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ABSTRACT 

Symmetry plays key roles in modern physics especially in the study of integrable 

systems because of the existence of infinitely many local and nonlocal generalized 

symmetries. In addition to the fundamental role to find exact group invariant solutions 

via Lie point symmetries, some important new developments on symmetries and 

conservation laws are reviewed. The recursion operator method is important to find 

infinitely many local and nonlocal symmetries of (1+1)-dimensional integrable 

systems. In this paper, it is pointed out that a recursion operator may be obtained from 

one key symmetry, say, a residual symmetry. For (2+1)-dimensional integrable 

systems, the master-symmetry approach and the formal series symmetry method are 

reviewed. For the discrete systems, the symmetry related discrete KP hierarchy and 

the BKP hierarchy are also discussed. One believes that all the solutions of integrable 

models may be obtained by means of symmetry approach because the Darboux 

transformations and algebro-geometric solutions can be obtained from the localization 

of nonlocal symmetries and the symmetry constraint approach. The conservation laws 

are used to find higher dimensional integrable system from lower dimensional ones 

via a deformation algorithm. The ren variable, an extension of the Grassmann 

variable, are introduced to find novel aspect on integrable theory. The super-integrable 

theory and super-symmetric integrable theory are extended to ren integrable and ren-

symmetric integrable theories.  

 

Keywords: Symmetries; Integrable systems; Recursion operators; Formal series 

symmetries; Nonlocal symmetries; Darboux and Bäcklund transformation; Exact 
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1 Introduction 

Symmetry plays a key role in almost all the fields of physics especially in 

integrable systems because of the existence of infinitely many local and nonlocal 

generalized symmetries [1-6]. Symmetries are usually used to find symmetry 

invariant solutions, similarity reductions and even all solutions of nonlinear systems 

[7]. Noether’s theorem points out that every continuous symmetry is closely related to 

                  



a conservation law. In this short review paper, we point out some other aspects on the 

symmetries of integrable systems.  

In Sec. 2, we review the fundamental role of the Lie point symmetries of a 

nonlinear system to find its group invariant solutions. To find generalized symmetries 

of (1+1)-dimensional integrable systems, the most powerful method is to find the so-

called recursion operators. Sec. 3 includes a simple method to find recursion operators 

and then the generalized local and nonlocal symmetries of (1+1)-dimensional 

integrable systems. Using the localization of nonlocal symmetries for integrable 

systems, one can obtain Darboux transformations and many interaction solutions 

among solitons and some other types of nonlinear waves such as the Painlevé waves 

and cnoidal periodic waves. Applying the symmetry constraint method, the algebro-

geometric solutions of integrable systems can be obtained by solving finite 

dimensional integrable systems. In Sec. 4, the master-symmetry approach and the 

formal series symmetry method are applied to find general symmetries for (2+1)-

dimensional integrable systems. Sec. 5 is devoted to discuss the symmetries of 

discrete integrable systems. In Sec. 6, the conservation laws are used to find higher 

dimensional integrable systems thanks to a deformation algorithm. Using the 

deformation algorithm to any (1+1)-dimensional integrable systems, one can obtain 

some higher dimensional integrable models because of the existence of infinitely 

many symmetries and then conservation laws. In Sec. 7, the nonlocal symmetries 

related to the spectral functions of the Lax integrable systems are used to find new 

integrable systems related to the different nonlinear fields. The spectral functions 

usually are considered as bosonic. In this case, the integrable interacting models are 

called the integrable systems with consistent sources [8-10]. For the KdV equation, 

the integrable model with sources can be considered as the interacting model among 

long wave and short waves. In fact, the spectral functions may be fermionic and even 

any other non-commute fields, say, the ren fields which will be introduced in this 

paper. Whence the fermionic spectral functions are considered, the integrable model 

with sources are just the super- or Kuper-integrable systems [11]. If the spectral 

functions are taken as ren functions, then the integrable model with self-consistent 

sources will be defined as ren-integrable models which are the generalization of the 

super-integrable models. In Sec. 8, it is pointed out that the significant 

supersymmetric integrable systems can be extended to the so-called ren-symmetric 

integrable systems. The last section of the paper includes a short summary and some 

discussions.  

2 Lie point symmetries of nonlinear partial differential equations 

To find some explicit exact solutions of nonlinear partial differential equations 

(PDEs), the classical and nonclassical symmetry approach is one of the most popular 

and universal method no matter the PDEs are integrable or not. If fact, one can use 

some existing software to find exact solutions related to Lie point symmetries [12]. 

Here, we just take a simple example, the Korteweg-de Vries (KdV) equation, to 

                  



explain the fundamental procedure to find Lie point symmetries and the related finite 

transformations, group invariant solutions and symmetry reductions of nonlinear 

systems without using any packages.  

For the KdV equation: 

𝑢𝑡 + 𝑢𝑥𝑥𝑥 − 6𝑢𝑢𝑥 = 0                                                                                                            

(1) 

a symmetry, 𝜎, is defined as a solution of its linearized equation: 

𝜎𝑡 + 𝜎𝑥𝑥𝑥 − 6𝜎𝑢𝑥 − 6𝑢𝜎𝑥 = 0                                                                                               

(2) 

that means Eq. 1 is form invariant under the transformation 𝑢 → 𝑢 + 𝜀𝜎 with 

infinitesimal 𝜀. A Lie point symmetry is defined as if a symmetry possesses the form:  

𝜎 = 𝑈(𝑥, 𝑡, 𝑢) − 𝑋(𝑥, 𝑡, 𝑢)𝑢𝑥 − 𝑇(𝑥, 𝑡, 𝑢)𝑢𝑡                                   (3) 

After substituting Eq. 3 into Eq. 2 and cancelling 𝑢𝑡  by means of Eq. 1, it is not 

difficult to find the final Lie point symmetry of the KdV equation has the form: 

𝜎 = 2𝑐𝑢 + 𝑔 + (𝑐𝑥 + 6𝑔𝑡 + 𝑥0)𝑢𝑥 + (3𝑐𝑡 + 𝑡0)𝑢𝑡               

= 𝑐(2𝑢 + 𝑥𝑢𝑥 + 3𝑡𝑢𝑡) + 𝑔(1 + 6𝑡𝑢𝑥) + 𝑥0𝑢𝑥 + 𝑡0𝑢𝑡 

                               = 𝑐𝜏1 + 𝑔𝜏0 + 𝑥0𝐾0 + 𝑡0𝐾1                                                    (4) 

with arbitrary constants 𝑐, 𝑔, 𝑥0 and 𝑡0, which are related to the scaling invariance， 

the Gallian invariance, the space translation invariance and the time translation 

invariance, respectively.  

The finite transformation of Eq. 4 can be simply obtained by solving the initial 

valued problem:  

𝑑𝑥1
𝑑𝜀

= 𝑐𝑥1 + 6𝑔𝑡1 + 𝑥0,
𝑑𝑡1
𝑑𝜀

= 3𝑐𝑡1 + 𝑡0,
𝑑𝑢1
𝑑𝜀

= −2𝑐𝑢1 − 𝑔   

                        𝑢1(0) = 𝑢, 𝑥1(0) = 𝑥, 𝑡1(0) = 𝑡                                                                      

(5) 

The general solution of Eq. 5 read: 

𝑢1 = e−2𝑐𝜀𝑢 + 𝑔0, 𝑥1 = e𝑐𝜀𝑥 − 6e3𝑐𝜀𝑔0𝑡 + 𝑋0, 𝑡1 = e3𝑐𝜀𝑡 + 𝑇0                (6) 

In Eq. 6, the constants *𝑔0, 𝑋0, 𝑇0+ are given by:  

              𝑇0 =
𝑎3−1

3𝑐
𝑡0, 𝑋0 =

𝑎−1

𝑐
𝑥0 +

𝑎3−3𝑎+2

𝑐2
𝑔𝑡0, 𝑔0 =

1−𝑎2

2𝑐𝑎2
𝑔, 𝑎 = e𝑐𝜀                    (7) 

The equivalent expression of Eq. 6 is that if 𝑢 = 𝑢(𝑥, 𝑡) is a solution of the KdV Eq. 

