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Abstract

We consider a simple model for QCD dynamics in which DGLAP integro-differential equa-
tion may be solved analytically. This is a gauge model which possesses dominant evolution
of gauge boson (gluon) distribution and in which the gauge coupling does not run. This may
be N' = 4 supersymmetric gauge theory with softly broken supersymmetry, other finite super-
symmetric gauge theory with lower level of supersymmetry, or topological Chern-Simons field
theories. We maintain only one term in the splitting function of unintegrated gluon distribu-
tion and solve DGLAP analytically for this simplified splitting function. The solution is found
by use of the Cauchy integral formula. The solution restricts form of the unintegrated gluon
distribution as function of transfer momentum and of Bjorken x. Then we consider an almost
realistic splitting function of unintegrated gluon distribution as an input to DGLAP equation
and solve it by the same method which we have developed to solve DGLAP equation for the
toy-model. We study a result obtained for the realistic gluon distribution and find a singular
Bessel-like behaviour in the vicinity of the point = 0 and a smooth behaviour in the vicinity
of the point = = 1.
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1 Introduction

DGLAP equation is a renormalization group equation (RGE) for the integrated parton distributions.
It has been written initially for QED [II, 2, [3] in an integro-differential form. BFKL equation appears
as a result of generalization of the Regge theory of scattering from quantum mechanics to QCD
[4L 51 6 [T, [8]. In Refs. [9[10] the DGLAP equation was written as a RGE for the integrated parton
distributions in QCD. Dokshitzer [9] wrote this equation in an integro-differential form based on
Gribov and Lipatov results in QED [} 2] B] and also Bethe-Salpeter technique used earlier in the
BFKL equation was applied.

The BFKL equation is an optic theorem written down for the amplitude of scattering of two
particles A(s,t) in the Regge limit. The amplitude A(s,t) may be obtained from the four-point
Green function of the reggeized gluons after integrating the part of the external momenta with
the impact factors. The optic theorem may be mapped to an integro-differential equation (IDE)
for this four-point Green function (and for the amplitude A(s,t) in the Regge limit), in which the
derivative is taken with respect to Ins. The four-point Green function depends on the variable ¢
too. The BFKL IDE is written for unintegrated gluon distributions.

The DGLAP equation is another IDE in which the derivative is taken with respect to variable
u = Q?/u?, where Q? is the momentum transfer in the ¢-channel of the two particles in two-particles
scattering process and the kernel of this IDE depends on the variables t = —Q? and 2. The DGLAP
IDE may be considered as the RGE for integrated parton distributions and is valid for large t = —Q?
and large x in order to be in the framework of the perturbation theory. The DGLAP IDE may be
written as a matrix differential equation in which the derivative is taken with respect to variable
u too. This matrix differential equation is written for the Mellin moment G(N,u) of integrated
gluon distribution G(x,u) and X(N, u) of integrated singlet distribution X(x, u). The procedure of
the integral transformation to the Mellin moments suggests that N is a complex variable. In Refs.
[1T, 12, 13}, [14, [15] 16 17, 18] an approximation of DGLAP matrix differential equation has been
considered in which the Mellin moment X (N, u) of the integrated singlet distribution was discarded
and the Mellin moment of integrated gluon distribution G(x,u) was considered only. In these
articles the saddle point method was used to find an approximate solution of DGLAP equation for
the Mellin moments.

The BFKL and DGLAP equations are unstable under radiative corrections in the different
regimes. For example, DGLAP splitting functions are unstable at small x and BFKL kernel is
unstable at large momentum transfer Q2. In Refs. [11], 12, 13 14l [15, 16l 17, O8] it has been
shown that the both IDEs may be considered together on the same footing and the problem of
their stability has been treated.

In Refs. [19]20] the relation between DGLAP and BFKL equations were studied from a different
point of view. In N = 4 supersymmetric Yang-Mills theory due to the vanishing of 3 function the
DGLAP splitting functions are stable even for small x and the matrix of anomalous dimensions may
be obtained from the BFKL equation [20]. In A/ = 4 supersymmetric Yang-Mills theory the matrix
of anomalous dimensions was obtained explicitly from the BFKL eigenvalues [20] without making
any conjecture about the form of the splitting functions P which stand in the integral kernels in
DGLAP. A possibility to obtain a matrix of anomalous dimensions from the BFKL eigenvalues in
nonsupersymmetric QCD was considered in [1T], 12| [13] 14} 15 [16], [T'7, [18§].



2 Integral Transforms

In this section we collect necessary formulas of various integral transforms which we will use in all
the paper.

2.1 Mellin transform

We define Mellin transform as

MT(f(e)al(e) = [ () d 1)
0

in which the arguments in the brackets on the L.h.s. stand for the transforming function f(z) and
the integration variable x of this integral transformation. The inverse Mellin transformation is
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The position point ¢ of the vertical line of the integration contour in the complex plane must be

in the vertical strip ¢; < ¢ < ¢, the borders of the strip are defined by the condition that two

integrals

/01 x4 f(z) de  and /OO 2 f(z) dx (3)

1
must be finite. This means that

|f(z)| < 1/2* when z — +0, |f(z)] < 1/z%* when z — +o0. (4)

Should the contour in Eq.(2) be closed to the left complex infinity or to the right complex infinity
depends on the explicit asymptotic behaviour of the Mellin transform MT[f(x), z](z) at the complex
infinity. We close to the left if the left complex infinity does not contribute and we close to the
right if the right complex infinity does not contribute [. Under this condition the original function
f(z) may be reproduced via calculation of the residues by Cauchy formula.

One of the simplest examples of the Mellin transformation is

e’} 1 c+ioco
I'(z) :/ e 2" tdr and e ¥ =_—— 7T (2) dz. (5)
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The contour in the complex plane is the vertical line with Re z = ¢ is in the strip 0 < ¢ < A, where
A is a real and positive number, the contour must be closed to the left infinity.

We may write many parameters (for example, other complex variables), q = (a1,...,ap) on
which the function f may depend,

MT[f(x,ﬁ),x](z) =M[f(z,01,...,an),z](2) = /Ooon1f(x,o¢1,...,an) dx

_ /OO (@, @) da. (6)

0

1In comparison, in the Mellin-Barnes transformation we choose to which infinity the contour should be closed by
taking into account the absolute value of = in (2 because the MB transform has already an established structure
in a form of fractions of the Euler I" functions. However, MB transformation is only a particular case of Mellin
transformation.



