PUBLISHED VERSION

Kusaka, Kensuke; Williams, Anthony Gordon
Solving the Bethe-Salpeter equation for scalar theories in Minkowski space Physical
Review D, 1995; 51(12):7026-7039

© 1995 American Physical Society
http://link.aps.org/doi/10.1103/PhysRevD.51.7026

PERMISSIONS

http://publish.aps.org/authors/transfer-of-copyright-agreement

“The author(s), and in the case of a Work Made For Hire, as defined in the U.S.
Copyright Act, 17 U.S.C.

8101, the employer named [below], shall have the following rights (the “Author Rights”):
[...]

3. The right to use all or part of the Article, including the APS-prepared version without
revision or modification, on the author(s)’ web home page or employer’s website and to
make copies of all or part of the Article, including the APS-prepared version without
revision or modification, for the author(s)’ and/or the employer’s use for educational or
research purposes.”

12th April 2013

http://hdl.handle.net/2440/12752



http://hdl.handle.net/2440/12752�
http://link.aps.org/doi/10.1103/PhysRevD.62.093023�
http://hdl.handle.net/2440/12752�
http://publish.aps.org/authors/transfer-of-copyright-agreement�

PHYSICAL REVIEW D

VOLUME 51, NUMBER 12

15 JUNE 1995

Solving the Bethe-Salpeter equation for scalar theories in Minkowski space
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The Bethe-Salpeter (BS) equation for scalar-scalar bound states in scalar theories without a
derivative coupling is formulated and solved in Minkowski space. This is achieved using the per-
turbation theory integral representation, which allows these amplitudes to be expressed as integrals
over weight functions and known singularity structures and hence allows us to convert the BS equa-
tion into an integral equation involving weight functions. We obtain numerical solutions using this
formalism for a number of scattering kernels to illustrate the generality of the approach. It applies
even when the naive Wick rotation is invalid. As a check we verify, for example, that this method
applied to the special case of the massive ladder exchange kernel reproduces the same results as are

obtained by Wick rotation.

PACS number(s): 11.10.St, 11.80.—m

I. INTRODUCTION

There has been considerable recent interest in covari-
ant descriptions of bound states, for example, in con-
junction with model calculations of high-energy processes
such as deep inelastic scattering. A fully covariant de-
scription of composite bound states is essential for the
understanding of hadronic structure over the full range
of available momentum transfer. In a relativistic field
theory the two-body component of a bound state is de-
scribed by the appropriate proper (i.e., one-particle ir-
reducible) three-point vertex function or, equivalently,
by the Bethe-Salpeter (BS) amplitude. An extensive re-
view of the BS equation has been given by Nakanishi [1].
Other reviews of the BS equation studies and many fur-
ther references can be be found in Refs. [2-5]. The BS
amplitude satisfies an integral equation whose kernel has
singularities due to the Minkowski metric. The resultant
solutions are not functions but mathematical distribu-
tions. The singularity structure of these distributions
makes it difficult to handle the BS equation numerically
in Minkowski space.

We illustrate the BS equation for a scalar theory in
Fig. 1, where ®(p, P) is the BS amplitude, P = p; + p2
is the total four-momentum of the bound state, and p =
7n2Pp1 — MpP2 is the relative four-momentum for the two
scalar constituents. We have then M = /P2 for the
bound state mass and also 77 + 72 = 1, but otherwise
the choice of the two positive real numbers 7; and 7, is
arbitrary. Note that p; = m P + p and ps = 7, P — p.
In the nonrelativistic limit the natural choice is 715 =
my,2/(my + myz), e.g., ;1 = N2 = 1/2 for the equal mass
case. This is the choice that we will make here.

The renormalized constituent scalar propagators are
D(p?,) and K (p, ¢; P) is the renormalized scattering ker-
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nel. For example, in the simple ladder approximation in
a ¢?0 model we would have K (p,q; P) = (ig)(iDs([p —
q]?))(ig), where D,(p?) = 1/(p?* — m2 + ie) and m, is
the o-particle mass. Note that the corresponding proper
(i.e., one-particle irreducible) vertex for the bound state
is related to the BS amplitude by & = (:D)(:I")(:D). We
follow standard conventions in our definitions of quan-
tities (see Refs. [6,7] and also, e.g., [8]). Thus the BS
equation for any scalar theory can be written as

iT(pr.22) = [ zliD(@)] T (a1,22)] D (D)
xK(p,q; P), (1)

where similarly to p; and p; we have defined ¢; = m; P +
q and g2 = 1P — q. Equivalently in terms of the BS
amplitude we can write

D(p?)~" ®(p,P) D(p3)~"

= _/ (‘21;‘;4 @(q, P) K(p,q; P) (2)
= /(—2017}% ®(q, P) I(p,q; P), 3)

ir
a) ---- =

FIG. 1. The Bethe-Salpeter (BS) equation for two scalar
constituents in terms of the bound state proper vertex (a)
and in terms of the BS amplitude (b).
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where the kernel function defined by I(p,q;P) =
—iK (p, q; P) is the form typically used by Nakanishi [1].
In the ladder approximation for a ¢2c model we see for
example that I(p, q; P) = g%/(m2 — p? — i¢). For ease of
comparison with earlier work we will use the latter form
of the BS equation here, i.e., Eq. (3).

One approach to dealing with the difficulties presented
by the Minkowski-space metric is to perform an analytic
continuation in the relative-energy variable p°, which is
the so-called “Wick rotation” [9]. This has been widely
used as a means of solving model BS equations, e.g.,
see Ref. [8] and references therein. The special case of
the ladder BS equation is solved as a function of Eu-
clidean relative momentum in the standard treatment.
This is possible since in the ladder approximation the
kernel is independent of the the total four-momentum
P#. The difficulties associated with this approach in
the general case arise from the fact that since the to-
tal four-momentum must remain timelike, P - p becomes
complex. In addition, when one uses a “dressed” prop-
agator for the constituent particles or more complicated
kernels in the BS equation, the validity of the Wick ro-
tation becomes highly nontrivial. For example, essen-
tially all of the dressed propagators studied previously
in the Wick-rotated Dyson-Schwinger equation approach
contain complex “ghost” poles [8]. Hence, the naive
Wick rotation obtained by the simple transcription of the
Minkowski metric to the Euclidean metric and vice versa
is not valid in general. So while the Euclidean-based ap-
proaches certainly play a very important role and can be
useful in model calculations, it is preferable to formulate
and solve the BS equation directly in Minkowski space.
Here we present a method to solve the BS equation with-
out Wick rotation by making use of the perturbation the-
ory integral representation (PTIR) for the BS amplitude
[10].