1, then: 

𝑢1 = e−2𝑐𝜀𝑢(e−𝑐𝜀(𝑥 + 6𝑔0𝑡 − 𝑋0 − 6𝑔0𝑇0),  e
−3𝑐𝜀(𝑡 − 𝑇0)) + 𝑔0                  

(8) 

is also a solution. 

   The invariant solution of the KdV Eq. 1 related to the symmetry Eq. 4 can be 

obtained by solving Eq. 4 with 𝜎 = 0. The result can be separated to two cases.  

Case 1. 𝑐 ≠ 0. In this case, the solution of 𝜎 = 0 reads: 

         𝑢 = −
𝑔

2𝑐
+

𝑈(𝑋)

(3𝑐𝑡+𝑡0)
2
3

, 𝑋 =
𝑐2𝑥+𝑐𝑥0−2𝑔𝑡0

𝑐2(3𝑐𝑡+𝑡0)
1
3

−
𝑔

𝑐2
(3𝑐𝑡 + 𝑡0)

2

3                                    (9) 

where U(X) satisfies the following third order ordinary differential equation:  

                  



        𝑈𝑋𝑋𝑋 = 6𝑈𝑈𝑋 + 𝑐𝑋𝑈𝑋 + 2𝑐𝑈                                                                                               

(10) 

which is equivalent to the Painlevé II equation [13,14].  

Case 2. 𝑐 = 0. In this case, we have: 

𝑢 = 𝑈(𝑌) −
𝑔𝑡

𝑡0
−

𝑥0

6𝑡0
, 𝑌 = 𝑥 −

3𝑔𝑡2

𝑡0
−

𝑥0𝑡

𝑡0
                                                                            

(11) 

where U satisfies:  

𝑈𝑌𝑌 = 3𝑈2 +
𝑔𝑌

𝑡0
+ 𝑐0                                                                                                            

(12) 

which is equivalent to the Painlevé I equation for 𝑔 ≠ 0. When 𝑔 = 0, Eq. 12 can be 

solved by means of the Weierstrass elliptic functions.  

3 Recursion operators and generalized local and nonlocal 

symmetries 

In addition to the Lie point symmetries, there are infinitely many generalized 

symmetries for integrable systems. In (1+1)-dimensional cases, to find infinitely 

many generalized symmetries, one can apply strong symmetries and/or recursion 

operators.  

Definition 1. For a known symmetry 𝜎0  of a PDE 𝑢𝑡 = 𝐹(𝑢) , if Φ𝜎0  is also a 

symmetry, then the operator Φ is defined as a strong symmetry of the PDE.  

Definition 2. If the operator Φ is not only a strong symmetry of 𝑢𝑡 = 𝐹(𝑢), but also a 

strong symmetry of the PDE 𝑢𝑡 = Φ𝐹(𝑢), then we call Φ is a hereditary operator or a 

recursion operator [1,15].  

It is not difficult to verify that the operator: 

        Φ = 𝜕𝑥
2 − 4𝑢 − 2𝑢𝑥𝜕𝑥

−1                                                                                                           

(13) 

is just the recursion operator of the KdV Eq. 1 and:  

        𝐾𝑛 = Φ𝑛𝐾0,   𝜏𝑛 = Φ𝑛𝜏0, 𝑛 = 0, 1, 2, … ,∞                                                                        

(14) 

where 𝐾0, 𝐾1, 𝜏0, 𝜏1 are just the known Lie point symmetries defined in Eq. 4. 

𝐾𝑛 and 𝜏𝑛 for 𝑛 ≥ 2 are local generalized symmetries, say, for 𝑛 = 2: 

         𝐾2 = (10𝑢𝑢𝑥𝑥 + 5𝑢𝑥
2 − 10𝑢3 − 𝑢𝑥𝑥𝑥𝑥)𝑥                                                                           

(15) 

The generalized symmetries may be local and nonlocal. To find generalized 

nonlocal symmetries, there are various methods including the factorization of inverse 

recursion operators [16], the infinitesimal Darboux transformations [17], the 

infinitesimal Bäcklund transformations [18] and the residual symmetries [19]. Here, 

we apply the truncated Painlevé analysis [20] to derive the residual symmetry for the 

KdV Eq. 1.  

                  



After finishing some standard calculations for the Painlevé analysis of the KdV 

equation, we have the auto-Bäcklund transformation: 

   𝑢 =
2𝑓𝑥

2

𝑓2
−

2𝑓𝑥𝑥

𝑓
+ 𝑢2                                                                                                               

(16) 

where 𝑢  and 𝑢2  are all the solutions of the KdV Eq. 1 while the function 𝑓  is a 

solution of the singular manifold equation, i.e., the Schwarz KdV equation: 

   𝑓𝑡 = −𝑓𝑥𝑥𝑥 + λ𝑓𝑥 +
3𝑓𝑥𝑥

2

2𝑓𝑥
                                                                                                        

(17) 

and 𝑢2 is related 𝑓 by: 

   𝑢2 = −
𝑓𝑥𝑥
2

4𝑓𝑥
2 +

𝑓𝑥𝑥𝑥

𝑓𝑥
+

λ

6
                                                                                                            

(18) 

It is clear that Eq. 18 is a nonauto-Bäcklund transformation between the KdV Eq. 1 

and the Schwarz KdV Eq. 17. It is also interesting that the residual, −2𝑓𝑥𝑥, given in 

Eq. 16 with respect to the singular manifold f is just a nonlocal symmetry of the KdV 

Eq. 1 with 𝑢 = 𝑢2 ,19,20-. Thus, applying the inverse of the recursion operator Eq. 

13: 

   Φ−1 = 𝜕𝑥𝑓𝑥𝜕𝑥
−1𝑓𝑥

−1𝜕𝑥
−1𝑓𝑥

−1𝜕𝑥
−1𝑓𝑥                                                                                         

(19) 

on the residual symmetry, one can find a set of nonlocal symmetries: 

   𝐾−𝑛−1
(0)

= Φ𝑥
−𝑛𝐾−1

(0)
,  𝐾−1

(0)
= 𝑓𝑥𝑥, 𝑛 = 0, 1, 2, … ,∞                                             (20) 

In fact, the residual symmetry is a kernel of the recursion operator Φ. From the 

expression Eq. 19, we know that there are three kernels of Φ. One can check that the 

other two kernels:  

        𝐾−1
(1) = 𝜕𝑥𝑓𝑥𝜕𝑥

−1𝑓𝑥
−1 = 𝑓𝑥𝑥𝜕𝑥

−1𝑓𝑥
−1 + 1                                                                                 

(21) 

and  

        𝐾−1
(2) = 𝜕𝑥𝑓𝑥𝜕𝑥

−1𝑓𝑥
−1𝜕𝑥

−1𝑓𝑥
−1 =

1

2
𝑓𝑥𝑥(𝜕𝑥

−1𝑓𝑥
−1)2 + 𝜕𝑥

−1𝑓𝑥
−1                                (22) 

are all the nonlocal symmetries of the KdV Eq. 1. Therefore, we have three sets of 

infinitely many nonlocal symmetries:  

        𝐾−𝑛−1
(𝑖)

= Φ𝑥
−𝑛𝐾−1

(𝑖)
, 𝑛 = 0, 1, 2, … ,∞, 𝑖 = 0, 1, 2                                                (23) 

which are equivalent to those given in Ref. [16].  