The integral on the r.h.s. of Eq.({)) may be seen as a sum of two integrals
00 1 00
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2.2 Laplace transform

Representation (@) of the Mellin transformation is closely related to the Laplace transformation.
We define Laplace transform of function f(x) asf

L{f(2),2](2) = / T e f(a) d. ®)

This transformation is defined only for the functions that have restricted exponential growth a,
that is f(z) < Ae®®, A is a real positive, in the right complex half-plane Re z > a. In this case the
inverse transformation is

1 a-+Jd+i00
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where Re(z) = a + 6 and 6 — +0. This means that the vertical line of the integration in the
complex plane passes slightly to the right of the point a. To show the compatibility explicitly, we
perform subsequent transformations and obtain identity
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where Re z > a + 0 > a. The contour is closed to the right complex infinity. We cannot close
the contour to the left infinity since L[f(z), z](z) has poles in the half-plane to the left from the
vertical line which crosses the real axis at the point a 4+ d. The inverse Laplace transformation can
be checked as

flz) =
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this is valid due to the following integral relation

. (mfu)zd - (mfu)(aJrJJri‘r)d _
2 Jors i Tom ) L g o

@@ 5 — ) =5z —u).  (12)

1 a+6+ico 1 oo (z—u)(a+6) oo
67 / ez(xfu)TdT _

— 00

2We note that in most of bibliographical references the Laplace transformation is defined differently, as

L[f(x),2](2) = [T, e™** f(x) da



2.3 Mellin moments

We define Mellin z-moment of function f(x) as

M{f(z),2](2) = / w1 (x) dr, (13)

z is a complex variable. To construct the inverse transformation, we need to rewrite (I3]) in the
form of the Laplace transformation (§]) and then to use (@),

) 0 1
Ll (). 2] (2) = / e f(z) d = / ¢ f(—a) dz = / T F(—Iny) dy

= / I F(y) dy = MIF (). 4(2). (14)

where we have introduced a new function F(y) = f(—Iny). The Laplace transform for the function
f(z) appears to be a Mellin moment for the function F(y),
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Since the Laplace transform L[f(x), z](z) is defined in the domain Re z > a, where a is an index
of the exponential growth of the function f(x), the Mellin moment M |[F(y), y](z) is defined in the
same domain because the power-like restriction on its growth

F(y) < A/y" (16)

comes from the restrictions on f(x). In the inverse transformation the contour passes vertically in
the complex plane z in the same position at Re z = a+ § as it does for the Laplace transformation
@). Under this condition the M[F(y),y](z) does not have poles in the complex half-plane to the
right from this vertical line.

The direct proof of the inverse transformation may be done as

1 1 a-+Jd+i00
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and the inverse transformation may be proved as
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where 0 < y < 1. Thus, the transformation (IH) is inverse to transformation (I3]) under the
restriction for the power-like growth (I8).

The Mellin moments, Laplace transform and Mellin transform posses the same equation for the
inverse transformation. However, they are related by complex diffeomorphisms.

3 Description of Theoretical Setup

Structure functions of nucleons may be measured in deep inelastic scattering processes. They are
related to integrated parton distributions which have probabilistic interpretation. There are two
integro-differential equations (IDEs) for parton distributions, DGLAP equation [9] [10] and BFKL
equation [4] Bl [6] [7], [§], studied widely in many papers. Our paper is dedicated to a toy-model for
evolution of integrated gluon distribution. We present an analytical solution to DGLAP equation
in this model.

3.1 Evolution Equations

Because we need to use the evolution equations along all the paper, we briefly review the main idea
of the probabilistic interpretation of them along the line of Ref. [10]. The IDE in which participates
the splitting function P(x) is

d _afu) Ldy x
We calculate Mellin N-moment of both the parts of this equation and obtain the relation

d [t N—-1 _ afu) ' N—-1 1@ (f)
de ™7 f(z,u) = /de:v /z ) fly,u)P ;
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a(u)
2

V(N a(u)) M[f(y,u),y](N), (20)

where we define y(N, a(u)) as

1
/0 dr 2N 71P (z) = y(N, a(u)), (1, a(u)) = 1.

(21)

Thus, the RGE

u M f (), 2)(N) = S (N, a(u)) M (), 2] (V). (22)

may be re-written in the form of IDE (I3). A complex variabldd N appears in the Mellin moment
M[f(z,u),z](N) of function f(z,u).

3Letter N is used in order to agree with the notation of Refs. (1T, 12} 13} 14l 15l 16l 17 18].




3.2 Parton distributions

In the realistic QCD dynamics when there are integrated quark distributions g¢;(x,u) of different
flavors 7 and there is integrated gluon distribution G(z, ), the system evolves according to IDEs
given in [10],

udiuAij(x,u) - %[%Aﬁ(y,wzﬂqq (g) (23)
udqu(:c,u) - %/ﬂ;l%[x(y,uﬂ:’qq (g)—%—@f)G(y,u)Pq (g)} (24)
U%G(x,u) - %/ggl%{z(y,uwgq (§>+G(y,u)PGG (gﬂ (25)

with Ajj(z,u) = ¢i(x,u) — ¢j(z,u) and X(z,u) = >, [¢i(x,u) + G;(z,u)], where X(x,u) is called
integrated singlet distribution and A;;(x,u) are called non-singlet integrated quark distributions.
Splitting functions P, give the probability to find a parton a inside a parton b. The splitting
functions may be calculated from the Lagrangian of QCD.

Taking Mellin moments of both the parts of IDEs (24)) and (25]) we obtain matrix differential
equation with the anomalous dimension matrix 7.(NV,a), where N is a complex variable which
corresponds to the Mellin moments. In the present article we take into account integrated gluon
distribution G(z,w) only. This approximation is known as a dominant eigenvalue of the matrix of
anomalous dimensions [12] [13] 14} [11] [15] [16] 17, 18] and may be justified in several gauge models.

