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Abstract. We first point out to all order o/ corrections to lower order fermionic couplings
and their effective actions of type II super string theory. In order to reveal all symmetries
of the particular D-brane Anti-D-brane system, and to construct not only all the singularity
structures but also all order o’ corrections of fermionic couplings to tachyons, we employ
all the Conformal Field Theory (CFT) methods to a six point function. Basically, we con-
struct all the correlation functions of four spin operators and two world sheet fermion fields.
The S-matrix of two fermion fields, two real tachyons in the presence of a closed string
Ramond-Ramond (RR) field in type II will be explored. Applying all the symmetries of
the amplitude, a proper expansion for D-brane Anti D-brane is also found out. Having
carried out all the Effective Field Theory (EFT) techniques, one would discover all order
singularity structures of string theory. The entire algebraic computations of the amplitude
of < Vo129 Vii-1/2(20) V- 1/2(20) V10 (5) V10 (24) > have also been derived. Various new string
couplings are revealed as well. Eventually, making comparison the S-matrix with all EFT
parts, all order o/ higher derivative corrections to two fermions- two tachyons in the world
volume of D-brane Anti D-brane of type II are discovered accordingly.
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1 Introduction

In order to extract new insight about special features of superstring theory and also to talk
about the structures as well as exact coefficients of the string theory corrections, one needs
to properly deal with S-matrix formalism in both Quantum Field Theory and String theory.
By exploring the amplitudes of non-supersymmetric cases, one might be able to actually
realise how supersymmetry gets broken. More crucially, one explores new effective couplings
in both Effective Field Theory (EFT) and String theory, and in particular in time dependent
backgrounds as well. To do so, we aim to function just with scattering amplitude methods in
the world volume of D-brane Anti-D-brane system of type Il. To understand some important
properties of string couplings we refer the interested reader to have a look at the following
original works in various different context [1-9].

To illustrate open strings and their crucial roles in revealing many potential different
facets of strings, we highlight the most original references in [10-19].

D-brane Anti-D-brane Effective Actions of string theory have potential applications for
various holographic models such as Sakai- Sugimoto model [20-22], also do have application
to the physics of symmetry breaking for different QCD models [23, 24]. Indeed one starts to
embed some flavour branes in parallel to branes and consequently Anti branes are regarded as
some backgrounds that might be dual to colour confined systems. Notice that this system is
also assumed to be a probe if and only if the number of flavours are much less that colour ones
Ny < N.. Open string tachyons do play special roles in addressing instability of different
systems, therefore it is needed to verify the structure and coefficients of these modes in EFT
as well as their all higher order interactions in type II string theory. Employing Conformal
Field Theory (CFT) methods, would make it possible to clarify in detail their effective actions
with great care as well.

A. Sen and other people have already found the tachyonic effective actions at lowest
order [25, 26] and those effective actions would provide some information about properties of
the system such as decaying the non-BPS branes [27, 28] and etc. Having considered [8, 9],
one would come to know how to embed massless strings as well as tachyons in an EFT
part. We started addressing all order effective actions of non-BPS branes and in particular



D-brane-Anti-D-brane system with great care in [29] where tachyon condensation for this
system was also understood by A. Sen in [30].

Two real tachyon modes do appear if and only if one goes through the places where
the distance between brane and Anti-brane picks up the particular value of less than string’s
length scale where one replaces them out in an EFT and evidently start to take into considera-
tion their dynamics. Their new couplings can just be explored by direct scattering amplitude
methods not by any duality transformation whatsoever. To employ their dynamics one could
consider one of the latest works done by the late Joe Polchinski and his collaborators [31]
where they treated D-brane effective action in such a way that standard EFT parts make
sense. Note that the known Four-Dimensional Superstrings were discovered in [32], then
the gauged supergravity vacua in string theory were realized in [33] and later on, the BPS
and non BPS branes of various string theories with or without broken supersymmetry were
constructed. To deal with the stability issues with broken supersymmetry, we refer the in-
terested reader to some of the devoted papers as appeared in [34, 35] and also to the very
interesting and recent comprehensive review appeared in [36]. To talk about the applications
of non-BPS branes, one could mention many references, however, we just decided to confide
producing branes [37-45], describing some inflationary scenarios in string theory, and refer
to inflation in string theory in the language explained in KKLT [46-48].

Using scattering amplitude techniques, not only does one explore new effective couplings
but also can fix exact coefficients of all higher derivative couplings, more crucially for once,
one would be able to fix all the ambiguities that appear at o’ corrections of both type II
string theory.!

One might be able to even talk about various thermodynamical aspects of this particular
system, which can be stabilised at finite temperature and may have potential applications
to black holes as well as various applications to famous AdS/CFT conjecture or even to
the known M-theory approach [68-71]. It is also interesting to remark that, D-brane Anti
D-brane system has also something to do with stability of KKLT or a particular string
compactification in Large Volume String Scenario [72, 73]. Thanks to Pioneer works, the
famous correspondence between D-branes and their sources being RR fields has, been largely
discussed in many reviews but we just point out to the original one that was made by the
master of D-branes [74] and also their bound states are further argued in [75].

Since we are all aware of the fact that duality does not hold for non-BPS branes, one
needs to work with scattering amplitude methods to be able to fix precise o corrections and
that can be carried out if and only if one employs the direct CFT methods, where various
favours have been set out in [59-64].

Notice that we have explained all three known EFT ways of exploring couplings that
are known to be thought of either Wess-Zumino (WZ) actions for both BPS and non-BPS
DBI effective actions [76] or Myers terms [77] or Pull back of branes where Taylor expansion
of the standard transverse scalar fields is also taken.