The nonlocal symmetries, 𝑓𝑖𝑥𝑥, 𝑖 = 1, 2, … , 𝑛, can be localized with help of the 

localization approach of nonlocal symmetries by extending the KdV solution space 

{x, t, u} Eq. 1 to the enlarged space {x, t, u, 𝑓𝑖, 𝑔𝑖, 𝑕𝑖}, where, 𝑓𝑖 , 𝑖 = 1, 2, … , 𝑛, are 

related to u by:  

                  



𝑢 = −
𝑓𝑖𝑥𝑥
2

4𝑓𝑖𝑥
2 +

𝑓𝑖𝑥𝑥𝑥

𝑓𝑖𝑥
+

𝜆𝑖

6
, 𝑔𝑖 = 𝑓𝑖𝑥, 𝑕𝑖 = 𝑔𝑖𝑥                                                                           

(24) 

Using the n copies of the nonlocal symmetries 𝑓𝑖𝑥𝑥 in its vector form: 

        𝑉 = 2∑ 𝑐𝑖𝑓𝑖𝑥𝑥𝜕𝑢
𝑛
𝑖=1                                                                                                        

(25) 

one can derive the n-fold Darboux and/or Bäcklund transformations by using 

nonlocalization approach [19,20]. The localized form of (25) reads [20]:  

        𝑉 = 2∑ 𝑐𝑖𝑕𝑖𝜕𝑢 − ∑ [𝑐𝑖𝑓𝑖
2 + ∑

𝑐𝑗

4

(𝑔𝑖𝑕𝑗−𝑕𝑖𝑔𝑗)
2

𝑔𝑖𝑔𝑗(𝜆𝑖−𝜆𝑗)
2

𝑛
𝑗≠𝑖 ] 𝜕𝑓𝑖

𝑛
𝑖=1

𝑛
𝑖=1  

−∑ [2𝑐𝑖𝑔𝑖𝑓𝑖 + ∑ 𝑐𝑗
𝑔𝑖𝑕𝑗−𝑕𝑖𝑔𝑗

𝜆𝑖−𝜆𝑗

𝑛
𝑗≠𝑖 ] 𝜕𝑔𝑖

𝑛
𝑖=1   

−∑ {2𝑐𝑖(𝑕𝑖𝑓𝑖 + 𝑔𝑖
2) + ∑

𝑐𝑗

2
[4𝑔𝑖𝑔𝑗 +

𝑔𝑖
2𝑕𝑗

2−𝑕𝑖
2𝑔𝑗

2

(𝜆𝑖−𝜆𝑗)𝑔𝑖𝑔𝑗
]𝑛

𝑗≠𝑖 } 𝜕𝑕𝑖
𝑛
𝑖=1                      (26) 

Starting from the vector form of the localized symmetry Eq. 26 of the nonlocal 

symmetry Eq. 25, we can find its finite form, i.e., the Darboux and/or Bäcklund 

transformation of the KdV Eq. 1. 

Darboux transformation theorem. If  *𝑢, 𝑓𝑖, 𝑔𝑖 , 𝑕𝑖+ is a solution of the prolonged 

KdV system (1), (24) and   

       𝑓𝑖𝑡 = −𝑓𝑖𝑥𝑥𝑥 + λi𝑓𝑖𝑥 +
3𝑓𝑖𝑥𝑥

2

2𝑓𝑖𝑥
                                                                                (27) 

so is 2𝑢̅ = 𝑢 + 2(ln Δ)𝑥𝑥, 𝑓𝑖̅ = −
Δ𝑖

Δ
, 𝑔̅𝑖 = 𝑓𝑖̅𝑥, 𝑕̅𝑖 = 𝑔̅𝑖𝑥3  with Δ = det(𝑀) ,𝑀𝑗𝑖 =

𝜖𝑐𝑖𝑤𝑗𝑖 = 𝜖𝑐𝑖
𝑔𝑖𝑕𝑗−𝑔𝑗𝑕𝑖

2√𝑔𝑖𝑔𝑗(𝜆𝑗−𝜆𝑖)
, 𝑗 ≠ 𝑖,𝑀𝑖𝑖 = 𝜖𝑐𝑖𝑓𝑖 − 1  and Δk = det(𝑀𝑘) ,𝑀𝑘,𝑗𝑖 =

𝜖𝑐𝑖𝑤𝑗𝑖, 𝑖 ≠ 𝑗, 𝑘,𝑀𝑘,𝑗𝑘 = 𝑤𝑗𝑘, 𝑗 ≠ 𝑘,𝑀𝑘,𝑖𝑖 = 𝜖𝑐𝑖𝑓𝑖 − 1, 𝑖 ≠ 𝑘,𝑀𝑘,𝑘𝑘 = 𝑓𝑘 . ◼ 

For integrable systems, various mathematicians believe that all the solutions can 

be obtained by means of Darboux transformations. Now, we have obtained the 

Darboux transformation of the KdV equation by means of nonlocal symmetries. That 

means we may obtain all solutions of the KdV equation from nonlocal symmetries. It 

is also known that the local and nonlocal symmetries are dual [21], which implies that 

all solutions of the KdV equation may also be obtained by means of its local 

symmetries.   In some times, to find exact solution it is convenience to combine local 

and nonlocal symmetries. For instance, if we combine the local 

symmetries,  𝐾0, 𝐾1, 𝜏0, 𝜏1  and nonlocal symmetries Eq. 25, one can obtain various 

interaction solutions between the solitons and other KdV waves such as the cnoidal 

periodic wave and Painlevé I and II waves [17].  

To find some more concrete solutions of the KdV equations, one may directly 

use the so-called symmetry constraint method. For instance, if we use the symmetry 

constraint condition 𝐾0 = 2∑ 𝑓𝑖𝑥𝑥
𝑛
𝑖=1 , i.e.: 

𝑢 = 2∑ 𝑓𝑖𝑥
𝑛
𝑖=1                                                                                                             (28) 

then one can find the algebro-geometric solutions of the KdV Eq. 1 by solving the 

                  



following finite dimensional integrable systems: 

𝑓𝑖𝑥 = 𝑔𝑖 , 𝑔𝑖𝑥 = 𝑕𝑖 , 𝑕𝑖𝑥 =
1

4
𝑕𝑖
2𝑔𝑖

−1 − 2𝑔𝑖  ∑ 𝑔𝑘
𝑛
𝑘=1 −

1

6
𝑔𝑖𝜆𝑖                                       (29) 

and  

𝑓𝑖𝑡 = −2𝑔𝑖 ∑ 𝑔𝑘
𝑛
𝑘=1 +

7

12
λi𝑔𝑖 +

5

8
𝑕𝑖
2𝑔𝑖

−1                                                                  (30) 

𝑔𝑖𝑡 = −
1

2
∑ (9𝑕𝑖𝑔𝑘 + 4𝑔𝑖𝑕𝑘)
𝑛
𝑘=1 +

3

8
λi𝑕𝑖 −

5

16
𝑕𝑖
3𝑔𝑖

−2  

𝑕𝑖𝑡 = 13𝑔𝑖(∑ 𝑔𝑘
𝑛
𝑘=1 )2 + ∑ .

3

4

𝑔𝑘𝑕𝑖
2

𝑔𝑖
−

𝑕𝑘
2

2𝑔𝑘
+

𝜆𝑘𝑔𝑘

3
−

13𝑕𝑖𝑕𝑘

2
/𝑛

𝑘=1 −
λi
2𝑔𝑖

16
+

𝜆𝑖𝑕𝑖
2

4𝑔𝑖
+

25𝑕𝑖
4

64𝑔𝑖
3  

The finite dimensional integrable systems Eqs. 29 and 30 are equivalent to those 

obtained from the nonlinearization approach [22-24]. Thus, the algebro-geometric 

solution Eq. 28 with Eqs. 29-30 are same as known ones as explicitly shown in 

[22,23] for the KP equation by eliminating the y variable. Because of the duality of 

the generalized local and nonlocal symmetries [21], the algebro-geometric solutions 

(28) are also same as those obtained by the local symmetry constraint, 𝐾𝑛 = Φ𝑛𝐾0 =

0, where 𝐾𝑛 is defined in Eq. 14.  

To end this section, we derive the recursion operator Eq. 13 from the single 

nonlocal symmetry 𝑓𝑖𝑥𝑥 given by Eq. 24.  

