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Economic unions are international agreements oriented to increase economic efficiency and establishing political
and cultural ties between the member countries. Becoming a member of an existing union usually requires the
approval of both the candidate and members, while leaving it may require only the unilateral will of the exiting
country. There are many examples of accession of states to previously consolidated economic unions, and a re-
cent example of leaving is the withdrawal of the United Kingdom from the European Union. Motivated by the
Brexit process, in this paper we propose an agent-based model to study the determinant factors driving with-
drawals from an economic union. We show that both Union and local taxes promote the exits, whereas customs
fees out of the Union boost cohesion. Furthermore, heterogeneity in both business conditions and wealth distri-
bution promotes withdrawals, while countries' size diversity does not have a significant effect on them.We also
deep into the individual causes that lead to dissatisfaction and, ultimately, to exits. We found that, for low Union
taxes, the wealth inequality within the country is the leading cause of anti-Union opinion spreading. Conversely,
for high Union taxes, the country's performance turns out to be the main driving force, resulting in a risk of
wealthier countries leaving the Union. These findings will be helpful for the design of economic policies and ef-
fective informative campaigns.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Economic unions are international blocs with a high degree of eco-
nomic integration, constituting a common market through customs re-
moval and a shared external trade policy [1]. Furthermore, they show a
high degree of freedom in themovement of goods and services, and par-
ticipant states share policies on product regulation and production fac-
tors. Examples of economic unions (to a greater or lesser extent of
implementation) are the European Union [2], the CARICOM Single Mar-
ket and Economy [3], the Central American Common Market [4,5], the
Eurasian Economic Union, [6] and the Gulf Cooperation Council [7].

Once an economic union is constituted, there may be both adhesion
and withdrawal processes, being the European Union enlargement
[8–12] and the withdrawal of the United Kingdom (Brexit) [13,14], re-
spectively, recent examples. In this regard, as being part of a union re-
quires a certain degree of acceptance by the citizens, especially for
democracies, it is crucial to know how different factors affect the opin-
ion about the Union, both among Union citizens and in accession
cia-Lázaro).

. This is an open access article under
candidate states [15]. Mathematical modeling constitutes a powerful
approach to study both economic [16,17] and social systems [18]. On
the one hand, economic and trade aspects of economic unions have
been studied through theoretical models [19–22]. On the other hand,
social dynamics [23] and, in particular, opinion diffusion [24] constitutes
a field of study in which agent-based models have demonstrated their
efficacy in qualitatively explaining collective behavior [25–29].

In this paper, we propose a socio-economic agent-based model that
incorporates both opinion exchange and economic ingredients to study
the feedback between the trading aspects of an economic union and the
individual opinions about it. The main goal of this work is to character-
ize a set of plausible factors that affect the desire of citizens to be part of
the Union and, by extension, the dynamics of accessions and with-
drawals from it. The model here presented replicates an economic
union among societies (hereafter countries, although it may refer to
countries, sovereign states, or entities with political and economic inde-
pendence and decision power). To this end, the dynamic includes three
levels: i) a macro level that accounts for the interactions among coun-
tries in and out of the Union, such as Union taxes, customs fees, acces-
sions and withdrawals to the Union, as well as Union taxes
redistribution among member countries ii) a mesoscale level that
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Model's parameterswith their symbol, description, and default value or range taken in the
simulations. Given the arbitrariness of some choices, robustness analyses were performed
by varying the parameters' values: In some simulations, the values differ from the default
ones, as indicated in the text and captions. Note that a businesses' profitability of 1.5, al-
though representing 50% per week, yields, on average, a yearly per-capita profit of ~50%.

