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It is known that the sphere-level S-matrix element of four type II superstrings has one kinematic factor.
At the low energy limit, this factor produces the kinematic factor of the corresponding Feynman amplitudes
in the supergravity. It also produces higher-derivative couplings of four strings. In this paper, we explicitly
calculate the kinematic factor of four Ramond-Ramond (RR) states in the supergravity. Using this factor,
we then find the eight-derivative P-even and P-odd couplings of four RR fields, including the self-dual RR
five-form field strength. We show that the P-even couplings are mapped to the standard R* couplings by
linear T-duality and S-duality transformations. We also confirm the P-even couplings with direct

calculations in type II superstring theories.
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I. INTRODUCTION

Superstring theories at the low energy limit are described
appropriately by supergravities which include only the
massless modes and their interactions at the two-derivative
level. These theories inherit many symmetries of the
superstring theories such as string dualities [1-4]. For
many purposes, it is enough to use only these effective
theories, but there are situations for which one must go
beyond the lowest order terms in the effective actions. The
higher order terms must be corrections in @ and in the
string coupling constant g,. The main challenge thus is to
implement the symmetries of the superstring theories
to find an effective action that incorporates all such
corrections, including nonperturbative effects [5].

Subleading terms in type II effective actions start at the
eight-derivative level and were first calculated at the tree
level from four-graviton scattering [6,7] as well as from the
o-model beta function [8—13]. They take the following
form at tree level in the string frame:

y _ 1
S> 3.27K2/d10xe 20\ -G <t8t8R4 +Z€8€8R4>’ (1)

3 . . . . .
where y = « 2§5<3) and fg is a tensor which is antisymmetric

within a pair of indices and is symmetric under the
exchange of the pair of indices. The above expression,
however, cannot be complete, as supersymmetry will
necessarily bring in additional higher order terms built
from the other fields in the supergravity multiplet. This
includes the B-field and dilaton in the Neveu-Schwarz
Neveu-Schwarz (NSNS) sector, the n-form field strengths in
the Ramond-Ramond (RR) sector, and their corresponding
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fermionic superpartners. It would be desirable to obtain a
supersymmetric invariant action at the eight-derivative level
which is the completion of the above terms [14-20].

The bosonic couplings in the effective action (1) may also
be found by constraining it to be consistent with the string
dualities [20-25]. The couplings at weak field level, i.e.,
four-field couplings, may also be found more directly from
the corresponding scattering amplitude of four vertex
operators. They must be also consistent with linear
string dualities. The sphere-level scattering amplitude of
four strings has the following structure in the Einstein
frame [6,7]:

A
- < [(—e=%0/25/8)[(—e~%0/2t/8)T'(—e~"/2u/8B) >
S \L(1 e /25 /8)T(1+e~%/2t/8)T (1 +e %/ ?u/8) )

(2)

where /C is the kinematic factor that depends on external
states; ¢ is the constant dilaton background; and s, z, u are
the Mandelstam variables.' The low energy expansion of the
Gamma functions is

[(—e=?/25/8)[(—e~%0/2t/8)T'(—e~%/?u/8)
(1 + e=?/25/8)T(1 + e=%/2t/8)[(1 + e~%/2u/8B)
29 p30/2

= 7—25(3)4"'" (3)

where dots refer to higher order contact terms. Thus, the
kinematic factor plays two roles. It produces the Feynman
amplitude of four massless strings in the supergravity [26].

'The relation between the Einstein frame metric and the string
frame metric is G%, = ¢7%/2G3,.
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On the other hand, it produces the couplings of four strings at
order o [6,7].

The kinematic factor of RR states involves various traces
over the ten-dimensional gamma matrices. Performing
the traces, one expects that the amplitudes at the two-
momentum level are reproduced by the corresponding
Feynman amplitudes in the supergravity, and at the
eight-momentum level, they reproduce the eight-derivative
couplings in the action (1). Such a calculation for the
scattering amplitude of two RR and two NSNS states has
been done explicitly in Ref. [27]. It has been shown that the
couplings at the eight-derivative level are related to four
NSNS couplings found in Refs. [6,7,28] through the linear
T-duality and S-duality [27].

In this paper, we are interested in the couplings of four
RR fields in the effective action (1), including the RR five-
form field strength which must be self-dual. We use the
above double roles of the kinematic factor. That is, we
first calculate the kinematic factor of four RR states in the
type II supergravities, and then we use it to find the
couplings of four RR states at order . The standard
type 1IB supergravity, however, is off by the fact that it does
not include the self-duality of the RR five-form field
strength. The self-duality must be imposed by hand on
the equations of motion [29]. In this paper, we impose the
self-duality of the RR five-form field strength by hand in
the scattering amplitudes. The couplings we have found
then have P-even and P-odd parts. We will confirm the
P-even couplings by demonstrating that they are related to
four NSNS couplings [6,7,28] through the linear T-duality
and S-duality transformations. We will also confirm them
by direct comparison with the kinematic factor in the type II
superstring theories.

The paper is arranged as follows. In Sec. II, we use the
type II supergravities to calculate various scattering ampli-
tudes of four RR states and find their corresponding
kinematic factors. We then transform these factors to
spacetime and find various couplings of four RR field
strengths at order o>, After imposing the self-duality on the
RR five-form field strength, we find all P-even and P-odd
couplings. In Sec. III, the S-duality and T-duality have been
used as guiding principles to find the P-even couplings of
four RR field strengths from the sphere-level couplings of
four NSNS states. We find exact agreement with the P-even
part of the above couplings. In Sec. IV, we confirm the
P-even couplings directly in type II superstring theories by
performing the traces in the corresponding kinematic factor
of the S-matrix element of four RR vertex operators in the
RNS and in the Pure spinor formalisms.