Substituting 𝑓𝑖𝑥𝑥 = 𝜎𝑖 into Eq. 24, we have:  

𝑢𝜎𝑖 =
1

6
 𝜎𝑖𝜆𝑖 −

1

4

𝜎𝑖
3

𝑓𝑖𝑥
2 +

1

2

𝜎𝑖𝜎𝑖𝑥

𝑓𝑖𝑥
                                                                                               

(31) 

In order to cancelling the nonlinear terms of 𝜎𝑖 in Eq. 31, multiplying Eq. 24 by 𝑓𝑖𝑥 

and differentiating the result with respect to x yields:  

         𝑢𝜎𝑖 + 𝑢𝑥𝜕𝑥
−1𝜎𝑖 =

1

6
 𝜎𝑖𝜆𝑖 +

1

4

𝜎𝑖
3

𝑓𝑖𝑥
2 −

1

2

𝜎𝑖𝜎𝑖𝑥

𝑓𝑖𝑥
+

1

2
𝜎𝑖𝑥𝑥                                              

(32) 

It is clear that Eq. 31+Eq. 32 becomes (𝜆1𝑖 ≡ −
2

3
𝜆𝑖): 

        (𝜕𝑥
2 − 4𝑢 − 2𝑢𝑥𝜕𝑥

−1)𝜎𝑖 ≡ Φ𝜎𝑖 = 𝜆1𝑖𝜎𝑖                                                                                

(33) 

One can directly verify that the symmetry Eq. 2 with 𝜎 = 𝜎𝑖  and the eigenvalue 

problem of Φ, Eq. 33 is just a Lax pair of the KdV Eq. 1. Thus, Φ derived from the 

residual symmetry is just the recursion operator of the KdV equation. It is interesting 

that one can derive recursion operator from one key nonlocal symmetry such as the 

residual symmetry, square-eigenfunction symmetry etc. for many (1+1)-dimensional 

integrable systems.   

4 Master-symmetries and formal series symmetries  

Expect for the breaking soliton systems, linearizable C integrable systems and higher 

dimensional dispersionless equations such as the heavenly equations [21,25], there is 

                  



no recursion operators for higher dimensional integrable systems. To find symmetries 

of higher dimensional integrable systems, some other types effective methods 

including the master symmetry method [21] and the formal series symmetry approach 

[27-29] have been developed.  

4.1 Master symmetry method  

For simplicity to illustrate the master symmetry method, we take the Kadomtsev-

Petviashvili (KP) equation: 

 (𝑢𝑡 + 𝑢𝑥𝑥𝑥 − 6𝑢𝑢𝑥)𝑥 + 3𝛾2𝑢𝑦𝑦 = 0                                                                                    

(34) 

i.e.: 

𝑢𝑡 = −𝑢𝑥𝑥𝑥 + 6𝑢𝑢𝑥 − 3𝛾2𝜕𝑥
−1𝑢𝑦𝑦 ≡ 𝐾(𝑢)                                                       

(35)  

as a simple example. A symmetry of the KP equation, 𝜎, is a solution of its linearized 

equation:  

        (𝜎𝑡 + 𝜎𝑥𝑥𝑥 − 6𝑢𝜎𝑥 − 6𝜎𝑢𝑥)𝑥 + 3𝛾2𝜎𝑦𝑦 = 0                                                      

(36) 

If Z is not a symmetry of the nonlinear system 𝑢𝑡 = 𝐾(𝑢), however, its commutator 

𝜎 = ,𝐾, 𝑍- defined by:  

     𝐾,,-𝑍 ≡ ,𝐾, 𝑍- ≡ 𝐾′𝑍 − 𝑍′𝐾 ≡ lim𝜖→0
𝑑

𝑑𝜖
,𝐾(𝑢 + 𝜖𝑍) − 𝑍(𝑢 + 𝜖𝐾)-                          

(37) 

is a symmetry of 𝑢𝑡 = 𝐾(𝑢), then we call Z a first order master symmetry. If the k 

times commutator of Z with respect to K, 𝐾,,-
𝑘𝑍, is a symmetry, then Z is the kth order 

master symmetry of the nonlinear system 𝑢𝑡 = 𝐾(𝑢). 

For the KP equation (34), one can find that  𝑍 = 𝑦𝑛−1 is just nth order master 

symmetry. The first few symmetries obtained from the master symmetries read:  

𝜎1 = 0𝐾,
𝑦0

2⋅3
1 = 𝑢𝑥                                                                                                                  

(38) 

𝜎2 = [𝐾, 0𝐾,
𝑦1

22⋅32⋅𝛾2
1] = 𝐾,,-

2 𝑦

22⋅32⋅𝛾2
= 𝑢𝑦                                                                  

(39) 

𝜎3 = 𝐾,,-
3 𝑦2

22⋅33⋅𝛾2
= 𝑢𝑡                                                                                                            

(40) 

𝜎4 = 𝐾,,-
4 𝑦3

24⋅35⋅𝛾2
= 4𝑢𝑢𝑦 + 2𝑢𝑥𝑣𝑥 − 𝑢𝑥𝑥𝑦 − 𝛾2𝑣𝑦𝑦, 𝑢𝑦 = 𝑣𝑥𝑥                           

(41) 

                  



4.2 Formal series symmetry approach  

To find more generalized symmetries for (2+1)-dimensional integrable systems, 

a formal series symmetry approach is proposed in Refs. [27-29] for the nonlinear 

systems in the form: 

𝑢𝑥𝑡 = 𝐾𝑥(𝑢)                                                                                                                           

(42) 

A symmetry of (42), 𝜎, is determined by its linearized equation: 

𝜎𝑥𝑡 = 𝜕𝑥𝐾
′𝜎                                                                                                                          

(43)  

A formal series symmetry of Eq. 42, i.e., a formal solution of Eq. 43 can be 

written as [27-29]: 

𝜎(𝑓) = ∑ 𝑓(−𝑘)𝐾,,-
𝑘𝑔(𝑦)∞

𝑘=0                                                                                                    

(44) 

where 𝑓 ≡ 𝑓(𝑡)  and 𝑔 ≡ 𝑔(𝑦)  are arbitrary functions of t and y respectively, and 

𝑓(𝑖) ≡ 𝜕𝑡
𝑖𝑓. It is interesting that for many integrable systems such as the KP equation 

[28], the Toda system [27], the B-type KP equation [29] etc., the series symmetries 

expressed by Eq. 44 will be truncated if the function g is fixed as a polynomial 

function of y. For the KP Eq. 34 or Eq. 35, the formal series symmetry Eq. 44 

becomes [27,28]: 

𝜎𝑛+1(𝑓) = ∑ 𝑓(𝑛+1−𝑘)𝐾,,-
𝑘𝑦𝑛 𝑛+1

𝑘=0                                                                                            

(45) 

The first four of them read:  

𝜎1(𝑕) = 𝑕𝑢𝑥 +
1

6
𝑕̇                                                                                                                   

(46) 

𝜎2(𝑔) = 𝑔𝑢𝑦 −
1

6𝛾2
𝑔̇𝑦𝑢𝑥 −

1

36𝛾2
𝑔̈𝑦                                                                                       

(47) 

𝜎3(𝑓) = 𝑓𝑢𝑡 +
1

3𝛾2
𝑓̇(𝑥𝑢𝑥 + 2𝑦𝑢𝑦 + 2𝑢) +

1

18𝛾2
𝑓̈(𝑥 − 𝑦2𝑢𝑥) −

1

108𝛾2
𝑓𝑦2     

(48) 

 𝜎4(𝑚) = 𝑚(4𝑢𝑢𝑦 − 𝑢𝑥𝑥𝑦 + 2𝑢𝑥𝑣𝑥 − 𝛾2𝑣𝑦𝑦) +
𝑦𝑚̇

12𝛾2
(2𝛾2𝑥𝑢𝑦 + 4𝛾2𝜕𝑥

−1𝑢𝑦 

                −𝑦𝑢𝑡) −
𝑦𝑚̈

36𝛾2
(𝑥𝑢𝑥 + 𝑦𝑢𝑦 + 2𝑢) +

𝑦𝑚⃛

648𝛾4
(𝑦2𝑢𝑥 − 3𝑥𝛾2) +

𝑚(4)𝑦3

3888𝛾4
    (49) 

where 𝑕, 𝑔, 𝑓 and 𝑚 are arbitrary functions of t, the dots above the functions are the 

derivatives of the functions with respect to t. It is clear that the symmetries Eqs. 38-41 

are just the special cases of Eqs. 46-49 for 𝑕 = 𝑔 = 𝑓 = 𝑚 = 1.   

