> - <1 7h%§ <1 S (;))) v

Similarly, in (73) we can replace APK*U — AUV by its lowest order approximation, that is

APK®U — AUV = AU (PK® — P'"TK*?)

The correction associated to this term is of order fyﬁ——i and can be neglected. Moreover, by the same argument,

. 2
up to corrections of order 7%, one has :

APKCU + 7(A2ézizz)2AUV PK® + 7(A2éjﬂz)2pm
~ AU = AUPK®
A2A2 A2A2
5 (1 + (A2U2+A2)2) 5 <1 + (A2U2+A2)2)

and the potential is:

A2 A2 a\ 2
(14 AA, _ (K_AU§K>
(A2U2+A2)

1— exp(—ﬁ)

5 . As a consequence, the equation

In these formula, U can be estimated by 1 — hexp (—2—1d) <

for P is the same as before with an additional factor U, and the equation for (K) y is unchanged. We can
then use a similar trial function: .
P~ (K) ™ f(X) (74)

and these equations become:

(F(X)'" = R/1'32 (K2)® Pyexp (— (|X — Xa| + | Xo — X3)) | ¥ (K3, P3, X3,0)° |¥ (K2, Ps, X2,0)]°

(1 (1o (1)) -

(k)= (510)) e (1= o [ 087 1R 0 (7 ey e (- (B2 R )

And the resolution is identical to the case A — 0. We thus find:

with:

with:

1+y(1—o)
a(-7) \ [-r?)a-a)
_ _ 2 1 T (-
p- [Lfri=a) 2« ) (A (e (< 1) (1o o2tz
2—-a)R 1+v(1—a) 0 2d 2

1+

X T (i-o)
(K)x = (fslf(X) (1 hew <_|§> (1 . sz;h(fl)»)
d

with:




to the first order in 4. Formula (69) for the price becomes:

Az
2 e
I4y(1—-a) 2—«a p— oy
< (2—a)R ((14-"/(1—@)) — 1)) exp (_m)
lfhexp(f%)(li Cosh% > U=

( K )1+~/
X 1—hexp(—ﬁ)<1—exp(_ﬁ)

6.4 Appendix 3

For p > 0, the contribution of the mean cnfgrtn added to the fluctuations. Previous computations are valid,
but average values have to be computed in states including the fundamental’s contribution in the state
Uy + U. We first consider the state ¥y (K, P, X, 0) only, and in this state, we replace P, find the equations
for f(X) and (K)y. Then, we compute the form of fundamental ¥y and the value of p. We then compute
the correction due to ¥ (K, P, X,0) and find the effective action.

6.4.1 Equations for P, f(X) and (K) in the state ¥,

In the state ¥o (K, P, X,6), the previous equations defining the potential, P and (K), are the same as

before. We will include directly the first order corrections in % since it amounts, as in Appendix 2, to
replace k by & (see 75) in the equation for f (X).

Now, to compute f (X) we first find the average of K, denoted (K), computed in a state p¥o (K, X),
which amounts to replace now, given our order of approximations, for ¥q (K, X)

K — Kpt

One sets again: .
P =(K) ™ f(X)

The equation for f (X) is the same as before

X p4/P2 )* Pyexp (— (|X — Xo| + | X2 — X3])) W (K2, Py, X2,0)|? |Uo (K3, P3, X3,0)[°

ST IE)

includes the first order corrections in f‘——i. The equation for (K)  is still valid in first approximation:

where:

K= (5700)7 7 Lt [ ()5 (K5)F5 £ (X5) (F (X2) D
= 5T xexp (- (Xl 4 XXl X"’))I\I/o(Kz,Pg,XQ, 0)[? |Wo (K3, Ps, X3, 0) ]

For the same reasons as in Appendix 2, the state \I/(T) (K, X) is centered around (K) . Thus, the equation
for f(X) is thus:

() = mpt [T (06 6 (X Xy exp (‘ (X_dX>>

Moreover, in first approximation, the defining equation for the X part of ¥ (K, X) is an oscillator with
ko << 1. The distribution for X can thus be considered as uniform. The equations for f (X) and for K are
thus similar to that obtained in Appendix 2, apart from a p* factor and write:

o =5 [ (G e (<52
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A K

1+y

THy(I-a) oy
Ky~ —=f(X 1 K)o
= (5r00) T (1= [
Again, the form for (K) , is postulated:

(VX F(X) (F (X2)) ™ exp (— (

X — X5

d

(K)x = (’;‘f (X) (1 ~tewp (=4

1+y
) 1 cosh % THya=e)
d exp (é)
the resolution is thus similar to Appendix 2 and one finds:
f(X)

