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Abstract: The aim of this paper is the construction of stochastic versions for some fractional
Gompertz curves. To do this, we first study a class of linear fractional-integral stochastic equations,
proving existence and uniqueness of a Gaussian solution. Such kinds of equations are then used to
construct fractional stochastic Gompertz models. Finally, a new fractional Gompertz model, based on
the previous two, is introduced and a stochastic version of it is provided.
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1. Introduction

Fractional calculus is presently applied to a lot of scientific fields. Despite the problem of
defining fractional derivatives being quite old (see, for instance, [1,2]), it has mainly been developed
in recent times (see [3]). Due to its versatility in describing slower or also different time scales,
fractional derivatives and fractional-order differential equations are very often used in applications,
so that also different books have been written on the argument (see, for instance, [4—6]). The main
generalization of the classical Cauchy problems to the fractional order is achieved via the so-called
Caputo-fractional derivative, introduced by Michele Caputo in [7]. In such paper, the fractional
derivative is used to study the Q-factor of some non-ferromagnetic solids, thus being introduced in an
applicative context. From such moment, fractional calculus has been used to address a lot of different
models: from epidemics [8] to osmosis [9], from neurophysiology [10] to viscoelasticity [11] and many
others [12].

Here we focus on fractional-order population growth models. A first model of population growth
can be achieved by modifying the classical Malthus model by introducing a fractional-order derivative
in place of the classical one (see [12,13]). As a second step, one could ask for a fractional-order
generalization of a Gompertz model. Gompertz model are quite popular growth model. Such models
take into account a time-varying birth rate, which describes the fact that a person’s resistance to
death decreases with age. Such models have been used in particular to model cancer growth, starting
from [14] and then used to describe a single species growth (see for instance [15]). For this and other
reasons, Gompertz curves have been widely studied. For instance, knowing that some species of cancer
evolved following a Gompertz law, optimal control of it has become necessary (see for instance [16]).
At the same time, stochastic models became necessary to describe eventual environmental (and thus
unpredictable) effects (see [17-20] and many others).

Concerning fractional-order Gompertz models, the first one has been introduced in [21], but it is
not achieved by simply substituting the fractional derivative in place of the classical one. To understand
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how the fractional-order model is introduced, let us recall that the classical Gompertz curve x(t) can
be defined as the solution of the non-linear Cauchy problem

{iﬁ’:u) — ax(t) - px(t) log (1), o

where «, 8 > 0 are dynamical parameters and xy > 0 is the initial population density. It is also well
known that the solution is given by

x(t) = xpexp <g(1 _ e—ﬁt)>

and then the model admits a carrying capacity

™=

x(o0) = tli)r_g()x(t) = xp€

If we define y(t) = log <M> , the Cauchy problem (1) can be rewritten as

X0

(1) = (= By,
Y =a—
(1) = a— By(t), )
x(0) = xo,
y(0) =0

In [21], the fractional-order Gompertz model is achieved by substituting the Caputo-fractional
derivative in place of the classical one only in the linear equation. In particular, the function y, () is
defined as the solution of the fractional Cauchy problem

{ddvtyvv(t) = — Byy(t), ®)

Yy (0) =0,

where % is the fractional Caputo derivative of order v € (0,1), and then defining the fractional
Gompertz curve as x, (t) = xpe?* (. In such case, we have

_4 s
B p

where E, (t) is the Mittag-Leffler function (defined in Equation (8)).

In [22] another type of fractional-order Gompertz model has been introduced. To understand
how such model is defined, let us recall that for the classical model we have y(t) = %(1 — e ) and
then we can rewrite the first equation of Equations (2) as

yo(t) = (1 Eo(—pt")), xu(f)Zxoexp< (1—Ev(—[3f”))> @)

{eﬁtftx(t) = ax(t),
x(0) = xo.

In [22], they use the Caputo-fractional derivative with respect to another function, as defined
in [23], to define the improved fractional Gompertz curve x,(t) the solution of

{ (c#'4) () = axu (1), 5)

xy(0) = xq,
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given by
« _
xy(t) = xEy (/3‘/(1 —e ﬁt)”) .

In this paper, we aim to define a class of stochastic Gompertz models that generalize the two
proposed fractional Gompertz curves. To do this, we first need to investigate some results related
to a class of stochastic linear fractional-integral equations, concerning in particular the existence of
Gaussian solutions. Such equations generalize the Caputo-fractional stochastic differential equations
studied for instance in [24,25].

In particular this approach leads to a method of construction for general fractional growth models
with noise that preserves normal or log-normal one-dimensional distributions. The preservation of
such laws permits recognition in some macroscopical observable functions (the mean in the normal
case and the median in the log-normal case) of the original growth models. Thus, these stochastic
models work as a noisy perturbation of the original deterministic ones. This procedure could not
be achieved by using the classical tools of fractionalization via time-change (see for instance [26-29])
for different reasons. For instance, if we apply a time-change to the stochastic Gompertz model,
since the stochastic differential equation that drives the model is non-linear, its mean does not solve
Equation (1) with the Caputo derivative in place of the classical one. However, such time-changed
process can be still seen as the exponential of a time-changed Ornstein-Uhlenbeck process (in the sense
of [28]), but, being the latter not a Gaussian one, the time-changed Gompertz model is not log-normal
and its median does not coincide with the function x, given in Equation (4), despite the mean of
the time-changed Ornstein-Uhlenbeck process is still solution of Equation (3). Our new approach
overtakes such problems, giving then some log-normal or normal processes whose dynamics are given
by perturbation of the deterministic ones.

