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Abstract: Non-standard Lagrangians do not display any discernible energy-like terms, yet they give
the same equations of motion as standard Lagrangians, which have easily identifiable energy-like
terms. A new method to derive non-standard Lagrangians for second-order nonlinear differential
equations with damping is developed and the limitations of this method are explored. It is shown
that the limitations do not exist only for those nonlinear dynamical systems that can be converted
into linear ones. The obtained results are applied to selected population dynamics models for which
non-standard Lagrangians and their corresponding null Lagrangians and gauge functions are derived,
and their roles in the population dynamics are discussed.
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1. Introduction

In physics equations of motion are derived by using the Lagrangian formalism, which requires
knowledge of a function called Lagrangian. By specifying a Lagrangian for a given system, its equation
of motion is derived by substituting this Lagrangian into the Euler-Lagrange (E-L) equation. There are
three different families of Lagrangians, namely, standard, non-standard, and null.

Standard Lagrangians represent the difference between the kinetic and potential energy [1], and
they play a central role in Classical Mechanics [2-4] as well as other areas of physics [5]. Non-standard
Lagrangians (NSLs) are different in form from standard Lagrangians but also give the same equation
of motion as the NSLs. The main difference is that NSLs lack terms that clearly discern energy-like
forms [6]. There are also null Lagrangians and they identically satisfy the E-L equation and can be
expressed as the total derivative of any scalar function [7]. Since null Lagrangians have no effect on
equations of motion, they are not discussed any further in this paper.

Different methods to derive standard [8-15] and nonstandard [12-26] Lagrangians were
developed. The methods were used to obtain both types of Lagrangians for many different physical
systems. In the first attempts to obtain Lagrangians for selected biological systems, the Lagrangians
were found by guessing their forms [27-29]. Then, they were derived using the Method of Jacobi
Last Multiplier [30,31]. More recently, the first standard Lagrangians were derived for five population
dynamics models and their implications for the models were discussed [32].

This paper aims to extend this work by deriving NSLs for selected population dynamics models
considered in [32], which are: the Lotka-Volterra [33,34], Verhulst [35], Gompertz [36], Host-Parasite
[37], and SIR [38] models. The models are described by second-order nonlinear and damped ODEs, for
which a new method is required to find NSLs. In this paper, a novel method is developed and then
used to derive NSLs for all considered population models. The derived NSLs are compared to those
previously obtained [29,30,32] and used to gain new insights into the role they play in the models, and
in the symmetries underlying them. For the derived NSLs, their corresponding null Lagrangians (NLs)
and gauge functions are also calculated, and these NLs in the population dynamics is discussed.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The paper is organized as follows. Section 2 presents our method to construct non-standard
Lagrangians and their limitations; in Section 3, the population dynamics models are described and our
method to derive their non-standard Lagrangians for these models are presented; then, non-standard
Lagrangians for the population dynamics models are given in Section 4; null Lagrangians and their
gauge functions are derived and discussed in Section 5; the obtained results are compared to those
previously obtained and discussed in Section 6; and our Conclusions are given in Section 7.

2. Lagrangian formalism

2.1. Action and non-standard Lagrangians

The functional S[x(t)] is called action and is defined by an integral over a scalar function L that
depends on the differentiable function x(#) that describes the time evolution of any dynamical system,
and on the time derivative x(t) = dx/dt. The function L(%, x) is called the Lagrangian function or
simply Lagrangian, and it is a map from the tangent bundle TQ to the real line R, or £ : TQ — R,
with Q being a configuration manifold [3]. In general, the Lagrangian may also depend explicitly on ¢,
which can be written as L(%, x, t) and requires £ : TQ x R — R.

According to the principle of least action, or Hamilton's principle [2-6], the action S[x(¢)] must
obey the following requirement éS = 0, which guarantees that the action is stationary, or has either
a minimum, maximum, or saddle point. The necessary condition that S = 0, is known as the E-L
equation, whose operator EL acts on the Lagrangian, EL[L(, x,t)] = 0 and gives a second-order ODE
that becomes an equation of motion for a dynamical system with £(%, x,t). The process of deriving
the equation of motion is called the Lagrangian formalism [2—4], and it has been extensively used in
physics to derive its fundamental classical and quantum equations [5].