The DGLAP IDE (23) may be written as a differential equation for any pair ij after taking
the Mellin moments of both the parts of it in analogy with Eq. ([22]). As it follows from (22]), the

anomalous dimension 44 (IV, ) is Mellin moment of the splitting functions P,

Mij[A(:v,u),x](N)z/O dea™ A (2, u)

ud%Mi-[A(x,u),:c](N) -2y /01 dm’N_lf: d_;A”(y’u)P”‘q G)

2T

2T

1 1
= Q(U)/O deN_lpqq(:zr)/o dny_lAij(yvu)' (26)

~  Yeq(N,a) Miz[A(y,u),yl(N)

3.3 About the model and DIS processes in this model

Progress in the solution to DGLAP and BFKL equations has been achieved in A/ = 4 supersym-
metric Yang-Mills theory [19, 20]. This is due to the fact that the gauge S-function vanishes in
all loops in this theory. If supersymmetry in this model is softly broken, it would not spoil the
vanishing of the gauge S-function at the scale well above a gluino mass. However, the presence of
a gaugino mass may make superpartners heavy while the gluons remain massless [22] 23] 24]. This
would mean there is no running of the coupling in the model at the scale well above the threshold of
gluino mass and due to this the confinement is not possible and the existence of nuclei is doubtful in
N = 4 supersymmetric Yang-Mills theory. However, the bound states of three gluinos are possible
in this model, they may serve as nuclei in the analysis of DIS processes in this field theory. At the



scale well below the gluino mass threshold we have a pure QCD theory without fermions and with
a running gauge coupling.

Massless gluons may be split into other massless gluons via the splitting functions Pgg, or in
a superpartners via the splitting function Pgy. The partonic model is described well by DGLAP
equation. In this model there are three integrated parton distributions which are gluon distribu-
tion, gluino distribution and the corresponding scalar distribution. The corresponding solution
to DGLAP IDE is a mixture of three power-like functions. However, there always is dominant
contribution which has a dominant power. We treat integrated gluon distribution G(x,u) as this
dominant contribution and do not take into account other two contributions from gluino distribution
and scalar distribution. This is a rough approximation to DGLAP IDE of N' = 4 supersymmetric
Yang-Mills theory. However, it is a good model for searching analytical solution to this IDE. Such
an analytical solution to DGLAP IDE is found in Section 8 and Section 9 of the present article.
This approximation assumes that instead of matrix of anomalous dimensions we have only one
function v(N, «). Instead of DGLAP IDE (25) for integrated gluon distribution we consider IDE
@D).

The evolution of integrated gluon distribution G(z,u) is subject to the DGLAP IDE and the
evolution of the unintegrated gluon distribution is subject to the BFKL IDE. Both these IDEs
must be consistent when applied to the gluon distribution which must satisfy them. The BFKL
IDE is valid for each of three unintegrated distributions independently, however we consider it for
unintegrated gluon distribution only because in our model we consider DGLAP IDE only for the
unintegrated gluon distribution. We should consider DGLAP IDE and BFKL IDE in the kinematic
region in which both equations are valid. We show in the present article that DGLAP IDE is
enough to find a general form of gluon distribution in the proposed toy-model and we do not need
the BFKL IDE for this purpose. Also, the model described in the previous two paragraphs possesses
a property that its gauge coupling does not run. There are many gauge theories that possess such
a property [26] 27] 28] 29, [30].

4 DGLAP equation with vanishing S-function for Integrated
gluon distribution

The integrated gluon distribution G(z,u) is a dimensionless function, where u = Q?/u?, and Q>
is the momentum transfer and 2 a referential momentum transfer. It was constructed as one of
the coefficient functions for the decomposition of the cross sections in DIS processes in terms of the
tensor structures. In the approximation described in the previous chapters this integrated gluon
distribution satisfies the DGLAP IDE, that is,

alu 1 X
u%G(m,u) = %/I %G(y,U)PGG (;04@)) ) (27)
u G w) = W (v, au) GV, ),

1
G(N,u) :/ dz 2N 71G(z, u),
0

a(U)/ dz 2™~ Pog (z, u)) .

Y(N, a(u)) = EraA



We take in this section o/(u) = 0 and in the framework of this model we have the result for
integrated gluon distribution

d _a - (N, a)
u%G(N,u)— %W(N,Q)G(N,u),éG(N,u)—G(N,l)u27r , (28)

here Q2 = p? (u = 1) is a scale which corresponds to arbitrariness in solutions to differential
equations. In Refs.[25, 20] it is called Q2 scale. We do not write any dependence on « in the
integrated gluon distributions G (N,u), however in v(N,a) we write it explicitly. This will be
useful for further expansions in terms of a.

5 DGLAP equation with vanishing [S-function for Uninte-
grated gluon distribution

It is known that integrated gluon distribution G(x,u) is related to unintegrated gluon distribution
¢(x, k%) via the integral relation

Q* k2
G (x, %) = /0 dk? o (:C, H_J2_> . (29)

From this we conclude that their Mellin moments are related too by the same integral relation

Q2 Q* k2

k% L N4 k%
¢<N,F> —/0 dzr x <p<x,ﬁ>. (31)

In turn, this unintegrated gluon distribution ¢(z,k?) solves the BFKL equation. In maximally
supersymmetric Yang-Mills theory together with this function other unintegrated distributions like
fermionic gluino distribution and scalar distribution exist [20]. Integrated gluon distribution is
dimensionless function and unintegrated gluon distribution is dimensionful function.

From Eq.(28) we obtain

where we denoted

d [< k2 a @ ;2
Q2—/ dk? o | N, ~— z—w(Na)/ dk2p (N, ), =
dQ? Jo - T 2m 7 0 - )’

2 2
@@ (V%) = s (v 9 ). (32)

This simple transformation shows that the dimensionless function Q¢ (N ,Q%/ ,u2) satisfies the same
DGLAP equation as Mellin moments G (N ,Q%/ ,u2) of integrated gluon distribution G (a:, Q*/ ,u2)
do, and with the same power-like solution

«

Q% (N, u_j> = 12p(N, 1) (g—j) 20 : (33)
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A new function ¢ (N , Q—2> may be introduced for the future use
1

«

2 2 &N 2\ 57V, q)
Q% <N7 F) =¢ (Nv %) = o) = oz gy ) (%) " - (39
This new function ¢ (N, u) is Mellin N-moment of the solution to the DGLAP IDE
d "d
u%qﬁ(x,u) = %/x Zy¢(y,u) Poa (g,a> ) (35)
d
w6 (N,u) = 7-(N.a)o (N,u), (36)
1
o (Vo) = [ do ¥ (o), (37)
0
1
v(N,a) = / dx V' Pog (z,0) , (38)
0

and for this IDE the domain of u is a real nonnegative u € [0, oo.

