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Abstract The fractional Noether symmetries and
conserved quantities for non-conservative Lagrange
systems with time delay are proposed and studied.
Firstly, the fractional Hamilton variational principles
for non-conservative Lagrange systems with time delay
are established, and the fractional differential equa-
tions of motion with time delay are obtained. Secondly,
based upon the invariance of the fractional Hamilton
action with time delay under the group of infinitesi-
mal transformations which depends on the generalized
velocities, the generalized coordinates and the time, the
fractional Noether symmetric transformations, the frac-
tional Noether quasi-symmetric transformations and
the fractional generalized Noether quasi-symmetric
transformations with time delay are defined, and the cri-
teria of the fractional symmetries are obtained. Finally,
the relationship between the fractional symmetries and
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the fractional conserved quantities with time delay are
studied, and the fractional Noether theories are estab-
lished. At the end of the paper, two examples are given
to illustrate the application of the results.
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1 Introduction

Fractional calculus has played a significant role in many
fields during the last several decades, such as, engineer-
ing, science, applied mathematics, astrophysics, etc [1—
10]. The research of fractional variational problems can
be traced back to Riewes’s work [ 11, 12]; he utilized the
fractional calculus to develop a formalism which can be
used for both conservative and non-conservative sys-
tems. Agrawal [13—15] continued the study of the frac-
tional variational problems, for general fractional varia-
tional problems involving Riemann-Liouville, Caputo
and Riesz fractional derivatives. The symmetric frac-
tional derivative was introduced by Kilmek [16], and
the Euler—Lagrange equations for models depending
on sequential derivatives were obtained by using the
minimal action principle. The fractional variational
problems of the mechanical system within Riemann—
Liouville and Caputo fractional derivatives were dis-
cussed by Mulish, Herzallah and Baleanu [17-20]. A
new fractional variational problem was proposed by
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El-Nabulsi [21,22], which was the fractional action-
like variational problem. Frederico and Torres [23-26]
studied the Noether’s theorem for variational and opti-
mal control problems based on the fractional models,
and a new concept of fractional-conserved quantity,
which was not constant in time, was given. Atanackovi¢
[27] studied the fractional Noether theorem within the
Riemann-Liouvill fractional derivatives based on the
concept of classical conserved quantity. Later, Zhang
[28-31] studied the differential equations of motion
based on fractional models and the Noether symme-
tries and conserved quantities for variational problems
based on the El-Nabulsi models.

The study of variational problems with time delay
has a long history. For the variational problems with
delay, argument was first introduced and discussed by
El’sgol’c [32] in 1964. While the study of the frac-
tional variational problems with time delay has only
begun in recent years, Baleanu, Maaraba and Jarad
[33-36] studied the fractional variational principles
and optimal control problems with time delay within
Riemann-Liouville and Caputo fractional derivatives
and extended to the higher-order fractional variational
and optimal control problems with time delay within
Caputo fractional derivatives.

However, the study of the symmetries and con-
served quantities with time delay has only just begun.
In 2012, Fredrico and Torres [37] first discussed the
Noether’s theorem for variational and optimal control
problems with time delay, while, in 2013, Zhang and
Jin [38] studied the symmetries of dynamics for non-
conservative system with time delay. The Noether sym-
metries for non-conservative system with time delay
based on fractional models have not been investigated
yet in the literature.

The main aim of the paper is to study the Noether
symmetries and conserved quantities for the non-
conservative system with time delay based on the frac-
tional model. The structure of this paper is as follows:
In Sect. 2, the definitions and properties of Riemann—
Liouville fractional derivatives are given. The frac-
tional Lagrange equations with time delay are pre-
sented in Sect. 3. In Sect. 4, the fractional Hamilton
action with time delay of dynamics systems is dis-
cussed. In Sect. 5, the definitions and criteria of the
fractional Noether symmetric transformations, the frac-
tional Noether quasi-symmetric transformations and
the fractional generalized Noether quasi-symmetric
transformations with time delay are obtained. In Sect. 6,
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the inner relationship between the fractional Noether
symmetries and the fractional-conserved quantities
with time delay is studied. In Sect. 7, two examples
are given to illustrate the application of the results.

2 Definitions and properties of Riemann-Liouville
fractional derivative

In this section, we briefly review some basic definitions
and properties of fractional derivatives used in the fol-
lowing sections. Detailed discussion and proof can be
found in Refs. [6-8].

The left Riemann-Liouville fractional derivative is
defined as

(n—a)

o 1 d " t n—o—1
n Dy f(t)=r— (5) /(t—f) f(r)dr
1

)]

and the right Riemann-Liouville fractional derivative
is defined as

9]
1 d\"
thf(l‘)=m (—a) /(T—f)n_a_lf(f)dr
t

@)

where I'(x) denotes the Euler Gamma function and «
is the order of the derivative suchthatn —1 < o < n.If
« is an integer, the derivatives are defined in the usual
sense, i.e.,

d o
n DY f(t) = (5) f@,

d o
D f(1) = (—a) f@ 3)

If f €, If'(Lp)and g € I (L)), then the formula of
fractional integration by part is as follows: [34]

/ gy D f(1)dt = / f(®): D g(t)dt )
1 1
and

5}

5}
/ §(1)y DY £ (dr = / £ DEg(0)dr

r

I
-t / (w DO £ (D))
1
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[5)
X /(thg(Z))(Z—t)a_le dr
) ' ! r
=/f(t)fD£‘;g(t)dr— m/f(t)th‘
r n

1)
X /(erég(z))(z—t)“‘ldz dr 6))

where r € (11, 12), 1 I{*(Lp) and (I (L) are the left
and the right Riemann-Liouville fractional integrals,
respectively.

