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Abstract We consider a modification of the model proposed by Abrams and Strogatz to de-
scribe the death of a language when it competes with a stronger one within the same commu-
nity of speakers. The modification opened the possibility of coexistence of both languages
under some conditions, but so far it has not been possible to write down the expression of the
equilibrium points. In this paper, we nontrivially use bifurcation theory to calculate under
which conditions such coexistence arises; namely, we calculate the specific ranges of the
parameters that describe the modified model to have this situation, paying special attention
to the cases that yield a stable cohabitation of two monolingual populations along with a
bilingual one.

Keywords Bilingualism - Language competition - Non-linear dynamics

1 Introduction

The study of the interactions between human groups speaking different languages has at-
tracted increasing attention from the scientific community in the last decade [1-3]. Espe-
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cially appealing are the cases where two languages are present on the same geographical
area and a sort of competition takes place among them [4, 5]. Such tensions, in fact, may
underlie several political problems in some countries. It is important, therefore, to know
whether there is any mechanism that can be described in a scientific way and, more impor-
tant, to know if the mechanism allows us to make estimations of future situations on the
basis of such description.

Among the several approaches to the problem, a paper by Abrams and Strogatz [6] con-
sidered it from a macroscopic point of view, in the following way: two languages X, Y
compete for speakers and form two monolingual populations denoted by x and y respec-
tively, with x + y = 1 (the total population is normalized to 1). In their model, the shifts
between groups are caused by the attractiveness of each language: this attractiveness in-
creases with the number of speakers and with the level of the perceived status. By perceived
status we mean a parameter that expresses the social and economic benefits derived from
speaking that language. The probability of an individual shift from language X to Y is given
by P, (x,s), where s € [0, 1] is a measurement of the relative status of language X. Then
their model can be written as:

X =yPy,(x,5) = xPyy(x,s), €))

where y =1 —x and P,,(x,s) = Py, (1 — x,1 —s). Moreover, they assumed that the tran-
sition functions take the form

Py (x,s) =cx’s, Py(x,s)=c(1—x)"(1—ys), 2)

where c is a positive constant. These functions join the two criteria that move the decision to
switch from a group to the other: the size of the group and the social status of the language.

In order to test the model they analyzed 42 different regions where two languages com-
pete and surprisingly they found that the parameter a is quite constant

a=1.3140.25. 3)

The system has three fixed points: x; =0, x, = 1 and x3 € [0, 1] where only x; and x; are
stable. Then, the Abrams—Strogatz model predicts that one of the two languages goes to
extinction.

The model does not take bilingualism into account (see [7] and [8] for a discussion on
the role of bilingualism), which is a feature observed, for example, in some communities
with more than one official language, like many regions in Spain such as Galicia (see for
instance [9]), Basque Country and Catalonia, or other places in Europe [10].

A new interpretation of the Abrams—Strogatz model has been proposed by Castell6 et al.
[3, 11] in order to address cases of effective coexistence of groups of monolingual speakers
(s =1/2 or a < 1), although such parametric setup has not been observed in any real data
set analyzed so far.

A different model has been proposed by Pinasco and Romanelli [12], for which coexis-
tence is possible. The model is of Volterra—Lotka type:

. X
X:CXY—{—O{XX(l— S—),

X

. Y
Y:—CXY—i—osz(l— s_>’

y
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where c is the rate of conversion from language y to x, the parameters «,, «, represent
natality and mortality rates of each population and S,, S, are the carrying capacities in
absence of competition. In particular they proved the existence of a stable fixed point (under
the condition S, < ")) in the first quadrant with no zero coordinates. But, again for these
kind of models, blllngual individuals are basically ignored, i.e., bilinguals are not considered
as an specific group in the calculations.

In order to incorporate them, for example, Baggs and Freedman have used a predator—
prey model, first describing the interaction of a bilingual with a monolingual population [13]
(see also [14]) and, later, generalizing the model considering two monolingual and one bilin-
gual populations and studied the persistence of the system [15].

A different approach was used by Mira and Paredes [16], who modified the Abrams—
Strogatz model in order to describe situations in which bilingualism is stable. They intro-
duced a bilingual population » such that x + y + b =1 and a new parameter k € [0, 1]
that represents the interlinguistic similarity; that is, k = 0 means that there is no similarity,
whereas k = 1 implies X =Y. The system takes the form:

X =y Pyx + bPex — x(Pxy + Pxg),
y =xPxy +bPgy — y(Pyx + Pyp), (4)
b =xPxg+ yPys — b(Pay + Pax).

with the transition functions:

Pg=c-k(1-s)(1-x)",
P=c-ks(L—y),
Pex=Pyx=c- (1 —k)s(1—y)",
Pey=Pxy=c-(1—k)(1—s)(1—x)".

