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Abstract. Invariant delta functions (including imaginary-mass case) defined in
a complex n-dimensional space-time are explicitly calculated in position space.
It is proposed to define products of invariant delta functions in the ordinary
Minkowski space by analytically continuing the corresponding n-dimensional
ones to n=4. The (not only leading but also non-leading) lightcone singularities
of [A(x;m?)1?, A(x; m*)AV(x;m?), and [4"(x; m*)]* are shown to be un-
ambiguously determined in this way.

1. Introduction

Recently, much attention has been paid to the dimensional regularization method
[1]. Though the Minkowski space is of course four-dimensional, Feynman
integrals in momentum space can formally be extended to those in a complex
n-dimensional space. Supposing that Re n is sufficiently small, one can calculate
the latter without encountering ultraviolet divergences. Then one analytically
continues the results to n=4 and thus obtains regularized Feynman integrals
apart from possible poles located at n=4.

The purpose of the present paper is to apply this method to singular products
in position space. Since invariant delta functions are singular on the lightcone,
their naive products are meaningless as distributions. In order to give them
reasonable definitions, we propose to use the dimensional regularization method.

In Section 2, we introduce the notion of complex n-dimensional Fourier
transform and investigate its basic properties. In Section 3, we explicitly calculate
the expressions for invariant delta functions in a complex n-dimensional space-
time. In Section 4, the dimensional regularization method is applied to [4(x; m?)]?,
A(c; m)) AV (x; m?), and [4V(x;m?)]?, and the expressions for their lightcone
singularities are explicitly found without encountering poles at n=4. Some
discussions on our results are made in the final section.

In Appendix A, we present various formulae of Bessel functions which are
used in this paper. Appendices B and C are devoted to the calculation needed
in the text.
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2. Complex-dimensional Fourier Transform

We begin by defining a complex n-dimensional integral. It should be defined in
such a way that it be analytic in n and coincide with the ordinary n-ple integral
when n is a positive integer. Unfortunately, we cannot make use of Carlson’s
theorem to do this extension. Therefore we must introduce the complex
n-dimensional integral in a direct way.

Let p,=(Po;P1,---» P> ---) be a complex n-dimensional Minkowski vector in
an abstract sense. We define the complex n-dimensional integral of F(p,) by

5d"pF(pﬂ)E[271‘""‘_“/2/1"((71—16—1)/2)]_§ dpo _I dpl"‘_j dpy,

“dp . p," T F(pos pys s PisPL) - (2.1)
0

Here F(p,) is supposed to be a function of k+1 scalar products x"p, x¥p, ..., x¥p
and p? together with &(po) =po/Ipol- The spatial parts of k complex n-dimensional
fixed vectors xV,,...,x*, will generally span a k-dimensional subspace. The
integration variables p,, ..., p, are introduced as orthogonal coordinates in it,
and p, is defined by

P’=p®—pit— ... —p’—p.2. 22)

If it happens that F becomes independent of p,, then, as is easily shown by setting
p . >=p,*+p,* and using a formula

1
[ de1 =&y =1/nTv+1)/T(v+3/2), 2.3)
-1
(2.1) reduces to
[ d'pF(p,)=[2n""2/T(n=ky2]] | dpo | dpy... | dpis

fdp T (o Py s Pr—13 D) - (2.4)
0

Thus our definition (2.1) does not intrinsically depend on k.
It is more convenient to introduce k polar angles 8, ..., 6, and the radial
length |p|=(p,%+ ... +p2 +p,?)*% Then (2.1) is rewritten as

[d"pF(p,) =27 * D2/ D(n—k~1)/2]] | dpo | dlp|-lpl"~? T do,sin
— 0 0

.| dB,(sin 0, % 2F(po; pl; 04 .., 6,). (2.5)
0

The complex n-dimensional Fourier integral is a special case of (2.5), that is,
the complex n-dimensional Fourier transform of ¢(p?, &(p,)) is defined by

J e (0%, o) =122 T (n2)20 { dpo [ dpl1pP"™>
-] d0(sin 6" exp[— ipoxo-+ il plr cos Blp(pe? — PP po):
0

2.6
where we formally set x, =(x,, x) and |x|=r. (26)
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Since our definition (2.1) is stable against the change of the number of scalar
products involved in the integrand, we see that the abstract displacement of the
integration vector is possible, that is,

[ a&'pf(px, p*, e(po)) = d"pf (P — @)%, (0 — )%, &(Po — q0)) - (2.7)
From (2.7), we obtain the convolution formula

[ d'pe™ " [ d"qe((p—a)*, e(po — a0)W(a*, &(do)) = d"pe ™ "*0(p?, &(po))
Jd'ge™ ™ y(g? e(qo)  (2.8)
for the complex n-dimensional Fourier transform.

Now, we prove Lorentz invariance of (2.6). Since [&(p,)]* = 1, without loss of
generality we may set

(P(PZ,E(PO)):(P(PZ){. ! } (2.9)
13(170)

where we of course assume that ¢(p?)=0 for p? <0 in the lower row case.
The integration over 0 is easily carried out by means of (A.18); then (2.6)
reduces to

1

L amev2 T dp, [ dipl-lpr=
ol =2 J oo flptlr

J(n—3)/2(|P|”) 2 2y |COS PoXgo
(o7 PP =P\ pox

=Cr)" 2 | dsglehlro i), 210

[ d"pe~7g(p?) {

where

7 O(s+1pl?) -2 Ju—3p2(plr) [cos | s+[pl*xo 211
Xn(an I”,S)= j d|p| 2 |P| (n—13)/2 . 7 . ( . )
o Vs+lnl (plr) sin /s +[p[* xo

For generic values of r, x,, and s, this integral converges only if 1 <Ren<4, but
such restriction is unnecessary because of analytic continuation in .