The commutation relations of § and ;; DY satisfy [27]

8 DY f =y DYSf (6)

3 Fractional equations of motion with time delay

Assume that the configuration of a mechanical sys-
tem is determined by n generalized coordinates g
(s=1,...,n). The Hamilton principle of a non-
conservative system is

15}

/ (8L + Q;’aqs) dt =0 7

4]

where the Lagrangian L is a C>-function. And con-
sider that the time delay exists in the system and the
Lagrangian is

L =L (t,q5(t).;; Dfqs(1), 45 (1), g5 (t—7), G5 (1 — 1))
= L(t, qds.t D;IQSa és, st q‘rr) ®)

and the generalized non-potential forces are

Qs = O, qkony, DY qr» Gis Gir s Gir) ©)
And subject the specified initial functions
gs(t) = Q(1), t1 —71 <t =1, (10)

and the terminal conditions

qgs(t) = qs(), t=t, (=1,2,...,n). (11

where €2,(¢) is a given piecewise smooth function in
t) —t <t <t1, T is a given positive real number such
that T < t, —#; and the derivative orderO <« < 1, g5 (2)

are certain values. The principle (7) can be expressed
as

4]

JL JL .
/[—4m%+f4m%+

)8y, DY
aQs aq () 1 [QS

9, D' qs
1
oL JL . "

(1)3qst + ——(1)8qsr + O (1)dqs | dr
0qs7 0q5c

=0 12)

+

Making a linear change of variable + = 6 + 7 and
considering the initial functions (10), we have

15

T oL oL
/[ (m%+a_mwﬁm

0qst ST
131
h—T
oL aL .
= O+ 1)dqs + — (0 + 1)8g, | dO
0gst 0q5c

n

13)

Substituting formula (13) into formula (12), we have

2L oL
/ H:—(f)‘i' (f+T)j| 85
0gs 0qst

151

oL )+ oL
g 0G5t

L .
+—(t)8t1 Dz qs"f'

(H—r)) 8q
o Df'gs ’

b5
) F oL aL
+@mwsm+/’ 085 + X (115,
aq; 94;s

h—T

()8, Df'qs + Q;(t)qu} d=0 (14

+
at] D;XQS

Considering the formulae (4), (5) and (6), we have
h—T

/ oL (1)8;, D¥ g¢dt
0, Dfgs P

151
h—T

—/ pe 9L (1)8q,dt (15)
= t h—T1 all D;xqb qS

1
and

n

/ oL ()8, D¥ gydt
8;1D;qu 11 tQS

h—T
5]

L
= DY ——— ) (t)8q,dt
/ (t t atl D;xq;) ( ) CIS

h—T
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h—T 1)

o [ sawi. [ (D“ o (z))
) nr © 0y, D qs
n h—T
x(z — 1) dzdr (16)
By utilizing (15) and (16), integrating by parts, and tak-
ing use of initial functions (10) and terminal conditions
(11), we have

Izr

8L

(t + r)i| 8qs
9gst

+DE_ ———(1)8q, + O, (1)3q;

[2 f a, Df' g5

1
—m&]s(f)z 1

n

9L -1
3 (D 3 D% 3(z)) (z="'dz

—T

o

t

], 2/[aL oL
B s 9gs 0qst

t

+o Dg "o D
1

D tz L
0 h—T / ( )
- oDy ———(2)
() 29, D¢ qs

h—T

(9) +0,(0)

h—T
x (z — 9)“‘1dz] do

1

h—T n—T
. oL oL
+ / 8q; / @+
9gs 0qsc
131 t
D¢ 6 (2]
D5 q()+Q()
pe 7 9L
0Yn—1 o
- D
r@ / (9 2T 5 D4y (Z))
h—T

x (7 — 9)“‘%14 do § dr
hHh—T h—T

—/8' /I:ﬁ(e)-i-a @ +7)
B s 9gs 0qst ‘
t

1

+oDp g (0) + Q (0)

h—T 8;1 ngv
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pe 7 L
0 n—T
— DY
(@) (0 230 D q(Z))
n—T
x(z—G)"‘_ldzi|d9 dr (17)

and

1)

T
SIE

s +: DY,

8L "
P W(I)&h +0; (t)qu} dr

o (©)

tz
3 Dg qs
19}

+Q:(9):| do

h—T

0
+0 D 5p®)

+QZ(9)} do | dr

19}

-l [

h—T h—T

0
t23le§‘ S()

+Q;’(9)] do ¢ dr (18)

