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1 Introduction

As researchers have widened their exploration of the space of string theory vacua in recent
years, more attention has been paid to compactifications which include D-branes and fluxes.
Much of the work being done focuses primarily on the effective theories which describe the
low-energy dynamics of such theories, and so the effects of higher-derivative corrections
to the string theory action are often ignored. Caution is required however, as there are
situations in which these contributions play a crucial role in establishing the consistency,
or inconsistency, of solutions.

For example, consider the compactification of M-theory on a Calabi-Yau four-fold with
flux. The equation of motion for the three-form potential C3 extended in the three space-
time directions gives [1] (assuming also supersymmetry of the solution)

—dxgdf = %G4 NwgGa+ 4y 6E (2 — @) — Am X + -+ (1.1)

where f is a function related to the warp-factor, x; are the positions of space-filling M2-
branes, and Xg is a particular eight-derivative term built from four curvature tensors;
other higher-derivative terms (eight-derivative and higher) are represented by - --. Solving
this equation locally for the warp-factor, the higher-derivative corrections are not relevant
(assuming we are in the regime where the volume of the internal space is large in Planck
units). However, if we integrate (1.1) over the internal space, then we find

1 2 X
0=—= G Npyjo — = 1.2
8%2/’ 4”4+ Nz (1.2)

24’
where x is the Euler character of the four-fold, which comes from integrating Xg over the
internal space. Thus, if we had naively ignored the higher-derivative correction, then we
would have incorrectly concluded that a supersymmetric solution would require vanish-
ing flux and no M2-branes. Conversely, when we correctly include the higher-derivative
corrections to the action, we conclude that fluxes (or branes) are a required ingredient on
most Calabi-Yau four-folds () is typically positive on these spaces). Thus, understanding of
these higher-derivative terms was crucial for determining the correct consistency conditions
on this class of solutions.

It is instructive to also consider another class of solutions that is related to the previous
ones by duality, in which we compactify F-theory on the Calabi-Yau four-fold [2]. In this
case, the global consistency condition (1.2) corresponds, in IIB language, to a D3-brane
tadpole and reads

0:/F3/\H3+ND3—2>Z. (1.3)

From the point of view of IIB string theory, the contribution x/24 may at first appear
mysterious, since, as in M-theory, the bulk action does not receive corrections until eight
derivatives, but an eight derivative term would be too suppressed in the regime of a large,
smooth compactification to give a topological contribution when integrated over the six-
dimensional internal space of the IIB solution. The resolution is that the IIB solution also



necessarily includes D7-branes and O7-planes which wrap four-cycles of the internal space.
These brane actions can and do receive four-derivative corrections like [3—-8]

7r2 (0/)2
24 D7

0Sp7 = —T% Cy N (tI‘RT ANRp —trRy A RN) , (1.4)
and the integral of the trR? terms over the various seven brane world-volumes precisely
reconstructs the contribution proportional to the Euler character of the four-fold.

The lesson from this example is that it is not only important to understand higher-
derivative corrections in the bulk, but that higher-derivative corrections to D-brane actions
can also play a pivotal role in determining the consistency of string compactifications;
without taking these terms properly into account, we would reach mistaken conclusions
about the space of valid constructions of string vacua.

However, terms like those in (1.4) are not the full story; there are many other terms
at the same order of derivatives which will appear in D-brane actions [9]. There are at
least two routes by which we can learn about these additional terms; we can take the
known terms such as those in (1.4) and apply T-duality, or else we can try to compute the
terms directly by evaluating scattering amplitudes. In the current work we will concentrate
on the latter approach, and in fact we will largely be laying the ground-work for a more
complete study by carefully examining many of the issues which arise when computing disc
amplitudes and using them to reconstruct space-time actions. In [10] we will use the tools
presented in this paper to present the gauge invariant completion of the four derivative
corrections to the Wess-Zumino contribution to the D-brane action found in [9]. These
interactions have also been considered by [11-19].

To compute the terms of interest, we must evaluate scattering amplitudes in which

L We will restrict ourselves to tree-

various closed string fields interact with a D-brane.
level computations, so the relevant amplitudes are given by insertions of multiple closed
string vertex operators on a world-sheet with the topology of a disc. We will study this
problem using the boundary state formalism [20-24]. In this formalism we work with the
usual vertex operators and BRST cohomology that we would use on the sphere [25], but
to account for the effect of a world-sheet boundary, we insert a boundary state |B) which
encodes the boundary conditions of fields in the presence of the D-brane. We also need
to include a propagator which pushes this induced boundary out to the first closed string
insertion point, and a ghost factor by —1—50.

Though the boundary state itself is annihilated by the total (left- plus right-moving)
BRST charge, the extra ghost insertion is not invariant, and this fact leads to many subtle
issues which do not occur for sphere amplitudes. For example, it is not necessarily true
that BRST-exact operators decouple from disc amplitudes, and this potentially leads to
disturbing consequences. Gauge transformations of the space-time fields are represented
by shifting the corresponding vertex operators by BRST-exact pieces, so if these do not

Tt is also interesting to compute the scattering of closed string fields from orientifold planes, by com-
puting string amplitudes with a crosscap instead of a boundary. It is well known how to accommodate that
situation in the boundary state formalism. We don’t work out the details in the present paper, but expect
that most of our techniques and results carry over to that case easily.



decouple it would mean that the scattering amplitude was not gauge invariant, which
should not happen for physical quantities. A related issue is that amplitudes in the NSR
formalism are not supposed to depend upon how the total picture charge is distributed
among the various operators, but verifying this property typically relies on the decoupling
of certain BRST-exact states. So, in order to do a careful analysis of disc amplitudes with
closed string insertions, it is important to really understand these issues and whether they
affect the integrity of our answers.

The outline of this paper is as follows. In section 2 we start by constructing the
physical state vertex operators by computing the relevant BRST-cohomologies to describe
the massless fields of the superstring. This section also serves as a summary of many of
our conventions for OPEs that we will need when we proceed to compute amplitudes. In
section 3, we discuss the boundary state |B) and its effects on the computation, and in
particular we demonstrate how we can use |B) to convert all right-moving fields in the
computation into left-movers to facilitate the evaluation of the amplitude. Section 4 deals
with BRST-exact states in the amplitude and shows that they can give rise to boundary
terms that need not vanish. However, by appealing to the analyticity of the amplitude as a
function of the external momenta, we demonstrate that in a broad variety of circumstances
(we also discuss the situations where this argument fails) the boundary terms do vanish
identically. We show that this proves that the amplitudes are indeed gauge invariant and
that the result is independent of how we distribute the total picture charge. Most of
this discussion focusses on the two-point functions for simplicity. Next, in section 5 we
explicitly compute various two-point functions on the disc, and in section 6 we compare
the leading terms in the momentum expansion with predictions from supergravity and
show exact agreement.

2 Vertex operators

2.1 Notation and conventions

We start with the usual matter and ghosts on the world-sheet with OPEs on the complex
plane?

XH(z,2) XY (w,w) ~ = In |z — w|2 ,
P ()P (w) ~ :

b(z)c(w) ~ c(2)b(w) ~ , (2.1)

and similarly for the anti-holomorphic fields.

2The OPE for ¢* differs from [9] by a sign; we have changed conventions to match most of the literature
on boundary states.
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c 1 0 -1

b -1 0 2

n o1 -1 1

€ -1 1 0

e 0 n —nn+2)/2

ox® 0 0 1
X 0 0 k%/2
P00 1/2

Table 1. Left-moving fields with their ghost charge, picture charge, and conformal weight.

The (holomorphic) ghost charge g, and picture charge gp of an operator O are given
by?

0:01(0) = § 55 7(:100) = 4,000), 22)

@, 010) = § 52 Tn(x)000) = 4200, (2.3
where

Jg=:1cb: 40, Jp = —0¢+ :&n e, (2.4)

and @), and @ p are the corresponding charge operators. The charges and conformal weights
of several of these fields are listed in table 1.

Finally, in our conventions the left-moving BRST charge is given by

d
[@BRsT, 0] (0) = ?ZZ.JBRST(Z)O(O% (2.5)
where
JBrst = Jo + J1 + Jo, (2.6)
1 1 1 )
Jo = ¢ (~50X1OX, — JUHO%, — 50600 — 06 — 10k +ch ) (2.7)
1
Jy = —§e¢n¢“8Xu, (2.8)
Jo = 162‘1517176777. (2.9)

4

3These definitions are not universally agreed upon. Our choice of picture charge is chosen so that it
commutes with BRST charge, [Qp, @ersr] = 0. Our ghost charge satisfies [Qq, @QBrsT| = Q@BRST, i.€. the
BRST current has ghost charge one, but this does not determine it uniquely; we could add any multiple of
Jp to Jg. The precise form here is fixed by also requiring that the picture changing operators have ghost
number zero, so that they relate states or operators with the same ghost number.



2.2 Physical states

In the closed string we have both holomorphic (left-moving) fields and their anti-holo-
morphic (right-moving) counterparts, which we denote throughout the paper with tildes.

Physical states in the closed string correspond [26-31] to classes in the semirelative
BRST-cohomology, i.e. states which are annihilated by the operator b; = by —Zg and by
the total BRST charge () = Qprsr + @BRST, modulo states which can be written as @)
acting on something that is annihilated by b, . In terms of operators, we need

by, V] =1Q,V] =0, §V =1[Q,U], [by,U]=0. (2.10)

In practice, obtaining a complete characterization of this cohomology is difficult, espe-
cially since the b, condition does not factorize between the left- and right-movers. In this
section we will collect various results in the literature to explain how we have a bit more
flexibility when states have well-defined non-vanishing momentum, p* # 0, and when we
only intend to insert our vertex operators into disc amplitudes, and are not worried about
arbitrary higher-genus Riemann surfaces.

2.2.1 Chiral states

Let us start with states that are purely left-moving. In this case there are two cohomologies
we can define, either that given by BRST-closed states modulo BRST-exact states, without
further restrictions, or the relative cohomology of states which are annihilated by by. Note
that the BRST charge has picture charge zero, ghost charge one, conformal weight zero,
and zero momentum,

[Qp,@BRrst) = [Lo, @BRST) = [P", @BRST] = 0, [Qg,@BRrsT] = @BRST,  (2.11)
where P
z
7.01(0) = § 50X (:)0(0) (212)
is the momentum operator. Note that we also have
[QPabO] = [L()’b()] = []/Q\H,bo] = 07 [an bO] = _b07 (213)
as well as
[QPan] = [QP;LO] = [QP;Z/)\M] = [Qg]?L(ﬂ = [anﬁl] = [L(]vl/)\“] =0. (214)

Now from (2.11), (2.13), and (2.14), we see that without loss of generality we can
restrict attention to particular eigenspaces of Qp, Lo, and p*, and we can grade the coho-
mology by ghost number. In other words, we can define spaces

Chapn ={VIQp,V] =PV, [Lo, V] = AV, [P", V] =p"V, [Qg,V]=nV},  (2.15)
and then define the absolute and relative chiral cohomologies,
{V € Cp ! [@BRsT, V] = 0}

{[QBRST, UlU € Cﬁ;}p#}

Hpy o = (2.16)



and
{V € C]@,O7pu| [bo, V] = [@BRrsT, V] = 0}

{[QBRST: UI|U € Cglus [bo, U] = 0}

Note that in the relative chiral cohomology we can drop the L eigenvalue because
[bo, V] = [@BrsT, V] = 0 implies that [Lg,V] = 0. In the case of the absolute chiral
cohomology, for A # 0 we have for BRST-closed operators V/,

n —
Heppr =

(2.17)

V = [Qprst, (A7 [bo, V])] , (2.18)

implying that Hp, . =0 for A # 0. So there too we will assume that A = 0. We will
assume, in both cohomologies, that we have fixed P and p* to some agreed upon values,
and we will not bother to include them as subscripts. Thus we will talk about the absolute
chiral cohomology H" and the relative chiral cohomology Hi,.