                  



5 Symmetries of integrable discrete systems 

The discrete Kadomtsev-Petviashvili equation (dKP) equation was proposed 

independently by Hirota [30] and Miwa [31] in early 1980s so it is also called Hirota-

Miwa (HM) equation. It is the most fundamental equation for discrete integrable 

system. We can use dKP equation as an example to explain the symmetry of discrete 

integrable systems. The dKP equation is a three-dimensional discrete integrable system 

with complex-valued τ -function defined on a three-dimensional lattice (k1, k2, k3) 

with lattice constants a1, a2, a3 such that τ (k1, k2, k3) = τ (k1a1, k2a2, k3a3). The dKP 

equation is one of the most fundamental equations in integrable system, which is 

usually expressed as a bilinear form: 

a1(a2 − a3)τ (k1 + 1, k2,k3)τ (k1, k2 + 1, k3 + 1) 

+a2(a3 − a1)τ (k1, k2 + 1, k3)τ (k1 + 1, k2, k3 + 1) 

+a3(a1−a2)τ(k1,k2,k3+1)τ(k1+1,k2+1,k3)=0                                      (50) 

Here each subscript i denotes a forward shift in the corresponding discrete variable 

ni, for example, τi = τ (ki + 1, kj, km). Its geometric interpretation is given in [32]. 

      If we use the following abbreviations: 

τ (k1 + 1, k2,k3) = τ1, τ (k1, k2 + 1, k3 + 1) = τ23 

then the dKP equation takes a short form: 

          𝑎1(𝑎2 − 𝑎3)𝜏1𝜏23 + 𝑎2(𝑎3 − 𝑎1)𝜏2𝜏31+𝑎3(𝑎1 − 𝑎2)𝜏3𝜏12 = 0                    (51) 

Discrete KP hierarchy is an infinite number of bilinear equations with (ki, kj, km) 

taken from (k1, k2, k3, …): 

(𝑎𝑗
−1 − 𝑎𝑚

−1)𝜏𝑖𝜏𝑗𝑚 + (𝑎𝑚
−1 − 𝑎𝑖

−1)𝜏𝑗𝜏𝑚𝑖 + (𝑎𝑖
−1 − 𝑎𝑗

−1)𝜏𝑚𝜏𝑖𝑗 = 0               (52) 

This hierarchy reflects the nature of symmetry of discrete integrable systems, which 

is called four-dimensional (4D) consistency or multi-dimensional consistency. From 

this symmetry, we can construct Darboux transformation, as well as conservation 

laws, of discrete integrable systems. 

If we use the gauge transformation, the dKP equation takes a simpler form: 

           𝜏1𝜏23 − 𝜏2𝜏31 + 𝜏3𝜏12 = 0                                                                             (53) 

The Lax pair of the dKP equation was firstly proposed by Nimmo [33]. It can be 

derived from the dKP hierarchy: 

            𝜏𝑚𝜏𝑖𝑗 − 𝜏𝑗𝜏𝑖𝑚 + 𝜏𝑖𝜏𝑗𝑚 = 0                                                                              (54) 

Define:  

           𝜙 =
𝜏𝑚
𝜏
, 𝑢𝑖𝑗 = sgn(𝑗 − 𝑖)

𝜏𝑖𝑗𝜏

𝜏𝑖𝜏𝑗
 

then it follows: 

𝜙𝑖 − 𝜙𝑗 = 𝑢𝑖𝑗𝜙 

                  



which is the Lax pair of the dKP hierarchy. By taking 1 ≤ 𝑖, 𝑗 ≤ 3, we can have the 

following lattice:  

𝑢12 − 𝑢13 + 𝑢23 = 0 

From the compatibility condition, which is nothing but the dKP Eq. 53.   

If we restore lattice constants, then we have the following linear problem: 

𝜙𝑖 − 𝜙𝑗 = (𝑎𝑖
−1 − 𝑎𝑗

−1)𝑢𝑖𝑗𝜙 

The bilinear equation of the discrete BKP was proposed by Miwa [31-33]: 

    (𝑎2 − 𝑎3)(𝑎1 + 𝑎2)(𝑎1 + 𝑎3)𝜏1𝜏23 + (𝑎3 − 𝑎1)(𝑎1 + 𝑎2)(𝑎2 + 𝑎3)𝜏2𝜏31 +

    (𝑎1 − 𝑎2)(𝑎3 + 𝑎2)(𝑎1 + 𝑎3)𝜏3𝜏12 + (𝑎2 − 𝑎3)(𝑎1 + 𝑎2)(𝑎1 + 𝑎3)𝜏𝜏123 = 0  (55) 

which can be normalized into:  

𝜏1𝜏23 + 𝜏2𝜏31 + 𝜏3𝜏12 + 𝜏𝜏123 = 0                                                                      (56) 

Here we present the Lax pair of discrete BKP equation: 

     Φ12 −Φ = 𝜌12(Φ1 −Φ2)                                                                                      

(57) 

     Φ23 −Φ = 𝜌23(Φ2 −Φ3)                                                                                       

(58) 

     Φ31 −Φ = 𝜌31(Φ3 −Φ1)                                                                                     

(59) 

where 𝜌31 = 𝜏𝑖𝜏𝑗/(𝜏𝑖𝑗𝜏). Shifting one more step in each equation, we have: 

     Φ123 −Φ3 = 𝜌123(Φ13 −Φ23)  

Φ123 −Φ1 = 𝜌231(Φ12 −Φ13)  

Φ123 −Φ2 = 𝜌312(Φ23 −Φ12)  

Elimination of Φ123, we obtain: 

  (1 +  123 31 +  231 31 +  123 23)(Φ1 −Φ3)=0 

which is actually the discrete BKP equation. 

6 Conservation laws and deformations  

It is known that a symmetry usually related to a conservation law. For instance, the 

space translation invariance is related to the moment conservation and the time 

translation is corresponding to the energy conservation. There are several traditional 

methods to find conservation laws from symmetries and the conservation laws can be 

applied to solve nonlinear physical problems. In this section, we apply the 

conservation laws to find higher dimensional integrable systems by using a 

deformation algorithm [34-36].  

Deformation algorithm. For a general (1+1)-dimensional integrable local evolution 

system: 

         𝑢𝑡 = 𝐹(𝑢, 𝑢𝑥, … , 𝑢𝑥𝑛), 𝑢𝑥𝑛 = 𝜕𝑥
𝑛𝑢, 𝑢 = (𝑢1, 𝑢2, … , 𝑢𝑚)                                    

(60) 

if there exist some conservation laws: 

𝜌𝑖𝑡 = 𝐽𝑖𝑥, 𝑖 = 1, 2, … , 𝐷 − 1, 𝜌𝑖 = 𝜌𝑖(𝑢), 𝐽𝑖 = 𝐽𝑖(𝑢, 𝑢𝑥 , … , 𝑢𝑥𝑁)                       (61) 

                  



where the conserved densities 𝜌𝑖 are dependent only on the field 𝑢 while the flows 𝐽𝑖 

can be field derivative dependent, then the deformed (D+1)-dimensional system: 

𝑇̂𝑢 = 𝐹(𝑢, 𝐿̂𝑢, … , 𝐿̂𝑛𝑢)                                                                                     (62) 

is integrable with the deformation operators: 

𝐿̂ ≡ 𝜕𝑥 + ∑ 𝜌𝑖𝜕𝑥𝑖 ,   
𝐷−1
𝑖=1 𝑇̂ ≡ 𝜕𝑡 + ∑ 𝐽𝑖̅𝜕𝑥𝑖       

𝐷−1
𝑖=1                                                (63) 

and the deformed flows: 

𝐽𝑖̅ ≡ 𝐽𝑖|𝑢
𝑥𝑗
→𝐿̂𝑗𝑢,𝑗=1,2,…,𝑁                                                                                       

(64) 

Applying the algorithm to known integrable systems such as the KdV equation [34], 

the nonlinear Schrödinger (NLS) equation [35] and the Camassa-Holm (CH) equation 

[36] etc., various higher dimensional integrable systems have been obtained.   