Substituting formulae (17) and (18) into formula (14),
we obtain

h—T h—T

/ s / |:3L oL
% 9gs 095t

131 t

+oDE_ ———(0) + 0, ()

t
2= Ta,]Dg qs
oD

t
no / pe Ok —(2)
T () O, D,

n—T

x (z — 9)“1dz] do

oL
dr
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%) 1

a1

h—T h—T

L
e (@)
9 s

t2 atl
” oL

+QS(9)} O+ Zntd=0 19
9gs

Due to the arbitrariness of integral interval, and con-
sidering the independence of §¢g;, we have

h—T

E(I)+ oL (t+1)+ / [E(G)
8 ds 3qs ‘ an
t

(9 + 1) +¢ DY oL
T) +o
a%r T O Dg%

oD, ( dL )
oD, ———(2)
I'(a) " 0, D g
h—T

(z— 9)“1dz] do =0, teln, mn—r1]

o (©)

+0.(0) —

t

S

h—T
+Q&m}
te(t—r, bl (20)

0
f23,113g S( )

Taking derivative of equation (20) with respect to 7, we
have

d8L()+d8 t+1)— JL o
— — — T ———
dr aqg dr 9¢,+ tz T 9, Df g5
(t) oL t+71)
——() - T
85]& 0qs7
7 aL
h—T o a—1
R D —t d
['(a) (t & o Df'gs (Z)) « ) :
h—T
=Q0,(1), teln -1
d 8L 9L
dta Di, 3, D¥qs
= Qs(t), te(t—1, 1] (21)

Equation (21) may be called the fractional Lagrange
equations for non-conservative systems with time
delay. If Q;/ = 0, Eq. (21) can be expressed as

d8L(t)+d t+1) D JL o
dr g, dt 3¢y, 'Rty DY,
oL (1) i (t+7)
- - T
3qs 0 ST
2
+Dpy ., oL
—_— D¢ —n* g
F @) RCrw — @) @—0"dz
h—T
=0, teln,th—r1]
d oL () — (1)
dr 04 Di, 3, D% g,
JdL
—— (@) =0, te(t—r1,1] 22)
0gs

Equation (22) may be called the fractional Euler—
Lagrange equations with time delay.

4 Fractional Hamilton action with time delay

The fractional Hamilton action with time delay is
19}

50) = [ L. a0 D010,
n

qs(t — 1), 4s(t — 1))dt (23)

where y is a curve. Introduce the infinitesimal trans-
formations of r-parameter finite transformations group

t=1t+4+At, (1) =qs(t) + Ags,
(s=1,2,...,n) (24)

or their expansion formula is

f: t +€O'€:(()T(t1 qull Df‘qk(t)v qk)v q_S(lT)
qu(t)-’_gOEg(ta qul‘] D;qu(t)7 ‘?k)»
(s,k=1,2,...,n) (25)

where e,(0 = 1,2,...,r) are infinitesimal parame-
ters and £5, £ are the infinitesimal generators or gen-
erating functions of the infinitesimal transformations.
Under the infinitesimal transformations (21), the curve
y will be transformed to a neighbor curve y, and the
fractional Hamilton action (20) with time delay can be
expressed as

19}

ﬂﬂ=/L@%®@W%®,

141

s (D), @s(f — ©), g (F — 1)) di (26)
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The main linear part relative to ¢ in the difference
S(y) = S(y)is

o [

n

+ (1)A, Dy g5 (1)

atl D;xqs

L
+ () Agsr +
9qst

L d
+——()AGse + L—(Ar) | dt (27)
9qst dr

By the linear change of variable ¢t = 0 + t, considering
the initial functions (10), we have

9}

oL oL .
/ (DAGse + 2 (1) Adsr |
aqS‘L’ aqs'[

n

h—T

oL
= /|: 0 + 1)Ag;
0qst

I

L @+ r)Aq‘{| do (28)

qst

Substituting formula (28) into formula (27), we have

oL JdL oL
AS = — () Ar + (t+71)| Ags
ot 9gs 095+

n

+ A, D%qs + [ oL
= q.
atl D?Qs nees 9qs

L d
t Ags + L—(At) t dr
84}”( + r)] gs + dr( )]

15
+/ oL har+ LA
ot ag, s

n—T

oL
+—— (A, DY
at1 D?Qs g

L ) d
+——()Ags + L—(At) | dt (29)
94 dr

Taking notice that

d
Ay Djqs =y Dj'8qs + dr (tl D?‘]s) At,

8qs = Aqs — g5 At (30)
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and considering the formulae (4)—(6), we can express
the formula (29) as

n—T

t
AS / d Lg"+/ oL ————(0),, D§EC
= E _
T ar |0 9 Dgqs "0

1 131

L L
N

27Ty, DY gy ()
7 9L
DY —0)*"ldz )de
X / (9 25, Diq S(Z)) (z—6) Z)
h—T
(8 () + oL (t+ ))$
_— T
94 qs a%
+&° oL (1) + oL (t+ 1)+ D* (1)
s | agy 3qse t TS, DYy
d oL t+7) 49 ()
dr 8qsf dr 3 qs
pe 7 L
t h—T
DY
F(O{) (l 1 atl Da (Z))
h—T

(z — t)“ldz] dr

15 t
d oL
—\ L& 9), DYEC
+/8a dt( & +/(8,,Dgs()tl 95
1

n—T

oDl 5 Dg T Daa OF )de )
+§§’( b3 Do D(x ()_Ea_(’)) ds
141
@3
where
E7 =7 — 48] (s=1,2,....n) (32)

Formulae (29) and (31) are the basic formulae for the
fractional variation of Hamilton action with time delay.