The PTIR method was first used in conjunction with a
Wick rotation by Wick and Cutkosky for a scalar-scalar
bound state with a massless scalar exchange in the ladder
approximation [9,11]. This is now commonly referred to
as the Wick-Cutkosky model. They solved the BS equa-
tion in terms of a single variable integral representation,
which is a special case of the PTIR. Wanders [12] first
introduced the more general two-variable integral rep-
resentation to solve the BS equation for a scalar-scalar
bound state with a massive scalar exchange in the ladder
approximation. It was shown that all invariant scalar-
scalar BS amplitudes have this integral representation in
the ladder approximation [13,14] and the weight function
for the corresponding BS amplitude was solved formally
by means of Fredholm theory [14,15]. This two-variable
integral representation was independently proposed for
the vertex function on the basis of axiomatic field theory
[16-18]. Following this proposal of an integral represen-
tation for the vertex function, Nakanishi made a detailed
and systematic study of the PTIR [10].

The PTIR is a natural extension of the spectral repre-
sentation for a two-point Green’s function to an n-point
function in a relativistic field theory. Since the Feyn-
man parametric integral always exists for any Feynman
diagram in perturbative calculations, one can always de-
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fine the integral representation such that the number of
independent integration parameters is equal to that of in-
variant squares of external momenta. Each Feynman di-
agram contributes to the weight distribution of the para-
metric integral, so that the complete weight function for
the renormalized n-point function is identical to the infi-
nite sum of Feynman diagrams for the renormalized La-
grangian of the theory. Hence, we see that the PTIR of
a particular renormalized n-point function is an integral
representation of the corresponding infinite sum of Feyn-
man diagrams for the renormalized theory with n fixed
external lines.

This paper is organized as follows. In Sec. II, we in-
troduce the PTIR of the renormalized scattering kernel
for scalar models without derivative coupling. We also
introduce the PTIR for the BS amplitude itself. We dis-
cuss the structure of the kernel weight function and the
BS amplitude. In Sec. III an integral equation for the
BS amplitude weight function is derived and expressed in
terms of a new type of kernel function, resulting from the
kernel weight function and the constituent scalar propa-
gators. The structure of this kernel function is discussed
in Sec. IV. Numerical results are presented in Sec. V and
we present our conclusions and directions for future work
in Sec. VL

II. PTIR FOR SCALAR THEORIES

In this treatment we will limit ourselves to studies
of bound states of scalar particles interacting through a
scalar kernel without derivative coupling. Let ¢(x) be the
field operator for the constituent scalar particles having a
renormalized mass m. We will define p such that m + u
is the threshold for particle production in the single ¢
channel. For example, for a $20 model where the renor-
malized o-particle mass satisfies m, < 2m or m, > 2m,
then we would have u = m, or u = 2m, respectively.
The renormalized propagator for the ¢ particle can be
written in the spectral form

m2 — q? — ie (m+u)2 @ — g% —ie
(4)

where pg(a) is the renormalized spectral function. Note
that py(a) > 0 (see, e.g., [6]).

Following the conventions of Ref. [7] (e.g., pp. 481-
487), we can also define center-of-momentum and relative
coordinates X = mx1 + m222 and ¢ = x; — x5 such that
z; = X +mz, 290 = X —mz,and P- X +p-z =
p1 - €1 + pa - v2. Hence the Bethe-Salpeter amplitude
®(p, P) for the bound state of two ¢ particles having the
total momentum P = p; + p; and relative momentum
p = (n2p1 — Mp2) can be defined as

(01T p(x1)d(22)|P) = e~ ¥ (0|Th(n22) $(~me) | P)

= e~iP‘X‘/ (:ﬂZ))‘le—ip':cq)(p’P) I (5)

where we have made use of the translational invariance
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of the BS amplitude. Equivalently, we can write
®(p, P) = ¢iPX / dze’®® (0| T(z1)p(22)|P)

= / d*ze?®(0|Tp(n2x)p(—mz)|P) . (6)
|

dip d*q

(@m)3 ) (2m)?

where the conjugate BS amplitude ®(p, P) is defined by
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Note that the bound states are normalized such that
(P|P"y = 2wp(27)383(P' — P), where wp = (P2%+ M?)'/2
with M the bound state mass. For a positive energy
bound state we must have P2 = M2, 0 < P% < (2m)?,
and P° > 0. The normalization condition for the BS
amplitude is given by

——2(q, P)—a% {D7*(p2)D~'(p3)(27)*6*(p — q) + K (p,q; P)} ®(p, P) = 2iP* , (7

®(p, P) = e X /d4me_ip"”<P|T¢T(:1:1)¢T(z2)|0) = /d4a:e_ip'z(P|T¢T(n2z)¢f(—n1m)|0> . (8)

A. PTIR for scattering kernel

The scattering kernel I(p,q; P) = —iK(p, q; P) describes the process ¢¢ — ¢¢p, where p and ¢ are the initial and
final relative momenta, respectively. It is given by the infinite series of Feynman diagrams which are two-particle
irreducible with respect to the initial and final pairs of constituent ¢ particles. For purely scalar theories without
derivative coupling we have the formal expression for the full renormalized scattering kernel:

Pst(’)’,@

Ptu ('7’ g)

“+

1o.6i) = [ [ dé 1o [Shita o vtot] —ie v [SLibar o ot + o] e

Pus ('Yﬁ ‘{)

+

where g2 is the four-momentum squared carried by ¢;
and s, t, and u are the usual Mandelstam variables. This
expression has been derived by Nakanishi (PTIR) [10].
Since only six of these are independent due to the re-
lation ¢? + g2 + ¢ + q? = s + t + u, this is also the
number of independent ¢ parameters. Hence, we need
only introduce the “mass” parameter vy and six dimen-
sionless Feynman parameters §; with a constraint. The
symbol € denotes the integral region of & such that
Q={]0< & <1,)¢ =1(t=1,...,6)}. The
“mass” parameter 7y represents a spectrum of the scat-
tering kernel. The function pch('y,g) gives the weight of
the spectrum arising from three different channels which
can be denoted ch = {st}, {tu}, {us}. This PTIR expres-
sion follows since any perturbative Feynman diagram for
the scattering kernel can be written in this form, and
hence this must also be true of their sum. In a pertur-
bative calculation the weight function p., is calculable
as a power series of the coupling constant for a given
interaction Lagrangian. For more general theories in-
volving, e.g., fermions and/or derivative couplings, the
numerator of Eq. (9) will also contain momenta in gen-
eral. This would considerably complicate the procedure
to be presented here and the problem of how to extend
this approach to those cases is as yet unresolved. One
can impose additional support properties on the kernel
weight functions pch('y,g) by analyzing general Feynman
integrals for the theory of interest [10]. However, we do

Y- [2?21 &ig? + Esu+ Ess] — i€

; (9)

—
not impose any further conditions at this stage since we
wish to incorporate more general cases such as separa-
ble kernels, which cannot be written as combinations of
ordinary Feynman diagrams.

To illustrate the approach we will discuss two explicit
examples here.