These two cohomologies fit together into a long exact sequence (see for example [32]),

N H;% L H" &) Hg_l {%} H]r%-i-l L Hn+1 — (2‘19)

where the map i is simply inclusion, and the other maps indicate taking the commutator
with by or with {QprsT,co} respectively. It is easy to check that the kernel of each map
is the image of the previous map.

Now we mention some results from the literature. It is possible to construct picture
changing operators

X(z) ={QBrsr,2¢(%)}, and Y(2) = —2: cOfe™?(2) 1, (2.20)

whose zero mode pieces Xy and Yy commute with Q@ prsr, Qg, Lo, and p*, and which carry
picture charge +1 and —1 respectively, and which further satisfy

XoYy =YoXo =1+ {Qprsr, - }. (2.21)

Thus, these operators can be used to construct an isomorphism between the absolute
cohomology with picture P and the one with picture P + k for any k € Z.

Unfortunately, Yy does not commute with by, so these operators cannot be used to
construct an isomorphism of relative cohomologies. However, for p* # 0, it was shown by
Berkovits and Zwiebach [33] that one can construct an alternative operator

V(2) = =20, : e Pt (2) -, where tp, =1, (2.22)

whose zero mode piece Yy does commute with by as well as Qprsr, Qg, Lo, and p*, and
which, when restricted to the p* # 0 eigenspace satisfies

where - - is annihilated by by. These then establish isomorphisms between H}, at picture
P and HF; at picture P+ k, k € Z.



Next, we have a result due to Lian and Zuckerman [34], generalizing [35] for the bosonic
string, which shows that, again for p* # 0, H} = 0 unless n = 1. In fact, looking carefully
at their results, they prove this only for pictures —1, —1/2, and —3/2 (they start with a
vacuum in one of these pictures and consider only states built by acting on the vacuum
with a finite number of 3 and v superghost oscillators), but combining this result with the
isomorphisms constructed by [33], we have that Hf = 0 for n # 1 in any picture and any
non-zero p*.

If we plug the Lian-Zuckerman vanishing result into the sequence (2.19), we learn that
for p* #£ 0, the maps

oLy -5 HY H2Y g (2.24)

are isomorphisms, and that H” = 0 if n # 1,2. The first isomorphism in particular implies
that for any BRST-closed operator V' of ghost charge one, there exist operators W and U
satisfying

[bo, W] = [bo,U] =0, [Q@BrsT, W] =0, (2.25)

such that
V=W +[Qpgrst,U]. (2.26)
2.2.2 Closed string states

In the closed string there are three different cohomologies that arise, the absolute coho-
mology ‘H", the semirelative cohomology HY¢, and the relative cohomology, H',, defined
by

{(VI[Q, V] =0, [Qa, V] =nV}

" QU Qe Ul = - 10} (2.27)
. VIRV =[5,V] =0, [Qa, V] =nV}
Hs = {[Q,U]][b;,U] =0, [Qg,U] = (n — 1)U}’ (2.28)
VI1Q.VI =0, V] = [50.V] =0, [@6. V] =V}
i = (2.29)

{10.U111b0, U] = [0, U] =0, [, U) = (n— 1)U}

where we recall that Q = Qprst + @BRST, by = by — 50, and we define the total ghost
charge, Qg = Q4 + @g. We assume that we are working at fixed left and right pictures P
and P and fixed momentum p, and vanishing eigenvalues for Ly and ZO.

With standard techniques it is easy to express H" and H% in terms of chiral coho-
mologies by Kiinneth formulae,

Y HYeH', Hp= Y HpoH (2.30)
k+t=n k+t=n

Using the vanishing theorems of the previous subsection, this implies that for p* £ 0, we
have
H" =0, forn#2,3,4, and Hp =0, forn#2. (2.31)

Because the semirelative condition does not factorize between left and right, we can’t
use such a simple decomposition for the semirelative complex, which are the states of



legitimate physical interest. However, there are long exact sequences [32] anologous to the
chiral (2.19),

oy Ly 2 gt 12 gt g (2.32)
and
n 0 n ba_ n—1 {Q’Cg_} n+l & n+1
— Hp—Hs—Hp — Hp — Hg — . (2.33)

Plugging in our vanishing theorems we learn that, for p* # 0, there are isomorphisms
HE > HE = HE, = HE = H (2.34)

and the only other nonvanishing cohmology group is H?* which can be obtained from (2.30)
or from the short exact sequence

0— HE S H 2 HE — 0. (2.35)

To summarize, this shows that if our purpose is simply to find the spectrum of physical
closed string states at non-zero momentum we have many choices, since there are many
cohomology groups which are isomorphic to the desired* H%.

However, when we wish to insert our vertex operators into amplitudes then we need
to be more careful. The semirelative condition is imposed in order to make correlation
functions well-defined on arbitrary higher genus Riemann surfaces [26, 27, 29-31]. In
particular, if U corresponds to a state that is not annihilated by b, , then the BRST exact
insertion [@, U] is not guaranteed to decouple from amplitudes. Thus if V represents a
class in H? with p# # 0, then the last isomorphism in (2.34) guarantees that we can write

V=W+[QU], [b,W]=0, (2.36)

but the second term may not decouple and so they may give different results inside cor-
relation functions. However, we will argue in section 4 that for correlation functions on
the disc at generic nonzero momenta, that [@Q, U] will in fact decouple, even if U is not
annihilated by by .

Our purpose in clarifying all these issues is that below we will find R-R operators in
H? which are not in H% but which enjoy certain desirable properties in the context of
disc amplitudes with one R-R field and several NS-NS fields. Using H%, one finds that in
the (—1/2,—1/2) picture one can write R-R vertex operators which are manifestly gauge
invariant (they depend on the R-R field strength F' rather than the potential C'), but we
must put at least one of the NS-NS fields in an asymmetric picture and we lose the manifest
exchange symmetry between the NS-NS fields. Alternatively in the (—3/2, —1/2) picture
we can maintain the exchange symmetry, but we lose the gauge invariance and in fact must
work in a somewhat awkward gauge. However, if we are willing to relax the semirelative
condition and work with R-R operators in 2, then we can find something which combines
both of the desirable properties.

4For unintegrated vertex operators, as we are discussing here, we are almost always interested in total
ghost number two.



2.3 Vertex operators
2.3.1 Open string

Whether we wish to compute the absolute chiral cohomology at ghost number one, H', or
the relative chiral cohomology H ]1%, we start the same way. At a given mass level, say p? = 0,
and a given choice of picture, we can classify all possible open-string vertex operators that
have conformal weight zero and ghost number one and are constructed out of the basic
fields (these fields and their charges and weights were summarized in table 1). Suppose
we want operators of picture P. If we start with a contribution )¢  then to get the
correct picture charge we must also include either n n’s, if n > 0, or |n| £’s if n < 0. Then
to get the correct ghost number we need either n —1 0’s forn > 0 or 1 —n ¢’s for n < 0.
Calculating the conformal weight in either case, we find

2_2Pn— (P?+2P+2
[bab"‘8"721)7’]87’]'"8nilﬂ€(n+P)¢} _ n n (2 + + )’ n>0,

2 _2(P+1)n— (P?>+2P+2
[Cac_”am\cagan'“a|n|€e(n+P)¢)} _n (P + )n2 (P*+2P + )’ n<0.

We can then add more pieces which don’t change the picture charge or ghost number,
including contributions from the matter sector, additional n-£ or b-c¢ pairs, or derivatives
acting on any of these fields. All these contributions, however, will only increase the
conformal weight, so we need the basic contribution above to have weight less than or

equal to zero. For instance, if we want operators of picture P = —1, we have either
(n?2+42n—1)/2 for n > 0, or (n?—1)/2 for n < 0. The only viable solutions are then n = 0
or n = —1, and the corresponding possible operators are

Vo1 = |auce Pt + Bedcdte ¢ | X, (2.37)

Imposing the condition that this is BRST closed, we find that 3 = 0 and p*«a,, = 0. Note
that if we imposed [by, V] = 0 first, we would set 3 = 0 before considering BRST closure,
but the end result is the same.

In general, under gauge transformations vertex operators change by BRST exact op-
erators

0Vp = [@Brst,Up]|, (2.38)

where Up has the same momentum and picture charge as Vp, and vanishing conformal
weight and ghost charge.

Similar considerations to those above then allow us to classify all possible gauge trans-
formations. For picture —1, for example, we have only

U_1 = iAcOEe™ 20X (2.39)

generating the gauge transformations doy, = %)\pu.
Similar calculations give, for picture 0,

1 .
Vo = ap |c(0XH —ip,pVyH) — §e¢nw“ e (2.40)

~10 -



subject to p? = 0 and pHay, = 0. In this case
Up = —ixePX (2.41)

corresponding to the gauge transformations oy, = Ap,,.

In both these pictures, the absolute and relative cohomologies are identical.

For picture —%, in the absolute cohomology H' we have

Vs = [aAcﬁcaé’e_gqb +iﬁAce_%ﬂ SAeX (2.42)

2

subject to the conditions p? = 0 and ap = 0, where
P =pul", (2.43)

and our conventions for gamma matrices are detailed in appendix A. In this case there are
gauge transformations parametrized by A4 and p4, generated by the operator

U s = —2i)\Ac60858256_%¢ + 2\/§MA08§6_3¢:| SAeirX (2.44)
which act as
Sa=V2XNp, 0B =\+ up. (2.45)

If we were to work in the relative cohomology H}l2 instead, then we would set « = A =0
above, leading to an isomorphic cohomology at nonzero momentum, but with a smaller
space of states and of gauge transformations.

Finally for picture —%, we have

V.1 = aace 2%546PX (2.46)

-3
with p? = 0 and ap = 0. There are no gauge transformations in this case, and the absolute
and relative cohomologies are identical.
2.3.2 Closed string

The closed string vertex operators will, of course, be (sums of) products of left- and right-
moving open string vertex operators. In the NS-NS sector, we would have

Vpp(2,2) = e VE(2)VE(2)ePX (52, (2.47)

where

V= ce” Pt
. 1 s (2.48)
Vi = c(0XH —ipppPyH) — 5¢ nt,

and similar expressions for the z dependent contributions. In each case BRST closure
requires
P> =0,

, , (2.49)
Pevy =pew =0.

- 11 -



There are gauge transformations

S = A\ubv + Puly, (2.50)

for vectors A\, and ¢, satisfying p#*A, = p#(, = 0. The operators constructed in this way
satisfy [bo, Vp p] = [go, Vp gl = 0, so we can consider them as elements of HZ, HZ, or H2.
Working in ahy of these three cohomologies we could enlarge the space of operators we
consider to ones where the left and right ghost numbers were not both one (but the total
ghost number should still be two), but by the arguments of section 2.2 all such operators
would then be BRST-trivial as long as p* # 0, so the ones we have written down here
completely capture the cohomology at ghost number two.
In the R-R sector, we have the (—%, —%)—picture operator

Voi_1(22) = fasVA (VA (2)e?, (2.51)
’ 2 2
where
VA = cem2054 (2.52)
2
In this case BRST implies
2
=0
L (2.53)
p f=fp=0.

