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Abstract

In a direct open string approach we analyze scattering of massless states on a stack of D3-branes. First we construct vertex operators on the
D-branes. The 4 + 6 splitting for the fermionic part is made possible by inserting appropriately defined projection operators. With the vertex
operators constructed we compute various tree amplitudes. The results are then compared with the corresponding field theory computations of the
N =4 SYM with a'-corrections: agreements are found. We comment on applications to AdS/CFT.
© 2008 Elsevier B.V. Open access under CC BY license.

1. Introduction

At the heart of the AdS/CFT are the description methods of D-branes. They can be described either as a hypersurface where
an open string can end or as a solitonic solution of the closed string theory. In the open string theory description one can use the
D =4, N'=4 SYM theory as a leading order approximation to the full open string description. In particular there has been efforts
to compute the anomalous dimensions of some SYM operators.

Although simple and useful the SYM theory does not contain the effects of the massive open string modes since the SYM is
a leading order approximation: it may be worth studying a higher order in the approximation accommodating the effects of the
massive modes. A first step toward this direction has been taken in [1] where the o’-corrected SYM was considered in the regular
field theory approach. One loop scalar four point amplitudes were computed and the counter-terms that remove the divergence were
examined. Unlike the Abelian case where the effective action can be obtained in a closed form, in the non-Abelian case one must
consider string theory four-point, five-point, etc., separately, and deduce the field theory action from the results. It may be useful
for that purpose to know the possible forms of the field theory counter-terms in advance, which is one of the motivations of the
work [1].

As stated there, the string-based technique and the field theory technique should be mutually guiding. Here we turn to the string
world-sheet physics. Since D-branes are stringy objects it ought to, in general, take the full open string theory for their complete
description. Therefore how the massive open string modes figure into AdS/CFT (or matrix theory conjectures for that matter) is an
interesting and important issue. The possible relevance of the open string in the context of AdS/CFT was discussed e.g. in [2,3].!
With the comparison with the field theory in mind we study the scattering of massless states. Although the body of a string lives in
ten dimensions its end points remain on the D3-branes before and after the scattering. (We only consider such scattering.) For the
purpose of analyzing such scattering it is necessary to construct the vertex operators in a direct open string approach: the boundary
state formulation for example cannot be applied. Below we will construct the vertex operators. They come in two multiplets which
we call the “scalar multiplet” and the “gauge multiplet” respectively. As the name suggests they should respectively correspond to
the scalar multiplet and the gauge multiplet in the A/ = 2 field theory language. What makes it possible to separate the scalar multiple
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from the gauge multiplet (or vice versa) is insertion of appropriately defined projection operators in various places. The momenta of
the vertex operators will be such that they have non-zero components only along the D3-brane directions. Physically speaking, for
the branes whose location is fixed this choice of momenta seems natural. In fact it also follows at an explicit computational level as
a consequence of ensuring the closure of the vertex operator algebra under susy transformation. Once they are constructed various
tree amplitudes can be easily computed following the standard procedure. We verify that the field theory computations at o’ >-order
can be recovered by expanding the corresponding string computations at the same order.

The organization of the Letter is as follows. In the next section we briefly review the boundary conditions of D3-branes in
the Green—Schwarz formulation. We then construct two sets of vertex operators, the “scalar multiplet” and the “gauge multiplet”.
In Section 3 we compute various tree amplitudes using the standard world-sheet techniques and compare the results with the
corresponding amplitudes obtained by using the A" =4 SYM with the o’-corrections. By computing the tree graphs we are setting
the ground for the loop computation, which is more interesting and important for the reasons that we list in the conclusion. There
we also comment on future directions and applications of our results to AdS/CFT.

2. Vertex operator construction

In this section we construct the vertex operators in a direct open string framework. We start with a brief review of the light-cone
gauge to set the notations. The vertex operators are constructed based on the closure under susy transformations as in the D9-brane
case. The additional task, compared with the D9 case, is that now one should carry out the (4 + 6) splitting. For the bosonic
coordinates the splitting is obvious whereas with the fermionic coordinates it is subtle. As we will see below the fermionic splitting
is accomplished through insertion of some projection operators. Throughout we mostly follow the conventions of [6].