   For the KdV Eq. 1 with the conserved density u, we have the following (2+1)-

dimensional integrable KdV-Harry-Dym (KdV-HD) equation [34]:  

𝑢𝑡 + .𝑢𝑥𝑥 − 3𝑢2 + 3𝑢𝑢𝑥𝑦 +
3

2
𝑢2𝑢𝑦𝑦/

𝑥
+ .𝑢3𝑢𝑦𝑦 − 𝑢3 +

3

2
𝑢2𝑢𝑥𝑦/

𝑦
= 0      

(65) 

owing to the deformation algorithm. For the real shallow water waves, they are 

usually not center symmetric. The solitary waves of the (2+1)-dimensional model 

possesses asymmetric and the folded solitary wave structure because of the inclusion 

of nonlinear dispersion effects expressed by 𝑢3𝑢𝑦𝑦𝑦  which is more reasonable to 

describe the real water waves.  

7 Ren symmetries and ren integrable systems 

For a Lax integrable system, there are one or more Lax pairs. For instance, for 

the KdV Eq. 1, the related Lax pair possesses the form:  

𝐿𝑥𝜓 ≡ (𝜕𝑥
2 − 𝑢 + 𝜆)𝜓 = 0                                                                                

(66) 

𝐿𝑡𝜓 ≡ (𝜕𝑡 + 4𝜕𝑥
3 − 6𝑢𝜕𝑥 − 3𝑢𝑥)𝜓 = 0                                                             

(67) 

where 𝜆 is an arbitrary spectral parameter and 𝜓 is a spectral function related to 𝜆. 

The KdV Eq. 1 is equivalent to the compatibility condition of Eq. 66 and Eq. 67: 

,𝐿𝑥, 𝐿𝑡- ≡ 𝐿𝑥𝐿𝑡 − 𝐿𝑡𝐿𝑥 = 0 

If 𝜓 is a bosonic function, then one can check that the square eigenfunction (𝜓2)𝑥 is a 

nonlocal symmetry of the KdV Eq. 1. Thus, one can construct some new integrable 

systems with help of the square eigenfunction symmetries, say, the second type of 

integrable KdV equation with self-consistent source:  

𝑢𝑡 + 𝑢𝑥𝑥𝑥 − 6𝑢𝑢𝑥 = (𝜓2)𝑥                                                                               

(68) 

(𝜕𝑡 + 4𝜕𝑥
3 − 6𝑢𝜕𝑥 − 3𝑢𝑥)𝜓 = 0                                                                       (69) 

If 𝜓 = 𝜉  of Eq. 66 and Eq. 67 is fermionic, then one can check that 𝜉𝜉𝑥𝑥  is a 

                  



symmetry of the KdV equation. Therefore, the corresponding source equation is just 

the so-called super-integrable equation proposed by Kupershmidt [11]: 

𝑢𝑡 + 𝑢𝑥𝑥𝑥 − 6𝑢𝑢𝑥 = 𝜉𝜉𝑥𝑥                                                                                   

(70) 

(𝜕𝑡 + 4𝜕𝑥
3 − 6𝑢𝜕𝑥 − 3𝑢𝑥)𝜉 = 0                                                                         

(71) 

Furthermore, the spectral function, 𝜓 = 𝜁, of the Lax pair Eq. 66 and Eq. 67 may be a 

ren-number with the property:  

𝜁𝛼 = 0, 𝜁𝑗 ≠ 0, 𝑗 < 𝛼                                                                                         (72) 

where 𝛼 is an arbitrary integer. “Ren” means arbitrary in Chinese.  

When 𝛼 = 2, the ren-number defined by Eq. 72 is just the usual Grassmann number to 

describe fermions. The commutator between two ren-numbers 𝜃 and 𝜁 possesses the 

form:  

𝜁𝜃 = 𝑞𝛽𝜃𝜁, 𝑞 = exp .
2𝜋i

𝛼
/ , i ≡ √−1, 𝛽 = 1, 2, … , 𝛼 − 1                                  (73) 

𝛽 is called the degree of the ren-number of 𝜁, where we always fix the degree of 𝜃 as 

one later.  

If 𝜓 = 𝜁1 and 𝜓 = 𝜁2 of the Lax pair Eq. 66 and Eq. 67 with the same spectral 

parameter 𝜆, and the orders 𝛽 and 𝛼 − 𝛽, then one can check that 𝜁1𝜁2𝑥𝑥 − 𝜁1𝑥𝑥𝜁2 is a 

symmetry of the KdV equation. Thus, we call the system of the following second 

types of source equation system:  

𝑢𝑡 + 𝑢𝑥𝑥𝑥 − 6𝑢𝑢𝑥 + 12𝜁1𝜁2𝑥𝑥 − 12𝜁1𝑥𝑥𝜁2 = 0                                               (74) 

(𝜕𝑡 + 4𝜕𝑥
3 − 6𝑢𝜕𝑥 − 3𝑢𝑥)𝜁1 = 0                                                                      (75) 

(𝜕𝑡 + 4𝜕𝑥
3 − 6𝑢𝜕𝑥 − 3𝑢𝑥)𝜁2 = 0                                                                      (76) 

as the ren-integrable system. The Lax pair of (74)-(76) can be written as:  

(𝜕𝑥
2 − 𝑢 + 𝜆)𝜓 − 𝜁1𝜕𝑥

−1(𝜁2𝜓) + (𝜕𝑥
−1𝜁1𝜓) 𝜁2  = 0                                          (77) 

(𝜕𝑡 + 4𝜕𝑥
3 − 6𝑢𝜕𝑥 − 3𝑢𝑥)𝜓 = 0                                                                        

(78) 

To prove the Lax integrability of Eqs. 74-76, there is no any additional conditions 

except for the bosonic conditions of every term of Eq. 74 which requires the order of 

the 𝜁1  and 𝜁2  should be 𝛽  and 𝛼 − 𝛽  respectively. When 𝛼 = 2, the ren-integrable 

system Eqs. 74-76 becomes a super-integrable system. From the commutation relation 

Eq. 73, we know that the ren integrable system can be used to describe the 

interactions among bosonic field u and the anyonic fields 𝜁1 and 𝜁2.  

8 Supersymmetric and ren-symmetric integrable systems 

In addition to the super-integrable systems, there are some types of super-symmetric 

integrable systems with the super-symmetric fields and supersymmetric derivative:  

𝔇 = 𝜕𝜃 + 𝜃𝜕𝑥, 𝔇
2 = 𝜕𝑥                                                                                     

(79) 

The supersymmetric derivative operator 𝔇  is invariant under the supersymmetric 

transformation: 

                  



𝜃 → 𝜃 + 𝜂, 𝑥 → 𝑥 − 𝜃𝜂                                                                                    (80) 

After introducing the super-space variable 𝜃  and the supersymmetric derivative 𝔇, 

various usual bosonic integrable systems have been extended to the supersymmetric 

integrable systems. For instance, one of the supersymmetric 𝑁 = 1 KdV equation 

possesses the form (Φ ≡ Φ(𝑥, 𝑡, 𝜃)): 

Φ𝑡 +Φ𝑥𝑥𝑥 + 𝑎(𝔇Φ𝑥)Φ + (6 − 𝑎)(𝔇Φ)Φ𝑥 = 0                                                 

(81) 

Mathieu [30] had proven that the supersymmetric KdV equation is integrable only for 

𝑎 = 0 and 3.  