We must take a moment now to discuss the GSO projection. In the NS-NS sector, this
is simply the requirement that (—1)F and (—1)F, where F and F' are the left and right
world-sheet fermion number operators, are both equal to one when acting on a physical
state. It turns out that the NS-NS sector operators we wrote down already satisfy this
requirement. In the R-R sector, the GSO projection (we use the conventions of [36]) is
(—1D)F =1 and (—=1)F = (—1)P*!, where p is even for IIA and odd for IIB. The action of
(—=1)¥ on R sector ground states is given by

()T |P;A) = (-T2 (1) |P; B, (2.54)
(P Al (~1)F = ()2 (1), (P Bl

where P € Z + 5 is the picture and A is the spinor index. The action of (—1)" is given by
the corresponding expressions with tildes. Thus the GSO projection on (2.51) imposes

f=@n)" f= (1" . (2.55)

These conditions determine the choice of coefficient fap. Indeed, there is a natural
correspondence, using the algebra of gamma matrices (F“)A g+ between objects with two
Lorentz spinor indices and (formal sums of ) space-time differential forms according to

fan = (c 5 ;er) ), (2.56)

AB
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We will now argue that the BRST and GSO conditions make it very natural to associate
the differential forms F(™) with the R-R field strengths. First of all, the GSO projection
immediately gives that F(™ = 0 unless p + n is even, so we only have even forms in ITA or
odd forms in IIB. The other implication of the GSO condition is the duality relation

« F(n) — (_1)%("2*") F(lO—n)’ (257)

which comes from J' = —I'1 F.
Turning next to the BRST conditions, it is easy to check that pr = fp=0is
equivalent to the demand that

dF™ = dx F™ =, (2.58)

for each n. Finally, since there were no BRST gauge transformations, the F(™) should be
gauge invariant quantities. It is thus very natural to associate these F("™) with the R-R
field strengths, at least up to an overall normalization which we won’t attempt to fix.

For picture (—%, —%), if we work in the absolute cohomology H2, we have [20] (see also
discussions of R-R vertex operators in [37, 38])

V_%_%(z,é) = [fAB (c@c@ﬁe‘g‘bSA) (Ee_%q;gB) +ig4B (ce_%¢SA> (Ee_%agB” X,
with 2
p* =0,
prf=rp=0, (2.60)
gp =0,

and where we have gauge transformations (following directly from the corresponding open
string transformations (2.45))

of = V2p'¢,

T (2.61)

dg=C+p' X,

for any parameters (4p and xap satisfying (p = xp = 0. As before, fap corresponds to a
gauge-invariant differential form which is closed and co-closed, so it should be proportional
to CF.

For the other term, writing ¢ = C@ for a sum of differential forms G, the GSO
projection becomes

E=Tn¢ = (-1)" ¢TIy, (2.62)

which implies that we must only have terms satisfying p 4+ n is odd, and we must have
« G = (—1)z("*=7+2) G(10-n), (2.63)
The BRST condition gp = 0 becomes the constraint

dG™ = — xdx G2, (2.64)
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The gauge transformations imply that we can make shifts (these are the gauge trans-
formations parametrized by x)

6GM) = dA), (2.65)

where the forms A1) satisfy
dAD = — s dx ACHD), (2.66)
By using the gauge transformation (ap = —gap we see that we can replace gap by a

contribution to fap given by 6F (™ = 24/2dG~1). For this reason it is natural to assume
that G should b proportional to the R-R potential C"™) in a specific gauge. Indeed, we
should write

fap=2(1—y) (CF) 5.  94aB= % (C@) - (2.67)

Here y is an arbitrary real parameter, and we have chosen a gauge in which dC("~1) =
—xdxCtY e,

Citlop ot = —(n = 1)CID . (2.68)

The overall factor of two in (2.67) ensures that amplitudes using this operator agree with
those computed using (2.51).

Our gauge transformations then act to either shift the parameter y by any amount,
using the parameter ¢, or to shift ¢' according to (2.65). The most convenient choice of
gauge for us is to simply take y=0, in which case we can simply write

Vs _1(2,2) = fagVAs V5 ePX (2.69)
27 2 2 2
where
5 ~ 17~
VA = cdcdge 2954, VB =G 2958, (2.70)
2 2
To prove general statements about expressions involving the vertex operator in the
asymmetric (—3, —1) picture we found our result in eq. (2.69) more convenient than existing

results in the literature. The vertex operator found in ref. [37], for example, is given by
an infinite sum of ever-larger terms which makes it difficult to deal with. Moreover, the
vertex operator (2.69) depends on the field strength, not the RR potential, and so is
manifestly invariant under RR gauge transformations. This is not true for other versions
of the operator, in which computations must be done in a particular gauge.

Of course, if we want to use our vertex operators on arbitrary Riemann surfaces, then
we should work with H?g rather than H?, and so we should be forced to take y = 1 and
disallow the gauge transformations which shift y (this would reproduce the vertex opera-
tor used in ref. [38]). However, we will demonstrate in section 4 that for two-point disc
amplitudes we encounter no problems working with the form (2.69), since the difference is
a BRST-exact operator which decouples even though it sits in the absolute, rather than
semi-relative, cohomology. Moreover, we find this operator somewhat more convenient in
calculations for a couple of reasons: we don’t have to worry about the somewhat compli-
cated gauge condition (2.68), and the traces of gamma matrices work out to be somewhat
simpler since at least one of the NS-NS fields will contribute only one or three fermions

— 14 —



(because we need to take one of the e® terms from the zero-picture operator in (2.48)) and
there is no possibility of getting four fermions from every NS-NS field.

The story for picture (—%, —%) is completely analogous.

Let us conclude with some comments about extending to other amplitudes. The vertex
operators presented in this section are all one needs to evaluate two-point amplitudes on
the disc. For higher-point amplitudes, one must also make use of integrated forms of the
vertex operators which carry ghost number (0,0) and which are easily derivable from the
fixed position operators that we have presented.

Finally, in a one-point amplitude we would need a vertex operator of higher ghost
number and we should repeat the analysis of physical states for this case. It turns out that
at these higher ghost numbers it is not possible to pick a gauge where the vertex operator
depends only on the field strength and not on the potential like we could for the ghost
number two® operator (2.69). This is consistent with the fact that the one-point coupling
depends only on the potential and there are no propagators available to cancel the factor
of momentum which appears in the field strength.

3

For example, if we compute the picture (-3, —%) BRST cohomology at ghost number

(2,1), we find only one operator,
cq 0806_%¢SA Ee_%agB ePX 2.71
AB

BRST-closure requires that we work in the gauge (2.68), and there are gauge transfor-
mations we can make according to (2.65), but there is no transformation in this case to
a vertex operator which depends on the field-strength instead of the potential. This ver-
tex operator has the correct ghost charges to give a non-zero result when inserted in an
amplitude next to a boundary state without a propagator, and indeed gives the expected
one-point coupling to the brane coming from | Dp Cpt+1),

3 Boundary states and correlators

We will try to develop all the properties and results for our boundary states from scratch,
but some other useful references include [20-24], and the review [39].

3.1 Boundary states

We will be taking a very pragmatic view of the boundary state |B) as being simply an
implementation of the boundary conditions obeyed by the vertex operators. These bound-
ary conditions relate right-moving excitations to left-moving excitations, as waves hit the
boundary of the string world-sheet and reflect back. On the upper half-plane, we expect
the boundary conditions to relate a purely right-moving operator of conformal weight h to
a purely left-moving counterpart,

0% (@) = " RyO" (w)|w=a- (3.1)

"Recall that in our definition of ghost number, explained in footnote 3, (2.70) gets a contribution of +2
from the c-ghosts and —1 from &.
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Here a and b are indices that correspond to the Lorentz representation of the operator,
and R} is a matrix encoding the boundary conditions. The sign n = &£ is included for
operators of half-integral conformal weight so that we can later sum over the two choices
when performing the GSO projection.

We will find it more useful to work not on the upper half-plane, but on the exterior
of the unit disc, |z| > 1 (this is so that we can place the boundary state at the origin and
propagate it outwards). In this case, if Ois a primary conformal operator, then under the
mapping z = e, the condition above becomes

(i2)" O%(2) = Rgn?" (i) O (2)] . (3.2)

The boundary state is designed to relate an anti-holomorphic operator defined on the
exterior of the disc to a holomorphic operator defined on the interior of the disc in a way
consistent with the boundary conditions,

0°(2) |B;n) = R (inz) " O"(z™") | Bsm) . (3.3)
In the case that the operators in (3.3) correspond to free fields,

O%z) =0%2) = »_ @M 0%z =0%z)= Y M (34)

r€Z—h r€Z—h

then (3.3) implies boundary conditions on oscillators given by
[ Bsn) = (in)"*" Ry@”, |B;m) . (3.5)

Note that these expressions are valid only for primary conformal fields, and need to be

modified otherwise. For instance, the current which measures ¢ charge, J, = —d¢, obeys
2 Js(0) | 9J(0)
T(z)Jp(0) ~ = . 3.6
(a(0) ~ 5+ Z 4 =2 (36)
Due to the 273 term above, the transformation of .J, under the mapping z = e~ is given
by
Jp(w) = —izdy(z) — 1, (3.7)
and so the action on the boundary state should be given by
T5(2) |Bim) = (=2 2Js(z 1) —227") [Bsn). (3.8)

From this it follows that the total left- plus right- ¢ charge of the boundary state must be

—2
<f{ ;Tfi‘] (=)= ?{ Qcifij%(z)) |Bin) = —2|B;n). (3.9)

The property (3.3) essentially fixes the boundary state |B;n) up to multiplication by

)

an overall, possibly n-dependent, number. We will try to avoid using the explicit form of
| B; ) whenever possible, simply making repeated use of (3.3).
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We mention here one more aspect which will be of use in evaluating the correlators
below. Let us schematically write the boundary state as

1B) = > B |i,m), (3.10)

where 77 and m label states on the left and right respectively. We will use the label 0 for
the vacuum states, and we consider an ordering where 7i; > iy if |i;) is obtained from |7ia)
by acting with creation operators. Then, again schematically, if we act with a left-moving
annihilation operator a; labeled by 7> 0 we get

ap|B) = > Y B |il — 7,17) . (3.11)

m>0n>7

By property (3.5), we should be able to equivalently write this in terms of a right-moving
creation operator, a_y,

a_7#|B) =Y B |i,m+7). (3.12)

Comparing these two expressions for arbitrary ¥ > 0, we see that the second series does not
contain the state |0,0), and so in the first series we must have By = 0. We can similarly
derive that Byz = 0. The key implication of this result is that

(71,01 B) = By (7[0) (3.13)

where By is just a number, or, if the vacua are degenerate, a matrix. In this case, if we
label vacua by an extra index «, then we have

(1, 0a|B) = Y (Boo) g (71]05) - (3.14)
3

This property means that in a correlator, if we first use (3.3) to rewrite all the operators
as holomorphic, we can then simply evaluate a holomorphic correlator with a vacuum as
in-state, and do not need to worry about the detailed structure of the boundary state,
except the zero-mode part which accounts for degenerate vacua.

3.2 Correlators

In this subsection we will use (3.3) to evaluate various correlators that we will need to
compute disc amplitudes, proceeding sector by sector. When we eventually compute full
amplitudes, we will find it convenient to simplify our calculations by sending the position
of the first vertex operator, z1, to infinity (the full amplitude is independent of z1). In this

limit, it is natural to absorb any spin fields and exponentials of ¢ or ¢ into the out-state
using

zlggo N5 (045 (0,0)4] - eQ9(2) . QO(2) . QQ+2)QQ+2) | <0w; (Q, @)¢

, (3.15)
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for integral @ and @, and

lim s (Oy; (0,0)4] : €99 §A(2) 12 @93 §B(z) .

