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Abstract. In electric trains, the current is collected via a certain device, called the Pantograph. The
governing mathematical model of such physical problem is well-known as the Pantograph delay dif-
ferential equation (PDDE): y'(t) = ay(t) + by (ct), where c is a proportional delay parameter. In
the literature, a special case of the PDDE was analyzed when ¢ = —1. The objective of this paper is
to determine the general solution of the PDDE for arbitrary c. In addition, it will be shown that the
obtained general solution reduces to exact one at ¢ = —1. Such exact solution is expressed in terms
of several types of functions, e.g., hyberbolic, Mittag-Leffler, and trigonometric functions. Moreover,

it is declared that the exact trigonometric solution is periodic with periodicity \/[)22”72 which agrees
—a

with the corresponding results in the literature. Furthermore, the solution of PDDE is provided at
almost all possible cases of the involved parameters a, b, and c. Finally, the solution Ambartsumian
delay equation (ADE), which has an application in the theory of surface brightness in the Milky Way,

will be recovered as a special case of our results.

1. Introduction

The field of Delay differential equations (DDEs) is a growing area of research due to its wide
applications in applied sciences. A specific and famous application of the DDEs is well-known as
the Pantograph by which the current can be collected in electric trains. The mathematical model
describing the Pantograph technique is called the PDDE [1-5]. Also, other DDEs-models arise in

astronomical applications, as an example, the Ambartsumian delay equation (ADE) [6-14] which is
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essential in studying the brightness in the Milky Way. To author’'s knowledge, there are no standard
methods to solve DDEs in contrast to the Ordinary differential equations (ODEs). For examples,
the simple ODE y’(t) = ay(t) can be easily solved via applying the separation technique, while the
simple DDE y/(t) = ay (wt) (w # 1) or y'(t) = ay (t — o) (0 € R) can't be solved neither by the
separation technique nor by the other standard methods that dealing with ODEs. On the other hand,
the DDEs can be viewed as a generalization of the ODEs because of the existing of delay parameters.
For illustration, the DDEs y'(t) = ay (wt) and y/(t) = ay (t — o) reduces to the ordinary version
y'(t) = ay (t) when w = 1 and o = 0, respectively. In this paper, an extended version of the above

DDEs in the form [15-19]:

Y'(t) = ay(t) + by (ct), y(0) =X (1)

is to be analyzed for reals a, b, A\, and c. The model (1) is well-known in the literature [15-19] and
called the PDDE.

This model reduces to the ADE [6-14]]; y/(t) = —y(t) + %y <§> . y(0) = X at the particular
values a = =1 and b = ¢ = % (g > 1). This last model and its several generalizations have been
addressed by numerous researchers [6-14, 20, 21]. In Ref. [22], the special case of the PDDE, i.e.,
y'(t) = ay(t) + by (—t) (c = —1) has been solved. The main purpose of this work is to obtain the
solution of the PDDE at arbitrary c. Our analysis is based on the standard series method (SSM) and
the Maclaurin series expansion (MSE). Our results will also be used to derive previous results in the

literature as special cases of ours. The convergence of the obtained series will also be addressed.

2. Solution by SSM

Based on the SSM, the solution of Eq. (1) is assumed as

y(t) = dnt". (2)
n=0

From Eq. (3) and Eq. (1), it then follows

o0

> ndat"t = ai dnt”+b§: dnc"t", 3)