The reason for introducing the parameter k is motivated by the conjecture that a great simi-
larity (high value of the parameter k) between the languages in competition facilitates bilin-
gualism. Mira and Paredes tested their model with real data from Galicia, a region with
a large bilingual population, and, from fits to historical data of percentages of speakers,
they fitted successfully such historical trend and found experimentally the value £ = 0.80
for the pair Galician—Castillian Spanish, a similarity in accordance with estimates obtained
from other linguistic perspectives [17]. The model (4) was analyzed later in [18], presenting
many numerical simulations in order to establish the possibility of coexistence of the two
languages.

They found that the asymptotic dynamics might lead to the survival of both languages
(both in monolingual groups of speakers as well as within a community of bilinguals) or
to the extinction of the weakest tongue depending on the different parameters. This was
followed by a study of the coexistence from an analytical point of view [19]. It was shown
that coexistence is possible when three fixed points appear inside the region

:{(x,y)eRZ:x,yEO,x—l—yfl}. (5)
It was also shown that it is possible to almost completely assay the number and nature of

the equilibrium points of the model, which depends on its parameters, as well as to build a
phase space based on them. This information is crucial in order to study how the languages
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evolve with time. The rigorous considerations also suggested ways to further improve the
model and facilitate the comparison of its consequences with those from other approaches
or with real data. In [20] the behavior of the system was analyzed for « = 1 and the authors
derived some necessary conditions to solve the optimal control problem and presented some
numerical simulations.

Whereas in [19] the authors obtain a theoretical result about coexistence (coexistence is
possible), here we are interested in determining how coexistence solutions depend on the
parameters k € [0, 1] and s € [0, 1] in order to analyze real data and predict the behavior of
real situations of competition. Since it is not possible to write down the expression of the
fixed points, we use bifurcation theory to find the bifurcating curves s (k) for any values of
a € (1,2). By estimating the values of the similarity k between two languages in competi-
tion, we are able to obtain explicitly the optimal interval (s1(k), s»(k)) in which the system
admits coexistence and, as a consequence, this result could stimulate proper policies for sav-
ing languages under risk. Throughout the paper we consider the parameter a € (1, 2), which
is the interesting range for real applications (see (3)). The figures presented are plotted for
a = 1.31, the average exponent obtained from real data. For the sake of simplicity, we put
¢ = 1 without losing generality.

We will provide an exhaustive analysis of the system (4) in the following sections. In
details, the rest of the paper is organized as follows: in Sect. 2 we present some preliminary
considerations about fixed points and nullclines, while in Sect. 3 we analyze a particular
case of coexistence, in which the system undergoes a pitchfork bifurcation. In Sect. 4 we
study the general problem of coexistence depending on parameters (k, s). In Sect. 5 we
discuss the results of the present paper for the case of competition between Galician and
Castillian Spanish, while in the last section we give some remarks and suggest some further
investigation.

2 Preliminary Considerations

In this section we work on some basic features of the model. The third differential equation
that tracks the evolution of the proportion & of bilinguals in the equations (4) will not be
needed in the following work, thanks to the hypothesis that the population size is constant.
For simplicity we normalize the population P(¢) = x + y + b = 1, then the system takes the
form:

X = Pgx + y(Pyx — Pax) — x(Pxy + Pxg + Pex),
y = Pay +x(Pxy — Pay) — y(Pvx + Pvg + Pay).
By writing in detail the transition functions we obtain:
i=cl-0{A-ksA—y—A-s5x@L-x0)""}, ©
y=cl-{1-bHA -0 —-x)"—sy(l— y)"fl}-

Since we are interested in the coexistence of the three populations x, y and b, we limit our
analysis to the set A (see (5)) that is positively invariant (see [19] for a detailed proof).
For any values of the parameters k, s € [0, 1] the system admits three fixed points:

P =(1,1), P, =(1,0), P;=(0,1). )