II. FIELD THEORY AMPLITUDE

In this section, we are going to calculate the S-matrix
elements of four RR fields in supergravity. These ampli-
tudes have the following structure in the Einstein frame:
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1
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A

where K, I, and K, are the field-theory kinematic factors
in the s-, #-, and u-channels, respectively. The Mandelstam
variables are defined as s = —4d’k; - ky, u = —4d’'k; - ks,
t = —4d'k, - k3, and they satisfy the on-shell condition
s +t+ u = 0. Comparing this amplitude with the leading
term of the string-theory amplitude (2), one finds the
following relation between the field-theory and the
string-theory kinematic factors:

K = =272e7300/2(tulC; + sulC, + stiC,). (5)

Multiplying this factor by —2¢(3) and transforming it to the
spacetime, one then finds the couplings of four RR fields at
order o

The type II supergravities describe interactions of
massless fields of type II superstring theories at the two-
derivative level. The type IIA supergravity in the Einstein
frame is given as (see, e.g., Ref. [30])

. (o .
Sia = 22 d"xv-G <R N Eaﬂq)aﬂq) "2 “IHP
1 —n T 1
- ZeST®|F('1)|2) - / BAACIAdCO),
n=2,4

(6)

where R is the scalar curvature, ® is the dilaton field, and
H is the B-field strength H = dB. The RR field strengths
are F? =dc® and FY = dc® — HACO. The above
action is the reduction of 11-dimensional supergravity on
manifold R' x S'.

Unlike the type IIA supergravity, there is a challenging
feature in type IIB supergravity which is the self-duality of
the five-form field strength. It is hard to formulate the
action in a manifestly covariant form. One way to find the
action is to first construct the supersymmetric equations of
motion and then to write down an action that reproduces
those equations when the self-duality condition is imposed
by hand. The type IIB supergravity in the Einstein frame is
given as (see, e.g., Ref. [30])

1 1 1
Sup = 22 d"xv-G (R - Eaﬂq)@”@ -3¢ * H|?
1 g 1
e 3 F<n>|z> - / HAACO ACH),
n=1,35

(7)

where a =1 for n = 1,3 and a =2 for n = 5. The RR

field strengths in this case are F = dC(()),

FO = dc® — HCO), and
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FO) — qc® — % COAH + %B/\dc(z). (8)

The self-duality condition that must be imposed in the
equations of motion by hand is

FO) = «F0), 9)

We will show that without the above self-duality condition
the action (7) does not reproduce correctly the S-matrix
element of string theory at low energy. However, imposing
this constraint by hand on the S-matrix elements, we will
find the consistency between field-theory and string-theory
S-matrix elements.

Using the above supergravity actions, one can read
various vertices and propagators and accordingly calculate
the Feynman amplitude of four RR states. For this purpose,
we assume the massless fields are small perturbations
around the flat background, i.e.,

G = M + 2Khy,,; B®) = 2xp?);
D = ¢ + V2xg. (10)

The explicit form of the propagators and the vertices that
we need in this paper appears in the Appendix. The external
states satisfy the on-shell relations k> =0 and k-e=0
where e“1#2 is the polarization of external RR states.
Therefore, the couplings that we will find does not
contain 0, FH#,

A. OFMQF™ dF ™ 9F ™) couplings

There are five types of couplings in this section, i.e.,
n=1,2,3,4,5. When the four RR forms have the same
rank, the actions (6) and (7) dictate that for the cases
n = 1,2, 3 the Feynman amplitude in the s-channel is given
by the following expression:

Ay = [VF(I")F;")h]MV[Gh]ﬂu,Ap[Vth")Fi’”]/lp

+ VF?”)F;”)qSGl/'Vq&Fg”)FE‘")’ (11)
where the vertices and propagators are given in the
Appendix. The amplitude in the wu-channel is the same
as A; in which the particle labels of the RR fields are
interchanged, i.e., A, = A;(2 <> 3). Similarly, the ampli-
tude in the r-channel is the same as A, in which the particle
labels of the external RR fields are interchanged,
ie, A, =A,3 < 4).

Replacing the vertices and propagators in (11), one can
calculate the string-theory kinematic factor (5). To convert
this factor to the couplings in the form of (OF)*, we use the
conservation of momentum, Z?:] k; = 0, and the on-shell
relations on the external states to write the multiples of two
Mandelstam variables which appear in (5) as
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st = 8a2(ky - ksky - ky — ky - koks - kg — ky - kaks - k3),
su=8a2(ky - kyky - ks — ky - koks - ky — ky - kaky - ky).
tu = 8a2(ky - koks - ky — ky - ksks - ky — ky - kyky - k3).

(12)

where on the right-hand side each label appears once in
each term. With the assistance of a field-theory inspired
package for Mathematica, “xTras” [31], as well as a
symbolic computer algebra system for field-theory prob-
lems known as “Cadabra” [32,33], we find the following
couplings for n = 1,2,3 in the Einstein frame?:

o3e5h/2
29k?
o3e3%0/2

T olna
—2F o Fup fFcafFeae + FapeFapoFeafFeay]

aj3e¢0/2
= _m [18Fabc,ngcd,hFaef,hFdef,g

K=- [6Fa,ch,dFa,ch,d - Fa,ch,dFawa,d]

[8F ap e Fe pFaafFeae

- ZFabc.gFabc,hFdef.hFdef.g
+ 1SFabc.ngcd.hFaef.ngef,h

= 18F spe yFvea gF ey nFaer.n
+ Fabc.gFahc,ngef,hFdef,h]' (13)

The antisymmetric properties of the RR field strengths
have been taken into account to simplify the kinematic
factors in above form. However, multiterm symmetry, i.e.,
the Bianchi identity for the RR field strength, dF = 0,
which relates a sum of terms with different index distri-
bution, has not yet been taken into account. This identity
reduces the number of couplings to the minimal number.

To do this last step, we use the following algorithm. The
general structure of each coupling in the momentum space
contains four RR field strengths that each carry one
momentum index. We first write it in terms of independent
variables. This can be done by writing the RR field
strengths in terms of RR potentials and using the con-
servation of momentum and the on-shell relations to rewrite
the coupling in terms of independent variables, i.e., writing
k4 :—k3—k2—k1 and k3‘€4:—k1 ‘84—k2'€4. This
imposes all symmetries, including the Bianchi identity.
Then, we consider all possible contractions of four RR field
strengths with unknown coefficients and rewrite them in
terms of independent variables. By comparing these two
results, one finds some algebraic equations between the
unknown coefficients which can be solved to find the
coefficients.

*All contracted indices have been written as subscripts for
easier readability.
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To find the minimum number of couplings, we set all
unknown coefficients to zero except one of them and solve
the equations. If there is a solution, then the coefficient of
the minimum terms, which is 1 in this case, would be
found. Otherwise, we have to repeat this procedure by
setting all coefficients to zero except two of them. If there is
a solution, then the coefficient of the minimum terms,
which is 2 in this case, would be found. We continue this
approach to find the minimal number of couplings.