The Lagrangian formalism is valid for both standard and non-standard Lagrangians but only the
latter are considered in this paper. There are different forms of NSLs [12-22] but only two of them are
considered in this paper. The first considered form of NSL is

_ _ 1
Lust (8 ) = A0 T BOx T C(0) M
and it is applied to the equation of motion given by
i+a(t)¥® +b()x+c(t)x =0, )

where the coefficients a(t), b(t) and c(t) are at least twice differentiable functions of the independent
variable f, and the functions A(t), B(t) and C(t) are expressed in terms of these coefficients by
substituting L,s1 (%, x, t) into the E-L equation.

The second form of the considered NSL is

Lo 1
Lns2(x/x) - f(x)x+g(x)x+h(x) 7 (3)
and it is used for the following equation of motion
¥+ a(x)8” + B(x)x +y(x)x =0, (4)

where the coefficients a(x), 5(x) and y(x) are at least twice differentiable functions of the dependent
variable x(t), and the functions f(x), g(x) and h(x) are determined by substituting L, (X, x) into the
E-L equation, which allows expressing these functions in terms of the coefficients.

The NSL L1 (%, x, t) was extensively studied and applied to several dynamical systems [12,13,20].
However, studies of L, (%, x) were limited to only some special cases [20]. Therefore, one of the
objectives of this paper is to perform a detailed analysis of L, (%,x) and its applicability to the
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population dynamics models; so far, only other forms of NSLs been applied to the models [27-31].
Moreover, in a recent work [32], the standard Lagrangians were constructed for the same sample of the
population dynamics models.

2.2. Limits on construction of non-standard Lagrangians

To obtain a NSL means to determine the unknown functions in Eqs (1) and (3), which requires
that an equation of motion is given. As shown in [32], the equations of motion for the population
dynamics models can be written in the following form

%+ a(x)2 + B(x)i +7(x)x = F(x), ©)

which generalizes Eq. (4) by taking into account a driving force F(x). For different models, the
coefficients a(x), B(x) and 7(x) are given, and F(x) is also known. Since Eq. (5) does not depend
explicitly on time, the Lagrangian that can be used for this equation is L, (%, x) given by Eq. (3). From
now on, we shall take L, (%, x) = Ly (%, x) and use the latter throughout this paper.

It is seen that Eq. (5) has both linear and quadratic damping terms, that can become nonlinear
depending on the form of (x)x, and that it is driven. In a previous study [32], the standard
Lagrangian for Eq. (5) was found in case F(x) = const. To construct NSL for Eq. (5), we take Lys (%, x)
given by Eq. (3) and determine the functions f(x), ¢(x) and h(x) in terms of the known coefficients
a(x), B(x) and 7 (x). Our approach generalizes the previous work [18], and it allows us to investigate
the applicability of L,s(%, x) to Eq. (5) and its limitations.

Proposition 1: Let a general non-standard Lagrangian be given by

o 1
Ls(%,x) = m ’ (6)
where G(x) = g(x)x + h(x). Then, L,s(%, x) becomes the NSL for Eq. (5) if, and only if,
Flx) = el ¥© = o) @)
e () F
— TxX)x — F{x In(x)
Gw) =3 [T e, o
and either one of the following conditions
_ 9t 4 [ ()X —F(X)\ 1)
A = 3¢ g | (Mg )] ©
and ) .
x)x = F(x) = 5px)e M [ p(@)e O, (10)

is satisfied.

Proof: Substituting Eq. (5) into the E-L equation, we obtain

f/(x)

T

D) 3 G’(x) ) iG/(JC) G(x) B
o {Zf(x) fx) } i {Zx F(x) f(x)} x=0. (11)
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By comparing this equation to Eq. (5), we find the following relationships
(x)
() = 4o (12)
3 G(x)

PO = 3 7o) =

e 166w | F)

x) G(x x
T =5 o T (9

Using Eq. (12), we obtain f(x) given by Eq. (7). However, by combining Egs (13) and (14), and using
Eq. (12), we find G(x) given by Eq. (8). Then, the conditions expressed by Eqs (9) and (10) are easy
to derive from Eqs (12), (13) and (14). Moreover, substituting Eq. (10) into Eq. (9) shows that both
conditions are equivalent, thus, it is sufficient to use only one of them. This concludes the proof.