(a) Scalar-scalar ladder model with massive scalar ex-
change: The simple ¢t-channel one-o-exchange kernel is
given by

92

m2 — (p — q)? — e’
The BS equation with this kernel together with pertur-
bative propagator D° is often referred to as the “scalar-
scalar ladder model” [1]. The Wick rotated BS equation
for this kernel has been studied numerically [19]. We use
this kernel as a check of our calculations.

(b) Generalized ladder kernel: A sum of the one-o-
exchange kernel Eq. (10) and a generalized kernel with
fixed kernel parameter sets {7("),5(17}. After the Wick
rotation this kernel becomes complex due to the p - P
and g - P terms, so that solving the BS amplitude as a
function of Euclidean relative momentum would be very
difficult in this case.

I(p,q; P) = (10)

B. PTIR for BS amplitude

Let us now consider the PTIR of the BS amplitude it-
self. Since the BS amplitude in the center-of-momentum
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rest frame [i.e., with P* = (M, 0)] forms an irreducible
representation of the O(3) rotation group, we can label
all of the bound states with the usual three-dimensional
angular momentum quantum numbers ¢ and £,. We can
thus construct the integral representation of the partial
wave BS amplitude in the rest frame and the PTIR auto-
matically allows us to then boost to an arbitrary frame.

For simplicity, let us begin by considering the s-wave
|
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amplitude. In order to apply the PTIR to the BS am-
plitude, it is convenient to first consider the equivalent
vertex function I'(p, P) defined such that i®(p, P) =
D[(P/2) + p|T'(p, P)D[(P/2) — p]. The vertex function
I'(p, P) is a one-particle-irreducible three-point Green’s
function, which can be expressed as an infinite sum of
Feynman diagrams and hence in terms of PTIR has the
form derived by Nakanishi [10]:

Pa('i, Z)

L'(p, P) =Awdn1i[/oldzia (1—§:zi) -

i=1

In contrast to the case for the scattering kernel, all invari-
ant squares of momenta are independent and so a single
weight function ps(k, Z) is sufficient to describe the sum
of all allowed Feynman diagrams. From the perturba-
tive analysis of Feynman graphs for the vertex function
one obtains the following support property for the vertex
weight function:

p3('€’2) =0,
unless

k > max[(z; + 22)(m + p)?,
z1(m + ,u)z + za(m — p)? + 33(27")2’
zi(m — p)? + za(m + p)? + 23(2m)?],  (12)

where “max” is taken separately for each fixed set of 2.
For the vertex function with a timelike total momentum
satisfying 0 < P% < 4m?, it follows that Eq. (11) reduces
to the two-variable representation

—[z1(E +p)2 + (L - p)2 + 23P?] — ie ’

(11)

[

_ ° ! ﬁ3(ﬂa<)
F(p,P)—/0 dﬁ/_ldcﬁ_(p+<§)2_i6, (13)

with the support property

ﬁ3(,87 Z) =0

unless
p2 (men-z0-1VER) . (9

This two-variable representation was first proposed in ax-
iomatic field theory [17,18].

For simplicity, we will now assume that the constituent
¢-propagators have their free form, D(p?) — D°(p?) =
1/(p?—m?2 +ie), or equivalently ps(a) = 0 in Eq. (4). The
arguments can be extended in a straightforward way to
the case pg(a) # 0, but we will not pursue this possibility
here. Then attaching two ¢ propagators as external lines
yields the PTIR for the BS amplitude:

oo 1
®(p, P) = —i/ da/ dz #n(22) " powrn 2 (15)
—oo -1 [m2+a—(p2+zp-P+%—)—ie]

where we have introduced the non-negative integer dummy parameter n. In order for the expression to be meaningful,

we see that we must have the boundary conditions

lim #2(®32) _

a—oo nt1

b

pn(a=—00,2) =0. (186)

We see that a partial integration of Eq. (15) with respect to o connects weight functions with different n, i.e.,

ent1(a,z) = (n+2) /j do'pn(d, 2) , (17)

and hence, as stated above, the integer n is an artificial or dummy parameter. While the non-negative integer n is
arbitrary, a judicious choice can be advantageous in numerical calculations, since the larger we take n, the smoother
the weight function becomes for a given ®(p, P). From the support property of p3(3, z) in Eq. (14), it follows that
the weight function ¢, (a, z) = 0 when

2 4

\/135) —m2+P—2 . (18)

a < min 0,(m+p.—
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This support property can be understood from the relation between g3(3, z) and ¢, (a, 2): i.e

p3(B, <)

outo) = [T as [ dtr—

where R(z,z) =[(1-2)/(1-2)]0(z—2)+[1+2)/(1 +
z)]0(z—2). Thus the region of support for ¢, (a, z), which
is specified by the step functions in Eq. (19), is due to
the singularities of the ¢ propagators attached as exter-
nal lines to the proper bound-state vertex I'. Note that
the integral representation in Eq. (15) and the support
property Eq. (18) are valid even if we keep the full non-
perturbative ¢ propagator D(p?) by including the spec-
tral function py(a). In this case Eq. (19) for the BS
amplitude weight function ¢, (a, z) must be suitably gen-
eralized and will include an integration over each of the
spectral functions from the two ¢ propagators.

Now let us consider the BS amplitudes for higher par-
tial waves, i.e, those for bound states with nonzero an-
gular momentum (£ > 0). To define these, we consider
the rest frame of the bound state, i.e., P* = (M,0). The
momentum-dependent structures, i.e., the denominators,
of the PTIR’s for the bound state proper vertex I' and
]

m2 + (1 —¢3?)

6 a
542~| X (ﬂ—m2+(1

_Cz)z_zi>0 (R(Z’C)—Ig_mz—l—(l—CZ)PT’)’
(19)

[
the BS amplitude ® are independent of transformations
under the little group belonging to the three-momentum
P in this frame. Hence, for higher partial waves with
angular momentum quantum number £ and third com-
ponent £,, I' and ® can be wrltten as the product of
the £th order solid harmonic Y{* () = |5]Y/* (§) and the
corresponding PTIR for the scalar (i.c., s-wave) bound
state in this frame [1]. A simple way to understand this
is that since the system consists only of scalar particles
and since in this frame there is only one available three-
vector (i.e., p), then higher partial wave amplitudes must
be proportional to Yf‘ (P). The solid harmonics are poly-
nomials of their three arguments and since they have the
self-reproducing property Eq. (B3) [14], we know that
in fact the amplitudes must be proportional to yf= (D).
Thus we have in the rest frame for a bound state with
angular momentum quantum numbers £ and £,

[l] (

a, 2)

#)p, P) =~V [

where the total momentum P is P =

1
da/ dz
Cth -1 [m2+a—(p +zp~P+%3)—

i ]n+2’ (20)

(v P2,6) and where we have introduced the lower bound a4, for the integral
range of a, corresponding to the minimal value of the right-hand side of Eq. (18).