The paper is structured as follows:

e In Section 2 we give some basic definitions and preliminaries on fractional calculus;

e InSection 3 we study a class of linear fractional-integral stochastic equations: we will need them
to define the stochastic models for fractional Gompertz curves. In particular, we focus on existence
and almost surely uniqueness of Gaussian solutions. Moreover, since they are obtained via a
Picard approximation method, we also give an estimate of the speed of convergence of the method
in terms of the distribution of the maximum of the chosen noise.

e In Section 4 we give some examples on possible choices of noise. In particular in Section 4.4 we
show that such fractional-integral equations are indeed a generalization of the fractional stochastic
differential equations discussed in [24,25].

o In Section 5 we use the results from the previous sections to introduce stochastic models for
fractional Gompertz curves. In particular in Section 5.1 we give some generalities on the classical
stochastic Gompertz model, while in Sections 5.2 and 5.3 we give a stochastic version of the
fractional Gompertz curve introduced in [21] and of the improved fractional Gompertz curve
introduced in [22]. Finally, in Section 5.4 we construct a new fractional Gompertz model obtained
by merging the approach of the previous two models and we describe a stochastic counterpart
for it.

2. Some Preliminaries on Fractional Calculus

Concerning the main properties of fractional integrals and derivatives, we refer to [30]. Let us
give the following definition of the fractional-integral.

Definition 1. Given v > 0 the fractional-integral I} of order v is defined as

= iy o -0 e
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for any suitable function f : [0, +o0) — R.

It is easy to see that for instance, for any f € L* the fractional-integral Z} f is defined. Moreover,
for any vy, v, it holds Z}' Z}2 = Z}*™*2. Tt is also interesting to notice that the fractional-integral Z¥
is a convolution operator. Indeed if we define the kernel I, (t) = % X[0,+0) then, for any function
£:10,+00) + R

(f= v f)(t)

where * is the convolution product and f is extended to the whole real line by setting f(¢) = 0 for

any t < 0. If v € (0,1), then the convolution kernel I, is singular, but still in L!(0, T) for any T > 0.

Therefore, while for any v € [1, +c0), one only needs f to be in Lllo . itis not enough if v € (0,1).
Now we can define the Riemann-Liouville derivative.

Definition 2. Given v € (0,1), the Riemann-Liouville fractional derivative D} of order v is defined as

v 1 d /f "
th - r(l _1/) dt 0 (t T) f(T)dT
for any suitable function f : [0, +o00) — R.

From the definition of D}, one easily obtains that

d -
Dy =2 T,”" (6)
for any v € (0,1). Thus, by the semigroup property of the fractional-integral and the fact that Z} is the
classical integral, we have

DY} f) = LTIV TEf = (o)

for any suitable function f : [0, +00) — R. In particular we have that D} is the left inverse of Z] and
thus, vice versa, Z} is the right inverse of Dy for any v € (0,1).
However, we also have another fractional derivative.

Definition 3. Given v € (0,1), the Caputo-fractional derivative 4 of order v is defined as

‘Z{(t) = ml_ ) /Ot(t — ) Vf(1)dt

for any suitable function f : [0, +o0) — R.

a'f

The class of functions for which & is defined is smaller than the one for which Dy f is: indeed,
one has at least to ask that f is absolutely continuous. Moreover, we have that

av P d
am ~ L (m)

hence, working as before, we have

Tf v df _
/At ()

for any suitable function f : [0, +00) — R. We can conclude that I} is the left inverse of ‘%, and then
% is the right inverse of I}. There is also a relation between Riemann-Liouville and Caputo derivative:
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T = DI - f0+)) ”
drv ! '

From now on we will denote f(0+) = f(0). This relation lets us also define the Caputo-fractional
derivative for any Riemann-Liouville derivable function, hence for a much wider class of functions.
Concerning Caputo derivatives, we can define fractional Cauchy problems by using them. Indeed,
under suitable assumptions, the fractional Cauchy problem

{fi‘t’g(t) = F(t,y(t)),
y(0) = yo

is well-posed. In particular, the relaxation problem

{z‘;%(w = ay(t),
v(0) =yo

admits as unique solution the function

y(t) = yoEy(at")
where E, () is the Mittag-Leffler function, defined as

which is a generalization of the exponential function (observe that if v = 1, E1 () = ¢').

We need also to introduce fractional calculus with respect to other functions. Riemann-Liouville
type fractional derivative of a function with respect of another function were introduced to deal with
Leibniz rule and chain rule for fractional derivatives (see, for instance, [31,32]). For this part, we mainly
refer to [23]. Let us first give the definition of fractional-integral with respect to another function.

Definition 4. Given v > 0 and an increasing function ¥ € C'(0, +o0) such that ¥'(t) # 0 for any t > 0,
the fractional-integral I;"T with respect to ¥ is given by

1Y = iy [ YOO 20 e

for any suitable function f : [0, +o0) — R.

Observe that if ¥(t) = t, we achieve the classical fractional-integral. Let us now define the
Riemann-Liouville type fractional derivative.

Definition 5. Given v € (0,1) and an increasing function ¥ € C'(0, +c0) such that ¥'(t) # 0 forany t > 0,
the Riemann-Liouville fractional derivative DI’T with respect to ¥ is given by

DI = iy gt b ¥ OO — ¥ () e
for any suitable function f : [0, +00) — R.

Observe that for ¥(t) = t, we achieve the classical Riemann-Liouville fractional derivative.

Moreover, we have in this case

Ll ©)

DI/,‘F —
t Y/ (t) dt
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Let us also give the definition of the Caputo type fractional derivative.
Definition 6. Given v € (0,1) and an increasing function ¥ € C'(0, +oc0) such that ¥'(t) # 0 forany t > 0,
1%
the Caputo-fractional derivative (‘I%(t) %) with respect to Y is given by
oo ) 0 = e [~ ¥(@) 7 f (e
Y/ (t) dt CT(1-v) Jo
for any suitable function f : [0, +00) — R.

In [23] (Theorem 3) the following relation is shown

() F0=DE¥ (7= 50 (10

Using this relation, one can extend the definition of Caputo-fractional derivative of a function
with respect to another function to the whole class of the Riemann-Liouville derivable (with respect

to ¥) functions. Moreover, under suitable assumptions, the following fractional Cauchy problem
is well-posed

{(T}(t);t)"y(t) = F(t,y(1)),
y(0) = o.