2.1. Review of light-cone gauge
In the Green—Schwarz formulation, the string action is given by
S= —% / d*o (vV=gg™P MM MMg™ nuw + 2i€P 9 XM (0" Ty 950" — 07Ny 3p6%) — 2e*P(6' T 3,0") (6> I 3p6%)) (1)
where g = |det gog| and MM = 3, XM — i0A M 3,04, The 32 x 32 I'-matrices are such that ', M # 0, is real and symmetric
and I"? is real and antisymmetric.

Consider a D3-brane extended along the (X 1 x2 x 3)-directions. We locate it at the origin of the transverse dimensions, i.e.,
X™ =0at o =0, 7. The boundary conditions for the bosonic coordinates are such that we impose the Neumann conditions for the

world volume coordinates, X*, and Dirichlet for the transverse ones, X4, ..., X:
0: X"=0, o=0m, 2)
0, X" =0, o=0,m. 3)

For the fermionic coordinates it is necessary to impose a constraint,
0>=ry. 00", o=0.7 “4)
which in turn implies the usual half supersymmetry breaking condition. After the standard light-cone gauge fixing procedure
rte'2=o )
one has the following action,

1 PR 1 o
S=—§/(Taaxlaaxl - ’—S“p“aasa)z—z—/(aaxlaaxl —i8p% 9, 5%) (6)
T s

where S = ,/pT6. The mode expansion of the bosonic coordinates is
1 : 1 1 .
X“(a,r):x“+lzp“t+ilZ—a,‘,‘e_mTcosna, X"(o,t)=R" + —AXmJ+lZ—a;,"e_”” sinno @)
n#0 n T n#0 n
where R™, AX™ are the parameters that are associated with the locations of the branes. We locate the branes at the origin of the

transverse 6-plane. For an open string with both ends on the D3-branes the transverse coordinates become simpler

1 .
X"(o,7) =1 Z ;ar’l"e_”” sinno. (8)
n#0
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The mode expansion of the fermionic coordinates is

o o0
Sll/l — Zsuefin(rfff) S2a — Z y4 9saefin(r+(r) (9)
n L A A PRPPN n
—0oQ —0o0
where 4, o is an 8 x 8 matrix. Note that y2, ..., 8 are real and antisymmetric matrices while y° is an identity matrix. This mode
expansion yields
[84(0), $8b (0} = 2878485 (0 — o). (10

2.2. Supercharges

Since we will construct the vertex operators mostly based on their susy transformations we first obtain the expressions for the
supercharges. Care is needed with the boundary conditions/terms. There are two sets of susy transformations. The first set is

1 1 .
selzﬁn“, 592=En“, §X'=0 (11)

which yields

Q% =2ptsg. (12)
It has the same form as the D9-brane case. The second set of the susy transformation has the same form as the D9-brane case as
well, but it is in terms of modified susy parameters, ¢:

p-9Xiyle, X =— gy's. (13)

1 i
JV2pt JV2pt

To determine ¢, we examine the boundary terms that result from taking the variation on the bosonic term,

68 =—

~ 3 X (27" S1 — €1y’ Sh). (14)

The (i = u)-terms drop due to Neumann boundary condition. Substitution of (4) into the above equation leads to the susy parame-

ters, & = (,y:“_gg). The supercharges for this transformation are

0% = \/;F(ana:;[(yi)% ,,,,, 9]sin) (15)
where a6 = p' = (p",0). It is a column vector. The supercharges Q°, Q¢ satisfies the following algebra:

{0, 0" =2p"s®, {0, Q") =—V2p"y'yi 0. {Q% Q") =2Ho¥ (16)
where H = 2’%( PPt 2000, ol maﬁn +ms?,,s21). Since y4, . 9 appears frequently it is convenient to define

Y = V4.9 =V4..8 17)
where the second equality holds since y? is an 8 x 8 identity matrix. y satisfies

yI=—v.  [ry"]=0={ry"}, ¥’=-L (18)