The paper is organised as follows. As a warm-up, we first point out to lowest order
D-brane-Anti-D-brane effective actions in the presence of fermion fields and also talk about
various Bianchi identities and other potentially different effective couplings that are found
in both bulk and world volume directions of this important system. Note that the authors

Look at [49-58] to see some of the higher order corrections and to distinguish all order BPS corrections
we refer the interested reader in observing [59-66]. To notify all order o’ corrections to BPS branes one refers
to a universal conjecture that is demonstrated in detail in [67], which can also be applied to non-BPS branes
where some further ingredients are needed.



in [78] were the first scientists whom explored some important couplings at lowest orders. By
emerging CFT methods as well as scattering amplitude formalism, we could precisely deal
with their higher orders and showed how to properly explore not only various new couplings
but also their all order o’ higher derivative corrections in both type II string theory.

To deal with symmetries, by making use of CFT methods [79] we first reveal the S-
matrix elements of a six point function of two fermion fields (that are massless and are located
either on world volume of D-brane or Anti D-brane), two real tachyons in the presence of a
closed string RR field in type II. We also try to apply the so called selection rules [80] and
simultaneously keep track of all the symmetries of the amplitude so that a proper expansion
for D-brane Anti D-brane can be figured out. Having done all the proper EFT techniques,
one would discover all order singularity structures of this important system. The entire
algebraic computations of the amplitude of < Vo125 Vi-172(w1) V172 (@0) V10 (23) VIO (24) >
are performed. Consequently, all the integrals in the soft limit? are obtained. Finally all
order o higher derivative corrections to two fermion fields and two tachyons in the world
volume of D-brane Anti D-brane system in type II string theory are discovered.

The first step is to properly explore all the correlation functions of four spin operators
with two world sheet fermion fields < Vo-1(, 2)Vi-1/2(3,)Vig-1/2(00) V10 (25) VIO (24) > 10 both
type II string theory, where along the way various technical issues will be addressed as well.
In order to expand the final form of the S-matrix we are going to use the so called selection
rules [80], all lower point functions of D-brane Anti D-brane system [84-86], standard EFT
couplings, the particular soft limit as well as the extra symmetries that are elaborated later
on. We then would be able to reconstruct all infinite massless and tachyon singularities
in both EFT and string part as well. Eventually one comes to know that all the higher
derivative corrections of two fermions- two tachyons need to be taken into account to be able
to precisely find out the singularities that are advocated by string amplitude. Due to selection
rules and the internal degrees of freedom or the Chan-Paton factors, it is known that there
is no interaction between two fermions and a tachyon, hence all three point functions of a
tachyon and two fermions (with both the same and different chirality) are zero. Therefore,
as it will be observed from the ultimate form of the amplitude we have no longer singularity
structures in s, v, v/, v’ (s + v +w'), (v + ' +w') channels either.

2 Lower order fermionic effective actions

In order to proceed we first write down the vertex operators with their ingredients and then
warm up with some effective couplings as well as their corrections that are useful in the other
sections. Vertex operators and their Chan-Paton (CP) factors for D-brane Anti-D-brane
system are introduced as follows

VY(“O) (z) = dlikgp(x)e” ™ XN @ oy,
V’I(’_l) (x) _ efqﬁ(:c)eo/ik-X(;t))\ ® o
V\I(lfl/Q) (331) _ ﬂAe_d)(ml)/zSA(l‘l) ea/ikl.X($1))\ ® o3
V‘I(,_l/Z) (:CQ) — uBe*(b(xQ)/QSB(Z?) eo/ik:g.X(xg)A ® I

_1_1 Lo _ .o _
V2T (2,2) = (PLH () M,)*Pe00)/25, (2)¢i 5P X () em0(0)/28,(2)i 5P DX () @

2The soft limit for mixed amplitudes including RR and bosons is shown to be 4ks.p — 1 in [81], while here
due to the presence of fermion fields and having different correlators, it changes to 4k2.p — 2 where all massless
poles are also derived in an EFT and the method of the derivation of integrals is recently explained in [82].



Our notations are shown by the followings. u,v = 0,1,...,9 run the ten dimensional
space-time, a,b,c = 0,1,...,p and 7,7 = p+ 1,...,9 are representing world volume and
transverse directions of the brane accordingly. A shows the external CP factor in the U(N)
gauge group where o; are the known Pauli Matrices. As was argued all vertices of non-BPS
branes carry some degrees of freedom, because if we set the real tachyons to zero then one
must be able to recover the entire Wess-Zumino effective actions that are just related to BPS
branes. Further explanations about CP factors can be read off from [83].

On-shell conditions are

1
K =ki=p"=0, k3=, 'k =kl =
20/
The projection operator and also the field strength of RR are shown as
P = %(1_’711)7 H(n) ,u1 Hn’y . 7M7L7

where one can just point out to the spinor notation as follows: (P_H (n))aﬁ =CYP_H (n))gﬁ ,
where C is defined to be the charge conjugation matrix and we choose n = 2,4,a, = 1
(n=1,3,5,a, = 1) for ITA (IIB) appropriately. Let us deal with just the meromorphic parts
of the field and in order to do so we apply the so called doubling trick, which means that
some proper change of variable to all fields is taken into consideration as

XH(z) = DUXY(2), 4"(z) = DL (2), é(2) = ¢(2), and Su(z) — Ma”Ss(2),

with

—lg—p O 1) TV Y P e apa
D - ( O P 1 ) ’ a«nd Mp = f+ tpt1 P+
p+1 p+1)|ry ’}/ - 7116a1...ap+1

where M, has taken the values for even and odd p accordingly. Keeping in mind above
remarks, now one can start to consider the known two point functions for X*, ¢*, ¢ fields