n=1 n=0 n=0
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i.e.,
> (n+1)dnsrt" = (a+ bc") dpt”, (4)
n=0 n=0
which yields
> [(n+1)dns1 — (a+ bc") dy] " = 0. (5)
n=0
Therefore
a—+ bc"
dn+1 = (m> dn, n> 0. (6)
Accordingly,
1
d]_ == F(a‘i‘b)do.
d —1(a+bc)d —}(a—kb)(a—kbc)d —1f[ (a+ bc*) d
2= 5 1=5 0—2!k_0 0
ds = 1(a+b62) d2:1(3+b)(a+b(:) (a+ bc?) do = 1ﬁ (a+ bck) do
3 6 3 ’
1 1 17
_ 3 _ 2 3 _ k
e = (a4 06%) = 5 a40)(o+0) (0 66%) (a6 o =y T o+ 0¢4)
1 n—2 n—1 1 o k
dn:m(a+b)(a+bC)---(a+bC ) (a+ bc )dOZHH (a+ bc") do. (7)
k=0
Hence
y(t)=do+> dnt",
n=1
o) 1 n—1
k
:dO—FZmH (a+bc )do tn,
n=1 k=0
oco n—1 £n
k
= dy 1+ZH(a+bc)n!]. (8)
n=1 k=0

Applying the initial condition y(0) = X, yields

n n—1

1+§:;!H(a+bck)

n=1 =0

y(t) =X




4 Int. J. Anal. Appl. (2022), 20:27

3. Solution by the MSE

According to the MSE, we have

© ()
_~~\"(0)
y() =Y ot
n=0
At t =0, we get from Eq. (1) that
y(0) = ay(0) + by (0) = A(a+ b).
Differentiating Eq. (11) w.r.t. to t, then

y® (1) = ayD(t) + bey™ (ct)
and hence,
y@(0) = (a+ bc) y™(0) = X(a+ b) (a+ bc).
Similarly, we have from Eq. (13) that
yO(t) = ay@(t) 4+ bc?y@ (ct).
Accordingly,
y®(0) = (a+ bc?) y @ (0) =X (a+b) (a+ bc) (a+ bc?) .

Repeating this procedure n-times, we get

y(0) = A(a+b)(a+bc)(a+bc?)...... (a+ bc"?) (a+ bc™ 1),

n—1
:AH(a+bck), n>1.
k=0
Therefore

V(6 =y(0)+ Yy,
n=1 ’

oo n—1

n
:A+A§jf[@+b&)%,
n=1 k=0 "

n n—1

:A1+§:;J]@+b&)

n=1 =0

which is also the same solution obtained in the previous section.

(10)

(11)

(13)

(14)

(15)

(16)

(17)
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4. Convergence analysis

Theorem 1. For a, b € R, the closed-form series solution:

nnl

y(t) =X 1+Z H (a+bc¥) |, (18)

has infinite radius of convergence V' ¢ € [—1, 1] and hence the series is uniformly convergent on any

compact interval on R.

Proof: Eq. (18) can be expressed as

o0
1+ Ca(t) (19)
n=1
where C, is defined by
#n n—1
Co(t) = 'H (a+bck), n>1. (20)
Let p is the radius of convergence, by ratio test we can write
th+1
}_ lim Cn—O—l — lim (n+1lHk 0(a+bc )
p nooo| Cp n—00 ﬁ Hk:o (a+ bck)
" (a+bc”)H 5 (a+ bck) "
= lim ,
n=oo | (n+1)[iZg (a+ bck)
. a+ bc"
- Jm || @
For c € (—1,1), we have lim,_ c" = 0, then
. a—+ bc"
— = lim |t|]=0, Vce(-1,1), teR. (22)
P n—oo| Nn+1
At c =1 we have c” =1 (Vn € N), then the limit in Eq. (22) reduces to
1 _ b
— = lim ’H‘M:O, where c =1, t e R. (23)
0 noooln+1
At ¢ = —1 we have ¢” = —1 (if nis odd) and ¢” = 1 (if n is even), Accordingly, the limit (22)
becomes
1 . +b
2= Jim |2 ‘|t|—0 where c = —1, t € R, (24)
p n—oo

which completes the proof. [l
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5. Special cases & Comparisons

It was shown in the previous section that the solution of the PDDE is given by the closed-form:

0 n—1

y(t) =X 1+i—H(a+bck) . (25)
n=1

n!
k=0

In this section, the solutions of several special cases are determined and some of them are compared

with those in the relevant literature.

