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ABSTRACT. In a previous article, we used a parametric Laguerre-type operator, which behaves like an
exponential with respect to its eigenfunction, to introduce parametric models of population dynamics. In
this work, starting from the results obtained there, we compare them with those in which the ordinary
derivative is replaced by the fractional one, represented by means of the classical Euler definition. The
major difficulty of this extension consists in the fact that the eigenfunctions of the fractional case are not
obtained simply by replacing the factorials with the corresponding values expressed through the Gamma
function, but required a more in-depth analysis. This fact resulted in a greater analytical complexity of the
coefficients through which the coefficients of the different fractional models considered are obtained, by
recurrence. Some examples are shown, obtained by the first author, using the computer algebra system
Mathematica®.
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1. INTRODUCTION

Fractional calculus is becoming increasingly important both in the field of applied sciences (see e.g.
[29]-[33]) and in that of special functions.
In a recent article [7], we have used a fractional version of the exponential function, defined as

ta t2a tna

EXpa(t):Hr(aH)+r(2a+1)+"'+F(T+1)+'“’ (1.1)

to derive a generalized form of the Bernoulli and Euler numbers and polynomials.
It is worth to recall that the fractional exponential function (1.1) is a special case of the Mittag-Leffler
function E, () [19], since it results

Exp, () = Ea(2°).

Note that the fractional exponential function satisfies the eigenvalue property

DSExp, (xt) = t“ Exp, (xt),
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with respect the fractional derivative D¢, defined by the Euler equation
r 1
ﬂx"_o‘, if n>lal—-1,
Dog" = Fn+1-a) (1.2)
0, if n=0,1,...,[a] -1,

where n > 0 and [«] denotes the ceiling function (the smallest integer greater than or equal to «).

If ¢ is a constant then D¢ = 0.

This definition falls as a special case, of the fractional derivative introduced by Caputo [4], defined as
follows

1 o fm() .
N ) Tm—a) /a (x_T)cE—erl dr, where m=|a|, if a¢N
Da+ (I‘) -

f@(x), if aeN,

and reduces to the above equation (1.2) when a = 0 and f(z) = z™.

Studies on population dynamics have a long tradition, which has seen the contribution of many
important scholars ([1, 2, 18, 26, 34], and the references therein). See in this regard the text by Nicolas
Bacaér [3], which recalls the relevant history.

Many models have been proposed, starting with Malthus’s model dating back to 1798, based on
exponential growth. In 1838, the Belgian mathematician and statistician Pierre F. Verhulst proposed a
modification that took into account the capabilities of the environment.

Subsequently, many other scholars have proposed variants and generalizations of these models,
which took into account specific problems, especially from the point of view of verifications on real
data.

The problem of two species - predators and prey - fighting for survival in the same environment was
studied independently by Alfred J. Lotka and Vito Volterra. The model they proposed was validated by
Patrick H. Leslie in 1945, who was able to analyze the population cycles of hares and their predator, the
lynx, using the archives of the Hudson’s Bay Company in Canada.

The mathematical models studied in the literature are based on the exponential function that inter-
venes in the evolution studied.

More recently, we proposed to substitute the exponential function with the Laguerre-type operator
(5, 12, 13, 28], which is a particular case of the Ditkin and Prudnikov [16]) hyper-Bessel type operators.
The Bessel-type differential operators were introduced by Dimovski, in 1966 [15] and later called by
Kiryakova hyper-Bessel operators [23, 24], because their eigenfunctions were called hyper-Bessel by
Delerue [14], in 1953.

In previous articles we have studied the fractional case of both the classical and Laguerre-type popu-
lation dynamics models [6] proving results similar to the ordinary Malthus, Verhulst, minimum theresh-
old logistic and Volterra-Lotka models.

Since the parametric Laguerre-type operator D; t D; +m D; (m a positive integer) admits the eigen-
function ey ,,,(t) = Y _oc t¥/k!(k +m)!, as was proven in [12], in [10] we have introduced parametric
population dynamics models extending the classical ones. The parameter m is useful to adapt numerical
and graphical values to real cases.

In this article we summarize the results obtained in [10] and show their extension to the fractional
case using the operator Df* t“ Df* + m D{* which has an eigenfunction of the type

Claltm)(t) = D5/ [D(ka+ 1)Ap(m, )],
k=0

where A\ (m, @) is a function defined in what follows.
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In the course of the article, numerical and graphical results obtained by the first author using the

computer algebra program Mathematica® are derived.