In the spirit of [31,32], let us show a chain rule for Caputo-fractional derivatives of a function with
respect to another function.

Proposition 1. Let ¢ be a Caputo-derivable function and ¥ be an increasing function in C'(J) such that
Y'(t) #0forany t € Jand ¥(0) = 0. Define f(t) = g(¥(t)). Then

(v f0 = F5er)

Proof. First, let us observe that

7 = ey [ Y @00 - ¥(@) (e

1 t
= Fi oy ) YOO ¥ @) (¥ ()

0
- r(11_ V) /O‘Y (¥(1) ~2)"8(2)dz = Ty )

Deriving both sides of this relation and dividing by ¥/ (t), by using Equation (9), we have
DY f = Dy (18-

Finally, by substituting f(t) — f(0) and g(t) — g(0) in place of f and g and using Equation (10)
we conclude the proof. [

This proposition leads us to easily give the solution for the relaxation equation

{ (‘I”l(t) %)Uy(t) = ay(t),

(11)

<
—
(=)
~—
Il
<
(=)
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whenever ¥ (0) = 0. Indeed, if we define z(t) as the solution of the relaxation equation for the Caputo
derivative, hence z(t) = yoE,(at"), and y(t) = z(¥(t)), we have, by the previous proposition

1 d\’ av
() ¥ = TECr®) = ax(¥(6) = ant)
thus y/(t) is the solution of Equation (11).

3. Stochastic Linear fractional-integral Equations with Constant Coefficients and
Gaussian Solutions

From now on let us fix a complete filtered space (Q, F, F;, P).
In this section, we want to study existence and uniqueness of solutions of stochastic linear
fractional-integral equations in the form

Yi/(t) =Yo —|—I}/({1YV(1‘) + b) + G(t) (12)

where yo,a4,b € R,a # 0,and G(t) isa given F-adapted Gaussian process. From now on, as shorthand
notation, let us denote

G(J):={G:Qax ] — R| Gisa F;-adapted Gaussian process with a.s. continuous paths}
where | = [0, T] for some T > 0 or ] = [0, +0), and
G:(]) :={G:Qx ] = R| Gisa F;-adapted Gaussian process with a.s. r-Holder continuous paths}.
Remark 1. Obviously, for any f,g € C°(J) and Z € G(]), we have fZ + g € G(]).

Moreover, let us denote ||| () = sup,¢; |f(t)| for any f € L®(]), where | = [0, T] with T > 0.

3.1. The fractional-integral of a Gaussian Process

First, one could ask if the fractional-integral of a Gaussian process is still a Gaussian process.
Concerning this problem, we have the following Lemma.

Lemma 1. Let Z € G(]) for some time interval | and define Z,(t) := I} Z for t € ]J. Then Z, € G(]).
Moreover, if | = [0, T] for some T > 0, then Z, € G, (]).

Proof. Let us consider
A={weO: t— Z(t,w) is continuous }

and recall that P(()\ A) = 0. Fix w € A and observe that Z} Z(-, w) is well-defined and continuous
(in t). We need to show that it is a F;-adapted Gaussian process. Let us define

1

I} Z(w) = O] /Ot_g(t — 1) 1Z(1,w)dt

which is well-defined as Riemann integral since, for fixed t > 0, T + (t — 7)"~!Z(7,w) is continuous
in [0,t — ¢]. To show that Z, (t) is F;-adapted, let us observe that, by definition of Riemann integral,

n

; _ . -1
1 Z(w) = Hm ;(t —8in)" Z(sju,w)dy
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for any w € A where &, = t’Ts and Sin = (} — %) 65, with j = 1,...,n. Hence we have that

almost surely
n

f _1; -1
I;/e Z = nLITOO Zl(t — S]',n)v Z(Sj,n)5,€1.
]:

Since Z is F-adapted and with a.s. continuous paths, it is progressively measurable and then,
foranyn € Nandj=1,...,n, Z(Sj,n) is F. Sim -measurable and thus, being Sin < t, Fi-measurable.
Hence the variable }i ; (t — sjrn)”’lz(s]-,n)én is Fi-measurable for any n € N and so it is its limit as
n — 400, concluding that for any ¢ > 0, I‘t”€ Z is Fi-measurable. Now let us consider, for k € N,
& = % Let us observe that for fixed w € A we have, for T € (0,t),

(=)' Z(T, W)X (0p—ep) ()| < (E=7)" ! max Z(7,w)

whichisa L! (0, t) function. Hence, we have, by Lebesgue dominated convergence theorem, that

Zy(t,w) = lim I} Z(w)

k—+c0

thus also Z,(t) (being a.s. limit of F;-measurable r.v.) is F;-measurable.
Now let us show that Z, is a Gaussian process. Let us fix m € N, (ay,...,a,) € R™, (t1,...,tm) €
J™ and let us consider the random variable Z¢ given by

m
Zt = 2 l/'ll'IZ_'e Z.
i=1

As before, if we define, for fixed i < mand n € N, 5;?,” = t’;S and Sijn 1= <] — %) 55” for
j=1,...,n,wehave that, by definition of Riemann integral,
n

IZ’S Z(w) = lim Z(t,‘ — si,]',n)"_lz(si,j,n,w)&f,n

n——+oo ].:1

for any w € A. Hence we have, for any w € 4,

3

s

Z¥Hw) = nEToo, a;

(ti = Sijm)’ " Z(sijms w)05

l
—

j=1

Since Z(t) is a Gaussian process the random variable Y/ ; a; Z?:l(ti — si,j/n)v’lz (si/j,n)éf/n is
Gaussian for any n € N. Hence Z° is almost surely limit of Gaussian random variables, hence it must
be Gaussian.