6 Contour of the inverse transformation from N to zx

The domain of variable  of ¢ (x,u) should include the interval z € [0, 1], otherwise the transfor-
mation to Mellin moment (B7) would be impossible to define. In brief, summarizing the discussion
of the previous section, if we know (B7)) then to recover ¢ (x,u) when x € [0,1] we need to make
the inverse transformation (I3 via Cauchy formul

a-+d+i00
ow= [ aNa Vo) (39)

It is supposed that Mellin moment ¢(N,u) is defined in the domain Re N > a, where a is an
index of the power-like growth of the function ¢(z,u),

oz, u) < Afx?. (40)

In the inverse transformation ([39]) the contour passes vertically in the complex plane N at Re N =
a + 0. Under this condition the ¢(N,u) does not have poles in the complex half-plane to the right
from this vertical line in the complex plane of variable N.

7 Method to solve the DGLAP equation analytically

In this Section we propose how DGLAP IDE may be solved without making use of the BFKL
equation. This may be considered as an alternative way to the approach of Refs.[I1]-[I8] and to
the approach of Refs.[19, 20]. As we have mentioned in Introduction, the use of BFKL was a trick

4Here we should mention that any inverse integral transformation obtained by Cauchy formula in our paper
includes factor 1/2mi. We do not write it for the brevity.



there to get some information about possible solution to DGLAP equation. One of the motivations
for these approaches was that BFKL kernel is better known than DGLAP kernel and it was more
easy to calculate the BFKL kernel than to calculate the DGLAP kernel [19, 20, 21] at the same
loop order.

DGLAP IDE (33)) has a solution in the form of Eq. (B34) for Mellin N-moment ¢(N,w). This
solution does not restrict the form of function ¢;(NN). The reason is that when we do the inte-
gration over variable x on both sides of IDE ([d), we are averaging the information about z in
unintegrated gluon distribution ¢(x,u). After this averaging we obtain differential equation for the
Mellin moments like Eqs. 22)), (28) and (B4)).

However, we may look at DGLAP IDE at a different angle and substitute the inverse trans-
formation (39) in DGLAP IDE (B3) for unintegrated gluon distribution ¢(z,u). Such a strategy
should give restrictions on function ¢; (), because we use pointwise information. Indeed, by doing
this we obtain

d o [tdy x
il - i P il =
udu(b(xvu) 27—‘—/;3 Y (y7u> GG (yaa>

d a+100 a+100

1
a4 N _ o [ dy
udu - ANz~ (N, u) = 27T/x ” /a

. (0%
/ " ane g uze N (v a) =

—100

1 a+i00 o
d —v(N, «
:/ _y/ dNyiNﬁbl(N)u%T’Y( )PGG <£,04> =
z Y a—100 Yy

«

a+io0o
/ ANz ¢y (N)u2m

—1i00

—100

dNy~N (N, u)Peg (% a> N

1N, ) ) - l%y—zvpgg (Za)]=0 @)

x

The integral in the bracket may be transformed to

1 1/z 1
d B T d B d
Yy pag (5’“) - / U Poc(opia) = / Y Pty a). (42)
x 1 x

The DGLAP IDE may be written in such a form

a+i00 g N 1

—100

a+1i00 — N,Oé x
— / de_NqSl(N)u?WW( ) / @yNPco(yﬂ):O (43)
a 0 Yy

—100

For the future use we introduce the notation
1 dy
(V)= [ Ly Pacly.). (44)

The main idea is the contour integral should be put to zero in front of each power of expansion
in terms of x on the right hand side of Eq. {@3) for the same contour.
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8 Solution to DGLAP equation in a simple toy-model

The IDEs of the type like Eq. ([I9) or in particular Eq. (B8] have a probabilistic interpretation
and appear in many areas of applied mathematics, mathematical biology, or stochastic processes
in theoretical chemistry [3I]. Some of the authors of DGLAP IDE mentioned on page 321 of
textbook [32] that this equation is analogous to balance equation of various gases being in chemical
equilibrium. It is not necessary that there exists a quantum field theory model for any given
splitting function P(z). Quantum field theory is not the unique field of application for this IDE.
The existence of a wide spectrum of applications suggests that analytical solution to such a type of
IDEs should be searched. The splitting function P(z) is an input for this IDEs. In this Section we
take the splitting function in the simplest form of only one term in order to show that the method
we have found works for solving this IDE. Almost realistic form of the splitting function Pgg(z)
will be considered in the next Section.
We consider in this Section the splitting function of gluons in the form

Paal(z, a) =Foo(1 —z)+ 2z (45)

With this simple splitting function we may illustrate the main idea of the method. First, according
to Eq. ([@4) we have

1 1 N+1
dy n dy N 2 2z
T(N = —y" P = — o(1 — 2y) = _ . 46
Vo) = [ Ly Paata) = [ Ly a0 - ) +2m) = o+ g - e ()
We have from Egs. (38) and (@4
2
N,a) =T(N,0,a) = —_— 47
’7( ,CY) ( ) ,CY) BO+N+1 ( )
Thus, Eq. {@3)) may be rewritten in this case as
e’
a+100 o N-+1 a+100 _’Y(N’ )
— _FY(Nv a) Nt ¢1(N)’U,27T
ANz Ny (N)u2 = dN - 4
T T e . 0. @)
from which we must conclude
o
. —(N, a)
a+100 (b (N)u2ﬂ'
AN = = 0. 49
/Q_Z-OO N+1 (49)

Eq. (@9) does not restrict unintegrated gluon distribution ¢(x,u) completely. Indeed, as we
have explained in the previous sections, our model suggests that gluon distribution is the dominant
distribution in A/ = 4 supersymmetric Yang-Mills theory. This is a rough approximation under
which we suppose that the gauge coupling does not run and gaugino and scalar distribution are not
taken into account. Coeflicient fy is the first coefficient of the gauge 8 function. Since 8 = 0 (the
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coupling does not run), we have Sy = 0. Then, Eq. (49) takes the form

©W.0) S
. —y(N, o ) v —
a—+i00 2 a+100 7TN+1
oz/ an erV)uzm :/ dN—¢1(N])\?+1

T a+i00 g# T a+ioco Q@ 1
« o a

a—1i00

x=1

g (udy(z,u)),_y = gu(?u(b(l,u). (50)

There are many functions satisfying this condition. For example, any expansion in powers of In x

oz, u) =C+ Z fr(z,u) In® 2 (51)

k=1

where fi(x,u) are non-singular functions of = at = 1, would work as gluon distribution satisfying
Eq. (@3).

