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Abstract From the world-sheet point of view we com-
pute three, four and five point BPS and non-BPS scat-
tering amplitudes of type IIA and IIB superstring theory.
All these mixed S-matrix elements including a Ramond—
Ramond closed string (RR) in the bulk and a scalar/gauge
or tachyons with all different pictures (including an RR in
asymmetric and symmetric pictures) have been carried out.
We have also shown that in asymmetric pictures various equa-
tions must be kept fixed. More importantly, by direct calcu-
lations on the upper half plane, it is realised that some of
the equations (which must be true) for BPS branes cannot be
necessarily applied to non-BPS amplitudes. We also derive
the S-matrix elements of (V- 2 Vd? Vg V})) and clarify the fact
that in the presence of the scalar field and an RR, the terms
carrying momentum of an RR in the transverse directions
play an important role in the entire form of the S-matrix and
their presence is needed in order to have gauge invariance
for the entire S-matrix elements of type IIA (IIB) superstring
theory.

1 Introduction

In a very important paper [1], it has been extensively clari-
fied that the sources for all different kinds of D-branes are
Ramond-Ramond (RR) fields. It is worthwhile looking at
some concrete references regarding RR fields [2,3]. Besides
them, RR fields play a very crucial effect in understanding
the phenomenon of dielectric branes which was first demon-
strated by Myers in [4]. Having employed several RR cou-
plings of [5], we could explore and interpret the N3 entropy
of M5 branes as well.
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It is also well known that if one wants to work with the
effective actions of type IIA, IIB string theory, then one needs
to deal with DBI and Chern—-Simons effective actions, which
can be accordingly found in [6-9].!

By making use of the scattering theory of D-branes in the
world volume of BPS branes in type II string theory we have
also explored various new Chern—Simons couplings includ-
ing their all order a’ corrections to the low energy effective
actions of D-branes. In fact it is explained in detail that for
BPS (non-BPS) branes all the corrections to D-brane effec-
tive actions can just be derived by having the entire form
of S-matrix and not by any other tools like T-duality trans-
formation. The reason for this sharp conclusion is that by
having the S-matrix we are able to actually fix all the coef-
ficients of the effective field theory couplings (and also their
higher order «’ corrections) without any ambiguities (see
[11,12] for BPS and [13,14] for non-BPS branes). In fact,
all the three different ways of obtaining the couplings in the
effective field theory involving pull-back, Taylor expansions
and new Wess—Zumino terms (the generalisation to Myers
action) have also been explained in [11].

It is emphasised in [15-17] that to get to the effective the-
ory of non-supersymmetric cases or non-BPS branes one has
to integrate out all the massive modes and needs to effectively
work just with the massless strings such as scalar and gauge
fields and also employ the real components of tachyon fields.

There are various motivations to perform scattering theory
of all BPS and non-BPS branes; basically one of the main
reasons to employ it, is to actually have the entire form of
S-matrix elements which is a physical quantity; and the other
motivation would be to deal with its strong potential of gain-

1 Some of the new curvature corrections of type II have been recently
obtained in [10].
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ing new terms including their corrections (of course without
any ambiguity) to string theory’s effective actions.

Having set up this formalism, one may end up obtaining
several new couplings for all BPS branes in the RNS formal-
ism [18-23] and eventually one could investigate a proposal
for the corrections to some of the couplings [24]. In particular
it is shown that some of these couplings must be employed
to be able to work with some of the applications of either
M-theory [25,26] or gauge—gravity duality [27].

One might look for various applications in the world vol-
ume of non-BPS branes as some of them were comprehen-
sively pointed out in [13,14], but for concreteness we high-
light some of them again.

As an instance in [28] it has been illustrated that as long as
the effective field theory description holds, in the large vol-
ume case (despite having the non-supersymmetric cases), the
AdS minima are indeed stable vacua. Not only the phenom-
ena of the production of the branes are investigated in [29-34]
but also inflation in the language of D-brane and anti-D-brane
systems in string theory was shown to occur [35-38]. It is
also worth mentioning that tachyons of type IIA (IIB) super-
string theory (with odd-parity) have been taken into account
to gain various insights in some holographic QCD models
[39,40] as well.

In [41] various issues on the scattering amplitudes have
been extensively discussed, however, one has to be concerned
about some other issues on the mixed amplitudes involving
an RR and some other open strings for which some of them
have been empirically addressed in [24]. The content of this
paper is beyond what has been appeared in those references.
Indeed we would like to understand in the presence of a sym-
metric and an asymmetric picture of an RR, a scalar field and
some other open strings what happens to the terms that carry
momentum of an RR in the transverse directions, arguing
that the S-matrices that satisfy the Ward identity do involve
all the contact interactions, which are definitely the correct
S-matrices.

The paper organised as follows. In the next section, first
we try address the full details of a three point? scattering com-
putations of an RR in an asymmetric picture (C~2 picture,
in terms of its potential; not its field strength) and a scalar
field. Then we carry out the same S-matrix in a symmetric
picture of an RR (the C~! picture, in terms of the RR’s field
strength) and the scalar picture in the (—1) picture. Finally,
we compare both S-matrices and make remarks on a Bianchi
identity that must be true to get to picture independent result.
For completeness we address CT, C A amplitudes as well.

The four point correlation function of (7@ 7@ C(=2)
in the world volume of a D-brane—anti-D-brane system has
also been carried out to show that the result is the same as

2 The three point function from the world-sheet point of view and two
point function from the space-time prospective.
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(T=D7O DYy [42]. This clearly confirms that there is
not any issue as of the picture being dependent on the mixed
closed string RR and strings that move on the world volume
space, such as gauge fields or tachyons (but not scalar fields).>

Hence due to momentum conservation along the world
volume of the branes and as long as we are dealing with
world volume gauge fields and/or tachyons in the presence
of an RR, there is not any issue about choosing the picture
of an RR (in a symmetric or an asymmetric case).*

However, because there is a non-zero correlation function
between an RR and scalar in the zero picture and also due to
the fact that the terms carrying momentum of an RR in the
transverse directions (p’, p/) cannot be derived by any dual-
ity transformations [11,13,14,43], one has to be concerned
about various issues. In the following we leave various sub-
tleties that have to be considered for the mixed amplitudes
involving an RR, a scalar and some arbitrary numbers of
gauges or tachyons in the world volume of BPS, brane—anti-
brane and non-BPS systems.

We then start calculating all the four point non-BPS func-
tions of type ITin their all different pictures (7~ D@ C(=Dy,
(TOEDCEDY and (T @@ (=2 In the case of (T
#»©@CED) we see the term that carries momentum of an
RR in the transverse direction disappears after applying a
Bianchi identity equation, however, we claim that one has
to be careful about these transverse (p’, p/) terms in higher
point functions as their presence plays a crucial role in the
gauge invariance of the higher point mixed amplitudes. There
is a non-zero correlation function between an RR and the
first part of the vertex operator of the scalar field in the
zero picture and therefore one needs to think about those
terms that carry momentum of an RR in the transverse
direction (p', p/) as they cannot be derived by any dual-
ity transformation [11]. Indeed by direct computations of
scattering amplitudes of BPS branes, we observe that sev-
eral Bianchi identities must hold for the BPS cases, whereas
we show that these equations cannot be necessarily true for
non-BPS branes (say for (T 7O 7O C(=2)y)" otherwise
the whole non-supersymmetric S-matrix vanishes. For com-
pleteness we perform (p@A©@CE2)y (=D AO (=D
and (@ ACD DY as well.

We also would like to go over to some of the mixed RR,
scalar and tachyon five point functions of either brane/anti-
brane or non-BPS branes to see what happens, if we carry
them out in both a symmetric and an asymmetric picture of

3 This is so because the polarisation of the scalar field is in the bulk and
there is a non-zero correlator between an RR and the first term of the
scalar vertex operator in the zero picture as (eP*@ 3, xi (x1)) is non-
zero. Basically one needs to be concerned about the terms that carry
momentum of the RR in the transverse directions ( pi ’S terms).