2.3. Vertex operator

With the supercharges available we are ready to construct the vertex operators by requiring closure under susy.> We do that in
k™ = 0 frame as in the D9-brane case. It turns out that they come in two pairs: we call them a vector multiplet and a scalar multiplet.
With the various gauges and constraints that we have imposed they should correspond the A/ = 2 field theory scalar multiplet and
the gauge multiplet. Each pair satisfies the modified susy transformation relations given in (24) and (30) below, which are analogous
to the corresponding D9-brane relations

[0 Q% Vru. )|~ Vp(&. k), [n°Q% VB(&. k)]~ VE (i, k),
[€40% Vi, )]~ Vp(&. k),  [€*Q% Vp(t, )]~ Vp(i, k). (19)

2 The Lorentz transformation can be utilized as well [6]. The discussion of Lorentz invariance in the current case goes parallel to the D9 case. In particular one
can show that [Ji—, J/=]1=0 requires the theory in the critical dimension.
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The wave function u satisfies
Kru® +kylut =0,  ku+kylut=0. (20)

The =~ means that the equalities are up to total r-derivative terms. The closure of each multiplet is made possible by inserting the
following projection operators,

1 1
Ep=s(+iy).  E-=2(1-ip). 1)

In particular they appear in the fermionic parts of the vertex operators bringing the (4 4 6) splitting. As a natural trial we choose
momenta such that they have non-zero components only along the D3-brane directions. From a physical standpoint this choice
seems inevitable for the branes whose location is fixed. In fact we will see that it follows as a consequence of the vertex operator
algebra under susy generators. Let us use the convention that y, v are the brane direction with u, v = 2, 3 and m, n are the transverse
directions. With £ = 0 the transverse polarization condition becomes k“¢* = 0.

Defining k' = (k*,0), ¢! = (¢*, 0) the vector multiplet is

Vig (£, k) = (¢“BY — ¢~ B )™, Vig(u k)= (" E_F} + u*E F{)e'™ ¥ (22)
where
+_ o+
Bg =pT,
BY = (X = RYW),

: [((V”VX”SI)“' — (™) xms1) + éz((yfﬂsl)dze;":kf]

p+
F¢ :,/7 a (23)

where Ri,j = 4—1151)/"1' S1. They satisfy the modified vertex operator algebra,

[nE+ Q. Vig(u, k)| = Vo (£.k).  [n"E+ Q% Vig(¢. k)] ~ Vig(il, k),
[€“E_Q% Vigu, k)]~ Vee(Z, k), [€“E_Q% Vpg(£, k)]~ Vrg(ii, k). (24)

The wave function u satisfies

Kru® +k'ylud =0,  k ud + k" ylu® =0. (25)

a

How the projection operators bring the closure can be seen e.g. in the computation of

[n“E+ Q% Vig(u, )] ~ Vg (L, k). (26)
One of the commutators yields
[1E+v2pTso. WE) F*] =nE y" E_uX" + nELy" E_uX"" = nE y"uX" 27)

where in the second equality the second term has dropped due to the presence of the projection operators. Therefore even though
there is X'™ in F¢, one produces the correct form of Bg.

For the scalar multiplet, we define k' = (k“, 0), &' = (0, £™):
Vis(€,k) =& - Bye'* X = (g™ B™)e/F X, Vis(w, k) = wFe™ X = (w*E_F% + wE4 F&)elkX (28)
where

B = (X" + RV k),

; 1 T ou oG T a 1 T o \apij.g
F{= XS = (™) XM s1) = 2:((v') S1) R K,
e TS () s () ) R
+
Fo=— "7 a (29)

where Ry’ = ;517" S| = R . Note that compared with the fermionic term in B! the corresponding term in B" has an opposite
sign. (This can be checked by applying on X' a Lorentz transformation that takes a state whose only non-zero momentum is K~ to
a state that has k™ = 0 with other components non-zero.) It triggers a few sign differences in the subsequent formulas. They satisfy
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the modified vertex operator algebra,

[°E-Q°, VEs(w, k)]~ Vps(E. k), [n°E-Q“, Vis(€, k)] ~ Vrs (W, k),

[€“E+ Q% Vs, )]~ Vs G k), [€“E+ Q% V(€ )] & Vis (0, k). (30)
The wave function w satisfies