This paper is organized as follows. After presenting in Section 2 the pseudo and true exponential
functions, we introduce the parametric Laguerre-type operator both in the ordinary and fractional case.
In the following Sections we present the applications to population dynamics models: the Malthus case
in Section 3, the Verhulst case in Section 4, the minimum threshold logistic case in Section 5 and the

Volterra-Lotka case in Section 6. The technique used is summarized in the Conclusion section.

Some numerical and graphical results are shown, obtained by the first author using the computer

algebra system Mathematica®.

2. Pseupo AND TRUE EXPONENTIALS

Abhishek Mishra [25] introduced a set of pseudo-exponential functions defined as

00 Lk
m) = kzo Wt

These functions satisfy the equation
D.e(z,m) =e(z,m+1),

which is similar to that of the exponential but with a shift of the parameter.

Actually these functions are a special case of the generalized Mittag-Leffler function studied by T.R.

Prabhakar [27]:

Z k! F ak +3)’
where (), denotes the Pochhammer symbol

Yo=1, Me=7vy+D(r+2)---(v+k-1),

since
e(2,m) = B 1 (2)

In [12] we have proven the result, which shows a true exponential function

Theorem 2.1. The function

el,m(t)_etm Zk'k+m ’

m an integer number, is an eigenfunction of the operator

DitDy +mDy <Dt jt)
since, for every complex constant a, it results
(DitDy +mDy) aeqm(t) = aerm(t).
Remark 2.2. Introducing the generalized circular functions

e1m (i) + e1m(~ix)
2 )

cosy m(x) =

singm () = (i) —2:1,m(—zx) :

it results that they are solutions of the differential equation

(DxD + mD)2 y(z) = —y(x).

(2.1)

(2.2)

(2.3)
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In fact we have, for example, for the cosine:

(DzD + mD)?cosy m(x) = (DzD + mD) ierm(iz) _2Z eLm( i) =

—e1m(tx) — e m(—iz
— Zem )2 m >=—COS1,m($)-

An analogous result, changing signs, holds for the hyperbolic case.

2.1. The fractional case. Introducing the function

1

_ k=0
m+T(a+1)
Ae(m,a) =< 1, k=1 (2.4)
k—1
H( (14+(h+1) )> > 9
P (1+ ha)
we can prove the theorem
Theorem 2.3. The function
o0 thor
€(af1m)(t kzo T(ka + D)Ap(m,a)’ (2.5)
m a real number, is an eigenfunction of the operator
d
Dy t* DY + m Dy, (Dt = dt) , (2.6)
since, for every complex constant a, it results
(D? t D? +m D?) A €(a|1,m) (t) = A €q|1,m) (t) : (2.7)
Proof - In fact, we have
0 tk’a
Dy t* Dy DY)
(Di v m kzofl+ka ) Ak (m, )
t(k=L)a H(k=D)a
ZF k—1) ))\k(ma)+mzak 1+ (k—1)a) Ag(m,a)
t(k+1)a o ko
— DOZ
t ZF (14 ka) Mgy1(m, «) Z:: 1+ ka) A1 (m, «)
B i T+ (k + 1o i the
- — 1+ ka )2 Mg (m, @) = I(1+ ka) Mgey1(m, )
B f: the L1+ (k+1Da)] Me(m,a)
B — I'(1+ ka) Mg (m, «) I'(1+ka) Aet1(m, @)
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tka
I'(1+ ka) \g(m, )’

00
k=0

since

[ F(1+(k+1Da)] M(m,a)

I'(1+ka) Aet1(m, @) =1 @8)

for k =0,1,2,... as one can readily infer from the definition of A\;(m, &) in (2.4).

Remark 2.4. Tt is worth noting that the function )\ in equation (2.4) appears as an extension of the
Pochhammer symbol. Indeed, for & = 1, it returns the Pochhammer symbol (m + 2);_1, since it
results, for k = 0,1,2, \y(m, 1) = (m + 2)g_1.

Since the function (2.5) behaves as a true exponential with respect to the operator (2.7), in this paper
we extend the population dynamics models using this operator, which depends on the real parameter
m.