(X)X ) = — S oz — ),

/

W@ (w) = =0 (= —w) ",
(é(=)0(w)) = —log(z — w) . (2.1)

It is discussed in [84-86] that to be able to generate all world volume contact terms of
the amplitude of an RR and two real tachyons, the S-matrix produces all order o/ corrections
in both type II as follows

i (2ma’)? [

Ypt1

"o Cupoy ATy ( > cm(a’(DbDb))m+1DT/\DT) (2.2)

m=—1

Note that using S-matrix, one actually explores a new couplings for one RR, a gauge
field and the scalar field (that describes transverse oscillations of the brane) of the form
(2ma’)? [ dPTloTr (CL_y A F A D¢') where accordingly S-matrix generates its all order cor-
rections as follows

n=-—1

2 "2 ;
M Tr Cz oA Z by ( n—l—lDa1 ... Dan+1 AFD% ... D%+t A D' | (2.3)
(p=DF



Let us just denote the mixed Chern-Simons, Taylor expansion or pull-back effective
actions that are found by direct S-matrix computations.? Having taken all the symmetries
of the scattering amplitudes, one would also need to take into account some Bianchi iden-
tities that are restricted either on world volume or entire space-time including transverse
directions.? Note that both the lower order DBI effective actions, Wess-Zumino (WZ) and
Chern-Simons couplings of D-brane Anti D-brane system for general D,D, of type II are
explored in section 2 of [29]. Given above information, we are now ready to write down the
lower order action that describes interactions between fermions and tachyons. Let us take
all of them into account and keep them fixed into our lower order effective action, where we
used the so called static gauge. Hence, the Lagrangian is given by

-T,V(T) \/— det(nap+2ma! Fop— 270! Wy 0, ¥ + 1202010, U, 0y ¥ + 27/ 0, TOT)  (2.5)

Note that the tachyon potential that can be essentially given rise to consistent results
with superstring calculations is revealed to be

1
V(T]) =1+ 7ro/mQ\T]2 + 5(7r0/m2|T]2)2 + ..

and m% = —1/(2a’) which is very consistent with V(|T]) = em'm?*T1* [87]. Notice that to
be able to produce all the S-matrix elements of string theory, one must define various new
string couplings that include not only new structures but also their coefficients can be fixed
out by S-matrix calculations. Those terms do have the structures such as F(1) . F) as well
as DM . D@ [84-86].

We also argued that the expansion of potential does work up to fourth order and gener-
ates consistent outcomes with string amplitudes, while once we send the tachyon to infinity
the so called effective term T4V (TT) goes to zero which is reasonable given the fact that we
expect from a tachyon condensation of an unstable brane.

The so called WZ action for D-brane Anti D-brane system includes RR potentials just

L p—m+1

for C =5, (—i) 2 Cp, is [88-90] and is shown by

S = M / C A <6i277a’F(1) o eiZﬂa’F(2)> (2 6)
= Lp : .
Epr1)
3
2- 1! .
i 2 (9ral)? / 8:Cy A DT’
P Zpt1
2- r ! . .
%(zm’)2 /E Ci_y ADT A D’ (2.4)
: p+1

In the trace that involves !, we have special property so that

p > 3,Hn = *Hm,n,n > 5.

apg...ap_1a __
paHagma,p,1€ P =0

i ag...a a _ag...ap_1a ryt _
pe€ pHao...ap +pe P Ha,o...ap,l =0.



It is also mentioned in [91, 92] that one is able to replace the tachyons into the action while
there is also another approach that can be explained by the language of geometry and made
use of super-connection formalism [93-95]. The following geometrical interpretations for WZ
action are taken accordingly

Swz = up/ C A STr 27’7 (2.7)
b

(p+1)

The definition of the curvature and connection is

F=dA—-iANA

iAWY pT*
A= < BT iA(2)>’
where one finds the curvature out®

iF— iF® — g2T>  B(DT)*
- 8DT iF® — 2112 )

and

Now one is ready to explore all the WZ couplings from (2.7) where we are going to con-
sider just some of them that have the relevant structures for the comparison with the EFT
computations as follows

CASTriF = Cpq A (FU — F2) (2.8)
C ASTYiF NiF = Cpg A{FO A PO — PO A FOL

+Cpy A {—262\T|2(F(1) — F®) 4 2i82DT A (DT)*}

From now on we concentrate on (C\II1W2T3T4) amplitude to be able to find the higher
order S-matrix elements of D-brane Anti D-brane system, and also start discovering all order
their effective couplings as well as their corrections where the needed singularity structures
will be obtained as well.

3 All order S-matrix elements of (CW¥;¥,T3T})

As can be seen from (2.5), all order corrections for the non Abelian o/ corrections to two
tachyon-two fermion fields of particular brane Anti brane are not found out yet. Therefore,
we carry out the direct computations of one RR, two fermions (with the same chirality) and
two tachyons at disk level to discover all the desired non Abelian o/ corrections of type II
string theory.

Note that it is of importance to highlight the fact that by just doing (CWU;WoT3T})
amplitude, one is certainly able to exactly fix all order coefficients of all two tachyon two
fermion couplings in the world volume of D-brane Anti D-brane system, because dualities
are no longer promising in this context.

We would like to deal with the S-matrix elements of a closed string RR, two fermion
fields and two real tachyons of D-brane Anti D-brane system to be able to construct higher

SFO = LFWD e A da® and DT = [0.T — i(ASY — A T)da.



order effective actions of this particular system of interest. Basically using all the CFT
methods, we look for < Vo125 Vi-172(20) Vir-1/2(w0) VIO (25) VIO (24) > S-matrix. We also try
to explore the correct momentum expansion of the S-matrix and ultimately try to regenerate
all singularity structures of type II superstring theory where all the symmetries of the string
amplitude and a special soft limit are taken into account. Note that given the world volume
structures in this paper, we no longer have any bulk poles to carry momentum of RR in
transverse direction.