Corollary 1: The coefficients f(x) and 7 (x) mutually depend on each other through the function G(x)
and, in addition, they also depend on a(x) through the function f(x).

Corollary 2: The conditions given by Eqs (9) and (10) are equivalent, which means that if
one of them is not satisfied then L, (%, x), with f(x) and G(x) (see Eqs 7 and 8), cannot be considered
to be the NSL for Eq. (5).

Corollary 3: Only a(x) is required to uniquely determine the function f(x).

2.3. From nonlinear to linear equations

The main result of Proposition 1 is that any NSL of the form of Eq. (6) can only be constructed if
one of the conditions given by Eqs (9) and (10) is satisfied. We now explore other consequences of the
condition given by Eq. (10) in the following proposition.

Proposition 2: Let the equation of motion be

%+ a(x)i* +B(x)x +H(x) =0, (15)

where H(x) = y(x)x — F(x), and let

=) = [ B Oz, (16)

be a new dependent variable that can be expressed in terms of a new variable 7 that is related to the
original variable x by dy = B(x)dx. Then, Eq. (15) becomes

2+ +z2=0, (17)

with z/ = dz/dy and 2" = d?z/dy?, if, and only if,

H(x) = 2p)e W [ p)eDdg. 8)

Proof: Using Eq. (16), we find
7z = xel() (19)
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and 1
7 = 50 [x +zx(x)x2} el(¥) (20)

Substituting Eqs (19), (20) and (16) into Eq. (17), we obtain the original equation of motion (see Eq. 15)
with the function H(x) given by Eq. (18). This concludes the proof.

Corollary 4: Equation (17) is the Sturm-Liouville equation [43] whose solutions are well-known and
given as z(17) = c1[sin(v/37/2) + cp cos(v/317/2)]e~1/2.

Corollary 5: The non-standard Lagrangian given by Eq. (6) can be constructed without any
limits for those nonlinear ODEs that can be converted into linear ODEs, which requires that the
condition given by Eq. (10) is satisfied.

2.4. Non-standard Lagrangians without limits

The results of Proposition 2 and Corollaries 4 and 5 demonstrate that the existence of NSL of the
form of Eq. (6) is determined by the conditions given by Egs (9) and (10), which must be satisfied in
order for the NSL to exist. According to Corollaries 1-3, the only two terms in the equation of motion
given by Eq. (5) that can be uniquely derived without any limits by the NSL are the terms with %(t)
and #%(t). The coefficients in terms with x%(t) and x(t) are mutually related, thus, they are dependent
on each other as shown by either Eq. (9) or Eq. (10).

Because of these limitations on the construction of NSLs for Eq. (5), let us now propose another
method by extending the previous work [32]. The basic idea of this work is to write Eq. (5) in the
following form

% a(x) 2 = Fy(x,x) (21)

where
Fais(%,x) = F(x) — B(x) — y(x)x, (22)

becomes a dissipative force because of its dependence on x(t). In this case, the E-L equation [2,3,32]
can be written as

d aL aL _ . 2 Ia(x)
at <ax> T Fais (%, x)e ’ (23)
where the force on the RHS of this equation is known as the Rayleigh force [2,3].

Based on the results presented in Section 2.2, the NSL for Eq. (15) is

1

bt ) = S v e,

(24)
where the constant C, replaces the function G(x) in Eq. (6); the constant can have any real value, and it
is not required to determine its value. This non-standard Lagrangian has no restrictions or limitations
and it exists for any differentiable a(x) regardless of the forms of B(x) and y(x). Therefore, Lys(x, x)
will be used to find NSLs for the population dynamics models (see Section 3). Moreover, the validity
of one of the conditions given by Eqgs (9) and (10) must be verified for all the models to determine
whether any of these models allows for the NSL given by Eq. (6).
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3. Population dynamics models and methods

3.1. Selected models

We consider the following population dynamics models: the Lotka-Volterra [33,34], Verhulst
[35], Gompertz [36] and Host-Parasite [37] models that describe two interacting (preys and predators)
species. However, the SIR model [38] describes the spread of a disease in a given population.