The boundary conditions for

<p£f](a, z) are identical to those for the s-wave Eq. (16). The dummy parameter n can always be taken such that the
loop-momentum integral of the BS equation Eq. (3) converges.
By performing a straightforward Lorentz boost we have the integral representation of the partial wave BS amplitude

in an arbitrary frame:

ok (e, 2)

oo 1
@[e’l‘](p, P) = ——z'yf‘ @) da/ dz 5
ash -1 m

where P is an arbitrary timelike four-vector with P2 = M? and p' = A
connects P and the bound-state rest frame four-vector P/ =

+oa—(p2+2p- P+ P%2/4) —ie

NEER (21)

~1(P)p. The Lorentz transformation A(P)
(M, 6), i.e, P = A(P)P'. In the following sections we

will study the BS equation, Eq. (3), in an arbitrary frame in terms of this integral representation.

III. BS EQUATION FOR THE WEIGHT FUNCTION

In this section we will reformulate the BS equation (3) as an integral equation in terms of the weight functions.

This is the central result of this paper.

Substituting the integral representation of the partial wave BS amplitude

Eq. (20) together with the PTIR for the scattering kernel Eq. (9) into the BS equation (3), the right-hand side of the

BS equation becomes

(2 )4 I(p’q’P)Q[ll (q P) -1 Z/ d’Y/ dg/ da . dchh(%f)?’n (a Z)

d4
x q

1

(2m)%i v —

X

(@ch@® + b P g+ cchp®> + deh P2 + e g P+ fonp - P) — ic
Vi (A1(P)g)

[m? +a— (¢2 + 2q - P + P?/4) — ic]

where {ach,bch, Cch, - - -

n+2 ) (22)

, fen} are different linear combinations of ¢; in each of the three channels, ch= {st}, {tu}, {us}.
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They are listed in Appendix A. Applying the Feynman parametrization one can perform the ¢ integral by setting the
dummy parameter n such that n + 1 > /2. This condition ensures that the ¢ integral is finite. Because of the self-
reproducing property of the solid harmonics this integral is again proportional to the solid harmonics yf‘ (A~Y(P)p)
(see Appendix B). Now we multiply the propagators D(P/2 + p)D(P/2 — p) into both sides and absorb them into

the right-hand side (RHS) expression using the Feynman parametrization. The BS equation then becomes

oo 1
alttl(p, P) = —iyg (A~ (P)p dex / dz,
(»,P) e ( ())% e ——

X%:/Owdv/n pen (7, )

The kernel function K,[f](o"c,é;a,z) is defined with
a fixed parameter set of the scattering kernel
{a@ch,bens Cchy - - - fen} and its definition is given in Ap-
pendix C. Comparing Eq. (23) with Eq. (21), and using
the uniqueness theorem of PTIR [10], we obtain the fol-

lowing integral equation for <p£f](a, z):

oo 1
o¥(a,z :/ da/ dz K&, z; , 2) ol (a, 2). (24)
ath -1

Here we have introduced the total kernel func-
tion ldf](d,i;a,z), which is the superposition of
K,[f](d, Z; o, z) with the kernel weight functions pch(y,g)
such that

Kf(a z0,2) = Z/ dv/Qdfpch(%f) Kl(a,za,2).
ch 70

(25)

Since the weight functions pcn (7, & ) for the scattering ker-
nel are real functions by their construction, the total ker-
nel function K9 (&, z; o, 2) is real, so that Eq. (24) is a
real integral equation with two variables a and z. Thus
we have transformed the BS equation, which is a singu-
lar integral equation of complex distributions, into a real
integral equation which is frame independent. Once one
solves for the BS amplitude weight function, the BS am-
plitude can be written down in an arbitrary frame. This
is clearly advantageous for applications of the BS am-
plitude to relativistic problems. As we will see, the real
weight functions can in fact be real distributions. How-
ever, as is evident from Eq. (17), if n is chosen sufficiently
large these can be always transformed into arbitrarily
smooth functions suitable for numerical solution.

The kernel function K (&, z; @, 2) for a fixed parame-
ter set has the structure

KW(a, 20, 2) = 8,06(a@)RY (o, 2) + na™10(a)hld (a, 2)

—-nd"‘lk,[f] (@, z;,2) — g,[f] (&, z; @, 2).
(26)

The functions hg](a, z), k,[f](&, Z;a, z), and g,[f](d, Za,z)
are defined as Feynman parameter integrals in Appendix
C. The terms containing the function hgf](a, z) are inde-
pendent of Z. Since this feature is independent of the ker-
nel parameters, the total kernel function Kif](d,i; a, z)
also has this structure for any input scattering kernel.

1
+2p- P+ P2/4) —ie]"t?

oo 1
/ da/ dz K&, z; 0, 2) o9, 2) . (23)

th -1

|
For example, the total kernel function with n = 0 can be
written as
k¥ (& %, 2) = (@) H N (a, 2) — 68 (a, z0,2), (27)
where ’Hg](a, z) and g([,‘](a, Z;a,z) are the kernel-
parameter integrals of the functions hif](a, z) and
glf] (@, z; o, z) with the kernel weight function in Eq. (25),
respectively. This structure suggests that the weight
function [l]( i é fi ion:
©4 (a, z) contains a ¢ function:

ofl(@,2) = ¢b(a) — ¢ (a, 2), (28)

where ¢’ is a constant and <,5£fl(a, z) is a function deter-
mined by the kernel. If one substitutes this form into the
PTIR for the BS amplitude Eq. (15), the é-function term
gives the product of two propagators with the weight
c’/2. As discussed in Sec. II B, this is just a consequence
of the fact that the BS amplitude contains the kinemat-
ical singularity due to the two constituent propagators.
Thus this part of the structure is totally independent of
the details of the scattering kernel (i.e., independent of
the scattering kernel weight functions).

Now, if the function g([f] (@, 2; o, 2) in Eq. (27) vanishes
in some region of & around the point & = 0, i.e., if the
d-function singularity corresponds to an isolated “pole”
contribution to the spectrum of the BS amplitude, one
can write the homogeneous integral equation (24) as the
following coupled inhomogeneous equations:

1] 1
CX =c dzH (a = 0,2)
-1

o0 1
_ / da / dz 1P (a, 2) 3!, 2), (29)
a -1

th

1
Sz = ¢ / d2G§) (@, 2500 = 0, 2)
-1

oo 1
+/ da/ dzg({f](d,z;a,z)cﬁgf](a,z),

Qath -1
(30)

where we have introduced an “eigenvalue” parameter .
Instead of solving for the mass of the bound state for
a given scattering kernel, it is more convenient to solve
the BS equation as an “eigenvalue” problem for a fixed
bound-state mass parameter P2. We thus solve for the
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eigenvalue )\ as a function of P2 and the points P? which
give A(P?) = 1 correspond to the masses of the bound
state. For the weight function wgl](a,z) containing the
§ function [i.e., the weight function Eq. (28) with non-
zero c'|, one can rescale the weight function such that the
strength of the §-function term is unity. Hence, one can
study the bound state problem numerically by iteration
even for the n = 0 case. Consider the following formal
expression obtained by iterating the kernel:

1
o(a,z) = 6(a —/ dzG(a, 2,0 =0,2) +--- . (31)

—1

There is similarly an expansion for the eigenvalue A:

1 oo 1
%:/1dz7{([f](a=0,z)+/ da/ldz’}{([f](a,z)
- Qth -
1
% / dz' g([)l](avz;a, = O,ZI) +eey (32)
-1

which is the Fredholm series. The scalar-scalar-ladder
model has been formally solved by Sato by means of the
Fredholm solution. He showed that the second iterated
kernel is bounded and that the Fredholm theorem is ap-
plicable for the resulting regular equation [15]. Nakanishi
extended his results to arbitrary partial wave solutions
[14].