— Dexp (_1|+X|v>
_ (? (1 — hexp <_21d) (1 Cexp (-5

L) T=a)FD
2
9 (1+’v2()1(—ﬂ) 5
y 1+'y(1ja) 2—« 1 exp - | X|
(2 — a) kp* 1+v(1—a) d(

=)
L h

where:

1+v(1—a) 2 -« 2 3 e 1
= 1 1— -1 - =
L+ O‘))< 2(2—a) ((1—!—7(1—@)) 2 2
And for the price:
2 —
1+y(1—a) 2—« (1-o)|X]
, (s () ) oot

_7d(1+7(1*a)))
X ﬁ 1—hexp(—‘x|
(55)

(o3
cort X T
17hexp(7i) (17 exp(;

6.4.2 Computation of p and ¥,

The value of p can now be computed. As said before, this phase is possible approximatively for:
5 1
K] — 2Kk3 kg >0

In this phase, taking into account only the contribution in X, then p can be found approximatively by:
1
K1+ \/ K3 — 2K¢ K2
p

2%2
P,
the part in X:

with ‘32—5 > 0. The value of p is found more precisely by writing the equation for the state ¥y (K, X). For
K
0% (V¥ (2))” + JTO‘I’T (@) (z = (2))" ¥ (@) + (¥ (2) ¥ (2)) Vi (= = y]) (7 () ¥ (1))

e

+ (U7 (2) U (2)) Vo (Jo = y|, |z = 2, [y — 2]) (97 (1) ¥ (1)) (¥7 (2) ¥ (2))
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where:

KK'exp (=x1 |z —yl)
(K), (K),

Va(lz —yl e —z|,ly—2]) = raexp(—xalz —yl—x2|r—2[—x2ly —2)

Vi(lz—yl) = —r

xT

Considering the X part of %(z):

—ox VAU (I)Jr% (& = (@)* ¥ (@)+Vi (Jo = y)) [V )1 (@) +Ve (lz =yl |z — 2|, [y — =) [¥ ()" | ¥ (2)* ¥ (2)

It can be approximated by computing the potentials V; (Jz — y|) and Va (Jx — y|, |z — 2|, |y — 2|) in the

fundamental:
KK'exp (—xa |z —yl) roN2
K1 |V (K, y)|" dy
/ (K), (K),
KK'exp (—xa |z —yl) ;o2
R [To (K',y)|” dy
(K), (K),
K
~ Kyexp(—x1 m)WPQ
2

~ rrexp(—x1z|)p
Similarly, the second part of the potential is replaced by:
2 » N2
r2exp (X2 |2 =yl — x|z — 2] = xa |y — 2[) |¥ (K", y)|" |W (K7, 2)]
— /@ exp (—xz |z =y — X2 & — 2| — xa |y — 2]) [Wo (K, y)[* |0 (K, 2)|* dyd=
~  Kgexp(—2xz |z]) p*

Moreover in first approximation, we can find the fundamental by taking the expectation values of the variable
x:
{r) =0

for an overall expression:

—0% V2V (2) + kox® ¥ () — Ky exp (—x1 |2]) ¥ (K, x) p? + ko exp (—2x2 |2]) ¥ (K, z) p* + a¥ ()

K

Adding the K a part of the action, and considering x; << 1, x2 << 1, at the lowest order in x; and x2, the
fundamental equation is:

0= (—oxVx — 0’Vi —9°V3) ¥ (K, X, 0)

A2A? 1
2 _ 2 2 4 2
+<<5 +( T _2)2>(K (K) )" + kox +<p K2 pﬁ1+192+a>>‘1/o(K,X79)

The fourier transform in 6 shows that the fundamental does not depend on 6. Eigenstates of the operator
leads to look for a fundamental of the form NWq (X) ¥o (K). We assume 6 < © with © >> 1, so that the
integral over 6 exists.

The normalization factor N ensures that N¥, (X) ¥ (K) has norm p?. Then ¥, (X) and Vg (K) can
be searched as fundamental states of oscillators with eigenstates

L 12 A2
kg and o, [62 + L,Q
(4202 + A2)
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and this leads to the relation:

/5o A2 A2
0,/0%+ (A2U2+A2)2

2

11
O:a+—+§n§—n1p2+/€2p4+

with:

-
|

(1= [ () e ([0 e - (- Xal - xap) )

()

2
whose solution, with with 8872 > 0, is:

2 A2 A2
K1+ K%—2K2<204+192+\//€0+0'/(52+(A2U2+AQ)2>

12

2
= 76
p 5 (76)
and the eigenstate:
A2A2 2
HiéXQ 62+ (A2U2+A2)2 (K_<K>X)
Uy (K,X)=Nexp | ——2 exp | — 5 (77)
o

where N is the normalisation factor:

(78)

N = p
-1 9 A2 A2
277\/@%;0 o,]6%+ 7(A2U2+22)2

which completes the computations for P, (K}, and the potential.