@ Springer



Non Trivial Coexistence Conditions for a Model of Language. .. 191

As Py is outside A and the points P,, P are in 9 A, this means that there always exist positive
solutions (starting sufficiently close to P, or P inside A) which leads to the extinction of
two of the three populations (one bilingual and one monolingual). If k =1 and s #0,1
we have the further fixed point Py = (0, 0) that is stable and there exists an heteroclinic
connection between the 4 fixed points, that is, y = 1 is a stable curve (see [21]) for P; and
unstable for P;; x =1 is a stable curve for P, and unstable for P;, the x and y axes are
stable curves for Py and unstable for P, and P; respectively. If k =1 and s = 0, we have
two vertical segments of fixed points: one segment of stable fixed points connecting P, and
Pz and another one of unstable fixed points connecting P; and P,. The solutions consist of
horizontal lines which converge to a stable fixed point in the future and to an unstable fixed
point in the past. If k =1 and s = 1 we have a similar situation: two horizontal segments of
fixed points, the one connecting P and P is stable, whereas the other is unstable. If k £ 0, 1
and s = 0 or s = 1 the region A is no longer positive invariant and it is possible to obtain the
solution curves of the system. If s = 0 the system becomes:

{’?‘"‘(1"‘)“’ ) ®)
y=01-kA-y)1—-x)4,

then, by considering the quotient of the two equations we deduce

y_dy _A-nd-k

X dx —X
and integrating we obtain the explicit solution:
x 1-k
yx)=1-(Q1- yo)(—) .
Xo
In the case in which s = 1 we have:

y=1-HA-010-y",
{ y=-yd=y ©

then, by considering the quotient of the two equations we obtain

y dy -y

¥ odx (1-0d-k’
and integrating:

1

1—x\&F
Y(X)=y0<1_xO> .

As a consequence of the previous considerations we will look for coexistence solutions
when:

k#1,  s¢{0,1). (10)

We call the functional Jacobian of the vector field, A = ((a;,;)). In detail we have:

an=—1—-ksl—y)*'—1—=5)1—x)"+a(l —s)x(1 —x)"1,
ap =—as(L—k)(L—x)(L—y)*
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an =—al—k)L—-s)L—y)L—x)"
az=—(1—k)(L— )L —x)* —s(1— )" +asyd — y)* .

The matrices of the linearized system at point P, and P; are respectively:

(- —ks 0 (=9 0
A(Pz)—< 0 —s>’ A(P3)—< 0 —(l—k)(l—s))’

whereas at point Py, A(Py) is the 0 matrix. If (10) holds, then the eigenvalues of the matrices
A(P,) and A(Ps) are all negative. As a consequence, the points P, and P are asymptotically
stable; this means that, if the solution starts in a sufficient small neighborhood of P; (for
i = 2,3), then they converge to it, that is, we have the persistence of only one language
(X or Y respectively).

The line y = 1 is a stable curve for the point P; and an unstable curve for P;, whereas the
line x = 1 is a stable curve for P, and an unstable one for P, then the point P; is unstable.
In cite [19] it was proved that the system admits 1, 2 or 3 more fixed point in A and that
coexistence is possible if and only if we have three fixed point inside A.

In the present work we provide necessary and sufficient conditions to have the existence
of three fixed points inside A. In order to do that we study the problem of bifurcation, that
is how the systems pass from 2 fixed point to three fixed points inside A.

The fixed points inside A are generated by the intersection of the parabola-like nullclines
(see Fig. 1 below):

. _ (1 - S) a—1 Ya
Nyt y_l—[(l_k)sx(l—x) ] ,
(11)

ny: X =

s 1/a
1—| ————y@ -y .
[(1—k><1—s)y( Y ]

The first one passes through the fixed points P; and P; and it is contained between the
lines x = 0 and x = 1, whereas the second curve passes through the fixed points P; and P,
and it is contained between the lines y =0 and y = 1. It is useful to consider the vertexes
(minima) Vi = (x,1, yu1) and Vo = (x,2, y,2) Of the nullclines:

_ __ 1ya—131/a
1-s (a@—-1 } , 12)

1
vl = —» v:]-_
=g {(1—k)s (@)

Fig. 1 The parabolic nullclines Yy
with k = 1—10 and s = %,a =131
In this case there exists only one
fixed point inside the region A

@ Springer



Non Trivial Coexistence Conditions for a Model of Language. .. 193

s ([l _ 1)a—l }1/ﬂ

13
1-KA=s) (a) 3

)’u2=1, xv2=1_{
a
Then, for all value of k£ and s, the vertexes are respectively on the lines x = % and y = % and,
as a consequence, the first curve is decreasing for x € [0, %] and increasing for x € [%, 1],
whereas the second is increasing for y € [0, %] and decreasing for y € [al, 1].

We observe that, as k — 1, the vertex of the first parabola moves downwards, whereas
the other vertex moves to the left of the y axes. This fact is due to the dependence on k, that
is of the form (1 — k)—% . This means that the number of fixed points increases as k increases
(see [19] for a complete discussion).

