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Abstract: The Painlevé equations were derived by Painlevé and Gambier in
1895-1910. Given a rational function R in w, w’ and analytic in 2, they
searched what were the second order ordinary differential equations of the
form w” = R(z,w,w’) with the properties that the singularities other than
poles of any solution or this equation depend on the equation only and not
of the constants of integration. They proved that there are 50 equations of
this type, and the Painlevé II is one of these. Here, we construct solutions to
the Painlevé IT equation (PII) from particular polynomials. We obtain rational
solutions written as a derivative with respect to the variable = of a logarithm
of a quotient of a determinant of order n + 1 by a determinant of order n.
We obtain an infinite hierarchy of rational solutions to the PII equation. We
give explicitly the expressions of these solutions solution for the first orders.
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1 Introduction

We consider the Painlevé II equation (PII) which can be written in the form

Upe — 2u +4au —4(n +1) =0, (1)
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where the subscript = denote derivative and n is an arbitrary integer.

This equation is one of the six famous equations discovered by Painlevé (1900) at
the beginning of 20th century.

The first solutions of this equation expressed in a slightly different form

um72u379:ufa:0, 2)

were given by Yablonskii in 1959 and Vorob’ev in 1965, for every « integer. For this
purpose, they constructed polynomials defined by the following recurrence relation

Q7L+1Qn = in - 4[Qn(Qn)$I - ((Qn)z)Z]a (3)

which we call today Yablonski-Vorob’ev polynomials.

Other types of rational solutions of the PII equation (2) were constructed by Airault
in 1979 and Murata in 1985. A proof of the irreducibility of the PII equation (2) was
done by Umemura and Watanabe in 1997. It has been proven that the solutions of the
PII equation (2) can be represented by a logarithmic derivative of certain polynomials
in Airault (1979) and Clarkson and Mansfield (2003). It has been shown in Lukashevich
(1971) that any rational solution of equation (2) can be constructed via Backlund
transformations. PII equation (2) has solutions which can be expressed in terms of
classical special functions, more precisely in terms of Airy functions as these given by
Clarkson in Clarkson (2016).

In the following, we consider particular polynomials and we construct rational
solutions to the PII equation (1) by using the Hirota bilinear method. Then we obtain
rational solutions to the PII equation as a derivative of a logarithm of a quotient of a
determinant of order N + 1 by a determinant of order N. That provides an effective
method to construct an infinite hierarchy of rational solutions of order N. We present
rational solutions for the first simplest orders.

2 Rational solutions to the PII equation
We consider the polynomials p,, defined by
n—=k
1\ 3
3 1 —k
pn(z):z:z:ozkiz3 x|{1l—|=|n—-k+1-3 n—r ,
(n - k) | 2 3 (4)

3

for n > 0,

pn(z) =0, for n < 0.

In the previous definition of p,, [x] means the largest integer less than or equal to z.
We denote A,, the determinant defined by

Ay = det(prg1-2i45 (7)) {1<i<n, 1<j<n} %)

With these notations we have the following result:
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Theorem 2.1: The function v,, defined by

vp(x) = 0, (ln AZ?) (6)

is a rational to the PII equation (1)
Upy — 2u° + 4o — 4(n + 1) = 0.

Proof: We know that v, (x) = 0, (ln f) is a solution to the PII equation if f and g
g

verify the following equations:

(D) f-g=0, (7)

(D3 + 42D, —4(n+1))f-g=0, (8)
where D is the bilinear differential operator.

We have to check the relation (7) for f = det(pni2—2i1j){1<i<n+1,1<j<n+1} and

g = det(pni1-2i45){1<i<n,1<j<n}- We choose the following notations: C;; denotes the
column j of A,,41,1<j<n+1and C'j denotes the column j of A,, 1 < j <mn:

Pr+j Prn—1+;
Pn—2+; ~ Pn—3+j
P—n+j P—n+1+j

Using these notations, A, 1(x,t) and A, (x,t) can be written as:

An+1(l’,t) = |Cl,. . .,Cn+1‘7 An(x,t) = ‘él, . 7C’n|

1 We have to prove the relation (7) D2f - g = 0.
Let G be the expression G = D2f - g. We evaluate G.

G = G1 + G5 can be written as a sum of 6 terms where

Gl = |CO7CI7037"'7CTL+1| X ‘6176’27"'7071‘
+1C1,Co,Cs, ..., Crpa| X [C1,Co,Cs, ..., Gy
— |00,Cg,...,0n+1” X |00,Cg,03,...,0n|

and

Gy =|C_1,0,C3,...,Cns1| x |C1,Cs, ..., C,,
+ |C]7CQ,C3,...7Cn+1| X ‘00701,03,...,Cn|
- |607027"'acn+1” X |CO702aC3a"'7Cn|
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We write G and G5 as the determinants of order 2n + 1