Lorentz invariance of (2.6) follows from that of (2.11). The latter is proved if
In(Xo,#;s) is invariant under an infinitesimal transformation (x,,r)—
(xo+er, r+exg)t.

To first order in ¢, the increment of y,(x,, r; s) is

° o 0G+pP) 0 Ju-32(plr

Auloior 738) =8 [ dipl = |pP' 2 g | = S22l

0 /s+1pl

*\or (plry=72

_Jeos s S'HP‘ZXO} i Jin—32(pIr) r—a— cos |/ s—+|pl? xo}
sin /s +|pl? xo sin |/s+|pl* xo

—3)/2
(Ipln®" =72 " ox,
! Since (2.11) is non-singular at r=0 in general, we may assume r>0 so that r+ex,>0 for
¢ infinitesimal

L(2.12)
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The differentiation in the first term is easily carried out by means of (A.13). By
using (A.14), we integrate the second term by parts:

© B — si +[p*xo
] etz : 5 [—sin |/s
r£ pl(plr) n=3y2(Pl)0(s + Pl ){ cos /s +p|* xo

S Y [9(s+ 1P Cplxo/)/5+17P]
0

—cos /s +1p* xo ) {—sin ]/s+|pl2x0}
. 2UplS )
{—Sil’l VS-I-!PIZXO + |P| (S+|p| ) COS]/S+|p|2X0

Then
Axulxo,738)=—er?> " [ d|pl(|plr)" V" T — 1)2(pIT)
0

— 1 2
2l 1] @14

In the upper row case, (2.14) vanishes because &(s-+|p|*)sin |/s+[p|*>xo=0,
while in the lower row case it vanishes only if s=>0 [but ¢(s)=0 for s<0 by as-
sumption]. Thus Lorentz invariance of (2.6) with (2.9) has been established.

Because of the even-oddness in x,, (2.6) with (2.9) is a function of x* =x,? —r*
only in the upper row case, while it is a function of x? multiplied by &(x,) in the
lower row case.

(2.13)

3. Complex-dimensional Invariant Delta Functions

The Fourier integral (2.6) is essentially a superposition of the following three
invariant delta functions:

A(x; m*)=(1/2m)"~Yi) | d"pe(po)d(p® —m>)e ™ P~ (3.1
AD, (x;m?)=(1/2n)" 1) [ d*pd(p* —mP)e 7=, (3.2)
AP, (x; ) =(1/2n) 1) [ d"pd(p® + p*)e P, (3.3)

where m and u are real constants.
We first calculate (3.1). From (2.10) with (2.11), we have

B _ Ip‘(n— 1)/2
A,(x;m?)= —[1/2r)"~ V2= 327 [ d|p| ——=
£ J/m* +|pl?
“Jin—3y2(|plr) sin |y m* +[p|* x,

- [1/(27'[)(" —1)/2 r(n— 3)/2] ]‘o dcu(cuz _ mZ)(n— 3)/4

“Jw—ay2(r [/ w* —m?) sinwx, . (3.4)

Hence (A.19) gives us
2 Y (2 -n)2 3\ (2
A,0c3m)= = e (/X2 T2 o (m ]/ x?)0(x2) (3.5)

2n/27r(n 2)/2

for 1 <Ren<4, but (3.5) can be analytically continued to any value of n.
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In order to see the lightcone singularities of (3.5), it is convenient to employ
a distribution defined by
Y,0)=6%(v) for v=—k=0,—1,-2, ...,
="/ I(»)0(v) otherwise. (3.6)

It is well known in mathematics [2] that if ¢@(v) is an arbitrary test function then
the integral

_}OO dog(0) Y, 0) (37)

is an entire function of v. Then using the series expansion (A.1) of J,, we can
rewrite (3.5) as

A5 m0)= ~(6(x0) 277 D2) T (= D22 DYy a1 ). (3.8)
=0

It is easy to see that if n=4 (3.8) reproduces the well known expression for 4(x; m?).
In the form of (3.8), all lightcone singularities are manifest in any higher dimensional
space-time.

For m? complex, (3.8) shows that 4,(x;m?) is an entire function of m?. Thus
(3.8) can be used even for complex ghosts [3]. Furthermore, from (3.8) we have

(— 6/8m2)kAn(x; ’”2)|m=o = (8(x0)/22k+ 17T(n_2)/2) Y, —(n/2)+k(x2) (3.9
for the massless multipole ghosts [3].