Parameters

Symbol Description Default (range)

C Number of countries 20
Ni Agents per country 105 (104–4×105)
ΓL Local businesses' profitability 1.5 (1.3–1.7)
ΓU Union businesses' profitability 1.5
ΓG Global businesses' profitability 1.5
β Hardness of the business activation function 1.0
α Common pool's enhancement factor 1.01
Ti Local taxes 0.2 (0.1–0.5)
TU Union taxes 0.05 (0–0.1)
Ci Customs fees 0.1 (0.1–0.2)
η Effect of wealth on propaganda 1.0
ε Influence of opinion dynamics 0.1
ρ Inflation-deflation and expenses besides minimum 0.95
ξL Initial ratio of local businesses 1/2
ξU Initial ratio of Union businesses 1/6
p0 Initial ratio of pro-Union agents in the Union 3/5
p0′ Initial ratio of pro-Union agents out of the Union 2/5
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regulates the interactions between agents and their country, including
local taxes and their redistribution among the citizens, and iii) a
micro-level that accounts for the interactions among the agents
(i.e., the citizens). The interactions among agents will be of both trading
and opinion exchange kinds. Ultimately, feedback between the macro-,
meso-, and the micro-level will determine the dynamic of the system
and the robustness of the Union.

By performing extensive numerical simulations, we identify the
main factors that affect the dynamics of the Union, including the evolu-
tion of the agents' opinion about the Union and the countries accessions
to andwithdrawals from it. We show that an increment in either Union
or local taxes results in a higher risk of withdrawals, being the integrity
very sensitive to Union taxes rises. Regarding the individual-level
causes for the spreading of dissatisfactionwith theUnion and the subse-
quent possible withdrawals, we show that taxes play a key role in the
anti-Union opinion spreading: For low Union and local taxes, the differ-
ences in wealth within countries result to be the main cause of Union
exits, while as Union taxes increase, differences among countries gains
influence. Furthermore, we checked these results under different sce-
narios such as unequal initial wealth distribution, heterogeneous busi-
ness conditions among countries, and dissimilar country sizes. We
find that heterogeneity in both initial wealth distribution and business
conditions increases the risk of withdrawals. Contrarily, there is not a
significant effect of countries' size distribution on withdrawals' risk.

2. The model

2.1. Agents, countries

Fig. 1 displays a schematic representation of themodel, and Table 1 a
parameters summary. We consider an economic Union and a set of C
countries. Each country i (i=1,2,…, C) is modeled by:
Fig. 1. Schematic representation of themodel. Left panel (Businesses): Agents (which represent
involved in different businesses. There are three kinds of businesses: i) local, restricted to a cou
Agents pay local taxes according to their gross incomes. Those taxes are equally redistributed
hancement factor. Furthermore, Unionmembers contribute to the Union proportionally to thei
inversely proportional to countries'wealth. Agentsmay change their opinion about theUnion ei
anti-Union (pro-Union) rate into a country exceeds a threshold for a long enough time.
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• A population of Ni agents, i.e., its citizens.
• A flag Ui that says whether the country is part of the union (Ui=1) or
not (Ui=0).

Each agent aij (i=1,2,…, C; j=1,2,…, Ni) has associated a value σi
j ∈

{0,1} that determines her opinion about the membership of her
country to the Union. Specifically, each agent aij is either pro-Union
(σi

j=1) or anti-Union (σi
j=0).
citizens) are located in countries. Some countries belong to an economic Union. Agents are
ntry, ii) Union, restricted to Union agents, and iii) global businesses. Right panel (Taxes):

, together with other countries' incomes as custom taxes, after being multiplied by an en-
r gross incomes. Union incomes, after enhancement, are redistributed among themembers
ther by imitation or by social pressure.Withdrawals (resp., adhesions)mayoccurwhen the
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2.2. Business

Agents are repeatedly involved in private enterprises/businesses
modeled as games. There are a total of B businesses, distributed into
three kinds:

• Local businesses (LB), which are restricted to agents within a country
i. The LB per capita profit is given by:

YL,i ¼ ΓL,if nð Þ � 1: ð1Þ

Here, it is assumed an individual contribution per round of 1. ΓL, i
refers to the i-countrys local business' profitability, and f(n) to an
activation function in [0,1] that takes into account scale economies so
that the full profitability of the business is obtained only if the number
of partners exceeds a certain critical mass x.

f nð Þ ¼ 1

1þ x=nð Þβ
, ð2Þ

where n>0 is the number of agents participating in the business, x refers
to the critical mass (for n = x, the yield is half the maximum), and β is
the Hill coefficient: as β is increased, the yield curve becomes steeper.
The individual payoff from a LB is given by:

ΠLB,i ¼
YL,i 1 � Tið Þ if YL,i > 0,
YL,i otherwise,

�
ð3Þ

where Ti refers to the i-countrys average tax rate (local taxes).