We use Eq. [@9) to fix point a on the real axis in the complex plane of variable N and to find
function ¢1(N). First, we go back to Eq. (49]) and expand it in power of Inu. This expansion helps
to establish the value of a, indeed,

« (N, a) a 1
a+1io00 57 & a+1i00 -
0:/ T e :/ T oW N
a—100 N+ 1 a—100 N+ 1
0o 1 o k a+ioco ¢1(N)
kzzog (;lnu) /a_ioo dNi(N—f—l)k"'l =
G
/ _ dNW:O (k=0,1,2,...) (52)

According to the theory of transformation to Mellin moment described in Section 2, all the poles
should be situated to the left from the point N = a in the complex plane of variable N (= —1 < a),
and the contour should be closed to the negative complex infinity because x € [0, 1]. There are two
different possibilities to guarantee zero on the r.h.s. of Eq. (52)). The first possibility is that all the
poles should be of second order or higher in order to avoid contribution of residues due to Cauchy
formula. This means that all the poles should be at the same point. In this Section dedicated to a
simple toy-model we concentrate on this first possibility. Another possibility when residues at two
different points cancel each other is considered in the next Section in which we study the solution
to DGLAP by this method for almost realistic splitting function Pgg(2).

We have already the pole at the point N = —1 in Eq. ({#9]). Going along the first way described
in the previous paragraph in order to solve Eq. (52]) we choose that

N) = — 93

a) =3 i (53)
j=1

where ¢; are arbitrary coefficients. Another conclusion is that a is situated to the right from NV = —1

on the real axis because x € [0,1] and the contour should be closed to the left, that is, —1 < a. In
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such a case the poles at the point N = —1 will be taken into account when we use Cauchy integral
formula to calculate unintegrated gluon distribution ¢(x,u). We conclude that Eq. (@3] is enough to
fix the contour and contains good piece of information about function ¢ (V). The function ¢ (N)
could have, in fact, also terms of the form H?:l(N — N;)7% with Re(V;) < —1 and at least one
natural power index being vy positive nonzero, as argued in a more general context in detail in the
next Section.

As an example, we may obtain the form of unintegrated gluon distribution ¢(z,u) for the
simplest case when ¢1(N) = 1/(N + 1), that is,

a 1 a 1

—146+ico a_- —148+i00 - Z
o) = | NG (N7 N+ 1aN — [ AN N =
—14+5—i00 —14+5—ico N + 1
0o 1 (a k /—1+6+ioo x—N
—(=In u) AN s =
kz:%) PAm —145—ico (N + 1)rHt
oo 1 (a k /1+6+ioo fofl
x — (= lnu) AN o
kz:%) k' A\m —1+6—ico (N + 1)k+1
=1 s« k(—Inz)k = (-1DF ra k e 1
sz—(—lnu) 72952 (—lnulnx) =xlp[24/—Inuln— |, (54)
! ! 1)?
P AN k! pors (k12 \=x ™ x

where I is the modified Bessel function. On this side we reproduce Bessel-like behaviour obtained
in Ref.[25] by summation of ladder diagrams in the pure gluonic case too. However, the Bessel-like
behaviour has been obtained in Ref.[25] under some approximations for the realistic gluon splitting
function Pgg of Eq.(B1). Our toy-model gives an exact solution for the Bessel-like behaviour with
the one-term splitting function (@H]).

To check that the function we found possesses necessary upper bounds on its behaviour with
respect to variable x, we do a simple approximation

a a
= (-1)* s k = (=1D)* sa k ——lnulnz 1——=Inu
:C;W(;lnulnx) <:v];) o (;lnulnx) =ze T =x T (55)

In arbitrary case we obtain
a 1 a 1

—148+ico T oo —148+ic0 =N
o(x,u :/ AN (N)um™ N + 17V = c/ AN ———uT™
(z,u) —1+46—ico 1) Z T s (N +1)/

N +1

oo oo E p—1l46+ico -N

XS E (G [ N

Sk AT —146—ioo (N +1)
—1+6+i0c0 —N-1

=Y s (G [T v

j=1k=0 —14d6—ioc0
i~ [ k(—Inz) 2= (=) koo
=r 3 () oo Tt oo () e

oo oo k
cj o 1 41
— 9 ([ Zlpuln=) mit=
Izzk!(k—i—j—l)! <7r nunx> S (56)



This is the general solution to DGLAP IDE (B5) with the splitting function ([@&). As we may
observe, the solution is not unique. There are infinitely many constants c¢; which appear in this
solution.

9 Solution to DGLAP IDE in almost realistic case

In the previous Section a toy-model has been considered. The idea was to show how the method
proposed in Section [7l works. The method was aimed to solve integro-differential equations of the
DGLAP type, like Eq. ([I9) or in particular Eq. (B5). These equations have a probabilistic inter-
pretation and due to this interpretation have many practical applications in science and technology.

The toy-model was chosen to be simple, it contains one term only. However, for this toy-model
we have reproduced Bessel-like behaviour of the unintegrated gluon distribution of Ref.[25] in which
such a kind of behaviour has been obtained via an estimative summation of the ladder diagrams
in pure gluonic QCD with the gluon splitting function Pg¢ given in Eq.(57). This gluon splitting
function Pgg(z) of Eq.(B7) has been calculated at the one-loop level and may be found in many
textbooks.