For later purpose, we also derive the corrections to these results at the second order in y; and xo. At
this order, expanding the exponentials in y; and 2 yields the potential of the X part of the action:

1 2
—Kox” + K1X1 ||

2
K1 K
5 p* = 2kaxz || p* — -xFa? (pQ) + 2K9x52°p°

2 (K),

1 sgn (z) K 4 ? 1 K 4 ?
- = + -2 - — ——p =2
Ko (x p” (X1K12<K>1p X2kK2p S ><1f€12<F,> p X2kK2p

2 x
2.2
<_ m);u’) n 2X§H2p4> 22

1 ’@1)(%/)2 2. 4 sgn (z) K, 4 ?
~ 5 Ko + —T"‘QXQFEQP T+ Ko leﬂmﬂ — 2x2k2p (79)

2
p* - 2Xzﬁzp4>

K
(K)

xT

+

_ K
2k \M2(K)

x
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so that, the fundamental equation becomes:
0= (0% Vx — 0’V —9°Vj) ¥y (K, X, 0)

2 2
Xikip K2 4 K
tro (1 +2xp 2 + ——
Ko ( 20 X2 HOP ) <x sgn (:r) (leﬁ2 <K>w

+ ((52 + (A2AQ)Z> (K — (K)X)2> Uy (K, X,0)

2
PQ - X§K2P4)> Uy (K, X, 9)

A2U2 + A?
+ | ptho — p?r1 — XRLpQ—XF;p“ 2+i+a Uy (K, X,0)
2 1 112<K>z 2K2 92 oL, A,

Again, we look for a fundamental of the form N, (X) ¥, (K). The operators in X and K are harmonic
oscillators with frequencies:

1 2, 2 A2 A2
IQ(% \/1 _xamp +2X%@P4 and Cr\/52+ (1422—142)2
Ko Ko U +

-3 K 2 )2
Ko (X + (XUﬁWP — X2ka2p ))
o (X) = exp |- : H (2) (30)

2
Ko 2 (X - (xmin - X2K2,04))
+exp | — 2<§>X H(—x)

U, (X + (x1n12<§_>xp2 — X2K2p4>) H(X) + ¥, (X — <X1K12<II§>Xp2 — Xm;f*)) H(—X)

02+ s (K — (K)x)?

(A2U24A2)
Wo (K) = exp | — (s1)
20
and the fundamental state writes:
Uy (K, X) = pN[\IIO(X+5X)H(X)+@0(X—5X)H(—X)] (82)

A2A2 2
6% + (A2U2+A2)2 (K - <K>X)
xexp | —

20

where N is a normalisation factor:

1
N = - (83)
—3 / A2 A2
271'\//4,0 ‘o 52 + W
and:
K 2 4
0X = | x1K1 mp — X2kap (84)
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with p satisfying the condition:

1 11 Xik1p?
O = a+ﬁ+§l€§ \/1_ 12 +2X%H2p4
/ A242
K 2 O 5 + (A2U2+A2)2
2 4 2 4
- - —— - 85
K1p” + Kap <X1%12<K>XP X2kK2p > + 9 (85)

6.4.3 Contribution of ¥

Now, the replacement ¥ (K3, Ps, X3,0) — U (K3, P, X35,0) + 0V (K3, P3, X3,0) for V can be performed in
the following way. For any quantity, (K) ™7, f (X) the expectations:

(k)1

(%(K?,,P&Xsﬁ)+5‘1’T<K37P3’X3’9))( F(X)

) (Vo (K3, P3, X3,0) + 0V (K3, P3, X3,0))

are approximatively:

K) T
)

K) T
F(x )

lpg(K?nP?nX?ne)( ( f(X

) U (K3, Ps, X3,0) + 60T (K3, P, X3,0) < ( ) 0V (K3, Py, X3,0)

since, given their form, (K)™ ™7 and f (X) can be considered as close to their average (K)~ ™ and f ({(X))

and thus .
(5) T

f(X)
for a perturbation 0¥ (K, X) orthogonal to ¥y (K, X). As a consequence the second order development of
the potential terms are:

<\Ij2-) (K33P3aX379) < > ’6\11 (K37P37X379)> ~0

2
) (.3 (70 00 = [ Pa)” Presp (- 00 g o (5, 00 )

X = X[+ X — X
d

+60T (K, X) (flH (X) — ,-g/P2 (K3)® Pyexp ( ) |y (K, X2)| [0 (K3,X3)|2) oV (K, X)

X X[+ [ X, — X
d

) §W (K3, X3) Uy (K27Xz)>

—2k0} (K, X) (/ Ul (K3, X3) 00T (K3, X3) Py (K3)® Psexp ( ) 8 (Ko, Xo) Ug (K3, X3)

X X+ [ X — X
d

+ / W (K, X) 001 (K3, Xs) P (K3)° Py exp(

X <f1+’y (X) — H/PQ (Kg)a P3 exp <|X — X2| —;|X2 — X3|> |\IIO (KQ;X2)|2 |\IIO (K3aX3)|2) \IIO (K’X)

where, as before, we define f (X) = PK~ 7. The first term is the action part for ¥, (K, X), it can be
discarded (and in fact is equal to zero given the constraint).