Having taken into account all the described vertex operators, one would search for
the correlation function of four spin operators and two world sheet fermions for which the
following correlation needs to be derived®

Ig%vé =<:8,(2) : Sp(2) : Sy(21) : Ss(w2) : v (23) : Y(24) > (3.1)

In section 2 of [57] and also in section 2.1 of [52] it is explained how to derive the
correlation function between four spin operators an one current where essentially the same
method can be used to explore the above correlation function, however, let us briefly talk
about its derivation. To be able to carry this out, one needs to first take the OPE between
one spin operator and all the fermion fields where all permutations need to be regarded and
then one needs to sum them up. Finally, one has to substitute the outcome to the primary
correlation which would be the correlation function between four spin operators that is given
in section 2 of [57] and after all we start constructing all possible ways of different symmetric
and antisymmetric gamma matrices. Eventually the closed form of Ig%‘ré can be given by

ab

s = %M(VAC)aB(VAC)ABx52$61(333533321'463741 + 236731 745T42)
"\
- ?34(7 C)aB(12C) apTs6x12(T35236T41 242 + T3132L45%46)

+

(VGC)Aﬁ(VbC)aB$569€12(9635$41$62 - 3U32£U463351)

_|_

(Y*C)aB(1C) apTs6r12(T36T 42251 — T31T45T62)

(Y*C)ap(WC) aABT52%61 (T32246T51 + £31T45%62)

_|_
e Rl M o Ml VY Il O R VY e SR

(Y*C) aB(WC)apTs261(T35T41T62 + T36T42T51)
+ (T2 0) 05(1C) ABT56T52261 (T31742 + T32Ta41)
+ < (D C) AB(C)apT52w61712(T35246 + T36T45)
(T™*C)oB(1AC) AsT56252212(T31 746 + T36741)

(T9C) 45 (1A C) e 56261712 (235742 + T32245)

+

—3/4
(z56251T52761 2627 12)

2(235%36231232L45T46T4142)

- (’Yac)aA(7b0)63$345656$52$615612 72

5To make the correlators singlet we need to consider two fermion fields with the same chirality, for further
information see [83].



where x5 = 2 = = + iy,x¢ = Z. The method of finding a six point bosonic amplitude has
been recently announced in [29], essentially one can use the same methodology for fermionic
amplitudes as well. One finds out the closed and final form of the amplitude as below

ACJ]?’[}TT ~ 2/dl‘1dﬂ?2d$3d$4d$5d$6(PH(n)Mp)aﬁ(x12$15l‘165656)_1/4(ZE251’26)_1/4

X aAuB(_a/2k3ak4b)I§%,y§I, (3.2)
where
I= ’mm’_zt‘xm‘_%_%’3314’_21)_%’3723\_%_%\$24‘_2T_%’$34’_2w_1’$15x16|t+5+v+%
o 1 L a1 P e G RO

Now the SL(2,R) invariance of the amplitude can be obviously notified. We now try to
do gauge fixing by fixing the position of open strings at 1 = 0,0 < z9 < 1,23 = 1,24 = 00
and especially we try to introduce six Mandelstam variables as s = —(i + 2kq.k3),t =
—(2k1.k2),v = — (% +2k1ka),u = — (3 4 2ko.k3), 7 = — (% +2ko.ka), w = — (L +2k3.k4) where
setting this sort of gauge fixing we would obtain the amplitude as follows

/ldx2x2_2t—1(1_$2)2u1/dz/dzu_Z‘Qs+2u+2w|2’2t+23+2vI(Z_Z)2(t+s+u+v+r+w)3
><0]a:2 APy B (g o) (PLH (M)

| Chan(c ) 2((1-2) 1) +(1-2)

1P C)an (1 C) ag(z—2)za (|1 — 2>+ (1 —2))

L 90) as W)z = 2)aa((1— 2) (= 22)— (1—22)2)

2
—%Wac)aB(%C)Aﬂ(z—i)wz((l—2)2—(i—xz))
- %(VGC)a,B('YbC)AB(Z—-Tz)E((l—xg)z—i-(E—xg))
+%(vaC)AB(%C’)ag(z—xg)Z((l—z)(Z—xg)—l—(l—Z)z)
F TP C)as (0O ap (e =2) (= 2)2(1+(1-2))
L) a5 () (27w (1-2)+ (1-2))
1 TPC)ap (1 O) s 2) (2 —2)aa(14(1-2)
— 1T 451 C)an (=) Fal(1-2)+(1-22))
(1 C)an(1"C) (2 —2) (=) (D) (3.3)

One finds out that the whole amplitude has non-vanishing contributions for C},_3, Cp—1, Cpt1
cases. As has been argued in [29] one can immediately explore the algebraic solutions for the
entire integrals in the soft limit where they get decoupled.” Basically the whole integrals are

"We take 4k2.p — 2 limit which is shifted with a constant due to the fact that here we are dealing with
fermionic couplings in the presence of RR and we no longer work with bosonic strings.



appeared in [96] and [97] so one can write down the final answer of the amplitude in terms of
the Gamma functions. For instance one derives the result for just the second term of (3.3)
as follows

As ~ 2—2(t+8+u+v+r+w)—2,aAuB <_2u _ ;)

Fé(—f;:_lél;(;?;) (P-H () Mp)** (7 C)a(1C) apLa

F(r—s—3)T(—r—t—o)l'(—r—u—w—-HT(-r—s—t—u—-v-—w-1)

Ly = :
! F(—s—t—v—l—%)I‘(—s—u—w—1)F(—2r—t—u—v—w—%)
w(=2r+2s+1) 2(r+t+wv) (3.4)
2t+2u—1)(s+u+w+1) dr+2t+2u+2v+2w+1 '

We have already followed out the following papers [96] and [97] to be able to derive all
the other parts of the amplitude, however, due to the fact that the final solutions for the
integrals are tedious and cumbersome we decided not to write down the entire terms but
essentially the procedure would be the same as we prescribed for the second term of the
amplitude. Now the non trivial question is related to the expansion of the amplitude which
we talk about it in the next section.