As before, if we consider ¢, = 1/k, we have that forw € A

m
Y aiZ,(t,w) = lim Z%(w)

i=1 k——+o0

hence }/" | a;Z,(t;, w) is almost surely limit of Gaussian random variables and must be Gaussian itself.
The arbitrariness of (a3, ...,a,) € R™ and m € N gives us the fact that Z, is a Gaussian process.
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Finally, suppose that | = [0, T] and let us consider t1, t, € J. Suppose, without loss of generality,
that t; < t, and set t, = t; + h. Hence we have for w € A

1Zy(t1+ 1 w) = Zy(t, )] < r(lv) /Otl((tl —0)' = (h+h =)' )| Z(T, w)|dT

1 t+h 1
+W/t1 (4 h— 1)1 Z(t,w)|dt
1Z /w)||L°°(])
- Tw+1)
||Z('/W)||L°°(])hv
r'(v+1)
3||Z("w)”L°°(I)hu
I'(v+1) ’

)
; (% — (b + 1)’ + 1)

concluding the proof. [J
Let us remark that fractionally integrated Gauss-Markov processes have been also studied in [33].

3.2. Compatibility between Fractionally Integrated Gaussian Processes

Now we want to study the behavior of a fractionally integrated Gaussian process with respect to
other Gaussian processes. To do this let us first give the following shorthand notation.

Definition 7. Let Z(t) and G(t) be two F-adapted Gaussian processes with a.s. continuous paths. We say
that Z(t) and G(t) are compatible if for any n,m € N, any (ay,...,an, @41, .-, antm) € R*" and any
(1, s tutysts - tnem) € R the random variable

n m
YoaiZ(t)+ Y aiG(t;)
i=1 i=n+1

is still a Gaussian random variable. This obviously implies that Z(t) + G(t) € G(]). Let us denote, for any
Geg()),

G(],G) :=={Z € G(]) : Z and G are compatible}.

It is obvious that if Z(t) and G(t) are independent F;-adapted Gaussian processes with a.s.
continuous paths, then Z(t) and G(t) are compatible.
Now let us show the following Lemma.

Lemma 2. Let Z,G € G(]) such that Z € G(],G). Then, setting Z,,(t) :== T} Z for t € ], Z,(t) € G(J, G).
Proof. Let us consider
A={weQ: t— (Z(t,w),G(t,w)) is continuous }

and recall that P(()\ A) = 0. Fix w € A and observe that Z,(t) € G(J) by the previous Lemma and
that for w € A, Z,(+,w) is continuous. Thus, we have that t — Z,(t,w) + G(t,w) is continuous for
any w € A. Moreover, since Z, and G are F;-adapted, Z, + G is F;-adapted. Now we need to show
the compatibility property.
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Letus fix my,my € N, (t1,..., tyy, by 41, -+ - tmy) € J™F™ and (ay,..., @my, gy 41, - - - Amy) €
R™*M2 and let us define the random variables

z::faizv<ti>+ Y ()

i—m1+1

ZE::ZaI”Z—i— Z a;G(t
i=my+1

Let us work on the second one. Fix w € A. Thus, by recalling the definition of §;, and s; ; ,, for
i<mandj=1,...,n given in the previous lemma, we have that

m
Z:w) = lim ZZ{Z — Sijn) *1Z(si/]«,n,w)5f/n+ZaiG(ti,w)
i=1

n——+400 ! 711

hence we have that almost surely

n my
1
Z°= nl_lﬁrr‘oo Z 2‘1 = Sijn)’ Z(8ijn)0, + Z a;G(t;)

j=li= i=mi+1

where on the RHS we have Gaussian random variables since Z(t) and G(t) are compatible. Hence Z¢ is
a Gaussian random variable. Moreover, if we define ¢ = 1/k for k € N, one has that Z = limy_, , ,, Z%
almost surely, thus Z is a Gaussian random variable and then Z, and G are compatible. O

Remark 2. Obviously, for any f,g € C°(J) and Z € G(],G), we have fZ + g € G(], G). Moreover, for any
f,g€CYJ)and Z € G(J,G), we also have fZ + ¢G € G(],G).
3.3. Main Result

Now we are ready to show an existence and uniqueness result in G(J) for the solution of

Equation (12) in the fashion of [6] (Theorem 3.3).

Theorem 1. Forany T > 0, ] = [0, T], and G € G(]), Equation (12) admits a unique solution Y,, € G(J).
Moreover, if G € G (]), then Y, € Gy (]).

Proof. Let us consider
A={weQ: t— G(tw) is continuous} (13)

and recall that P(Q)\ A) = 0. Fix w € A and define the operator A, : CJ(J) — CJ(J) as
(Aw f)(1) = yo + T} (af +b) + G(t,w), f € C°(])

where Cg (J) is the Banach space (C°(J), |||l ) of the continuous functions equipped with the Bielecki
norm || f||,, = maxej |f(t)|e~" for some y > 0, which is equivalent to the classical L norm.

Let us show that A, is well-posed, i.e., A, f is continuous. To do this consider ¢1,¢, € | and
suppose, without loss of generality, that t; < ;. Then, we can set t, = t; 4+ 6. We have
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| Aw f(t1 +6) = Aw f(h)] <

I'(v)
1 t1+6 1
+W/t1 (146 — 1) Vaf(7) + bldr
+|G(t1 + 6, w) — G(t, w)|
lal [l fll oo (py + 0]
I'(v+1)
lal | fllpee(py + 101,
T+ 1) 8"+ |G(h +6,w) — G(f,w)]
_ 3(lal [If ey + 181)
- I'(v+1)

S =0 k5 - 0 la () + blae

(14)

(] = (i +0)" + ")

8"+ |Gt +6,w) — G(h,w)|

hence, being G(-, w) continuous, sending § — 07, we have lims_,¢+ | Ay f(t +8) — Ay f(t)| = 0and
then A, f € C()).

Now consider f1, f» € C(J), choose g € (1, ﬁ) and set p such that % + % = 1. We have

|a]

Ao fit) = A (0] < 105 [ 6= 0" (D) - )l

- r|<|> /ot(t ~ 0" NA) =~ falr)e T dT
al i fll,
SWW/O@—T) LTt

= W’ (/Ot(t - T)q(”l)dT) g </0t epwdr) ’

1+q(v—1)
_lallfi =Rl T
- 1 1
(1 +4qv=1)T(w) (p7)?
14+q(v—1)

_ lalllf = £ll, T 7 1
T (14qw—-1)TW) (p7)

(et —1)7

eVt

==

and then
T1+q(vf1)
| Ao Filt) — Ao falB)]e ™ < ol A - Al
(14+4q(v—=1))1T(v)(py)?