~ ZQ(Q+2)—%2@@+2>—%R<(A, B)y: (Q,Q)o|, (3.16)

for half-integral ) and @

We will now discuss some of the particular correlators that we will need in different
sectors.

3.2.1 X sector

To relate the antiholomorphic fields to the holomorphic fields we use (3.3) with R, = D",
the diagonal matrix with entries +1 for directions along the brane and —1 for orthogonal
directions. If we use indices a,b,--- and i, 7, -+ for these tangent and normal directions
respectively, then (lowering the index with 7,,), we have Dy = g, Doi = Dig = 0,
D;; = —6;5. Then we find for example,

0X"(%)|B) = —z %DM, 0X" (271 |B). (3.17)

For exponentials we first split into holomorphic and anti-holomorphic parts,

ePX(27) = (i X(2)gipX(2) (3.18)
and then we use the boundary state to convert the anti-holomorphic piece into a holomor-
phic operator,

¢PX(3) | B) = ¢PPXGET | By (3.19)

where we assume here p? = 0, so that the exponential has zero conformal weight.

Once we have converted all the antiholomorphic operators in a correlator into holo-
morphic ones using (3.3), then we can use (3.13) to evaluate the correlator. In this sector
there are degenerate vacua, labeled by momenta, but as usual for non-compact directions
we must have left and right momenta equal,’ and since we take the out-state to have
zero momentum (ko = 0 in the notation of (3.14)), the correlator will simply reduce to a
holomorphic correlator.

5Thus the zero-mode part of this boundary state has
Boo(k, k") = Boo (k)" (k — k). (3.20)
Furthermore, applying (3.5) to the momentum operator we learn that
kuBoo(k) = — (Dk)# Boo(k), (3.21)

which implies that Boo(k) is nonzero only for momenta transverse to the brane. We won’t actually need
this result however, since we can use (3.3) to reduce everything to the case with k& = 0.
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It is now straightforward to evaluate the expectation value for products of exponentials,

<OX' e X(zE) L e X (20 En) ‘BX> (3.22)
1 n
= (2m)PH! opt1 (2 (1+ D) Zp2>
i=1

n
PrDp
% H <‘Zk‘2 o 1) k k H |Zf _ Zm|2pép’m |Zfzm _ 1|2pZme .
k=1 1<f<m<n

Indeed the second line appears frequently enough that we shall abbreviate it with the
symbol IC. The first line implements conservation of momentum along the brane; in the
transverse directions we do not have conservation of momentum.”

We will also need correlators which include explicit factors of 0X* or OX*. Again,
we convert right-movers into left-movers using the boundary state, and then evaluate the

correlator using the usual methods. For example,

<OX’ :eiplX(thl) cel s eipn—lX(zn_th—l) .- axu<zn)eian(zn,2n) . ‘BX> (3.23)
_ <0X ‘: e X (z1,21) .. pipnX(2n,20) :) BX>
" ( Ly e EDp i2n2Dpn )“'
21— Zn Zn—1 — Zn 2nz1 — 1 |Zn| -1

3.2.2 bc sector
Applying (3.3) here gives
Az2)|B) = —2c(z"")|B),  b(z)|B)=z"*b(z"")|B), (3.24)

or simply

Cn |B> = —C-n |B>a gn |B> =b_p |B> . (3'25)

The boundary state which implements these relations is given by®

| Bye) = exp [i (cfn&n - b,nE,n>

n=1

co + ¢

121 |Ope) (3.26)

Because of the insertion of (by +EO) in front of the boundary state, it is actually simpler
to just list the correlator that we will need,

<obc e(21)8(31)e(22)(Z2) (bo +?50) ‘ Bbc> — |21 — 22 <|2122]2 . 1) : (3.27)
<0bc De(21)E(z1) el 2) (bo +60) ‘ Bbc> = 51 (21 — 2)2, (3.28)
<obc cde(21)E(21)(2) (bo +?;0) ‘ Bbc> = (51— ) (205 — 1) (3.29)

7 Alternatively, we can think of the D-brane itself, or equivalently the boundary state, as carrying mo-

mentum in the transverse directions, as in the previous footnote.
8 Again, as throughout this work we are not fixing the overall normalization of the amplitudes, including
the normalization of the boundary state.
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3.2.3 ¢ sector

In this sector we will evaluate correlators which are products of exponentials of ¢ or 5
Since e9? is a primary operator of dimension —%Q(Q +2), we can use our techniques above
to convert it to an exponential of ¢. Indeed, (3.3) with Ri =1 will yield

@93 | B. ) = (inz)Q(@+2) Q0G| By . (3.30)

In this sector there are degenerate vacua labeled by the the picture P. From (3.9), the
only non-zero matrix elements of Byg will be those correspond to total picture charge —2.
After converting all of the anti-holomorphic exponentials into holomorphic ones, we will
pick out only the piece with picture (@1, -2 - @1) To make use of (3.14) we still need
the constants Boo(Qvl, -2 — @1) There is an overall constant which we cannot determine,
but by imposing consistency between pictures (the freedom to have rewritten e@19(21) 49 o
holomorphic insertion, one can show that

BUO(éla —9_ Qvl) ~ (in)(Qlfa)(Q17a+2) ’ (3.31)

where a is a constant that should be an integer in the NS sector or half-integer in the R
sector. We have a choice of what value of a to take in each sector; we will choose a = —1
and a = —1/2 in the NS and R sector respectively.

Taking all of this into account, we can then derive the correlator of an arbitrary number
of exponentials of ¢ and 5,

<Q17@1 ‘: eQ20(22) .. (Q26(22) . ... (Qno(en) .. (Qnd(zn) :’ B¢;77> -

~ o~ ~ o~ ~ o~ n ~ -~ p— N
(m)(Ql—a)(Ql—tH-?)-f—ZZ:z Qr(Qr+2) im(Q1—a)(2+Q1+Q1) <H zk—Qle Zk—Qle (|2’k‘2 _1) Qka)

k=2
x| I (i—2) 9% (55— 2)7 9% (27 = 1)799% (1 - 212) 4% |, (3.32)
1<i<j<n
3.2.4 n¢ sector

This sector will be dealt with on a case by case basis, and we will make use of (3.3) with
R =1, so that

n(z)[B) = —z"n(z ") B),  &(2)|B)=¢&(271)|B). (3.33)
3.2.5 1 sector

For NS sector amplitudes, there are not degenerate vacua, so up to an undetermined
normalization we will simply use our rule to convert " into ¥* using (3.3),

$(2) [Bimhys = —inz (D) (271 [ Bin)ys (3:34)
and then use the OPE (2.1), so for example

—inDH

s (O [P @] Buin) = S5 (339
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In the R sector, there are zero modes ¢y, and by (3.5) these should obey

U |Bin) g = —in (DY) |Bin) - (3.36)

These zero modes lead to degenerate vacua labeled by spinor indices A, B, etc (see our
spinor and gamma matrix conventions in appendix A). Let us write

M(n)as = (Boo) ap - (3.37)
Since the zero modes of ¥ and zz act on R ground states as
1 A o 1 A B
UG |A,B) = 7 T)°clC,B),  ¥§|A,B) = 7 T1)"c @)"p|C, D), (3.38)
we can rewrite (3.36) as
(Cu)" M) = —inD¥, (I")" M(1). (3.39)

It is not difficult to check that this relation is solved by
M(n) = (in)? CTO--T7 (Py — inP-) (3.40)

with 1
Py = 3 (1£T1), (3.41)

Cap is an antisymmetric charge-conjugation matrix, and we have assumed that the Dp-
brane is extended in the directions 0 through p. The boundary conditions only fix M(n)
up to an overall, possibly n-dependent constant. We have chosen the prefactor (in)?P for
later convenience.

This, along with the holomorphic expectation values for products of ¥ between R
ground states, leads to the result

N[

R (A B (21) - 0P (20)| Bysm) p = (_1)n+1 9—2 (21 20)"

% {[pu1-~~unc—lM(n)c—l]AB + zl + zQ pHiH2 [F”3"'“”C_1M(n)c_1]
1— 22

AB

4+ 4 mmnmmnww [Fus"'#nc—lM(n)C_l]AB + . } , (3.42)
Z1 — k2R3 — %4

where - - - represent all other possible contractions, with appropriate signs from anticom-
muting the fermions or the gamma matrices. Then any desired correlator can be obtained
by first using (3.34) and then using (3.42).

As examples we have

R UAB) [0 (2)| By = —= [Te e, (3.43)
and
. <A, B W(Z)J”J"(i)‘ By; 17>R = —QZ#D”GDPT { [rrore=t M(n)c—14"

|22 4+ 1
|22 — 1

AB

(n’“’ [rretMm)et" — T [rﬂclM(n)cl]AB>}. (3.44)
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3.3 Evaluating the traces

From the % correlators in the R-R sector above, we will find our amplitudes include traces
of the form

TH = fap [pumunc—lM(n)C—l]AB = Tr fC_l/\/l(n)TC_l (ﬂlm)T o (F/tﬂ)T]

(3.45)
Using the explicit form of M(n) from (3.40), the relation (A.3), and writing f = CF, this
becomes

Tt = (ig)P (—~1)2 P Ty [f (P — g, ) TOPTM ] L (3.46)

If we now bring in the fact that the GSO projection on R-R field strengths implies J'T';; =
(—=1)P*1 P, we find (for instance by separately evaluating for p even and p odd)

TH i — (_1)%(n2+n) Tr [FI‘O"'prﬂl"'Hn] . (347)

Finally, if we use a to denote indices along the brane and i to denote transverse indices,
then the trace picks out only the field strength of degree p+1+/¢— k and we have explicitly

e o (N R P (3.8
p - ) B

3.4 GSO projection

Finally, we should apply the GSO projection to our boundary states before inserting them
into amplitudes. In the NS sector, this means taking

_\F _\F
Bys = g (3.49)

where F and F are the left-moving and right-moving world-sheet fermion numbers, and in
the R sector we take

14+ (—DF 14 (1 (—)F
2 2

|B)p = |B; +) g - (3.50)

In appendix B we show that in our conventions the fermion numbers act on the bound-

ary states as

(1) Bin)ysg == 1Bi=n)ys, (D7 [Bin)ys = =B —n)nsg, (3.51)
and B
D B g =1Bs=n)g, (D" Bimp = (1" B —)g. (3.52)
These then imply that the correct GSO-projected boundary states are
1
1B)ws =5 (IBiH)ns = 1B —)ns) (3.53)
and 1
1B)r =5 (I1Bi+) g + 1B —)g) - (3.54)
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3.5 Amplitudes

Finally, inside amplitudes we must also insert a ghost factor (bg +30) and a propagator
which pushes the boundary out to the first insertion point, so the total state is given by

- d2 ~
(b0 + o) / W rogTo|By. (3.55)
|w|>max{1/|z|} ’w|

Here z; are the insertion points of the various operators. Some of these may be integrated
over (for three- or higher-point functions), in which case the w integration as defined should
be taken as the inner-most integral.

4 BRST-exact states

We will now discuss certain features of amplitudes on the disc. We will show that BRST-
exact operators do not necessarily decouple from such amplitudes. However, we will then
demonstrate that if all the operators in the amplitude correspond to states with generic
momenta, so that we can use analytic continuation of momenta to do the computation, then
the BRST-exact states do decouple and the amplitude should be gauge invariant. With
this result we can also show that, under the same assumptions, the amplitude does not
depend on how we distribute picture charge. We will show these results for the two-point
functions on the disc, since those are the ones relevant in the current paper, but most of
these arguments will carry forward to higher-point functions [10].