4 In fact in order to get the final answer for these S-matrices as fast as
possible, one could put an RR and a gauge field in the (—1) picture and
the other tachyons/gauges in the zero picture.
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an RR accordingly. In fact for a scattering amplitude of the
brane—anti-brane system (including a scalar, tachyons and
an RR), we have three different choices.? Indeed for these
particular amplitudes there is no Ward identity and a priori
one does not know which specific picture gives us the correct
S-matrix, where we claim and establish the fact that already
at the level of S-matrix for a brane/anti-brane, one needs
to know some generalised Bianchi identities to be able to
produce all the effective field theory couplings.

Most importantly, we show that the terms that carry
momentum of an RR in the transverse directions (pi, pj ),
whichare singularin (@ 7D TO =Dy and (p O 7O 7O
C=?) amplitudes remain after taking integrations prop-
erly on the upper half plane, while these terms are absent
in (pVTOTOCEDY Hence in order to remove all the
apparent singularities of the brane/anti-brane, we introduce
new Bianchi identities at the level of the world-sheet.

We then move on to obtain the (7O 7@ 7O =2y s.
matrix and determine the fact that if we apply some of the
Bianchi identities of BPS branes to this non-BPS amplitude
then the whole S-matrix disappears; so this clearly confirms
that those Bianchi equations of BPS branes must not be true
for non-BPS amplitudes. The reason is that there are non-zero
field theory couplings in the world volume of non-BPS branes
that have to be produced by a non-zero S-matrix of an RR
and three tachyons. We will also mention several subtleties
that potentially have something to do with some of the issues
on the perturbative string theory that are left and have been
pointed out in a series of papers by Witten [44—47].

The five point correlations of (V- ! V¢_ ! V}) Vg) have been
computed in [48]. In order to see what happens to the gauge
invariance of the amplitudes we address the same amplitude
but with a different picture of a scalar, (V- ! Vq? Vi ! V})).

Given the fact that the vertex operator of a scalar field in the
zero picture carries two different terms and in particular its
first part has a non-zero correlation function with an RR, we
see that here the terms carrying momentum of an RR (all p.&
terms) survive after performing an integration on the upper
half plane. In fact due to all non-vanishing p.§ terms the
final form of the S-matrix does not satisfy the Ward identity
associated to gauge field unless we introduce new Bianchi
identities. Since we cannot give up gauge invariance of the
S-matrix, we need to come up with some ideas. That is why
we look at the same S-matrix in an asymmetric picture of an
RR (V- 2 Vd? V}) VX), where in this picture upon considering
the known Bianchi identities not only will we observe that
the amplitude respects the Ward identity associated to the
gauge field, but also we are able to obtain the whole contact
interactions of the related S-matrix.

5We have (pCDTOTOCED) (4OTEDTOCEDY g
(O TOTO C(=2)y,

We may wonder why we cannot see the term that carries
momentum of an RR in the transverse direction in four point
functions, say (V- ! Vd? VA_1 ). The answer is that in these func-
tions we do have that particular term, however, after gauge
fixing the integral should be taken on the whole space-time
(from —o0 to 0o) and since the integrand (including the p’
term) is odd, the final result naturally is zero. But this does
not happen for five point functions any more; basically, for
five and higher point functions after fixing SL(2, R) invari-
ance we need to take the integrals on the position of closed
string and the remaining terms involving (p’, p/) terms are
not vanishing. Even these terms might not satisfy the Ward
identity. The resolution to this is to either introduce some new
Bianchi identities or calculate all of the mixed S-matrices in
symmetric/asymmetric pictures. Let us address the technical
parts by computing three point functions.

2 The ¢© — C=? amplitude

In this section we are going to derive the full S-matrix ele-
ments of one scalar field and one RR in type IIA (IIB) string
theory, where for some reasons we would like to keep an
RR in its asymmetric picture. That is, we consider its vertex
operator in terms of its potential (not its field strength) so we
deal with an RR in the C=3/%~1/2 picture.

The motivation for doing this computation in different
pictures is that there is no Ward identity for the mixed RR
and a scalar field, and one might wonder what happens in
higher point functions of all mixed amplitudes including an
RR, scalar field and tachyons (but not gauge fields), or one
might ask which particular picture is going to give us the
complete S-matrix elements including all the infinite contact
interactions of string theory.

Note that our notations are such that w, v, ... run over
the whole space-time, a, b, c, ... and i, j, k, ... are world
volume and transverse directions, respectively.

Thus, this four point function from the world-sheet point
of view (three point function, from the space-time point of
view) of one scalar and an asymmetric RR closed string is
given by the following correlation function:

ACTP0 / dxdzdZ (Vg™ (2. DV, (). )

Note that the vertex of an RR in an asymmetric picture
has been first proposed by [49] so the vertices can be read
off as follows:

V4§°) (x) = &1, (3 X (x) + ikl (x))e? KX
72 _ _
VéR )(Z, 7) = (P,¢’(n_1)Mp)aﬂe 3¢(z)/27

Sa(2)e! TP X@e=0D25, ()i § PDX@,
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We are considering the disk level amplitude so the RR has
to be put in the middle of the disk, while the scalar field needs
to be replaced just in its boundary. On-shell conditions for
scalar and RR are®

k> =p?>=0, k& =0.

For simplicity it is really useful to just make use of the
world-sheet’s holomorphic elements, which means that we
employ some useful change of variables as follows:

Xt(3Z) — DEXY(Z), VM@ — DEYY (@), ¢() — ¢(3),
and Sy (2) — My’ S5(2).

Some definitions might be important to highlight as well.”
Applying those vertex operators and the Wick theorem,
our desired S-matrix can be written down:

/ dx1dxadxs (P €1y M) (xa5) g,
% (I + Qiki) D)1,

sothatxy =z =x+1iy,xs=z=x —iyand

o/z ﬁ
I = |xiaxis| 2 51Pxys| 7 P-PP, 3)
with
. _5/4 ~—1 X54
I = ip' (vs) ™ Cry ——. €
X14X15

It is also important to address the following correlator,
which can be obtained by generalising the Wick-like rule
[50,51]:

I = (: Sa(xa) : Sp(xs) s Yy’ (x1) )
=27 (r14x15) 7 (as) TAHIICT D g,

If we would replace the above correlators inside the
amplitude then we could see that our S-matrix does respect

6 The definition of projector and the field strength of closed string is
a
Po= %(1 - V“)7 Hay = n*’:Hm...uuVm N

where for type IIA (type IIB) n = 2,4,a, =i (n = 1,3,5,a, = 1)
with (P,Iﬂ(n))“ﬂ = C‘)“S(P,H(,,)),;/3 notation for a spinor.

7 We have

—1lg_ 0
D= P ,
( 0 117+1)

I A
and M _i GV v yirte Ly, forpeven,
p= i

(I,H)!y"l vy ... J/’APJrl)/lle,‘,m,‘p+1 for p odd,
where now the propagators for all world-sheet fields are
a/
(X" @)X (w)) = —577’” log(z — w),

!

(YY" (w)) = —%n““(z —w),
(¢ (@) (w)) = —log(z — w). )

@ Springer

the SL(2, R) invariance. We gauge fix it as (x1,z,2) =
(00, i, —i), so that the final result of our S-matrix in this
certain picture is

0 2 o
AP = [—ip" Tt (P_C (n—1yM )
+ik1a Tr(P_€ -1y M, ") 1&1;. (%)

As can be seen from the above S-matrix, it seems to have
two different terms in our amplitude, while below we show
that some crucial subtleties are needed. Note that after the
derivation of the S-matrix, one could start writing all its field
theory couplings to be compared with the amplitude, while
before doing so, we claim that one has to know the correct
form of the S-matrix. Hence let us carry out this amplitude
in the other picture (C~D¢(~D) in the next section and get
back to the subtlety associated to Eq. (5) afterwards.

