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Abstract

The amplitudes for emission and scatteringvo&= 2 strings off D-branes are calculated. We consider in detail the amplitudes
(cc) and({occ) for the different types of D-branes. For some D-branes we find massive poles in the scattering spectrum that are
absent in the ordinaryy = 2 spectrum.

0 2001 Elsevier Science B.\pen access under CC BY license.

1. Introduction physics. Itis the purpose of this note to perform a sim-
ilar analysis forN = 2 strings.
i i That this analysis has not been undertaken so far
It has become obvious in the last couple of years for the N = 2 string finds its reason in the lack of

:jhat D-tzjr_anes are of u_tmosht importarr:_ce foLl;)ur En' Ramond—Ramond fields in the string spectrum. The
erstanding ofV = 1 string theory. In his pathbreak-  , _ 5 g nerconformal algebra with= 6 serves as

ing paper [1], Polchinski showed thatdimensional  ,nqtraint algebra and is powerful enough to remove
extenhded ObJeCtsf_t;‘e Mbranes—are the ”;]e Iong 51 string excitations from the spectrum leaving the
sought carriers of the Ramond-Ramond charges in center of mass motion (which is not tachyonic but

N =1 string theory. In the context of scattering am- massless in this case) as the only physical degree

plitude cal_culations t_he most important_property of of freedom [10]. This has immediate consequences
D-branes is that their quantum fluctuations are de- ¢, osqible interactions. Alh-point functions van-

scribed by open strings moving on the brang and there- ish [11], the only non-vanishing tree-level amplitude
fore are under good control at weak coupling (for re- i< tha 3_noint function. The corresponding field the-

views on D-branes see, e.g., [2,3] and literature cited . i self.dual gravity for closed strings and self-dual

within). This allows to calculate amplitudes for emis- Yang—Mills theory for the open string sector. The criti-
sion and scattering of closed fundamental strings from cal dimension of thev = 2 string is four but with “un-

D—bra_nes by “pre-revolutionary” methods that have physical” signatur&2, 2), making it possible to iden-
been invented more than a decade ago and are well u”'tify the four real with two complex dimensions.

derstood [4]. For theV =1 strirjg these computations Although lacking the necessary Ramond—Ramond

h_ave been per_formed, €.g., in Refs. [5_9] and con- fields, it is still possible to formally define D-branes in

siderably contributed to the understanding of D-brane N = 2 string theory by imposing Dirichlet boundary
conditions in certain target space directions. The
obvious question is then whether the closgd= 2
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an answer to this question by performing a scattering in the(—1, —1), (=1, 0) and(0, —1) picture [12]:

analysis similar to the one undertaken in [7] fér= 1
strings.

2. Conventions

We choose the flat target-space metrici@$ =
diag(—+—+). It is advantageous to subsume the real
(2, 2)-vectors into complexl, 1)-vectors with metric
n#* =diag(—, +).

In detail:

X*=(x*, x*) = (x°+ix?, x*+ix%. (D

The (2, 2)-scalar product written in components reads

1
Xl-Xzzi(

The (1, 1)-scalar product is

+ . y- - .yt
X7 X5 + X1 -X3).

1
4 oy _ S(yrty— 4 y+—y—+
X1‘X2—§(X1 X, +X{7X;T),

wherex*+ = x*0 4 x*1 gandx+— = —x*0 4 x+1
Moreover, we introduce the matricéds

kt-p~=k-p+ik-J-p 2)

(J acts as a self-dual complex structure. It/igp =
J13=1, J13= Jo2 = —1, all other elements- 0), and

®)

This matrix D is related to the flat target space met-
ric n by a change of sign in the directions transverse
to the D-brane. Example: lef® be the only direction
transverse to the D-brane. Thén= diag(—+++).

Emission and scattering off D-branes is conve-
niently calculated by evaluating correlators between

vertex operators on the upper half plane. Open strings
are represented by holomorphic vertex operators re-

stricted to live on the real axis whereas closed string
vertex operators factorize into holomorphic and anti-
holomorphic parts,

vz, 2, p)=:V(z, p/2)::VE, p/2):. (4)

Here z lies inside the upper half plane. The sum of
each picture number has to add up-t2 inside a non-
vanishing scalar product. We will use vertex operators

Vir-nk.2)=e ¢ 2 ek X(g),
Vic10k,2) = kT Iﬁ_e_(pieik'x(z),
Vio_1y(k,2) =k~ -y e ¢ ek X (o). (5)

3. Thegeneral calculations

The separate propagators for holomorphic and anti-
holomorphic fields are standard. However, due to the
presence of a worldsheet boundary, there are also non-
vanishing correlation functions between holomorphic
and antiholomorphic fields [7,13,14]:

(X"(2)X"(w))=—D""In(z — w),
y7aY
(v @y" )= e

(p* @™ )) = —In(z — ). (6)

The example of the fermionic fields shows how this
translates in thé+}-basis:

—

1

K=y @pT T @)~ === k(G p)
1

Ky @p" YT @)~ = —— kT (G p)
1

k+'1/f_(Z)P_ ’ 1/f+(111)’\’—z_—u_}k+ (G--p)~,
1

K=y @pT T @)~ ===k (G- p)t

()

with the definitionG+ =D £+ J - D - J. The D-brane
respects the complex structure in target space if
G,=0,ie.D=—J-D-J.