To construct the two-point function, we insert a pair of BRST-closed operators at
arbitrary fixed positions on the sphere, and also insert the appropriate boundary state
along with a ghost factor (bg + go) and a propagator which extends the boundary state
out to the first operator insertion. We can use the conformal group of the sphere to fix
the position of the boundary state insertion at z = 0 on the complex plane, and then the

B>. (4.1)

wLOIDZOO(z,E)w*LOu’FZO = whwEO(zw,Ew), (4.2)

amplitude is written

2 ~
d*w —Lo,5—Lo

2
o[> max(1/z1],1/]2a]) W]

<V(1)(z1, gl)V(z)(ZQ, Z2)(bo _|_EO) /

We can then pull the integration to the left and use the relation

for an operator O of conformal weight (h,ﬁ), to express the amplitude as

d*w ~
= { VO (wzy, @2) VP (wze, @Z) (bo +bo ) | B).  (4.3)
/|w|>max(1/|zl,1/zQ|) !w|2< ( )‘ >

Let’s consider the situation in which |21| > |22| and V(1) is BRST-exact,

VW (z,2) = {Q,A(z,2)}, (4.4)
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where A(z, ) is a local operator of weight (0,0) and total ghost number one. We can then

compute
d*w o @ - N
o1zl 0T <{Q,A(wZ1,wz1)}V (wzg,WZ2) (bo +b0) ]B> (4.5)
w|> z2
d*w _
- = (A(wz1,w2) V) (w2, w2) (Lo + Lo) |B
/|w|>1/|zz| |w‘2 < ) ( ( ) ‘ >
d*w 0 o
- To12 a . U=— A vz (2) T~ B
/|w|>1/@| [wf? (“’aw *“’w) (Awsr, 02)V O (w2, 02)|B)

where we used the fact that, for an operator of weight (0, 0),

~ - = - g 0 -
[Lo + Lo, O(wz, wz)] = (w20 + wz0) O(wz, wz) = <w8w + w%) O(wz,wz). (4.6)
We also used the fact that
{@.bo+T0} = Lo + Lo, (4.7)

and that the boundary state is annihilated by the total BRST charge @. If we now switch
to polar coordinates, w = re®? /z2, then we have

271— oo . . ) ———— . .
22’/ d9/ drg <A(rezgz1/22,re_’ezl/ZQ)V(Q)(rew,re_’0)|B>
0 1 or

2 . . =
:22'/ do <A(Te“921/22,re_zezl/ZQ)V@)(rew,r6_19)|B> TOO (4.8)
0 r=1
If |z1| > |22| but V®) is the BRST-exact operator, we get a similar expression,
2m 1 0 —— 0 0 r=00
22’/ do <V( V(re? 21 )29, re 021 [ 29) A(re'?  re™ )|B> (4.9)
0 r=1

In order to argue that BRST-exact states decouple from the disc amplitude then,
we need to argue that the boundary contributions above vanish, and this will require an
additional assumption on the operators appearing in the amplitude. In particular, we will
assume that V1) and V2 carry momentum p; and po respectively, i.e. V) is constructed
from e®1X(#1:21) multiplied by fields which do not depend on the constant mode of X* (2,2),
ip2 X

and similarly V@ is constructed with e In this familiar situation, the amplitude

produces a delta function enforcing momentum conservation along the brane,
8”1 (p1 + Dp1 + p2 + Dp2), (4.10)
and thus on-shell the only invariants which can be constructed from these momenta are
s = p1Dpy, t = p1po. (4.11)
The remaining combinations can be expressed in terms of s and ¢ as

p1Dp2 = —s—t,  p2Dpy=s. (4.12)
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In addition to the delta function, the OPEs of the exponential factors amongst them-
selves produces a universal factor

K= (=" —1)" (|22]* = 1) |21 — 2o|* |z120 — 1|77 (4.13)

All the remaining OPEs in the amplitude will combine to multiply & by a rational function
of the insertion positions, i.e. the ratio of two polynomials? in 21, 22, Z1, and Z.

If we plug these results into the amplitude (4.3), and use variables of integration
where the range of the radial integral is from one to infinity, then near » = 1 we have
approximately (for some integer n determined by the other contractions in the amplitude)

~ /dr (r—1)%t", (4.14)
1

which only converges for Re(s) > —n — 1. At the other end of the range we have (for some
integer m)

~ / dr r72t+m, (415)

which only converges for Re(t) > (m + 1)/2. Outside of this range of s and ¢ the integral
diverges and we cannot make sense of our usual expression. Fortunately, we expect the
physical amplitude to be an analytic function of the momenta p; and ps. Thus we can first
complexify the momenta and then continue to the region where the integral converges;
once we find the answer we're looking for, we can extrapolate back to the region where
the integral failed to converge. Note that with complex momenta we can perform the
continuation while remaining on shell. For instance, with a Lorentzian brane we have
§ = p% — 2p"1p§, where ¢ indexes the transverse directions. We can stay on-shell, p% =0,
and send s to be something with sufficiently positive real part, as long as we let pi have
sufficiently large imaginary parts.

The same results will hold for the boundary terms of (4.8); they will be given by either

1)s+n/

~ (r— lr=1, or ~ T2 (4.16)

Since we expect the result to be analytic in s and ¢, and since the result is clearly zero if s
and t have sufficiently large real parts, it follows that the result must be zero identically.
Let us comment briefly on a couple of situations where this line of reasoning is not
available. If either state is prevented from carrying generic momentum (it could happen
that the spectrum of physical states gets a enhanced at zero-momentum for example)
then we can’t use the argument as presented. There are also situations where the vertex
operators can carry generic momenta, and the amplitude is still expected to be an analytic
function of those momenta, but where some momentum invariant vanishes for kinematic
reasons. For example, in the case of a D9-brane, momentum conservation and the on-shell
condition forces s =t = 0. And in the case of a D-instanton we can have arbitrary t (after
continuation), but s = —p? = 0. In these situations it may be that the integral diverges

Individual OPEs in R sectors can produce factors with half-integral exponents, but if all the vertex
operators satisfy the GSO projection, then the final OPE result will involve only integer exponents.
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for all on-shell momenta, regardless of how we try to analytically continue. We shall not
discuss these cases further in the present work.

To finish off this section, we shall show that, as a corollary to the decoupling of generic
BRST-exact states, the two-point function is independent of the distribution of picture
charge. In the RNS formalism, picture changing is implemented by X, (or )~(0), which is
the zero mode of the local operator

X(2) = > Xoz " ={Q.2¢(2)} (4.17)

= <268§ + ed)w”aXu — %(%7762(;5 — bdne*? — bn8¢e2¢) () :.

Note that X (z) is not BRST-exact because the field £(z) is not included in our algebra of
free fields, but 0X(z) = {Q,20¢(2)} is BRST-exact. Given a BRST-closed physical state
Vp(z, ) of left-moving picture P, we define

dw
Vpir(2,2) = XoVp(27) = 7{

- X(w)Vp(z,Z), (418)
fwl=|z|+e 2TiW

for some small ¢ > 0. It can be verified that Vpy; has picture P + 1, has the correct
weight and ghost number to be a physical state, is BRST-closed, and is BRST-exact if
and only if'® Vp is BRST-exact. Thus to redistribute the left-moving picture charge in an
amplitude, whether on the sphere or on the disc, we have simply to repeatedly commute
copies of X through operators to move it to the position we want.

Each time we commute Xy through one of our operators, we pick up a contribution

dw

(X, Vi(2, 2)] = fw_m XV (:)
- 7{%2'@ 2?5111 (X(wo) + /w 1: duaX(u)> Vp (2, 2)

dw [ _
= {C),Zﬁ{v_Zl<€ - /wo dudé(u)Vp(z, z)}

_ {Q,Q 7|{H|<s 2frz,"wg(w)vp(z,z)} . (4.19)

Similar expressions can be derived for the lowering operator, and the right-moving opera-

tors.

Since this shows that the additional contribution from redistributing the picture charge
is BRST-exact, and since we have already shown that BRST-exact states decouple for
generic momenta, we see that we can freely move the picture charge around as long as we
keep the total left- and right-picture charges fixed.

Finally, we would like to argue that on the disc we can also move picture charge from
the left to the right. But in fact this is also straight-forward, and requires only the facts

10This statement should only hold at generic momenta [33], which is of course the case we are interested
in here. We would like to thank Nathan Berkovits for useful correspondence on this topic.
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that
[Xo,bo +'60] - [X’o,bo +’50} —0, and Xg|B)=Xo|B). (4.20)

With these we see that we can always move the operator Xy to the right, generating BRST-
exact terms along the way, convert it into )?0 when it hits the boundary state, and then
move it to the left to the desired position, again possibly generating BRST-exact states as
it commutes back through the operators. Since under our assumptions all those BRST-
exact states decouple, we can freely redistribute picture charge however we like, as long as
we keep the total charge constant at —2.

5 Two-point functions on the disc

In this section we will compute the disc amplitudes corresponding to two closed strings
interacting with the D-brane using the formalism that we have developed in the previous
sections, paying close attention to the steps needed to compare different pictures and to
reconstruct the effective action on the brane. Our results agree with earlier computations
in the literature [40—43].

5.1 Two NS-NS fields

To begin, let us start with two NS-NS fields with polarization tensors e1,, and 3,
and momenta p; and po, which we take to be physical on-shell states. All the possible
combinations of momenta can be expressed in terms of two invariants,

s=p1Dp1  and  t=pips. (5.1)

Putting the first operator in the (—1, —1)-picture and the second one in the (0,0)-
picture, the amplitude is

D1+ s)I(1+¢) ay  ag s t

V_1_1Voo) = — 4+ = - - 1. 5.2
< 1, 10,0> N F(l—i—s—i—t) a1+8+ + aq +a58 ( )
Here we have use the result that

ey 1\ 1)
/|w|2>1d vl (1 |w\2) T(—%+0b) , (5.3)

which can be easily obtained using polar coordinates. The overall normalization is
N =i @m)P*2 67 (pf + 1), (5.4)
and the explicit expressions for the coefficients a; are
a1 = —Tr(e1 D) Tr(e9D) + Tr(e; Dea D) — Tr(e163)

1 1
as = Tr(e1D)p1 (DeaD — €2) p1 + Dy [51D52 — —eles — 7616%1 Dpa + (1 < 2)

2 2
az = | — (p1e2p1)Tr(e1 D) + pae1Degpr + (1 2)] + Dpy [525{ +ejer — (1 2)| Dpy
ay = —Tr(e1€d)
as = —Tr(le)Tr(sgD). (55)
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This is the result for the two point function of two NS-NS fields with arbitrary polarizations.
This result is obviously symmetric under the interchange of the two NS-NS operators.
To facilitate the comparison with supergravity we will quote next how (5.2) simplifies

for different polarizations which can be anti-symmetric 5&15) = By, symmetric traceless

egfj) = hy, or pure trace e(®) = %(17“,, — lupy — lupy), with [, p* = 1.
The coefficients (5.5) vanish if one of the polarizations is symmetric and the other
anti-symmetric. As a result the only non-vanishing amplitudes are (®®), (®h), (hh) and

(BB). Explicitly

(D) = N'D, [‘; + é(p — 3)2 (1 n Zﬂ

p—3 4 i L i i i) . 2t
(®h) = N( NG Jo |:2haa + ;hm-p‘fpl t7 <habp(1lplf + 2haipip1 + hijp1pi) +