To apply rigorous mathematical theorems, such as
Fredholm theory, it is necessary to know in detail the

singularity structure of the kernel function Kl (a, %, 2)
|

— z2)ntl

_ 1 1/ b\‘(
lf](a,z;a,z)z(le)szE (—5) £_2—_ Z Pf

r=%1

Yt (a + yF)nt
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for given weight functions pch(v,£). Hence, it is very dif-
ficult to discuss their applicability for the most general
form of the scattering kernel. Instead of considering such
theorems, we shall take the more pragmatic path of es-
tablishing whether or not the integral equation (24) is
numerically tractable.

IV. STRUCTURE OF THE KERNEL FUNCTION

In this section we consider the structure of the kernel
function given in Eq. (25). We first consider the possi-
ble singularities of the kernel function K,[f](d, z;a, z) for
arbitrary n with a fixed kernel parameter set (fy,f), ie.,
for constant {7, ach,bch, Cchy- - - fen}- In this section we
will omit for brevity the subscript ch. Apart from the
trivial § function for n = 0, which becomes a step func-
tion for n = 1, the possible singularities of K4 (&, z; @, 2)
are those of the functions hgl(a,z), kr[f](&,i; a,z), and
g,[f] (a, z; a, 2).

Let us first consider the function gg](d,z;a,z). The
integration over the Feynman parameter is easily per-
formed due to the § function. Reflecting the integral
range of the Feynman parameter y € [0, 00), we see that
g,[f](o_z,z; @, z) has finite support as a function of &, a, Z,
and z. The function g,[f](d,z;a,z) becomes, after Feyn-
man parameter integration,

<X, e saarte (x| (2 - vg) o e =g (5 —eme) [}

where the symbol Pf stands for the Hadamard finite part.
Any singularities that arise from the Feynman parame-
ter integrals should be regularized using the Hadamard
finite part prescription. This is consistent with the or-
dinary 7e prescription for a calculation of Feynman di-
agrams in momentum space [10,14]. A discussion of
the finite parts of singular integrals and the detailed
calculation of g,[f] are given in Appendix D. The vari-
ables yf for ¢ = 1,2 are the roots of the equation
A, 2;2)y? + Be(a,z;a,2)y + Cu(a@,2) = 0. _See Ap-
pendix C for the definition of the functions A(a, z; z),
Bn(a,z;d,z), C.(a,z), (x(2,2), and 7,.(2). Since the
factor (.(Z,2)yF + nx(Z) in the denominator of Eq. (33)
is positive definite for any positive yF, this factor does
not cause any singularity. Thus for C.(a,z) < 0,
g,[f](&, Z;a, z) is regular everywhere except the pole at
a = 0, since A(a, z; Z) is non-negative for any «, z, and
z. For C\ (&, Z) > 0 the square root of the following factor
in the denominator can vanish:

[
Bi(a,z;a,2)? — 4A(a, 2;2)Cr(a, 2)

x{azfi(a,z;i) - [ D.(a,z,2)

+1/Cx(a, 2)} }, (34)

where D,(a, z, z) is the regular function defined in Ap-
pendix C. This singularity occurs at the boundary of
the step function. Since a square-root singularity is
integrable, this singularity is numerically tractable for
C.(@,zZ) > 0. In the general case one can apply the
Hadamard finite part prescription (D5) in Appendix D
for a regularization. However, when two roots coincide,
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namely at the point (&, z) on which Ck(&,z) = 0, spe-
cial care is necessary to perform the « integration. One
may handle this singularity by the regularized expres-
sion Eq. (D7) with the finite regularization parameter €.
Thus <p£f] (a, z) may have singularities even for a constant
kernel parameter set in the general case. Note that this
singular structure of g,[f](d,z; a, z) is independent of n
and .

Now let us turn to the functions th](a,z) and
e (@, z; @, z). Since the step function in k,[f](&,z;a,z)
restricts the integral range of y for a given parameter
set, it is enough to consider the integral

I1[f] (ymina ymax)

_ /ymux dy yn+1(a +y)n—1—l
~Jy [4(a, 2)9® + Bla, z)y + O+

'min

(35)

in order to discuss the singularity structure. It is easy to
show that Eq. (35) can be written as

—1)ntt o\" o ¢
Iy{f](yminv ymax) = % ('a—a) (—8_&)

with the function

i(ymina ymax)

Ymax
Y 1
= d .
/ymin v ity [A(a, Z)yz + B(a, 2)y + C]"H'l
(37)

The boundary of the integral Ymin and Ymax should be
understood as constant, when taking the derivative with
respect to a and a, although they are fixed as functions
of variables by the step function of Eq. (C16). Since the
y integration should be performed using the Hadamard
finite part prescription, the above operation is valid even
though Jid (Ymin, Ymax) contains singularities. The inte-
gral range [Ymin,Ymax] fOr kif] (&, %; a,z) depends on @,
Z, a, and z and for hif](a, z) is fixed to [0,00). Since
A(a,z) > 0 for any z and « that is consistent with the
support property of the weight function Eq. (18), the
integrand always vanishes sufficiently fast for y — oo.
Thus a singularity occurs only if the set of variables &, z,
a, and z satisfy the condition where the denominator of
the integrand Ay? + By + C vanishes for some y, namely

 E (Y ) (36) B? —4AC > 0.1
Ymin, Ymax 7 For B? — 4AC > 0, the integration over y yields
’ |

Ymax

. 1 a . 2C —aB 1+ X)%+ €2

i =——— !lim- In(Y? 2 1

I(ymmaymax) &ZA—&B—{*C{EI—I»I(IJS n( +6)+€1—I*I(1)8 /‘Bg_4ACln<(1_X)2+62)} ’ (38)

Ymin

. 2
with X = B30 and ¥ = (%) (49® + By + O).