The new feature here (as compared, e.g., to the
mixed amplitudes) is that for Dirichlet boundary con-
ditions in general one gets poles in the operator prod-
uct expansion between holomorphic and antiholomor-
phic fields both having & or — index.

3.1 A

It was shown in Ref. [7] that the scattering ampli-
tude of two N = 1 closed strings off a D-brane can
be obtained from th&y = 1 open string 4-point func-
tion by simply interchanging certain momenta. Thus
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the amplitude takes the form of an Euler-Beta-function (pl D- p2>2 (10)

of the Mandelstam variables that can be expanded as" = +

2 2
an infinite series of closed string poles in thehannel Obviouslvs is th wumt fer al the b
or of open string poles in the-channel and leads to Viouslys 1S the momentum franster along the brane

the soft high energy behavior of the amplitude [5]. andr is the amount of momentum absorbed by the
This result is intuitively clear since the interaction of brane. As u_suad_+ t+u=0. . :
closed strings with a D-brane is mediated by exchange S.(2, R) invariance of the correlatpn functions on
of closed strings travelling between the passing closed ;Egﬁr uvr;egblr:;”o?l?;: \?;Ir?g(s ouse:;)tcjlr); trll;ee \(I)Jethe
string and the D-brane, or—via worldsheet duality— o + P A Ee
by open strings moving along the brane. This argu- 100S€z =iy (v € R ) and w ) The correct
ment should also be true iN = 2 string theory. But  integration measure iy dy (1 — y%). The result-
it is difficult to imagine what a dual amplitude could N9 expression can be transformed into well-known
look like in a theory with only a single degree of free- |ntegrgl-representa_t|0ns of Euler-Beta-functions using
dom. We therefore expect the scattering amplitude of € “miracle”-substitution
a closedV = 2 string off a D-brane to vanish. 1— 12

The scattering amplitude of two closed strings offa Y = 1t 12 (11)
D-brane for theN = 2 string is given by the integral

of the correlation function of two closed string vertex The final result is

operators with the correct quantum numbers over the a6 LI'¢+1) ()
upper half-planed *: e (s +1) I'(s+1)
Ace(p1, p2) -C 1;((?:7?:11)) 12)
~ / d%zd%w with
mr + - = +
% (Vic1.0G. p1/2V 10/ p1/2) A=p (G )bz (G p2)

_ —A(pF . po)?
x Vio,—1(w, p1/2)Vo—1(w, p1/2)).  (8) B=4(p1 - p2)",

— (pF -2
Momentum conservation holds only in directions €= (p1 - (G--p2)7)".
parallel to the brane:

3.2. Avoc
pr,D-p1 p2 D-p2 2 2
=+ + =+ =0, =p5=0, , -
2 2 2 2 P1="r2 The amplitude for two open strings on the brane
©) joining into an outgoing closed string is

wherep1 and p, denote the momenta of the incoming
. . . Apoc(ki, k2, p)
and outgoing strings, respectively.
In analogy to 4-particle scattering the amplitude ~ / dxdy / d?;
can be parametrized by the following Mandelstam

. R,x<y H+
variables:
2 2 x (VLo kD) Vic1,0/(v, k2)
s = <% + D -2p1> , t= (% + %) , x Vio,-1(z. p/2)V(0,-1)(Z, p/2))

x andy are integrated along the real axis in such a way
thatx is always left ofy. The momenta; of the open
1 The D-instanton, of course, is an exception since in this case strings have to be parallel to the brane which implies

the s-channel point of view does not make sense and the scattering ki = D - k;. Momentum conservation in this case reads
amplitude is not required to be dual. In fact, as we will see the

amplitude falls off as a power of being typical for a pointlike p 1

object. k1+k2+§+§D'P=O~
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There is only a single kinematical variable =
k1~k2=%17'D'P=—%P'k1=—%17'k2-

To evaluate the amplitudé,,. we set; =i andx =
—y (x,y € R) and use 2s= —u = —t. The relevant
integrals can all be evaluated with the formulae

% a
y
d -z
Of Y T+ 2P

Fb+3Hra+Hrep—a-—1
T r@nrda+ )ro - la

andl"(a + 3)I"(a) = /7 2X-2I"(2a), resulting in
'l—2)
rza—rq’

This expression is completely analogous to that of the
N =1 theory.

Aooc ~ (k]j_L : p_)k;(Gf : P)_ (13)

4. Evaluating the general resultsfor each
D-brane-type

In this section the above amplitudes are explicitly
analyzed for each type of D-brane. Due to the spe-
cial signature(2, 2) of our spacetime we denote the
D-branes byp + g, wherep andqg are the number of
spatial and time directions, respectively, in which the
D-brane lives.