• Union businesses (UB), restricted to agents within the union.

Similarly to with Eq. 1, the per capita profit of a UB is given by:

YU ¼ ΓUf nð Þ � 1, ð4Þ

where ΓU refers to the Union business' profitability. Like in the case of LB
(Eq. 3), the individual payoff from a UB is given by:

ΠUB,i ¼
YU 1 � Tið Þ if YU > 0,
YU otherwise:

�
ð5Þ

Note that the only differences between LBs and UBs are the profit-
ability (in the cases in which it differs) and the fact that LBs are re-
stricted to agents of a given country, whereas UBs are open to any
agent within the Union.

• Global businesses (GB), which are open to all the agents. They involve
customs fees.

As in previous cases, the GB per capita profit is given by:

YG ¼ ΓGf nð Þ � 1, ð6Þ

where ΓG refers to the global business' profitability. The GB individual
Payoff is:

ΠGB,i ¼
YG 1 � Ti � CiSi,u

� �
if YG > 0,

YG otherwise,

(
ð7Þ

where Ci refers to the customs fees, u (u=1, 2,…) stands for the global
business, and Si, u represents the fraction of i) no-Union partners in the
GB u if agent i belongs to the Union, or ii) foreigner partners in u if i does
not belong to the Union. The term CiSi models the fact that incomes,
goods, and services from no-Union countries pay customs fees, being
the Union perimeter a border for this purpose.
3

2.3. Taxes

Local taxes are taken from the businesses by the country i as per its
own rate Ti (from Eqs. 3, 5, and 7, agents pay local taxes according to
their gross incomes and their country's rate). Furthermore, if the
country belongs to the Union, it pays a Union tax proportional to the
instant gross profits of its agents (i.e., the positive profits YL, i, YU, YG
obtained in the last round); that amount is discounted from the
income that the country has received from taxes and customs. Union
taxes are redistributed among all the countries of the Union inversely
proportional to the accumulated payoff over time of all the agents in
each country, i.e., poor countries receive more Union's incomes than
rich ones. Finally, country incomes (taxes + custom - Union taxes +
Union redistribution) are multiplied by an enhancement factor
and equally shared among all the agents of the country. All these oper-
ations and the associated parameters will be described in detail in the
Dynamics subsection.

Note that in the model, the taxes and their redistribution system
represent duties, public incomes, infrastructures and public goods, as
well as the costs associated with institutions (including the Union)
and their maintenance.

2.4. Agents' actions

The agents change their opinion from pro- to anti-Union and vice
versa according to two mechanisms. The first mechanism is based on
opinion spreading and is driven by both the social pressure and the dis-
satisfaction or satisfaction produced by the balance of payments be-
tween the country and the Union. The second mechanism relies on
the imitation of the agents with better performance. Countries enter
and leave the Union when their fractions of pro- and anti-Union agents
exceed respective thresholds for a sufficiently long time. The Dynamics
subsection contains the details of both mechanisms.

2.5. Initial conditions

At the beginning of each simulation, each country i has a probability
P(Ui=1) of belonging to the Union. Unless otherwise stated, P(Ui=1)=
1/2, ∀ i.

Businesses are designed as local or non-local with a probability ξL.
Explicitly, each business has a probability ξL of being LB, a probability
ξU of being UB and, therefore, a probability ξG=1 − ξL − ξU of being
GB. Unless otherwise stated, ξL=1/2, ξU=1/2 × 1/3 = 1/6 (then, ξG=
1/2 × 2/3 = 2/6). LBs are distributed among all the countries i=1,2,…,
C with probability proportional to their population Ni.

Each agent belonging (resp., non belonging) to the Union has a prob-
ability p0 (resp., p0′) of being pro-Union. Unless otherwise stated, p0=
0.6, p0′=0.4.

Each agent is assigned to different businesses in accordancewith the
preferences dictated by her pro- or anti-Union opinion, that is, for
agents belonging to the Union, pro-Union ones participate more likely
in Union businesses than in global ones. Nevertheless, the expected
number of businesses in which each agent participates is equal for all
the agents, i.e., it does not depend on her belonging to the Union nor
on her opinion. Explicitly, all businesses are assumed to have on average
x partners, where x refers to the critical participation threshold in Eq. 2.

