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ABSTRACT: By fixing the internal CP factor of tachyon and massless Ramond vertex
operators in different pictures, we have shown that the internal CP factor of the disk
level S-matrix elements of two fermions and odd number of tachyon vertex operators in
the world volume of non-BPS D-branes/D-brane-anti-D-brane is zero. We have calculated
the S-matrix element of two fermions and two tachyons which has non vanishing internal
CP factor, and found the momentum expansion of this amplitude. In the abelian case, we
have compared the two-fermion-two-tachyon coupling at low energy with the corresponding
coupling in the gauge-fixed supersymmetric tachyon DBI action. The couplings in the two
cases are exactly the same.
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1. Introduction

Study of unstable objects might shed new light in understanding properties of string theory
in time-dependent backgrounds [i]-ff]. It has been shown by A. Sen that the tachyon DBI
action [[J—[ld] can capture many properties of the decay of the non-BPS D-branes [, f
around the stable point of the tachyon potential.

This action has been proposed in [§ to reproduce the leading order terms of the
momentum expansion of the disk level tachyon S-matrix elements. The S-matrix method
can be used to find the tachyon action around the unstable point of non-BPS D-branes/D-
brane-anti-D-brane where the higher derivatives of the tachyon are important. However,
one may use the resulting action around the stable point where the higher derivative terms
are not important. A subtlety in the tachyon DBI action around unstable point that the S-
matrix method dictates is that while the massless fields carry identity internal CP matrix,
the tachyon must carry oy and oo matrices [[L1]]. This subtlety however may not appear in
the tachyon action around the stable point. The WZ part of the effective action of non-BPS
D-branes/D-brane-anti-D-brane can also be reproduced exactly by the leading order terms
of the corresponding S-matrix elements [[3—[[4, [(1]. These couplings has been also found
in [, [L§] from boundary string field theory.

The world volume fermions has been added into the tachyon DBI action by making
the action supersymmetric [|J]. If one removes the tachyon field, the action is then the
supersymmetrized DBI action [[9, RJ). The 16-component fermions 6y, 62 in this action
are related to 32-component fermion 6 as

6 = %(1 +T1hg, 6y = %(1 —ThHe (1.1)

In static gauge, one choses 3 = 0 [I9]. Returning the tachyon to gauge-fixed action,
one finds

LZ—TPV(T) \/— det(nab + Fup — 251’7a8a91 + éwﬂaaeléwu@bel + 8aT8bT) (1.2)



In this paper we would like to find the couplings of tachyon to fermion with the S-matrix
method and compare the result with the above action.

An outline of the paper is as follows. In the next section, by explicit calculation of
some examples, we will show that a S-matrix element is independent of the choice of the
picture of the vertex operators when one includes the internal CP factors. This allows one
to calculate a S-matrix element in one particular picture and then rewrite the result in
another picture in which the vertex operators have the same internal CP matrices as the
CP matrices of the corresponding fields in the effective action, e.g., the massless fields in
the field theory carry identity CP matrix. In section 2.1, we will also clarify the presence
of internal CP matrices o1 and o9 for tachyon in the tachyon DBI action. In section 3,
by specifying the internal matrix of the massless Ramond vertex operator, we will show
that the internal CP factor of the S-matrix element of two fermions and odd number of
tachyons is zero. In section 4, we will calculate the S-matrix element of two fermions and
two tachyons and find a momentum expansion for the amplitude. At one momentum level,
we find a coupling which is zero for abelian case. At three momentum level and for abelian
case, we find that the coupling is exactly the same as the corresponding coupling in the
gauge-fixed supersymmetric tachyon DBI action ([L.2).

2. S-matrix elements in different pictures

The internal CP matrix of an open string of non-BPS D-brane can be read from the external
CP matrix of D-brane-anti-D-brane [[J. The non-BPS D,-branes of type IIA(B) string
theory are defined by projecting D,-brane-anti-D,-brane of type IIB(A) with (—1)fZ where
F7, denotes the contribution to the space-time fermion number from the left-moving sector
of the string world-sheet [[7J. The open strings of the brane-anti-brane can be labeled by
the external 2 x 2 Chan-Paton factors:

@: (5 1) @ (5 0) @ (L 0) @ (5 o) (21)

The massless states carry CP factor (a), (b), and the tachyons carry (c) and (d) factors.
The projection operator (—1)F L has no effect on the world-sheet fields, however, using the
fact that it exchanges brane with anti-brane, one observes that its effect on the CP matrix
A is the following;:

A — O'1A(O'1)_1,

where o7 is the Pauli matrix. The states with CP matrices I and o7 are survived. The
massless fields then carry the internal CP matrix I and the real tachyon of non-BPS D-
brane carries the CP factor o7.