Ci1CyC3Cy ... ... Coi1| Co 0 ool 0

G, = (10)
CoCr 0 0 ...... 0 [Co1C2C5C,C5...C,

and

G — C_1C3C3Cy...... CnH\C’Ocl ............ 0 (an

TG 00 0...... 0 [C1C2C5CiC5...Cy

(1 can be rewritten as
D+l Pn+2 Pn+3 Pntd ---D2nt1| P O 0o ... 0
Pn-1 Pn  DPntl DPnt2 ---DP2n—1|Pn—2 O 0 ... 0

Gy — Pont1P-ni2P-ni3P—nt1--- P1 |P—n O 0 ... 0 (12)
Pn—1 Pn 0 0 e 0 Pn—2 Pn+1 Pn+2 ---P2n—-1
Pn-3 Pn—2 O 0 ... 0 |pn—a Pn-1 Dn ---D2n-3
D—nt+1P-n+2 0 0 ... 0 |p—nDP-nt3P-ntda-.-- D1

Denoting £ the rows and C the columns of this determinant of order 2n + 1, we
combine the rows of the previous determinant in the following way:

We replace Ly, 145 by L1145 — L£j41 for 1 < j < n, then we obtain the
following determinant

Dn+l Pn+2 DPn+3  DPntd --- P2ntl | Do O 0 0
Pn—1 DPn Pn+1 Pn+3 --- P2n—1 |Pn—2 0 0 e 0
G = P—nt1P—nt2 P-nt3 P-ntl --- D1 |[P-n O 0o ... 0 (13)
0 0  —par1 —DPnt3 ---—D2n-1| 0 Dnt1 Pni2 - P2n—1
0 0  —Pn-1 —Pnt1 ---—P2n=3| 0 Pn1 Dn . ..D2n-3
0 0 —pwz—DPnt1--- —p1 | 0 P3P pnya... D1

Then replacing C; by C; + C,,1; for 3 < j < n, we obtain the following
determinant

Pn4l Pnt2 Pnt3 Pntd ---DP2ny1| Pn 0 0 ... 0
Pn—1 Pn anrl pn+3 oo P2n—1|Pn—-1 0 0 e 0
| P—n+1P—n4+2P-n4+3P-n+1--- P1 |[P-n 0 0 ... 0
G =175 0 0 0 ... 0 | 0 pne1 0 ... pan— (14)
0 0 0 0 0 0 Pn—1 0. .- P2n—-3
0 0 0 0 0 0 P—n+3 ... P1
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It is clear that this last determinant is equal to 0.
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For the expression G2, we prove by combining rows and columns that it is equal

to 0.

Gy =

Pn—1 DPn+2 DPn+3 Pn+4 - DP2n+1 Pn Pn+1 0 0
Pn—3 Pn Pn+1 Pn+2 -.-DP2n—1| Pn—2 Pn-—1 0 0
P-n—-1P-n4+2P-n+3P-n+4--- P1 P-n P-nt1 O 0
Pn—-1 0 0 o ... 0 Pn Pn+1 Pn+2 ---P2n—1
Pn—-3 0 0 0 ... 0 Pn—2 Pn-1 Pn .--DP2n-3
Ponst1 O 0 0 ... 0 |poni2Pni3P-—nt4a--- D1

(15)

We combine the rows £ and the columns C in the following way; we replace /:j
by £; — L4145 for 1 < j <n and we obtain

Gy =

0 Dnt2 Pnt3 Pnta ---D2nt1| O 0 —DPnt+2 - —P2n+t1

0 Pn Pn+1 Pn+3 ---P2n-—1 0 O —Pn .- T P2n—1

0 pontaP-n+s5P—nt6--- D3 0 0 —ppya-.. —D3
P-n-1P-n+2P-n+3P—ntd--- P1 | P-n P—nt1 0O 0

0 0 0 0 ... 0 Pn Pn+l  Pnt2 -+ D2n—1

0 0 0 0 v 0 Pn—2 DPn—1 Dn - P2n—3
P—nt1 0 0 0 ... O |p—nt2P—nt3 P—n+ta --- D1

(16)

Then we replace én+1+j by éﬂ+j+1 + C~j71 for 3 < j < n and we obtain, using
that p_p,—o =0, p_, =0and p_,41 =0forn >0

It is also clear that this last determinant is equal to 0.