Similarly, for the ren functions, we may introduce ren-symmetric derivative: 

ℜ = 𝜕𝜃 +
𝜃𝛼−1

,(𝛼−1)!-𝑞
𝜕𝑥, ℜ

𝛼 = 𝜕𝑥                                                                                     

(82) 

where ,𝑛!-𝑞 is defined as:  

,𝑛!-𝑞 = ∏
1−𝑞𝑖

1−𝑞
= ∏ 𝑖𝑞 = 1𝑞2𝑞 ⋯𝑛𝑞 ,

𝑛
𝑖=1

𝑛
𝑖=1  𝑖𝑞 = 1 + 𝑞 + 𝑞2 +⋯+ 𝑞𝑖−1        

(83) 

 It is not difficult to verify that the ren-symmetric derivative ℜ defined in Eq. 76 is 

invariant under the following ren-symmetric transformation: 

𝜃 → 𝜃 + 𝜂, 𝑥 → 𝑥 − 𝑓(𝜃, 𝜂), 𝑓 = 𝑓(𝜃, 𝜂) = ∑
𝜃𝑘𝜂𝛼−𝑘

,𝑘!-𝑞,(𝛼−𝑘)!-𝑞

𝛼−1
𝑘=1                       

(84) 

When 𝛼 = 2,  the ren-symmetric derivative Eq. 82 and the ren-symmetric 

transformation Eq. 84 are reduced to the usual supersymmetric derivative Eq. 79 and 

the supersymmetric transformation Eq. 81, respectively.  

      Applying the ren-symmetric derivative Eq. 82 to the integrable systems, one can 

find various ren-symmetric integrable systems. For the KdV equation, the most 

general 𝛽𝑡𝑕 order ren-symmetric KdV equation may have the form, Φ = Φ(x, t, θ): 

Φ𝑡 +Φ𝑥𝑥𝑥 + ∑ 𝑎𝑖
0
𝛽+𝛼

2
1

𝑖=0
(ℜ𝑖Φ)(ℜ𝛽+𝛼−𝑖Φ) = 0, 𝛽 = 0, 1, 2, … , 𝛼 − 1                

(85) 

where 𝑎𝑖, 𝑖 = 0, 1, 2, … , 0
𝛽+𝛼

2
1, are bosonic constants, Φ is a 𝛽𝑡𝑕 order ren-field (ren-

field with degree 𝛽)  and 0
𝛽+𝛼

2
1 is the integer part of  

𝛽+𝛼

2
. 

As in the super-symmetric (𝛼 = 2) case, one may find some possible integrable 

cases by fixing the constants 𝑎𝑖  of the ren-symmetric KdV equation Eq. 85.  For 

instance, for 𝛼 = 3, there are at least two ren-symmetric integrable KdV equation: 

Φ1𝑡 = −Φ1𝑥𝑥𝑥 + (ℜ2Φ1)
2 + (ℜΦ1)Φ1𝑥                                                                           

(86) 

Φ2𝑡 = −Φ2𝑥𝑥𝑥 + 3Φ2𝑥ℜ
2Φ2                                                                                     

(87) 

                  



where Φ1 ≡ Φ1(𝑥, 𝑡, 𝜃) and Φ2 ≡ Φ2(𝑥, 𝑡, 𝜃) are the first and second order ren fields 

for 𝛼 = 3 with the properties: 𝜃3 = Φ1
3 = Φ2

3 = 0,Φ1𝜃 = 𝑞𝜃Φ1, Φ2𝜃 = 𝑞2𝜃Φ2, 𝑞 =

exp .
2𝜋i

3
/ , ℜ = 𝜕𝜃 − 𝑞𝜃2𝜕𝑥, and ℜ

3 = 𝜕𝑥. 

      

9 Summary and discussions 

In summary, symmetries are very important in natural science especially in integrable 

systems because of the existence of infinitely many symmetries.  Usually, to find 

exact solutions related to symmetries, the symmetries are restricted to the Lie point 

symmetries. Applying Lie point symmetries to nonlinear systems, one may find more 

general solutions from a special one. One can also find group invariant solutions with 

related symmetry reductions. In addition to the Lie point symmetries, there are many 

generalized local and nonlocal symmetries which can be used to find algebro-

geometric solutions. The symmetries are related to conservation laws because of the 

Noether’s theorem. Symmetries can also be used to find new integrable systems by 

means of the nonlinearization approach, introducing self-consistent sources, 

symmetry constraints and reductions. To find infinitely many symmetries there are 

some different approaches including the recursion operators, the master-symmetry 

approach, the series symmetry method, the residual symmetry method, the duality 

method [21] and so on.  For the discrete integrable systems, we discuss the symmetry 

in an alternative way by considering the hierarchy in bilinear forms because the 

hierarchy reflects the nature of symmetry of discrete integrable systems.  

Conservation laws can also be used to study nonlinear physics in some different 

ways.  In this paper, a novel idea on the conservation laws is proposed to find higher 

dimensional integrable systems from lower dimensional ones by means of a 

deformation algorithm [34-36].  

After introducing anti-commuted Grassmann variables, the usual bosonic 

systems may have additional symmetries related to the Grassmannian spectral 

functions, which lead to the appearance of the super-integrable systems. Additionally, 

one can introduce the symmetry between bosons and fermions, which yields the 

various supersymmetric integrable systems [37-41]. Furthermore, by introducing non-

commute ren variables [42], we have found some ren integrable and ren-symmetric 

integrable models which may be used to describe anyon physics and provide some 

more candidates on dark matters.   

The ren-variables or anyonic variables introduced in this paper and Ref. [42] are 

subject to braid statistics of fractional charges and hence are of the general type 

encountered in some aspects of anionic physics. A similar algebra named braided 

algebra or anionic algebra has been introduced in Ref. [43] as a braided-Hopf algebra 

[44]. In order to study the integrable systems related to the anyon physics, we should 

point out that our ren-algebra is different from that of [43] because of the introduction 

of degrees of the anionic variables. Our commutation relation (72) is degree-

                  



dependent while the commutation relations of Ref. [43] is only same as ours for 

degree 1. Furthermore, we have introduced the ren-symmetric derivative ℜ  (see Eqs. 

(82)-(84)) such that the supersymmetric integrable systems can be extended to ren-

symmetric integrable systems. Though we have successfully introduced some ren-

integrable systems and ren-symmetric integrable systems, it is still open to derive 

these types of integrable models from real physical systems even if for special 

fermionic case because the Grassmann number and the ren-numbers are only the 

classical aspect while the fermions and the anyons are essential valid only in quantum 

physics.   

Declaration of competing interest 

All authors declare that they have no conflict of interest to this work.  

Acknowledgments 

This work was supported by grants from the National Natural Science 

Foundation of China (Grant Nos. 12235007, 11975131) and K C Wong Magna Fund 

in Ningbo University. 

References 

[1] P. J. Olver, Applications of Lie groups to differential equations, Springer, New 

York,1993. 

[2] E. S. Abers and B. W. Lee, Gauge theories, Phys. Rept. 9 (1) (1973) 1-141. 

[3] J. E. Kim, P. Langacker, M. Levine and H. H. Williams, A theoretical and 

experimental review of the weak neutral current: a determination of its structure and 

limits on deviations from the minimal SU(2) ×U(1) electroweak theory, Rev. Mod. 

Phys. 53 (2) (1981) 211-252. 

[4] P. A. Clarkson, Nonclassical symmetry reductions of the Boussinesq equation, 

Chaos Solitons Fractals 5 (1995) 2261-2301. 

[5] Y. Q. Li. J. C. Chen. Y. Chen and S. Y. Lou, Darboux transformations via Lie point 

symmetries: KdV equation, Chin. Phys. Lett. 31 (1) (2014) 010201. 

[6] C. W. Cao and X. G. Geng, Neumann and Bargmann systems associated with the 

coupled KdV soliton hierarchy, J. Phys. A 23 (1991) 4117-4125. 

[7] S. Y. Lou and R. X. Yao, Primary branch solutions of first order autonomous scalar 

partial differential equations via Lie symmetry approach, J. Nonlin. Math. Phys. 24 

(3) (2017) 379-392. 

[8] X. B. Hu and H. Y. Wang, Construction of dKP and BKP equations with self-

consistent sources, Inverse Prob. 22 (5) (2006) 1903–1920. 

[9] X. B. Hu and H. Y. Wang, New type of Kadomtsev-Petviashvili equation with 

self-consistent sources and its bilinear Bäcklund transformation. Inverse Prob. 23 

(4) (2007) 1433–1444. 

[10] V. K. Mel'nikov, A direct method for deriving a multi-soliton solution for the 

problem of interaction of waves on the x, y plane, Commun. Math. Phys. 112 (1987) 

                  



639-652. 