Next, we consider (3.2), which reduces to

A(l)n(x; mZ) — (1/(271.)(n - 1)/2r(n— 3)/2) cj‘o da)(a)2 _ mZ)(n —-3)/4

m

'J(,,_3)/2(7’ l/ a)z_mz) COSCL)XO . (3.10)
Hence the use of (A.20) yields
A0, (63 m2) = (=22 22D [ — ()22 TN oy a(im )/ X7)0(x?)
+Q/m)()/ =xH) K o ol ) = x7)0(=x7)] (3.11)
for 1 <Ren<4, but, as before, (3.11) is valid for any value of n.
The modified Bessel function K, is usually expressed in terms of the Hankel

function of the first kind H'V, [see (A.4)]. In order to see the lightcone singularities
of AM, explicitly, it is more convenient to rewrite (3.11) as

A(l)n(x; mZ):(mn~2/2n/2n(n~2)/2)'%[(meirr/z ] / —X2 + io)(z —n)/2
THO 5 ya(me™? |/ = x7 4 10) +(me'™ |/ — x> —i0)* ="
CHD G p(me™? )/ —x*—i0)] . (3.12)

This formula is verified in the following way. For x* <0, (3.12) directly reduces to
the second term of (3.11). For x* =0, since a branch cut is encountered, we should
set —x?+i0=e""x? and —x?—i0=e "x2. Then it is straightforward to show
that (3.12) equals the first term of (3.11) by using (A.3), (A.7), and (A.2).
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A similar analysis for (3.5) yields

e(xo)m" 2 ; _
4,(x; m*)= W 1 [(me 721/ x% 4 0)2 2
Hu)(2 —,.)/z(mei"/z m) — (me'l? m)(z —a2
' H(l)(Z —n)/Z(I/neiﬂ:/2 - X2 — 10)] . (313)

Accordingly, the complex n-dimensional Feynman propagator 4, ,(x; m?) is seen
to be a boundary value of an analytic function:

Ap ,(x;m?) = 3 lie(xo)d,(x; m*)+ 4D, (x; m?)]

n—2:

m l I . -
= m (mem/Z ] / —x? + 10)(2 n)/2
e AP (T m) (3.14)

Finally, we discuss (3.3). Unfortunately, in this case, the author could not find
an appropriate integration formula in the mathematical literature. Hence, on the
basis of Lorentz invariance proved in Section 2, we calculate the “tachyon” [4]
invariant delta function A4®,(x;m?) in two special cases r=0 and x,=0. By
means of (A.21) and (A.22), we respectively have

1 (1/2)(n—3)/2 ') .
R T3 § T coseso

AP (x5 1) |p=o=

i 2-n)2

= %H%@(%)( ' K- 2)2(1x0) , (3.15)
lp|"‘ vz
AP (x5 1)) qgm0= (2m)n= Di2pn=3)2 j l/| — Ju-3)2(IpI7)
1 (; /2
- 2/%——2)/2(,7) Ny 2)2(r) (3.16)
for Re n<4. Thus
'u(n—Z)/Z

AP, (x; u?)=

T g2 | Cos (1/7)& /2
K- 2ya1t V;)G(xz)+(V__—x)(2—n)/z
N(n—2)/2(/~t [/——JCZ)B(_XZ)

for any value of n. It is noteworthy that A‘® (x; u?) identically vanishes in the
timelike region if and only if n is an odd integer.

An analysis similar to the derivation of (3.12) shows that (3.17) can be rewritten
as

n—2
H — 5 n
AP (x; u?)= — =22 L)/ —x*+i0)2 "2

N2y VTM) +(u m)(z -n)2
N -2y [/T)ZE:E)] . (3.18)

(3.17)
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Comparing (3.17) or (3.18) with the analytic continuation in m of (3.11) or (3.12),
we can prove the relation

AP (x5 p2e™) + AN (x5 pPe ™ )] = 4P (x; u?) (3.19)

with the aid of (A.2)—(A 4) together with (A.7).

The third invariant delta function [3] for an imaginary mass particle is defined
and given by

AV, (x; 2= (1/20[AV, (x; w?e™) — 4D, (x; pe™ )]

(n—2)/2

V=2 RN BN Ty V=) (3.20)
oni2n

Note that (3.20) is an entire function of x* for any value of n; therefore it has no
lightcone singularity in any dimension.

4. Lightcone Singularities of Products of Invariant Delta Functions

As is well known and also as can be confirmed from (3.8) and (3.12), the invariant
delta functions A4(x; m?) and A")(x; m?) in the ordinary Minkowski space have the
following lightcone singularities:

2
A(x;m?)= — 8(;:) 5(x?)— mTQ(xz)+ ], 4.1)
1 1 2 21,2
AV(x; m?)= — 5.2 P2 WT(IO n J‘x | +2y—1> + }, 4.2)

where P stands for Cauchy’s principal value and y=0.5772 ... is Euler’s constant.
In the above, dots imply quantities of order x? log|x?| or higher.

As is evident from (4.1) and (4.2), such products as [A(x;m*)]?,
A(x; m)AV(x; m?) and [4M(x;m?)]*> are mathematically meaningless in the
sense of Schwartz’s distribution [2]. One knows, however, that it is reasonable
to set

5(v) P% =—150). (4.3)

Then the leading lightcone singularity of A(x;m*)A™(x;m?) is seen to be
—(27) 7 3e(x)0'(x?) 2. But the non-leading lightcone singularity involves

P )-617 0(x?)+ 6(x?) log|x?, 4.4

which remains undefined. In order to give natural definitions to those products
of invariant delta functions, we propose to use the complex n-dimensional in-
variant delta functions, that is, we define the former by analytically continuing
the corresponding products of the latter to n=4.