The variables w1 (t) and w;(t) in the first four models of Table 1 represent prey and predators of
the interacting species, respectively. Moreover, the time derivatives wy () and w;(t) describe changes
of these species in time. The interaction between the species in each model is given by the coefficients
a, A, b, B f1, fo, my and my, which are real and constant. However, in the SIR model, the variables
w1 (t) and wy (t) describe susceptible and infectious populations, with a and b being the recovery and
infection rates, respectively.

Among the models given in Table 1, the Lotka-Volterra, Verhulst and Gompertz models are
symmetric, and the remaining two models are asymmetric, where being symmetric means that the
dependent variables can be replaced by each other, and the same can be done with the coefficients.
Obviously, this cannot be done for the asymmetric models.

Table 1. Population models and their corresponding set of ODEs.

Population models Equations of Motion

Z(}1:ZU1(IZ + be)
Wy = Wy A+Bw1)
w1 = w1 (A + Bwy + frwy)
Wy = wo(a + bwy +f2w1

Lotka-Volterra Model (
(
( )
Wy = wi(Alog (51) + Bwy)
( )
(

Verhulst Model

S

Gompertz Model
pertz Wy = Wy alog (%) + bun

W = wi(a —bZU2)

Host-Parasite Model .
Wy = wy(A — B3?)

w1 = —bwl wo

SIR Model .
wy = bwywy —awy

3.2. Methods to construct non-standard Lagrangians
According to Table 1, each model is described by a coupled first-order nonlinear ODEs that can
be cast into a second-order nonlinear ODE of the following form

W; + o (w;) W7 + Bi(w;)w; + i (wi)w; = Fi(w;), (25)

where i = 1 and 2. This equation is of the same form as that given by Eq. (5). The non-standard
Lagrangian for this equation is

1
f(w)w; + G(w;)

Lys (;, w;) = (26)
with the functions f(w;) and G(w;) being given by Eqgs (7) and (8), respectively. Thus, for each
considered model and for each variable in this model, we determine these functions and obtain
Lys (Zbi , wl-).
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Then, we verify the validity of one of the conditions given by Eqs (9) and (10). Since these
conditions are equivalent, we take only one of them and select the condition on y(w;) (see Eq. 10). The
explicit form of this condition used in our calculations is

)i — Fi(wi) = gpe ) [* p@)eDdg, (27)

This condition is used to verify whether the derived NSL (see Eq. 6) can be constructed for Eq (5) or
not (see Proposition 1). Moreover, the validity of this condition determines uniquely that the equation
of motion can be converted into a linear second-order ODE, whose solutions are easy to find (see
Proposition 2).

As shown in Section 2.3, another method to construct NSLs is to cast Eq. (25) into the form

W; + o (w;) w7 = Fyj i (y, w;) (28)
where
Fgis,i (Wi, w;) = Fj(w;) — Bi(w;)w; — vi(w;)w; . (29)
Then, according to Eq. (18), the NSL for Eq. (28) is given by

1

. 30
wiela(wi) =+ Co ( )

Lns,i (wi/ wi) =

This non-standard Lagrangian is not constrained by any conditions and it can be derived for all
considered population dynamics models. If this NSL is substituted into the following EL equation

d (0Lus;\ OLus; , 1)
dt( dw; ) ow; = Faisi (i, wi)e / (31)

then, the equation of motion for the considered model is obtained. In the following, this method is
used to construct the NSLs for all population dynamics models considered in this paper.

4. Models and their non-standard Lagrangians

4.1. Lotka-Volterra Model

The model is symmetric and it is represented mathematically by a system of coupled nonlinear
first-order ODEs given in Table 1. We cast the first-order ODEs into the second-order ODEs of the form
given by Eq. (28), and obtain

.. 1 ,
Wy — — g = Faisp (W1, w1), (32)
w1
where
Fyis1(w1,w1) = (Bwy + A)wy + a(Bw; + A)wy , (33)
and ,
Wy — — w5 = Faisp(t, ws) , (34)
wy
with

Fis 0 (02, wp) = (bwy + a)wy + A(bwy + a)w; . (35)
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Using Eq. (7), the factors ¢/(%) for both models can be calculated, and the obtained results are
substituted into Eq. (30) to give

1
L W, W) = ——— . 36
ns,1 (W1, w1) ) (36)

and ,
Lysp (10, wp) = (37)

. _ 7
wWrw, Ty Co

which are the NSLs for the Lotka-Volterra model. It is easy to verify that by substituting them into
the E-L equation given by Eq. (31), the evolution equations describing the Lotka-Volterra model are
obtained (see Eqs 32 and 34).