• LBmemberships are distributed among all the agents of the country to
which the business is associated. Each agent aij of a given country i has
the same probability x/Ni to participate in each LB located in country i,
so that each LB has on average x partners.

• UB memberships are distributed among all the agents of the Union.
Each pro-Union agent aij of the Union (σi

j=1,Ui=1) has a probability
2ν to participate in each UB, being that probability half (ν) for anti-
Union agents. The condition that the expected number of partners
per UB is equal to x can be written as



C. Gracia-Lázaro, F. Dercole and Y. Moreno Chaos, Solitons and Fractals 160 (2022) 112223
2NUp0ν þ NU 1 � p0ð Þν ¼ x, NU ¼∑
C

i¼1
NiUi, ð8Þ

where NU is the initial number of agents in the union, NUp0 and NU

(1− p0) of which are pro- and anti-Union, respectively. From Eq. 8, it
follows:

ν ¼ x
NU p0 þ 1ð Þ : ð9Þ

• GB memberships are distributed among all the agents of the system.
Let ωo be the initial probability of participating in a GB for agents
out of the Union, ωp for pro-Union agents in the Union, and ωa for
anti-Union agents in the Union. First, we equalize the expected num-
ber of business participation for all the agents, in and out of the Union,
i.e., we impose:

ξGωo ¼ ξGωp þ 2ξUν ¼ ξGωa þ ξUν, ð10Þ

where 2ν and ν are, respectively, the probabilities for a pro- and anti-
Union agent in the Union to participate in a given UB (see Eq. 9). Then,
similarly to Eq. 8, the condition on the expected number of partners per
GB can be written as

Noωo þ NUp0ωp þ NU 1 � p0ð Þωa ¼ x, No ¼∑
C

i¼1
Ni 1 � Uið Þ, ð11Þ

where No is the initial number of agents out of the union.
For plausible conditions (such as ξG, NU>0;ξGω0>2ξUν), the positive

solutions of the system of Eqs. 10–11 provide the GB participation prob-
abilities:

ωo ¼ xþ NUϕν p0 þ 1ð Þ
N

,

ωp ¼ ωo � 2νϕ,
ωa ¼ ωo � νϕ,

ð12Þ

where ϕ = ξU/ξG and N is the total number of agents: N = No + NU.
Concerning initial payoffs, we consider two scenarios:

• In the homogeneous scenario, all agents in the systemare initially pro-
vided with the same accumulated payoff:Wi

j(t=0)=10, ∀i, j.
• In the heterogeneous scenario, some countries are richer than others.
Furthermore, within each country, some agents are richer than others.
For each country i, agents are initially provided with an accumulated
payoff Wi

j(t=0) according to a Poisson distribution P(λi). The λi

values (which represent countries' wealth) follow a normal
distribution (μ=10, σ2=4).1

2.6. Dynamics

Let us define the dynamics of themodel. Each synchronous time step
(i.e., each round) corresponds to aweek, a period in which agents inter-
act through businesses and exchange opinions among them. At each
round:

1. Each agent aij participates in all the businesses she is involved in and
obtain the correspondent profits according to Eqs. 1, 4, and 6.

• For each business with a positive profit each agent aij participates in, a
fraction Ti of the profit is discounted and collected in the agent's
country common pool Φi (Eqs. 3, 5, and 7).
1 Given themodel constraints, a Poisson-normal distribution is chosen to allow the ini-
tial assignation of businesses. Nevertheless, the dynamic will lead the system to a heavy-
tailed (Pareto-like) wealth distribution.

4

• Furthermore, for each GB business she participates in, a fraction CiSi, u
of the profit (if positive) is discounted as customs and collected in the
agent's country common pool Φi (Eq. 5).

2. The instant payoff Πi
j of each agent aij is the remaining from the

profits after local taxes and customs are discounted according to
Eqs. 3, 5, and 7.

3. For countries belonging to the Union (Ui=1), a fraction Tu of all
individual positive profits is discounted from the corresponding
countries common pools Φi and collected in the Union's common
pool Φ(U).