We end this section by describing the case k = 0. For this purpose we rewrite the inter-
section between the parabolic nullclines in the following way:

1-k*L—x)1—y) =xy, (14
(1—9)%x(L—x)2 =52yl — y)> . (15)

Then, if k = 0, using (14) we have that the intersection is on the line x 4+ y = 1 with coordi-

nates:
1 1
P=(1- — — ), s#0.
1+ (3571 1+ (a1

We will see later that these points are unstable, in any case, since they are on x + y =1,
we have the extinction of the bilingual group. In the following sections we will limit our
analysis to the set A.

3 Coexistence and Pitchfork Bifurcation for s =

NIl

Since the system is symmetric with respect to the transformation (s, x, y) - (1 — s, y, x),
whens=1—-s= % it is possible to interchange x and y without changing the equations of
the system. The parabolic nullclines are symmetric with respect to the line x = y and, as a
consequence, there exists a fixed point, that we call P4, that lies on the line x = y:

1—k 1—k
P=—.,>—). 1
! (2—k2—k> (16)
It is easy to see that the point P, is always inside A for any k £ {0, 1}. In fact we have that
1-k 1
0<— <= 17
“2-k "2 @7

In order to study the stability of the fixed point, we consider the linearized system. The
eigenvalues and eigenvectors of the matrix of the linearized systems at P, are:

1 1 a—1
Al:_§<m> , v =(1,1), (18)
joe (-2 ) 2a—vh+2-2 =(,-1 (19)
i==5(505) [@e-vh4z-2a]. w=q.-.
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The eigenvalue A; is negative for any value of k whereas A, < O if

2a —2

k .
>Za—l

(20)

As a summary of the analysis of the present section, we can state the following:

Theorem 1 If s =1/2 and k satisfies (20) the system (6) admits coexistence of the three
populations.

We recall that s = 1/2 means that the two languages X and Y have equivalent status.
We expect that the coexistence solutions are produced by a subcritical Pitchfork bifurcation,
with the bifurcation value given by:

_2a—2
T 2a-1

*

For simplicity we rewrite the system in the following way;

1= ) =;{1-bH1-0A-y*—x1-x)",

(1)

y=gxy={1-HA-y»A-x*-y1d-y}

NI N -

In order to prove that there is Pitchfork bifurcation we consider the following theorem by
Sotomayor (see [22]):

Theorem 2 Suppose that F(Xo, o) = 0 and that the n x n matrix A = DF(Xo, (o) hasa
simple eigenvalue A = 0 with eigenvector v and that .A” hasan eigenvector w corresponding
to the eigenvalue 1. = 0. Suppose that the matrix A has k eigenvalues with negative real
partsand n — k — 1 eigenvalues with positive real part and that the following conditions are
satisfied:

w’ F,(Xo, o) =0, (22)
w’ [DF,.(Xo, mo)v] #0, (23)
wT[DzFH(XO, o)V, v] =0, (24)
w’ [ D*F,(Xo, wo)v, v, v] #0. (25)

Then the system X = F (X, 1) experiences a Pitchfork bifurcation at the equilibrium point
Xo asthe parameter u varies through the bifurcation value u = uo.

In this case of system (21) we have that v = (v, v2) = w = (1, —1), in the following
lines we are verifying hypotheses (22)—(25). We have that

1

Jelx,y) = =5 =01 - »*,
1

ge(x, y)i=—5(1 =y —x)",
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then we obtain (22):
(A, =) - (fi(Pa, k), gk (Pa, k¥)) = 0.
Now we compute:

oF la—yye Lo —x)(1— y)*?
~ \la@— )@ —xet 11— x) ’

then

1
w[DF(x, y)v] = 5[(1 —x)"+ 1 —-y)]

1
—sald-na-y Tt Ha-na-o

and computed at (Ps, k*) it gives (23):

a—1

T2y 7

Now we pass to check (24):

a2 a2 92
sz Je(Pa kY0 + 2555 fu(Pa, k) vivz + 35 fi(Pa,k*)v3

D?*F(Pyk*)v,v= | " > ,
77 86 (Pa K*Y0f + 25555 01 (Pa, K¥)v1vz + 35 84 (Pa, k)03
a _ 1 a(a—1)
(2—k*)‘l_1 2 (Z—k*)“_l

a _ 1 _a@=1
(2—k*)‘l_l 2 (Z—k*)“_l

then we obtain (24):
(1,—1) - [D*F(Py, k*)v,v] =0.
We conclude by checking (25). We have:
D3Fk(P4,k*)v, v, v
B Fi(Pa, kY03 + %fk(lﬁ, k*)vivs + %fk(m, k*)v1v3 + ;’%fk(m, k*)v3
L i (Pa k3 4 S g (Pa, kY020 + 2 0 (Pa, kY urn? + Ly g0 (P, k)03
(20_(2:)?—2 - %a((;:%z:zz)