Given that both for Wo and 6V, K is centered around (K) y ; and (K) y, and that for both state we may
consider the X ditribution as uniform and, as a first approximation, we set:

P () 00 X) Wo ({K) 0. i)

G(X,X:) = G ((<K>X »Xi) ) (<K>X.7‘ ’Xj))

Go (X, Xi)

and:

Uy (<K>X7O7X)‘2

fo (X) /PK*ﬁ |Uy (K, X)|?dK ~ PK~ 77

Yo (<K>X,0’X)’2

0 = [ PR N (0P i PR
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so that the last term rewrites:

_H/GO (X2, X2) G (X5, X3) <K>>1:T:70 <K>)_(;% [ (X3) fo (X2)exp <— [ X = Xa| + | X5 — X3|)

d

ay

x ((fo Gk [ G (X, X) Go (X, X3) (B 507 () 1T fo (Xa) o (Xa) exp (
><G'O (Xa X)

[ 6 (X, X2) Go (X, Xa) (B) K7 (KDL o (X T (X e (

_|X—X2|+|X2—X3|>>
d

IXX2|+X2X3|)
d

x ((fo (O = [ Go (X, Xa) Go (X, Xa) (B) 0y (KT fo (X fo () exp (—'X R X3'))

XGO (X,X)

As in Appendix 2, we can approximate the integrals by their estimations on the diagonal, and consider in
first approximation a uniform distribution for X so that this term rewrites:

— [ (O ORI + 0K (0L ) 7 (Xa) o (Xa)

< foo (< (F572) (o™ = [ 10357 (oo (- (55721

where we used that the K part of ¥ is peaked around (K) x,0- and that the X part is assumed distributed
uniformly.

12

= [ (O O+ 08 035) £ 00 fo )

x ((fo (X)) — /f/ <K>;§(}l) (fo (X2))* exp < (X_dX2>)>

1
o

since the equality

o) = [ 1055 oo (- (E222) ) 0

holds on X. Thus the constraint becomes to the second order:

a A e X — Xo| + | X2 — X3\ \°
vt (PHWK - Fv‘/Go (X2, X3) Go (X3, X5) (K) 3o (K) x, 0" fo (X3) fo (X2)exp (—' 2 d| 2 3|> 5w
(86)

The identification for (K) :

[Ty (Ko, X2)[” [o (K3, X3)|° v

Psexp
Ut [ 6K — APK® l—m/ =
P2

becomes at the second order:
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_\X—X2|+\X2—X3|>
[Wo (K2, X2)|* W (K3, X3)|? Uy (K, X)

)

P exp (
Ul (K, X)| 6K — APK® 1—,</ o
2

2

(_|X—X2|+d\X2—X3|)
|W0(K2,X2)|2@0(K3,X3)2)> oV (K, X)

Ps exp
+60T (K, X) | 6K — APK® |1 - f;/

By
| X —Xo[+]Xo—X3|
t P (_fd) 2 2
+7/) (K, X) Jou P53 |00 (K2, Xo)|” [P0 (K3, X3)]
2
exp (—W) ) .
+f . Py |50 (Ky, X3)|* W0 (K, Xo)|
2

Gw)
W (K2, X2)|? [T (K3, X3)[* | | To (K, X)

Psexp
0K — APK® |1 —
x | -

As before, the first term is the potential in state ¥y and can be discarded. Under our asumptions, the
last term rewrites:

(] 600630 6 (e X) ()0 (1) 0) T 1 X (7 CXa) o
X = X[+ ]X, - X3>>

_|X—X2|+X2—X3|)
d

+ [ 60 00 X006 060, 30) (1)) T (1)) e

d
X <6(K)X70 — AP (K)% 4 <1 fn/<K>§T§O <K>;{§ F(X3) (F (X2)) ™" exp (IX—X2| —|;Z|X2 —X3>)>

XGQ (X,X)

and is nul in first approximation since:

ay

0= 5K g = AP ()% (1= [ ()5 000 1 060) (7 (00) e

X = Xo| + X — X3
=

holds for all X. Thus, the second order expansion becomes:

ay

o0t (6,%) (b5~ apie (1= [ (R 0305 7 (0 (0 (06 e (-2 RS X'))) 5 (K, X)

d
(83)
Along with the constraint, we deduce that f (X) ~ fo (X) and (K)x ~ (K)o, the values computed in

state Wy previously in this Appendix. Thus, the potential becomes:

oy [e] - — ’
owt (o~ ape (1w [ 0085 (031 £ 060 (7 () 7 o (R =0 )Y

owts? (K - <K>X’O)2 L%

as a consequence of (87).
As in the case of the first phase, we can include the first order corrections in 4% Since the terms

A2
appearing in the second order expansion are (86) and (88), the potential becomes:

A2A2 2
2 T _
5 (1 + o H_P)Q) 60T (5K — (K) ) o0
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6.5 Appendix 4

In this section, we compute the Green functions in both phases.