Performing this calculation for the couplings (13), we
simplify them to the following couplings in the string
frame:

o) #/ dloxe2¢0\/z|:2Fa,bFa,bFC’ch'd

+2Fad,eFab,cFCf~dFef,b +2Fad~eFab~cFCf,bFef~d

1
_EFab,dFab,cFef,dFef,c + Faef.dFabc,deeg,hFcfh,g

+Fabe,fFabc,chfg,hFdeg,h +Fabe,fFabC,chgh,ength .
(14)

While the above algorithm reduces the number of terms for
n = 1,3, it does not reduce the three couplings in the case
of n = 2. However, the index distribution is changed. It
means there are at least two different index distributions for
the three terms that are identical up to the Bianchi identity.
Note that to find the standard sphere-level dilaton factor
e % in the string frame one has to normalize the RR
potential C with e?0C. The normalization of the RR fields
in the above action is consistent with the supergravities (6)
and (7).

For the n = 4 case, there is another contribution to the
scattering amplitude in the s-channel which is coming from
the Chern—Simons term in (6). The Feynman amplitude in
this case is given as

As = [VF(14)F(24) ]/w[éh]yuﬂp[‘7;,]:24)Fi4)]lp

+ 4>¢/G¢V(/;F

V P
+ [VeIOFEA)FZ ] [Gb]ﬂl/ ﬂ/}[ bF )F( 0] r
The amplitude in the first line is the same as the amplitude

(11). The term in the second line has two Levi-Civita
|

Y
21132 5,2
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tensors which can be replaced by the generalized
Kronecker delta according to the following expression:

€m1"'m"€n]mnd = _5[nlmln_5nd]md. (15)
The massless pole in the u-channel is the same as A in
which the particle labels of the external RR fields are
interchanged, i.e., A, = A((2 <> 3). Similarly, the massless
pole in the 7-channel is the same as A, in which the particle
labels of the external RR fields are interchanged,
ie, A, =A,3 <« 4).

Replacing the vertices and propagators in above ampli-
tude, one can evaluate the kinematic factor K. Using the
antisymmetry property of the RR field strength, we
simplify the result to the following couplings in the string
frame:

) —ﬁ / dOxe2h /=G

X [72Fubfg,eFubcd,chdrl,thgrt,h
- 36Fabfg.rFabcd.chdth,rngth,e
- 64Fabcf,gFabcd,eFdrth,eFfrth,g

- Fabcd,eFabcd,engrt,thgrt,h
+ 6Fabcd,fFabcd.eFgrth.ngrth.e]' (16)

In this case, we have tried to use the Bianchi identity to
reduce the number of terms. However, we could not reduce
the number to less than five terms. So the above terms are
the minimum number of terms for the couplings with the
structure (OF®*))*,

For n =15 case, the supergravity action (7) dictates
that there is only one contribution to the scattering
amplitude in the s-channel. The Feynman amplitude in
this case is given as

As = [VF(]5) (ﬂh]ﬂy[Gh]ﬂylp[V 4 ]Ap

The massless pole in the u-channel is the same as A; in
which the particle labels of the external RR fields are
interchanged, i.e., A, = A;(2 <> 3). Similarly, the massless
pole in the 7-channel is the same as A, in which the particle
labels of the external RR fields are interchanged, i.e.,
A, = A,(3 < 4). These amplitudes produce the following
coupling in the string frame:

/dloxe v _G[ abcde, kFabcde lFf(}hl] kaghljl + Fabcde kFabcde lnghlJ kaghul

- Fabcde,kFabcde,kaghij.lnghij.l + 1OFabcde,fFabcdg,fFehijk,lthijk.l

- 1OFabcde.fFabcngzFeijkl,thijkl,f - 1OFabcdeﬁfFabcdg,hFeijkl,ngijliJ’ (17)
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which are only P-even couplings. We have compared
them with the corresponding scattering amplitude of four
RR vertex operators in string theory and found disagree-
ment. This indicates that the type IIB supergravity does
not correctly describe the couplings of the RR five-form
field strength. However, the supergravity (7) is expected
to describe only the self-dual part of the RR five-form
field strength after imposing the self-duality by hand.
Therefore, we expect the above couplings to be physical
only after imposing the following transformation by
hand:

4

§2 335

+ 180Fbcdef.anghij~achghl,kFefijl,k
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1

Then the couplings (17) are expected to be consistent
with the o terms of the corresponding string-theory
scattering amplitude.

We impose the above self-duality in the couplings (17)
and use the identity (15) to rewrite the even number of Levi-
Civitda tensors in terms of the metric and the odd number of
Levi-Civitda tensors in terms of one Levi-Civitda tensor.
Using Cadabra [32,33], we have found the following result:

/dloxe v _G[24O(Fbcdef ancdef thljkl thzjklg

- 360Fbcdef,aFbcghi,aFdegkl,ijhikl,j

+ 160Fbcdef,aFbcdgh,aFegjkl,ithjkl,i - 40Fbcdef,athijkVancdgh,lFefijk,l

+ 10F beder ol ghijk.aF bedeg i F pnijii + 2F bedef.aF ghijk.aF vedes1F ghiji.i

= 30F pedef.al bgnij.al caerikF gnijii T 40F peder.aF beghi.at derkt jF gniki

+40F heqer.aFbeagn.al efjrtiF gnjiti = 30F pedet.aF bedeg.al fijenF gijkin)

- eabcdefghij(360Fabcde,rngknp,thlmnp,qFijklm,q

- 180Fabcde,rngknp,thlmnp,rFijklm,q -

=+ 20Fabcde,rnghip,erklmn,qulmnp,q

160Fabcde,rnghkp,rFilmnp,qijlmn,q

- SOFabcde,rnghnp,rFijklm,qulmnp.q

=+ 55Fabcde,qnghip,erklmn,qulmnp,r =+ 5OFabcde,rnghnp,qujklm,qFklmnp,r

- SOFabcde,qnghnp,rFijklm,qulmnp.r + Fabcde.qnghij,rFklmnp.qulmnp,r)]' (19)

The P-odd couplings above are then produced only by the
self-duality transformation (18). The above couplings must
be invariant under the transformation F©®) — »F®). So they
describe the couplings of four self-dual five-forms at order
a’3. Note that there are no P-odd couplings in (16), so the
above action must produce no couplings with the structure
€10(OF®)* under the T-duality. It is easy to verify it by
noticing that it is impossible to have four RR five-form field
strengths in the P-odd part that each carry one Killing
index.