It is also worth to derive the S-matrix of one RR and a
gauge field in the asymmetric picture of an RR.3

3 The C~! — ¢~! amplitude

The three point function from the world-sheet perspective
(two point function from the space-time point of view) of
one RR and a real tachyon of type II super string in their
different pictures has been done.’

This three point function from the world-sheet perspective
with both RR and scalar field in the (—1) picture is given by

APRE ~ / dxd2 (VP ViR . 2). ©)

8 Let us just mention the final answer

0 ~-2
AYCT = 1 [—ip Tr (P € -1y M)p) + ik1p Te(P— € (u—1y M T0)].

Note that the first term in the above S-matrix makes definitely no contri-
bution to the amplitude, because if we apply momentum conservation
along the world volume of the brane, (k; + p)* = 0, and the on-shell
condition for the gauge field gives rise to the vanishing of the first part
of the S-matrix. Indeed the second part of the S-matrix can be pro-
duced by the 2« [ C,—1 A F coupling, as the three point function of
a symmetric RR and one gauge field in the (—1) picture was given by

VD00 = e P W g ()X @)
AT 2712 TR(P H 0y My ).

9 We have
ACTTTN 0T (P H oy M)

and also
—270 X
ACTT ~ 22 Qiki ) Te(P_€ (1) My );
now if we apply momentum conservation along the world volume of
the brane (k; + p)* = 0, extract the trace and use p’ = H (up to
a normalisation constant) we get the same S-matrix in both pictures,
where this S-matrix can be generated with a 2ima’f'1), JCp ADT
coupling in field theory.
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The vertices are written down so that an RR is considered
in terms of its field strength in the symmetric picture. They
are presented as follows:

V(}E—l)(x) = e_d’(x)%-iwi(x)eZiq-X(x)’
71 _ _
Vi (2,2) = (P—HuyM,)*Pe @2,

Sa(2)e! TP X@e=0D25, ()i § P DX,

Obviously all the previous definitions of the first section
for projector, holomorphic components and the other field
contents have been kept here as well. Once more we substitute
the defined vertex operators into Eq. (6) and the amplitude
reduces to

f a1 dxgdvs (P H oy M) (rraxis) ™2 (as) ™ Ve 1
X (: Su(xa) : Spxs) = ¥l (x1) 2)

where the result for the following correlation function is
needed:

(- Sw(xa) s Spxs) s ¥l (x1) ) = 2712 (xyqx15) 712
(xas) " C g

The SL(2, R) invariance of the S-matrix can be readily
checked and we did gauge fixing as (0o, i, —i).!? The final
result of the S-matrix of one scalar and one RR closed string
in this symmetric picture is

—1 4—1 _ .
ACTP = 27V (P H () My ENs. 7

One should pay particular attention to the conservation of
momentum along the world volume of the brane as k{ 4- p* =
0. Let us first reproduce the field theory of the above S-
matrix. The amplitude might be normalised by a coefficient
of 227 »/8) such that 1, is the Ramond-Ramond charge
of the brane. The trace is done as follows!!:

32

i _
Tr(H(n)MpV )8p+2,n = :t(p o)

ap--a
e pHia()-~ap8p+2,n~

Eventually this S-matrix (7) can be precisely produced
with the following field theory coupling:

2y / (T3 Cpi 1) ®)
2erl

10 We set o = 2.

1T By the trace with y'! it can be shown that all the above results are
kept even for the following case:

p >3, Hy =%Hjp—p,n >5.

where we have used the so-called Taylor expansion of a scalar
field; meanwhile, in the other picture, the S-matrix was found
to be

0 2 o
AP = [_lplTr(P—¢(n71)Mp)
+ik1a Tr(P_€ (n—1yM ,T")1&1;.

Let us compare Eq. (5) with (7). We know that pi C=H:
so up to a normalisation constant the first term of Eq. (5)
does exactly produce the same S-matrix as the one of Eq.
(7); therefore we claim that the second term of Eq. (5) has
no contribution to the S-matrix of one scalar and one RR at
all. Hence the prescription for removing or getting rid of the
second term of Eq. (5) is as follows.

We first apply the momentum conservation along the
world volume of the brane to the second term (k{ 4 p* = 0)
and then extract its trace as follows:

32

+——¢
(p+ D!

ap--ap—1a

Tr(C -1y MpT ) o0 =
Ciao---a,,_18p+2,n»

and more importantly, in order to get to the same S-matrix as

A"rl c! , we understand that the following Bianchi identity
must hold for the BPS branes:

ple®rar1d =, 9)

However, this is not the full story; as we will see in the
next sections for the higher point functions of string ampli-
tudes, one has to generalise all the Bianchi identities.'? Let
us now turn to some of the four point functions and obtain
new Bianchi identities.

4 The T~ — ¢ — C~! amplitude

The four point function from the world-sheet perspective
(three point function from the space-time point of view) of
one closed string RR and two real tachyons of type II super
string with their all different pictures can been done.'3

The four point function of one tachyon, a scalar and one
RR from the world-sheet point of view has been performed

12 1n particular in order not to miss any contact interactions, one might
need to look at the other pictures of the higher point functions of string
theory amplitudes as well.

13 Indeed after performing the gauge fixing as (xj,x2,z,2) =

(x, —x, i, —i) with u = —% (ki + k»)? the S-matrix is
VTH)(y) = ¢ PM2ikX(y) o

I'[—2u]
5] Tr(P—H(n)Mpya)kZa

—17r—170
AC T='T° 23/2]_[
T2 —ul

(10)

where one can use momentum conservation along the brane
—k{ — p* =k5 anq apply the Biancl'li id@ntity paeao"'f‘P*‘" = 0,‘ to
show that the S-matrix is antisymmetric with respect to interchanging
the two tachyons, whereas this S-matrix in an asymmetric picture is.

@ Springer
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in detail in [48]. Indeed both the S-matrix and its field theory
part in the following picture 79 — ¢~! — C~! have already
been computed. Truly, after carrying out the gauge fixing as
(x1,x2,2,2) = (x, —x, i, —i) the S-matrix is given by14

o0
4k1a5i/ dx (2x) 247121 4 x%)) /22
—00

(Tr(P— H yM,T')).

Thus the result of this non-supersymmetric amplitude is
read off as

T06-1c' _ C[—u + 1/4]
Tr(P— H (nyM T k14& Tr(A A2), (11)

where (JT,B’M’I,/2), B’ and u;] are defined as normalisation

constants, WZ and the RR charge of the brane. In effective

field theory it was shown that this S-matrix can be precisely

reproduced by the following coupling of type II string theory:

2ip' ), (2ma)? / (Tr(3;Cp A DT ")), (12)
Zpti

and all its infinite corrections were derived in [48]."

Let us carry it out in the other picture so if we use the
above vertex operators and perform all the correlators with
the same techniques as have been explained in the previous
section, then one explores the final form of the S-matrix in
this picture thus:

Footnote13 continued

c=27070 * —2u—1 2\2u
A ~ 4kiakap dx(2x) (A +x9)
—00
ba ab 1-x

Tr(P—Cn—1yM ™) — 21 ﬂTr(Pf¢(n—l)Mp) .
Here evidently the second term has no contribution to the S-matrix,
because the integration must be taken over the whole space-time and
the integrand is an odd function so the result for the second term is zero.
Now if we apply momentum conservation to the first term of the above
S-matrix and more significantly in order to make sense of the non-zero
S-matrix in this asymmetric picture, we believe that
paeao“.a,,,zha
must be non-zero, otherwise the whole S-matrix vanishes.