Taking the maximum, we have

1+g(v—-1)
|a|T

[Aw fi = Aw fall, < T Ifi—Lall,-

1
(I+q(v=1))1T(v)(p7)"
Thus, we can choose v > 0 big enough to have

1+q(v—1)

la|T Ii
(1+q(v—=1)7TW)(py)

With this choice of 7y, we have that A is a contraction and thus admits a unique fixed point
(see [34], Theorem 3.1): let us denote it as Yy (-, w).

<L

==
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Moreover, let us consider the sequence (for fixed w € A)

folt,w) =
fu(t,w) = Ap fu—a(b,w) n>1.

This sequence is such that f,,(-,w) — Y, (-, w) in C° by contraction theorem (see [34]).
Now let us define a stochastic operator A. For w € A, let us define it as

Af(tw) = Ay f(tw)

for any stochastic process such that t — f(t, w) is continuous for any w € A, while for w ¢ A let us
complete it as we wish, since Q \ A is a null set.
We can re-interpret our sequence as a sequence of stochastic processes given by

fo(i’) =0 (15)
fu(t) = Afua(t) n>1

Now let us observe that fj is a (degenerate) F;-adapted Gaussian process with a.s. continuous
paths. For f;, we have that

fi(t) = yo+G(1)
which obviously belongs to G(J, G) by Remark 2. Let us suppose that f,_1 € G(J,G). By using
Remark 2 and Lemmas 1 and 2, we have that f, € G(J,G). Hence we have that for any n € N,
fn € g(]/ G)

Now, we have that
Y, (t) = lm f,(t)

n—-+oo
where the limit is in the a.s. sense, thus it is easy to see that Y, € G(J) (a.s. continuity of the paths
follows from the continuity of t — Y, (t,w) for w € A, since Y, (-, w) are fixed points of A,,). Finally,
a.s. uniqueness follows from the fact that A, are contractions for w € A, hence their fixed point
is unique.
Now, if G is a.s. v-Holder continuous, let us define

Ay ={w e Q: t— G(t,w) is v-Holder continuous }

and let us recall that P(Q\ A,) = 0. Consider w € A, and f € C%(J) and observe that, from (14),
we have

| Aw f(h +6) — Aw f(1)] < e "f””“’) b ')5V+|G<f1+a,w>—c<t1,w>|
. (3 jal anvLil 4 181) +C(w)> 5

where C(w) is such that |G(f 4+ 6, w) — G(t,w)| < C(w)éY (that exists since we have chosen w € A,).
In particular, we have that for any f € C°(]), A, f € CY(J). Almost surely v-Holder continuity of the
paths of Y, thus follows from the fact that, forany w € A, Y, (-, w) = AYy (-, w). O
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Remark 3. Let us observe that the fractional-integral operator Ly is a compact Hilbert-Schmidt operator in
L2([0, T)) (see, for instance [35]) if v > L. Indeed, the integral kernel k(t, T) := (t — T)V’l)((o,t)('r) (where
X (o) 1s the indicator function of the interval (0, t)) is such that

T ,T
/ / Ik(t, 7) 2dtdT < +oo
0 JO

if and only if v > % In such case, one can use the structure of the equation to show that there exists a unique
Gaussian solution. Setting for instance a = 1 and b = 0, we have for fixed w € Q)

(I=Z)Yo(-w) = yo+ G(-, w),
where I is the identity operator; hence we have
Yy (hw) = (1= I}) " (yo + G(-, w)).

In such a way, for v > %, one has the characterization of the solution Y as

+oo ,

Yy =) (Z})' (o + G)

i=0

and then Y is given by a linear operator applied to a Gaussian process, hence it is Gaussian.

3.4. Speed of Convergence
We could also investigate the speed of convergence of the sequence f;,; defined in Equation (15) to

Y,. The following proposition is an easy consequence of the contraction theorem.

Proposition 2. Consider | = [0, T] for some T > 0, v € (0,1) and q € (1, ﬁ) Moreover, consider Y,
solution of Equation (12). Set p such that % + % = land

and fix v > 0 such that L < 1. Finally, define G(t) = yo + G(t). Then, for the sequence f, defined in
Equation (15) we have

n

o]

L
n— Y| <
1f ey < 7 Lo ()

almost surely. As a consequence it holds

~ (1—1L)e
P> fr = Yol o) > e) <P <tr€n[3>T<] |G(t)]| > T )

Proof. Fix w € A (where the set A is defined in Equation (13)). By contraction theorem (see [34]) we
have, since L is the Lipschitz constant of A, : Cg(]) — CQY( D,

Ll’l
(@) = Yol ) € 2o 1A C0) — ol
Now let us recall that for any function f € CJ(J)

et Il < NIy < Ml
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thus, we have
n

a0 = Yol @)y < 5T I @) = fol @)y

Now let us recall that fo(t,w) = 0and fi(t,w) = yo + G(t,w) = G(t, w), thus we have

1 fn (@) = Yo () peogy < %eﬂ Hé("w)Hqu) '

Since P(Q)\ A) = 0, Equation (16) holds. [
3.5. The Mean of Y,
Let us introduce another class of Gaussian processes
Go(J) :={G € G(]): E[G(H)] =0, Vt € J}.

We want to investigate the mean of Y,, solution of (12), when G € Gy(J). We have the
following result.

Proposition 3. Fix G € Go(]) and let us suppose that y, (t) := E[Y, (t)] is in L°(]), where Y, (t) is solution
of (12) in J. Then, y,(t) is solution of the fractional Cauchy problem

{"’;ty; () =ay,(t) +b, t€ |
yv(0) = vo.
Proof. First, let us observe that
Yy (0) = yo + G(0)
hence 1, (0) = yo. Now, let us notice that
v

¢ B t
/O(t—T)" Hyw (O1dT < [yl gy —

1%

Hence we can use Fubini’s theorem to achieve
yu(t) = yo + I (ayv + b).