Since the couplings with the structure (9F®))* have
too many indices, it is hard to find all such couplings
with unknown coefficients with the xTras package [31].
So we could not apply the algorithm given above
equation (14) to reduce the couplings to the minimum
number.

B. OF ™ 9F " 9F "-2) 9F "-2) couplings

Since the maximum rank of the RR field strength is 5,
there are three types of couplings in this section, i.e.,

[
n =3,4,5. The scattering amplitude in the s-channel for
the cases n = 3,4 is given by

A, = [VF(I,,)Fg@h}””[Gh] 1% 2]

/w,lp[ hF

+ V (n) G(/V (n -2)

F(n—2) .

The scattering amplitude in the u-channel is given as

And the Feynman amplitude in the #-channel is the same as
A, in which the particle labels of the external RR fields are
interchanged, i.e., A, = A,(3 < 4).

Replacing the vertices and propagators in the above
amplitudes, one finds the following couplings for n = 3,4
in the string frame:
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1
__che,chde.fFa.bFa.b

Fdef.chef.bFa.cFa,b 6

1
S S5 #/‘ leX€2¢0m[zFaef.CFdef'abFa'bFC’d +§

+ Fucgh,bedgh,eFah,che.f - Fadfg,hbegh,eFab,che.c + Fabgh,chefy,hFah.che,f

2
=+ Fafgh,chegh,bFab,che,f +gbegh,chfgh.eFad.eFab.c ’ (20)

where we have also used the algorithm given above Eq. (14) to reduce the couplings to the minimum number.
For the case n = 5, the type IIB supergravity (7) gives the following Feynman amplitudes in the s-channel and u-channel:

AS = [‘7 (5 5),} [Gh]/w/lﬂ[ hF() ( ]Aﬂ

A=V FOFOs Ve 0ol "GblwiolV o oS TV or )

Ap
4 610} ’

The amplitude in the 7-channel is the same as A, in which the particle labels of the external RR fields are interchanged.
Replacing the vertices and propagators in the above amplitudes, one finds the following couplings in the string
frame:

_r
28.5.33«?
= 90F e aF ape.aF crgniiFergnij T 12F ape.al ave.al e rgni jFefgni
+ 180F upe aF aet gF benijgFefnija = 180F ape aF aet gFbenijal efhijg

+ 90F spe.aF ave fF cgnij fFeghija + 2T0F ape aF ape fF cqnijal eghij.f

/dl()er(/)o \ _G[lZOFahc,dFefg,dFahchi,jFefghi.j - 18OFahc,dFuef,decghi,jFefghi,j

- 36Fabc.dFabc,enghij,deghij,e + eabcdefgklm(Fhij,kalm,nFabcde,anghij.p
- Fhij,anlm,pFabcde,nnghij,p - Fhij,kalm,pFabcde,anghij,n)]’
which has P-even and P-odd parts.

Since the above couplings involve the RR five-form field strength, we have to impose the transformation (18) by hand to
produce correct couplings. We have found the following couplings for the self-dual RR five-form:

_r
29.5.33%2
+ 6F spe.aF ave.aF epgni jFergnij + 360F ape.aF aer gF benijgl ernija

- 360Fabc,dFaef,ngchij,dFefhij,g + 360Fabc.dFabe,fchhijﬁdFeghij,f

$D /dloxe v _6[240Fabc dFefg dFabchthefghlj 360Fabc,dFaef,decghi,jFefghi,j

- 36Fabc,dFabc,enghij,deghij,e + eabcdefghij(3Fabm,pFklm,nFCdekl,prghij,n
- 3Fabm.nFklm,chdekl.prghij.n - 3Fabm,kalm,pchekl.anghij,n
+ 3Falm.nFklm.prcdek.prghij,n + 2Fabc,pFklm,deeklm.anghij.n)]' (21)

[
The above couplings satisfy the self-duality condition  This is consistent with the fact that there is no such

F®) = xF®), Since the number of indices is too many,  coupling in (20).
we could not find all contractions of the structure
(OF)2(9F3)2, So we could not perform the algorithm C. OF ™ 9Fm gF n-4) 9Fn=4) couplings

given above Eq. (14) to reduce the number of couplings to
the minimum number.

Note that, under dimensional reduction on a circle, the
P-odd couplings in (21) produce no term in which each RR
field strength carries one Killing index. As a result, the
P-odd couplings in the above equation produce no cou- A [V ~ i
plings with the structure e,(F*)?(F®)2 under T-duality. =1 PR il 1oyl hF;')Fil)} '

Since the minimum rank of the RR field strength is 1,
there is only one type of coupling in this section, i.e., n = 5.
The effective action (7) produces the following s-channel
amplitude:
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In this case, one can easily observe that there is no
amplitude in u- and #-channels. Therefore, the total
amplitude comes from the s-channel which produces the
following couplings in the string frame:

@/ dloer(/?o\/Z[240Fa,ch,dFaefgh.cFbefgh,d]7
where we have also used the algorithm given above
Eq. (14) to reduce the number of couplings to the minimum
number. By imposing the self-duality transformation (18)
on the above coupling, we obtain the following couplings
for the self-dual RR form:

o—r
29.5.3%?
X [240Fa.ch,dFaefgh,cFbefgh,d

g4 / d"xe*h /=G

- eabcdefghim(Fj,le.mFabcde.lnghij,k

+ F 1 F i mF apcae kF poniji = FiejFkmF avede 1 F rgniji)]s
(22)

|

/4

SOD———5—
26.5.3%?
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where we have also reduced the P-even couplings to the
minimum number.

D. OF " 9F "2 gF("-2) 9F"~4) couplings

In this case also, there is only one type of coupling, i.e.,
n = 5. There is no Feynman amplitude in the s-channel.
The amplitude in the u-channel is given as

The #-channel amplitude is the same as A, in which
the particle labels of the external RR fields are inter-
changed. Summing these two contributions, one finds the
amplitude produces the following P-even and P-odd
couplings:

/dlﬂer(ﬁo v _G[120chefg$hFa,bFacd,bFefg.h - 120chfgh.bFa.bFacd$engh.e

- 120chfgh,eFa,bFachengh,b + eabcdeghijk(Fabcde,lFf,mngh,lFijkm

+ Fapcae FriF rohmFijim

Applying the self-duality condition (18) on the above
couplings and using the identity (15), we have found they
are invariant. We have also reduced the P-even couplings
above to the minimum number.