0 Pn+2 Pn+3 Pn+d ---P2n+1 0 0 0 0
0 Pn pn+1 Pn4+3 .- P2n—1 0 0 0 0
Op—ntaP—n+5P-—n+6--- D3 0 0 -0 0
0p_ni2D ni3P—nya--- P1 0 0 pnt2--- ;1
0 0 0 0 . 0 Pn Pn+1 Pn+2 ---P2n—-1
0 0 0 0 ... 0 |Prn-2 Pn-1 DPn ...P2n-3
0 0 0 0 ... 0 |p-nt2P-nt3P—n+a--- P1

)
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We denote H the expression H = (D3 + 4xD, — 4(n + 1))A, 41 - A,,. We have
to evaluate H.

We can use the same strategy that this used previously. We chose to present
another method. For this we consider the following polynomials p,, defined by

n—k
3
_ n x
Pulana2) = Yoo
=)
3 ) (18)
X (1— [ n—k+1—3[n;k})]>, for n > 0,
pn(x1,29) =0, for n < 0.
We have proved in a previous paper Gaillard (2021a) concerning the mKdV
equation (19)
dup + 60ty — Upye = 0 (19)

that An = det(ﬁn-ﬁ-l—%-{-j(x)){lgign, 1<j<n} Verify (Dgl — 4D$2)An+1 . An =0.
The polynomial pj is an homogeneous polynomial of weight k in 1 and 9, thus

(n+1)
2

T . ...n .
A,, is an homogeneous polynomial of weight in 1 and za.
Using the Euler relation for A,,, we obtain

89:21[1n = i (TL(n_Fl)An - xlaxllen> .
31‘2 2

The expression (D3 — 4Dy, ) A 41 - A, = 0 can be rewritten as

4

(Df’,;1 + %@xlel
Then it is sufficient to take 1 = x and 25 = % to get the relation
H = (D3 +42D, —4(n+1))Any1 - A, = 0.

This proves that

H=(D?+4xD, —4(n+1))A,1 - A, = 0.

f(z,t)
g(w,t)

So we get the result, v, () = 0, <1n ) is a solution to the PII equation. O
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3 Explicit rational solutions to the PII equation for the first orders

Many studies on this equation have been realised but only a few gives explicit solutions,
and just for little orders. The efficiency of this method gives a hierarchy of rational
solutions and very easily the explicit expressions of the first orders of these solutions. To
the best of my knowledge, these explicit rational solutions have never been constructed.
We denote vy, in the following, a rational solution to the PII equation

Upe — 2u +4au — 4(k+1) =0
defined by

vg(z,t) = 0, (m W)

These solutions v can be rewritten as

vg(x,t) =

We present here some explicit examples of rational solutions to the PII equation for the
first orders as corollaries of the theorem of the previous section.
For this purpose, we define n; and di for 1 < k < 3 as:

n(x,t) =22 +1, di(x,t) =z(2® - 1)

ny(x, t) = 32%(2% — 22° +10),  dy(x,t) = (2® — 52 — 5)(2® — 1)
n3(x,t) = 42'° — 50 2% + 250 2° + 1400 2° — 1750 2° + 875,
d3(x,t) = (27 — 152% — 175)(2® — 52° — 5)

With the previous notations, we have constructed the explicit solutions to the PITI
equation for £ =1 to 3 given by

Corollary 3.1: The functions vy, defined by

_ k()
dk (ac)

vg () (20)

are rational solutions to the PII equation (1)
Upy — 2u® +4ou —4(n +1) = 0.

We could go on and present more explicit rational solutions, but they become very
complicated. For example, in the case of order 10 the numerator includes 59 terms and
the degree of the polynomial in x is equal to 175; the denominator contains 59 terms
and its degree in x is equal to 176. It will be relevant to study in detail the structure of
these polynomials.
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4 Conclusions

This study is a part of a program of research of rational solutions to differential
equations. Using particular explicit polynomials as in the case of the mKdV equation
(Gaillard, 2021a) or in the KPI equation (Gaillard, 2021b), rational solutions to Painlevé
IT equation have been constructed. We obtain rational solutions written as a derivative
with respect to the variable x of a logarithm of a quotient of a determinant of order
N +1 by a determinant of order N, which we call solution of order N. A complete
proof of this result has been given. It will be relevant to study the structure of the
polynomials given in these solutions.

Recently, other works has been presented concerning this equation. In Gromak
(2020), analytic properties of solutions to equations in the generalised hierarchy
of the second Painlevé equation has been studied, in particular, the local
properties of solutions, the rational solutions and their representations via generalised
Yablonskii-Vorob’ev polynomials.

In Mahmood and Waseem (2021), with the Darboux transformation method,
solutions of the PII equation (2) are constructed in terms of wronskians, using the
corresponding Lax pair.
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