4.2. Verhulst Model

The system of coupled nonlinear ODEs given in Table 1 shows that the model is symmetric. The
second-order equations for the dynamical variables of this model are:

.. 1 )

w —(1+ b)wTW% = Fis1 (W1, w1) (38)
where

]Fdis,l (wl,wl) = —w1 (Zb — 1)Bw1 — fzw% + (ZAb — ll) + (fz — b)B
+ [(f2 = b)Bw? + (Afy — 2Ab — a)w; + A(a — Ab)]w; , (39)

and .

Wy — (1+ B)w—2w§ = Fyjs (0o, w2) , (40)
with

Fis 2 (o, wa) = —w2(2B — 1)bwy — frws + (2aB — A) + (fi — B)b
+ [(fi — B)bw3 + (af; —2aB — A)wy + a(A — aB)w, . (41)

The non-standard Lagrangians for the evolution equations describing this model are:

1
Lysa (w1, w1) = —————— . (42)
wlwl (1+5) + C(]
and 1
Lyso (1, wp) = (43)

Zi]zwz_(1+B) + G, '
The derived NSLs give the original evolution equations for the model (see Eqs 38 and 40) after
they are substituted into the E-L equation given by Eq. (31).

4.3. Gompertz Model

The mathematical representation of this model given by the coupled and nonlinear ODEs in Table
1 show that the model is symmetric.
The equation describing the time evolution of each model variable is given as

.. 1 ,
(e wi“’% = Fyis 1 (0, w1) , (44)

doi:10.20944/preprints202304.1113.v1
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where
Fis1 (w1, w1) = Amy + bwy + g1 (b, wy)wn — g1(dr, wy) Awy
+A log(%) w?, (45)
and
Wy — wizw% = Fiso (2, w2) , (46)
with
Fis 2 (W2, wp) = amy + Bwy + go(thz, wa)Wa — g2 (th2, wa)awy+
ulog(%) w3 . (47)
Lys (w1, w1) = % . (48)
ww; + G
and
Lys (o, w2) = L (49)

wowy ' +Co
To obtain the original evolution equations given by Eqs 44 and 46) for this model, it is necessary
to substitute the derived NSLs into the E-L equation (see Eq. 31).

4.4. Host-Parasite Model

This model describes the interaction between a host and its parasite. The model takes into account
the non-linear effects of the host population size on the growth rate of the parasite population [22].
The system of coupled nonlinear ODEs (see Table 1) is asymmetric in the dependent variables w; and
wy. The time evolution equations for these variables are:

. 1 B\ . ,
Wy — o (1 + bTvl) T = Fais1 (w1, w1), (50)
where )
. a 2aB\ .
Fyis 1 (w1, w1) = Bg+<A - bTul)wl +aAwy, (51)
and )
Wy — — 15 = Faisp (o, w2) (52)
wy
with
Fdis,Z(ZbZ/ ZUQ) = (bwy —a — A)?i)z + A(be — u)wz . (53)
. 1
Lys1 (0, wy) = — (54)
wlwflewl +C,
and

1

—, (55)
Wrwy 2 +C,

Lysp (o, wp) =

Then, the original evolution equations for this model (see Eqs 50 and 52) is obtained by substituting
the derived NSLs into the E-L equation (see Eq. 31).
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4.5. SIR Model
The equation describing the time evolution of each model variable is given as
" 1 5 ,
Wy — — Wi = Fais1 (w1, w1) , (56)
w1
where
Fais (@1, w1) = (bwy —a)wy, (57)
and ,
) — 13 = Fyis (W2, ws) , (58)
w2
with
Fdis,Z(wZI WQ) = —bwytp + abw% . (59)

Using Eq. (7), the factors e!=(®) for both models can be calculated, and the obtained results are
substituted into Eq. (30) to give

1
L W, w]) = ————— . 60
ns,l( 1 1) wlwl_l +Co ( )

and 1
Lysp (i, wr) = (61)

wawy, ' +C,
The SIR model is asymmetric and the derived NSLs give the original evolution equations for this
model (see Eqs 56 and 58) after the NSLs are substituted into the E-L equation given by Eq. (31).