One may consider couplings with the structure
OFMYFn=)gp=9gF(n=2) In this case, there is one
possibility, i.e., n = 5. However, the type IIB supergravity
indicates that the vertices in the Feynman amplitudes are
zero. So there is no such coupling at order o>

E. OF " 9F" 9F ™ 9F =) couplings

There are three possibilities in this case, i.e., n = 3,4, 5.
However, the type IIB supergravity (7) indicates that the
Feynman amplitudes in the s-, 7-, and u-channels are zero
for n = 3, 5. For the case n = 4, the type IIA supergravity
(6) indicates that the amplitude in the s-channel is given as

Ay = [‘76101:54)}754);,]”1/[Gh];w,/{p[prg“)pf)]lp

The amplitude in the u-channel is the same as A, in which
the particle labels of the external RR fields are inter-
changed, i.e., A, = A;(2 <> 3). Similarly, the amplitude
in the #-channel is the same as A, in which the particle
labels of the external RR fields are interchanged, i.e.,

- Fabcde.IFf}megh,mFijk,l)]' (23)

|

A, = A,(1 <> 2). Replacing the appropriate vertices and
propagators in the amplitudes, one finds the kinematic
factors which produce the following couplings in the string
frame:

y P,
) m/ d"xe*h _Geabcdefyhij

X [2Fijmn,kFefgh,lFabcd.kan.l
- Fijmn,kFefgh,lFabcd.lan,k]’ (24)

which has only P-odd couplings. Note that under dimen-
sional reduction on a circle the above couplings produce no
term in which the RR four-forms each carry one Killing
index and the RR two-form carries no Killing index. As a
result, they produce no couplings with the structure
€10(F®)* under T-duality. This is consistent with the fact
that there are no such couplings in (14).

One may consider couplings with the structure
OFMAFM9Fm HF(n=4) 1n this case, there is one possibil-
ity, i.e., n = 5. However, the type IIB supergravity indicates
that the vertices in the Feynman amplitudes are zero. So
there is no such coupling at order . It is also consistent
with the T-duality of the couplings in (24). In fact, the RR
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two-form in (24) does not contract with the Levi-
Civitd tensor, so under the dimensional reduction, there
is no coupling in which the RR four-forms carry no Killing
index and the RR two-form carries one Killing index. As a
result, the couplings (24) produce no terms with the
structure IFC)QF)QFG)I9F M),

III. CONSISTENCY WITH DUALITIES

We have found all different couplings of four RR states at
order o3 in the previous section. In this section, we would
like to show that these couplings are related to the standard
four NSNS couplings under S-duality and T-duality trans-
formations. We begin with the couplings in Sec. I A. Our
starting point in this case is the coupling F©®) FG) FG) FG)
which can be found by making the H* couplings to be

|

PHYSICAL REVIEW D 92, 026010 (2015)

S-duality invariant. The H* couplings on the other hand can
be derived from the coupling #52sR* in (1) by extending the
Riemann curvature to the generalized Riemann curvature
(28], i.e.,

K

V2

Rade - Rade = Rade - n[a[c¢;b]d] + 26_(/)0/2Hab[c;d]1

(25)

where the bracket notation is defined as H,,l“ =
1(Hyp% — Hyp®) and ¢y is the constant dilaton back-
ground and the semicolon symbol denotes the covariant
derivative. The resulting action has the following form in
the Einstein frame [28]:

14 _ - - - - 1. - . 1. - -
$D K__z/ dlox —Ge 390/ thmanrnpRrsqushpq + thmanrnpRrquRshqm - EthmanrmnRrquRshpq
1. - - - | - - - | . - - -
- ZthmanrqursmnRshpq + RthmanhqursmnRsrpq + ﬁthmanhmnRrquRsrpq . (26)

The couplings of four H can be read from the above action. Invariance of this action under S-duality transformations in
type IIB theory requires the couplings of four F(®) to be the same as the couplings of four H; i.e., the couplings in the string

frame are

16
s>

1 1

— 1
7/ d"Oxv/=Ge*h |:Fhk[m;n]Fkr[n;p]Fr.Y[q;m]Fsh[p;q] + _Fhk[m;rl]Fkr[n;p]Frs[p;q]FSh[‘I;m]

2

- 5Fhk[m;n]Fkr[m;n]Frs[p;q]Fsh[p;q] - ZFhk[m;n]Fkr[p;q]Frs[m;n]Fsh[p;q]

1

Writing the above couplings and the couplings (F®))* in
(14) in terms of independent variables, we have found that
they are exactly identical.®

We use the following steps on the couplings (27) to find
the couplings with the structure (F(")* for n =2,1: We
first use the dimensional reduction on the couplings (27)

and keep the terms with the structure (F 9)4 where the
index y is the Killing index. Under the linear T-duality

transformations, the RR field strength F\" transforms to
F=1) with no Killing index. Therefore, under the T-duality
transformation, the above couplings transform to the
couplings with the structure (F(?)* in type IIA theory.
Performing the same steps once more, we have found the

*Note that the normalization of H in Ref. [28] is twice the
normalization of H in the supergravities (6) and (7). As a result,
the normalization of RR field strengths in the actions in this
section is twice the normalization of F() in the previous section.

1
+ EFhk[m;n]Fkh[p;q]Frs[m;n]Fsr[p;q] + §Fhk[m;n]Fkh[m;n]Frs[p;q]Fsr[p;q] . (27)

couplings with the structure (F(1))* in type IIB theory. We
have checked that these couplings are exactly equal to the
corresponding couplings in (14) when we write them in
terms of independent variables.

Now, consider the couplings in the dimensional reduc-
tion of (27) in which the RR three-forms carry no Killing
index. Under the T-dality, they transform to the couplings
with the structure (F §4))4 in type IIA theory. We compare
these couplings with the couplings with the structure

(F §4))4 in the dimensional reduction of the couplings
(16). Writing both sets of couplings in terms of independent
variables, we have found exact agreement.