Notice that all u channel poles with infinite higher derivative cor-
recFions to (2na/)2ﬂ’u; J Cp—1 A DT A DT coupling can also be
derived.

4 With u = —% (k1 + k2)? and (k{ + kS + p® = 0).

15 We have

28' 1,
p!

(2710/)26"0'””1’aiCaomapil A Tr

o0
( > n@)" Dy, -+ Dy, Da,,TD“I...D“m+1¢"> : (13)

m=—1

@ Springer

oo
AC 1¢0T ! N4Eli/ dx(zx)—zu—l/Z((l+x2))2u—1/2

—00

X k1 Te(P— H yMpT') — p'Te(P-HyMp)].  (14)

Now in order to get to the same S-matrix element for this
four point world-sheet amplitude as appeared in Eq. (11), one
has to apply the momentum conservation (k; +k2 + p)* =0
and keep in mind the following Bianchi identity as well:

pieao...ap Haoi..ap + paeao...apflaHi =0. (15)

ag...ap—1

Finally let us calculate this S-matrix in an asymmetric
picture of an RR and make some essential comments about
this four point function.

Notice that there is a non-zero coupling between two
gauge fields and one RR in the world volume of BPS branes
of type II string theory.!®

5 The T° — ¢° — C~2 amplitude

The four point function of an asymmetric RR, a scalar and
an open string tachyon can be investigated by the following
correlation function:

0,4,0~—2 _ _
AT / dndodz (VO @V ) Vi @ 9)
(16)

where the tachyon, scalar field and RR vertex operators are
given as!’

V() = aliky P (e XDy g o,

VO () = £ (0" X (0) + ik (10)e? FXD3 @ 1,

Ver” (22 2) = (P oy My) P05, (2)el 57X
e *@/2g, (Z)ei%/p-DX(Z))L ® 0307,

Applying the Wick theorem, the amplitude can be explored
as follows:

/ dr i dxadrads (P o1y My (ras)~ Y Gikaa)&1
x (I3 + 2ikic) 1) 15

16 In [52] it is shown that

—14—1 40 _ o _ i
ACTATAY 93 e, / A2 2 ((1 4 222!
(o 0]

—x2 B
[kip Te(P—H (nyMpy )

1
{4szTr(P_1ﬂ(n)M,,r”m) + (

koo (=0 Tr(P_ H (yMpy") + n"”Tr(PJ/m)M,,y“))]}

where obviously the last three terms of the S-matrix make no contri-
bution to the amplitude, because the integration must be taken over the
whole space and the integrand is odd.

17 For the Chan-Paton factors see [48].
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with

2k Ly L. 2, p.
Is = |x12|% "2 x1ax15] 75V P [xpaxos| TP |xys| PP,

el ’ - B X54
I = ip' 272 (xaax25) V2 (rus) Ay C l)“ﬂxums'
an

Now using Wick-like rule one gets to the following cor-
relator:

Iy = (- Sg(xa) = Sp(xs) = Yy’ (x1) 1 ¥ (x2) 2)
= 2732 (xp4x25) "2 (x1ax15) " (ags) 14

, R .
x [(Falcc—l)aﬁ +2 e[xl4XZ5]T]aC(VlC_l)aﬁ:|~
X12X45

By applying the above correlators to this four point ampli-
tude we can easily observe that the integrand or S-matrix
is SL(2, R) invariant. We do the proper gauge fixing as
(x1,%2,2,2) = (x, —x, i, —i),and taking u = —% (k1 +k2)>
we obtain the S-matrix as

AT'CT — A+ A,
such that
040~—2 .
AL P =226k I TE(E () My )
X /OO (2x)—21—1/2(x2 + 1)2[—1/2
—0Q0
C[—u+ 1/4]

T[3/4—ul
(18)

= 2328114k p' TH(C (n—1y My )T

Now if we use the momentum conservation (ky + k> +
p)* = 0 and the Bianchi identity p®e?0 9 -19 = (, then we
come to the point that up to a coefficient of 2%/2 this part of
the S-matrix exactly produces (11). The second part of the
S-matrix is found to be

0400—2 e
AT = PPk, [ @G 1R
—00

1—x2
dxi

+ Tr((c(n_l)M,,r“"C)}
(19)

X |:277aCTr(¢(n—1)Mp Vi)

where the first term in (19) is indeed zero, because the inte-

gration is taken over the whole space, while the integrand is

odd, so naturally the answer for the first term of Eq. (19) is
18

Zero

18 We have

; o] (1 +x2)2 1/4+u1 _ X2
228 (—u — 1/HTH(E 1y My /_ N ( 7 )

(% + 1)(@xi) = 0. (20)

However, clearly, the result for the second term of Eq. (19)
is non-zero, that is,

0,402 .
AZT e 2328114k1 g TE (€ (n—1y M, )

» ﬁr‘[—u + 1/4]‘
I'[3/4 — u]

Therefore we might think of this term as the extra contact
interaction to the S-matrix; however, after applying momen-
tum conservation along the world volume of the brane and
using Bianchi identities,!® it becomes clear for us that this
term has a zero contribution to the S-matrix of an asymmetric
RR, a scalar and a tachyon.20

2D

6 The ¢° — A" — C~2 amplitude

The four point function of an asymmetric RR, a scalar and
a gauge field can be carried out by the following correlation
function:

AP fdx1dxzdzz(ng())(xl)V/io)(xZ)Vélzz)(Z’Z))
(22)

where the scalar field and RR vertex operators are given in
the previous sections, and for the gauge field we have

VO x) = £,(09X (x) + ik (x))e® KXW

Having set the Wick theorem, the amplitude may have
been written down as

f a1 dadads (P €1y M) (xas) 8118,
x(J1+ D+ I3+ Js)is
and also

2, k Cay L, D,
Is = |x12|% "2 x1ax15] 7P |x04x05] T 2P |xgs5| T PP,
(23)

where by applying the generalisation of a Wick-like rule one
can obtain all the correlators as follows:

. i Xs4 _ _

Ly =ip' (o) (eas) H(C g

X14X15

X X
la - _ikla|: 14 + 15 i|
X12X24  X12X25

; X54 _ _ o

Jr = —p'ka (x24%25) " (xa5) T/HIAC T 0

415
J3 = (lo)ikip(x14x15) " (xas) /HTPC g

19 We have paeao--up,zca — pceao---al),zca =0.

20 Tt is important to point out that this term by itself without applying
any Bianchi identity equation could be meant to be non-zero and might
have been confused in that it plays the role of the whole infinite contact
interactions/surface terms or total derivatives where clearly it does not
make any contribution to the whole S-matrix.
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Jy = —kipkoe (x14x15%24%25) " (xa5)>/*

X [(Facihc—l)aﬁ + (2’7bC(1—~aiCw—l)oa3

Re[X14X25]}

_znab (Fci C71 )aﬂ)
X12X45

(24)

If we now apply Eq. (24) into this four point ampli-
tude we can easily determine that the S-matrix is SL(2, R)
invariant. We do the proper gauge fixing as (x1, x2,z,2) =
(x, —x,i,—1), taking t = —%/(kl + k2)2 to actually get to
the entire S-matrix as

AN —fli&a/

—00

1—x* . i
X (—lP kluTr(Pf¢(n—l)Mp)

o0

d.x(l + x2)2[71 (2)(:)72[

+hipk1a Tr(P_ € (i—1y M, ')
+ 0P Te(P— (po1y M, T

— 1P Tr(P_ € (u_1yM,T))

+ 2ikoe p'Tr(P—€ (1) M, %)