As shown in Appendix C the factor 224—aB+C becomes
a positive definite function D(z) depending only on z af-
ter setting @ = a. The limit B2—4AC — 0 is also regular,
since X is proportional to the factor v/ B2 — 4AC. Thus
a singularity occurs only when 1 £ X or Y vanishes at
the end point of the y integration. Furthermore, neither
the derivative with respect to a nor that with respect to
a generates any new singular point. They simply change
the power of the singular behavior. Since X is indepen-
dent of @ and % = 2y—+L&Y, the derivative with respect

to a acting on I (Ymin,> Ymax) does not cause stronger sin-
gularities. On the other hand, the derivative with respect
to o increases the inverse power of Y and 1 + X. Thus

the possible singularities of the integral s (Ymin»> Ymax) 18
of the form
1
Pf
(Ayrznin + Bymin + C)m

or

1
Pf
(AYZax + BYmax + C)m ’

(39)

where m is a non-negative integer which does not exceed
n and where we have used the fact that 1/(1 £ X) «
1/(1 — X?) < 1/(Ay? + By + C). It is not difficult to see
that the fixed end points (y = 0 and y = oo), which are

f

independent of the choice of parameters, cause no further
singularities provided B(a, z) or C does not vanish. Thus
the function hg](a,z) has no singularity, if C # 0. On
the other hand, kﬁf](d, Z;a, z) may have singularities. A
possible end point of the y integral, which might give
the singularity, is the positive root y¥, (i = 1,2) of the
equation

A(a,z;2)y? + Be(a, 28, 2)y + C(a,2) =0,  (40)

and the boundary value of y at which s changes sign:

Ybd = —a + %%%% when ypq > 0. Since Eq. (40)

can be written as

2 _—
Ao, )y + Blay )y + C = 2 ENE 5

(41)
and the factor (. (Z,2)y + 7. (Z) is positive definite, the
end point singularity at y = y¥ is given by Pf1/a™. Thus
the possible singularities of £ (&, Z; ¢, z) are Pf1/&™ and
Pf1/(Ay? 4+ Byba+C)™ with0 < m < n, wheren,m = 0

1I,[f](ym;n = 0,Ymax) at @ = 0 can be singular. Such a sin-
gular point is independent of the choice of the variables. One
can always avoid it by choosing the dummy parameter to be
somen > 1+ 1.
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stands for logarithm. However, kg] (&, z; a, z) appears in
K,[f] (a, z; a, z) together with the additional factor na™ 1!,
so that k:g](&,i;a,z) exists only for n > 1. The log-
arithmic singularities then disappear in K,[f](o?,z; o, z),
because the derivative with respect to a cancel the loga-
rithmic term in (38). Furthermore, the factor a”~! weak-
ens the singularity at @ = 0, so that only the singularity
Pfl/a& survives for n > 1 and any [.

To summarize, the possible singularities of the kernel
function K (@, Z;a, 2) for a fixed kernel parameter set
{@ch,behs Cehs - - -, fen} are a trivial §-function singularity
at @ = 0 for the choice of dummy parameter n = 0;
Pf1/a for n > 1; Pf1/(Ayk4 + Bypa + C)™ with 1 <
m < n for n > 1; the singularity of Eq. (34) at the
boundary of the support for all n and 1.

V. NUMERICAL RESULTS

In this section we present numerical solutions for the
BS amplitude for bound states in scalar theories using
Eq. (24) for two simple choices of scattering kernels: (a)
pure ladder kernel with massive scalar exchange, and (b)
a generalized kernel combined with the above pure ladder
kernel.

The scattering kernel (a), i.e., the one-o-exchange ker-
nel depending only on t = (p — q)2, is given by Eq. (10).
This corresponds to choosing for the kernel in Eq. (9),
Say, Ptu = pus = 0 and in the st channel vy = m2,
and ag = C5t = 1, bt = —2, dey = €5t = for = 0,
[cf. Eq. (22)]. This corresponds to choosing p,: to be
some appropriate product of § functions multiplied by
g%. In the pure ladder case it is convenient (and tra-
ditional) to factorize out the coupling constant g2 and a
factor of (47)2, by defining the “eigenvalue” A = g2/(4m)?
[15,14,19]. Thus it is usual to fix the bound state mass P?
and then to solve for the coupling g2, which is what we
have done here. In the numerical calculations it is neces-
sary to regularize the integrable square root singularity
discussed in the preceding section [see Eq. (34)], i.e., we
kept the regularization parameter € in the Hadamard fi-
nite part Pf1/z™ small but finite, typically ~ 1075 or less.
Of course, we verified that our solutions were indepen-
dent of € provided it was chosen sufficiently small. We
began by discretizing the o and z axes and then solved
the integral equation by iteration from some initial as-
sumed weight function. It was also, of course, confirmed
that the solution was robustly independent of the choice
of starting weight function, the number of grid points,
and the maximum grid value of o (when the latter two
of these were chosen suitably large). We have solved over
a range of P? and m, and all solutions reproduced the
eigenvalues obtained in Euclidean space after a Wick ro-
tation by Linden and Mitter [19]. We found that this
simple method produces convergence in typically 10 cy-
cles or so and for the relatively modest grid choices used
gave results which agreed to within approximately 1%
of the Wick-rotated ones. In Fig. 2 we plot the weight
function ¢,—1(a, z) for the bound state with mass given
by P?/m? = (M/m)? = 3.24, where m is the mass of
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FIG. 2. The s-wave (£ = 0) Bethe-Salpeter (BS) amplitude
weight function for n = 1, ¢r[ll=0](a,z), for the pure ladder
kernel function described in the text.

the constituent particles and where the mass of the ex-
changed particle is m,/m = 0.5. This solution was gen-
erated by solving for n = 0 and then using Eq. (17)
to convert to the n = 1 form of the solution. This
has the advantage of filtering out numerical noise and
the resulting solution is more readily graphically repre-
sented. The coupling constant for this case was found to
be g2/(4w)? = 1.02, cf. the Linden and Mitter result of
1.0349.

For a nontrivial example of the scattering kernel, where
the naive Wick rotation is not possible, we studied the
following simple generalization of the pure ladder case: a
sum of the one-o-exchange kernel (a) and the generalized
kernel term with the fixed kernel parameter set

as = 0.472611501 81,

by = —0.297 431 63287,

Cot = 0.582770429 55,

dgs = 0.282 821 459 69,

est = —0.239 655800 16,

fst = 0.321 966 290 47,

v/m? = 2.25, (42)

weighted with a factor (1/4)[¢g?/(47)?]. In addition, the
resulting total kernel was symmetrized in Z — —Z so that
we obtain appropriate symmetry for s-wave normal solu-
tions. We obtained these parameters by generating &; in
the st channel with a random number generator. We then
solved for A = g2/(4m)? as for the pure ladder case but for
this case the n = 1 was solved for directly, without first
obtaining the n = 0 solution. In Fig. 3 we plot the weight
function ¢,—1(a, z) with the mass parameters again cho-
sen as PZ/m? = 3.24 and m,/m = 0.5. Some additional
structure is apparent, as expected, and some residual nu-
merical noise is also present in this figure. Methods of
reducing this numerical noise by finding more sophisti-
cated choices of grid and integration method are being
investigated [20]. The resulting eigenvalue is A = 0.889,
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FIG. 3. The s-wave (£ = 0) Bethe-Salpeter (BS) amplitude
weight function forn =1, ¢[ll=°] (v, 2), for the example general

kernel function described in the text.

which shows that the addition to the pure ladder kernel
has enhanced the binding and so is attractive. We found
that the convergence and the stability of the eigenvalues
with varying the number of grid points, €, and amax are
excellent as for the pure ladder case above.