One needs to define the vertex operator in different pictures to be able to calculate
the S-matrix elements. We assign the above internal CP matrices to the vertex operators
in the 0 picture. Using the observation that the picture changing operator on a non-BPS
brane naturally comes with o3 [I§], one observes that in -1 picture, the internal CP matrix



of massless states is o3 and the CP matrix of tachyon is 0o. The open strings of DD system
carry the same internal CP matrices, as well as the external CP matrices (2.1).

The closed string Ramond-Ramond vertex operator also carries the internal CP matrix.
It has been shown in [[[]]] that the RR vertex operator in DD system in (—1/2, —1/2) picture
carries CP matrix o3. For non-BPS branes, there should be an extra factor of o1 in the RR
vertex operator [[[7. The closed strings in the NSNS sector in (0,0) picture should carry
internal CP matrix I. Using the internal CP matrices, one can easily check that the CP
factor of tree level S-matrix element of one RR, odd number of tachyons and an arbitrary
number of closed string NSNS states is zero for DD system as expected. Moreover, the
internal CP factor of tree level S-matrix element of one RR, even number of tachyons and
an arbitrary number of closed string NSNS states is zero for non-BPS D-brane.

It is well known that in the world volume of BPS D-branes, the S-matrix elements are
independent of the choice of the picture of the vertex operators. By explicit calculation
of some S-matrix elements, we are going to show that in the world volume of non-BPS
D-branes, the S-matrix elements are independent of the choice of the picture of the vertex
operators only when they include the internal CP factor. As a first example, consider
the S-matrix element of one gauge field and two tachyons. In one particular choice of the
pictures, it is given by!

A~ Y daydzodas Tr (Vi (@) Vi Ha2) VS (23)) (2.2)
non—cyclic
where the vertex operators are
VT—l — €_¢€2ik.X>\ ® 0_2’ k2 — 1/4
Ve = €, (0XF + 2ik- ) X o T, k2 =0,(k=0 (2.3)
where X is the external U(/V) matrix. The internal CP factor for the above amplitude is

Tr (0902) = 2. To perform the correlators, one needs the propagators for the world-sheet
fields, i.e.,

(XH(2) X" (w)) = = log(z —w),
(W ()" (w)) = =" (2 —w) ™",
(9(2)p(w)) = —log(z —w) . (2.4)

Performing the correlators and using the on-shell conditions, one finds that the integrand
is 2@'1{:1-53:1_21%_31%_31 for both 123 and 132 orderings. It is SL(2, R) invariant. Removing the
volume of the SL(2, R) group which amounts to multiplying the amplitude by |z12213223],
one finds that for 123 ordering the amplitude is 2ik1-€ and for 132 ordering it is —2ik1<€, i.e.,

A ~ 2iky-§ (Tr (M A2Az) — Tr (MA3)2)) (2.5)

which is symmetric under interchanging the two tachyons. Another choice for the vertex
operators is (V2(z2)V2(z2)V 1 *(z3)) where V2 = e72¢V]. In this case also the internal

1'We have set o’ = 2 in the string theory side.



CP factor is Tr (o101) = 2. After performing the correlators, one finds that the integrand
is exactly as before, i.e., 2ik; -fa:l_zla:l_glxggl for both 123 and 132 orderings. So the final
result is the same as above. For another choice of the pictures, the amplitude is given by

A~ ) daydradas Tr (Vi (a0) Vi (z2) Vi (23)) (2.6)

non—cyclic

where the vertex operators are

VR = 2ik-1pe?* X\ @ o
Vil = gute P X\ @ oy (2.7)