4 Momentum expansion of D,D,

In order to explore all the singularity structures, one needs to expand out the amplitude.
Having set out the remarks given in [29], we would highlight some further points that are
relevant to the expansion of the fermionic amplitudes. Taking momentum conservation along
the world volume of brane, one gets to derive

st+t+u+tv+r+w=—pip,—1 (4.1)

It is discussed that for D-brane Anti D-brane system, the proper expansion can be found by
sending the quantity p®p, to zero while for non-BPS branes and making use of a two point
CT amplitude one finds that, this quantity must tend to mass of the tachyon. The proper
expansion is largely discussed in [96]. We just illustrate the fact that there is a non-zero
coupling between two fermions and a gauge field, hence ¢ — 0 and there are no two fermions
and one tachyon couplings, however since k;.k; must tend to zero, given the definition of
Mandelstam variables we come to know that the other four Mandelstam variables should be
sent to mass of tachyon, namely s, v, u,r — 2‘—;,

Now given (4.1), one reveals w must also be sent to zero where it is also consistent
with CTT amplitude. Hence we clearly found out the proper momentum expansion of the
amplitude by making use of the symmetries of the amplitude as well as insisting on all EFT
parts. Hence, the momentum expansion is summarised in below

-1
$,v,u, T = —, t,iw—>0], 4.2
( “ 20/ > (42)

As an example one can show that the amplitude involves t-channel gauge field singu-
larities for p = n 4 2 case as well as an infinite tachyon singularities in (¢t + s + u + %) and
(t+v+r+ %) cases for p = n case accordingly. Due to symmetries we just produce all infinite



(t+s+u+ %) channel tachyonic poles by constructing all infinite higher derivative o’ correc-
tions to two tachyons and two fermion fields in the world volume of D-brane Anti D-brane
system. We also produce all t-channel singularities in an EFT sub amplitude later on.

By dealing with EFT methods and also considering the symmetries of the amplitude [98],
more crucially relying on selection rules [80], we come to understand that there is no inter-
action between two fermions and a tachyon nor two tachyons and scalar field, therefore we
expect not to have s’,v’,u/,r’ channel poles whatsoever.

All the kinetic terms of fermionic strings, gauge fields and tachyons have already been
fixed in the DBI action as follows

1, 2w

_ 27al
Tr <\I/fyaDa\IJ + DD — ¢ 7720‘ )Fabea> (4.3)

where
D,V =90,¥ —i[A*,¥]|, D,T =0,T — i[A*,T],

Let us now explore all infinite o/ corrections to WWT'T couplings in the world volume
of D-brane Anti D-brane system.

5 All o corrections to WWTT couplings of D,D,

In order to derive all infinite tachyon singularities of the amplitude for p = n case, one needs
to know all infinite o/ higher derivative corrections to two fermion-two tachyon couplings
in the world volume of D-brane Anti D-brane system, which we are going to obtain them
accordingly. First of all let us comment on lower point functions of string amplitudes. The
Wess-Zumino action of an RR and a tachyon is shown by

2B, (2ma’) /Z Cp, N DT (5.1)
p+1

where it is shown that (5.1) receives no correction and also the vertex of an RR and two
tachyons is fixed, note that the kinetic term of tachyon in DBI action has also been fixed,
hence tachyon propagator does not receive any correction either. Thus to be able to generate
all tachyon singularities one needs to apply the correct higher derivative corrections to WUT'T
effective couplings of Dpljp as follows.

In order to find the coefficients of two tachyon-two fermion couplings, one needs to
first deal with pure open string calculations of WW7T'T where detailed explanation was given
in [83], however, for the sake of clarity, here we summarise some of the basic results.

The ultimate form of the amplitude of YWTT must be symmetric with respect to
exchanging tachyons and also should be anti symmetric under interchanging two fermion
fields. To restore all the symmetries we find out all the possible six orderings of the open
strings. For instance just for Tr (A A2A3)\4) ordering we obtain

_ 1
AVYTT — (8T ) Tr (0310901 )4 (v*) apub (a'iksq) / drozy 2 (1 —22) 24T (M Ao s Ag)
0

T(—26)0(~2u)

I'(—2t—2u) (5:2)

= (—8Tp)ﬁ114 (’}/a)ABUQB (o/ik4a)Tr ()\1)\2)\3/\4)TI‘ (0'3[(720'1)
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The ultimate form of the amplitude is given by

o0 (—2u) | D(—2t)0(—2s)
— 2

) , r
ALYTT _ (—8Tp)af(va)ug(a'zkm)Tr (03lo907) <l1 I(‘

(=2t — 2u) (=2t — 2s)
o T(—2u)'(—2s)
l3——F—— = .
il ['(—2u — 2s) (5:3)
where 1, 12,13 are defined in [83], given the on-shell condition s + ¢t + u = —% and the fact

that we know there is a gauge field pole and a non zero coupling between two fermions and a
gauge field also due to symmetries under exchanging two tachyons, we get to know that the
expansion must be around