Rearranging the equation and applying Z} " on both sides we have

V(o — o) = /Ot(ayv(r) +b)dr.

Since on the RHS we have a C! function, we can differentiate both terms and use (6) and (7)

to achieve
'y,
dtv

(t) = ayy(t) + 0.
O

Remark 4. It is not difficult to show that if G € G(]), g(t) := E[G(t)] is Riemann-Liouville derivable and y,,
is in L*°(]), then y, is solution of the Cauchy problem

{”Z%v (t) = ayy(t) + b+ Dlg(t), te |
¥y (0) = yo + g(0).

The proof of such result is analogous to the previous one.
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4. The Choice of G: Some Examples

In this section, we will give some example concerning the choice of the process G € G(J). Actually,
these kinds of equations are noisy versions of the Cauchy problems

ddv% =ay, +b (17)
yu(0) = yo

and the choice of the noise depends on the choice of G € G(J). Moreover, if we take G € Gy(])
and E[Y, ()] is in L®(J), we are considering a process with an assigned mean and we can modulate
covariance by changing G. Let us give some examples.

4.1. Brownian Motion and White Noise

A first simple case is given by choosing G(t) as a Brownian motion W(t) on (Q, F, Ft, P).
Concerning the regularity of the solution Y, of Equation (12), we have the following result.

Corollary 1. Consider in Equation (12) v € (0,1/2) and G = W a Brownian motion on (Q, F, F,P).
Then the solution Y, of Equation (12) belongs to G, (J) N G(J, W) for any | = [0, T].

Actually, we could imagine writing (only formally) our integral equation in differential form.
We have, by (formally) using the relation (6),

dY,(t) = D}V (aY, + b)dt + dW(t).

Writing in this way, we can see what the role is of W(#): it works like a white noise introduced
in Equation (17).
In particular, if v = 1, Yi(t) is a classical Ornstein-Uhlenbeck process.

4.2. Fractional Brownian Motion and Fractional White Noise

We could also choose G(t) to be a fractional Brownian motion Wy (¢) with Hurst index H € (0,1),
introduced in [36]. We will not focus on the features of such process, but for them we refer to [37,38].
Let us recall that the definition of Wy already involves fractional integrals. Indeed, for v € (0,1),
we can define the operators — 7} and _Dj as

T G0

and
Dif =g @D

for any suitable function f : R — R. In such case, if H € (%, 1) and wefixv = H — %, then there exists
a (normalizing) constant Cy such that

Wi(t) = Cur [~ T4 x00dW(s)
whileif H € (0, %), if we fixv = % — H, we have

Wa(t) = Cu [, ~Dix(ondW(s)

Concerning the regularity of the solution Y, of Equation (12), we have the following result:
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Corollary 2. Consider H € (0,1) and let (in Equation (12)) G = Wy be a fractional Brownian motion
on (Q, F, F,P) with Hurst index H; then, if v € (0,H), the solution Y, of Equation (12) belongs to
Gu(J) NG(J, Wir) for any | = [0, T).

Such corollary is linked to the fact that the paths of W () are y-Holder continuous for any v < H,
as shown in [38].
As before, we could formally write Equation (12) in differential form, by using Equation (6),
to achieve
dY,(t) = D}V (aY, + b)dt + dWy(t)

where the fractional white noise dWp must be carefully interpreted. Thus, we have that our equation
is a perturbation of (17) with a fractional white noise.
For v = 1, we obtain the fractional Ornstein-Uhlenbeck process ([39,40]).

4.3. Ornstein-Uhlenbeck Process and Colored Noise
We get another example by choosing G(t) to be an Ornstein-Uhlenbeck process U (t), solution of
du(t) = (AU(t) + p)dt + cdW(t) (18)

for some A, € R, 0 > 0 and W a Brownian motion on (Q), F, F,P). In such case, we have the
following regularity result:

Corollary 3. Consider, in Equation (12), v € (O, %) and G := U an Ornstein-Uhlenbeck process on
(Q), F, F,P). Then, the solution Y, of Equation (12) belongs to G, (J) NG (], U) for any ] = [0, T].

As before we can write the differential form of the equation obtaining
dY,(t) = D}V (aY, + b)dt + dU(t)
that, by using Equation (18), becomes
dY,(t) = (D} 7V (aYy +b) + AU(t) + p)dt + cdW(t),

thus observing the effect of a colored noise (for v = 1 see, for instance, [41,42]).
Eventually, we could also use a fractional Ornstein-Uhlenbeck Up in place of U, obtaining the
following regularity result:

Corollary 4. Consider H € (0,1) and let (in Equation (12)) G = Uy be a fractional Ornstein-Uhlenbeck
process on (Q, F, Ft,P) with Hurst index H; then, if v € (0, H), the solution Y, of Equation (12) belongs to
Gv(1)NG(J, Un) for any | = [0, T].

4.4. Fractional It6 Integral

There is another particular choice of G that can be done. Let us suppose that v € (%, 1) and

observe that, for fixed ¢ > 0, the function (¢ — T)"’l is in LZ(O, t). Thus, the following process is
well-defined and belongs to Gy(J) for any | = [0, T':

1 gt

Gt:—/ t— 1)V AW (T 19
()= g5 ) (=0 W) (19)

where W is a Brownian motion on (Q), F, F, P) and the integral must be interpreted in the Itd sense.

With this noise, Equation (12) is the integral version of a Caputo-fractional stochastic differential

equation, as studied for instance in [24,25]. For such equations, closed form of the solutions can be
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obtained via a variation of constant formula, as shown in [24]. In this particular case it is known that
yu(t) := E[Yy(#)] is a continuous function.