2 For a review on the lightcone singularities, see Frishman [5]
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First, we consider [4,(x; m?)]?. From (3.5) and (A.23), we have

L& (= 1)TG—n+20)(m/2)*
(4,6 = gz 2 TErC—m2)+ P

Yii~n+l(x2)’ (45)

where Y, is defined by (3.6). Hence its analytic continuation to n=4 is

2

lim [A4,(x; m?) P = — . (4.6)

ot 16m2

It is remarkable that the most singular term (/=0) disappears. More generally,
from (3.8) we can show that
k k
(117

j=1

[—5(x2)+ ’”Te(xz)Jr

&(xo)

k
: . 2y __
lim [] 4,(x;m?)= o

n—4 j=1

AE LN,
_*<Z_2)5(x )+00)+ .|, (@47)

k\ ;= m;

Thus the lightcone singularities of products of A(x;m;?) are essentially the same
as those of A(x; m?). This result is characteristic to the even-dimensional space-time.

Next, we discuss 4,(x; m*)4™,(x; m?). In this case, direct computation of the
lightcone singularities as above is impossible because of the presence of Neumann’s
Bessel function. By using the convolution theorem (2.8), it is straightforward to
compute the Fourier transform of 4,(x; m?)4"), (x;m?*) and to obtain

Fal)= ‘ﬂéﬁji—zﬁmﬂmm4WmﬁWWﬂ

2(5n=6)/2(2n=3)2

T2/ 50)00) “38)
with the aid of (3.5), where we have set
Fn(XZ)EE(XO)A"(X; mz)A(l)n(—x; mZ) . (49)

But, unfortunately, (4.8) is not suitable for finding the lightcone singularities
because even for the leading term the integration over s is convergent only when
Ren<2. ‘

A more convenient formula for our purpose is (A.24). On substituting (3.5)
and (3.11) in (4.9) and using (A.24), we have

F,(v)= L (ﬁ)“ T _du Ty (2mu |/0)0(v). (4.10)

Cerr\m u*—1

Expanding J, _, into a power series, we obtain

B 1 k(=1 )/al((n—21-2)/2)
F "(U)__(Zrc)"_ng‘O I 2(n—2i—1)2)

1Yy (0) 0@ TR (0> 0) (4.11)

where k<(Ren—2)/2 because of the convergence condition of the integration
over u. For n=4, therefore, the leading lightcone singularity is found to be
proportional to &'(x2) in conformity with (4.3).



Lightcone Singularities 105

It is a rather elaborative task to find the non-leading lightcone singularity;
in working it out we have to keep in mind the fact that analytic continuation is
possible only for exact expressions. As is expected from (4.4), we shall encounter
an unfamiliar distribution; hence we should compute

_}00 dvp(v)F ,(v) (4.12)

rather than (4.10) itself. For simplicity, we restrict test functions ¢(v) to functions
holomorphic at v=0. Then in order to find the lightcone singularities, we have

only to compute
®(e)=lim | dv-v'F,(v), (j=0,1,2,..) (4.13)
n—>4 -0
where lirr}t stands for the analytic continuation to n=4 and ¢ is a small, but strictly

positive®, number. After lengthy calculation, which is presented in Appendix B, we
obtain

2
Pole) = — s Lolm Vool |/5) 4 Tim ) )N om /)] (414

2
0.6)= = e {= 5 Lo oINon /241 0n /50N o /]

b U ON o)+ 0N ) @15
2m ]/g

2

m? w5 2k(—1)41G-2)!
¢j(g)= - (27,5)3 & 2 [—kgl _(]m Ji(m l/g)Nk(m ‘/g)

— (=171 (m |/e)N(m |/ )

It is quite noteworthy that we encounter no higher transcendental functions

other than Bessel functions.
As is shown in Appendix C, to order & (4.14), (4.15), and (4.16) become

for j=2. (4.16)

m? 1 m2e

m? 1 ¢
~——|—-— + = 4.18
(151(8) (27[)3( mz + 2)9 ( )
moE e 2 4.19
‘pj(8)~—(‘2n—)3'2—j or j=4, (4.19)

respectively.

3 This means that the order of ¢—0 and n—4 cannot be interchanged
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Now, we consider a distribution Pf[v~16(v)], which is defined by
| dvp(v) Pf[v~'0(w)]=o(e) loge — [ dvg'(v) logv . (4.20)
-0 0

This distribution was introduced previously by the present author [6] and by
Wightman [7] independently. For ¢(v)=1’, we have

f dv Pf[v™'0(v)] =loge, (4.21)

| dv-v/ Pflo™0(w)]=¢//j for j=1. (4.22)
Zo

Comparing (4.17)—(4.19) with (4.21) and (4.22), we find that the lightcone singu-
larities of A(x; m?)AY(x; m?) are given by

lim F, ()= — - Lseys ™ pt[ L o)
s T (@) 20X
m? m? 5

The comparison of (4.23) with the naive expression for &(xq)4(x; m?) AV (x; m?)
implies that the undefined expression (4.4) just corresponds to the distribution
Pf[(1/x*)6(x*)]*. In (4.23), the dots denote finite terms, which can be calculated
from the naive expression if necessary.