51. A=1. At A =1, the PDDE (1) becomes

y'(t) =ay(t) + by (ct), y(0)=1, (20)

which has been solved by Fox et. al [19]. The solution of Eqgs. (26) can be directly obtained from

(18) by substituting A = 1, and this gives

n n—1

vy =1+ ] (a+bek), (27)
" k=0

n=1

which is the corresponding solution in [19].

5.2. b=0. At b= 0, the present PDDE reduces to

y'(t) = ay(t), y(0) =X (28)
which has the exact solution:
y(t) = Xe? . (29)

Such exact solution can also be derived as a special case of our solution (18). To do that, we substitute

b =0 into (18) to obtain

oo #n n—1
y(t) =X ”Zﬁ a], (30)
n=1 """ k=0
le.,
= at"
y®) =x|1+) m]' (31)
n=1 ’
where
n—1
[[o=a" ¥n>1 (32)
k=0
Eq. (32) can be written as
oo t n
y(t) =2 (am) = xe", (33)
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which agrees with the exact solution of given in Eq. (29).

5.3. a=0. At a= 0, the PDDE yields
y'(t)=by(ct), y(0)=A (34)

The solution of such case can be deduced from (18) as follows. Inserting a = 0 into (18) leads to

. t" i k .- ln(nfl) (bt)n
y(t) = A 1+ZHH(bc) =XA[1+) c: 1 (35)
n=1 k=0 n=1
where
n—1
H (bck) = p"c2" D ¥p>1. (36)
k=0

The solution (36) is equivalent to the form:

_ = Ln(n—1) (bt)n
y(t) AnZ:OCZ o (37)
5.4. ¢ =1. At c =1, we have PDDE becomes the ODE:
y'(t)=(a+b)y(t), y(0)=Ax (38)
and its solution is known as
y(t) = relatb)t, (39)
This solution can also be obtained by substituting ¢ = 1 into (18) which gives
00 n n—1
y(t) = A 1+ZFH(a+b) , (40)
n=1"" k=0
le.,
= (a+ b)"t"
=A|1 - 41
y(t)=x |1+ ; p , (41)
where
n—1
[[e+b)=(a+b" ¥nx>1 (42)
k=0
Eq. (42) can be written as
= ((a+ b)t)"
y(t) — )\Z ((nl)) — >\e(a+b)t’ (43)
n=0 '

which is the same exact solution of the Egs. (39).
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55. c=-1, a# +b. At c = —1, the PDDE becomes

y'(t) = ay(t) + by(—t), y(0) =X

(44)

Indeed, the model (44) is interesting and its exact solution is obtained here in terms of hyperbolic and

trigonometric functions. In addition, such exact solution will be expressed in an equivalent form via

Mittag-Leffler functions. Substituting ¢ = —1 into (18), we obtain

o0 tr’
14 Z H’L/)n .
n=1 "

where 1, is defined by

n—1

Yo=[] (@a+b(-1)*%), n>1.

k=0
Using the products rules, it can be shown that

(a%2 — b?)2,

n—1

¥ =[] (a+b(-1)") =
= (a+b)F (a— )T,

The series solution (45) can be written as

2n

HZ (2 1)|¢2” : +Z a2

where 92,1 and 1o, are obtained from (47) by
¢2n—1 = (a + b)n(a - b)nilv ¢2n = (32

Accordingly, Eq. (48) gives

2n— o0

y(t) =X 1+Z(2 1)|(a—|—b)”(a—b)”_1+

y(t) =X

if n even,

if nodd.