- 2ik1bkchr<P_¢<n1>Mpr““'”>] (25)

where the first, second, third and fourth term do not make
any contribution to the S-matrix because the integration is
taken on the whole space and the integrand is odd. If we use
the momentum conservation (k; + k2 + p)* = 0 and the
Bianchi identity pje®4r-3b4¢ = (), then we see that the
sixth term makes also no contribution to the amplitude, so
only the fifth term has a non-zero contribution to the S-matrix
of an asymmetric RR, a scalar and a gauge field.
Hence, the final result is

0 40~—2 . .
AP ACT = 8182 2ik00 p' T (P_ €1y M, T )72
C[—t+1/2]
X —

I'[1—1] (26)

where the expansion of the amplitude is non-zero for the
p = n case and it does not include any poles as is clear from
Eq. (26), because the low energy expansion is the t — 0
limit and all the infinite contact interactions of this S-matrix
have already been derived in [43]. Given the closed form of

the above correlation functions one can find A%¢ 'A°C™" as
well;
oo
oA _ 2_3/2$1i$2a/ dx(1 + 2221 @2x) %
—00
1—x2 ;
X |: " (k1o Tr(P_H (yMpy")

—2ikop Tr(P—H (yy M, T )}

where again the first term makes no contribution and the
second term (up to a coefficient of 23/2) precisely produces

@ Springer

(26). Finally one explores this amplitude in its last picture as
follows:

0 4—1 -1 o0
APATCT = 21/251552af

—00

dx(l + x2)21—1 (2x)—2l

x [k1pTr(P— H (uy M, "%
—p'Tr(P_H iy M y™)] 27)

where in Eq. (27), one has to apply momentum conservation
to its first term and use the Bianchi identity

pb€a0~--ap72bllHiO,“ap_2 + pieaomapilaHﬂO'““p—l =0 (28

to actually get to the entire S-matrix as appeared in (26).

Therefore in this particular picture, again we are just
left with one term for the final answer of the RR, a
gauge and a scalar field and this term is necessary because
this S-matrix has to be produced by a non-zero coupling,
Qo) 1wy [+ 9 Cagoayp s Fa,_1a,@" of effective field the-
ory where the scalar field comes from a Taylor expansion.

Note that by comparing this S-matrix with field theory,
we begin to understand that there should not be any other
term in effective field theory coming from the pull-back of
the brane.

Now in order to obtain the other non-trivial Bianchi iden-
tities, we are going to consider one of the simplest five point
functions and deal with more subtleties as regards perturba-
tive string theory.

7 The five point world-sheet S-matrix
of the brane-anti-brane system

It is known that the world volume of the brane—anti-brane
system must have two real tachyon fields.?! The complete
form of the amplitude of a gauge, two real tachyons and
an RR of a brane—anti-brane system for the various p,n

1 1
cases (V) VO () VIO (x3) V2 (2. 7)) has been
derived in [54].
For completeness we have done this amplitude in the fol-
lowing picture as well:

-~ (_l,_l) _
VOV P oV ) Ver 2 (2, 7)),

and the final result for the amplitude is exactly the same as
appeared in [54] so that it satisfies the Ward identity asso-
ciated to the gauge field. It is also worth explaining that the
S-matrix elements of one RR field, one scalar field and two
tachyons on the world volume brane—anti-brane system in

21 We have in [53] it is discussed in detail that brane—anti-brane system
should be investigated by means of the effective field theory techniques,
which seems to be the proper way of realising the classical case, or
even the case for loop divergences for which anti-brane dynamics in the
presence of some of background fields may play a major role.
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the following picture have also been computed in detail in
[55]22
1

Vv e v i Do, (31)

The final form of this S-matrix in this particular picture is
given as

AC(")qb(’l)T(O)Tm) — A+ A 32)
where

Ay ~ —8&1ikaak3p2 ™3 > Tr(P_ H sy M, TP Ly,
Ao ~ 81,273 H(Tr(P_H (yM,y")} Lo, (33)

where L, L, are written down below just in terms of Gamma
functions (no hypergeometric function is needed):

L = (2)—2(t+s+u)—17[
L PEwr(=s + D=t + DI (=t —s —u)
T(~u—1+ DT~ —s+Hr=s—u+ )’
L, = (2)72(t+s+u+1)n-
Dt DU + DTt + Pt =5 —u —3)
P(~u—t+ DI (~t—s+H(=s—u+1

(34)

where in [55] all the infinite # channel gauge poles of L
and the ¢t 4+ s’ + u’ channel scalar poles of this S-matrix
have been precisely produced, in addition to all the infinite
higher derivative corrections to two scalars—two tachyons of
the world volume of the brane—anti-brane, which have also
without any ambiguity been discovered.

Now let us deal with this S-matrix in the other pictures
of both closed—open strings to see what happens to the com-
plete form of the S-matrix and also explore all its contact
interactions.

22 The following vertices with their correct Chan—Paton factors of D-
brane—anti-D-brane are kept:

Vi) = &9 (0)eX X D00 @ gy,

VO (y) = 2ik.y ()X 4 XD @ay,
1 1

et T = (e 025, e e
Sp@)e? P XY @ o3, (29)

vl

so that k> = 1/4 is the condition for tachyons in type II string theory;
the following definitions for the Mandelstam variables are used:

o 2 o 2 o 2
S=—?(k1 + k3) ,t=—?(k1 +k2) ,M=—3(k2 +k3)*. (30)

8 C-2gpOTOTO

The S-matrix element of an asymmetric RR field, one scalar
field and two tachyons on the world volume of the brane—
anti-brane system can be found as follows.?> Replacing the
vertex operators and performing all the correlators by using
the Wick theorem, one can investigate the whole of the ampli-
tudes as follows:

AC(—2>¢(0)T(0)T(0) N/dxldXQdX3dX4dX5 (P_¢(n_1)Mp)aﬂ

X54 )Ilcb + Ziklulzcbia>

Erixgs 4(—8k2bk30)1((ip"

X15X14
(36)
where Xij = Xi — Xj,
4k k 4y k %;. dork
I = [x12™ 2 | x 3™ xax15] 7P a3 T2
s %s. D.
X |x24%25 |72 P | x34x35 |73 | x5 | PP (37)

Note that we have already generalised the Wick theorem
to get to the fermionic correlations in the presence of currents
so that one can find the following correlators:

I{P = (: Sa(xa) : Sp(xs) s Y7 (x2) Y (x3) )

-1 _—1/4 -1/2
= 27 Ly M (xaaxasx3axss) Y

_ Re[x24x35]
x((rd’c Deg — 20" —"22(C 1>aﬁ)
X23X45

and also

BP9 = (2 Sy (xa) 1 Sp(xs) : vyt (x1) s P () 1 Y C(x3) )
= 2_2)6%4 (24x25x34x35) " /2 (x14215) 7!

» Re[x14x25]

(FCiC7] )aﬁ
X12X45

X {(Fcbi(lcl)aﬁ + zn(l

ac Re[x14x35]
X13X45

pe Re[x24x35]
X23X45

—2n TPy

—2n (TC g }

If we substitute all the above correlations in the amplitude,
then one can show that the property of SL(2, R) invariance
is in order in our investigation. Here we are working with a
five point function and to the best of our knowledge the best

23 The following vertices with their correct Chan—Paton factor for D-
brane—anti-D-brane are taken into account:

V0 () = 810" X () + io kg (0)e” FX D) @ 1,
VIO () = 2ik (1)e X0, gy,

31 . -
VR(R i 2)(2, ) = (P_Cu_nyMp)Pe PO, ()P XD e 0@/
Sp(Der P XD @ 1, (35)

with the same definitions for the Mandelstam variables.
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gauge fixing for this amplitude is to fix the locations of all
three open strings as follows:

x1=0, xx=1, x3— oo.