1
t—0, U=~ (5.4)

Defining v’ = u+1/4 = —a’koks and s’ = s+1/4 = —a’ky ks, the on-shell condition becomes
s'+t+u =0 and the amplitude gets changed to

I'(2u + 28 )T'(3 — 2u/)

AYLY2.T3Ts (—8Tp)ﬂfl(va)UQB(a/ik4a)Tr (03lo901) <l1

I‘(% + 2s')
g re ;(2521;55)— 2) 3F(I;;(—1 35’2)5(_5 2_u’2)u,)> (5.5)
Expanding around (5.4), one reads off the amplitude as
AV Y2 T3 Ty —8T, a4 (V% g )ul (ikaa) Tr (0310907 (5.6)

ll - 12 = m _Im m,.Im . m, Im m, In
< 5 + Z [amm(llu s los™u™) 4 il3by m (s U™ + Mu™)

n,m=0

If we use (5.4) then one reads off all the coefficients of ay, m, by m in below

ao =2In(2), bw:g, aLl——12C(3)+?;)21n(2)3+4§21n(2), bl,lzg(—w%wn(z)?),
a1,0:27:+41n(2)2, bio=2rIn(2), a0,1=—7;2+41n(2)2,
120 =8+ L@+ n@), bap= T(r 12102
t02 =80+ 2P (), b= T (122 -3¢(3). (57)

where all b, ., coefficients are indeed symmetric. It is shown that the t- channel gauge field
pole is generated by a sub-amplitude in an EFT part.®
Contact interactions of the W, WoT5Ty at zeroth order can be found by

AV TTs — QT (98 udt (4 g ) ub (o ikaa) [a0,0(l1 — la) + 2ilsbo,]

which should be at the same order of the kinetic term of fermions.?

Sy (B, Uy, A)GOP (A)VPP(A, Ts, Ty).
9(k1 + k2 + k3 + ka)® = 0 and on shell conditions 'yaklaﬂA = 'y“kgauB = 0 are also taken.
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Now we can write down all possible couplings of two fermions two tachyons at first order
in o as follows

o/ T, Tr <a070 (By"WT DT — U7 UD,TT) + iby o (Uy*TUD,T — \IwaDaT\IJT)) (5.8)

If we use (ap,1 — a1,0) term and for Abelian gauge group, the first term in (5.6) is
reconstructed by considering the coupling (27r2a’2Tp\T/fyb8“\I'8bT8aT).

Now we would like to reconstruct the entire all order higher derivative corrections to two
fermions and two tachyon couplings of D-brane Anti D-brane system. Indeed we are looking
for non- Abelian interactions of CWWyT3Ty. Note that some further remarks are given in
section six of [84-86] for all order corrections of two scalar two tachyon couplings of D,D,,."°
The prescription for obtaining all order higher derivative corrections are provided in [67, 96]
accordingly, hence we first write down all order higher derivative corrections to non-Abelian
couplings for two fermion-two tachyon effective couplings just in the world volume of D-brane
Anti-D-brane system and then using them we try to reconstruct all the tachyon singularities
for p = n case as well. Hence, the Lagrangian is given by

En,m — %a/n—i-m—&—lTp

Dy (\Tl(l)y“{/(l)DaTT*) — Dy (DQTT*\TI(l)'y“\I/(l)> + h.c]

(an,mﬂ [Dnm (\Tl(l)w“\ﬂ(l)TDaT*) D, (TDQT*@(UW@\I/(U)

— by T [D;lm (\Iﬂ?)yaT\IADDaT*) +D (\I/(l)DaT\TJ(Q)fy“T*)

D (@(%“DaTfo(UT*) D (qz“)T\If(?)fy“DaT*) + h.c]) (5.9)
where we have defined!’ and 7' = (T} + iT%) and T* = (T} — iT3) for which T is the
massless fermion that lives on D-brane and ¥(?) is the massless fermion that lives on Anti

D-brane and vice versa. It is worth mentioning the fact that the above couplings are indeed
non-Abelian extensions of (a/)1+"*™ order for ap,p0 and by o coefficients.

5.1 All infinite tachyon singularities of C¥WTT

Having derived all new couplings with their exact coefficients in (5.9) in the world volume of
D-brane Anti D-brane system, which include some new structures such as

(qJU)DaT\IA%GT*) : (\II(I)T\P@H“DGT*) (5.10)
we now turn to construct an infinite tachyon singularities of the amplitude CUWTT for p = n

case in type II string theory. Indeed we need to make use of (5.9), to be able to precisely
generate all singularities of the amplitude.'?

10We keep track of the over all coefficient of @ (4 5)u (ia'kss) for all the terms in the ultimate form of
the amplitude of CW,W,T3Ty for p = n case.
1The definition of special higher derivative operators Dy, and D, is

Dpm(EFGH) = Dy, --- Dy, Doy - - - Do, EFD*' ... D**GD" ... D' H
Dh(EFGH) = Dy, --- Dy, Do, - Do, ED* --. D" FGD" ... D" H .

12Note that using direct computations at each order we have also shown that the couplings that are found
for non-BPS amplitudes [99] are not applicable to the world volume of D-brane Anti D-brane system.
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The amplitude has tachyon singularities in (t+s+u+ 3) and (t+v+r+ 3) where due
to symmetries we just try to produce just all tachyon singularities in (¢t +s+u+ %) channels.
If we extract the traces in the string amplitude and working out some further simplifications,
one finds out all the tachyon singularities of the string amplitude as follows

_ 877'2 //8
ACYRTsTn 7;]3 it (Vip)us € Hog gy, Tr (A1 Ao AsAs)

m, Im m./m

. > €n,m[s wo—uw's }
x (2i0'ksaka) Y (t+s +u')

(5.11)
n,m=0

where s’ = s+ 1,4/ = u+ 1 and a normalisation constant is used. Note that s, is

By,
(2m)1/2
RR brane’s charge and 3 is called the Wess-Zumino normalisation constant (see [84-86] for
further details).