6.5.1 Case p=0
For p = 0, without the X contribution:

A2 A2

U (K, P, X,0) | —0*V% —9°V2 4 | 6% + Lﬂ, (K — (K))* + % +a |V (K,PX,0)
(AQUQ —|—A2) )
whose Green function is given by:
/ / _ w _ w 2 72 B /
Go (K, K7,0,0%1) = 2702 sinh (wt) P <( 202 sinh (wt)) ((K + (&) ) cosh (wt) — 2K K ))
L -y
2r92t O 921
with: N
52+ A2 A2
w =

(A2U2 + Az)Q
To include the ¥ (x) part of the action:

KK'exp (—x1 |z —yl)
(K), (K)

K1
2

Ut (2) (—0% Vi + koz?) U (z) (U1 (K, z) ¥ (K,x)) (TT(K',y) ¥ (K',y))

z Yy

+% (UT (K, 2) ¥ (K,2)) exp (—xz |z — y| — x2 |z — 2| — x2 |y — 2]) (U1 (K',y) ¥ (K, y)) (U1 (K", 2) ¥ (K", 2))

and its contribution to the Green function, we can replace the interaction potential by its average in variables
y and z:

K1 o KK'"exp (—x1|z —yl) ’ 2
~5 [V (K.) ) (K), W (K, y)l
KK'exp (—xa |z —yl) ;N2 2

%) 2 9
gI‘P(K,w)IQexp(—Xz =yl = x2 |z — 2| = xa |y — 2I) [¥ (K", )" [¥ (K7, 2) |
2 7
= [0 (K@) (exp (—xa |o =yl = xe |o = 2l = xa ly — =) [ (K, 9) [ @ (7, 2)] )

Given that at the lowest order:

KK’ exp (—x1 |z —yl) ;o2\ L [ KK exp(—xilz —yl) - / , .
< (K), (K), (K y)l >—/ ), (K, G((K,z),(K',y) G ((K',y), (K,z))dy

x x

Under the same hypothesis as in appendix 2, that is K’ is spread around (K) Y and the X part of the Green
function is approximatively uniformly distributed on the interval [—1,1], we are left with:

KK exp (—x1 |z —y|) AN

: sty | el =y
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This last integral is:

/ exp (— (x1) | — ) dy

-1

1o 0 11—z _
/ eXp(—Xl\uDdu:/ Mdu—i—/ Mdu
0

1w e Vo Va
_ @C-exp(=xa(I+2) —exp(—x1 (1 —2)))
X1
_ 2 (1 — exp (—x1) cosh (x1z))
X1

_ 20 —exp(=x) |, 2(exp(—x1)) (A — cosh (1))

X1 X1
o 202 o (<) e

X1

By the same token, we find the evaluation of the second part of the potential:
[ (exp (xalo =l = xale = 21 = xaly = 2) [0 @ ¥ () ¥ 2)°)
- /Hz exp (—xz |z —yl = xelo — 2| = x2 |y — 2) G (2,9) G (y, 2) G (2, x) dydz

~ /n2exp<—><2<|x—y|+|x—z|+\y—z|>>dydz

2(1 —exp(—x2))
X2

2

~ /m exp(—xa (|Jz —y|l+ |y — x|)) dy ~ ka — ko exp (—Xx2) X2

Under these approximations, the X part of the action becomes:

(VO (2)) + wx U (2) 220 (z) + ax T (2) ¥ (z)

where:
K
wx = Ko + K17 exp (—X1) X1 — K2 exp (—x2) X2
(K) x
and: K 2(1 2(1
ax = a— K (L—exp(—xa) | 2(1 —exp(=x2))
(K)x X1 X2
As a consequence, the overall second order action becomes:
(K, X,0) 02V — 09— o3V + (82— 22 ) (K — (K))? 4 wxa? 5+ a
e K 9 x VX (A2U2+[12)2 X 92 X

Ultimately, the Green function are modified by the change of variable (59) including a factor:

exp (—/ ((5K_Apfa+vl>>) U (K,P,X,0)

> U (K, X,0)
(89)

o
with:
Vi = kAPK® / By e (- (1% 7;52' T XD) g (K, Py, X, )19 (K, Py, X, 6
Given that: :
/APK“ -W