5 Fractional Noether symmetries with time delay

In this section, we discuss the definitions and crite-
ria of the fractional Noether symmetric transforma-
tions, the fractional Noether quasi-symmetric transfor-
mations and the fractional generalized Noether quasi-
symmetric transformations with time delay.
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Firstly, we give the definition and criteria of the frac-
tional Noether symmetric transformations.

Definition 1 If the fractional Hamilton action (23) is
an invariance of the group of infinitesimal transforma-
tions (24), the condition

AS=0 (33)

is satisfied, then the infinitesimal transformations are
called the fractional Noether symmetric transforma-
tions of the system with time delay.

From Definition 1 and formulae (29) and (31), we
have the following criteria.

Criterion 1 For the group of infinitesimal transforma-
tions (24), the condition

8L(I)Al+ 9L 9L A
o1 3 3qse s
t
o Da A
+[ oL (t+ )] Ad
: . T ‘
0 ¢t s
d
L—(At)=0 34
+ dt( ) (34)

is satisfied for t; <t < tp, — 7, the condition

aL oL oL
—(OAt + — (1) Ags + —— (1) A, Df g
at g

atl D?Qs

. d
C+ LE(N) =0 (35)

is satisfied for t, — t < t < 1, then the infinitesimal

transformations (24) are the fractional Noether sym-

metric transformations of the system with time delay.
The formulae (34) and (35) can be expressed as

L(I)SU n [3L o + oL
ot 0 9gs 0qst

(r+ T)} &

+—2L (t peE + L, Dig )s")
atlD;xqs 17t Ss dr 1~ 4s) SO
oL
[ 0+ }(s — 4:80)
FLES =0 (36)

fort) <t <t)—rt,and

a—L(t) o4 L nEgy (1)
ar D50+ 8qs( S F B,ID“

— d
X (11 D?E;T +E (11 D;qu) g(()r)

oL . . .
+£(t)(§s” —qs&0) +LEG =0 (37)

fortp — 1 <t < th. Whereo = 1,2,...,r. When
r = 1, Egs. (36) and (37) are the fractional Noether
identities of the system with time delay.

Criterion 2 For the infinitesimal transformations of
group (25), the r equations

t
d L&y +/ oL ———(0), D€’
dt 0 O Dgqs Y

1
0[

l‘ T
—oDE_ fatng b OF +& F(z)
15 a
X oDy, (Z))
/( tzatngQs
n—T

oL

—0)*"ldz) do
X(z ) z) +(8qg
L _
- (t+r)) ;
¢t gs

__[ oL
B [
: ags

. D? oL o d 9L (4 0)
- — T
i TatlD;x% dr a%r
=
dr 9¢; ')
n
X/ D}, oL (2) (z—t)“_ldz =0
"y, DY gy
h—T

(38)
are satisfied for 1; <t < r, — 7 and the r equations

t
d L$”+/ o i (0 DFE
dr | 0 a,Dygs "0

n

oL
_Hth 8,1 (9)5 )

‘]

+§U aL aL
s bi, 0, D¥qy dt 3g;

(39)

are satisfied forr,—7 <t < tp,whereo =1,2,...,r.
Then, the infinitesimal transformations (25) are the
fractional Noether symmetric transformations of the
system with time delay.

Secondly, we discuss the fractional Noether quasi-
symmetric transformations of dynamics system with
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time delay within the left Riemann—Liouville fractional
derivative.

Suppose that L is another fractional Lagrangian
with time delay, if the transformations (24) accurate to
first-order infinitesimal satisfy the condition

5}

/L(t, qs(t) .1y Dfqs (1), 4s(t), gs(t — 1), qs(t — 7))dt
n

[5)

= / L(i, G5 (D)7, D25 (D), gs (D),

4
Gs(f — 1), g5 — 7))df (40)

then this invariance is called the quasi-invariance of
the fractional Hamilton action (23) with time delay
under the group of infinitesimal transformations (24).
The Lagrangian L and L determined by formula (40)
satisfy the same differential equations. Then, the trans-
formations are called the fractional Noether quasi-
symmetric transformations. So, we have

Definition 2 If the fractional Hamilton action (23) is a
quasi-invariance of the group of infinitesimal transfor-
mations (24), the condition

n

d
AS = —/ E(AG)dt 41)

n

holds, where G = G(t, qs(t),;, D{fqs(1), 4s(1), qs
(t — 1), gs(t — 7)) is a gauge function, then the infini-
tesimal transformations (24) are the fractional Noether
quasi-symmetric transformations of the system with
time delay.