We need to expand the amplitude so that all the singularities can be evidently repro-
duced and to do so we use the momentum expansion that we talked about and also further
ingredients about the expansion of fermionic amplitudes can be taken from section 2 and 3
of [83]. Simultaneously, we keep track of on shell conditions for fermions as well as momentum
conservation along the brane.

Consider the following sub amplitude in an effective field theory to be able to generate
all tachyon singularities

A =V*(Cp1, Ty, T)GP(T)VF(T, T3, Ty, Uy) (5.12)

with the following vertices

.6aﬁ
G3(T) = !
(T) (2ma’) T, (k? + m?)
1
Va(cp—l) T37 T) = /L.M;/B(Q’]Ta/)QljeaomapHa()"'ap—lk4apTr ()\4)\a) (513)

where the Chern-Simons coupling ,ug,ﬁ(27ro/ )2 fzp+1 dP*lo  Cp_y A DT A DT has been em-

Now we try to explore all order generalisation of the vertex of V3(T, T3, ¥, Uy) by
employing the all order corrections of two fermion two tachyon couplings of the explored
higher derivative non-abelian couplings that are explored in (5.9).

In order to derive all oder generalisation of V7 (T, T3,¥q,¥sy) where two fermions are
on-shell while one tachyon is off-shell and the other tachyon that we labelled as T3 is an
external tachyon, we need to find the related vertex from an EFT. Let us consider the
following ordering Tr (A;A2A3A3) where 3 is related to the Abelian tachyon and also for the
sake of simplicity we just concentrate on the terms of the Lagrangian with a,, ,,, coefficients.
For instance if we consider

ployed. The propagator can also be read off as

Do (\Tl(l)va\ll(l)TDaT*> + Do (TDaT*\TJ(l)va\I!(l)>
we then can derive the following vertices for the above effective couplings

amm(k./ﬁ)m(/ﬁ .kg)"ﬂ’y“u(—ik4a)
+ anm(k3.k2)™ (ks.k1) "ty u(—iksa) (5.14)
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and one can do the same for the other terms in the Lagrangian, basically for the following
terms

Dy (\I:(%G\IJ(UDGTT*) — Dy (DaTT*\II(l)fy“\IJ(l)>
we find out the following vertices accordingly

- an,m(kl-k)m(kl.kg)n@’yau(—ik3a)
— an,m(k3.ka)™ (ks.k1)"uy"u(—iksq) (5.15)

where k becomes the momentum of off-shell tachyon. We need to consider the other ordering,
namely since the tachyon propagator is off-shell we need to consider Tr (A;A2AgA3) ordering
as well and also take into account the hermitian conjugate of the other terms in (5.9), then
one is able to explore the ultimate form of vertex in an EFT for ay, ,,. The same is applied for
by,m as well. Now if we use momentum conservation along the brane (k1 +ko+kz+k+4), =0
and also take into account the on-shell condition for fermion fields as Y%k1,@* = 7%kaqu® = 0
then we are able to obtain the ultimate form of VA(T, T3, Wy, Uy) as follows

V(U1 Ws, T3, T) = iTp(e/)" ™ (anm — ibnm) 0t (V") apud (2iksa)
= (k1.k)™ (ks.k1)" + (k1.k)" (k3. k)™ + (k-k2)™ (k.k1)"
— (k.ko)"(k.k1)™ + (ks.k1)™ (ko.k3)™ — (ks.k1)" (ks.k2)™
+ (k.k2)" (ko.k3)™ — (k.k2)" (k2.k3)™ | Tr (A1 A2A3Ag) (5.16)
If we replace the above vertex operator inside the sub amplitude in the EFT part as

indicated in (5.12), then one discovers all infinite tachyon singularities in below:

1

82iksaBppe " Hag-wap-sKaan rem s

X Y (@nm = ibnm)[s™u™ — ™A (7)) apus Tr (A A AsAa) (5.17)

n,m=0

Let us now start to check whether or not all order higher derivative corrections of the
D-brane Anti D-brane system (that we derived in (5.9)) are exact. To achieve this aim, we
eliminate all the over all factors from both string and field theory amplitudes and then test
them at each order of /.

At o order we get the following coefficient in field theory side:

(al,o — ao,l)(s' — t/) — Z'(bl’o — bo,l)(sl — t/) = 7T2(8, — t/)

note that by, ,,, coefficients are symmetric and we used the coefficients in (5.7), which is exactly
the same as 72(e10 — €0.1)(s’ — t') that has been appeared in string amplitude. At second
order in alpha-prime or at o’? order, we get

(a1,1 — ibl,l)(s’t’ — Slt/) — i(bg}o — 5072)(8/2 - t/2) + (0/2’() - a072)[3’2 — t/2]
= 47%In(2)(s"? — t?)
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that is again the same as m2(eg0 — €02)(s"> — t'?) in string amplitude, hence we can proceed
further and notify the fact that all order o/ corrections that we derived in (5.9) are exact.
Thus not only were we able to produce all order alpha-prime corrections of two tachyon to
fermion couplings in the world volume of D-brane Anti D-brane, but also we have shown
that all the infinite tachyon singularities of < VoVg WV, Vr,Vr, > can be reconstructed as
well. In [99] we have shown that the corrections of D-brane Anti D-brane system do differ
from the corrections of the non-BPS branes where for further details we invite the interested
reader in following [99].