4. The Union's common pool amount Φ(U) is redistributed among all
the countries common pools Φi (∀i ∣ Ui=1) of the Union inversely
proportional to the accumulated payoff over time of all the agents
in each country, i.e., poor countries receive more Union incomes
than rich ones.

5. For each country i=1,2,…, C, its common poolΦi is multiplied by an
enhancement factor α and, subsequently, equally distributed among
all the agents aij, j=1,2;…, Ni.

6. Agents' accumulated payoffs Wi
j (agents' wealth) evolve over time

according to:

Wj
i t þ 1ð Þ ¼ Πj

i tð Þ þ max ρWj
i tð Þ � 1, 0

� �
, ð13Þ

whereΠi
j(t) is the instant payoff obtained in the current round and ρ is a

parameter that accounts for both inflation-deflation and scalable ex-
penses, while the subtracted unit sets the minimum life-expense.

7. Opinion dynamics. Agents change their opinions about the Union
based on social pressure driven by i) the country-Union economic
balance (that is, how advantageous membership is in the short
term), and ii) the agents' influence: the wealthier an agent is, the
more influential.

• For each pro-Union agent aij belonging to the Union (σi
j = Ui = 1),

there is a probability Pi(p → a) to become anti-Union (σi
j : 1 → 0),

according to a function of the difference between the contributions
by its country i to the Union and the benefits that are obtained from
the Union:

Pi p! að Þ ¼ εΔi 1þ gið Þ if Δi > 0,
0 otherwise,

�
ð14Þ

with:

Δi ¼
Ci � Ri

Ci
,

gi ¼
∑j 1 � σ j

i

� �
Wj

i

� �ηh i
∑j Wj

i

� �η ,

where Ci is the i-country contribution to the Union, Ri is the received
subside (i.e., the amount that country i receives from the Union through
tax redistribution by the Union) and Δi is the unbalance normalized
over the i-country contribution. gi is the weighted fraction of anti-
Union agents in the country i, where each agent has been weighted
by his accumulated payoff Wi

j raised to η. Here, the exponent η ≥ 0
tunes the effect of wealth on propaganda, for η=0 all the agents
have the same effect regardless of their accumulated payoff; the
higher η, the more relatively influential are rich agents. ε modulates
the specific influence of the opinion dynamics on the system
dynamics: 0<ε<0.5.
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• Correspondingly, for each anti-Union agent belonging to the Union
(aij : σi

j=0,Ui=1) there is a probability Pi(a→ p) to becomepro-Union:

Pi a! pð Þ ¼ � εΔi 1þ g0i
� �

if Δi < 0,
0 otherwise,

(
ð15Þ

with:

g0i ¼
∑j σ j

i Wj
i

� �ηh i
∑j Wj

i

� �η

• Previous probabilities given by Eqs. (14–15) also apply to agents not
belonging to the Union. In that case, Ci, Ri, Δi and gi are computed
over the country i that is closest to the non-union agent in terms of
per capita wealth (averaged accumulated payoff).

8. Imitation dynamics

• Agents that have not updated their strategy in the current step
are allowed to change strategy (from pro- to anti-Union and vice
versa) by imitation. Each agent aij will randomly choose an agent azk

from his country (i = z) with probability ψ, otherwise (i.e., with
a probability 1 − ψ) from the whole system. Then, agent
ai
jwill adopt the agent azk strategy with a probability given by the nor-

malized payoffs' difference between both agents, if positive:

P σ j
i  σk

z

� �
¼

Wk
z �Wj

i

Wk
z

if Wk
z >Wj

i,

0 otherwise:

8><
>: ð16Þ

9. Each agent tries to be part of a business she is not involved in. The
tentative business to be part of is chosen proportionally to busi-
ness' profits. The probability of been accepted in a business is
proportional to the accumulated payoff of the applicant. Appli-
cantswith null or negative accumulated payoffs are not accepted.
If the agent is accepted, she leaves the business with the lower
payoff among those she is involved in, provided it is lower than
the expectedpayoff from thebusiness she applied for (otherwise,
nothing happens).