To show that the coupling with the structure (F©®))* in
(19) is consistent with dualities, we note that RR five-form
field strength is invariant under the S-duality. We already
pointed out that the P-odd couplings in (19) are consistent
with T-duality. To verify that the P-even couplings in (19)
are consistent with T-duality, we consider the couplings in
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the dimensional reduction of (19) in which the RR five-

forms each carry one Killing index, i.e., (F ;5))4. Under the
T-duality, they transform to the couplings with the structure
(F®)*. We compare them with the couplings in (16).
Writing both sets of couplings in terms of independent

variables, we have found exact agreement.
We now compare the couplings in Sec. II B with dual-
ities. Our starting point in this case is the couplings with the
|

PHYSICAL REVIEW D 92, 026010 (2015)

structure FO)FO)FGIFG) Using the consistency of the
couplings (26) with S-duality and T-duality, the couplings
with the structure FO)FO)HH have been found in
Ref. [23]. Under the S-duality, the RR five-form is
invariant, and the B-field strength H transforms to the
RR three-form field strength. So the consistency of
the couplings found in Ref. [23] with S-duality requires
the following couplings in the string frame:

1

4 10,20/ 2 2
N :)K_z/d xe for/— _7Fhrstu,nqusru.kanp.thpq.k+ganstu.thqslu,mFknr.hFmpr,k _%anstu,thqstu,kFmpr,thpr.k

3
1

1

1 4
+6thsru,anqstu,mFmpr,anpr,h +6thstu.kaqstu,nFmpr,anpr.h +§Fhkmnu,tqurtquFhkm,stqr,s

+ganrtu,thpstu,kthr,mkas,m _§anrtu.hFmrstu,anpq,kapS.h _ganpzu,anrxtu,hkaq.thqs,r

1
+4anrtu.hFmpstu,thkr,anqs,m +_anptu,hqustu.thpr,qurs,k . (28)

3

To compare them with the couplings in (21), we have to
impose the self-duality transformation (18) on the above
couplings. Using the identity (15) to write the multiple of
two Levi-Civitaa tensors in terms of the metric, we find two
types of terms. One type has terms with no Levi-Civitd
tensor which is the same as (28) up to the overall factor of %
The other type has terms with one Levi-Civitda tensor. This
part, in the momentum space, produces terms with zero or
one Mandelstam variable which are not consistent with the
superstring-theory amplitudes [21,34]. This indicates that
the couplings (28) must have some P-odd couplings which
are not related to the couplings (26) by the string dualities.
In fact, the corresponding Feynman amplitude in Sec. I[I B
has P-odd couplings even before imposing the self-duality
transformation.

The P-even couplings (28) and their P-odd partners must
be consistent with T-duality before or after imposing the
self-duality transformation because they are not produced
by type IIB supergravity which is off for the RR five-form
field strength. In particular, under the dimensional reduc-
tion of (28), the couplings with the structure (F\")2(F{*))?
transform under T-duality to the couplings with the
structure (F(*)2(F?)? in (20). This indicates that the
self-duality transformation of the action (28) and its P-odd
partner should produce the same couplings as (28). The
transformation of (28) under the self-duality (18) produces
the same couplings with the overall factor % and some P-odd
couplings. The other factor of % must then be reproduced by
a self-duality transformation of the P-odd terms.

One may try to find the P-odd partner of (28)
by considering all contractions with the structure
el (FO)2(F3)? with unknown coefficients and fix them

by requiring them to produce the above factor of % under the

[

self-duality transformation and requiring them to produce
no term with zero or one Mandelstam variable in the
momentum space [21,34]. However, there are too many
such contractions, so we do not try to find the P-odd partner
of the couplings (28) in this paper. We have written the
couplings (28) and the P-even part of the couplings (21) in
terms of independent variables and found exact agreement.

Using the dimensional reduction on the couplings (28)
in type IIB theory, one can find the couplings with the
structure (F))2(F$Y)2. Under T-duality, they transform
to the couplings with the structure (F*)2(F?)? in
type ITA theory. Repeating these steps on the couplings
(F®)2(F®))2, one can find the couplings with the structure
(F®)2(F()? in type IIB theory. Writing these couplings
and the corresponding couplings in (20) in terms of
independent variables, we have again found exact agree-
ment between the two sets of couplings.

We now compare the couplings in Sec. II C with dual-
ities. There is only one coupling in this section, i.e., the
couplings with the structure (F©))?(F())2. Such couplings
have been found in Ref. [27] by imposing the S-duality on
the couplings of two RR five-form and two dilatons (see
Eq. (69) in Ref. [27]). Alternatively, the couplings with
the structure (F®))2(F()2 can be found by imposing the
dualities on the couplings (28). To this end, we use the
dimensional reduction on the couplings with the structure
(F®)2(F))? that we have found in the above paragraph

and consider terms with the structure (F®))2(F\?))2. Then,
under T-duality, they transform to the couplings with the
structure (F"))2(F()2. Converting the Killing index to a
complete spacetime index and taking the symmetry factors
into account, one finds the couplings with the structure

(FO)2(FM)?  without any ambiguity because it is
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impossible to have couplings in which the RR five-forms
do not contract with each other. These couplings are the
same as the couplings found in Ref. [27]; i.e, in the string
frame they are

2y
Aje) g;/ dlox _G62¢0 [Faefgh,chefgh,dFa,bFc,d]' (29)

Transforming the above couplings under the self-duality
(18), we have found couplings which are identical to the
couplings in (22) after writing both sets in terms of
independent variables. This indicates that there is no
P-odd coupling in the above action. As in the field theory,
Sec. 11 C, the P-odd part in the self-dual action comes only
from the self-duality transformation.

To compare the couplings in Sec. IID with dualities,
we consider the couplings with the structure F©) FVHH
which have been found in Ref. [27] by imposing dualities
on the couplings in (27). The S-duality invariant of these
couplings produces among other things the couplings with
the structure FO FOFCFG) e,

14 =
A _p/dmx _GeZ‘/’o [SFh,kanpqr,thpq.mFkrs,n

+ 4Fh,kamnpq.rans,hqur,s

- 2Fh.kamnpq.thns$rF (30)

pqr.s]'

Note that these couplings are only P even. Transforming
them under the self-duality (18), one finds P-even and
P-odd couplings. Writing them in terms of independent
variables, we have found they are exactly equal to the
couplings in (23). It is important to note that the field-
theory couplings in Sec. II D have a P-odd part even before
imposing the self-duality transformation, whereas the
above couplings have no P-odd part. This indicates the
field-theory couplings (23) are consistent with the duality
transformations of (26), i.e., (30), only after imposing the
self-duality transformation on (30).

Finally, the P-odd couplings in Sec. IID should be
related to the P-odd couplings in (24) under T-duality.
Under the dimensional reduction, the latter couplings
produce, among other things, the couplings with the
O F@ (FY2FP | Under T-duality, they trans-

structure ¢y
form to the couplings with the structure

'O FY (F®)2F1). Completing the Killing index to the
full spacetime index, one finds the couplings with the
structure €;oFC) (FG)2F(), Writing the resulting cou-
plings and the P-odd couplings in (23) in terms of
independent variables, we have found exact agreement.