3. THE MALTHUS CASE
e The parametric Malthus model
Using the operator in equation (2.2), the parametric Malthus model writes
(Dit Dy +m D) P(t) =1 P(t), (3.1)
where r is a positive constant. Assuming the initial conditions
P(0) = F,

P'(0) = ml r Py, (3.2)

the solution is derived using a suitable expansion in power series, since in [10] have proven the result

Theorem 3.1. Putting

P(t) = —_— 3.3
Q kzoakk!(k+m)! (33)
the solution of the problem (3.1)-(3.2) is given by
()

=m! Pyeim(rt). (3.4)

Remark 3.2. The result of Theorem 3.1 can also be obtained by observing that the correspondence
between the ordinary derivative D; and the operator Df* t* Df* +m Dy, taking into account the inverse
operator D, !, can be framed in the so-called monomial principle [11, 28] of the second kind together
with the related differential isomorphism. In [10] more information on this can be found.

o The fractional parametric Malthus model
The fractional parametric Malthus model writes

(D&t DY + m DY) P(t) = r P(t), (3.5)
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where r is a positive constant. Assuming the initial conditions

P0) =P,
(3.6)
Dy P(0) = ——— = P,
¢ P 0) m+F(a—|—1)T 0
we find the result
Theorem 3.3. Putting
0 tha
P(t) = 3.7
" kz:%’“ D(ka + 1) Ax(m, o) (37)
the solution of the problem (3.5)-(3.6) is given by
o0 (,rl/oc t)k;oz 1
P(t)=\ P =) P, ) =
(t) = Xo(m, a) Py (ko £1) (. ) o(m, &) Po e(aj1,m) (/" t)
k=0 (3.8)
 Poeaim(rt/t)
 omA+T(a+1)

thus extending the classical case.

4. THE VERHULST CASE
e The parametric Verhulst model

Pierre Verhulst considered the so called logistic model, considering that the growth rate depends on
the environmental resources, and cannot be constant.
Using the operator in equation (2.2), the parametric Verhulst model writes

(Dyt Dy +m D)P(t) = r P(¢) {1 _ ;{P(t)} , (4.1)

where 7 is a positive constant. Assuming the initial conditions

P(0) =P,

1 Py
P'(0) = p(1-20
(0) m—l—lr O( K)’

and considering the expansion (3.3) for the solution, in [10] we have proven the result

(4.2)

Theorem 4.1. The coefficients of the expansion (3.3) for the solution of the parametric Verhulst model
(4.1)-(4.2) satisfy the recursion

ag =m! Py,
k

1 kE\ (k+m\ apag_np (43)
ak_Ez <n> (n+m> (k:—n)m] ’

n=0

ag+1 =T

where (k — n),, denotes the Pochhammer symbol.
o The fractional parametric Verhulst model

The fractional parametric Verhulst model writes

(DY 4% D® +m D?)P(t) = r P(t) {1 - ;P(t)} , (4.4)
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where r is a positive constant. Assuming the initial conditions
P(0) = Ry,
1 Py (4.5)
D P0) = ————=rP|1——
t () m+F(O&+1)T 0( K>7
and considering the following expansion for the solution
tha

Z U I'(1+ ka) Ag(m, )’

(4.6)

where the function A\g(m, «) is deﬁned in equation (2.4), we find the result

Theorem 4.2. The coefficients of the expansion (4.6) for the solution of the problem (4.4)-(4.5) satisfy the
recursion

Py
a0 o(m) Py m+I(a+1)

b I'(1+ ka) A\g(m, a) “.7)

Gl = T | Ok~ 72 ,;)a" T+ na) Au(m, @) T(L+ (k= n)a) Axon(m, )

Proof - In fact, recalling equation (2.8), we have

[e’QrXe) e (6% - tka
(D747 Dy - m D )k;“’“ T(1 + ka) e(m, @)
4(k-1)a p(k=1)a
= D{t®
K ;ak L1+ (k= 1a) Ax(m, a) tm Zak 1+ (k—1)a) Ag(m, a)
(k1) tha
= D? +
¢ Z“’““ T(1+ ka) Aer1(m, ) mkzoa’““ T(1 + ka) At (m, )
= thoT(1 + (k + 1o tha
- kzo e I'(1 4 ka)? Aps1(m, a) + " Z YT+ ka) Agg1(m, o)
B i " the _— M1+ (k+1)a)] Ap(m,a)
= 2 k+1 F(l + ka) )\k(m, C¥) F(l + ]{304) )\k+1(m7 a)
o0 tka
— 4.8
kzoa’““ T(1+ ka) Ap(m, )’ (4.8)

so that, comparing the first and second member of equation (4.4), the recursion (4.7) follows.