10. A country of theUnion remains in theUnion as long as its fraction
of pro-Union agents is above 45%. If at a given step, the fraction of
pro-Union agents is below 45% and, subsequently, it remains
below 50% for 20 consecutive steps, the country leaves the
Union. Agents of countries leaving the Union will quit Union
businesses. For each Union business an agent leaves, in the case
of having positive accumulated payoff, she tries to be part of a
global business she is not involved in. The tentative business to
be part of is chosen proportionally to business' profits. The prob-
ability of being accepted in the business is proportional to the in-
dividual accumulated payoff of the applicant. If not accepted, she
will try again (by choosing the new business proportionally to its
yield) until accepted.

11. A country not belonging to the Union incorporates to it when the
fraction of pro-Union agents at a given step is above 55% and,
subsequently, it remains above 50% for 20 consecutive steps.
Agents entering the Union will be allowed to participate in
Union Businesses in subsequent steps.

3. Results and discussion

Webegin the analysis of our resultswith a description of the tempo-
ral evolution of both the accessions and withdrawals from the Union
5

and the opinion that citizens have about belonging to it. Fig. 2 shows
the fraction of countries within the Union (purple line) along with the
ratio of pro-Union agents in (blue) and out (orange) of the Union, as a
function of time. Each panel corresponds to a characteristic realization
for decreasing values of the Union tax rate, A) to D). As shown, there
is an initial transition period inwhich pro-Union opinion becomes dom-
inant and all the countries join the Union. After this transient, opinion
about the membership to the Union fluctuates, and occasional Union
withdrawals (exits) may occur.
3.1. Withdrawals

To study in-depth the influence of taxation policy on withdrawals
from the Union, we focus on the probability of an exit event (i.e., that
a country leaves the Union) in 1000 rounds (which, in themodel, corre-
sponds to ~20 years) as a function of Union taxes in different scenarios.
Specifically, within each simulation, we analyzed a time window of
1000 steps after a transient of 1000 steps. Each point corresponds to
1000 independent random sets of initial conditions and 10 realizations
for each set of initial conditions, constituting 10,000 realizations per
point. Panels A-B of Fig. 3 show the probability of having, at least, awith-
drawal from the Union along 1000 steps versus the Union tax rate TU for
a fixed local tax rate of Ti=0.2. Blue circles correspond to low customs
fees (Ci=0.1) and red squares to high customs (Ci=0.2). Panel A of
Fig. 3 displays the results for the homogeneous scenario in which all
the agents start with the same initial endorsement, mimicking the far-
from-realistic situation of a homogeneous distribution of per capita
wealth among citizens and countries. As shown, the withdrawal proba-
bility increases with Union taxes and decreases with customs. To check
the role of wealth heterogeneity on exits, Panel B of Fig. 3 shows the
same probability for the heterogeneous scenario where initial endorse-
ments are unequally distributed among countries and agents (see previ-
ous Initial Conditions section). This more realistic wealth distribution
shows the same qualitative dependency of exits with Union taxes and
customs fees as the homogeneous one. Furthermore, a quantitative
comparison of panels A and B highlights that heterogeneity in the initial
conditions increases the exit probability:When all the countries present
the same initial wealth (Panel A), ceteris paribus, the exit probability is
lower than in the heterogeneous scenario,where i) some countries have
a higher per capita wealth than others, and ii) wealth is unequally dis-
tributed within the countries (Panel B).

The same analysis is done regarding the effect of local taxes on the
opinion about the Union and the resulting possible withdrawals. Panels
C\\D of Fig. 3 display the probability of experimenting withdrawal
(s) from the Union in a period of 1000 steps versus the local tax rate Ti
for a fixed Union tax rate of Tu=0.05. Blue circles (red squares)
correspond to a customs fee of Ci=0.1 (0.2). Panel C corresponds to
the homogeneous scenario and Panel D to the heterogeneous one,
with an unequal initial wealth distribution between and within coun-
tries. As shown, local taxes also positively correlate with exit event
probability, although the trend is less pronounced than for Union
taxes. The comparison between panels C and D confirm that, as shown
before in the Union taxes analysis, heterogeneity in thewealth distribu-
tion increases withdrawals probability.