PHYSICAL REVIEW D 92, 026010 (2015)
IV. CONSISTENCY WITH STRING AMPLITUDES

In this section, we are going to calculate the kinematic
factor KC directly in the type Il superstring theory and
compare it with the couplings found in Sec. II.

The tree-level scattering amplitude of four RR states in
the RNS formalism [35] is given by the correlation function
of their corresponding vertex operators on the sphere world
sheet. Since the background superghost charge of the
sphere is Q4 = 2, one has to choose the vertex operators
in the appropriate pictures to produce the compensating
charge Oy = —2. We choose the RR vertex operators in the
(—=1/2,—1/2) picture. The amplitude is given by the
following correlation function [35]:

4 4
—-1/2.—-1/2 _
A~ / [[ea Vi Pz, 61
i=1 j=1
where the vertex operators are

-1/2,-1/2 - .~z ik .
ViR 27 (25,2;) = (Pl JAB 1 e /28, (2)) e X G
% e—&(z,»)/ng(zj)eikj-f((zj) . (32)

where j = 1,...4 and the indices A, B, ... are the Dirac
spinor indices and P = 1 (1Fyy,) is the chiral projection
operators which make the calculation of the gamma
matrices to be with the full 32 x 32 Dirac matrices of
the ten dimensions. The RR field strength appears in the
definition of Iy, as

a

F,(n) = n—r!lF,'M...Mn}/”]m””, (33)
where the factor a, = —1 in the type IIA theory and a,, = i
in the type IIB theory [36]. There is ambiguity in choosing
the chiral projection operator in the vertex operator (32),
e.g., P_or P,.. As we will see, this makes it difficult to
confirm the P-odd couplings in Sec. II with the string-
theory scattering amplitudes. The normalization of the
amplitude (31) in which we are not interested in this
section may be fixed after fixing the conformal symmetry
of the integrand.

Substituting the vertex operators (32) into (31), and
using the fact that there is no correlation between hol-
omorphic and antiholomorphic for the sphere world sheet,
one can separate the amplitude to the holomorphic and the
antiholomorphic parts as

A~ (P_T () )8 (P_Ty) )P (P_T3 () ) EF (P_Ty ) ¥

4
X /HdQZiIACEG ® Ippru- (34)
i1

where the holomorphic part is
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[’Xé = (e =$(21)/2+ p=(22)/2 + p=(23)/2 + p=b(24)/2 - )
X <;eik1'x(21) s ok X(22) + piks-X(z3) -

X (:84(21):8¢(22):Sg(23):S6(za) ) (35)

oikaX(z) + )

and the antiholomorphic part Ipppy is given by a similar
expression.

Using the standard propagators and the correlation
function of four spin operators [35], one can perform the
correlators in (34). Using the on-shell relations and the
conservation of momentum, one can check that the inte-
grand of the amplitude is invariant under SL(2,R) X
SL(2,R) transformations which is the conformal sym-
metry of the z-plane. Fixing this symmetry by setting
721 =0,20=2,23 =1, and z4 = oo and normalizing the
amplitude, one can write it in the string frame form of (2) in
which the kinematic factor is

K = (P£L(n) )" (PTam)) P (P£T3) ) *F
X (P+Ts4(g)) " Kacpo ® Kppra, (36)

where the kinematic factor in the holomorphic part is

1
Kacec = ~3 [t C ) ac(r,C g
- S(V”C_I)AG(}’MC_I)CE] (37)

and the kinematic factor in the antiholomorphic part is
similar to the above expression.

One may use the Kawai-Lewellen-Tye (KLT) prescrip-
tion [37] to calculate the sphere-level scattering amplitude
of closed string states from the corresponding disk-level
scattering amplitude of open string states. According to the
KLT prescription, the sphere-level amplitude of four closed
string states is given by

A~ Sin(alﬂkZ : k3/2)Aopen(S/8v t/8> ® Aopen(t/& M/S),
(38)

where Apen (s/8,1/8) is the disk-level scattering amplitude
of four open string states in the s — r-channel which has
been calculated in Ref. [6],

[(=s/8)(~t/8)

Aopen(s/& t/8) ~ F(l T u/8)

K. (39)

where the Mandelstam variables are the same as in the
closed string amplitude. The open string kinematic factor K
depends on the momentum and the polarization of the
external states [6].

To find the sphere-level scattering amplitude of four
RR states, one has to consider the disk-level scattering
amplitude of four R states. The kinematic factor for this
case is [6]

PHYSICAL REVIEW D 92, 026010 (2015)
K(”h Up, Us, ”4)
I, _ a _ _
=73 [t (y*C I)Acuzcug(hc Decus

— st} (Y C7") you§ S (r,C7") cpus ], (40)

where u; with i = 1, ..., 4 are the spinor polarizations. They
satisfy the following on-shell relations:

(7 - kiC™h)spuf = 0. (41)
Using these relations, one can write the open string

kinematic factor (40) in terms of the holomorphic kin-
ematic factor (37) as

K(uy, u, us, uy) = =4ivV2ul uSubu§ K ycpg.  (42)

Similarly, for the antiholomorphic part, i.e.,

BrD~F
K(Ul, U, u33 M4) — _41\/5111 u2 M3 u4 KBDFH

Using the above relations and I'(x)I'(1 — x) = z/ sin(zx),
and substituting the following relations in (38),

ui ® i — (P, )

us§ @ ub — (P )CD

uf @ i — (Ply)EF

uf ® ity — (P+la )GH (43)

one can write it as the string frame form of (2) with
the kinematic factor (36), as expected. While the open
string kinematic factor (40) is the final result for the
S-matrix element of four open string spinors, the closed
string kinematic factor (36) is not yet the final result.
The Dirac matrices in the kinematic factor appear in
trace operators which should then be evaluated explicitly
to find the final kinematic factor of the closed string
amplitude.