In contrast to Ref.[25], we take the d-function term in this splitting function equal to zero. This is
because the coupling in our model does not run. This model comes from maximally supersymmetric
Yang-Mills theory in which supersymmetry is softly broken. The model is described in Section
In this model we take the contribution of gluon distribution only on the r.h.s. of the DGLAP
IDEs and neglect the contribution of gluino and scalar distributions. This is a rough approximation
under which we suppose that the gauge coupling does not run and at the same time gaugino and
scalar distribution are not taken into account. The unintegrated gluon distribution looks to be the
dominant distribution in this model. This would be almost realistic model. Knowing solution in
this case, we may get an impression how the gluon distribution looks in a realistic model in which
all three distribution would participate.

The explicit form of the realistic gluon splitting function Pgg(z) may be found for example in
Ref. [33], page 236, Eq. (8.5.42), and it takes the form

Pac(z) =6 [(1 _ZZ)+ + 1;’2 +2(1—2) + Bod(1 — 2) |, (57)

in which 8y is the one-loop coefficient of the gauge S-function. Because the coupling does not run,
we have to take By = 0.
To calculate T'(N, z, @) of Eq.([@4) for this model, we need to take into account that

1 1 N N-—-1
dy y1—-y / N_2 1 1 =z x
—yN—== 1 d l—gy)=— — — - 58
/z v Ty Ty =gyt Yy TNoT (58)
1 N+42 N+1
dy 1 1 x x
/—yNy(l—y)= = + - , (59)
Ty N+1 N+2 N+2 N+1
1 N N+1 & k
1—-y T N x
d N+ D)+ C+n(l—a)+ o 4 aN25 2 60
/w YTy YN+ D)+ CtIn(l—a) + g +o kZ:ONJrkJrz’ (60)

where C is Euler-Mascheroni constant. Integral (60)) comes from the first term in the gluon splitting
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function (&) which is defined as

/0 1—;1: /f 1_:1; ’ /w 1_x /f +1n(1—9c). (61)

This means that
1 N 1 N
Yy y" -1
dy—— = / dy +1In(l —x
/1 T-v: J (1=2)=

N4l —o— B v 2 62
SN A= O- g e gm (62)

This integral generates harmonic numbers and generalizes them to the complex argument z,

1 A 0 _ —w)? j— o) _,
/mdyll_yy :—/1_1 du#z/@ du%(l—z(m)kuk>: (63)

11—z
—/ du
0

Nk
0
T w
S~—
=
IS
=
L
I
|
=
M2 7
=7
=&
—
|
53
N—
=

k=1 ’ k=1

> —Z I‘k > —Z
k=0

in which (a)r = I'(a + k)/T'(a) stands for Pochhammer symbol. This formula may be derived by
using Mellin-Barnes transformation [34]. In particular case, when x = 0 we obtain for integral (63])

/0 1= Zkzgf b(z+1)+C. (65)

k=1

Also, another representation of Euler digamma function necessary for future use is
— § - ) -C 66
¥(2) k_1<k k+z—1> (66)

Taking into account that ¢(n + 1) = H,, — C, where n is a natural number, integral ([63) may be
considered as an analytic continuation of harmonic numbers

=3 (67

1 1_ n
/ =Y (68)
0



According to Eq.[#4) and Egs.(58),([E9) and (60) we have for T'(N, z, «) with Poe (B7)

1 1 1 1 1
ST(N e (N4l —C 4 — L
T WNwa) =N+ 1) =Ct = o+ 51~ N2
_xN—l +ﬂ_ 2(EN+1 + $N+2 B N+2Zx7k:
N-1' N N+1 N+2 2N+ k+2
1 1 1 1
_H(N+1)—C —
VN Ot e -ty T T Va2
AR A _xNHZL_ (69)
N-1' N N+1 ZNtk+2

As we have mentioned, this Section is based on generalization of the solution for the toy-model
considered in the previous Section. Thus, we should write for the anomalous dimension

1 1 1 1 1 1
L (N.a) = 17(N.0.a) = —(N +1 B
g ) = TN,0,0) = =N+ 1) - Ct = -+ 57~ Fi2 (70)

We note, that in this model the normalization condition
Y(1,0) =1 (71)

cannot be maintained due to the pole in the complex plane at the point N = 1. In view of Eq.(66])
we may re-write Eq.(Z0)

1 = /1 1 1 1 1 1
—~(N,a) = — - - 72
ALY ;(k N+k)+N—1 NTNT1 N2 (72)

Thus, in analogy to the toy-model of the previous Section Eq. (@3] may be rewritten in this
case as

N o _r N+2 oz
v (N)u N1 N nNy1'* ;N+k+2

. (0% . [0
l/aJrzoo dN(bl(N)u%’y(N, a) B /aJrzoo dN(bl(N)u%'y(N, CY)
3 N1 ; N

x

/a+ioo N —”Y(N @) lxzv—l N 9pN+1 00 ok

—1i00

+

—100 - —i00

a-+1i00 a+-ico @
¢1(N) oo Z k+2/ g (N) (N, )
2 N dN —/——2 42 =0.
i /afioo I N+1" . oo Ntk+a! T 0 (73)

We have obtained that some infinite series of the integer powers of x must be zero. This means
that the coefficient in front of each power is zero, that is, the following identity must be fulfilled

. (6%
/ * AN ¢1(N) UEV(Nva)

= k -3,—2,—1}. 4
n Nt hT3 0, VkeNuU{-3,-2,-1} (74)
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In analogy to Eq. (B2)) of the toy-model we obtain

. N, «
a-+100 2
o:/ an 2L uem -

—ioo N+k+2
Zoo 1/« j patioo 61 (N) ‘
i \ar ! ) AN ———— (y(N,a))” =
=0 J! (27r nu /aiioo Nkt (v(N,a))
a+ioco ¢(N) [eS) 1 1 ) . , 1
lei B i N N 1 A e =0 75
/a Ntk <j N+j)+N—1 N TNT1 Ntz , o (75)

—100 =1

this equation is valid V{k,m} € NU{-3,-2, —1}.
The solution for function ¢1(N) to Eq. (3) is a linear combination of the terms like

[TV =)= (76)

in which v; € NU {0} are arbitrary natural numbers or zero, N; belong to a set of arbitrary
complex numbers such that Re N; < a, and at least one of the numbers v; should be nonzero. The
requirement Re N; < a guarantees that all the poles of function ¢1(/N) appear to the left from the
vertical line of the contour in the complex plane N. To fulfill Eq. ([4]) by the terms of Eq. (Z6]) we
need to require that a > 1.