5. Null Lagrangians for the population models

In our previous work [32], we showed how to construct standard Lagrangians for the population
dynamics models. Moreover, in this paper, we constructed the NSLs for the same models. However,
there is another family of Lagrangians called null Lagrangians (NLs), which make the E-L equation
identically zero and are given as the total derivative of a scalar function [39]; the latter is called here
a gauge function. The NLs were extensively studied in mathematics (e.g., [39-44]) and recently in
physics [45-49], but to the best of our knowledge, NSLs have not yet been introduced to biology and,
specifically, to its population dynamics. Therefore, in the following, we present the first applications of
NLs to biology and its population dynamics.

Recent studies of null Lagrangians demonstrated that there is a different condition that is obeyed
by NLs and that this condition plays the same role for NLs as the E-L equation plays for standard and
non-standard Lagrangians [48,49]. The condition can be written as

dLnull,i(wir wi) _ aLnull,i .'aLnull,i

dt ot t Wi

.. aLmtll,i
dw; i ow;

=0, (62)

and it shows that the substitution of any NL into Eq. (62) results in an equation of motion. However,
the resulting equations of motion may be limited because their coefficients are required to obey
relationships that are different for different equations of motion [48,49]. The previous work also
demonstrated that an inverse of any null Lagrangian generates a non-standard Lagrangian, whose
substitution into the E-L equation gives a new equation of motion. However, the reverse is not
always true, which means that not all NSLs have their corresponding NLs because of the so-called null
condition that must be satisfied [48,49].
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For any non-standard Lagrangian of the form
L (8,03, 1) = — , (63)
’ Bj(wi, t)w; + Ci(wj, t)w;
the null condition [48,49] is - S
EORC

Comparison of Eq. (63) to Eq. (30) shows that B;(w;) = exp|[I(w;)] and w;C;(w;, t) = C,, which means
that the denominator of Eq. (30) satisfies the null condition and, therefore, the null Lagrangians for all
the considered population dynamics systems are of the form

Loyuar,i (i, w;) = el @) 4+ C, . (65)

It is easy to verify that substitution of L,,;; ;(w;, w;) into the E-L equation gives identically zero.
Now, to derive the equation of motion given by Eq. (31), the null condition of Eq. (62) must be
modified to account for the dissipative force. Then, the null condition is

ALy, (Wi, w;)

i = s i (th;, w;)e?a (@) (66)

Substitution of L, ; (w;, w;) into this equation gives the required equation of motion (see Eq. 31). In
the following, we use Eq. (65) to find the NLs for all the population dynamics models considered in
this paper.

Another important characteristic of NLs is the fact that they can always be expressed as the total
derivative of a scalar function [39], which has been called a gauge function [45-49]. Thus, we may

write dbi(w, 1) oD, b
. i(w;, t i . i
Lyir i (i, wi) = ——+—= = — :

it ot T Pigy. (67)

and use it to determine the gauge functions ®;(w;, t) for all derived null Lagrangian L,,,;; ; (w;, w;).

The results of our derivations of the null Lagrangians (see Eq. 65) and their corresponding gauge
functions (see Eq. 67) are presented in Table 2. To the best of our knowledge, these are the first
null Lagrangians and gauge functions ever presented for any biological systems, especially for the
population dynamics models

Table 2. Population models with their corresponding null Lagrangian and gauge function.

Population models Null Lagrangians Gauge functions

Lyuiy = w1y + Co @1 = In |wq | + Cot
Lotka-Volterra Ly = waw, ' + Co @, = In |w;| + Cot

Lyt = wyw; T 4 G @) = —blw;? + Cot

Verhulst Lyuitz = wa;(”B) +Co D, — —B’lwa + Cot
Ly = wiwy + Co ®; = In|w;| + Cot
Gompertz Ly = wWow, ' + Co @, = In |wy| + Cot

B .
. Ly = 1wy ewr + Co @ = —Ei(2) + Cot

Host-Parasite Ly = w2w2—2 +Co o, = ,wz—l + Cot
Loy = wiw; + Co @1 = In|wy| + Cot

SIR Ly = Waw, 1 + Co @) = In |wy| + Cot
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6. Discussion