The closed string kinematic factor (36) has four different
terms; each one has one of the following factors:

Ty = (PTy() B (P ) P (P30 ) FF (P ag)) "
X (FC ) acuC ) ec(r*C e (r.C™ ) s
Ty = (PL1(n) P (P£a(m)) P (P£T3() ) (P4 Ty ()"
X (1"C ) a1 C ) ep(r*C ) pp (1, C™" ) pprs
T3 = (Pl () (PxTa(m)) P (P£T3())*" (PxTag)) %"
X (C ) ac(ruC™ ) e (" C ) (r,C™ ) pres
Ty = (PT 1)) B (P ) P (PT3() ) EF (P4 Ty ) ¥

X (FC ) ac(uC e C ) pu(r,C ) pr.  (44)
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Using the properties of the charge conjugation matrix and the Dirac matrices (see, e.g., Appendix B in Ref. [36]), one can

write the tensors 7, ..

., T4 in terms of the RR field strengths and the trace of the gamma matrices as

(_1)%[m(erl)Jrq(qul)]anamapaq ;
T, = miplg] FiyyFou.n, Faay..a, Fap,..p, TO(Poytyt-Hoy?y 1 tm ) Te(P oy oy yP-Pa),
(—1)%[m(m+1>+q(q+1)]a a..d.d . .
TZ = n'm'p'q' LE e Flyl..AynFZL/]...umF:%a]...(II,F4/}]4../)’qTr(Pi},byylmvmyﬂyllmlpyuyﬂlmﬂqyﬂy”]m”n)’
(=1)2lnt04p(p g g a a
T = nimipll o Four o, Faay.ay Fapyp, TE(Pry y? v bmpty @ oy jy PPy -t
(_1)%[m(m+l)+q(q+l)]a a..d.a
T, = nimiplg! R Flyl..‘ﬂ,,qul‘..umF3a1...a,,F4ﬁ1“.ﬁqTr(PiJ’”V”‘"'”"VV}’ﬂ]"'/jq)Tr(PiYﬂYa‘"'ap}’»J’U]"'D’”)-
(45)
Using the above factors, the closed string kinematic factor (36) can be written as
1 2
IC:6_4[t Tl—Sth—StT3 +S T4], (46)
Performing the traces, one finds how the four RR field strengths contract among themselves. Writing

? = 16a%k, - ksk, - kg, s> = 160k - koky - k, and using the first relation in (12), one may write the kinematic factor
(46) in the form of (OF)* in the spacetime which can then be compared with the couplings in Sec. II.

The scattering amplitude of four RR states in type II superstring theories have been also calculated in the Pure spinor
formalism in Ref. [38]. The couplings of four RR field strengths at order o> have been found to be

§2 ) vereawbibviercrdiedogoF L OOF, 4 Fe o,Fa.aye (47)
M.N.P.Q
where the sum over M, ..., O, runs over even integers from zero to 4 for type IIA supergravity and over odd integers from 1

to 5 for type 1IB. The tensor v is defined in terms of the trace of the gamma matrices as follows:

32 CMCNCPCQ
9 MIN!P!Q!

Ual...aM;bl...bN;cl...cP;dl...dQ —

[TI‘(P:Fyal ...aMyqybl ...bNynycl "'C"}/q}/dl ...den)eNgQ

= Tr(Py -y gy Iy, ) Tr(Poyecrylyi-dey)eyeg
_ 5TI'(P¢]/MI ‘““’”7/,170' ...cpyny}u ...hNyqydl ..Aden)gng

+ 4TI‘(P¢]/MI ...aMyqyc] ...L'Pyn)Tr(P:Fyhl .A.bN},q},dl MdQ},n)ngQ
+ TI‘(P¢]/G‘ “'aM]/q}’cl ..Aprn},dl .A.dQ},q},b] ...bN},n)gNgQ] , (48)

where ¢ = (=1)7*1/16v2 and ey = (=1) V-1, We
have included the chiral projection operators in the traces
because the RR vertex operators that have been considered
in Ref. [38] have no chiral projection operator. Using the
RR vertex operator (32) instead, one has to consider P
inside the traces.

The y,; in the chiral projection operators has one Levi-
Civitd tensor. As a result, the kinematic factor (46)

and tensor v in (48) have terms with zero, one, and two

|
Levi-Civita tensors. Since there is ambiguity in the chiral
projection operator in the vertex (32), the signs of P-odd
terms in 7T4,7T,,T3,T4, and in tensor v are ambitious.
Therefore, we consider only the P-even terms in the
kinematic factor (46) and in tensor v. Moreover, we use
the identity (15) to write the two Levi-Civitd tensors in them
in terms of the metric. Using the symbolic program for the
manipulation the gamma matrices [39], we have performed
the traces in the kinematic factor (46) and in the tensor .
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Using on-shell relations, we have found that the
P-even terms in RNS and in the Pure spinor formalisms
at order o3 are exactly identical. We have also found these
couplings are identical to various P-even couplings
in Sec. 1.
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APPENDIX: THREE-POINT VERTICES AND
PROPAGATORS

Using the supergravities (6) and (7), one can read the
propagators of the NSNS fields and the three-point vertices
for two on-shell RR states and one off-shell NSNS state that
we need in evaluating the Feynman amplitudes in Sec. II.
The propagators are:

(i) Graviton propagator:

i 1
[Gh]yv,/lp == W <’1;¢/17]yp + MupNuva — Z']}w']lp) .

(A1)
(i1) B-field propagator:
- ieto
[Gb]/w.i/) = _2—k2 (nﬂﬂ//yp - ’7;4/)771/2)' (AZ)
(iii) Dilaton propagator:
~ i
b= (A3)
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The vertices are the following:
(1) Two RR and one graviton4:

~ y) Wil
[VF(]")Fé”)h] v dxan! (ZnFl yl...yn,]F/Z) frete
- pFlvl...ynF;lmyn) (A4)
(i1)) Two RR and one B-field:
(5-n)
o
X/ Ap le 2 iﬂ Vi -Up—2
[VF(]n)Fén—Z)b] r= _mFl y]...yn,zel
(A5)
(iv) Two RR and one dilaton:
~ ie(szw‘f’o
\% (5- n)Fl,Jlm,,"F;"“””. (A6)

) pln) , = — =
Ry ¢ 4+/2kn!

(v) Two RR four-forms, one B-field, and one Levi-
Civita tensor:

~ o _ i

oeln),
Vearoronl™ = =Tz iy

(A7)

(vi) One RR five-form, one RR three-form, one B-field,
and one Levi-Civitd tensor:

X/ ap — _

afydelniuy
[ €10F(15)F;3)b] ¢ F]C;M;w

Fayse.

(A8)

2880k

4, . .. ..
The parentheses notation over indices means symmetrization
with a factor %
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