Krw' + K"yl w® =0, k" wd Ky w =0. (31)

a

One can see that k£ = 0 is required to ensure for example
[€1E4 0%, Vis(w, k)] ~ Vs (€, k). (32)
3. Tree level scattering

The respective closure of the scalar multiplet and the vector multiplet is already a strong indication that the construction is
correct. We substantiate the claim by computing various tree amplitudes with the vertex operators just constructed. For the vector
vertex operator the computations essentially the same as the corresponding computations in the D9-branes. The results are then
expanded at o’ %-order and compared with the corresponding computations in the A" = 4 SYM with the a’-corrections. Agreements
are found between the two computations.

3.1. String computation

Consider the vector three point tree graph. Only the cyclically inequivalent permutations are added. The computation is precisely
analogous to the D9-brane case yielding

A(VVV) = gtr()ﬂ)ﬁﬂ)(;{k1|vg(§2’k2)|§3’k3)+ ((1’0) - (3’6))
= gr(A2) (¢ K7 P+ K K ) 4 ((La) < Blo)
=20 tr(AA2) (¢1 K22 B B L 0k )
=2igNf™(c" - K27+ 200 Pk ) (33)

where in the fourth equality we have adopted a normalization TrA%A? = 28%?. There is no three point scalar vertex in the A’ = 4
SYM with &’-corrections. The string scalar three point graph indeed produces a vanishing result:

A(ppg) = gtr(RaP2%) (& KV, (7. k) |&7. k)
=gtr(A“APA) (&N KT |E) (X m + R™KY) e X |€3, i)
= gtr(AA2)8 (k1 + ko + k3) (€ [&7" R"Vk3 > X |€7)
= gtr(MAA) 8k + ko + k3)ESKS (E18) — &5'&) =00 (34)

In the third equality we have used the fact that X’™ does not have a zero mode. Proceeding as in the vector case one gets the fourth
equality which is zero since £V = 0 for the scalar state. Similarly the vector—vector—scalar vertex can be shown to vanish which
is consistent with the field theory. The last example of three point function that does not involve an external fermionic state is the
vector—scalar—scalar vertex,

A(Vop) = gtr(AAP2) (& K Ve (¢, K7) |67, &) + ((1, @) < (3, 0))
=gtr(ATAPA) g% (kP — kM)t &2 (35)
Our final example of three point amplitude is A(yYyrA,),
AW YA, = gtr(AAP2) ur, K [V (u2, K2) |03, K3) + ((1, @) < (2, D))
= gtr(k“)\b)uc)uly“E_uzgf (36)

where y* for example is an eight by eight matrix. The index © has appeared as a result of covariantizing the index v.
We turn to the four point amplitudes. For the four vector amplitude, one gets

2
AVVAVY) =T a(u il xt) ek Ve (2 K2 AV, (2. 4) | i)

2
= %tr(k“kbkckd)<§1|(l +1/2)2- 3B —s5/2,—1—1/2)
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[ Kk = RU(CHRSED K — CRYE? KY) 4 RUVRYY MY kY | B(—s/2,1 —1/2)
+ [;2~k3§3 KB K2 B3 .k2+RgU(€£4k12)§3 -kz—;“g‘kggz-lﬁ —k§k§§2-;3
— GV K K B+ GRS k) B( —s/2, —1/2)[¢?) (37)
where
s=—(k+k)?,  t=—(katk3)?  u=—(ki +k3)* (38)

This is valid up to the cyclically inequivalent permutations which will be added below. Compared with the D9-brane case there are
some sign flips which are due to different conventions from [6]. They do not persist in the final form of the amplitude given below.
Using the following identities

(c'ehy=¢"-¢,

(' [RYYc4) = el + el

('[RERYY |6y = clessm — grei's™ — gped s gy s (39)
one can derive

T s/AT(=1/2)