1
2
la@-D@=2) _ 1 _a(-1) ’
2 (Z_k*)u—z 2 (Z_k*)a—z

from which we obtain conditions (25):

TT 3 N a(a—1)(@B—a)
w [D Fk(P4,k)U,U,U]:W;éO.
Then we can conclude (see Fig. 2):

Theorem 3 The system (21) experiences a Pitchfork Bifurcation for the fixed point P, as
the parameter k pass trough the bifurcation value k*.
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y Yy
1.0 1.0
ny
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
k<k’ k=k*

x x
0.2 04 0.6 0.8 1.0 02 04 06 038 1.0

1.0
0.8
0.6

0.4

k>k*

' ' ' x
0.2 0.4 0.6 0.8 1.0

Fig. 2 The pitchfork bifurcation scenario: as the parameter k passes the critical value k*, for which we have
tangency of the parabolic nullclines, the unique unstable fixed point becomes stable and two unstable fixed
points appear

4 Coexistencefor s € [0, 1]

In the previous section we have shown that if s = % the nullclines are symmetric with respect
to x = y and there always exists a fixed point on the line x = y which undergoes a Pitchfork
bifurcation at k = k*. For (k, s) = (k*, %) the parabolic nullclines are tangent. Two new fixed
points appear inside A when k crosses the critical value k* and the fixed point on the line
x =y gains stability. In this section we study the problem of the bifurcation of the fixed
points in the general case, in which s € [0, 1]. From a geometrical point of view, the fixed
points bifurcate when the nullclines are tangent and this happens when the decreasing part
of the first parabolic nullcline is tangent to the increasing part of the second nullicline. This
is the only interesting case, in which the tangent vectors of the nuliclines can be parallel.
The other case, that is, the increasing part of the first nullcline with the decreasing part of
the second nulicline, is geometrically impossible due to the convexity of the nullclines and
of their intersection at P;. When s # % the tangency occurs before the vertex of the first
nullcline and after the vertex of the second nullcline; as a consequence, from monotonicity
arguments there must be another intersection between the nullclines. Then, when s # %
there is one fixed point after a critical value of the parameter £ and another fixed point
appears, that is, the point where the nullclines are tangent bifurcates to two more fixed points
when the critical value is crossed. This scenario is mathematically defined as a saddle—node
bifurcation as observed in [19] (see Fig. 3). Then, for values of k greater than the critical
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y y

1.0 1.0
0.8
0.6

05

0.4 |
02
02}
-0:5 04|

Fig. 3 The saddle-node bifurcation: a fixed point, obtained by the tangency of nullclines, appears for the
critical value of the parameter and then it bifurcates to two fixed points, one unstable and the other stable

values k*(s), we obtain three fixed points inside A, one of them stable and, as a consequence,
we arrive to the coexistence of solutions. In order to completely understand the problem of
coexistence we will find the expression of the critical values k*(s), which represents the
boundary of the region of coexistence in the set (k, s) € [0, 1] x [0, 1]. In order to study the
region of coexistence we will consider two conditions of bifurcation

1. Analytical condition: one of the eigenvalues is zero.
2. Geometrical condition: at the fixed point the nullclines are tangent.

We start analyzing the first condition: for this purpose, we rewrite the Jacobian matrix at a
generic fixed point using (11):

A=s1—y)""B,
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where the matrix B has the following entries

by = (a—1)(1—-kd—y)— 1ka

b1z :=—a(l—k)(1—x),

1—
by 1= _a X y)’

1—x
bzg ::ay—l.

Then we have that the trace of A satisfies:
Tr(A) =s(1—y)* 'Tr(B),
where

Tr(B)=y<1— rlk+k(a—1)> +(a—2)—k(a—1).

If y # 1, the sign of the trace of A is the same as that of the trace of B, then we observe that
(@—2)—k(a—1) <0, Vkel0,1],

since a € (1, 2). Moreover

kla +k(a —1)]

1
1— — 4k(a—1)=-—
1 Tka=D 1—%

<0, Vke(0,1].

Then
Tr(B) <0, Vke[0,1], Vye][0,1],
and, as a consequence
Tr(A) <0, Vkel[0,1], Vyel[0,1), s#0.