1

Py
= / KAPK*U
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the exponential factor rewrites:

)

- ()

o _/ (5K7A(K)%f(X)U)

o2

We have seen in Appendix 2 that:

J(K)yx — A((K) )T f(X)U =0

so that we can rewrite the term in the exponential as:

for v << 1. The action (89) is now quadratic, but the variables K and X are entangled through w and
wx. To find the Green function between K, X and K’, X’ one can simplify the problem by replacing K, X

in w and wx by their average trajectory values. In first approximation this means to replace K, X with
<K>X+2<K>X’, XEX/. Then we set:

<K _<K>X+<K>X’
X—’€0+H21< s K>y>eXp 1) X1 — K2 exp (—x2) X2
~ 1w 1—exp —X1)) 2(1 — exp (—x2))
ax a+192_21(<K>X+ Y) ! + Ko 2 2
Fo (v +1)° 147 = X 4+ X/
U= 1" rae < ( 1+7 )) eXp(_ 2 )

w =

. A242
(4202 4 A2)°
and the Green function of the action (89) is the Laplace transform with parameter &x ~ « for small coupling
parameters, of the following temporal transition function :
G(K,K',P,P' X, X" 0,0t
(k/.x)
K —(K)y)’
e[ l( ) ]

2

7 (K.X)
5 @ (K = ()Y 4 (K" = (K))*) cosh (@t) — 2 (K — (K)) (K~ (K)))
2702 sinh (W) P 202 sinh (wt)
@x wx ((X2+(X,)z)COSh(th)—2XX/)
27 sinh (wxt) i 2sinh (wxt)
||
0_0 — > Dexp ‘X‘v / Dexp | —1
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For 92 << 1, The variable ¢ can be replaced by 6 — ', for § > @’. Actually, due to the term:

exp (—W) (90)

the Green function is non nul for values of 6 and 6’ such that § — 6" — ¢ = 0. Since ¢t > 0, this implies that
the replacement is only valid for # > €', otherwise the Green function is equal to 0. As a consequence, we
can remove the time dependence in the Green function and we obtain:

G(K,K',P,P' X, X"0,0")

= exp| — [(K — <K>X)2] e

202 )
G & (5 = (KD + (K" = (K))?) cosh (@ (0 = 0) = 2(K — (K)) (K' = (K)))
\/ 2mo2sinh (@ (0 —0)) P |~ 202 sinth (@ (0 — 0'))
o Bx ((X2 + (X’)2) cosh (@x (6 — 0)) — 2XX’)
% \/ 2 sinh (@x (0 —0)) TP\ T sinh (@ (6 — 0))
X
(K)™5 (KN

where H (6 — 6') is the Heaviside function.
Note that for  — 0" = 0, in (90), the dominant part becomes 55z, which means that in average one can
replace t by 92, which describes the description in terms of harmonic oscillators used in Appendix 2.

6.5.2 Case p#0

For p # 0, the X part of the action is similar to the previous case, in

s KK'exp(—x1|X =Y
(K)®

[ 20 (-9 ) w (. X) - B o (0,0 (K,
K 5 2
[ Zew (X =Y - xalX - 2= xalY - Z) ¥ (P | (KLY |9 (K, 2)]

we will replace the interaction potential by its average in variables y and z, but now, this average is computed
in the fundamental state ¥y. We found that the norm of ¥ satisfies at the zeroth order in y; and xa2:

, H1+\//€%—2/€2(2a+§%+‘/l€0+05)

p— 1
p 5es (91)

for A2 >> A%, It will be useful in the sequel to find a more precise form for p? at the second order in x;
and x2. At this order, the equation for the fundamental ¥, can be found in the following way. We developp
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the potential terms to second order in ¥ (K, ) around ¥y, that is:

/ — J—
/% \\II(K,X)\Q KK'exp(—x1]|X —Y))

U (K, Y)?dYy
(K)? | ( )
/ —_ —_
5 [ xpEE expiK’;'X YD gy (k¥ ay

~ mexp(—xl\X|>|@<K,X>|2%p2

. (<§> exp (1 | X]) [ <K,X>|2) e

The parameter p? has been computed before. Similarly, the second part of the potential is replaced by:
K2 2 2 » 2
3 1P (K@) exp (—xz |2 =yl = xelw — 2| = xz |y — 2} [V (K, y)| Wt (K7, 2)|

- /kymppxﬂx—m—xﬂx—ﬂ—Xﬂy—4H@MKmmﬂwMKﬂmfwom7¢WdKﬂK%w@

~  rzexp(=2xela]) [¥o (K, 2)|” "

VR (o) + P () — <<§> exp (—xa o) W (K, w)lz) P + g exp (—2xz Jo) [¥ (K, @) p* + 0¥ ()

expanding the exponentials in x; and yo yields thus the first approximation to the potential of the X
(79), and thus a second order action in y; and xa:

2

2 2 K 2
ot 9 Ko (| Xik1p”~ o K2 4 sgn (z) 2 4 v
() ( oxVx + 5 %o +2x2 KOP T+ X1f€12<K>P X2K2p ()

Ko
4 2 1 K 5 % t
T | pR2—p KL — 20 X1K1 mﬂ — X2K2p (97 (2) ¥ (2))

The complete action is then:

A2 A2
/qﬁ (K, X,0) | —0°V% —9>V3 — 0% V% + | 0% + L,Q (K
(A2U2 + A?)