Performing the correlators and using the on-shell conditions, one finds that the integrand
is 2tk -§x1_21x1_31x2_31 for 123 ordering where a:2_31 is coming from fermion correlator, and it
is 2ik1-§x1_21x1_31x§21 for 132 ordering. This time xg; is coming from the fermion correlator.
Note that in 132 ordering z3 < x5 and in 123 ordering zo < z3. Fixing the SL(2, R)

symmetry as before, one finds
A~ 2ik‘1 f (TI‘ ()\1)\2)\3)Tr (0'20'10'3) + Tr ()\1)\3)\2)TI‘ (0'20'30'1)) (28)

Obviously, without considering the internal CP factors, the two amplitudes are not the
same. Using the fact that o109 = —09071, the two amplitudes are identical when considering
the CP factors. This S-matrix element is consistent with the coupling Tr (D, T D*T). Using
the fact that the effective field theory of non-BPS D-branes should be reduced to the field
theory of BPS D-branes when tachyon is set to zero, and the fact that there is no internal
CP factor for the field theory of BPS D-branes, one realizes that the gauge field in the
effective field theory of non-BPS D-branes must carry identity matrix. So in the coupling
Tr (D,TD*T) the gauge field carries identity matrix and tachyons carry internal matrix
09 Or 07.

2.1 S-matrix element of four tachyons

The S-matrix element of four tachyons in which two of them are in 0 picture and the other
two are in -1 picture are given by one of the following amplitudes:

Ag ~ Z drydredrsdrsTr (Vi (o) Vi Hae) VR (23)VE (24))

non—cyclic

.At ~ Z /dxlda:gdxgdngr <VT_1(a;l)VQQ(xg)VQQ(xg)VT_l(u»

non—cyclic
Ay~ > daydzydaesdesTr (Vi (1) VR (22) Vi Has) VR (24))
non—cyclic
where the indexes s, t,u stand for the Mandelstam variables which are
s = —(k‘l —l—k‘g)z ,

t = —(ko+ ks)?
u = —(k‘l —l—k‘g)z .



and satisfy the constraint
s+t4+u=-1. (2.9)

Before performing the correlators, let us see how much we know about the amplitude. Each
of the above amplitudes has pole in s, ¢t and u channels. Using the observation that the
gauge field in the effective field theory must have identity internal matrix, one realizes that
As, Az, A, should have massless pole only in s-channel, t-channel, u-channel, respectively.
This is consistent with the above constraint which indicates that one can not send all
the Mandelstam variables to zero. So s,t,u channels of effective field theory should be
corresponding to the following expansions:

s — channel : lim As
s—0,t,u——1/2
t — channel : lim Ay (2.10)

t—0,s,u——1/2
1 — channel : lim Ay
u—0,s,t——1/2
From the field theory point of view, we know that the S-matrix element of four tachyons
must have massless pole in all channels. So the correct S-matrix element should be the
sum of the three amplitudes, i.e., As + A; + A,.

The S-matrix element of four tachyons can also be given by the following:

A~ Y daydzodarsdrsTr (V2 (1) VR (22) Vi (23) Vi 2 (24))

non—cyclic

In this case the amplitude can have massless pole in all s,t,u channels. However, the
constraint (£.9) does not allow us to send s, ¢, u to zero at the same time. So s,t,u channels
of effective field theory in this case should be corresponding to the following expansions:

s — channel : lim A
s—0,t,u——1/2
t — channel : lim A (2.11)

t—0,s,u——1/2

u — channel : lim A
u—0,s,t——1/2

To have massless pole in all channels, one has to consider the sum of the above expansions,
Le., limg g ¢y 120 A+ 1limy g s y1p A+ 1My 5120 A

Now let us perform the correlators in the amplitudes. Performing the correlators,
one finds that the integrand is SL(2, R) invariant. Removing this symmetry by fixing
1 =0, z3 =1, x4 = oo for 1234 ordering, 1 = 0, x4 = 1, x3 = oo for 1243 ordering and
so on, one finds

As ~ k-ko (ASF(‘Qt)F(‘l —25) 5 D1 =29)0(=20) W)

I'(—1—2t—2s) *T(—1—2s—2u) (=2t — 2u)



The coefficients Ay, By, Cy are

1

AS = Z (TI" ()\1/\2/\3)\4)T1“ (02020‘10‘1) —I—TI" (/\1)\4/\3/\2)T1“ (02010‘102)) s
1

BS = Z (TI" ()\1/\3/\4)\2)T1“ (02010'10'2) —I—TI" (/\1)\2/\4/\3)T1“ (02020'101)) s
1
4

( Tr ()\1)\4)\2)\3)TI‘ (0'20'10'20'1) + Tr ()\1)\3)\2)\4)TI‘ (0'20'10'20'1)) .