From Definition 2 and formulae (29) and (31), we have
the following criteria.

Criterion 3 For the group of infinitesimal transforma-
tions (24), the condition

8L(r)At—i- oL L t+7)|A
—_— T
ot 9gs 9qst 1

YA, D¥
+a;lD?qs( ) 1 tQS
n |: oL oL i| Ad
0Gs " ddse o
+L d (At) = d (AG) 42)
dr Tdr

is satisfied for #; <t < tp — 7 and the condition
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+ oL (t)A;, DY
atlD?[QS i e s

7s + Li(At) = —E(AG) 43)
: dr Todr

is satisfied for tp — t < t < t;. Then, the infinites-
imal transformations (24) are the fractional Noether
quasi-symmetric transformations of the system with
time delay.

The formulae (42) and (43) can be expressed as

oL oL
—(1)ES
o1 (&) + |:361s

L o

oL d
+8t1 Da (t) (Z] Da%_ + a (t] D?QS) %_8)

oL oL ;
+ [a% aqﬂ( + r)] (€ — ds5)
+LE = —G° (44)

forty <t <t)—tand

oL d
— (&S
8t()$0 +

_I_

— d
O, DYE° + — (,, DY) EC
st (197 + G o))

¥ = 4sE§) + LES
=-G° (45)

fortp —7 <t <t),whereo =1,2,...,rand AG =
&0 G?. Whenr = 1,Egs. (44) and (45) are the fractional
Noether identities of the system with time delay.

Criterion 4 For the group of infinitesimal transforma-
tions (25), the r equations

'

d oL _

— | LET ——— (), DYE°

a & +/ (3t1Dths( )t D&,
1

)&

o
_9Dt_ -
2 tatng qs

( tz a11 Dg qs (Z))

-7

(z — 9)"‘_1dz) do + (

g5

L _
- (r+r))s;’+G“
045+
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g0 [E)L oL pe L
* 9gs 0qyc =T at] D?[CIS
d JL t+1) d oL o
9 ) — —
dr 0¢y+ dr 9g;
p* . 7 IL
t~tH—1
T D
I'(a) (t ? all D?Qs (Z))
h—T
(2 — t)“_ldz] -0 (46)

are satisfied for #{ <t < #tp — 7 and the r equations
t

d L$”+/ oL (9)D§
dr | 0 3, D nee
1
oL
~oDy 5 paOF
ll
+&7 a—(t)Jr Dy ——— (1) — i—(t)
s | ags 'y, DY dr g,
47)
are satisfiedfort,—7 <t < tp,whereo =1,2,...,r.

Then, the infinitesimal transformations (25) are the
fractional Noether quasi-symmetric transformations of
the system with time delay.

By using Criterion 1—Criterion 4, or the fractional
Noether identities (36) and (37), and (44) and (45) with
time delay, we can verify the fractional Noether sym-
metry and fractional Noether quasi-symmetry of the
system with time delay.

Finally, we study the fractional Noether generalized
quasi-symmetric transformations of non-conservative
system with time delay.

Assume the fractional dynamics system with time
delay under the generalized non-potentials forces (9). If
the transformations accurate to first-order infinitesimal
satisfy the condition

n

/ L(t, qs(1),n D;)th(t)a
1
4s(1), gs(t — 1), gs(t — 7))dt
)
= [ L2 D2 GD. - ).

n

Go(f — ))di + / Q. 8q,dt (48)

then this invariance is called the generalized quasi-
invariance of the fractional Hamilton action (23) with

time delay under the group of infinitesimal transforma-
tions (24) and the transformations are called the frac-
tional Noether generalized quasi-symmetric transfor-
mations. So, we have

Definition 3 If the fractional Hamilton action (23) is a
generalized quasi-invariance of the group of infinitesi-
mal transformations (24), the condition

5}
d 4
AS = —/ [E(AG) + QSSqSi| dr 49)
1
holds, then the infinitesimal transformations (24) are

the fractional generalized Noether quasi-symmetric
transformations of the system with time delay.

From Definition 3 and formulae (29) and (31), we have
the following criteria.

Criterion 5 For the group of infinitesimal transforma-
tions (24), the condition

aL(t)At+ oL L t+1)|A
—_— T
at 9gs g5t o

L
+o—a DAL DY

8,1D§x qs
[ e
a S‘ 8‘}“’ qs
+L5<Ar> + Q) (Ags — Gy A1)
d
= ——(AG 50
(86 (50)

is satisfied for t; <t < t, — 1, the condition

aL AL
—(t)At + —(t)Aqs

oL .
+—5 (A, D/ gs

atl D?[QS
+L d
dt 04gs
" . d
+0,(Ags — gsAr) = _E(AG) (51)

is satisfied for 1 — 7 < t < 1, then the infinitesi-
mal transformations (24) are the fractional generalized
Noether quasi-symmetric transformations of the sys-
tem with time delay.
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The formulae (50) and (51) can be expressed as

L oL oL
—(t)éé’ + [ Tans }gf
3 .
[a—sm + 90 (r+r>} &7 — g
- ) (4 DYE + (DY )5“)
at. Df‘qs nrsSsy dr ntr 4s) so
FLES + QE0 = —G° (52)

forty <t <tp—tand

o

S0 + —(t)é + i () (4 DI,

8,1Df‘ qs
d . .
b 0DF0) & ) + G O — i)

+LES + QE = —G° (53)
fortp —t <t < th, where o = 1,2,...,r. When

r = 1, Egs. (52) and (53) are the fractional Noether
identities of the system with time delay.