- <K>)2> \II(K7X79)
Ko

2 2 2
Ko (o XiK1p K2 4 sgn () K 45 4 2 2
+2 (1 50 +2X2n0p )/<<x+ p” (X1512<K>p X2k2p z+ax | |V(K,X,0)|
2
+(2p2/§2_ﬁ1)‘/\:[fr (Kvag)\I/O(Kvae)

where

2
ax =a+ S + | K10 + K2p* — — X1K1LP2 — Xak2p®
92 2Ko 2(K)

since (85) implies that:

1 11 2k1p2
0 = a+192+2/~€§\/1—X121p + 2x3kapt

2 A2 A2
i K 2 O Gy
2 4 2 4
—R1p” F K2p — 5 (leilp —X2/‘€2P) +

2% 2(K) 2
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one has:

524 A2A?
L e o O\ T Gy
ax = —ghg 1—T+2X2/€2p — 5
and the second order action rewrites:

A2 A?
/\Iﬁ (K, X,0) <02v§( —9?V32 - 0% V% + (52 + WW) (K — <K>)2> U (K, X,0) (92)
2 2 2
Ko (. Xikip k2 4 T sgn () K 5 4 2
+5 (1 20 +2X2KOP )/‘If (K, X,0) ((z+ ry \ NIy Xekep z” | U (K, X,0)
12 X3r1p? °y " (f‘zng‘iz)2
f/qﬁ (K, X,0) 2/{5\/1 %+2xgﬁgp4+ 5 U (K, X,0)

2
+ (2p%k2 — K1) ’/\Iﬁ (K,P,X,0) 9, (K,P,X,0)

As said before, the fundamental level of the X part of the action has the form:

~3 2 LTI (X 5X)2
Uy (X) = M (exp <—HO(X2+6X)> H (x)+exp (—O(X25X)> H (—x))

= Vo (X +0X)H (X)+ Vo (X —0X)H(—X)

where:

1 K
§X = — - 4
Ko <X1512<K>p XMZP)

For a given value of K, The Green function can be obtained by its expansion in function of all the eigenstates
W, of the system.

Gr (zy) = Y (Un(x+0X)H (z)+ Uy (x— 0X) H (—x)) x (U (y + 6X) H (y) + U (y — 6X) H (—y))

G(x+6X,y+0X)H (z)H (y) + G (z —6X,y — 6X) H (—z) H (—y)
+G (x4 06X,y —6X)H (2) H (—y) + G (z — X,y + 6X) H (—z) H (y)

where we have defined:
~ Ko R0 2 "2 /
G t) = — _ h (kot) — 2
(@9,%) 2mo% sinh (kot) P (( 20% sinh (not)) ((m + (@) ) cosh (rot) — 2z ))

m exp <<_%t§(sil:1(;1(n(ﬂf)) ((w — /)% + (cosh (kot) — 1) (:c2 + (x’)2>)>

The term associated to the change of variable can be found similarly to the first phase:, but now it has to
evaluated in the state ¥o (K, X,0) + U (K, X, 0). As explained in Appendix 3, in first approximation, this
is equivalent to evaluate it in the state ¥y (K, X,0). We find again an exponential factor:

g (KX0)
(5 — (K) )2 ")

e _
P 202 (K,X)

(K.,X)

with (K) y computed in the state ¥y (K, X, 6) as in Appendix 3.
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Ultimately, as in the first phase, to (92) one can associate a Green function that is the Laplace transform
with parameter ax of a temporal Green function:

G(K,K',P,P',X, X' 0,01t)

(5 — ey N

= exp| —
p 202 (K,X)

(K, X)
@ (K = () + (K" = (K))*) cosh (@t) — 2 (K — (K)) (K" — (K))
202 sinh (@wt)

w
2702 sinh (@wt)

exp | —
xGrix (X,Y,1)
X _ X
N SYETANY L peo(-)) (e ()
om0zt 207 92 (K)T (K)T

(K) (K)

Eventhough ax < 0, the Laplace transform is well defined since —ax is the lower bound of the terms
in the exponential (—ax is the lowest eigenvalue associated to the evolution operator whose G is the Green
function).