This means that at least one of the eigenvalues is always negative and the problem of coex-
istence depends on the sign of the other eigenvalue. Then we will have bifurcation whenever
the second eigenvalue passes trough zero, that is, when:

det(A)=0 <<= det(B)=0 or y=1

Of course we can avoid the case y = 1, which corresponds to the fixed points Py, P; analyzed
in Sect. 2. Then, we consider

ylay—-1)

det(B)=(1—-k)(L —y)(1—a—ay)— 1—% =0,

from which we obtain

1 da(a—1)
=—|1 2a —1)2— — .
Y12 2a< $\/(a ) k(2—k))
In order to find the x-components of the bifurcating fixed points we use the second condition,
the tangency of the nullclines. In order to obtain tangency we need that the tangent unit
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vectors of the nullclines are the same at the fixed points. We implicitly derive the expression
of the nullclines obtaining

1—ksa@l - +@L-H{L-x)""—x@- DL —-x)""?}=0,
and
L-HA-sal—-x)"1 (=1 —syA—»*"t—syla— 1L —y)*?(-y)=0.

Then, using the first equation we derive the expression of y" and substituting it in the second
one we obtain the following curve:

(ax —D@ay -1 =a*1—k’A-x)(L—y). (26)

Of course this is not a sufficient condition of tangency, in fact we need also that the nullclines
intersect. Using (14) and (26) we conclude that the bifurcating fixed points lie on the line

1
xX+y=-. 27)
a

Finally, using the previous condition we are able to write the x-components of the bifurcat-
ing fixed points:

1 1 da(a —1)
—— _ — —12 - ==
xlyz = P Y1,2 = 2a (1:i: \/(Za 1) k(2 — k) >

We observe that x; = y, and x, = y; and, since the system is symmetric under the trans-
formation (s, x, y) - (1 — s, y, x), we have that, if (x1, y1) corresponds to the values s of
the status parameter, then (x,, y;) corresponds to the value 1 — s. It is easy to check that
x;i,y; >0forall k € (0,1) and (x;, y;) is inside A since x; + y; = % anda € (1, 2).

We observe that by this expression we recover the case studied in the previous section
where x = y = -1 (corresponding to s = } and k = 2=2); moreover, the fixed points (x1, y1)
and (xz, y2) exist when

da(a —1) 2a—2 2a 2a —2
2a-12- M7 S0 ke|TS Y A=t TC .
a1 =G n = E[za—l’za—l] 0. 1] [2a—1’ ]

We note that for the case s = % we have the lowest critical value of k, moreover, to any
critical value k* correspond the values s* and 1 — s* of the other parameter.

In order to find the values of s corresponding to each fixed point we consider the expres-
sion of one of the nullclines, from which we find:

1
s=fitkyi=————F——, i=12 (28)
A=k A-y)*
1+ xi(lfxi)“y’l

In Fig. 4 we represent the functions f; and f, for a = 1.31. The function f; corresponds to
values of s € [%, 1] and the function f; corresponds to the values of s € [0, %]. Then, to any
k> ggj we have two fixed points (x, y1) and (x2, y,) corresponding to values of s given

by fi(k) and f>(k) respectively (if s = % we have that fi(k) = f2(k)).
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Fig. 4 The functions f1(upper 100

branch) and f, (lower branch) ’

which represent the critical 0.8 /
values of the parameters -

(k, s) €10, 1] x [0, 1] for 0.6 _

pitchfork bifurcation (if s = %) 0.4 T
and for saddle node bifurcation Y

(if s # 3). We represent the case 0.2 \
a=131 Nk
0.0 0.2 04 0.6 0.8 1.0

Fig. 5 The coexistence region 1.0F
for the parameter k (horizontal
axis) and s (vertical axis). From
the symmetry of the problem the
region results symmetric with
respect to the horizontal line 0.6
s = % We represent the “
interesting case a = 1.31 0.4+

0.8

0.2

0.0t . . . . r
0.0 0.2 0.4 0.6 0.8 1.0
k

Using the above function we have that, for any s, we obtain the critical value of k for
which we have bifurcation, that is, f;*(s), with i =1 if s e [1,1] and i =2 if 5 € [0, }].
Then, the region of coexistence is given by:

{(k,s)€[0,1]1 x [0,1]: f~'(s) <k <1},

where we have set
.f]__la Ifse[%sl]v

-1 .
fre= {le, ifs [0, 1].

In Fig. 5 we represent the coexistence region for a = 1.31.