To check if these results are robust against other kinds of heteroge-
neities, we have also analyzed the case in which different countries
present different conditions for business. Results can be found in Fig. 5
of Appendix A, were the local profitabilities ΓL, i follow a normal
distribution with mean μ=1.5, and variance σ=0.1. Fig. 5 confirms
the previous trends: Union and local taxes positively correlate with
exit(s) probability, although the Union integrity is more sensitive to
Union taxes than to local ones. Also, by comparing Figs. 3 and 5 can be
observed that heterogeneity in the business conditions promotes exits
from the Union: the probability of exit events increases when some
countries have better conditions for local business than others.



Fig. 2. Characteristic dynamics. Time evolution for the fraction of Union countries (purple), Pro-union agents in the Union (blue), and Pro-union agents out of the Union (orange). Each
panel corresponds to a characteristic realization for a value of the Union tax rate: TU=0.1, 0.05, 0.025, and 0.01 in panels A), B), C), and D), respectively. The other parameters are: C=
20, Ni=105, Ti=0.3, Ci=0.1, ΓL = ΓU = ΓG=1.5, ψ=0.8, ρ=0.95, x=20, B=5 × 10−4, ε=0.1, and η=1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Actually, heterogeneity in business conditions and unequal wealth
distribution have similar effects on exits.

The role of countries' size heterogeneity on exits is studied in Fig. 6 of
Appendix A, where countries' sizes Ni are distributed according to i ×
104; i=1,2,…, 20. As shown by comparing Figs. 3 and 6, countries' size
diversity does not have a significant effect on withdrawals.
3.1.1. Causes of withdrawals
To identify the causes motivating exits from the Union, we analyze

candidate factors, both at the country- and individual-level, at the mo-
ment of the withdrawal from the Union.

Regarding the effect of payoffs and taxes on exits, Fig. 4 displays, at
the moment of each withdrawal:

• The relative difference between the per capita wealth within the
country leaving the Union and that in the rest of the Union (red
squares).

• The per capita wealth difference between anti-Union and pro-Union
agents within the country leaving the Union (blue circles).
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• The per capita wealth difference between anti-Union and pro-Union
agents in the countries remaining in the Union (dark blue diamonds).

Panels A-B of Fig. 4 show those observables versus the Union taxes
rate. Panel A displays the results for the homogeneous scenario. Panel
B shows the same results for the heterogeneous scenario. In the latter,
the initial wealth distribution within each country follows a Poisson
distribution with a mean taken, in turn, from a normal distribution
(μ=10,σ2=4), resulting in wealth heterogeneity between and within
countries.

Analyzing altogether these observables, the following conclusions
hold:

• For low Union taxes, countries with a higher risk to leave the Union
are those in which anti-Union agents perform better than pro-Union
agents. Nevertheless, there is no significant country performance dif-
ference between the leaving country and the rest of the countries in
the Union.

• As Union taxes increase, these trends reverse. For high Union taxes,



Fig. 3.Withdrawal probability in the long-term versus taxes. Probability of at least an exit event (i.e., a country leaves the Union) in a finite interval of 1000 rounds (~20 years). Top panels
A-B show the results as a function of theUnion tax rate TU for afixed local tax rate of Ti=0.2. Bottompanels C\\D show the results versus the local tax rate Ti for afixedUnion tax rate of TU=
0.05. Left panels A,C display the homogeneous scenario: All agents in the system have the same accumulated payoff at t=0. Right panels B, D) display the heterogeneous scenario for the
initial conditions: For each country i, agents' initial wealth follows a Poissondistribution P(λi), the P(λi) values are taking from a normal distribution (μ=10,σ2=4). In all the panels, C=20,
Ni=105, ΓL = ΓU = ΓG=1.5, ψ=0.8, ρ=0.95, x=20, B=5 × 10−4, ε=0.1, and η=1. Error bars represent standard error of the mean (SEM). Each point is averaged over 10,000 numerical
simulations.

C. Gracia-Lázaro, F. Dercole and Y. Moreno Chaos, Solitons and Fractals 160 (2022) 112223
the countries that perform better show higher exit probability. Fur-
thermore, there is no significant payoff difference between pro-
Union and anti-Union agents in the leaving countries.