5. Stochastic Models for Fractional Gompertz Curves

In this section, we will construct two classes of stochastic models for fractional Gompertz curves:
one for the fractional Gompertz curve given in [21], the other for the improved one given in [22].
Moreover, we will introduce a third model that combines the two previous approaches. However,
let us first recall how the classical stochastic Gompertz model is constructed.

5.1. The Stochastic Gompertz Model
Here we will recall some basics of the stochastic Gompertz model. We will follow the lines of [43].
Let us consider a stochastic process X(t) solution of the following stochastic differential equation

dx(t) = (oc _ Blog (ﬁ?)) X(£)dt + V2aX (H)dW(8), X(0) = x (20)

where xg > 0is a constant, W(t) is a Brownian motion (with respect to the filtration ;) and &, § > 0
are the growth parameters we defined in Section 1.
Now, if we define the process Y(t) = log (w) a simple application of the Itd formula leads to

dY (t) = (—BY(t) + a)dt + vV2adW(t), Y(0) = 0 1)

which is the Stochastic Differential Equation of an Ornstein-Uhlenbeck process. It will be useful to
write such equation in integral form

Y(t) = /Ot(—ﬁY(t) +a)dt+ V2aW(t). 22)

In particular, Y (t) is a Gaussian process and thus X (t) = xgeY(®

it is easy to see that, setting y(t) = E[Y(¢)], we have

is a log-normal process. Moreover,

{sz — —By(t) +a
y(0) =0

that is the second equation of (2). However, since (20) is non-linear, we cannot conclude that the mean
of X(t) solves the Gompertz Equation (1). Let us then denote with x(¢) the median of X(¢), i.e., for each
t>0

x(f) = inf{z ER: P(X(t) <7z)> ;}

Since X(t) is absolutely continuous for t > 0, x(f) is the unique solution of the equation (in z)

while, since X(0) = x¢, x(0) = xo.
It is well known that the median of a log-normal variable coincides with the exponential of the
mean of its logarithm, i.e.,
x(t) = xge¥).

In particular this shows that x(t) solves Gompertz Equation (1).
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For this reason, we can consider X (t) a stochastic version of the Gompertz curve: the deterministic
model is recovered via the median of the process, which is an observable function that describes the
macroscopic behavior of the process.

Following this line, we are searching for a log-normal (or a Gaussian process) such that the median
(or the mean) is a fractional Gompertz curve.

5.2. A Stochastic Model for the Fractional Gompertz Curve

Let us first obtain the stochastic model for the fractional Gompertz curve given in [21]. Recalling
the construction of the classical stochastic Gompertz model, we are searching for a log-normal stochastic
process whose median is a fractional Gompertz curve.

To do this, fix a time horizon T > 0 and a time window | = [0, T]. Let us consider the following
stochastic linear fractional-integral equation:

Yy (t) = Z{ (= BYo(t) + &) + G(t) (23)

for some G € Go(J) such that y, (t) := E[Y, ()] is a L*(J) function. Equation (23) can be recognized as
a stochastic version of Equation (3). Indeed, the latter can be written in integral form as

yo(t) = Zi (= Byw(t) + o)

and then Equation (23) follows by adding a noise G(f). In particular, such equation follows as a
generalization of Equation (22) by substituting the classical integral with the fractional one and the
white noise with a general Gaussian one.

A natural choice for G(t), if v € (%,1), is the one given in Section 4.4 by Equation (19).
In particular, if we set

G(t) = ;/3 /Ot(t — ) ldw(o),

Equation (23) can be formally seen as a fractional version of Equation (21).
Now, let us define the process X, (t) = Xoe'*(!) with Y,(t) defined in (23). We have the
following result.

Proposition 4. The process X, (t) is a log-normal process. Moreover, its median x,(t) is given by

o

xy(t) = xp exp ([3(1 - E,,(—ﬁt”))) ,
i.e., is a fractional Gompertz curve.

Proof. The fact that X, (t) is a log-normal process follows from the fact that Y, € G(J). Moreover,
since it is a log-normal process, we have

xy(t) = xge?* !

where y,(t) = E[Y,(t)]. By Proposition 3, we know that v, (t) is solution of Equation (3) and we
conclude the proof. O
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5.3. A Stochastic Model for the Improved Fractional Gompertz Curve

Let us obtain a stochastic model for the improved fractional Gompertz curve. To do this, let us
recall that the improved fractional Gompertz curve is solution of

{(eﬁfgt)vxv(t) = axy(t), (24)

xv(0) = xo.

In this case, referring to Definition 6, let us choose ¥ as

to rewrite Equation (24) as follows:

Now, let us consider Y, solution of
Yy (t) = xo + Z{ (= BYy + ) + G(t)

with vy, (t) := E[Y,(t)] in L*(]). As before, for v € (%, 1) , a natural choice for the noise is given by

20 [t
G(t :—/ t— 1) LdW ().
() =225 [ =0 aw(a)
Now let us define X, (t) := Y, (¥ (t)). We have the following result.

Proposition 5. X, (t) is a Gaussian process whose mean x,(t) := E[X, (t)] is given by
a _
xy(t) = xoE, (‘31’(1 —e ﬁt)") .
Proof. Recalling that v, (t) = E[Y, ()], we have, from Proposition 3, that y, is solution of

{dd"gr(t)_—ﬁyv(t)H, te ]
yv(()) = Yo-

Moreover, recalling also that X, () = Y, (‘¥ (t)), we know that
(1) = E[Xy (8)] = E[Yy (¥ ()] = yu (¥ (£))

where ¥ (t) = %(1 — e P"). Let us observe that x,,(0) = y,(¥(0)) = xo. Finally, by Proposition 1,

(gryan) #(0) = G (2()) = =B (¥() + 0 = —pralt) +a,
concluding the proof. [

5.4. A New Fractional Model and Its Stochastic Counterpart

Now we want to give a fractional model that takes into account both the fractional Gompertz
curve and the improved fractional Gompertz curve. To do this, we will suppose an a priori form for
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the growth rate. This has been done for instance in [44], with the introduction of a growth model that
takes into account both the Gompertz and the Korf dynamics. In general, let us consider as a starting
point a model of the form

for some growth rate function r(t). Equation (25) can be solved and solution is given by
t
x(t) = xp exp </ r(s)ds) . (26)
0
In our case, let us consider as growth rate the function
rop (£) = at" " Ey, 0y (=B, t >0,

for some v, € (0,1), where E, y(t) is the two-parameters Mittag-Leffler function (see, for instance, [45])

defined as
=Y teR
Eo(t) =) ———~, teR.
VO & T (vk + 6)

Let us also denote with x,, the solution of Equation (25) where ry, (t) is used in place of (). In this
case, we can explicitly calculate the integral in Equation (26). Indeed, let us denote R(t) = E,, (—#").