Example 1. Assuming m = 2, r = 1.0, K = 2.0, and putting ;) = 1.0, the solution of the fractional
parametric Verhulst model (4.4)-(4.5) is given by the expansion (4.6) whose coefficients are reported in
Figure 1.

The graph of the solution using the aj, coeflicients is reported in Figure 2.
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0.346473, 0.173237, 2.77556x 10717, -0.0597694, -3.46945x 107, 0.0616018,
6.245x107Y7, -0.111164, -1.80411x107%°, ©0.299138, 7.77156x 107, -1.10507, -3.55271x 10",
5.31933, 2.4869x 10, -32.1673, -1.91847x10 3, 237.812, 1.7053x 107 %2, -2104.33, -1.77351x 10 !

FiGURE 1. Table of the a;, coefficients for 0 < n < 20

— P

FIGURE 2. Graph of the solution using the aj, coefficients reported in Figure 1

5. THE MINIMUM THRESHOLD LoGisTic CASE
e The minimum threshold logistic case

Using the operator in equation (2.2), the minimum threshold parametric logistic model writes
P M
(Det Dy +m Dy)P(t) =~y P <1 — K> <1 - P> , (5.1)

where 7 is a positive constant, and M denotes the population minimum threshold. Assuming the initial
conditions

P(0) = Py,

1 P M .

In [10] we have proven the result

Theorem 5.1. The coefficients of the expansion (4.6) for the solution of the parametric population logistic
minimum threshold model (5.1)-(5.2) satisfy the recursion

'aozm!Pg,
M 1
a1:7|:<1+K>a0—m'Kag—m!M:|, (53)
k
M 1 K\ (k+m\ aynar_n
= 14— - = —_— k>0
a1 =Y ( +K>ak K%(n)(n—km)(k—n)m]’ (k>0),

where (k — n),, denotes the Pochhammer symbol.
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e The fractional parametric minimum threshold logistic case

Using the operator in equation (2.6), the fractional minimum threshold parametric logistic model
writes

(DY +* DY +m D?)P(t) =y P (1 - ;) (1 - Ajf) : (5.4)

where 7 is a positive constant, and M denotes the population minimum threshold. Assuming the initial
conditions

P0)=Fh,

. B 1 R M (5.5)
Dtp(o)_m+r(a+1)7po<1 K><1 P0>’

and considering the expansion (4.6) for the solution, we find the result

Theorem 5.2. The coefficients of the expansion (4.6) for the solution of the fractional parametric population
logistic minimum threshold model (5.4)-(5.5) satisfy the recursion

Py
apg=——"79-4——
0 m+T(a+1)
o (1M, —mtllet]) o M
=7 K)® K O i+ T(a+1)]’ (5.6)
k
1 D(ka+ 1) Ag(m, )
- 1 = - 7 n -n
W1 =1 (*K)“’“ K;“ T o+ 1) A (m, a) T((k — n)a + 1) A (m, )

Proof - Using the expansion (4.6) in equation (5.4) and performing calculations, the result follows
comparing the coefficients of the two members.

Example 2. Assuming m = 2, r = 1.0, K = 2.0, M = 2.0, and putting Py = 1.0, the solution
of the parametric fractional logistic minimum threshold model (5.4)-(5.5) for & = 1/2 is given by the
expansion (4.6) whose coefficients are reported in the following Figure 3.

0.346473, -0.173237, -0.173237, -0.233006, -0.382881, -0.73496, -1.60429, -3.90976, -10.4959, -30.7171, -97.1952, -330.275,
-1198.46, -4621.84, -18865.4, -81212.9, -367565., -1.74417x10°, -8.65603 x 10°, -4.48289x 10", -2.4179 x 10°

FiGUre 3. Table of the aj, coefficients for 0 < n < 20

The graph of the solution using the ay coefficients is reported in Figure 4.