AVVAVY) == g gy (40)
where
K= —%(Sté“l 0380 - ba+suly - §381 - La+tuly - $283 - 84)
+ %S(Cl kal3-kalo- G4+ 82 k3la-kili- 53+ 81 -k3la-kala -3+ 82 kal3 - kili - 8a)
+ %t(Cz k184 k383 -1+ 83 kali - kalo - Sa+ 8o kaly - k3l3 - Sa+ 83 kida - kala - 81)
+ %u(é“l ~kala - k3l3 - 5o+ 3 -kalo - kil1 - Sa+ 81 - kalo - k3l3 - G4+ 83 - kaka - kidi - $2). 4D

It has precisely the same form as the D9-brane case [6]. For a small «’-expansion note that
I(—s/2T(-t/2) 4 =
M:____F.... 42)
'd—s/2—1¢t/2) st 6

The leading terms in the small &’ -expansion are

4 [Tr(A“2P2 A7) + Tr(29292°2) | K + 4 [Tr(A*a2229) + Tr(2“29222) |k

st ut
4
+ —[Tr(222292) + Tr(A*22927) | K. 43)
su
The next to leading order terms come at /* order:
2 2
—* > (— ?> K Tr(A22224 + 5 more terms) = 272 g%/ 2 STr(A9222°19) K (44)

which is the same as the field theory result since A% = +/2T¢ where T is a generator that is used in the field theory Lagrangian. As
an example that does not have a counter-part in the D9 case consider the vector—vector—scalar—scalar amplitude: it turns out to be

2
AV ave) = T u(aaead) g KV, (62 ) AV, (£ 4%) 1Y)

2
= %tr()\“)\”)\fxd)(gl |(1+1/2)¢% - ¢3B(1—5/2,—1—1/2)
g2 K K — REV(CH RS K — YRS E KY) + RUVRE Y Sk e kY B(—s/2.1—1/2)
— VKR KO RSV S+ kS k)| B(L — s /2, —1/2)|E7). 45)
After some algebra one can show that the leading term in the o’-expansion is given by

Ng?(feeb fecd + feac pebd) ey . £38) - £4. (46)
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The next order term can be computed similarly to the four vector case. It is simpler due to the fact that § - k =0=§& - {. One gets

2.2 72 aybycqd X _ﬂ X i . A Z . .
22 g%a’ 2 STr(A A a09) g - & AL §3+2(§2 kats - ki) + 2(53 kst - ky) |. (47

Concerning the cyclic symmetry it is not present when there is a mixture of scalar-vertex operators and vector-vertex operators: it
is inconsistent with the broken Lorentz symmetry of the D3-brane configuration. Our final example of four point amplitude is four
scalar scattering. One gets

2 a\D(=s/2)T(~1/2
£ o2 Tr(x“xbx‘xd)%(sua CEabr - B3+ 1ukr - B85 B4 + 5162 - E481 - B3). (48)

The inequivalent cycling order is to be understood. At o> order it yields

720 g S (AAPAAT ) (suky - a8 - &3 + tuk - E283 - E4 + 5182 - E4E1 - E3) (49)

after taking the cycling into account.
3.2. Field theory computation

In this section we compute the o’-corrections to various scattering amplitudes in the regular field theory approach. The normal-
ization of the field theory amplitude is such that one should multiply N/ g%M to compare with the string theory. Also there could be
difference in factors of i which is due to the Wick rotation in some string computations and the lack thereof in the corresponding
field theory computations.

For the SYM action we take

1 5 1- 1 o
Lsym = [_ZF/ZVFan (a/Ld) + fahcAb ) _ Ewalﬁt(aﬂwa + fabcAch) _ Efabcwarzd)lbl//c
1 1 2 1
1 Z fabcfade‘/’f‘ﬁj‘f’id‘f’j - 5(3MA’;) - EauwZ(auwa + fabCAZwC)i|- (50)
i,j

The comparison of the three point amplitudes that only include bosons is straightforward. For example the vector three point
amplitude is given by

The comparison of fermionic amplitudes are less trivial. The reason is that the conventions of the SYM action above are such
that the fermionic fields have 32-components (while it has four-dimensional space-time dependence). For example the (Y A,,)-
computation yields

1 1 1
AWYAL) = gYMf“bc 2R ror# o, (@) o @, b)). (52)