Our final task is to investigate [4")(x;m?)]?, but instead of dealing with it
directly we consider

G,(x*)=[A4D, (x; m*)]? —[4,(x; m*)]*. (4.24)
On substituting (3.11) and (3.5) in (4.24) and using (A.25) and (A.26), we have

n—2 0 d
Gult)= s | ~(VoP ™ 73y N0 /o))

2 ® d
AU l/au;‘—sz_namu V/=0)0(~0)|. (4.25)

The analysis of (4.24) is made quite analogously to that of F,(x?), that is, as
before, we can calculate

W (e) = lim [ do-Gy(0)  (=0,1,2,...) (4.26)

n—4 —¢

4 This correspondence differs from the one given in Ref. [6] by a é-function multiplied by y. Of
course, the discrepancy is not serious because we are dealing with a mathematically meaningless
expression. Indeed, the calculation (4.14) of Ref. [6] is ambiguous up to a constant multiple of a
o-function



Lightcone Singularities

exactly (see Appendix B). We thus obtain

W ole) = % {LJo(m /&) = [No(m/&))> + [ 1(m }/¢)])?
—[Ny(m)/e)]* +[2/mKo(m )/ e)]* ~ [(2/m)K (m )/ )]},

7,0 iz Lon /51T + [N /51 =L, 00 /o)
+[Ny(m /e +[2/mKo(m )/ )] — [(2/m)K ,(m )/2)]?

-2 LIy /ey )/8)— Nolm /6N \(m /)
m)/e

QP K ofm /8K 1/5)]} ,
m (L 2keji=2)! .

a2 (k;m{—(—l) [J(m }/e)]?
(= DN, /o) ]2 = (— T/ m /2]

¥i(e)=

107

4.27)

(4.28)

F(— 1)Y= [T m /)12 + N (m)/e)1> + (= D[Q2/mK (m )/ 2)] })

(4.29)

(4.30)

(4.31)

(4.32)

for j=2.
After somewhat complicated calculation, which is given in Appendix C, to order
¢/ we find
11 m?
o>~ 5 T e
m? ¢ m?e 1 )
TJ(S)N—H7<1OgT—;+2y*1) for ]21,3,5,...,
j—1
TJ(S)NF‘]———l for ]=2,4,6,...‘

Analogously to (4.20), we introduce a distribution Pf[(1/v) log|v|] by

§ dogtw) P togll | =3(0) - ol logar ~ | dog'e)og

so that
¢ 11 2¢/ 1
dv-v' Pf{—log|v|) = —|loge— =] for j odd,
—je (U d |) J ( g J) /
=0 for j even.

Hence the above results (4.30)—(4.32) can be expressed as
2

lim G,(v)= [Pf

n—4

2
o) - "’7 Pf(% 1og;u|)

m? m? 1
" og™ w2y—t1)P- 4 ...
4<10g4 +2y I)PU+ },

(4.33)

(4.34)

(4.35)
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where Pf1/v?>= —(d/dv) P 1/v [2]. Comparing (4.35) with the naive expression
for [AV(x; m?)]? — [4(x; m?)]?, we see that Pf 1/v? and Pf[(1/v) log|v|] correspond
to

2
(P %) —n2[8(v)]? (4.36)
and
1 n?
logv|-P ST &()d(v), 4.37)
respectively.

Finally, combining (4.35) with (4.6), we obtain

fim [AD (c:m?) ] = — | pr— " b L og?|
nod e dnt | (k3?2 x2
m? m? 1

Note that (4.38) contains no J-type singularity.

5. Discussions

In the present paper, we have systematically investigated invariant delta functions
in a complex n-dimensional space-time. As is shown in Section 3, the use of
complex dimension allows us to discuss higher-dimensional invariant delta
functions in a concise and unified way.

In Section 4, the complex n-dimensional method has been employed to
regularize products of invariant delta functions in the ordinary Minkowski space.
It is remarkable that we have encountered no poles at n=4, that is, no subtraction
procedure has been necessary. Therefore our results are quite unambiguous.

Finally, we remark that A(x;m*)AM(x;m?) and [4V(x;m?)]? —[A(x; m?)]?
can be defined by a different procedure. Since

24 5(x; m?) =ig(x)A(x; m?) + AV (x; m?)

1 1 m? m? m?
—Wm———log( X +10)—~(10g——+2y-—1) },
(5.1)
we obtain
ALAp0c; m*)]2 = [AD0c; m?)]? — [A(es m*)]? + 2ie(xo)A(x; m*) AV (x; m?)
1 1 | . .
zn—[m*i‘xz_iobg(‘x 0
2 2
— —(log— +2y—1 52
2(og +2y— )x—10+ (5.2)
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Since we know

1
v—i0

=P % +ind(v), (53)

1 1
=07 =Pl —ind(v) (54)

and can verify®

! 0(0)} , (5.5

1 2
log(—v+i0):Pf(; 10g]v|> - %5(v)+in Pr|-

v—i0
(5.2) precisely reproduces the right-hand sides of (4.23) and (4.35).

Mathematically, we know that Schwartz’s distribution can always be expressed
as a linear combination of boundary values of analytic functions; the latter is
called a “hyperfunction” by Sato [8]. Products of hyperfunctions are sometimes
well defined on the basis of the defining analytic functions. As is seen above,
A(x; m)AV(x; m?) and [AV(x; m?)]? — [4(x; m?)]? are well defined, but [4(x; m?)]?
is still meaningless in the sense of hyperfunctions. Thus we may conclude that
as far as invariant delta functions are concerned, our dimensional regularization
method provides us a natural extension of the hyperfunction method in defining
products of distributions.

Appendix A. Bessel Function Formulae

We here summarize Bessel function formulae which are applied in the present
paper. We denote Bateman manuscript project’s “Higher Transcendental
Functions” Vol. 2 [9] by HTF and “Tables of Integral Transforms” Vols. 1 and 2
[10] by TIT, and by TIT,, respectively.