Using the identity 4k1-ks = —1 — 25, one can write the amplitude as

I'(—2s)I(—2t)
I(—1—2s—21)

g, LE2INE20) o T2, gy

As ~ As T(—1—2s—2u) °“T(—1—2t—2u)

Performing the trace over the internal CP matrices, one can easily observes that the am-
plitude is symmetric under interchanging the tachyons. However, the expansion s —
0, (t,u) — —1/2 is symmetric only under 1 <> 2 and 3 < 4.

Similarly, for the amplitudes A, and A;, one finds

T(—2s)0(—2t) D(=20)0(=2s) ., D(=2u)l(-2)

Au _A“F(—l “os o) T Tl = 20— 2s) T T (=T = 20— 28)
I(—26)(—2s) I'(—2s)0(—2u) [(—26)T(—2u)
A AtF(—l — 2t —2s) Btl“(—l “os—2u) | Ctl“(—l — 2t — 2u) (2.13)
where
1
Au = Z ( Ty ()\1)\2)\3)\4)TI‘ (0'20'10'20'1) + Tr ()\1)\4)\3)\2)TI‘ (0'20'10'20'1)) s
1
Bu = Z ( Tr ()\1/\3/\4)\2)T1“ (02020'10'1) + Tr ()\1)\2/\4/\3)T1“ (02010'102)) s
1
Cu = Z ( Tr ()\1/\4/\2)\3)T1“ (02010'10'2) + Tr ()\1)\3/\2/\4)T1“ (02020'101)) .
1
At = Z ( Tr ()\1/\2/\3)\4)T1“ (02010‘10‘2) -+ Tr ()\1)\4/\3/\2)T1“ (02020‘101)) s
1
Bt = Z ( Tr ()\1/\3/\4)\2)T1“ (02010‘20‘1) -+ Tr ()\1)\2/\4/\3)T1“ (02010‘201)) s
1
Ct = Z ( Tr ()\1/\4/\2)\3)T1“ (02020‘10‘1) -+ Tr ()\1)\3/\2/\4)T1“ (02010‘102)) .

The above amplitudes, without considering the internal CP factors, have been found in [RZ].
Performing the internal CP factors, one observes that the above amplitudes are symmetric
under interchanging the tachyons. However, the expansion ¢ — 0, (s,u) — —1/2 for A,
is symmetric only under 2 «+» 3 and 1 «» 4. Similarly for 4,. However, the combination
As + Ay + A, with the expansion (R.1()) is symmetric under interchanging the tachyons.
For the amplitude .4, one finds the integrand for 1234 ordering to be
|x12|4k1~k2|$13|4k1-k3|x14|4k1~k4|$23|4k2-k2|x24|4k2-k4|$34|4k3~k4
x ((4ky ko) P2y w3y — (4 ks)?ais o) + (ko ks)?wiagy ) (2.14)



where the second line is the world sheet fermion correlator. Fixing x1 =0, x3 =1, 14 = o0,
one finds the integral to be I'(—2¢)I"(—2s) /T'(—1—2t—2s). Similarly for the other orderings.
The final result is

Ao T e O
where
o= % (Tr (MA2Ashy) + Tr ()\1)\4)\3)\2)> :
B = % <Tr(/\1>\3/\4/\2) +Tr (M Aodads))
v = % <Tr(/\1>\4/\2/\3) +Tr (A1A3A2A4)> : (2.16)

Note that the internal CP factor of amplitude A is Tr (07010101) = 2 for any ordering of
the vertex operators. The above amplitude is symmetric under interchanging the tachyons.