Different methods to construct standard and nonstandard Lagrangians have been developed
and applied to various dynamical systems. In the constructed standard Lagrangians, the presence of
the kinetic and potential energy-like terms is evident [1-15,32]. However, the previously constructed
NSLs have different forms, in which such energy-like terms cannot be easily recognized [12-31]. Some
previously obtained NSLs were of the forms given by either Eq. (1) or Eq. (3) [12-15,21,26], but other
NSLs had significantly different forms [17-19,22-25]. It is important to note that the NSLs obtained
using the Jacobi Last Multiplier method developed by Nucci and Leach (e.g., [17-19]), and those
obtained by El-Nabulsi (e.g., [22-24]) using a different method, have been applied to many various
dynamical systems in applied mathematics, physics, and astronomy.

In the first attempts to obtain Lagrangians for selected biological systems, the Lagrangians
were found by guessing their forms for selected population dynamics models [27-29]. Later, those
Lagrangians were formally derived by Nucci and Tamizhmani [30], using the method of Jacobi
Last Multiplier; see also [31] for other applications of this method to biological systems. Interesting
recent work was done by Carinena and Fernandez-Nunez [50], who considered systems of first-order
equations and derived the NSLs that are linear, or more generally affine, in velocities using the method
of Jacobi Last Multiplier. Among the applications of their results to different dynamical systems, they
also included several population dynamics models [50].

In our previous work [32], we derived the first standard Lagrangians for five population dynamics
models and discussed physical and biological implications of these Lagrangians for the models. In
this paper, we derived the NSLs by using a method that significantly modified the one previously
developed [12,20]. The results obtained in this paper are now compared to those previously obtained
by Nucci and Tamizhmani [30], as they are the most relevant to our work. The comparison shows that
there are some advantages of using the method of Jacobi Last Multiplier, such as the method does not
require introducing forcing functions and gives directly the same Lagrangians as those found earlier in
[27-29]. However, the advantage of the method developed in this paper is that the derived NSLs are
directly related to their null Lagrangians (NLs) and gauge functions (GFs).

Having obtained the NSLs for the considered population dynamics models, we use them to
find their corresponding NLs and then to derive the gauge functions (see Table 2); to the best of our
knowledge, these NLs and GFs are the first obtained for biological systems, and specifically, for the
population dynamics models. An interesting result is that the NLs and their gauge functions are
identical for the Lotka-Volterra, Gompertz, and SIR models, which are caused by the same forms of
NGSLs for these three models. It must also be noted that the gauge functions are given by the logarithmic
functions, which is a novel form among the previously obtained gauge functions (e.g., [45-49]). In
the approach presented in this paper, the main differences between the models are shown by the
introduced dissipative functions.

Now, the NSLs, NLs and GFs for the Verhulst and Host-Parasite models have significantly different
forms when compared to the other three models (see Table 2). Moreover, there are also differences in
their NSLs and NLs. A new result is the form of the gauge function ®; for the Host-Parasite model
as this function is given by the exponential function Ei(B/w ), which also appeared in the standard
Lagrangian found for this system in [32]; this implies that there exist some relationships between
standard, non-standard and null Lagrangians, and that the gauge function plays an important role in
such relationships; further exploration of such relationships will be done in a separate paper.

7. Conclusions

A new method to derive non-standard Lagrangians for second-order nonlinear differential
equations with damping is developed and applied to the Lotka-Volterra, Verhulst, Gompertz,
Host-Parasite, and SIR population dynamics models. For the considered models, the method shows
some limitations, which are explored and it is demonstrated that these limitations do not exist for the
models whose equations of motion can be converted into linear ones.
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The obtained non-standard Lagrangians are different than those previously obtained for the same
models [30], and the main difference is that the previously used Jacobi Last Multiplier method does
not require introducing dissipative forcing functions, which were defined in this paper. However, the
advantage of the method developed in this paper is that it allows us to use the derived non-standard
Lagrangians to obtain first null Lagrangians and their gauge functions for the population dynamics
models.

By following the recent work [48,49], the presented results also demonstrate how the derived null
Lagrangians and gauge functions can be used to obtain the equations of motion for the considered
population dynamics models. Our approach to solving the inverse calculus of variation problem
and deriving non-standard and null Lagrangians is applied to the models of population dynamics.
However, the presented results show that the method can be easily extended to other biological or
physical dynamical systems whose equations of motion are known.
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