VI. SUMMARY AND CONCLUSIONS

We have derived a real integral equation for the weight
function of the scalar-scalar Bethe-Salpeter (BS) ampli-
tude from the BS equation for scalar theories without
derivative coupling. This was achieved using the per-
turbation theory integral representation (PTIR), which
is an extension of the spectral representation for two-
point Green’s functions, for both the scattering kernel
[Eq. (9)] and the BS amplitude itself [Egs. (20) and (21)].
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The uniqueness theorem of the PTIR and the appropri-
ate application of Feynman parametrization then led to
the central result of the paper given in Eq. (24). We
demonstrated that this integral equation is numerically
tractable for both the pure ladder case and an arbitrary
generalization of this. We have verified that our numer-
ical solutions agree with those previously obtained from
a Euclidean treatment of the pure ladder limit.

This represents a potentially powerful approach to ob-
taining solutions of the BS equation and additional re-
sults and applications are currently being investigated
[20]. The separable kernel case should be studied, since
it has exact solutions and so is a further independent
test of the approach developed here. While our detailed
discussions were limited to the equal mass case, it is
worthwhile to investigate generalizations including non-
perturbative constituent propagators and the heavy-light
bound state limit to see under which conditions an ap-
proximate Klein-Gordon equation can result. It is also
important to find a means to generalize this approach to
include derivative couplings and fermions.
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APPENDIX A: PTIR FOR SCATTERING
KERNEL

In this appendix we list the dimensionless coefficients
{a@ch,bech, Cchy -+ -5 fen} in Eq. (22) for different channels
ch= {st}, {tu}, {us} in terms of the Feynman parameters
¢&; defined in Eq. (9) in Table I.

APPENDIX B: SOLID HARMONICS

Let us consider the integral
d*q

1

I(n,m, &;p, P) = / (

2m)%i [y — (aq> +bp-q+cp*+dP2+eq-P+ fp-P) — i
Vi (A~1(P)q)

T2t a— (@ +2q-P+ P2/a) —ig"

Applying the Feynman parametrization we have

(B1)

TABLE 1. Dimensionless coefficients for different channels.

st tu us
Qch &1+ &2+ & &+ &+ &+ & &1+ &+ &
ben —2&e 2(&6 — &s) 2¢s
Cch €3+ &4+ &6 &3+ €4+ &5+ &6 &3+ €4+ &5
den %(£1+€2+£3+£4)+£5 %(51"‘524‘584‘&4) %(£1+£2+E3+£4)+£6
€ch 51 - §2 51 - {2 51 - §2
fen &3 — & &3 — &4 &3 — &4
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_d'q Tntm) [* 2" t(1-a)™ !
(2m)% L(n)T(m) Jo [z + (1 — z)a]n+m

Vi (A (P)g)

2 n+m?
1— +(1—x)e]P+(1—x)bp .
[———[zf((l-:))a]zH [ +m? = (o2 + B + Jp- P)] — (q+ =trellialaite)” 26]

I(n,m,¢;p,P) =

X (B2)

where F', H, and J are

F = A(e, z) +B(a z)+C

-

H=c+A

T
J=f—b/22+1—;—ai(af—eg)a

/

and A(e,z), B(a,z), and C are defined in Appendix C. Introducing a new variable gq =

AY(P) (q + Iyi;[;i)gf:)(:]_m)bp and recalling the fact A~1(P)P = (v/P2,0), one can factorize the solid harmonics:

outside the integral by making use of the following property of the solid harmonics:

[@ar@vea+n =i / #qF(7?), (B3)

where F is a sufficiently rapidly decreasing function which gives a finite integral [14]. The integration over g then
yields

1 I'(n+m— B\ ¢ 1 n—1(q nt+m—4—¢
I(n,m,t;p, P) = Y& (A} (P)p) (1“(:)1“(1,1)2) (471r)2 (_§> A ay? [c;:Ay]Lm—z

1

(B4)

X
[A(a,z)y2+B(a,z)y+C + m2 — (pz + %_2_ + Jp . P) — 1€

n+m—2"
cy+A ]

where we have introduced an integration variable y such that y = z/(1 — z). Thus the integration over the loop
momentum reproduces the same solid harmonic. This self-reproducing property of the solid harmonics ensures that
the integral representation, Eq. (21), forms an irreducible representation of the Poincaré group.

APPENDIX C: KERNEL FUNCTION

In this appendix we present the explicit expression of the kernel function for the constant kernel parameter set

a,b,c,d,e, f. The kernel function K, (a, Z; ¢, z) for the weight function <pn](a z) is defined as the Feynman parameter
m’cegral

K[t](a Za,z) = 11 (_E)l/eo dy y"t(a+y) 1!
n AT H (4m)22\ 2) Jo T[A(a,2)y?+ B(a,2)y +C]"*

) _ _ _ A(a, 2)y* + B(e, 2)y + C
— - - 1
xaaa [O(a) 0 (a R(z,G(2)) Tt A , (C1)
! 2
where we have suppressed the explicit dependence on the C=ay—A (m _ fj) ~ (dad — ez)_}i_’
kernel parameters in A(a, 2), B(a, z), and C. These are 4 4
defined as
) where A = ac — b%/4. The functions R(Z,z) and G(z;y)
Aa,z) = a +m? —(l—z)I; are defined as
p? _ 1-z 14z
B(a,z) =aa+~v+ (a—c) [m? -7 R(z,z):l z—z)+1 0(z—z) (C3)
p? (f = b/22)y + af — eb/2
— — i JY) = . 4
(4d — 2ez) e (C2) G(z;) Y (Ca)
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Note that these functions are bounded, such that

0< R(z,z) <1 for |z|,|2| <1,
|G(z;9)| <1 for |z|] <landy >0,

(C5)
(Ce6)

provided |f £ b/2| < ¢ and |af — eb/2| < A. These
conditions are automatically satisfied, which is readily
seen if one rewrites a,b,...,f by E € Q, with Q =
{610 <& < 1,3 & =1(: =1,...,6)}. To integrate
over y, the denominators of the integrand (i.e., y» 1~}
and [A(a, 2)y? + B(a, 2)y + C]~(**1) should be under-
stood as the Hadamard finite part, if necessary. Since
G(z = 0;y) = 0, the kernel function K,[f](o"z,z;a,z) van-

x0 (d — R(z,G(z;y))