[11] B. A. Kupershmidt, A super Korteweg-de Vries equation: an integrable system, 

Phys. Lett. A 102 (5-6) (1984) 213-215. 

[12] R. X. Yao and S. Y. Lou, A maple package to compute Lie symmetry groups and 

symmetry reductions of (1+1)-dimensional nonlinear systems, Chin. Phys. Lett. 25 (6) 

(2008) 1927-1930. 

[13] A. Ramani, B. Gramaticos and T. Bountis, The Painlevé property and singularity 

analysis of integrable and non-integrable systems, Phys. Rep. 180 (3) (1989) 159-245. 

[14] S. Y. Lou, Similarity solutions of the Kadomtsev-Petviashvili equation, J. Phys. 

A: Math. Gen. 23(1990) L649-L654. 

[15] B. Fuchssteiner, Nonlinear Analysis TMA, Application of hereditary symmetries 

to nonlinear evolution equations 3 (1979) 849-862. 

[16] S. Y. Lou, Symmetries of the KdV equation and four hierarchies of the 

integrodifferential KdV equation, J. Math. Phys. 35 (5) (1994) 2390-2396.  

[17] S. Y. Lou and X. B. Hu, Infinitely many Lax pairs and symmetry constraints of 

the KP equation, J. Math. Phys. 38 (12) (1997) 6401-6427. 

[18] S. Y. Lou, X. R. Hu and Y. Chen, Nonlocal symmetries related to Bäcklund 

transformation and their applications, J. Phys. A: Math. Theor.  45 (2012) 155209. 

[19] X. N. Gao, S. Y. Lou and X. Y. Tang, Bosonization, singularity analysis, nonlocal 

symmetry reductions and exact solutions of supersymmetric KdV equation, JHEP, 5 

(2013) 029. 

[20] S. J. Liu, X. Y. Tang and S. Y. Lou, Multiple Darboux-Bäcklund transformations 

via truncated Painleve expansion and Lie point symmetry approach, Chin. Phys. B 27 

(6) (2018) 060201. 

[21] S. Y. Lou, X. B. Hu and Q. P. Liu, Duality of positive and negative integrable 

hierarchies via relativistically invariant fields, JHEP, 07 (2021) 058. 

[22] C. W. Cao, Y. T. Wu and X. G. Geng, Relation between the Kadomtsev-

Petviashvili 

equation and the confocal involutive system, J. Math. Phys. 40 (1999) 3948. 

[23] C. W. Cao, X. G. Geng, Y. T. Wu, From the special 2+1 Toda lattice to the 

Kadomtsev-Petviashvili equation, J. Phys. A: Math. Gen.32 (1999) 8059. 

[24] Z. J. Qiao and E. G. Fan, Negative-order Korteweg-de Vrise equation, Phys. Rev. 

E 86 (1) (2012) 016601. 

[25] B. G. Konopelchenko, W. K. Schief and A. Szereszewski, Self-dual Einstein 

spaces and the general heavenly equation. Eigenfunctions as coordinates, Class. 

Quant. Grav. 38 (2021) 045007. 

[26] B. Fuchssteiner, Prog. Theor. Phys. Mastersymmetries, higher order time-

dependent symmetries and conserved densities of nonlinear evolution equations, 70 

(1983) 1508-1522. 

[27] S. Y. Lou, Generalized symmetries and w∞ algebras in three-dimensional Toda 

field theory, Phys. Rev. Lett. 71 (25) (1993) 4099-4102. 

[28] S. Y. Lou, Symmetries of the Kadomtsev-Petviashvili equation, J. Phys. A: Math. 

                  



Gen. 26 (1993) 4387-4394. 

[29] X. Z. Hao and S. Y. Lou, Special decompositions and linear superpositions of 

nonlinear systems: BKP and dispersionless BKP equations, Math. Meth. Appl. Sci. 45 

(2022) 5774-5796. 

[30] R. Hirota, Discrete analogue of a generalized Toda equation, J. Phys. Soc. Japan 

50 (1981) 3785–3791. 

[31] T. Miwa, On Hirota’s difference equations, Proc. Japan Acad. Ser. A Math. Sci. 58 

(1982) 9–12. 

[32] A. Doliwa, Desargues maps and the Hirota-Miwa equation, Proc. R. Soc. A,466 

(2010) 1177-1200.  

[33] J. Nimmo, Darboux transformations and the discrete KP equation, J Phys A: 

Math Gen 30 (1997) 8693-8704. 

[34] S. Y. Lou, X. Z. Hao and M. Jia, Deformation conjecture: deforming lower 

dimensional integrable systems to higher dimensional ones by using conservation 

laws, JHEP 03 (2023) 018. 

[35] M. Jia and S. Y. Lou, A novel (2+1)-dimensional nonlinear Schördinger equation 

deformed from (1+1)-dimensional nonlinear Schrödinger equation, Appl. Math. Lett. 

143 (2023) 108684. 

[36] S. Y. Lou, M. Jia and X. Z. Hao, Higher dimensional Camassa–Holm equations, 

Chin. Phys. Lett. 40 (2) (2023) 020201. 

[37] P. Mathieu, The Painlevé property for fermionic extensions of the Korteweg-de 

Vries equation, J. Math. Phys. 29 (11) (1988) 2499-2506. 

[38] Q. P. Liu and M. Manas, Crum transformation and Wronskian type solutions for 

the supersymmetric KdV equation, Phys. Lett. B, 396 (1-4) (1997) 133-140. 

[39] K. Tian, Z. Popowicz and Q. P. Liu, A non-standard Lax formulation of the Harry 

Dym hierarchy and its supersymmetric extension, J. Phys. A: Math. Theor. 45 (2012) 

122001. 

[40] M. X. Zhang, Q. P. Liu, Y. L. Shen and K. Wu, Bilinear approach to N=2 

supersymmetric KdV equations, Sci. China Ser. A, 52 (9) (2009) 1973-1981. 

[41] S. Y. Zhu, D. X. Kong and S. Y. Lou, Dark Korteweg-de Vrise system and its 

higher dimensional deformations, Chin. Phys. Lett. 40 (8) (2023) 080201.  

[42] S. Y. Lou, Ren-integrable and ren-symmetric integrable systems, arXiv: 2305. 

12388v1 [nlin.SI]  (2023). 

[43] S. Majid, Anyonic quantum groups, in Proceedings of the 2nd Max Born 

Symposium, Wroclaw, Poland, 1992, edited by Z. Oziewicz et al. (Kluwer, Dordrecht, 

1993), pp. 327-336. 

[44] S. Majid, Braided groups and algebraic quantum field theories, Lett, Math. Phys. 

22 (1991) 167-176. 

  

                  



Author Biography 

 

 

Senyue Lou is a professor of Ningbo university.  His research 

interests include mathematical physics, nonlinear science and 

quantum field theory. He predicted the mass range of Higgs 

particle. He experimentally verified the soliton modes in 

macroscopic diatomic systems. He established some effective 

theories to investigate nonlinear systems such as the 

multilinear veriable separation approach, formal series 

symmetry approach, localization approach for nonlocal 

symmetries, bosonization method of supersymmetric systems, 

duality method on local and nonlocal symmetries, decomposition and proposition 

method for higher dimensional integrable models, deformation algorithm to find 

higher dimensional integravle systems and ren-theory including ren-integrable 

systems related to anyon physics.  

 

 

Bao-Feng Feng is a professor in the School of Mathematical 

and Statistical Sciences at the University of Texas Rio Grande 

Valley. His research interests include mathematical modeling 

of nonlinear waves, continuous and discrete integrable 

systems and scientific computing and numerical methods for 

partial differential equations. Dr. Feng has published over 100 

peer-reviewed research articles in high impact, highly ranked 

journals. Dr. Feng has been extraordinarily successful in 

obtaining external grant funding for research from prestigious and highly competitive 

funding agencies including U.S. National Science Foundation (NSF) and U.S. 

Department of Defense. Currently, he served as an Editor for Physica D. 

 

 

  

                  



 

 

Conflict of Interest 

There is no any Conflict of Interest on this paper. 

 

                  


	Symmetries and integrable systems
	Symmetries and integrable systems