The formulae (A.1)—(A.14) are found on pp. 4-12 (and on p. 79) of HTF. We
denote Neumann’s Bessel function by N, instead of Y, in order to distinguish it
from the distribution defined in (3.6).

© (__ 1)1(2/2)v+ 21

Jv(2)=l§0 o leD) (A1)
N,(z)=(sinvr)”'[J,(z) cosvn—J _,(z)], (A2)
HW\(2)=J,(2)+iN (2)=(i sinvr) " '[J_(z) — J,(2)e "], (A3)
K, (2)=(m/2)ie"™2HD (£i"/2z) . (A4)

> Integrate | dvgp(v)(v—i0)!log(—v+i0) by parts, use log(—v+i0)=1log|v|+inf(v) and compare

the result with (4.20) and (4.33)
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For k=0,1,2, ...,
2 z\ 1R (k—1—1)![z\ "2
M= 20 r+oe3) -+ T ER ()
1 2 (__1)1 e k+21
-2 3 (5) (i) (A5)
© (2/2)k+21 Z) k—1 (—1)1(/(—[—1)' z —k+21
— _(_1) N - 1 -
Kda)==(=D" 2 Japrlrtlogs) +3 2 I 2
. . 0 1 7 k+21
Ly (2 .
H Y (5] B, 46

1

where y=0.5772 ... and hy= ) 1/m with hy=0.
1

m=

J (e"2)=e""J(z) . (A7)

Let Z, be any one of J,, N,, and HV,.

Z_@)=(—1}Z\(2), (A-8)
K_\(2)=K,(2); (A9)
2v/2)Z2,(2)=2, () +Z,:1(2), (A.10)
(2v/2)K,(2)= =K, _1(2) +K,4,(2); (A1)
2d/dz)Z (2)=Z,_(2)— Z,+4(2), (A.12)
(d/d2)[z7"2,(2)]= —27"Z,4,(2), (A13)
(/o) Z,1(9)]=2"""Z,(2) . (A.14)

Integrating both sides of (A.14) for Re v> —1 and making a scale trans-
formation, we have

fdzz T (yz)=a"" 1y~ 1,4 (ay), (A.15)
0
a v+1
[dz2""IN(yz)= — =T+ 1y +a" 'y 7N, y(ay); (A.16)
0

Likewise

[dzz" " K (yz)=2"T(v+ 1)y "2 =a"* 'y 'K, ((ay). (A.17)
0
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Formulae (A.18), (A.19), (A.20), and (A.21) are presented on p. 81 of HTF, on
p. 113 of TIT,, on p. 57 of TIT, [using (A.9) and correcting an obvious error]
and on p. 11 of TIT, [changing the sign of v and using (A.9)], respectively.

f dpe® ¥ (sin )’ =2"|/nl(v+1/2)y J(y) for Rev>—1/2; (A.18)

[ dz(z* —a?)?J,(b)/2* —a®) sinyz
:(n/z)l/za(2v+1)/2bv(y2_b2)—(2v+1)/4J_(2v+1)/2(al/y2_b2)0(y_b)
for a>0, b>0, y>0, —1<Rev<1/2, (A.19)

[ dz(z2 —a*)"?J(b)/z* —a*) cos yz

a

2(2/n)1/2a(2v+1)/2bv(b2 _yZ)——(2v+ 1)/4K_(2V+1)/2(a ] /b2_y2)0(b_y)
_(n/2)1/2a(2v+ 1)/2bv(y2_b2)—(2v+ 1’/4N_(2v+1),2(a I /y2 —b2)0(y—b)
for a>0, b>0, y>0, —1<Rev<1/2; (A.20)
o0 2v
i dz(z* +a*)?" " V% cos yz = HTlﬁ/z)avy—va(aJ’)
for y>0, Rev<l)2 (A21)

The following formula can be derived by combining the formula (32) on p. 25 of
TIT, (setting u= —1/2 and replacing v by —v) and the formula (29) on p. 102
of TIT,.

[ dzz 122 —a?) " 2, (2) = — (/) a2 T NG L a(ay)
for y>0, a>0, Rev<1/2. (A22)

The expansion formula

& (= DT (v 4204 1)(z/2) 2!
Ju(Z)JV(Z)—EO I+ I+ DI+ I+ )Lt v+ 1+ 1)

(A23)

is given on p. 11 of HTF, and the right-hand side is expressible in terms of a
generalized hypergeometric function ,F ;.

The formulae (A.24)—(A.26) are obtained from those presented on pp. 97, 96,
and 54 of HTF by setting u=v and cosht=u.

JEONG@=-2] dz“ 1,,Qzu), (A24)
Ty fu—1
L@ NP = | 2N, m), (A25)
Yy Ju—1
® g
[K,()]2=2 { l/uz”__l K,,(2z1) . (A.26)

They are valid for z> 0.
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Appendix B. Derivation of (4.14)-(4.16 and (4.27)-(4.29)

The basic formula for the calculation of @,(e) is

Iy 12mu l/V_V) > (B.1)

(v+ 1)/2

jdv v"2J (2mu [/_)—-

which follows from (A.15).

We first calculate @ (¢). The integration over v is carried out by means of
(B.1) with w=¢ and v=2—n. We analytically continue the result in n and can set
n=4 safely because ¢ is non-zero. Hence

@, (e) m’ i du J.(2m)/zu) (B.2)
§)= .
0 (2n)? | ]/u -1 m[/ !
with the aid of (A.8). We apply (A.10) to the integrand of (B.2). Then we can carry
out the integration over u by means of (A.24). Thus (4.14) is obtained.