Criterion 6 For the group of infinitesimal transforma-
tions (25), the r equations

t
d Le7 + / L
dr | 70 3, D

1

aL -
=D 5 (0)&]

s 8t| ngs‘

4]
- oDy _, / oL
o 2
D¢
T o Dfy 5 g @

n—T

x(z — 9)a_1dz)

(9)z1 DgEy

L _
(t+1)E +G°

qst

- TaL oL oL
+§f’[ t+71)+: D% _——(1)

: 8qs 8q‘vr TR 1Eat]L);)tqs

d oL ¢4 D) d oL O+ 00

dt 8¢, dr 94y §

pe 7 L

[ n-t

DY
I(a) (t 29, DY S(Z))
Hh—T1

(z — t)“_ldz] =0 (54)
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are satisfied for #{ <t <t — 7 and the r equations

t

d L$“+/ oL
dr | °0 3, D

n

(9)z1 DgEy

JL
D¥ %
=00 3 )E )

__[oL
o DY —— (¢
+& [ 53 pra
55
dt8 :| (53)
are satisfiedfortp,—7 <t < tp,whereo =1,2,...,r.

Then the infinitesimal transformations (25) are the frac-
tional generalized Noether quasi-symmetric transfor-
mations of the system with time delay.

By using Criterion 5 and Criterion 6, or the fractional
Noether identities (52) and (53) with time delay, we
can verify the fractional generalized Noether quasi-
symmetry for non-conservative system with time delay.

6 Fractional Noether theorem with time delay

In this section, we discuss the fractional Noether theo-
rems of dynamics system with time delay. Firstly, we
give the definition of the fractional conserved quantity
of dynamics system with time delay.

Definition 4 A function I (¢, t+7, g5, D{qs, 45, qsz
Gser 45t + ), ds. G5 (1 + ),y DG (¢ + 7)) s said to
be a fractional conserved quantity of dynamics system
(18) under study if, and only if

d . )
al(h t+ 71,45, D;quv qs,qsts st

Cls(t + T), 431 C]s(t + 7")7[1 D?%(’ + T)) = 0
(56)

holds, along all the solution curves of the fractional
differential equations of motion (21) with time delay.

For the fractional Lagrange system (22) with time delay
that we discussed, if we can find a fractional Noether
symmetric transformation or the fractional Noether
quasi-symmetric transformations with time delay, then
we can get a fractional conserved quantities corre-
sponding to these symmetries by using the following
Noether theorems.
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Theorem 1 For the fractional Lagrange system (22),
if the group of infinitesimal transformations (24) is the
fractional Noether symmetric transformations under
Definition 1, then there exists a system of r linear inde-
pendent fractional conserved quantities with time delay
as follows, there are

J&

oL oL
o =L o t
& +[_3és() 3

t
+/ o ———(0), DFE}
81, Dg s n+=e

1

oL _
—oDy_ (O

e Iy ngv

SF()/(

h—T

tz 8;1 Dg qs (Z))
x (z — 9)“—%&} do = const. (57)
fort; <t <t — v and there are

'
oL _

U:LU C(O'
& +/(atng S( )ty Dy&s

n

aL
DY 0
-0 n a[l Dg S ( )E )

J = const.

(58)

forty —t <t <t whereo =1,2,...,r.

Proof According to Definition 1 and Criterion 2, and
substituting Eq. (22) into (38) and (39), we have

g+ (Lo + 2Lgo)ie
T
dr [0 T \ags 34 .
t

+/ _OL ), DeE
a[ng[ qs nto

3]

aL -
—0Dp i —q (0)7

T all ngs

n
60D ¢ / oL
o 2
; D¢
+§g T(@) 0t 3,1 Dg s — ()

nh—T

x (z — 9)”‘_ldz} de} =0 (59)

forty <t <t — tand

t
d oL
— | LES 0), DYE°C
=g +/(at1D3 -0)0 D3,
1

aL -
—o Dy, y Dg - (0)&7 ) do + a—qs(t)é‘;’ =0 (60)

fortp —t <t <t),whereoc = 1,2,...,r. Integrating
formulae (59) and (60), we obtain the results. O

Theorem 2 For the fractional Lagrange system (22),
if the group of infinitesimal transformations (24) is
the fractional Noether quasi-symmetric transforma-
tions under Definition 2, then there exists a system of
r linear independent conserved quantities with time
delay as follows, there are

oL oL _
"=Lé"+[ . - (t+r)}$"
0 aqs 07 §
t
+/ oL (0), D§ET —g DY _, ———(0)E]
) Btng‘qs nee Rt ratng qs
1

SSUF() /(

h—T

l2 8tl ng\- (Z))
x(z — 9)“—%11} do + G° = const. 61)

fort; <t <ty — t and there are

t

oL _
o =LgS ——(0);, DSE°
& +/ (atngqx( )t Dy &g

1

a
D 0
=0 ,23”ng()$)

= const. (62)

forthy —t <t <t), whered =1,2,...,r.