Using the identities o109 = —0o909 and Tr (01010202) = 2, one can easily check that
As = A, = A, = A, as expected. This indicates that the expansion (R.11]) is the only
possible expansion for A, because the only expansion for, say, A; is (B.10). Comparing the
amplitudes A+ .4, +A; in which the trace over the internal CP matrices does not perform,
with the S-matrix element of four transverse scalars, one realizes that the expansion (2.10)
is very similar to the low energy expansion of the S-matrix element of four scalars [J].
Whereas the expansion (2.I1)) in which there is no CP factor is not similar to the low
energy expansion of the scalar amplitude. This observation has been used in [[L1] to write
the four tachyon couplings in the non-abelian tachyon DBI form in which the tachyons
carry internal CP matrices, e.g., for abelian case, it is

T o 1
Lpgr = —EPSTY (V(TZTZ)\/l + §[T17T9][T]7TZ] (2.17)

X \/— det(nep + 2w Fyp + 27’ 0, THQ 1)1 9, T9) >

where
Q" = 89 —i[1", 1]

The superscripts i,j = 1,2 and there is no sum over them. In above, T' = To; and
T? = Toy. After expanding the square roots, one should choose two of the tachyons to be
T? and the others to be T, and then performs the symmetric trace which is symmetric
between 0,1, [T?,T’] and the individual T* of the tachyon potential. This simplifies the
first square root to be 1+ [T, T?][T?,T']/4. For the first terms, the CP matrix of tachyon
in the rest is o7 and/or o9. For the second terms, on the other hand, the internal CP matrix
of all other terms is o1 because the two o3’s appear in [T, T?|[T?,T']/4. For example,
for these terms Q% = 6. Around the stable point of the tachyon potential, T — oo, one
can approximate 1+ [T, T?[T?,T']/4 ~ [T, T?|[T?, T /4. Hence, one can approximate



the action (R.17) with the usual tachyon DBI action in which the tachyon potential is
TV (T?). The expansion of V(TT) up to forth order of tachyon is consistent with e=™1/2
so as T — oo, the potential T4V (T?) — 0, as expected in the tachyon condensation of a
non-BPS D-brane.

Having found that the S-matrix elements in different pictures are identical when the
internal CP factors are included, we now turn to the calculation of the S-matrix elements
involving tachyon and fermion.

3. The WUT?+! amplitude

The three point coupling between two Ramond vertex operators and one gauge field vertex
operator in the world volume of BPS D-brane is given by [RJ]

ATV gt e, (T Oudads) — T (o)) .

where u?

is (commuting) 10-dimensional Majorana-Weyl wave function. In non-BPS D-
brane case also the coupling is given by the above amplitude. To fix our notation and specify
the internal CP matrix of the Ramond vertex operators, we calculate this amplitude here

again. The amplitude is given at the world-sheet level by the following correlation function:

AVA LY / drydeadis T (VD @)V @)V V(as)) (3.2)

non—cyclic
The internal CP matrix of the Ramond vertex operators should be defined as

V\I(l_l/z) = e 25, 2 X\ @ oy

Vg P = ute 284 2 XN 1 (3.3)

to give non-zero result for the above amplitude. The above internal matrices are consistent
with the internal CP matrix of the RR vertex operator in (—1/2,—1/2) picture which is
o3. The internal CP factor of the above amplitude is Tr (o303) = 1 for any ordering of the
open string vertex operators. The amplitude (B.]) has been found in [RI] by considering
123 and 213 orderings. We would like to consider 123 and 132 orderings here. For 123
ordering one needs the following correlators [R1]:

1 1 1

(Y")aB 34 -1/2,-1/2

T T
12 1 2

The integrand is then proportional to :171_21:171_31x2_31. For 132 ordering the integrand should

(: Sa(z1) : Sp(xe) : WH(x3):) =

be the same which fixes the following correlators:

(: e~ 29(®1) ; ¢=0(xs) :e_%¢($2)> I Pt P

(- Salar) : Ui(as) : Sp(as) 3) = ”3;3@5/%;;/ 2a5 (3.4)



Fixing the SL(2, R) symmetry as in (R.9), one finds (B.1)). This amplitude is antisymmetric
under interchanging 1 « 2. This minus sign cancels the minus sign from permutation of
two fermions. So the amplitude 1234132 and 213+231 are equal. That is why one consid-
ers only non-cyclic ordering of the vertex operators in the amplitude.? The amplitude (B.1)
is consistent with the non-abelian kinetic term of fermion, i.e., Tr (¥T*D, V). Using the
observation that the S-matrix elements are independent of the pictures of the vertex op-
erators when the internal CP factors are included, we note that the amplitude (B.) is
the S-matrix element of <V\I(/1/ 2) (xl)V\I(,_l/ 2) (22)V;(x3)) in which all vertex operators have
identity CP matrix. So there is no internal CP matrix for Tr (WI'* D, W), as expected, since
this coupling appears in BPS D-brane case as well.