• For the countries that remain in the Union, no dependency of pro-
Union and anti-Union agents' payoff difference on the Union tax rate
is observed. Note that, on average,within theUnion, pro-Union agents
perform better than anti-Union ones, being that difference indepen-
dent of the Union tax burden.
To summarise, for low Union taxes the wealth difference within the
country is the main exit promoter (imitation as a main driving force),
while for high Union taxes the country performance is the main mech-
anism promoting exit (opinion dynamics as main driver).

Panels C\\D of Fig. 4 display the same results but as a function of
local taxes instead of Union ones. As before, Panel C represents the ho-
mogeneous scenario and Panel D the heterogeneous scenario. From
these results, one can conclude that:

• Performance of leaving country is higher than the average in Union,
being the difference independent of the local tax burden.
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• For low local taxes, countries with a higher risk to leave the Union are
those in which anti-Union agents perform better than pro-Union
agents.

• As local taxes increase, the payoff differences between pro and anti-
Union agents within countries decrease. It seems to be a direct conse-
quence of the fact that local taxes redistribute wealth among the
agents within the country.

In summarizing, for low local taxes, both payoffs difference within
the country (imitation mechanism) and global country performance
(opinion dynamics) coexist as exit drivers. For high local taxes, the opin-
ion dynamics is the main mechanism driving exit.

By comparing left versus right panels of Fig. 4, it is shown that all
these trends persist under heterogeneity in wealth distribution. As for
the exit probabilities, we have checked the robustness for different het-
erogeneities by simulating the case in which different countries present
different business conditions. In Fig. 7 of Appendix A, countries'
local profitability ΓL, i follows a normal distribution (μ=1.5, σ2=0.15).
As it can be seen, all the previous trends remain. Furthermore,



Fig. 4.Withdrawals' drivers for different local andUnion taxation. Payoff differences at themoment of an exit as a function of theUnion tax rate TU (top panels) and versus the local tax rate
Ti (bottom). Red squares represent the relative difference between the accumulated payoff in the country that leaves the Union and the average accumulated payoff in the Union at the
moment of an exit. Blue circles (resp., diamonds) represent, at themoment of an exit, the difference between the average accumulatedpayoff of anti-Union agents and pro-Union agents in
the country leaving the Union (resp., in the Union). Left panels A,C correspond to the homogeneous scenario: All agents in the system have the same accumulated payoff at t=0. Right
panels B,D) correspond to the heterogeneous scenario for the initial conditions: For each country i, agents' initial wealth follows a Poisson distribution P(λi), the λi values are taking
from a normal distribution (μ=10, σ2=4). In all the panels, C=20, Ni=105, ΓL = ΓU = ΓG=1.5, ψ=0.8, ρ=0.95, x=20, B=5 × 10−4, ε=0.1, and η=1. Top panels: Ti=0.2. Bottom
panels: TU=0.05. Error bars represent SEM. Each point is averaged over 10,000 numerical simulations. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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heterogeneity in business conditions displays similar results regarding
payoff differences than unequal wealth distribution.

4. Conclusions

We have analyzed the dynamics of an economic Union through an
agent-based model that replicates a collection of countries, which can
or cannot be part of the Union, composed of agents that interact
among them through both business and opinion exchange. The main
goal of the study is to characterize a set of plausible factors that could
motivate withdrawals from the Union.

Through numerical simulations, we have shown that taxes promote
the risk of withdrawal, while high customs across the boundaries of the
Union promote Union integrity. Interestingly, we find that the effect of
Union taxes in raising the risk of withdrawal is stronger than that of
8

local taxes. Regarding the drivers for Union exists, we have identified
that, for low Union taxes, the wealth difference within the country is
the leading cause of withdrawals; as Union taxes increase, the global
country's performance turns to be the determining cause for leaving the
Union. Furthermore, while for low local taxes, both wealth difference
and country performance are withdrawal causes, as local taxes increase,
the differences between countries' wealth constitute the dominant
cause driving exit. We have also shown that inequality, either in wealth
or business conditions, promotes withdrawals. Conversely, unequal
country sizes do not affect exits. As a prospective remark, it will be of in-
terest to study in detail the effect of some other factors such as the costs
associated with maintaining the Union and the opinions about immigra-
tion and shared policies. To conclude,we hope thefindings herewill be of
interest to policy-makers when designing economic and taxation strate-
gies and campaigns to inform citizens about unions.
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