. 8 . . 4
(hh) = N {41, Ry + ARG i + = (Pahonitiph — hrashlypivh — 2iahonnish)

s ab ai ij 1 a b, c b, i i,
+e h{"haqp + 2h7" haqi + hy haij ) + n 2h7, | habep1pt + 2hopip1pt + heijpip
+2 (hlabp?p'i — 24P P + hlijpépé) S — 4hfyhoacpipf — 4hiihoa;piph
— 8hi,hawip{p} — 4h4, haijpip] + 4h’1jh2az‘p(fp%} + 4gh‘fahgb}7

- 16 s , .
(BB) = N [2B By + 28 Buty — By Boactph + 5 (B Baay + 254 B + B By
4 ) .
— = (2B5)Bauctpf + By Bauriph — Bl Baupph
+B14i Bay' pip} + ijB2ikp’fp%) ] (5.6)
In section 6.1, we will describe in detail the supergravity interpretation of the (®®) corre-
lator, and the comparison for the others appears in appendix C.1. We will pay particular
attention to the origin of the poles in the s and t parameters.
Since the fields above must be physical on-shell states, we need p? = p2 = 0 and
E1wP] = €1uuP] = €2,uP5 = €2,up5 = 0, and we also have momentum conservation, (p1+

p2)® = 0. To eliminate the ambiguities due to these conditions we have made systematically
the following replacements,

a a
p2 - _p17
i a
51,uip1 — _Eluapl)
7 a
€1ipP1 = —€lapPi, (5.7)

7 a
€2uiP2 = €2palPi,

7 a
€24uP2 = €2auP1-

5.2 One R-R and one NS-NS field

We will consider the vertex operators with pictures (-1/2,-1/2) and (-1,0), first. Then we
will consider the pictures (-1/2,-1/2) and (0,-1) and verify explicitly that the results are
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independent of the choice of picture. In section 6 we will show how to obtain the result from
the string amplitude from interactions in space-time and on the D-brane. The amplitude

1S

(V4

—5

Vo) i F(t+1)I‘(s+1){ 1

2v2 T(t+s+1) | ¢t (eD),y (Dp2), T+
_g (eDp2),, + % (ep1), — % {tr (eD) (Dp2),, — (pgDeD)uH T“} (5.8)

The traces T* are given in section 3.3, and we have defined the useful combination

5

=t+ . 5.9

T + 5 (5.9)

Now let us try to reduce this to the on-shell results. We will list the contributions

according to the degree of the RR field involved:

e Consider first £(*=2), The only possible term would come from the TP term above
and would be proportional to

—2
M g Dy gy FAl ) (5.10)

but this is zero since p2 4, = —P1 44, and antisymmetrizing with F' then gives dF' Ae =
0, since F' is closed.

e Next we have F®. In order to make full use of the on-shell and physical state
conditions, we will split all indices into along the brane and transverse to the brane,

and we need to agree to always make certain substitutions:

P2a — —Pla,
5m’p12 - 5uap61l»
EipPy = EauD?, (5.11)

Cul--ﬂnipli — —Cluyppnall-
Also, whenever we have indices of C' which are along the brane and which are not
contracted by the volume form of the brane (like the index a on the right hand side
of the bottom line of (5.11)), then we will rewrite C' using substitutions like
1 3 l[ap—1

(p — 2)!50«1v--ap+1 Cal...ap72b = (p — 1)!€C1~.,Cp+1 CCI“‘Cp—léb 5?56?5:11} (512)
The possible contractions of momenta in this scheme are also quite constrained,

PiP1a = —PIP1i = —PiP2a = P5P2a = —DsP2i = = pip2i = (5.13)

27
Employing all these substitutions
1 r 8r 2 :
[(p —1)! (ngz S - falipzlp(lm)cag o
(_1)p+1 1 a1a2,.a3 .1 VA4 Apt1
+ ng P1 pQC L €ay-apy1- (514)
In this case ¢ is anti-symmetric and the result vanishes if € is symmetric; only the
B-field interacts with C®~1 as expected.
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e Next we turn to F®+2), Following the same procedure we find a result proportional

to
(_1)p+1 7’2 b . 4y - 1 o
{W [7 (8 b 8]]') + 75bip1p11 + *Eijpllpjl] O apt1
: Ar -1 o 1 . )
T p! [ tpl P2 <5 b~ gl ) + 7Eblp?1p1 Egall + gfaljpipé + ;Eljptlllpﬂ Ca2-aptL
)P 1
(1()_)1)' 3 a”pl p20a3 apﬂ”}gcu “Ap41- (5.15)

This time only symmetric polarizations (graviton and dilaton) can contribute.
e The remaining couplings involve F'?*4) and are necessarily of the form

1 1
(p+ 1)t WGy i€ D5

(5.16)

We would like to compare this to a computation done in picture (-1/2,-1/2) and (0,-1).
In this picture the amplitude is

ir T(t+1)I'(s+1)
V. Vo—1) =
< 33 % v 2v/2 T(t+s+1)

+ g (p2DeD), — % (p1eD),, + % [tr (eD)pay = (€Dp2)u}] T“}

1
{; (eD),, p2, TH7 (5.17)

There are a couple of ways we can compare this amplitude to (5.8). We could separate all
of the indices into tangent or normal to the brane world-volume, and then make use of the
rules (5.11) to see that we do indeed get identical results for on-shell amplitudes. There is
also a more direct comparison which is worth sketching out, however. There is a certain Zo
symmetry enjoyed by the string world-sheet theory with boundary conditions given by our
Dp-brane. This is the symmetry which acts by world-sheet parity €2, reflection o9_, in the
space-time directions normal to the brane, and for certain values of p carries an additional
sign for left-moving space-time fermion number, (—1)¥Z. Explicitly the generator is given
by

= {Qagp (—l)FL , for p=-1,2,3,6,7, (5.18)

Qog_p, for p=0,1,4,5,8,9.

If we were to quotient the theory by this symmetry, we would be effectively creating an
Op-plane on top of the Dp-brane. Here we don’t wish to perform the quotient, but wish to
use the fact that g acts as

(Pn), = (Dpn),,

e +— DD, %eq, = (DeTD)W, (5.19)
+2k k+1 +2k
F/SIl)"'#p)Jrzk = (_1) " Dulyl T Dﬂp+2kyp+2kFls€ pr)LQk
One can then verify using (3.48) that g sends
T (—1)"F T, (5.20)
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It is straightforward to then check that under (5.19) and (5.20) the result (5.17) is mapped
into the result (5.8).

It is of course expected that the two pictures agree, in light of the arguments in section 4
but it is interesting to see the mechanism. Let us also consider the same computation in the
(=32, -1)-(0,0) picture, where we take the y = 0 gauge (2.69) for the R-R vertex operator.
Recall that this version of the vertex operator only lived in the absolute cohomology since
it was annihilated by Eo but not by bg. In order to get a nonzero contribution we must
have total ¢ and qz charge of —2, which means we must take from the NS-NS (0,0) picture
operator either the term with e? or the term with e?. In each case we can evaluate
the ghost and superghost correlators, reducing the amplitude to correlators in the matter
sectors alone. In the latter case, the entire contribution vanishes in the limit z; — oo,
while in the former case we are left with

<0 ‘2 (CF)AB c@ce_g‘é@{SAEe_%‘;gBeiplX(zl, z1)

1 e RN
X = e e (OXY — ipgr” ) e (22, 2)

B;77>
R

= (CF)AB 8#1/22%22 <A, B eiplX X w# <(§X” — ipﬂZ”@Z”) einX(zQ, 52)’ BXJXJ; 7]>R. (521)

But this result precisely matches what we get in the (—%, —%)—(—1, 0) picture compu-
tation,

<0 ‘ (CF) AB ce_%¢SAEe_%5§Beip1X(2121)
X ce” PYHE (5X” — ipp{/;”lzy) €ip2X(22, 22)‘ B; 17>R

1 . _ . .
= (CF)AB €y 22 <A,B eP1X PH (8X” - ipp¢p1/)”> elmX(zg,Zg)‘ BX1¢;77>R' (5.22)

So the two pictures will certainly agree. Note that this argument easily extends to in-
clude any number of additional integrated operators in the (0,0) picture, since these are
independent of the ghosts and superghosts.

6 Comparison with space-time Lagrangian

6.1 Two NS-NS fields

We will now show how the correlators of (5.6) can be obtained by evaluating field theory
diagrams (parts of this computation have appeared before, in [40-43]). We will work to
leading order in momenta, meaning that we will take only the leading constant term in the

expansion

s w?
F(I{(—;_:E‘g;;t)zl—63t+<<3)8t(8+t)+--'- (6.1)

Let’s begin with (P®). We will show that in supergravity three diagrams contribute to

this amplitude, as shown in figure 1. These three diagrams correspond to a contact term
on the brane, an interaction in the bulk which produces a graviton, which is then absorbed
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X

Figure 1. Dilaton two point function.

by the brane, or a process where each dilaton hits the brane and they exchange a scalar
field on the brane. These three diagrams are then related to the amplitude by

5 9 5 5 9 5
O Do) ~ By D I Boo | 5—
(2122 ~ D12 { (5@1 5<I>QSP+1) o (5@1 5®; 5hWSw> Civipo (5hpgsp+1)

N VA IR
+1 ((@W‘Sp_‘_l) G(X) J (&%msp—i_l) } . (62)

Here the objects G™ and GX) are propagators for the graviton and the scalar field on the

brane respectively, and the three terms above represent the three diagrams of the figure.
We will be working with fields whose kinetic terms are canonically normalized, so it is
easy to list the propagators of all the fields we need in the bulk

Q@ — ;27
P2
(R) N —1 1
Glvpo = 2p? NupNve + NueMvp — 1o )
—1
Gfg,)pg = 2—p2 (nupﬂuo - nuanup) ) (63)
(6.4)
and on the brane
(4) _ ¢
Gab - qﬁnalh
g —i
GX)i — qu(W’ (6.5)

where the momentum g, lies only along the brane. Here we have chosen specific gauges for

the propagators G, GB) and G, but the physical amplitude should not depend on
these choices. We will mention some useful relations for the graviton propagator,

G =, Gl =0, Gt =Pt (66)

Now we need to convert the NS-NS sector of the bulk action and the DBI action on the

brane into forms where all fluctuating fields are canonically normalized. In string frame,
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the bulk action is given by

1

S0= 52

1
dmwd—Gﬁzm“<R5+&W®¢M%— mH?meW>, (6.7)

where we use a subscript s for string frame. To use the propagators above, we need to
change variables as follows,
Gsp = ®/?G,,,  ®,=+2k®, B, =2xB, (6.8)
which converts the action to
1 1 1 _
If additionally we write
G/w = Nuv + 2Hhuuv (610)

then ®, h,,, By, are all canonically normalized and have the propagators (6.3).
The DBI action in string frame is

S;Efl) = —lp / APt pe=®s [f det (gs + B + 27To/FS)] 1/2 (6.11)

_ 1/2

p=3 _ 1 1 1

= —up/dpﬂxegﬁ@ [— det <g +2ke V"'B 4+ —¢ ﬁnq)F)] .
VHp

Here we have switched to a canonically normalized gauge field. We will also use X! =
X'/ /iy for the same reason. We work in a gauge in which X%(z) = 2 (where X* are the
scalars describing the embedding of the brane into space-time, and x® are the coordinates
on the world-volume), so only X?(x) are propagating fields. The bulk fields have been
pulled back to the brane, so for example we use (up to rescaling the X*)

@z@Mﬂ:®@%hW@¢@}+;WX@ﬁ@@y%~, (6.12)
and
Gab = Gab(X) + Gai(X)ain(.fC) + Gbi(X)aaXi(a:) + Gij (X)aaXi(x)aij (l’)