If we do so, then we get the entire form of the S-matrix
in terms of some integrations on the upper half plane, so
that the following integrations for various cases need to be
performed:

fd2z|1 — 221z = D°(z + 2)°, (38)

withd = 0, 1, 2, and a, b, ¢ must be just given in terms of
the Mandelstam variables. Notice that the result of the above
integrations for d = 0, 1 is got from [54,56], while ford = 2
the result is given in [13,14].

If we do gauge fixing, make use of various pure algebraic
simplifications and most particularly make use of the results
of the integrals that are pointed out in [13, 14,54,56] then we
can write down the final result of the amplitude (36) in this
asymmetric picture as follows:

ACTOTTY _ A+ Ay + Ay + As (39)
where

Ar ~ ip'&1i (4kapks) Te(P— € (n—1yMpT*) Ly,

Ay ~ 4ip & {Tr(P_ € (n_1)M )} Lo,

Az ~ —4i&1ikiakopk3e{Tre(P— € 1y M TP} L

Ag ~ 4 {Tre(P_C -1y Mp TP} Lo (k1 + kap + k3p)
(40)

where the functions L1, L, are given in (34).

Note that here in (40) we have dealt with the five point
world-sheet scattering of the brane—anti-brane in an asym-
metric picture and in this particular picture we found the
terms that carry momentum of an RR in the transverse direc-
tions. These terms no longer vanish and indeed these terms
potentially have something to do with some of the issues on
the perturbative string theory on the upper half plane. We
believe that these terms are related to taking the integration
on different moduli space as has been pointed out in a series
of papers [44-47].

Now if we compare the S-matrix in this asymmetric pic-
ture (40) with (33), then we might think of the fact that the
last two terms of Eq. (40) are extra singularities. Indeed if
we do not apply the Bianchi identity and momentum con-
servation along the brane to (40) as a matter of fact these
two terms would be extra terms by themselves. However, if
we compare (40) with (33), simultaneously extract the trace
in the last term of Eq. (40) and make use of the momentum
conservation along the world volume of the brane as follows:

(ky + k2 + k3)* = —p“, (41)

@ Springer

we come to the conclusion that the last term in (40) is an
apparent singularity and this should be removed, in the other
words, upon applying the Bianchi identity

pPetoaribci =0 (42)

ap--ap—1

the last term of Eq. (40) vanishes.
Note that below we show that the above Bianchi identity
cannot be applied to the correlators,

1

’_7)(z, 7).,

of non-BPS branes. Indeed after gauge fixing, (x1, x2, 2, 7) =
(0, 1, o0, z, 7), we obtain the following non-BPS amplitude:

VOV () v (X3)VR(R

lw

—2707070 . —
ACTTTT — 161 273k gkapkse) (P—€ iy M )P
/d2z|1 g2 22 (=24t D)

(+2)
2(z—2)
X (0% (yPC Nap) — @0 (y°CVep)

— 21" (y1C M) + 1P (Y C T Nap)

e [(FCbac_l)aﬁ +

1
(z—2)

T N }
o =]

We make use of various pure algebraic simplifications to
write down the final result for the above amplitude in this
asymmetric picture as follows:

ACTTITT = Ay + A
where
Ap ~ —16i 272 kiakapkse) Te(P—€ n—1y Mp T )Ny
Ay ~ =16 27 Tr(P_€ (—1yMpy“)Na (k1 +k2a + k3a)
where the functions N, N are given as
Nl — (2)72(I+S+M+1)7T
P(—) (=) (=T (—t —s —u — %)
M(—u — (=t —s)I'(=s —u)
N2 — (2)—2([-"—‘?-{-!4)—3”
T(~u+ ) (s + )T (~r+ (=t —s—u—-1
T(—u — (=t — $)[(—s — u) ’

(43)

Note that if we use momentum conservation p¢ = — (k1 +
ko + k3)¢ for both the first and the second part of the above
non-BPS S-matrix we see that
paea()“'ap—30ba Ca0~~ap,3 , pceao---ap_scbac

a_ap--ap—1a
preT 1 Copay

aop-ap-3»

are not zero. In particular in order to make sense of non-
supersymmetric amplitudes in the world volume of non-BPS
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branes, the equations

pa€a0~--ap,3cba’ paeao-uap,la (44)
must be non-zero.

Hence for non-supersymmetric amplitudes first we must
extract the traces and keep in mind the above points, that is,
the equations that we found for some of the BPS branes can-
not be applied to non-BPS amplitudes in the presence of a
scalar field and an RR. Indeed we expect to see that behaviour
because the equations that hold for the BPS cases not neces-
sarily obtain for the non-supersymmetric cases, whereas for
the BPS branes the equations seem to be more manifest, while
this may have been changed after symmetry breaking. The
lesson is that for scattering of the mixed scalars—tachyons in
the presence of an RR (in its asymmetric picture), one needs
to break several identities that necessary hold for BPS branes.

What about the third term of Eq. (40)? One might add it
to the first term of Eq. (40) and find that

1 wdy_nch ~dp_3ch [
kapkack1i (p'€® P2V Cagayy + pUETEVC, Ly )

should vanish; however, from (33) we know that the first
term of Eq. (40) holds and plays a crucial role in effective
field theory. Thus we need to explore a new Bianchi identity
for the third term of Eq. (40). In fact if we actually apply
momentum conservation to the third term of Eq. (40) and
because of the antisymmetric property of € we conclude that
the equation p“e““"”ﬂ-“’bu Cflo_.,api3 must vanish for brane—
anti-brane amplitudes.

Therefore, the lesson we have learnt is as follows. In the
presence of an asymmetric RR, a scalar and some tachyons,
one needs to find new Bianchi identities to get the same S-
matrix elements as obtained by a symmetric RR, a scalar
and some tachyons. This is because we have no gauge field
to check the gauge invariance of the amplitude and, more
accurately, there is no Ward identity for the scalar field.

Now let us address the same S-matrix of a symmetric
RR, two tachyons and a scalar field in the zero picture,
(CEDHOTED T Oy,

9 C-DgO DT O

Finally this S-matrix element of a symmetric RR field, one
scalar in the zero picture and two tachyons on the world
volume of the brane—anti-brane system can be written down:

=D O (=D )
ACTOTTT N/dxldxzdx3dzz

_1_1
272

X<V¢§0) (x1)VT(_1)(x2)VT(0)(x3)VR<R z,2))

with the following vertices

VT(_l)(y) = e PM2ik-X(Y) & o

1 1

VR(IQQ’_T) (Z, Z) == (P—H(n)Mp)a'Be_¢(Z)/2

Sct (Z)eip'X(z)e*tﬁ(Z)/ZSﬁ (Z)eip'D.X(Z) ® o3; (45)
we just write down the amplitude in its compact form as
ACTVOT T / dxjdxydx3dxadxs

_1/4 _
(P—H(n)Mp)aﬂéli(4k3b)x451/ (r24x25) 21

X .
x <<ip’ S >1f’ + 2ik1a1§”“)
X15X14

where x;; = x; — x;j,

4k, 4ky 2k1.p|X23|4k2~k3

k &
I = [xp2™ 2 x3 ™ x14x15]

%;. 2%;. D.
X |x24X25 |72 P | x34x35] 73 P | x45|P- P

where the following correlators need to be replaced inside
the amplitude

1P = Sa(xa) : Sp(xs) s YP(x3) )
= 271/2)64_53/4()634)635)71/2()/bC71)aﬁ

and also

I = (: Sy (x4) = Splxs) - Yy (x1) : Y0 (x3) )
= 273/2)@%4()634)635)71/2()514)C15)7l
pRelx1axss]

x {(r’"‘“c—l)aﬁ +2n°
X13X45

'€ Nap }

Notice that, given the above correlations, one may easily
investigate the SL(2, R) transformation of the S-matrix. We
performed gauge fixing by just fixing the location of the open
strings so that the final integration needs to be done over
the closed string RR ’s position on the upper half complex
plane.?*

Once more after gauge fixing one finds the same sort of
integration as we discussed earlier on.?