Proof According to Definition 2 and Criterion 4, and
substituting Eqs.(22) into (46) and (47), we have

d Lo aL aL (1)) E
T
dr [0 T \8gs T 84 '

t
aL dL _
0), D DY  —— (9)E°
+/(a,ng Y( )y D§ET —o Df: _ ’8t1D§‘qv( I

n
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( ),‘2 a[] (Z))

5 F( )
x (z—@)"‘ldz) do +G"] =0 (63)
fortp <t <t —tand
t
d[Le"+/ oL T O DI
de°0 3, D ne
1
D 5 O oL 1=0
0T an 345 -
(64)

fortp —7 <t <t),whereoc = 1,2,...,r.Integrating
formulae (63) and (64), we obtain the results. |

Theorem 1 and Theorem 2 are called the fractional
Noether theorems for the Lagrange system with time
delay. According to the fractional Noether theorems, if
we can find a fractional Noether symmetry with time
delay, then we can find a fractional conserved quantity
with time delay.

Finally, we discuss the fractional Noether theorem
for non-conservative system (21) with time delay.

Theorem 3 For the fractional non-conservative sys-
tem (21), if the infinitesimal transformations of group
(24) are the fractional generalized Noether quasi-
symmetric transformations under Definition 3, then
there exists a system of r linear independent conserved
quantities with time delay as (61) and (62).

Proof According to Definition 3 and Criterion 6, and
substituting Eqgs.(21) into (54) and (55), we have formu-
lae (63) and (64). Integrating formulae (63) and (64),
we obtain the results. O

Theorem 3 is called the fractional Noether theorems for
the non-conservative systems with time delay. Espe-
cially, if the items with the fractional derivatives and
with time delay vanish, Theorem 3 is reduced to the
standard Noether theorem for non-conservative sys-
tems [39].

7 Examples

Example 1 Letus study a mechanical system with time
delay whose Lagrangian is

@ Springer

1
L =3 [(Dfq®) + 20+~ )]
2
—2- (P +dta-) (65)

wheret € [t1, ] and T < f, —t; is a given real number.
The following conditions are satisfied: when ¢ € [¢] —
7,1], q(t) = Q(t), where Q(¢) is a given piecewise
smooth function in [t; — 7, #1]; when t = 1, q(t) =
q(t2), where ¢(t>) is a certain value [39].

The fractional Euler-Lagrange equation for the sys-
tem is

G(t)+ G (t + 1) — Dy, _.1y DY q (1)
+aw? (q(1) +qr(t+r))

%)
thz T [

I'(a)

H—T1
(z—0%'dz=0, reln,n-—r1]

G(t) = Dy (4 DY q (1))

+0’q(1) =0, te(t—1, 0] (66)

D (1, D 4s(2))]

Form the fractional Noether identity (44) and (45) with
time delay, we have

—w? (q(t) + g (t + 1) &
— d
+a D) | (DFF) + 5 4 Dfa) &

+ 1) + ¢ (t + 1)1 €1 — G&o)
+Léo = —G, telt,n—r1]

—w?q(& + (4, D q (1)) |:(t1 Dy'&))

+% (1 D{q) Eo} + () E — go)
+Lé =—G, te(h—r1 0l (67)
Equation (67) has a solution

g =1, =0G6"'=0,

£ =06 =4¢1),G* =

t €[, 1. (68)
0)2
2 2
T @0 + a2+ )
1
—5[0Dra®) + @2+ D +d2w)].
telt,n—r1]
2
£2=08=4(n),G = %q%)

1
—5[6Dra@)* + 0] rewm—r.nl
(69)
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The generators (68) and (69) correspond to the frac-
tional Noether symmetry and the fractional Noether
quasi-symmetry of the system, respectively. Accord-
ing to Theorems 1 and 2, we obtain

1
1'= 3 [(,D¥q(1)* — ¢*(1) +¢*(t — 1)

0 (¢* (1) + ¢*(t — 1)] = G- (t + D)4 (1)
t
+ / [~ D3 q(6), D§G(©) +o DE_. (1, D¥q(6))d(6)
1

n
. GD(;*T o o
O =55 [ 6Dk 0 0fa) @)

nh—T

x (z—0)*"'dz]do = const., te[t.n— 1],

1
"= 5 LG DYq(1)? — ¢*(t) + ¢*(t — 1)

—* (¢*() + ¢*(t — D))]
t
+ / [~ DEq(®) DEd(6) +o DE G, DEq(6)d (6)] do
1
=const., t € (i) —r1,11], (70)