=ﬂm+@x%xﬁnmGw+xﬂmﬁmMmW+%@x
+§X1X38i6jhab + Xjajhaiale -+ XjajhbiﬁaX’ -+ hijﬁaX’(?ij + - ) . (6.13)

Expanding Sp4+1 to the order we need, we find
1 . 1 p— 3
Sp1 = /dea: {—26“X’8aX¢ - ZF“bFab — HpK (2\/5(1) + h%)

—3)2 -3 1
_,U*pKlz ((p T ) @2 +pQ\/§ @haa'f_ Qhaahbb _habhab+BabBab>

—3 . , 4
—V/Hph (])2\/581([3)(1‘ + 0'h%, X + 2R 0, X + 2B“b8aAb> + - } . (6.14)
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From these actions we can derive the variations we need!!

o 9 _ 2(p— 3)2
50y 30, P T THRN g
5o 6 »
50 50, 5, 10 = w0 =k (Pyp5 + PiPh). (6.15)
pv
0 ab J . 1) .
mspﬂ = THpRI Waisp-‘rl = %Spﬂ =0,

6 6 . p—3
Eﬁsp-‘rl = _Z\/MPKT\/EPM-

We have assumed that ®; and ®, are on-shell states with momenta p; and ps respectively,
but we of course do not assume that the fields corresponding to internal lines are on-shell.
Now we can plug these results into (6.2) to find

-3)? ; v a
(P1D2) ~ 1y {—MpfiZ(p) i (k" — 5 (D05 + DYP5)) Gl (—upfm b)

8
_ )2 _
= — kD By { v 83) - p16t7 (p+1)t+s)— pli&l ((T—p)t—s)
(p—3)2%t+s/2
+3 o7 ) (6.16)

1 s (p—3)? t
e L o 1+ )4,
Pl 2{t+ 2 +s

Up to an overall normalization factor which we have not tried to determine carefully, this
is in perfect agreement with (5.6).
The other three nonvanishing amplitudes can be treated similarly, using (schematically)

56 5§ 6 5
N K @ (9
(®h) q)h{<5q>5h5p“>+ <5<1>5h5q>51°>G (5@51’“)
56 56
(59 x)
+Z<5¢5XSP+1>G <5h5X p“)}’
5 6 565 5
N b5 (9566 (5
() ~ hihs { <5h1 5h25p+1> T <6h1 5ha 5h510> ¢ <5hsp+1)
56
(59 )
“((ml 5XSP“>G <<5h 5X p“)}
(BB) ~ BB L (20 g )+ 0 50 G
AN 6B 0B, P! 531 532 50 Spt1
5 5 6 5
(8 8 3 m (5
o (531 5By 0h" 10) ¢ <5h5p+1>

5 5 5 5
(09 () (0 9
o <531 5ASP+1> ¢ <532 5ASP+1) } '

We relegate the details to appendix C.1.

(6.17)

'We are ignoring the delta functions enforcing momentum conservation which also come from these
variations, and which would be identical to the delta functions which emerge from the disc amplitudes;
these would be easy to restore, but since we did not carefully keep track of the overall normalization
constant of the disc amplitudes, this restoration would not gain us anything.
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6.2 One R-R and one NS-NS field
We will need one more propagator, for R-R fields in the bulk,

cm —1
G,(“...M)myl...,,n = pe (Murr = * Npnwy, = PETMS) (6.18)

A useful relation is that

1 — 1
(O e pH; o GETD =0 (6.19)
L

The conventional way of writing the bulk action for the R-R fields in either type ITA
or IIB is inconvenient for our purposes for several reasons - we use duality to eliminate the
higher degree potentials C),, n > 4, we have to deal with both kinetic terms and Chern-
Simons terms for the remaining fields, and in IIB we have to impose the self-duality of F(®)
by hand. There is an alternative formulation which suits our purposes much better and is

known as the democratic formulation [44],

1 2
S0 = _852/(11033\/ -G Z ‘dC’gn) + Hg A an—2) ) (620)

where for an (n + 1)-form we use the notation

1
2 .
|Wn+1| = ( whH +1(‘)M1-'-;Ln-¢-1' (6'21)

n+1)!
Notice that there are no Chern-Simons terms when the action is written this way. However,
in this formulation we have to impose the duality constraints by hand. In principle, when
varying the action with respect to one of the R-R potentials, we should first rewrite all
occurrences of the dual potential in terms of the one we are interested in, and then take
the variation. In practice, this simply means that we get an extra factor of two from the
action above, and we can proceed as if each of our bulk vertices comes from the variation

1
SlO D ——F dlox\/ —GS

4k2

of a term

2
dc™ + H, A 02 (6.22)

in the action.?

To convert to normalized kinetic terms we need to define

CE o = V2RO, (6.24)
and the action above becomes
1 4-n o2
S10=—3 /dl% Gy T ’dC(”) +2kH A C® 2>‘ . (6.25)

121t is easy to check using the conventional action that this procedure works for low-degree potentials,
for instance in IIB we have a term

2
- ﬁ / @0y =G, |ac® + 0O H, [, (6.23)

and for either the CPC®h or CPC® B bulk vertices, this is the only contribution.
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Meanwhile, the Wess-Zumino part of the brane action becomes

1
Sp+1 _ \/i,upli/CBQKB+MF

— | gptlpetraptt \/ZUP’% C(P‘f'l) + \[MPK‘ C(p 1) B
- (p DI T (e e

V2t DCEY X+ 2Hphs crig
(p+ ) 1 p+1 p‘ 1 P p+1

_l’_

2p K
Y
(p—1)!

i a)p 10, Aayyy + } (6.26)

With these preliminaries, we can compute the expected contributions to the amplitudes
of section 5.2, namely (C®?+3) B), (CP=D B) (CP+D®), and (CP+Dh). The computations
are straightforward but long, so we again leave the details to an appendix, C.2. There it
can be verified that these field theory computations exactly agree'® with the disc amplitude
computations, up to an overall normalization (but, again with the same normalization for
all four of the non-vanishing two-point functions).
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A Gamma matrix conventions
We define flat space gamma matrices (I'*)4 p Which obey
{TH, TV} =2, (A.1)

and we write ¥ #n = TlaTH2 ... Tl for antisymmetrized products of gamma matrices.

We also define )

'y = o9 = _170!5#1"'#10

pho, (A.2)

(note that we use 9

=1, 50 ¢€p..9 =—1).
The matrix C4p is an antisymmetric charge conjugation matrix which we use for raising

and lowering spinor indices. It satisfies the useful identities

crect=—(mmt,  crpctt = — ()’ (A.3)

13This clarifies a confusion regarding the string theory amplitude computation of the f C A B coupling
mentioned in [7, 45].
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B Computation of (—1)¥ on the boundary state

The operator (—1)F commutes with everything outside of the ¢ and ¢ sectors, so we
shall ignore those other sectors (which are also independent of 7). Then we will use the
correlators of section 3.2 to argue that (3.51) and (3.52) hold. We won’t work through the
complete details, but rather sketch how this can be done.

In the NS sector, we use the fact that (—1)
and anticommutes with left moving fermions, to establish for example

acts as —1 on the —1-picture vacuum,

(~1-1|0"|Bin) | =—1= (-1, -1/ =) s, (B.1)
and ‘
(~t-t o )i @) (<) B | = 2 (B2)
= — <—1, -1 ‘Qp“(zl)@Z”(bar,ZQ)‘ B; —7]>NS,

It is not difficult to show that correlators with arbitrary many 1, QZ, ¢, and % insertions
will obey similar expressions and thus that

(=D Bsn)ys = — |B; =) ys (B.3)
The right-moving fermion number works exactly the same way, and one finds also
(_1)F 1Bin)ng = = |Bs —m)ng (B.4)
In the R sector, we will make use of (2.54) to proceed in a similar fashion,
1 3
—5 =5 AB|()"| Bin) = —in[Tuc Mme,
22 n
3 1 _ _171AB
<_27 27‘473 (_1)F B777> = - [Fllc 1M(T/)C 1] ; (B5)
R
1 3 F AB
(-3 -3A B[V Bin) = inlc Mue T,
R
3 1 F -1 7, AB
22 "
Using (3.40), we have
IuC ' M(n) = —=C ' M(-n), M(m)C ' = ()P M(=p)c (B.6)
which, comparing with
1 3 e _171AB
<—2, 514, BIB; 77> = —in [CT M), (B.7)
R
3 1 1 _11AB
S ABBm) = Mume ], (B)
R
implies that all of (B.5) are consistent with
(D" 1Bimp = Bi=mp, (D" [Bin)p=(-1""[Bi-n)p (B.9)

One can show that similar expressions hold for all correlators, which establishes (B.9).
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C Details of field theory computations

C.1 Two NS-NS fields

In this section we will do the detailed field theory computations for the amplitudes involving
two NS-NS fields interacting with a type II Dp-brane.
We start with the interaction between a dilaton ® and a graviton h,, .

5 55 b 5
N 0 5 (0 6 8 @ (9
(®h) ~ Dl { (5@ S Sp“) T (5@ S 0% Sl“) ¢ <5c1> Sp“)

(6 6 i 6 0
+i <<SCI>(5X"SP+1> G(X)ij <5hﬂy5XjSp+1> } . (C1)

In order to use this formula we need to compute some variations of the bulk and brane

actions (note that we already computed dpdxSp4+1 in section 6.1),

huy(;;éiiyspﬂ = _Npﬁ2p2\_/§haaa
“"5(5@)(%(1,,(5(;510 = 26" p1up1v,

%S}H—l = —upm];\_/;, (C.2)
huy(s};il/(g(isp—&-l = iy/lpk (—h? p2i + 2h%paa)

It is important to emphasize that we assume in these expressions that external states
(though not the propagating internal lines of course) are on-shell, so we drop terms such
as h, or h*ps,. Plugging these results into (C.1), we get

p—3 . —i p—3
P {—AMZ o R, 4 ihy (—ktn™ + K (20 Py + Pi'D5 + phpY)) e <—Mp“m>

e p—3 —id9 .
+1 <_Z\/ Uphk 2\/5 pli) 8/2 (_Z\/ ,Udpﬁp2jhaa + 21/ Np"’fpczlhaj)
p—3 1 L 2 4 ;
= _'up’{2 2\@ o {thﬂl’pﬁlpl + ;haa + ghalp(llpzl + 2haa ) (03)

in precise agreement with (5.6), including the same normalization constant as in the (®®)

amplitude of section 6.1.
Next we turn to the interaction of two gravitons,

) 1) ) ) 1) 1) (h) 0
hh) ~ vho o _— —
< > hlu 2p {(6]7/1'[1,1/ 5h2pgsp+1) + <5h1;w (5h2pg 5hmy SlO) Gr)\,wcp <5hw@ Sp+1>

o 6 ” o 0
A (X)ij . 4
“ <6h1 v 0 X Sp“) ¢ <5h2m 5 X7 S”“) } ' (C-4)
The additional variations we will need are
g 0 _ 2 a 1b ab
hlthZPUmmSp+l = fipk (_hlah2b + 2h{ h2ab) : (C.5)
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and the cubic graviton interaction from the Einstein-Hilbert term in the bulk,
1) o )
0h1 ps Oharx Ohy

+ath{le 'hg)p + 20 B py ypr o + 20T RE D ppa e — ABSPBD Dy s,

h1 poha 7 S10 = K [=3th]" hg po” + 2187 by "1 P21

—4nhy 1 b1 — ARG RS DY P2 o + 205 ha e (DY + PhDY) + 2187 e oD | |

where we again emphasize that we assume that the external gravitons h; and ho are on-
shell. Then (hh) becomes

-7

:up’{2 (_htllahgb + Qh%th ab) + Hp“2p16t
+2(p+ 1) W hy 1 ppar + 4thT" ho gy + 208 b pr up1y + 200 RS (2 upa.