Next, we consider @,(g). Integrating by parts with the aid of (B.1), we obtain

5 dv-v-()/0)*~"J,_Qmu /v )_ o Jy_@m)/eu)— 2 G ))f Jo_,2m)/cu).
(B.3)

We may set n=4 in (B.3) as before, but we do not do so because of a technical
reason. Repeated application of (A.10) brings the right-hand side of (B.3) into

8(6 n)/2
- {Jz L2m )/ eu)+J,_,(2m/ eu)
+ Zl——n [J;_.2m )/ su)—Js_,(2m Véu)]}. (B4)
Hence
2

®,(e) = — eBo() — (-’% R() (B.5)
with

R@)=lim j du Ty ,2m Vew)—Js_,(2m ]/Eu)' ©6)

n-4 1 lﬁ 1 4—n

Carrying out the integration over u by means of (A.24), we have

1
R(e)= - ghnﬁm-l(m VeN, 1m)/e)=Jour(m)/e)N s (m]/e)].  (BT)

The limit is calculated by the 'Hépital rule. Then the use of (A.8) and (A.10)
yields

Ro)= 7 /) 2 ZI}N(mI/)] )
(m 1/5%[—"13%&(m 1/2)}} (B3)

Thus we arrive at (4.15).
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To calculate ®;(e) for j=2, we apply (B.1) repeatedly. Then

fdv.vf-(l/z?)Z—"Jz_,,(zmu 1/v)

Jj i (2j+3—-n—k)2
LR 2 B9
= X (O g g a-nim Ve (B9)

The right-hand side of (B.9) reduces to

J j!
) L 1(Grm l,{lu) (B.10)
So G- (m)/ew)
for n=4.
Now, we note that the following interesting identity holds:
J i 2 j—1
z —1) Jk) I tl( 0 _ Z Cida+1(20) for j=2, (B.11)
where
(i)
cp=(= D1 2k+ 1)% (B.12)
We prove (B.11) by mathematical induction with respect to j. For j=2, it reduces to
J_ 120 =2t J,20)+ 2t 72T, (2t) = J5(28), (B.13)

which is easily verified by means of (A.10) and (A.8). Hence we assume that (B.11)
holds. After multiplying its both sides by ¢, we differentiate them with respect to ¢.
Then, with the aid of (A.13), the left-hand side becomes

2 o ) G+1!  J1(20)

Z ( ()—k+1)‘ tk_l (B14)
Hence induction completes if
J+ 1y
—tJ120)+ —— Z kg [tJ2k+1 29]= z Civ 12k +1(20) (B.15)

But it is straightforward (but somewhat tedious) to verify (B.15) by using (A.12)
and (A.10). Thus (B.11) has been established.
The use of (B.11) in (B.10) yields

m’ IS Jakeam V_u)
- @np? I1/u —1,;16  omfeun (B.16

It is now easy to carry out the integration over u by means of (A.10) and (A.24).
We then have

Di(e)=

2

Di(e)=— gn*)ggj(_ ”) Z 2k+1 [Jm |/e)N(m]/e)
+ i 1(m V)Nk+ 1(m l/_)] ) (B.17)

from which (4.16) follows immediately.
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The calculation of ¥,(e) is quite analogous to that of ®;(e) though slightly
more complicated. From (4.24)—(4.26), ¥ (¢) can be written as

ij(.s):limz,, pr= JV — fdv o[ =()/0) "N, 2mu |/v)
+(=1IR/m()/0)* K, 2mu |/0)] . (B.18)
For j=0, by means of (A.16) and (A.17), we obtain
om Ni@m)/ew) = (2/m)K (2m )/ 5u)
Pole)= 7 5 { Vi1 e (B.19)

with the aid of (A.8) and (A.9). Note that the additional terms encountered in
(A.16) and in (A.17) are cancelled out in (B.19). It is easy to see that (4.27) follows
from (B.19) by using (A.10), (A.11), (A.25), and (A.26).
The calculation of ¥,(e) is carried out in parallel with that of @,(¢). Cor-
responding to (B.5) with (B.7), we obtain
2

V(o) = —ePole)+ g3 S(e), (B.20)

24 2
where ¥ (¢) stands for what is obtained from ¥,(¢) by changing the signs of its
last two terms [this change is owing to (— 1) in (B.18)] and

S =4 lim © (—Ls(m /)4 N,y )20+ L | )T

—[Nys s (m /&)1 = [2/MK, - 1(m )/ e)]> + [2/m)K, . ((m]/2)]?} . (B21)

It is easy to calculate (B.21) by the I'Hoépital rule together with (A.8)—(A.11). In
this way, we can derive (4.28).

Finally, the calculation of ¥ (e) for j=2 is carried out in the same way as that
of ®;(e) for j=2. It is sufficient to note that the same identity as (B.11) holds also
for Neumann’s Bessel functions and that for the modified Bessel functions it is
modified into

J o j—1
I KniC) S e k@ for 22, (B22)
i=oU—k! ¢ Pl J

Appendix C. Derivation of (4.17)-(4.19) and (4.30)-(4.32)

Since from (A.5) we have

mj/ e
§Nolm |/2)~log [ +7, (&)

%Nl(ml/g)~—m;/; m‘/<10g L/g+v~%), (C2)

it is easy to show (4.17) and (4.18) from (4.14) and (4.15), respectively.
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Since (A.1) and (A.5) yield

(1/2)J(m |/ &)N(m |/ &)~ —1/2k, (C3)
(4.16) behaves like
B ,(e)~ — " i (CU5G=2t | 1| sy (C4)

e L& G+RG—R! " 26-1)
Since the well-known formula

I'(c)I(c—a—Db)

2Fila, bies1)= Tc—a)l(c—b) (C.35)

gives us
L (=6 S —_1

k___lm—zﬂ(—blaﬁ"lal)—l——za (C.6)
(C.4) reduces to (4.19).