The S-matrix element of two fermions and odd number of tachyons is given by
AT [ T VD )V VD VR Vi)

The spin operator in the S-matrix element makes the correlation function of the world
sheet fermion to be non-zero. However, the internal CP factor is zero for any ordering of
the vertex operators, hence,

AVETT T — g (3.5)

So there is no coupling between fermion and odd number of tachyons in the world volume
of non-BPS D-breane/D-brane-anti-D-brane.

4. The UVUT? amplitude

The S-matrix element of two fermions and two tachyons is given by
AVETT / dry - daegTe (Vi P @)V VP @)V (a3) VR (24))

Performing the X“(x) correlation function using the corresponding world-sheet propaga-
tor (2.4) and using the correlators in the previous section, one finds that the integrand is
proportional to

1 1 1 1

19|12 | RS 1 g [T g | R g | 2 R g | R R s 2y Pt P (4.1)
for any ordering. It has the SL(2, R) symmetry. Gauging away this symmetry by fixing
x1 =0,23 = 1,24 = oo for 1234 ordering, one finds

[(—26)0(~2s)

1234
A I(—2t — 2s)

~ —ﬂ’fx’yfiBUQBkzlu Tr ()\1)\2)\3)\4)TI‘ (0'30'20'1) (4.2)
The Mandelstam variables satisfy the on-shell condition

1
S—I—t—l—u:—§ (4.3)

2 Alternatively, one may consider the wave function u? to be anti-commuting. In this case there is no
extra minus sign when permuting two fermion vertex operators in (E)



For 1243 ordering, we fix the SL(2, R) symmetry by fixing x; = 0,24 = 1,23 = oc.
The amplitude becomes

I(—=2s)I'(—2u)

1243
A I'(—2s — 2u)

~ —ﬂfvfxBuQquu Tr (/\1)\2)\4/\3)T1" (030‘10‘2) (4.4)

For 1324 ordering, we fix the SL(2, R) symmetry by fixing 1 = 0,29 = 1,24 = 0.
The amplitude becomes

I'(—2u)0(—2t)

Tr (A1 A3 2A4) T 4.
(_%_%)1(1324)N@@m) (4.5)

A il B,
Similarly for the other three orderings. The final result is
~A
A ~ @iyl gub kg, x

<W (Tr (M A2AsAg)Tr (030201) — Tr (A AgA3A2)Tr (030102))

[(—2t — 2s)
% (Tr (M A2AA3) Tr (030102) — Tr (M AsA4A2) Tr (030901))
'£¥i%%g%:§25¥2(TY(A1A3A2A4)TT(U3U2U1)+—TY(A1A4A2A3)TY(030103))>

One can easily check that for the choice <V\I(/_1/2) (:El)V\I(,_l/z) (ajg)V}O) (z3)Vy ' (24))) the
result is exactly the same as above. The amplitude is hermitian, it is symmetric under
interchanging 3 <+ 4 and antisymmetric under 1 < 2, as expected. Note that if one does
not include the internal CP factors in ({.§), the amplitude would not satisfy any of these
symmetries. Performing the trace over the internal CP matrices, one finds

I(—2t)I'(—2u) L(—=2t)I'(-2s) . F(—2u)F(—2s)> (4.6)

~ —A_ 1 Bk? _
A~ afh gug kay <a T2t —2u) P T2—25) " T(—2u—2s)

where a, 3 are given in (P.16) and
1
n= §(T}(A1A3A2A4)—-TT(A1A4A2A3D (4.7)

Using the observation that the S-matrix element in different pictures should be identical
when internal CP factors are included, one finds that the above amplitude should be
the result of the S-matrix element (V\I(jlﬂ) (xl)V\I(,_l/m (azg)ng_l)(xg)VT_l(u)» in which the
fermions carry identity matrix and tachyons carry 3. So the coupling in field theory should
have no CP factor, as Tr (0209) = 1.