Notice to the important fact, if we make use of the coefficients app = 2In(2) and
bo,o = /2 then we immediately reveal that one is not able to match the non-Abelian couplings
at o order by taking the symmetric trace of non-Abelian couplings of (5.9).

Note that there is also an addition factor in DBI action which is a symmetrised trace on
the o factors inside the so called DBI action, performing the symmetrised trace, one explores

Loy V(TiTi)\/1+[Ti TH)[T4,T7] | = 1—3T2+”—2T4+--- (1+T%+-)
2 ’ ’ 2 24

where the tachyon is going to condensate at T" — oo whereby the tachyon potential tends to
zero at T' — oo indeed.

We also refer to some important points that are raised in favour of the supersymmetric
action. Let us end this section by just pointing out the very crucial fact which is as follows.
Despite carrying out various researches on this subject, it is worth mentioning the fact that
the entire form of symmetrised action is not found out yet, [101-103].

6 t-channel singularities

Note that regarding all the EFT methods and also considering the symmetries of the ampli-
tude [98], more crucially relying on selection rules [80], we come to understand that there is no
interaction between two fermions and a tachyon nor two tachyons and scalar field, therefore
we have no s’,v', v/, 7’ channel poles at all. The gauge field propagator is Abelian, but the
vertex of one RR, two fermion fields and a gauge field should be taken from the mixed RR
and non-Abelian kinetic term of fermion fields. Hence, one comes to know that there is no
gauge field w pole channel either.'® One finds out the massless poles in an EFT as follows.'*
All t-channel gauge field poles are generated for p = n + 2 case by taking the following sub
amplitude in an EFT

Va,a(\ilb \1127A)Ggf(A)Vbﬁ(Cp—?nA7T37T4) (61)

13 Although there is a non zero coupling between two tachyon and a gauge field that comes from kinetic
term of tachyons in DBI action.
4The needed expansion for this part of the amplitude is given by

3/2 7/2

™ s

t 6t

(s+u+v+r+1)°+..)
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such that
i6§oP
(2ma!) 2Tt
VO (U, Uy, A) = T,(2ma a4 guB Tr (A Ao A%)

GoP(A) =

1 o] n+1
b, — 3
\% ’B(Cp_gg, A, T3, T4) = ’L,U,;Dﬁ(QWO/) M nz;l dn <Oé/k‘.(k3 + k4)>
X Hao_”ap_:;kgap_Qk4ap_1ea°'““1’*1bTr ()\3)\4/\5) (62)
where the following Chern-Simons coupling has been taken into account

— Buy(2ma’)? /

Zpt1

o Tr <0p3 AFADT A DT> (6.3)

where the proper higher derivative corrections are also applied to the above effective actions
as follows

_5%(2770/)3/ "o Z d,Tr <Cp—3 ADM ... D"F A Dy, -+ Dg, (DT A DT))
Zpt1 n=—1

Replacing (6.2) inside (6.1) one finds out all t-channel gauge field singularities of the
string amplitude as follows:

1671'2/.Llﬁ o] 1 n+1

X Hao...ap,;z, kgap72k4ap71 €40 Ap—1aTy ()\1 /\2)\3)\4) (64)

n=-—1

k is the momentum of off-shell gauge field. Note that to obtain all those singularities we
have used the fact that V(¥ Uy, A) is derived from the fixed kinetic term of fermion fields
in DBI action as the term (2ra/)Tr (¥4*D,¥) does not receive any correction. Therefore
we applied the higher derivative corrections to Chern-Simons couplings to be able to exactly
explore all massless t-channel singularities of the amplitude for p = n + 2 case in an EFT
counterpart.

7 Conclusion

Let us conclude by arguing some general thoughts. We have derived all order alpha-prime
corrections of two fermion-two tachyon couplings in the world volume of D-brane Anti D-
brane system. Not only were we able to produce these corrections in (5.9) but also we have
shown that all the infinite tachyon singularities of < VoV, Vi, ViV, > can be reconstructed
as well. We also confirmed the presence of various new couplings in the world volume of D-
brane Anti D-brane system, which have new structures such as

(\I!(I)DGT\IIQH‘IT*) : (@UT@(?H“DGT*) (7.1)

and in particular we explored their exact coefficients in (5.9).
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We also derived all these o’ higher derivative corrections in type II in the presence of
the constraint p,p® — 0. Hence these couplings that we have gained, are applicable in the
presence of this constraint, so these couplings cannot be compared with BSF'T couplings.
Nevertheless, tachyon’s potential is used in superstring amplitudes as it worked in BSFT,
that is V(T) = e™'™*T* [87], which can be represented by

. 1 y
V(T'TY) = 1 4 ma/'m?*T'T" + 5(7ro/m2TZTZ)2 SR

where m? = —1/(2¢/) demonstrated tachyon’s mass, and tachyon condensation was normally
done at T — oo, whereby tachyon’s potential is sent out to zero. Hence, once tachyon
approaches to infinity its potential will also be sent to zero, as one expected this result from
tachyon condensation of a single brane.

These new corrections did play the important role not only in revealing the structures
of the singularities, but also in fixing the coefficients of higher derivative corrections of type
II string theory. It is recently shown that how one can find corrections for Veneziano ampli-
tude [100] for which the all order corrections to four tachyons are revealed in [29].

Finally, we have also fixed the structures of fermionic corrections and also found cou-
plings to all orders in the world volume of D-brane-Anti-D-brane system. Note that the
localization method was also used to deal with effective actions [104] and various fermionic
interactions in the presence of Anti D3-branes for different fluxes have been discovered as
well [105].
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