To prove that a term like (76 gives a solution to Eq. (3, we consider a simplified form of

#1(N)

1
N)= —— 77
(bl( ) N — /\7 ( )
where A € C is an arbitrary complex number such that Re A < a. We may consider a term
1
—_ 78
(N=XN(N+1) (78)

According to the theory of transformation to Mellin moment described in Section 2, all the poles
should be situated to the left from the point N = a in the complex plane of variable N and the
contour should be closed to the negative complex infinity because x € [0,1]. If @ > 1 than

1 1
AWy +D A oy (79)

Let us consider another combination,

1 1 1 1 1
(N=XN(N+1)2 N+1 [N—A_NJFJ A1
1 1 1
N1 {(N—)\)(N—Fl) - (N+1)2]’ (80)

17



and we obtain again

1 1 1 1
R — R — =0. 81
VANV 1) (N+1)2} TN {(N—)\)(N—Fl) (N+1)2] (81)
The terms of second degree or higher do not contribute into residue calculus due to Cauchy formula

and the first term does not contribute due to Eq. ([79). The third type of terms, which we consider
in this proof, is

1 1 1 1 (82)
(N-XN(N+1)(N+2) N-X|N+1 N+2|
Such a representation means that
Res ! + Res L +
NAIN - NN+ DN +2) V21 (N= V(N + (N +2)
+  Res ! =0. (83)

N=—2 (N —A)(N+1)(N+2)

At the end of this proof, we observe that any term of type like in Eq (6] may be decomposed in a
finite sum of terms (T7) or their natural powers. Formulas ([3)), (8I]) and (83) show that the term
(D) is a solution to Eq. (73) if a > 1.

Thus, any linear combination of the terms like (76) can be used for function ¢, (N). To show
how the residue calculus works for this solution, we take again the simplest case

1
CON+1

which has been used in the previous Section for the toy-model and has appeared to be successful in
reproducing the Bessel-like behaviour of unintegrated gluon distribution ¢(z, u) reviewed in Re.[25].

¢1(N) (84)

@
The result of calculation for the first two orders of expansion in terms of powers o Inwu is
T

atios LN, o a+ioo -N Y (N.a
¢(x,u):/aim qusl(N)uzﬂ( ; )w_N:/aioo dN;_'_luQWW( ) _
0o 1 o j a+1i00 I_N ;
1— 2
I+3?alnu(xln(1_x)_2xlnff+ 2; —(1—$2)>+0(%lnu) (85)

The integrals may be taken by Cauchy formula in each power of Inwu. The integral in front of the
first power of ; Inw is
T

atico N > /1 1 1 1 1 1
dN - _— ——t | =
/H-oo N+1 ;(J N+j>+N—1 N TNT1I Ntz

:v(ln(l—:v)—lnx)—i—%(é—x) ~(1—2)—(r—2*) -2z =

g2

1
—2zlnz+zln(l—z)+ - (1-27 (86)
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Here we take into account the integrals

a+ioco N 1 [atice 1 1 1/1
AN ————— = = ANz N |— - | = Z([Z_
/a_m (N+ (N -1) 2/(1_1.00 v {N—l N+1] 2(;« v
a+1i00 IiN
dN——"— = 1-—
/a,m (N+ )N -
a+1i00 IiN
AN——— = g —2?
/a,m N+ +2) T
a+1i00 .’II—N
/a—ioo dNi(N—l—l)Q = —zlnx

and the integral

a+100 —N oo
T 1 1
AN Sz
/a N+1 _1<j N+j)

—100

a+i00 IiN 1 o0
dN 1-—
/a N+1 N+1+;

—100

a+tioo 1 1 1 /1 1 > 1
dNz=N - + <—, - —) + TRV Y
/H-OO . N+1 (N+1)2 N+1Z i j—1 Z(j—l)(N—i—j)

=2

(88)

As we may see in Eq.(85) there are singularities at the points x = 0 and = = 1 at the first
order of the expansion in terms of (a/27)Ilnwu. We sum the leading terms of these singularities
and show that the singularity at x = 0 survives while the singularity at x = 1 disappears. First,
we treat the singularity at the point x = 0. It is produced by the residue at N = 1. The most
singular contribution is produced by the natural powers of 1/(N — 1) in each term of the expansion
in Eq.(83) because in addition to 1/x we will obtain factor In (1/z) in the maximal power. Thus,

in the vicinity of the point z = 0 we may write

o=k () [ vy -

1/« jofatice N 6 i
~ 3 = (5 ) AN 2
;j!(% e /a N+1<N—1>

—100

1 1 /3« 3 patico N
~cr+=ST 2 (2 AN—2
“2_j!<7r““)/a (N —1)3

—100
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+
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> =
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|oo
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e
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3 1 3a

— Inuln— ) 1 1 7111” )
+ 2zIn(1/x) c v 2xIn(1/x) x
3—alnu 1+ 3—alnu
1 1\ 7 ) 1 1 - (59)
2zIn(1/x) x 2In(1/x) \ =

This equation gives by itself an upper bound on unintegrated gluon distribution ¢(z,u) in the
vicinity of the point £ = 0. The upper bound is a singular function at the limit z — 0. To be sure
that ¢(z,u) is a singular function we need to consider a lower bound for it in the vicinity of the
point x = 0,

0 . a+100 —N )
m:z}<% [ v -

§j=0 —100

11 (3a g patico N
INT (29 AN ——— =
221 ( ““) / » (N -1y

—1100

11 Ty o =1 1)’
— — | —1 In — —_— — Inul
a2 (F nu) () o smm L ar mx)
L [Io(K) 1] G- K) . (90)
0 Z)—= ~ 5 )
2.’[]1 (1/.’[]) z:\/ln(l/w),K:\/(12a/7r)lnu 2
where, when using the asymptotic behavior of the modified Bessel function Iy(z), we have
1
G(:K) = 5 [l(Kz)—1
1 [exp(Kz)
= = |—=1+4+0(1/2))-1 91
= [ 1+ o) (1)

and z = y/In(1/z) and K = /(12a/7) In u.

If we assume K > 0 (u > 1), then the function G(z, K) has the behavior
G(z,K) = + when z — +o0. (92)
Therefore, we have, by Eqs. ([@0) and ([@2)
o(z,u) = 400 when z — 40. (93)

We conclude that a lower bound for the unintegrated gluon distribution in the vicinity of the point
x = 0 is determined by the modified Bessel function and it is singular in the small = region.