Now to find the field theory couplings from the above amplitude, one should first
expand this amplitude. The amplitude has massless poles in all channels. However, the
on-shell constraint (fl.3) does not allow us to send all s,¢,u to zero. On the other hand,
the massless pole in s- and u-channels would be reproduce by the WWT coupling which
we have shown that string theory does not produce it. Hence, one must consider the
following expansion:

1
s — 0, t,u — ~2 (4.8)

— 10 —



in terms of momenta, the expansion is
k1-ko,k1-k3, ko-ks — 0O (4.9)

which is a momentum expansion.
Following [P4], to expand the amplitude ([.6), we rewrite it as

A~ puBky, (4.10)
I'(2u +2¢)[(3 —2t) ﬁF(2u’ +20)0(3 —2u/)  T(5—2¢)T(5 —2u))
— (3
T 2w T(L+2t) T - 2t - 2u)

where t' = t + 1/4 = —2ko-ks and v/ = u + 1/4 = —2k;-ks. In terms of these new
Mandelstam variables, the constraint (l.3) becomes

s+t +u =0 (4.11)

Expanding the gamma functions, one finds

_ B a— (0
AVETT _ gdn By (——23 . (4.12)

oo
+ Z [amm(at/nu/m o ﬁu/nt/m) + inbmm(t/nu/m + u/nt/m)] >

n,m=0

The coefficient by, ,, is symmetric. Some of the coefficients a,, ,, and by, ., are

ap,0 = 2111(2),
2
aio = 2% -+ 4111(2)2,
7.(.2
a1 = =5+ 41n(2)?, (4.13)
16 872
azo = 8(3) + — n(2)" + =~ In(2),
16 472
a0z = 8C(3) + In(2)3 — % In(2),
32 472

ain = ~12((3) + = In(2)° + % In(2), ---

™
boo = 5
1)170 = 4r ln(2),

2
bay = ?ﬂ( > +12In(2)?),

2
by = g(—# +241n(2)?),

8T, o 3
bso = ?(77 In(2) + 41n(2)® + 6¢(3)),

by1 = 8%(12111(2)3 —3¢(3)),- -
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The constant ¢ in (4.19) is a normalization constant which can be fixed by comparing the
massless pole with the Feynman amplitude in effective action. The massless pole should
be reproduced by the following non-abelian kinetic terms:

2 / 2 N2 2 / _
T Tr ( 7720‘ D,TD°T — %Fabﬂm . %mrmm) (4.14)

The Feynman amplitude is given by
VO (0T A) GO (A) VO (ATSTY)
The vertexes and propagator are

VO ATSTY) = Tp(2miad)(k§ — k§) (Tr (AaAsA) — Tr (AsAaA"))
V(U W A) = Ty(2ma )iy pud’ (Tr (AdeX’) — Tr (AeA1 M)
iéabéij

ab,ij .
GE(A) = (2ma!)?Tys

This fixes ¢ = 8T),.
The contact terms with coefficients agp and bgo are reproduced by the
following couplings:

o/ T, Tr ( a0,0 (T UTD,T — Uy WD, TT) + ibg o (I*TUD,T — \Iw“DaT\IIT)) (4.15)

It is hermitian and for abelian case it is zero. Note that the above couplings are the same
order as the kinetic terms (f.14). One may try to extend this amplitude to order (o/)1F7+m
along the line of [P4] in general non-abelian case. We are here interested only in the abelian
couplings. The amplitude (.12) becomes

AVIET = Cﬂﬁi}gufhu ((al,o —ap1)(u — ')+ 0(0/2))
The coupling corresponding to the above amplitude is

0/26((11,0 — a(],l)

1 Ty 0P 00, TOT = 212> T, 00"V, T, T (4.16)

Now consider the action ([.3) in which the fields are normalized to have the same normal-
ization as the kinetic terms (f.19), i.e.,

—— —det(na + 2ma’ Fyy — 210/ Uy,0,¥ + m2a/2WyH0, WUy, 0, ¥ + 20’ 0, T0),
I=T,V d 2w F, 2ma/ Uy,0, ¥ 2027 a\II\I’Ma\II 2w 0, T Oy T

Expansing the above action, one finds ezactly the on-shell two-fermion-two tachyon cou-
plings in (f.16) including its coefficient. The above action is also consistent with the
amplitude (B.§). It would be interesting to extend the above amplitude to non-abelian
case such that it produces the non-abelian couplings of the string theory S-matrix ele-
ments. Using the numbers ago = 2In(2) and by = 7/2, one observes that the non-abelian
couplings (.15) at order o/ is not given by the symmetric trace of natural non-abelian

extension of the above Lagrangian.
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