6. THE VOLTERRA-LOTKA CASE
e The parametric Volterra-Lotka model

Using the operator in equation (2.2),), the parametric Volterra-Lotka model writes
(D¢t Dy +m Dy) X(t) = sX(t) =7 X (@)Y (1),
(Det Dy +m D) Y () = —rY (t) + X ()Y (1),

where the constants ~, 8 have the same meaning as before.
Assuming for the solution [X (), Y (¢)] the expansions

X(t) _kz:%akk:!(k—i—m)!’ Y(t) —kzzobkk!(k_i_m)!v (6.2)

(6.1)
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0.9/

0.8 .
— P

0.7

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 4. Graph of the solution using the aj, coefficients reported in Figure 3

putting X (0) = Xo,Y (0) = Yj, and after performing the relevant calculations in equations (6.1), in
[10] we have proven the result

Theorem 6.1. The solution of the parametric Volterra-Lotka model (6.1) is obtained by using the following
recursions for the ay, and by, coefficients

( a():m!Xo,
b():m!}/Oa
k
k k+m anbk_n
ak+1=sak—vz<n> (n+m>(l€—7’L)Tn’ (6.3)
n=0
k
k k+m anbk_n
bk+1:—rbk+ﬁ2( )( >,
\n)\n+m (k—1n)m

\

where (k — n),, denotes the Pochhammer symbol.

e The fractional parametric Volterra-Lotka model

Let us consider the fractional parametric Volterra-Lotka model
(Dt D +m D) X () = X (t)[s — 7Y (¢)]
(6.4)
(D§ 12 D +m DY (1) = Y ()[BX (1) — 1]
The orbits are given by the parametric equations X = X(¢),Y = Y (¢) with X (0) = ¢, Y (0) = yo,
respectively. The equilibrium point is the same as the classical mode, that is:

r
XO — B
(6.5)
Yo =1
Y
The following theorem holds true.
Theorem 6.2. Upon putting
o0 tom
X(t) = . , 6.6
®) T;]a I'(an+1) Ay (m, a) (6.6)
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and
& tom
’“”:Z;“rmn+wxmmﬂw (6.7)

the solution of the fractional parametric Volterra-Lotka model (6.4) under the initial conditions X (0) =
Xo and Y (0) = Y is obtained by computing the coefficients a,, and b,, through the following recursive
formulas

apg = _ X

O m+D(a+1)
Yo

bp= ———r——

Ap4+1 = Sa — YCk

b1 = —rby + Bk,

where

k
T 1
th = tnkn . (ko +1) \g(m, a)

(na+ 1) Ap(m,a) T((k —n)a+ 1) A\g_n(m,a)

n=0

Proof - Using the expansions (6.6)-(6.7) in equation (6.4) and performing calculations, the result
follows comparing the coefficients in the members of the resulting system.

Example 3. Assumingm = 1,7 = 1.0, s = 1.0, 8 = 2.0,y = 2.0, and putting Xg = 0.5, Yy = 0.75,
we find the a = a,, and b = b,, coefficients reported in Figure 5.

0.397619, -0.19881, 0.397619, -1.00946, 3.12373, -11.394, 47.7568,
-225.691, 1185.43, -6842.96, 43023.4, -292443., 2.13582x10°%, -1.66719x 10", 1.38465x 10°,
-1.21875x16%, 1.13294x10%°, -1.10889 x 10, 1.13965x 10, -1.22685x 16*3, 1.38034 x 10

0.265079, 0.331349, -0.927778, 2.33486, -6.46805, 20.9858, -80.1367,
353.585, -1764.71, 9793.09, -59659.4, 395126., -2.82339x10°%, 2.16311x10", -1.76768 x 16%,
1.53398x10%, -1.40822x10°, 1.36301x 10, -1.38684x 10, 1.4795x 103, -1.65098 x 10*

FiGure 5. The a,, and b,, coefficients for 0 < n < 50

The graph of the solution using the a,, and b,, coeflicients is reported in Figure 6.
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0.8
0.7
0.6 — X
0.5

0.4
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIGURE 6. Graph of the solution, using the a,, and b,, coeflicients reported in Figure 5

7. CONCLUSION

A Laguerre-type operator containing a positive real parameter, which behaves as an exponential with
respect to its eigenfunction, has been used to extend some classical models of population dynamics to
the fractional parametric case.

The eigenfunction of the fractional operator D* t“ Df* +m Df* cannot be obtained by simply replac-
ing the factorials with the Gamma function, in the eigenfunction of the ordinary operator D;t Dy +
m Dy, but required a more in-depth analysis. As a result, a greater complexity of the recurrence for-
mulas for the calculation of the coefficients of the related solutions has been detected.

The analytical and graphical results shown, with the aid of the computer algebra system Mathematica®,
have confirmed the possibility of using such models, which can allow a better fit to real data.
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