— b

32 _ b2)n] ,

e 2n+1 +1 2I’I+2 S
1+ " _ )|
+n§(2n+1)l(a+b) +Z(2 e TICH

(45)

(40)

(47)

(48)

(49)

(50)

(51)
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5.5.1. Hyperbolic functions (a > b). Eq. (51) gives
r 00 (/3 T \2M 2n+1 00 (/5 5\20 2 opio
(t) =X 1+(a+b)z( 2P t +Z( »obp) ¢
Y= s 20+ 1) i (2n+2)!
i S S (g
N Va2 (2n4—1y pors (2n+2)!
r 5 2n+1 0o > 5 2n+2
o lis la+ b Z\/a — b2 t) +Z(\/a — b2 t)
N a—b (2n+ 1)' pors (2n+2)!
e’} 2n
5 (V=R )
|1+ _bwh( )+%; &l ],
b
=\ ztbsinh (\/32—b2 t>+cosh( a2 — b2 t)] , a>b. (52)

The curves of the hyperbolic solution in Eq. (52) are depicted in Fig. 1 at three different sets for the

values of a and b.

y(®)

60
50+

40|

30+
20+

16+

0.0

Figure 1. Plots of the hyperbolic solution in Eq. (52) ata=2,b=1,a=3,b=2,

and a=4,b=3.

5.5.2. Mittag-Leffler functions. Here, it is noted that Eq. (51) can be written using the Gamma

function in the form:

2n+1 0 2n+2

o~ ¢ t
y(t) =1+ nz:;) m(a‘i‘ b)"H(a — b)n + nzz:ol'(2n+3)(az

_ p2)n

(53)
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or
2 b2)t2)n 0 ((22 _ b2)t2)”

tHy=Xx|1 b)t —— 2 _ p)t? —_ 4
y(B) =21+ (a+Db) Z ronto) @ b ;) r(2n+3) (54)

Using the definition of the two-parameter Mittag-Leffler function:

(o.) Zn
E —_ =
a5 (2) ZO Flan 8 (55)
then Eq. (54) takes the following final form:

y(t) =X [1+4 (a+ b)tEap ((a° — b?)t?) + (a° — b*)t?Ea 3 ((a° — b7)t?)] . (56)

This last form can also be used to establish the solution in terms of trigonometric functions via some

properties of the Mittag-Leffler functions as shown below.
5.5.3. Trigonometric functions (b > a). Suppose that b > a, then we can rewrite (56) as
y(t) =X |1+ (a+ b)tEss (—( b2 — 22 t)2> — (b2 — 22 t2E23( (VP2 — 22 t) )] (57)

Applying the following properties [21]:

sin(z 1 —cos(z
Ean(-22) =318 g, (7)o LoD (58)
z z
for z = /b2 — a2 t we have
in(vVb>—a%t
Eao (_( /b2 — 72 t)2> _sin (v a ) (59)
b2 —at
—cos (Vb2 — a2 t)
VP2 — 2 —
Eas ( (Vb* —a*t) ) 2 —2)e2 (60)
Substituting (59) and (60) into (57) and simplifying, we obtain
b
y(t) =X [ gsin< b —a? t) +cos(\/b2 —al t)] , b>a (61)

This also the same solution reported by Ebaid and Al-Jeaid [22]. It can be easily seen that the solution

is periodic with periodicity P = \/1)22’:732. Fig. 2 shows three different periodic solutions with P = 2, ,

and /2.
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Figure 2. Plots of the periodic solution in Eq. (61) at a = 1,b = /2 (P = 2m),
a=V3,b=V7(P=m),anda=1b=V17 (P=13).

6. The ADE (a=-1,b=c=1:,qg>1)

Ata=-land b=c= % (g > 1), the PDDE (1) becomes the ADE [10-12]:

V() = —¥(0) + 1y (;) 0= (62)

Substituting the above values into (18) implies that

o ,pn—1
v =21+ % [T (kv - 1)] , (63)
n=1 " k=0
le.,
y(t) =\ 1+Z$H(qk—1)]. (64)
n=1"" k=1

which is in full agreement with the corresponding result in [10].
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