5 A Discussion of the Case of Galician—Spanish

In the paper [16] the model (6) has been tested for the case of Galician—-Spanish. In particu-
lar, the parameters of the system have been computed experimentally (see [18]):

s =026, k=0.80. (29)

In Fig. 6 the vector field and the nullclines are represented. There exists an unstable fixed
point inside A very close to the stable fixed point P, = (1,0). There are no solutions of
coexistence, the basin of attraction of the point P is larger than that of P, and, since the
initial conditions (obtained from [30]):

x = 0.89 (Galician), y = 0.03 (Spanish), b =0.08 (Bilingual)

fall in the basin of Ps, then the solutions are asymptotic to Ps.
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Fig. 6 The vector field in the xy

1.0F e -~ o~ - -

plane and the nullclines of the ey S
system (6) for the choice of . ]

parameters as in (29). The basin R

of attraction of the fixed point RS s

P3 = (0, 1) is larger than that of 0.6 .. ——

P> = (1, 0) and attracts almost - - \\ _

all the orbits starting inside A 04l = N

0.2 T / s
V/ e

N
0.0 7 /4f«‘~\ \\ ]

0. () () 2 0.4 0.() 0.8 1.0

Using the results of the previous section we obtain that k* = 0.80 is a critical value for
s*~0.29.

As the experimentally found parameter s = 0.26 is very close to the critical value, any
strategy (of political, cultural or social type) to increase a little bit the status of Galician
would have the effect of placing the system in a region of coexistence of both languages.
Certainly, beyond considerations on the accuracy of the parameters, it seems clear that the
system Galician—Spanish is close to a coexistence scenario.

6 Conclusion

In this paper we completely solve the problem of coexistence of the three populations for the
model (6) with a € (1, 2). Even if the case studied is in the ranges observed for real cases,
it is also interesting to consider the system for the case a < 1 (see [23]), in which the vector
field is not smooth. That case require different techniques as suggested in [19].

It would be also interesting to consider the problem in the context of evolution (see [24,
25]), in particular, to study how k and s vary in time. It is worth noting that, if we are close
to the bifurcation curve, small variations of the parameters would bring drastic changes in
the asymptotic dynamics. The variation of the parameter k, that represents the language sim-
ilarity, is related to the problem of language complexification (see for example [26]). The
evolution of the parameter k would not be trivial since the languages are subjected to oppo-
site tendencies like diversification or convergence (see [27]). It is also interesting to consider
the dynamics of the status of the languages (see for instance [28] or [29]) represented in the
model by the parameter s.
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In conclusion, the results of this paper do not only give necessary and sufficient condi-
tions, in the framework of this model, for the coexistence of different languages, but also
provide a simple way (see (28)) to compute in detail the critical value for the parameter s
to obtain coexistence in a system of two languages in competition. If the similarity between
the languages is sufficiently large, that is

2a —2
2a -1

k> k*(a) =

then there exist coexistence solutions for s € (s*(k), 1 — s*(k)) where s* is given by (28).
We observe that k* is an increasing function of the parameter a with range [0, %] when
aecll, 2].

For the value a = 1.31 obtained by Abrams and Strogatz, that is, « = 1.31, the minimum
level of required similarity is k* ~ 0.38 that is a relatively low value if we think of some
concrete cases. Then, in some cases, coexistence between two competing languages will
be impossible, whereas in other cases it will be possible to calculate exactly how far the
parameter s is from the coexistence case.

As a consequence, the present study shows that it is possible to save languages under risk
and, therefore, it could be a useful guide to political and cultural institutions to undertake
actions to preserve a language under risk.