Having calculated all the desired integrals, one could
explore the result for the S-matrix in its particular picture
as follows:

ACTROOTENTO 4y 4 Ay + As 47)
in such a way that all its components are given by

Ar ~ =202 plE ks Te(P_ H iy M,y L1,
Ay ~ =202 2, (Te(P_H oy M, T ) Y1 aksp L

24 We have

x1=0, xx=1, x3— 00, dxjdxydx; — x32.

25 We have

/dzzll —z"1z1°(z = D) (2 + ). (46)
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Az ~ =222 {Tr(P_ H (y My} Lo (48)

where the L, L, functions are already given in (34). If we
compare (48) with (33), then we might wonder whether the
first term of AC(_I)"’(())T(_I)T(O) is an extra term, because it is
also related to all infinite singularities. However, it is worth-
while pointing out that we have already produced all the
infinite u channel gauge poles by taking into account the
second term of Eq. (48). Therefore one has to find or gener-
alise new Bianchi identities to actually remove the first extra
term of Eq. (48). Hence we apply momentum conservation,
kia = —kyy — k3a — pa, to the second term of (48), extract
the traces, use the antisymmetric property of the € tensor
and eventually add the first and second components of the
amplitude to derive the following Bianchi identity:

slik3b(_pa€a0“ﬂp_2abHz;()'--apfz

+p e 1 Hyya ) = 0. (49)

Thus by holding (49) and keeping in mind momentum
conservation along the world volume of the brane we are
precisely able to obtain the same S-matrix as appeared in
(33), so we find the following crucial fact as regards this five
point function of the brane—anti-brane system.

If we consider an RR in the asymmetric picture C ™~
and a scalar field in the zero picture with some other open
string tachyons then we must find all new Bianchi identities
to be able to remove all the extra apparent singularities of
asymmetric picture of the brane—anti-brane systems.

In the next section we will reveal some features for non-
BPS branes to actually restore the Ward identity associated
(gauge invariance) to the gauge field and also we derive all
the precise contact interactions of mixed RR, scalar/gauge
and tachyon string amplitudes. Namely we show that if we
consider the scalar field in the zero picture and the RR in an
asymmetric picture (C~3/271/2) then in this particular case
there is no need to explore new Bianchi identities to the S-
matrix of non-BPS amplitudes and more importantly those
amplitudes independently respect the Ward identity associ-
ated to the gauge field.

3/2,—1/2

10 C~1¢°A~1T° S-matrix

In [48] the five point world-sheet amplitude of a symmet-
ric RR with one scalar, a gauge field and a tachyon in the
world volume of non-BPS branes of type II string theory
(C~1¢p~1AOTO) was achieved and all the correlators were
found.?®

26 We have

ACTIeTIATY /dxldxzdx3dzd2
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The final result in this symmetric picture was read off as
AC71¢71A0T0 — A] +A2 (5])
where

Al ~ 28182k3ckaa Te(P— H oy M, T L,

Ay ~ QLY{—tTe(P_H (yMy &2y Eu’
—2tk3.ETr(P—H iy M py k2y §1)
+Te(P-H My k3y.£1)(=2t (k3.6) + 2u'k;.£)).

(52)

It was also shown that one needs to use the momen-
tum conservation, s +t +u = —pip, — }‘, applying
t — 0,5 — —%,u — —% to the S-matrix to be able to
derive all infinite u’, ¢ channel tachyon and scalar poles of
the non-super symmetric amplitudes accordingly. Note that
L, has just infinite contact interactions.

It is of high importance to note that this particular
ACTloTIAT? amplitude does respect all the symmetries and
most importantly it does satisfy the Ward identity associated
to the gauge field. Indeed if we replace &>, — ko, inside (52),

then the first term of Eq. (52) is automatically zero because
kaakagksee®ar=2¢4d —

replacing &, — k», inside the second, third, fourth and fifth
term of Eq. (52) we also get a zero result for the whole S-
matrix?’ so gauge invariance is satisfied. Thus based on just
replacing &, — ky, of the gauge field, the whole S-matrix
vanishes.

Having explained all the needed ingredients of the S-
matrices, in the following we would like to change the vertex
of the scalar field and see what happens to the gauge invari-
ance of a mixture of five point world-sheet amplitudes of a

vy e v v m)vR(; b ), (50)
with the following vertex operators:
V) = f (e X0 @ g,
VO () = £24(0°X () + i gy (e XD @ 1,
and u' = (—u — %) and also
P (cut )T (=s+3) T (~143) T (~1-s—ut3)
T (—u—t4+3)T (~t—s+3) T (=s—u+1)

[ (—u—D)T (=s+3) T(=T (=t —s—u)
[ (—u—t+3)T (~1—s+3) T (=s—u+1)’

L/l — (2)72(t+s+u)n_

L% — (2)*2(H*s+uHT[

27 We have

kaa1i (' — u)Te(P_H (yMpy“y") =0,

kzak1i (tu’ — tu')Te(P_H iy Mpy“y") = 0.
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symmetric RR with one scalar in the zero picture, a gauge
field and a tachyon in the world volume of non-BPS branes
of type II string theory. This (C~'¢?A~17°) amplitude is
given by the following correlation functions:

ACT190aTITO / dxdxydx3dzdz

1_1
272

X(Véo) (xl)Vf(fl)(xz)VT(O)(m)VR(l; (z,2)). (53)

Let us write down the rest of the vertex operators, includ-
ing their CP factors,
ViV0) = 8y ()e 1O @ oy,

V' () = £ (0" X (1) + i kg p () XD @ 1 (54)
where the on-shell conditions for scalar, gauge, RR and
tachyon hold.?

Once more we deal with just the holomorphic elements

of all fields involving X*y*, ¢, so that the S-matrix is now
given by

AC_1¢OA_1T0 ~ /dxldedX3d)C4de (P_Iﬂ(n)Mp)aﬁ

. —1/4 _
X«‘Eliéza(a/lk3c)x451/ (x24x25) /2
X (I1 + D) ITr(AMA2A3)Tr(o30110301), (55)

where?® x; i = x; — xj. Let us find all the fermionic and
bosonic correlators:

11 — (: axi(xl)ea/ikl.X(X]) :ea/ikz.X(xz) :ea/ik3‘X(x3)
o iPX () . oG ip.DX(x5) 3
x (2 S (x4) 1 Sp(xs) 1 Y(x2) : ¥ (x3)),
12 — <: eo/i/q.X(xl) . ea/ikz‘X(xz) . eOl/ik3.X(x3)
e FIPX () TIPDX(S)
o'ikig(: So(xa) : Sp(xs) o (xn) : Y (x2) 12 Y€ (x3) 2).
(57
We need to use the Wick-like rule [50] to get all the gen-

eralisations of the correlation functions of two spin and two
fermion operators such as the following:

28 We have

P =¢"=p>=0, k¥=1/4, q& =k.£ =0.