—4hi"hy Y prop2u + 4hT by VD1 upa o + 4RV RS 1 ap2 .y + ShEY B ]
op+1
16t '
—2h{ b p1upr v — 20KV RS wpa upay — 4hi hy p1upa — 4RT hy VD1 up2a
_4}#1“/ gupl ab2v + (2t — 3) h'Llth /,LZ/]

(=3t (p+ 1) K hop

+ ppk

[731& (9 - p) hllth,uI/ + 2 (9 - p) hllwh2 p,ppl pp2u + 4thi1uh2 m

- MpHQE {(t + g) ¢ Sy + 208 hSipyyp1i + 28RS p2 o + 4R RS :p1 bp2 a}
= —pphk” {1 Ehith v+ 1S 1 up1 oy + PR b2 up2w + 28Ry Cp1 b2
—2h%hy M p1 jp2i + 4h$he Pprsp2a + 205 hy P D1 ip2a + 205 B 1 ap2j]
‘ié |:2th(11ahgb + 4h$ A5 p1p1i + AR RS ypa ap2i + 8RERS ;p1pp2 a}
2R by + 2 g b (C.6)

once again in precise agreement with (5.6).
Finally we turn to the interaction of two B-fields with the brane,

5 5 b 5 0 5
N _9o o (f_0 o o @) (0
(BB) Bl“”BQ”"{<5BW 5BQPUSP+1> t <5B1W 5B3 ps 5<1>Sw> G (5@57’“)
. 1) 1) 1) (h) 0
+ <531 3B Sl 10> G X (5hw S”“)

) 1) 1) (A) 1) 0
+i <5B1 » 5AaSp+1> G <532p0_ M)Sp“) } . (C.7)

We need vertices on the brane

4] 4]

B Bapo s s, Spr1 = 24 B’ Baay, (€3)
pv po
and 5 5
By,————-S = 2 /l,k B C.9
IHV(SBI;W 514[1 p+1 U/ HUpKD1 P2b, ( )
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and bulk interactions

o o 0

B]_ /“,BQPU@EES]_O = —ﬂﬁthyBQ uv + 2\/§I€B§U/B2‘upp]_ ,OpQV’ (ClO)
and
B1 po Ba 7 i o0 S10 = & [tB By pon” — 2B By " p17p2o0" (C.11)
p 0B1 pg 0B 7y 6hy g p

—2B B, pgpgupg) _ 4tB§“‘p‘BQVL + 4B§“‘p‘B;)Up1 D2y
_4B£M|P32pa|p1 Upg) . 4Bf0B§’;p§)pgg] .

These then lead to an amplitude

p—3
= 2k B Byap + o | V2LB{" By, — 2V2B1" By /b1y, |
p—17

+ it ((p+ 1) B By = 2(p+ 1) B By, 1 ppo + 5BY" Ba
—4t B Baay + 4BY" By ' p1upay — 4B1" By U prup2a — 4B1Y BS p1ap2 ]
+ Mp’ﬁzpli(jtl [( p)tBY" Bayy —2(9 —p) BY" By ,"p1pp2y — (2t + ) B Ba
—4tBY" By gy + ABY By prupay — 4B By, p1up2i — ABYY B ,p1ipa V]
- Mpfi%Bilezacpl cP2b
= K’ {1 EBin2 jw + 4B By “p1cp2b + 2B{" By ' p1ip2s + 2BY By "p1upai
+2BYBS p1vpaa — 2BY By Fpr kp2j:|

8 .
+gB?bBQacpl cP2b + BlabBQQb + BiJBQij} . (C.12)
Comparing with (5.6), it is gratifying to note that all the two-point functions agree.

C.2 One NS-NS and one R-R field

Here we give the details for the field theory computations of two-point functions involving
one R-R potential and one NS-NS field. The first one is

P+3) B\ ~ jOPT3) 0 0 0
<C B> iCh-tip+s Bup (5C(p+3) 5B, 50P+D S10

M1 Hp+3 01" Op41

C(p+1) 1)
X Gl oy e <(p+1)5p+1> : (C.13)
0CH "4y
Since only one diagram contributes, the only variations we need to compute are the one-
point contact term
1) _ \/i,upka
scet) T T (p )]

ap+1

gt (C.14)
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and the bulk interaction

(p+3) 0 0 0
CorevipeaBoo - oy 5 < oGy 010

ViVp+3 H1-Hp+1

1 (p+3) - 1 _(p+3
— [(p - 1)!0;31..%1”;» (tBup — 2B, propap) — HC[(lfl,..Lpupth,Mpl posiP2o| - (C.15)

We can now evaluate the amplitude (CP+3)B) as

2
HpK® 4. 1 3)  ij
—\;ﬁt gt {(p n 1),C§ffa)p+l” <tBij + 2B p1ypa; — 2B, p1po j)

1' [C(p+3) bij Clet3) ik
p.

aray ” (2Byip1ay, 125 + Bijpray 1p2b) + Caray” Bijp1 ap+1p2k} }

2
J 1 +3) i
= 7\%t g1 apt+1 {( 1)!6’5113-..@;“” (TBz'j 2Bikp1 kp2j>

L (p+3) ijk
_HCC(‘II)""‘L” Bijplap+1p2k . (C.lﬁ)
Recall that we have defined r = # + % This expression can be rewritten as something

proportional to %Féffilﬂ iijijk in agreement with (5.16).

Next we turn to the (C®~Y B) amplitude, which is the only one in this section which
receives contributions from three different diagrams,

(p—1) 1 0 0
(008~ et { (oo
M1 Hp—1

] 0 0 0 (Cr+D) 5
" <5C;S};i-2p1 0By 5Pt 510) Gor-opiimmpn (Wspﬂ)

017 0p 1 1 Tp+l

VA w( 6 3
—+1 <mm5p+l> Gab ((5Byp(5/1b p+1> } . (C17)

As usual, we need to compute some contact terms,

1 5 5 V2457 4. -1
Ol By 5, 1 = (o iy e B, (O19
H1Hp—1
(p—1) 1) 0 PRY, 2ppk by-b (p—1
Chttn1 oD 54,74 = i "Chy by P2by: (C.19)
B pp—1
as well as a bulk interaction
_ 1) 1) )
cPY) B S10
p— —1 1
sC71) 0B st

L A1)
(p—1)! Cilty <_tBﬂwp+1 +2B,"n |V|p2up+1>

=K

1 C(P—l) v

+(p— 2)1 1 pp—2 Bﬂplupp2up+1]p2l’] '

(C.20)
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Plugging into the amplitude, we find

\/§Mp52€al"'%+l { 1

(p—1)!

1 1 . |
+ﬂ {(p - 1)!0‘5};"'“)1’*1 (_tBapapH + 2Bapbp1 bP2aps1 + 2Baplp1ip2ap+1)

(p-1)
Cardy1Bayapi

1 1) b 1)
+ (C((Lgljma)p,z Bapflapp2 ap+1p2b + CC(LIi--~a)p,QZBap,1app2 ap+1p2i>

(p—2)!
4 1 o ,
+; (p _ 1)‘0(5,11)---621,_1Bap pl bp2ap+1}
_ \/5 2_a1--apt1 1 C(Pfl) LB _ gB b _ EB ( .
= HUpKR~E (p — 1)‘ a1 ap—1 oF Aplpi1 st Play+1P1b + Play41P1:

1 o
_ (p — 2)' C(g,ll)-ua)p,QZBapflappl ap+1p2z’} . (C21)

This result agrees with the amplitude (5.14).

Finally, we have the couplings to C®*1). In each case there is no direct contact term
but there are two contributing diagrams, in the ¢ channel and s channel respectively. For
the dilaton we have

D)\ _ At , 6 o6 0
(o) Cul...#pﬂfb{z((sc(p“) Tyt

M1 Hp+1 Vi Vp4l
(p+1) 1)
GO <s )
v Y, ’ 1 p+1
it \Gopr
1) ) (0 0
3 (X)ig ([ 27
+1 ((SC(pH) 53X Sp+1> G <5<I> 5X7 Sp+1> } . (C.22)
B Hp1
The requisite variations are
(p+1) 0 0 _ a1-a 1 (p+1) L (p+1)
Cu1~--up+1 mmsp_yl—z 2Mp[{€ 1Ap+1 <wl)!Cal"'al’“pli_p!Car"apiplaPH R
(C.23)
and
0 0 1)
crt) Ty 10
1 1
"eclt)  d®solrtl)

p—3 1 +1 1 +1) v
- [ SO e = O e | (€20

These lead to an amplitude

1 1 +1 L (p+1) b
(p—3) up/{Q(I)gm ap+1 {215 |:(p n 1)!750(&1;-@1,“ — HC(%)...a)p DPlay1P2b

Loty 11 pr) 1 o)
_HCal---aP DPlapiP2i| + S + 1)!Tca1---ap+1 - Zjc'ou---ap Pia,11DP2i
1

T2 1 r .
T st O s — O p} (C.25)

— 492 —



And for the coupling of C®**+1) to a graviton we have

)}, oD : 0 0 0
(crin) C”l"’“ﬂ“h””{l <5o<p+1> e

K1 fp+1 01 Op+1

(Ot )
XGO’I"'Up+1yTl"'Tp+1 (Wsp+1>

T1Tp41

o ) VAR S |
A (X)i o
+1 <5C(p+1) SXi Sp+1> G J <6hl,p 5 Sp+1> } . (C.26)

P p41

The only variation we’re missing is

5§ g | 1
C(]lﬂ—l) hy Sio = 2k I: C(p"" ) h"Pp1 ,p1
viv, o 1 1 | TR Eptd vlp
’ 50191%27“ Ohps 5C;L("Ii—'*'—'/1‘)p+l (p+1)! ’

L pt1) v P p
+EC[N1"'MP (th'uerl]V - h#p+1] P1pP2v — h|l/\ D1 pp4a]P1 P)

1 (p+1) v
_(p— 1)! [51"'%71 ph“p|l’plﬂp+1]p20] . (C.27)

Then the amplitude is given by

1 1
\/iupﬂ2€a1-..ap+1 { |: C(p-‘rl) h‘”’pmply

tL(p+ 1)L e
1 (o1
+*‘C(gzl)ma)pu (thap+1u - hap_HVPI upQ,u - huypl ap+1p1 1/)

1 +1
(p _ 1)' C(ngma)p_l Myhapupl ap+1p2 I/:|

2 1 +1 ; L (p+1)i
+= [(p n 1)!C,§’f...a)p+1 (rhbb + 2h%p, bpu) — ;!Cé]fma)pl <hbbp1 aps1P2i + 2hp1a, 01 b):| }

1 1 272 4r . 1 ..
= V2ppr7e { b+ 1)|Cc(1€)ta)p+1 <sthbb + ghb%m P14 + thpl ¢p1j>

1 )i [T 1 ; 2r
+HC§};~~(I)],Z <thap+1i - ;h%ﬂjpljpzi - ghbbpl api1D2i
o, 1 11 e i
_Eh iPlapy1P1b — ;hi]pl ap+1p1j> - (p — 1)! chngwalffjhapipl ap+1P2j5 ( - (C'28)

By substituting the polarizations for the dilaton or graviton into (5.15) we can check that
both of the field theory results above also agree with the disc amplitude computation.

Since all two-point functions agree between the string and field theory computations
(at lowest derivative order), we feel justified in expressing some confidence in the techniques
which we have outlined in this paper.
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