45 5. _ 1

~~

X

Now let us consider the y integration. We first rewrite
the step function and the & function as functions of y.
Substituting (C3) and (C4), the argument of the step
function and the § function can be written as

A, 2)y? + B(a,2)y +C

a— R(Z,G(Z,y)) cy + A

_ A(x,22)y* + Be(a, 28, 2)y + C (&, 2)
= & o)y + 7 (2) R

with k = %1 for
. b b (b >
(cz—f+§z) (y+a)—§(§z——(e—az)) <0 (C12)

and kK = 0 when the left-hand side of (C12) vanishes.
We have introduced the coefficients for the denominator
defined as

(u(2,2) = [c+ K (gz — f)] (1+ k2)
+(1 — &%) <gz - f) z,

6 <a — R(z,G(z; y))A(a’z)yz * Blayz) + C)

cy + A r==%1

xO(k{(cz— f+b/2)(y+a) —b/2[zb/2 — (e — az)]}) ,

where y with ¢ = 1,2 are two roots of the Eq. (C15):

ish identically at Z = 0, so that we need only consider
the case Z # 0 from now on.

Performing the derivative with respect to &, the kernel
function Eq. (C1) becomes

i@, 550,2) = - ("0(&))hl) (e, )
- [n&n_lkg](&,z;a, z) + g,[f](d,z;a,z)]
(c7)

with the functions h,[f](a,z), kif](&,z;a,z), and

g,[f](d,z; a, 2):

yn+1(a + y)'n—l—l

YTA(cr 2)92 + Bl 2)y + C]" 7

(C8)

yn+1 (CL + y)n—l—l

Y[A(a, )92 + B(a, 2)y + O]
Ao, 2)y* + B(a,z) + C

cy+ A ) ’ (C9)

yn+1(a + y)n—l-—l

ar (_E)l /w d
a2 2 \"2) Jo “[A(a, 2)9® + Bla, 2)y + C]*
Ao, 2)y? + B(a,z) + C

5 (a - R(3,G(51))

A ) . (C10)

e (Z) = [A —K (af - ge)] (1+ &%)

+(1 — &%) (ge - af) z, (C13)

and for the numerator we have

(C14)

Note that (.(Z,z) > 0 and 7.(2) > 0 for |Z|,|2| < 1.
Thus the denominator is non-negative for positive y, so
that the sign of the argument (C11) becomes positive
only if the following equation has a positive root,

/i(a, 2 2)y® + Bn(a,z; a,z)y + C‘n(&,i) =0, (C15)

which requires that By (a,z;a&,2)? — 44(a, z; 2)Cu (@, 2)
> 0. Thus the step function in kg](d, Z; a, z) becomes

= Z G(Bn(a’z; a’z)z - 4‘2{(‘1’ Z;z)é'e(da 2)) 0(y - yf)g(yg - y)

(C16)



7038 KENSUKE KUSAKA AND ANTHONY G. WILLIAMS 51

P —B.(a,2;8,2) F 1/ Be(a, z;a,2)2 — 4A(a, 2;2)C(a, 2
yl}: ( ) F y/Bal )? — 44(0, 5 9)Cn(3,2) 1

Y3 24(a, 2; %)

The y integration for the functions h%](a,z), k,[f](&,z‘; a, z), and g,[fl(d,z; @, z) are discussed in Appendix D.
Finally we list some useful linear combinations of the functions A(a, z) and B(«, z):

D(z) = a®A(a, 2) — aB(a z)+C
= bz ( ) (e — az)z%, (C18)
D.(a,2,2) = a’A(a,z;2) — aBe(a, z; &, 2) + Cr(a, 2)
(1= 2%)D(2) + [alu(z, 2) — nu(2)] @
=(1-2%)D(2) + -12)— [g(l +kzZ)—(e—az)(z+ k)| a. (C19)

APPENDIX D: FINITE PART OF SINGULAR INTEGRALS

In this appendix we review the Hadamard finite part prescription and present the derivation of Egs. (33) and (38).
We use the following definition of the Hadamard finite part Pf1/z™ together with the nth derivative of the § function:

1 n . (_1)71%1 (n—1)

for n =1,2,.... The following formulas are useful:
%Pfl/w” = (—n)Pf1/z™*1, (D2)
z8' (z) = —4(z), (D3)
z*Pf1/z"™ = Pf1/z" %, (D4)

for a positive integer k. These are a generalization of the original definition of the Hadamard finite part:

o k .
/ de Pfe*0(x) f (2) = lim / ac’\f(ac)—i—zf (JJ?!(I)

eAti+l

A+j+1

) (D5)

where Re A+ k+2 > 0 and A is not a negative integer. We also apply this prescription for the function g,[f](c_z, zZa,z),

as necessary.
Having understood the § function as the limit of Eq. (D1), we shall now derive Eq. (33) from Eq. (C10). Recalling
Eq. (C11), the § function can be written as

Ao, 2)y? + B(a,2)y+ C
cy+ A

é (@ - R(z,G(zy))

Cu (2, 2)y + 1u(2) Im 1
T A(a, z;2)y? + Be(a, z;a,2)y + Cr(a, 2) — i€

(D6)

where we have used the fact ((Z, 2)y + 7.(2) > 0. Thus the function g[[](a Z; o, z) is written as the € — 0 limit
1 b l (1- 22)n+1
Uz 5 = - - I -
g (a, z; a, 2) (47r)2Pf ( 2) 5
. 0(Bx(a,z;a,2)? — 4A(a, z; Z)C',c(d,z)) g™t (a4 gr)ntt
xRe D lim = n T 2 GG + T
r=%1 {Bn(a,z; @,2)? — 4A(a, 2;2)[Cr(@, 2) — ze]} i=1,2 B

(Rey,)e{nReKcz_er )( )——g(z—g—(e——az))]}, (D7)

where 7 are roots of the equation
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fi(a, 2;2)y% 4+ Be(a, z; @, Z)y + C’K(&, Z) —ie =0. (D8)
It is now easy to rewrite this expression of the form Eq. (33).
Now, let us turn to the evaluation of the integral Eq. (37);
Ymax
- Y 1
I mins Ymax) = d = . D9
(b, Yona) /m Yy+adP +By+C (D9)
Changing the integration variable such that
i \2
Y = _ Ay? + By + O), D10
(;53) @r+Bu+o) (D10)
VB2 —4AC
x=Y_"°"2"Y (D11)
2C + By

the integral for B2 — 4AC > 0 can be written as

. 1 a [Ym 2C — aB Kmax 1 1
; =~ dY Pf dX | Pf - Pf , (D12
I(ym1n7ymax) azA_aB+C{4Lmin 4 /Bz—4AC Xoin ( 1+X 1—-X)} ( )

where Yiin, Xminy - - -

are the values of Y and X at ¥ = Ymin, Ymax-

It is easy to derive Eq. (38) by performing the

integral over X and Y with the definition of the Hadamard finite part (D1).
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