We have . ok
% (1)
R(t) = -

thus, differentiating the series term by term, we have

400 (_1)kv1ktvlk71

Ri() = k; T(k+1)

to (_1)kt1/]k71 +0o0 (_1)k+lt1/1k+1/]71

- =1 F(Ulk) o =0 F(U1k + 1/1)
+o0 _1)ktl/1k
=1 Gl A —t—1E —t1). (27
= F(v1k+v1) V11V1( ) ( )
Now let us consider
1 1
Yy, (t) = B(l —Ey, (=Bt")) = 3(1 — R(B"11));

by using Equation (27) we have

1 t
_ —*ﬁl/lel(ﬁl/Vlf) _ tvlilEvl,vl(_,Btw) _ M

()= -

Thus, we have that
t
/0 ro, ()t = 0¥y, (b).

By substituting this last integral in Equation (26) for r,, and writing ¥, explicitly, we achieve

s (8) = mexp (51— B (~r")) )
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which is actually the fractional Gompertz curve given in [21]. Indeed, recalling that for the fractional
Gompertz curve we had xy, (t) = xpe’" (*) where

Y (8) = 2 (1= By, (=p1")),

™I R

xy, (t) was solution of the equation

dxy, (t
{ a0 =y (), (1)

xy, (0) = xop.

Since yy, (t) = a'¥y, (t), we have shown that y;, (t) = ry, (t) and we achieve Equation (25).
Thus, we can conclude that equation

dxy
{\m}m;‘m = axy, (1),

xy,(0) = xg

defines the fractional Gompertz curve. Here we already introduced a first degree of fractionalization:
now let us introduce another fractional timescale. To do this, let us work as in [22] and let us
consider a fractional generalization obtained by introducing the fractional derivative with respect
to ¥y,. So our new fractional Gompertz curve will be defined as the solution x, (where we denote
v = (v1,12) € (0,1)?) of the fractional Cauchy problem

v
(wimd) ) =),
xv(0) = x

that, being a relaxation equation for the Caputo derivative with respect to ¥, can be explicitly solved as

xu(t) = xoEuy (0¥(1)"2) = 1oE,, ( (1- Evl(—ﬁf“))”> |

o

2

This new fractional Gompertz curve exhibits two degrees of fractionality: one given by the fact
that we chose the growth function to be the one of the fractional Gompertz curve, the other from the
fact that we introduced a fractional Caputo derivative (with respect to the integral of the growth rate)
in the corresponding time in-homogeneous relaxation equation. This also leads to the possibility of
considering two different fractional timescales: one for the population, the other for the growth rate.
Concerning the stochastic model for such fractional Gompertz curve, fix v = (v1,15) € (0,1)? and let
us consider Yy, as the solution of

Yy, (1) = x0 + Z;* (—BYy, + ) + G(t)
such that y,, (t) = E[Y,,(t)] is in L®(]). As we already stated, if v, € (%, 1) , we could consider

vE
I'(v2)

Finally, let us define X, (f) := Yy, (¥v, (t)). We have the following result.

G(r) = /Ot(t — )W (o).

Proposition 6. X, (t) is a Gaussian process whose mean x,(t) := E[X, (t)] is given by

xy(t) = xoEy, (ﬁ"‘vzu - Evl(—ﬁtvl))vl> :
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The proof of such proposition is analogous to the one of Proposition 5.

6. Conclusions

In this paper, we have given some methods to construct stochastic fractional Gompertz models by
using stochastic linear fractional equations with Gaussian driving processes. The choice of a Gaussian
driving process is linked to the necessity (in the first class of models introduced in Section 5.2) to
preserve the lognormality of the Gompertz model. In Sections 5.3 and 5.4 we obtain stochastic fractional
Gompertz models with Gaussian one-dimensional law. These were actually only exemplifications.
Indeed, one can use the construction method given in Sections 5.3 and 5.4 to obtain Gaussian stochastic
models for general growth models of the form

(%%)”xv(o — axy (1)
xy(0) = x

(28)

where ¥/ (t) = rETt) for some growth rate r(t) > 0.

One could also try to substitute the operator I’;'T in place of Z} in Equation (12). In such a case
one could show, by similar arguments, the existence and uniqueness of a Gaussian solution and then
use the construction given in Section 5.2 to obtain a log-normal stochastic model for (28).

Concerning possible applications, it has been already observed in [21,22] that fractional Gompertz
models are more appropriate than classical ones to describe some phenomena such as tumor
growth (concerning the model in Section 5.2), dark fermentation and other fermentation phenomena
(concerning the model in Section 5.3). In this paper we provided a method to introduce noise
(due to eventual unpredictable variables in the environment) in such a way that a macroscopic
observable function still preserves such laws. Concerning the choice of the noise, it depends on
the autocorrelation one wants to introduce in the model. For instance, if one wants to introduce a
long-range (or short-range) correlated noise, one could use a fractional Brownian motion as driving
Gaussian process, while if a delta-correlated noise is needed one could use a classical Brownian motion
as driving process.

Finally, we want to recall that our aim was to introduce some construction methods that could
lead to log-normal or normal stochastic models for general fractional growth processes (as the ones
in Equation (28)) with a general Gaussian noise, in order to provide a wide range of models that could
be possibly useful in future applications.
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