Now, we consider ¥ (). From (A.6) we see

Ko<m1/5)~—log’"£/g—y, (k)

L l/ mye , ;)
Kim/o)~ L+ *(10g™ Y +-3). c$)

By using (C.1), (C.2), (C.7), and (C.8), it is straightforward to show (4.30) and
(4.31) for j=1 from (4.27) and (4.28), respectively.

It is a rather intricate task to find the small-e behavior of ¥(e) for j=2. From
(A.5) and (A.6), neglecting positive-power terms, for k=1 we have

—2k[k—1 k—1—1)! 212 1 1 k 1
[%Nk<z)12~%(§—) T %@) } —;(log%w) top Lo (€9

=0

er~(E) |5 1>'(—1l(2)}

(=D =z (
Hence the coefficient of log(m ]/E/2)+y in¥ j(s) is
m? 1= (=1 (= 1D51(—2)! 1
=TT LB GERG—R) +2(;—1)}' (1D

As we have seen in (C.4), the quantity in the square bracket of (C.11) equals 1/2j.
Next, we have to simplify the first term of (C.9). Since positive-power terms
are omitted, we have

@[ZW( ) } Z a"’( )Mlc*i 10—’ (12
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where
_ i (k=1—D)Wk—r+1-1)!
e INr—1)!

(C.13)

Let v be a complex number and consider an identity

L L(v—=1+DMv—r+14+1) T+ DI (v—r+1)
,;0 Nr—1)! B r!

JF (v—r+1, —r; —v;1).
(C.14)

Its right-hand side is calculated by means of (C.5). Then taking the limit of
v—k—12=r, we obtain
o [k—r—1)!11*Qk—r—1)!
e rik—2r—1)! '
On substituting (C.12) with (C.15) in (C.9), we find that the negative-power part
in [(n/2)N,(2)]? is

R [(P—l)!]z(kﬂLp—l)!(i)‘zl’ o
4p;l (k—P)!(2p—1)! 2 ( . )
and that the constant term in [(n/2)N,(z)]? is

["zl Loy l] €17

mlm mlm

(C.15)

apart from —y/k. The corresponding quantities for [K,(z)]*> are obtained by
replacing z by iz in (C.16) and multiplying (C.16) and (C.17) by (— 1)~
We show below that the negative-power part of
J 2k
k2=:1 U+R)—k)!
vanishes exactly. From the above results, it is rewritten as
Ll=(=1*F [p-1)11*  (z\7??
. C.19
Z 7 e ) (€1
where

{(=D' TN — (= 1Y[Ki(2)]*} (C.18)

_ k-(k+p—1)!
b= L ) = k=1

k=p

(C.20)

Since the p=j term of (C.19) evidently vanishes, it is sufficient to prove
bj,=0 for p=1,2,...,j—1. (C.21)
To show (C.21), we rewrite (C.20) as
b= 1yp[3 (Ve ,-i,, (-1 @p+I-1)!
o SollG+p+DGi—p—D! " S 1G+p+D)G—p=D!
_ (=1p)!
G+pG—p)!
From (C.22), we obtain (C.21) by means of (C.5),

LF@Rp+1,p—jij+p+1;1)=5,FQp, p—j;j+p+1;1)].
(C.22)
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Thus the only surviving negative-power part of ¢ /¥;(¢) is the contribution
from

[Ny(m /o)1 +(=1Y[2/mK y(m |/ 6] ~ 2/m)[1+(— 1)1 (m?e) " (C23)

Finally, we consider the constant term of ¢ /¥ (). As is seen from (4.29) and
(C.17), we have to calculate

DIG=2 [kl 1 & 1 i
A= mewmiz_+z%+w4)

m=1M

1
)

where

(2B~ C)+ = 2(] o (C.24)

(C25)

(1l
=L, G-

1
m’

||[\/J>-

% (DY 1
ITEG+RIG—k)! k-
Since we can write

B;=(0/0b) ,F{(—j, by j+1; Dlp=1, (C.27)
(C.5) yields

11 1
B=-— — —. .
Gt +5) (€29)

(C.20)

On the other hand, we have

C=j dX'x_l[zFl(-j, 1,J+1sx)_1]

-1 jf dt(1—ty (1 —tx)f—l}
0

=j}dt(1—t)f‘1 } dx-x (1 —txy—1]
0 0
1 t

=J'£ dt(l—t)j'l£dy-y_1[(1—y)j—1]

Jde( =yt (= - 1]
0

1 1 1
_%ﬁTﬁﬁ+m+ﬁ. (C29)

Substitution of (C.28) and (C.29) in (C.24) yields
A= (+1)/2% . (C.30)
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Collecting the results (C.11), (C.23), and (C.30), we obtain
m2el 1—(—1y 1 m)/e
mel (2)2 [1+(—1)f 2¢ ! N 1—(—1y j+1}

2°n2 \n 2 (—Um? 2 7
for j=2. (C.31)
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