1
I’ = 5= Dq(1)* + o (¢*(1) + g2t + 1))

+32 (1) + 42+ )]

t

+/[11D3q(9)t1D3q(9) —o Df_(1y D{'q(6))q(0)
131
4]
oD _
TG

n—T

+4(0)

x(2)) (z — 0)*"'dz] dd = const., 1€ [n,0— 1],

1
1= 2 [~ (D)’ + 370 +0’q?0)]
4 / [ DEq(6) DE(6) —g DE(, DEq(6))d(6)] do
13|
=const.,, te€(tp—1,12] (71)

Formulae (70) and (71) are the fractional Noether
conserved quantities corresponding to the fractional
Noether symmetry (68) and the fractional Noether
quasi-symmetry (69) for Lagrange system with time
delay, respectively. If the item with fractional deriva-
tives vanishes, Eq. (66) can be expressed as

G+t + 1) + 0 (g(1) + g (t + 7)) =0,
telt,n—r1]
) +0’q(t) =0, 1€ (tr—1, 0] (72)

Equation (72) is the differential equations of motion
for the system with time delay. And the formulae (70)
and (71) can be expressed as

1 -
I [AGR ROE S CRORYE )]
—q.(t+7t)q(t)=const.,, t € [t],tr—1],
1 -
I'=3|i?t-0-i -0 (PO +e* 1 =)
=const.,, t € (rp—r1, 1] (73)
1 —
r=3 [ (qz(t)+q3(z+r))+c‘12(t)+q$(t+r)]
=const.,, t€[t,n—1],
12—‘“—2 2(6) + 262(1) = const., 1 € (12 — 7. 12)
_2q Zq = const., eEtr—r1,h

(74)

The formulae (73) and (74) are corresponding Noether
conserved quantities for the system with time delay. If
the delay constant vanishes, Eq. (76) can be expressed
as

i(1) + w’q(t) =0, (75)
Equation (75) is the differential equations of motion

for classical system. The formulae (73) and (74) can be
expressed as

I = —% [qz(r) + w2q2(t)] — const. (76)
2
I’ = %qz(t) + %QQ(I) = const. (77)

The formulae (76) and (77) are corresponding Noether
conserved quantities for classical system.

Example 2 Let us study a system whose Lagrangian
and generalized non-potential force are

1
L =m[(4Dq®)’ +d*®)]

Q =—cqt —1) (78)
where m, ¢ and T are real numbers.

From the fractional Lagrange equations (21), we
have

mg(t) —m; Dy, (1 DY q (1)) = —cq(t — ) (79)

From the fractional Noether identities (52) and (53)
with time delay, we have

o D), DG+ 5, D g (1))
+mq(1)(§1 — g&0) — cq(t — ) (51 — ¢60)
am (,DFa0) &y
=-G (80)
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Equation (80) has solutions

=1 &=4q0. ¢'==Z (D) +¢*1)].
(81)
£=0 =1 G'=cqit—1)

t
m / (0 DEq(1) (, DX D (82)
3]

The generators (81) and (82) correspond to the frac-
tional generalized Noether quasi-symmetry of the sys-
tem. Substituting the generators (81) and (82) into the
formulae (61) and (62), we have

I'=o0, (83)
I* = cq(t — 1) + mg (1)

‘
—m/[,Dg (1 DY q(1)]dr = const. (84)
1

The conserved quantity (83) is trivial. If the item
with fractional derivatives vanishes, Eq. (79) can be
expressed as

mg(t) = —cq(t — 1) (85)

Equation (85) is the differential equation of motion for
the system with time delay. And formula (84) can be
expressed as

17 = cq(t — 1) + mg(t) = const. (86)

The formula (86) is the Noether conserved quantity for
non-conservative system with time delay. If t = 0, Eq.
(85) can be expressed as

mq(t) = —cq() 87)

Equation (87) is the differential equation of motion for
classical system. And formula (86) can be expressed as

17 = ¢q(t) + mg(t) = const. (88)

The formula (88) is the Noether conserved quantity for
classical non-conservative system.

8 Conclusion

The phenomenon of time delay is commonly found
in nature and engineering; once we consider the
influence of time delay, even a very simple issue,
the dynamics behavior may become very complex.
Therefore, it is more essential and more realistic

@ Springer

description of mechanical system to consider a non-
conservative mechanical system based on a fractional
order model with time delay. In this paper, the fractional
Noether symmetries and the conserved quantities for
a non-conservative system with time delay within left
Riemann-Liouville fractional derivatives are presented
and discussed. The fractional differential equations of
motion for the non-conservative system with time delay
are obtained. The definitions and criteria of the frac-
tional Noether symmetric transformations, the frac-
tional Noether quasi-symmetric transformations and
the fractional generalized Noether quasi-symmetric
transformations of the system are given. And the rela-
tionship between the fractional Noether symmetries
and the fractional conserved quantities with time delay
is studied. If the fractional derivatives and the time
delay vanish, the non-conservative Lagrange system
with time delay based on fractional model is reduced
to classical non-conservative Lagrange system [39].
The results of this paper are of universal significance.
The approach of this paper can be further generalized
to the fractional constrained mechanical systems with
time delay, the fractional optimal control systems with
time delay, the fractional Birkhoffian systems with time
delay and so on.
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