29 We have

2p k 24 k Cys 24y k Cays
T =x12]® 2 xq3]® B a5 2 M P x| T2 xgx0s| 2 2P
2 a/Z D
|xgs5| PP, (56)

/.
«
x34x35] 2 <3P

I59 = (2 Sq(x4) : Sp(xs) = ¥ (x2) = ¥(x3) 1)

1 —1/4 -
=2 lx45/ (x24x25%34x35) 1/
, Re .
x {(rwclm — o Re] e oy }
X23X45

Now we need to make use of [ 12] to obtain the final answer
of the correlation function in ten dimensions,

I6caid — (: Sa(X4):Sﬁ(X5):wd1ﬁi(x1):wa(XZ) . wc(x?,) :)

. Re[x14x :
— {(Fcaldc_l)aﬁ + %(ana(rclc—l)aﬂ)
Re[x1a4x .
) [x14 35]nd6(ralc_l)aﬂ
X13X45
Re :
5 [XZ4X35]7]GC(FldC_1)aﬂ}2_2x25/4
X23X45
X (x24x25%34%35) /% (x1ax15) . (58)

Now we are allowed to replace all the correlators inside
(55) to obtain the compact form of the desired S-matrix as
follows:

—1 40 4—=10
ACT AT, / dxy dxadrsdxadrs (P H oy M,)* €12,

L —1/4 -
X (=20 ik3e)ys | (xaax05) 712

X (a5 15 + &'iki g IE“ ) Tr (M Aah3), (59)

so that

i . X54
a, =ip .
X14X15

We are now able to investigate whether the amplitude sat-
isfies the SL(2, R) invariance, and we also did gauge fixing
by just fixing the positions of three open strings.>”

The solutions for all the integrals on the upper half plane
have been released and the ultimate result of the S-matrix
will be obtained as

AC71¢0A71T0 =A1+.A2, (63)

(60)

where
A1~ Q& 1i82ak3ck1ag Te(P_ H (ny M, 7<)
—&1.p(2k3¢24) Tr(P— M(n)Mp Fm))L/] s
30 We have

x1=0, xo=1, x3—> o0, (61)

we lead to

/d2z|1 — 22z - D¢z + D)7, (62)
with the following Mandelstam variables:

s = —%(kl +hka)? t= —%(kl +hk)? u= —%(kz +k3)?.

See [56].

@ Springer
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Ay ~ {tél -p(4k3.52) Tr(P—H (nyM p)

1 .
+4 (u + Z) k3c&1; Tr(P—H iy M, T k1 .52
— dths.Eak1pE1i Te(P— H iy M, T'")
1 .
—2t <u + Z) £1;624Tr(P_ fﬂ<n>M,,r“’)}Lg. (64)

Note that we have already analysed all infinite u’ tachyon
and massless ¢ channel scalar poles of the amplitude in [48].

In this picture after replacing &, — k4 (due to the terms
&1.p) the amplitude does not satisfy the Ward identity asso-
ciated to the gauge field and indeed the second and third
terms would remain whereas L’ cannot be removed by L.
Let us compare the result of this amplitude (63) with (52)
to make a statement on mixed closed and open string ampli-
tudes including one scalar and one RR and some other open
tachyons. The last term in (64) is exactly the second term of
Eq. (52), the fourth term in (64) is exactly the last term of
Eq. (52). Note that if we add the third and fourth term of (52)
and use the momentum conservation along the world volume
of the brane, then the result is precisely equivalent with the
fifth term of Eq. (64). Once more by using momentum con-
servation in the world volume direction the first term of Eq.
(64) is exactly equivalent with the first term in (52).

However, the second and the third terms of Eq. (64) are
extra terms and in particular if we use anti-commutator rela-
tion of y matrices these two terms cannot cancel each other
due to the fact that L} is different from L.

Indeed if we replace &, — ko, inside (64) and use
momentum conservation along the brane, the first term is
automatically zero because

kaaksckige®oar-2¢ad — ()

By replacing &, — k», inside the fourth, fifth and sixth
terms of Eq. (64) appropriately we also get zero result as
follows

—21u' &1 (kog + kig + k34)€™ =19 = ()

Thus the second and third terms give rise the amplitude
not to be gauge invariant unless one finds some new Bianchi
identities.?!

In the next section we show that by considering the asym-
metric RR and a scalar, a gauge and one tachyon in the zero

31 The resolution for this problem (to get satisfied gauge invariance of
the above S-matrix) is to add up the third term of (64) with the other
terms in A of (64) and also to add the first and second term of Eq. (64)
together to actually get the so-called new identities as follows:

(Al a0 A ag--dp—1¢ gyi _
&li(p'e pHao~~~ap — Pc€ r HGO'"ap—l) =0

&1iksckoa (= pa€® P Hy L,

+ pieao..-ap&(ra Huo---a,,fz) =0.
(65)

@ Springer

picture of non-BPS branes, the S-matrix automatically satis-
fies a Ward identity without the need to introduce any new
Bianchi identities.

10.1 C2¢°A%T0 S-matrix

One can do the same CFT methods to actually derive the
entire S-matrix of the above strings in the asymmetric pic-
ture. Hence the final answer for the five point world-sheet
amplitude of aRR (in an asymmetric picture) with one scalar,
a gauge field and a tachyon in the world volume of non-BPS
branes of type II string theory (C 2¢?A%T0) is

ACT2UATY A4 A+ A5+ Ay (66)
where

Ar ~ 2°2i&180ak3ckap Ly (p' Tr(P_ €y M 7<)
k14 Te(P— €y M, D401
Ay ~ 22ig) pLATr(P_€ () My ) (21k3 £o[—k3c — kac]
+2k1 &' ks — tu'&c)
Az ~ 2321 LY Tr(P_ @ oy M, T )
x [=2k1.&ou'kzc(kig + koa) + 2tk3.62k1a(k3e + koe)]
Ay ~ 232i1; Lytu & Te(P_ €y M, D)
x (kze + kic + kac) (67)

withu' = (—u — %) and the same introduced L/, L. L} has
infinite contact interactions and L/3 has infinite ¢, u’ scalar—
tachyon channel poles accordingly.

The nice thing about this asymmetric S-matrix is that with-
out introducing any further Bianchi identity this amplitude
automatically satisfies the Ward identity associated to the
gauge field, which means that if we replace &, — ko,
the whole S-matrix vanishes where the following points are
needed. In the first term of .4, one has to apply momen-
tum conservation along the world volume of the brane
—k3e — ko = pe + k1. and apply the following identity:

pceao‘..ap,lc =0.

We need to apply momentum conservation in A3’s first
term, that is, —kjg — kg = pag + k3g and then draw
particular attention to the fact that this part of the S-
matrix involves kgdk3ce“0"'”l’—2dcCflomup_z, which is zero
because of the antisymmetric property of the € tensor. Like-
wise, we need to replace k3. + koe = —p. — k1o and
kldlqCG“O'"“H”Z”C&'O._JI}FZ = 0. Finally, we apply momen-
tum conservation to the last term of Eq. (67) and note that
€0 dp=2ca Céo...ap,Z = 0 plays the crucial role in checking
the Ward identity.

The last remark about the asymmetric picture of the S-
matrices is that one finds all the entire contact interactions of

string theory amplitudes properly. For instance this amplitude
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includes several contact interaction terms like the first term
and the last terms of Eq. (67), which could be missed in its
symmetric picture of (64).

11 Conclusion

We have derived scattering amplitudes of all three, four
and five point BPS and non-BPS mixture of a closed string
Ramond-Ramond, a scalar field, gauge and tachyons in all
their different pictures of both world volume and transverse
directions (for the general p, n cases) of type IIA (IIB) string
theory.

In particular we have shown that if we carry out the cal-
culations of higher point functions in an asymmetric picture
of Ramond—Ramond (taking its vertex operator in terms of
its potential C~2) and scalar field in the zero picture, then
various equations must be kept fixed for BPS branes, the
entire contact interactions can be definitely obtained and,
most importantly, the Ward identity associated to the gauge
field is also satisfied.

More accurately, by direct calculations on the upper half
plane, we have also observed that some of the Bianchi iden-
tities (which must be true) for BPS branes cannot be neces-
sarily applied to non-BPS amplitudes, otherwise the whole
S-matrix might vanish. Indeed in the presence of the scalar
field and RR, the terms carrying momentum of an RR in the
transverse directions (p', p/) play an important role in the
entire form of the S-matrix and one has to keep them in five
point functions.

We expect it to be true for higher point functions of string
theory amplitudes and it would be nice to check it directly.
It would also be important to deal with some other subtleties
of perturbative string theory [44—47].
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