References

1. Castellano, C., Fortunato, S., Loreto, V.: Statistical physics of social dynamics. Rev. Mod. Phys. 81,
591-646 (2009)
2. Vogt, V.: Modeling interactions between language evolution and demography. Human Biol. 81, 237-258
(2009)
. Patriarca, M., Castelld, X., Uriarte, J.R., Eguiluz, V.M., San Miguel, M.: Modeling two-language com-
petition dynamics. Adv. Complex Syst. 15(3 & 4), 1250048 (2012)
. Patriarca, M., Heinsalu, E.: Influence of geography on language competition. Physica A 388, 174 (2009)
. Patriarca, M., Leppénen, T.: Modelling language competition. Physica A 338, 296 (2004)
. Abrams, D.M., Strogatz, S.H.: Modelling the dynamics of language death. Nature 424, 900 (2003)
. Minett, J.W., Wang, W.S-Y.: Modelling endangered languages: the effects of bilingualism and social
structure. Lingua 118, 19-45 (2008)
8. Heinsalu, E., Patriarca, M., Léonard, J.L.: The role of bilingualism in language competition. Adv. Com-
plex Syst. 17, 1450003 (2014)
9. Kabatek, J.: Modelos matematicos e substitucién lingistica. Estudos Linguistica Galega 4, 27-43
(2012)
10. Euromosaic: The Production and Reproduction of the Minority Language Groups in the European Union,
European Commission (1997). ISBN 92-827-5512-6
11. Chapel, L., Castelld, X., Bernard, C., Deffuant, G., Eguiluz, V.M., et al.: Viability and resilience of
languages in competition. PLoS ONE 5(1), 8681 (2011). doi:10.1371/journal.pone.0008681
12. Pinasco, J.P., Romanelli, L.: Coexistence of languages is possible. Physica A 361, 355-360 (2006)
13. Baggs, I., Freedman, H.: A mathematical model for the dynamical interactions between a unilingual and
bilingual population: persistence versus extinction. J. Math. Sociol. 16, 51 (1990)
14. Wyburn, J., Hayward, J.: The future of bilingualism: an application of the baggs and freedman model.
J. Math. Sociol. 32(4), 267-284 (2008)
15. Baggs, |., Freedman, H.: Can the speakers of a dominated language survive as unilinguals?:
A mathematical-model of bilingualism. Math. Comput. Model. 18, 9 (1993)
16. Mira, J., Paredes, A.: Interlinguistic similarity and language death dynamics. Europhys. Lett. 69, 1031-
1034 (2005)
17. See, for example, the Ethnologue inventory: http://www.ethnologue.com/language/glg
18. Mira, J., Seoane, L.F., Nieto, J.J.: The importance of interlinguistic similarity and stable bilingualism
when two languages compete. New J. Phys. 13, 033007 (2011)

w

~No oA

@ Springer


http://dx.doi.org/10.1371/journal.pone.0008681
http://www.ethnologue.com/language/glg

Non Trivial Coexistence Conditions for a Model of Language. .. 203

19.

20.

21.

22.

23.

24.

25.
26.

217.

28.

29.

30.

Otero-Espinar, M.V,, Seoane, L.F., Nieto, J.J., Mira, J.: Analytic solution of a model of language com-
petition with bilingualism and interlinguistic similarity. Physica D 264, 17-26 (2013)

Nie, L., Teng, Z., Nieto, J.J., Jung, I.H.: Dynamic analysis of a two languages competitive model with
control strategies. Math. Probl. Eng. 2013, 654619 (2013)

Devaney, R., Hirsch, M.W., Smale, S.: Differential Equations, Dynamical Systems, and an Introduction
to Chaos, 3rd edn. Academic Press, San Diego (2012)

Perko, L.: Differential Equations and Dynamical Systems, 3rd edn. Texts in Applied Mathematics, vol. 7.
Springer, New York (2000)

Colucci, R., Mira, J., Nieto, J.J., Otero-Espinar, M.V.: Coexistence in exotic scenarios of a modified
Abrams-Strogatz model. Complexity 21(4), 86-93 (2016)

Shipman, P.D., Faria, S.H., Strickland, C.: Towards a continuous population model for natural language
vowel shift. J. Theor. Biol. 332, 123-135 (2013)

Pawlowitsch, C.: Finite populations choose an optimal language. J. Theor. Biol. 249(3), 606-616 (2007)
Pawlowitsch, C., Mertikopoulos, P., Ritt, N.: Neutral stability, drift, and the diversification of languages.
J. Theor. Biol. 287, 1-12 (2011)

Komarova, N.L., Levin, S.A.: Eavesdropping and language dynamics. J. Theor. Biol. 264(1), 104-118
(2010)

Tamariz, M., Gong, T., Jager, G.: Investigating the Effects of Prestige on the Diffusion of Linguistic Vari-
ants. Proceedings of the 33rd Annual Conference of the Cognitive Science Society. Cognitive Science
Society, Austin (2011)

Casesnoves, R.: Ferrer the effect of prestige in language maintenance: the case of Catalan in Valen-
cia. J. Eston. Finno-Ugri Linguist. 2, 57-74 (2011). Available online at: http://jeful.ut.ee/public/files/
Raquel+Casesnoves+Ferrer+57-74.pdf

Seminario de sociolinguistica. Usos linguisticos en Galicia. Real Academia Galega, Santiago (1995)

@ Springer


http://jeful.ut.ee/public/files/Raquel+Casesnoves+Ferrer+57-74.pdf
http://jeful.ut.ee/public/files/Raquel+Casesnoves+Ferrer+57-74.pdf

	Non Trivial Coexistence Conditions for a Model of Language Competition Obtained by Bifurcation Theory
	Abstract
	Introduction
	Preliminary Considerations
	Coexistence and Pitchfork Bifurcation for s=1/2
	Coexistence for sin[0,1]
	A Discussion of the Case of Galician-Spanish
	Conclusion
	References