Implementing the reduction procedure one gets

AW YA = gy [ U T T Uy (53)

where U » are 32-component spinors. Being a Mayorana—Weyl spinor, they can be reduced to 16-component spinors, Uj 2, render-
ing the above expression

AW AL = —gym f U T Unch (54)

where the minus sigh came from the 32 x 32 gamma matrix, I"%. As further dimensional reduction one keeps only the lower half
components for Uy and upper half for U,,

AW Y AL) = —gom FPwiy T wach = g FP w1y wags (55)

where y* is an 8 x 8 matrix. Matching with the string theory identifies
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wip=E_ujs. (56)

Four point amplitudes are in order. In the leading order the vector four point function is

—igm(C1 - 638 - L f Ul — gl - P O g 0l Caf N — by Gags - L fOC e
01030 L f O — o s Laf o). (57)

The next order result is
872 %igqy K STe(TTP T°T?) (58)
which matches the corresponding string theory computation. In the leading order (A}, (x; )¢,lj (x2)9; (xg)Az (x4)) yields

iggM(feabfecd + feacfebd)é-2 031 - &4, (59)

To compare with the string results of the previous section we need the o’-corrections to the SYM. They were obtained in ten
dimensions [8—13]. We keep the o’2-order terms and reduce it to four dimensions. The complete list of the terms at o’ 2-order were
presented in [1]. Here we quote only the terms that are relevant for the present computations. For the four vector scattering it is
essentially the same as the D9 case so we will not repeat here. The vertices for the two scalar and two vector scattering are

1 1 .
(2710/)2Str[—gFMVF“”qukaquk —5Duvoi F,, F° D"qﬁ’}. (60)
It is straightforward to show that they yield
; . su
4im?ga’*gYy STr(TaTbTLTd)gl &4 [—742 &3+ 5(52 - kals - ki) +u(83 - kado - kl):| (61)

which is consistent with the string theory computation. At «’%-order the relevant vertices for the four scalar amplitude are

N2 1 i v .k 1 vk o 40
Qra) Str[—gijD“«z»fDmkD 9"+ Dvgi D"¢" Dy i D ¢] (62)
which yields
—2im?a’ 2 gQn Str(TOTOTCTY) (sug - 6482 - &3 + tugy - 6283 - &4 + 5182 - Eaky - £3). (63)

It again agrees with the previous string computation at the same order.
4. Conclusion

In this Letter we computed several tree amplitudes. One obvious future direction is one-loop graphs. With the vertex operators
constructed and tested here we are in a good position to tackle the problem. The one loop analysis will be presented elsewhere [7].

There are several reasons for the importance of one loop amplitudes. In the loop computation one expects to face divergence.
One will need to come up with a regularization how to handle the divergence in the string theory context. The task will be interesting
on its own right. However, what makes it more so is the possibility that one might encounter a non-trivial geometry arising while
handling the divergence. (This issue is tied with the question whether/how an open string attached on a D-brane can feel the
gravitational effects that are produced by the brane.) In e.g. [14] an explicit map was obtained between the quantum (and non-
perturbative) effects and the AdSs x S geometry. There only the pure SYM part was considered. We expect that the massive
modes will have their contribution to the picture. The work of [14] was in a regular field theory context. It will be very interesting to
see how the geometry arise in the current set-up of the string world sheet analysis. Perhaps could it arise through a Fishler—Susskind
type mechanism?

The one loop should also be useful to study the string corrections to the anomalous dimensions of the SYM operators. While
N =4, D =4 SYM theory is a super-renormalizable theory the presence of the new vertices generates divergence. As well known
open superstring yields finite results for various scattering amplitudes. Therefore it is natural to expect that there should be a
procedure to obtain finite results from the SYM. The divergence would have to be cancelled by counter-terms. It will be interesting
to see how the way that string theory deals with divergence is related to that of the field theory. Once the divergence is removed one
will be able to compute the string corrections to the anomalous dimensions.? We will report on these issues in the future.

3 For that matter one may try to compute the anomalous dimensions directly in the world sheet framework without detouring to the field theory.
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