As in phase 1, this Green function is centered around ¢ = 6 — €', so that we can replace t = 6 — #’ in the
Green function, leads to:

G(K,K',P,P' X, X'0,0)

s (KX
(K — () )* ")
(K,X)
5 @ (K = ()Y 4+ (K = (K)?) cosh (@ (9 — 0)) = 2 (K — (K)) (K" — (K)))
¢ 2mo2sinh (@ (0 —0) C |~ 202 sinh (@ (0 — 0'))
o (X1
xGKJrTK/(X,Y)xé P—qu)(ll;j}) ) P’—W H(O-0"
() (#)

6.6 Appendix 5

We consider a general model:

S (1) :/\Iﬁ (X) (—0%x V% +V)\I/(X)+/%\I/T (X)UT (Y)W (X,Y) ¥ (X)¥(Y)

that encompasses the model studied in this work. The field ¥ (X) depends on an arbitrary number of
variables X belonging to some configuration space, and W (X,Y) = W (Y, X). We have chosen a fourth

order interaction term, but a more general choice, such a s a sum of powers, would not change the result.
We assume that there is a non trivial minimum to the action S (¥), so that the equation:

(—ok VX + V) U (X)+ </ (Y)W (X,Y) ¥ (Y)) T(X)=0

o1



has a solution p¥y (X) # 0, and ¥y of norm equal to 1. We want to show that the non trivial vacuum
implies to separate the system into two systems defined on two half-space of the configuration space.
Given the field ¥ minimizing the action, the second order variation of S (¥) is:

SUT(X) (—o% Vi + V) 6T (X) + 67T (X) (/ Ui (V)W (X,Y) ¥, (Y)) SV (X)

(
+2Re (5\1ﬁ (X) (mg (V)W (X,Y) ¥, (X)) S (Y)
= U (X) (—oXk VX + V(X)) 6T (X) + 00T (X) Vo (X) 60 (X) + 6T (X) Wy (X,Y) 6T (Y)
where:
Wo (Y. X) = WY)W (X,Y)¥(X)
Wi (X,Y) = Wo(Y,X)
and:

Vo () = [ W)W Y ) v (v)

Now, assume that ¥g (X) is peaked around some Xy, which is the case in the text for the K part of ¥y,
then:

12

Vo (X) / W (V) W (X, Xo) Uy (V) = W (X, Xo) o2

12

Wo(V.X) = % [ W (0X0) W (X, X0) o ()8 (X = X)3(Y = Xo)

and the following contributions of the second order variation becomes:
SUT(X) Vo (X)W (X) — p*50T (X)W (X, Xo) 00 (X)
SUT (X)Wo (X,Y) 80 (Y) — p* %o (X)* W (Xo, Xo) 89T (Xo) 6 (Xo)

For p?W (Xo, Xo) >> 1, the contributions for fields ¥ such that ¥ (X) # 0 are suppressed. Then the
integrals over the ¥ can be limited to contributions such that 6% (Xg) = 0.
This means that §¥ can be decomposed in two parts:

0P (X) =0T, (X)+0¥_ (X)
and 0¥, (X) and §¥_ (X) are independent and defined on two half space X1 respectively and satisfy:
00, (X5)=0
And the second order action for ¥ becomes:
SUT(X) (—o% Vi + V(X)) 00 (X) + 00T (X) Vo (X) 00 (X) + 60T (X) Wy (X,Y) 6T (V)
= UL (X) (—o% V% + V(X)) 004 (X) + p200L (X)W (X, Xo) 604 (X)

This action models also two independent fields with constraint §¥ 4 (X) = 0 and defined on the all space,
but subject to a wall potential Hy (X), the wall being defined on the space X:

SUL (X) (~0% Vi +V (X) + Hy (X)) 8% (X) + 000, (X)W (X, Xo) 65 (X)

and this models two sets of different agents, evolving on X4 and subject to a "wall” potential. Applied to
our case, this result are the following. Recall that we found the fundamental state (82):

Uo(K,X) = pN[Uo(X+6X)H (X)+ V(X —xdX)H (—X)]

2 A2A2 _ 2
0% + (A2U2+A2)2 (K <K>X)

X _
exp 9%
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where N and p are given by (83) and (76) and (84) respectively. If we assume, as in Appendix 2 that:

A2 A2

52 Ai_

* (A2U24A2)? 1
> K§

g

i.e. the X variable is more spread than K, then ¥, (K, X) is peaked on the hypersurface K = (K). As
a consequence, the space (K, X) is divided into two subspaces Sy (defined by K > (K) ) and S_(defined
by K < (K)y). To these halfspaces correspond two systems, independent in first approximation. An agent
starting in S; (S_ respectively) will remain in S (S_ respectively).
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