On the contrary, the singularity at the point z = 1 disappears. We may conclude for the consid-
erations presented in the previous paragraphs of this Section that the most singular contribution is
the biggest power of In (1 — z). This may come only from powers of H(N) = (N +1)+ C Harmonic
number function in Eq. (8H). If we consider integral

2

/a+ioo AN .’II—N i 1 B 1 (94)
a—100 N+ 1 j ] N+.] ’

=1
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we conclude by considering carefully the singularity structure of the Harmonic number function
H(N) = ¢(N + 1) + C in the complex plane, applying repeatedly the Cauchy theorem, and then
using the identities

= ;i In(l-x)
;ij =0 (95)
Zﬂji—,J - %m?(l — &)+ Lis(2), (96)
j=1
— 7 (1-2)ln(l-2)
LG = ! N

that in the vicinity of the point x = 1 the result for integral (04]) has the following asymptotic
behaviour

2

/a+mdN 2 i<1 1 ) In?(1 - ) (98)
- — ~xzln“(1—1z).
i N+1|&\G TN

—1i00

The same is true for the higher power of the (N + 1) function in the integrand of Eq. (85]). Thus,
at the vicinity of the point x = 1 we may write

=1/« A N ;
= — (=1 dN N T~
o) = 35 (g ) [N )

o0 . a—+100 —N )
~> 1 (i 1nu)] /HOO dNA”; — (=6 (p(N +1)+C))’

) 3«
oo o J , —lnu In(l —2« —Inu
S D Y A (N )

We observe that the highest singularities at the point = 1 disappear after summing the leading
singularities up. This is in agreement with Eq.([)). Indeed, ¢(1,u) looks like Eq.(74)) without the
denominator in the integrand.

10 Conclusion

In the present article we have found a way to solve DGLAP integro-differential equation analytically.
The method we propose is simple and is based on the fact that integrals of the splitting functions in
the range from 0 till # (where z is Bjorken variable) are proportional to " where N is the complex
variable of the Mellin moment ¢(N,Q?/u?) of the unintegrated gluon distribution ¢(x, Q?/u?),
cf. Eq. (@)). Due to cancellation of this power 2" with the power =~ which stands in the inverse
integral transformation, cf. Eqs. [@2)-(@3]), we obtain an expansion in terms of integer powers of
from which we may conclude that the coefficient in front of each integer power of x must be zero.
These requirements give us a set of integrals involving Mellin moment ¢(N, Q?/u?) of unintegrated
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gluon distribution ¢(z, Q%/u?) which must be equal to zero simultaneously, cf. Eqs. (d9) and (74).
We have found a way to solve these integral restrictions analytically by making use of Cauchy
formula. The method we have found may have a wide spectrum of applications in science and
technology.

We have considered a simple toy-model of DIS processes and found an analytical solution for the
DGLAP equation in this toy-model. A simplified splitting function (#H) was used as an input. The
Mellin moment ¢(N, Q?/u?) of unintegrated gluon distribution ¢(z, Q?/u?) appears to be a linear
combination of the chosen terms. The infinite set of constants c; which are coefficients in front of
these chosen terms remains unfixed in this toy-model. The solution is parametrized by them. It
could be that they are fixed if we consider DGLAP IDE together with BFKL IDE. However, we have
shown in this article that the corresponding DGLAP IDE by itself contains enough information to
represent the chosen unintegrated gluon distribution ¢(z, @?/u?) in this toy-model in the form of
expansion in terms of In Q?/u? and In1/2 shown in Eq.(56).

When we choose only one simplest term from all the possible terms, we obtain a Bessel-like
behaviour for unintegrated gluon distribution ¢(z,@?/u?). Such a behaviour of ¢(x,Q?/u?) has
been obtained in Ref.[25] by summing ladder diagrams in an estimative way for the realistic split-
ting function Pg(2) in a pure gluonic Chromodynamics. We have shown that such a behaviour
corresponds to the selection of this simplest term from all the possible terms for the Mellin moment
&(N,Q?/1u?) of ¢(z,Q%/u?) in our toy-model with the simplified splitting function.

Situation becomes more complicated for the realistic one-loop splitting function Pgg(z). The
number of the possible terms for the Mellin moment ¢(N, Q?/u?) is infinite too, however more rich
structure of the splitting function produces more complicate anomalous dimension for unintegrated
gluon distribution. As the result, the distribution ¢(x, Q?/u?) looks more complicated than for
the toy-model. This happens even in the case when the same simplest term like in the toy model
is selected of all the possible terms for Mellin moment ¢(N, Q?/u?). Making complex integrals by
use of Cauchy formula for the selected simple term of the Mellin moment ¢(N,Q?/u?), we obtain
distribution ¢(z, Q?/u?) as an expansion in powers of aln Q?/pu?.

The summation of this expansion in powers of alnQ?/u? looks difficult in this realistic case.
However, the second term of the expansion shows singularities at the points z = 0 and z = 1 whose
origin in the complex plane of variable N may be detected and the corresponding terms responsible
for these singularities may be analysed. These singular terms at the points * = 0 and x = 1 may
be summed up in all the orders of the expansion in powers of aln Q?/u?. After summing up these
singularities at the point x = 1, they disappear and the behaviour of unintegrated gluon distribution
é(x,Q?/u?) becomes smooth with respect to variable z in the vicinity of the point = 1. However,
the sum of the singular terms at the point = 0 taken to all orders of aln Q?/u? remains singular
with respect to = at the point z = 0. The result of summation shows the Bessel-like behaviour in
the vicinity of = 0 which is similar to the behavior of unintegrated gluon distribution obtained
in Ref. [25] by summing ladder diagrams or by calculating integrals via saddle-point method.

We found in this paper a large set of solutions to the DGLAP equation without using any other
information from any additional equation. In particular, we did not use any information from
BFKL equation. This may be considered as an alternative way to the approach of Refs.[I1]-[18]
where BFKL IDE has been widely used. We have shown that this integro-differential equation has
infinitely many solutions for any given kernel P(z) by itself if we do not provide any boundary
condition for unknown parton distributions.
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