4.1. The (2+ 2)-brane

411 A,
In this case the brane fills all of spacetime and we

have ordinary interaction between open and closed

strings that has been considered in [15, ]. has the
interpretation of the lowest order quantum correction
to closed string propagation. Momentum conservation
holds in all directions for closed string scattering
off the (2 + 2)-brane. We cannot use our result,

K. Jinemann, B. Spendig / Physics Letters B 520 (2001) 163-169

4.1.2. Apoc

For the process of joining of two open strings into
a closed string momentum conservation implies that
p-ki=p-ky=ki-kp=0. Sinces=%p2=0the
amplitude (13) reduces to

Avoc ~ (kK -k5)? (14)

coinciding with the well-known result [15].
4.2. The (1+ 2)-brane

4.21. A

The(1+ 2)-brane divides spacetime into two halves
and is analogous to the 8-braneAh= 1 string the-
ory. There is only one transverse dimension which
we choose to be the third. Momentum conservation
together with the mass-shell condition fixes the mo-
menta in the closed string scattering process almost
entirely.

There are two cases; either the uninteresting case of
no scattering at all, i.ep; = — p», or the case

P=-p3  pi=-p3
2 2 3 3
P1=—Dr2 P1=D2- (15)

The Mandelstam variables ase= —t = 3(p3)2 and

u = 0. What one finds from Eq. (12) is that the first
two terms vanish because the denominator diverges at
u = 0. The third term reduces to

Ace~=(p{ (G- p7 )’ T()FA—5)

=—4{(r))*+ (P ) ) ra—s). (16)
Now usingl"(s)I" (1 —s) = 7 /sin(rr s) we see that this
expression has infinitely many simple poles
LD+ D

A -
« sin(rms)

(17)

2.2. Apoc
Again we demand Dirichlet boundary conditions in

though, since by fixing three real parameters before the 3-direction.G— = diag0, —2,0, —2). The kine-

integrating we did not divide out the volume of the
whole symmetry group, which is, as we are dealing
with a closed string topology.(2, C) rather than
3.(2,R). Naive application of our result (12) would
lead toA.. = 0, while the real amplitude is known to
be constant.

matics readc = k3 = 0. We have to distinguish be-
tween two cases

@) kg’ = 0. Herer = 0, thus we end up with a finite
amplitude:

Apoc ~ kf:gk; (G- -k3)™.
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(b) k3 #0. We get

_ra-2n ra/2-n
21—y rad-»

~coqr - (1/2—1))I(1/2— )T (1).

ooc

This amplitude has a tachyonic pole.
4.3. The (1+ 1)-brane

4.3.1. A..

For this kind of brane the matri® satisfies the
relation D = J - D - J which impliesG_ =C =0
andG = 2D. The closed string scattering amplitude
becomes

+ - +
pq - (D-p1)~p, -(D-p2) \2
Acc'\’{ 1 S—i t+(p1+p2)

I (s)I"(1)
T'(s+1)’
To further analyze the kinematical prefactor one re-
calls that in 2+ 2 dimensions four momentum vectors
with Y7 k; = k? = 0 satisfy the relation [11]
(k" kg ) (kg -k k- ka
+ (ki -ky ) (kS k3 )k - ks =0. (19)

(18)

It is this equation that is responsible for the vanishing
of the 4-point function in open and closat= 2 string
theory.

Setting

k1= p1, ko=D - pa,
k3= D - p1, ka= p2

and using the fact th&Dp1)~ - (Dp2)™ = p; - p; for
this particular form ofD, one finds that

(¥ - (D pv)~py - (D p2*)i + (pf p3) s =0.
What remains is
_ 2l (s =1 @)
Ace ~ e 27. 20
(P P2) i3y (20)

In general this kinematical prefactor does not vanish
and again the result has massive poles.

4.3.2. Aoc
SinceG_ =0 we haveA,,. = 0.

4.4, The (0+ 2)-brane

44.1. Aq

Two time dimensions with Dirichlet boundary con-
ditions imply thatD = —J - D - J and thereforé&; . =
A=0and G =2D = 2diag++++). The scatter-
ing amplitude is

\2 \2
Ace~[(pT - p3)u+ (p1- (Dp2)7) %]
x 2@ (21)
I's+t+1)
Itis remarkable that the prefactor is related to Eq. (19)
by making the replacements

k1— pa, ko— D - pa,
k3 — pa2, ka— D - p> (22)

and using(Dp1)* - (Dp2)~ = p{ - p, . We therefore

see that in this case where the brane does not break
the complex structure in target space the scattering
amplitude vanishes,

Ace =0 (23)

4.4.2. Aype

Open strings on this kind of brane are non-
dynamical since the metric on the brane is euclidean
such that the masslessness of the open strings implies
the vanishing of their momentum. Tk + 2)-brane
should therefore be thought of as a completely rigid
object. As one easily sees from inspection of the kine-
matical prefactor in Eq. (13) the amplitude for closed
string emission vanisheg,,. = 0.

45, The (0+ 1)-brane

451. Ace
In this case all three terms in (12) contribute to the
scattering amplitudd .. which can be rewritten as

ACC ~ m(Atu =+ BM(S — 1) 4+ Cl‘(s — 1))

()T (1)

X ——.
I'(s+1)

We checked that the kinematical prefactor does not

vanish for the values of and: where the Beta-
function has its poles.

(24)
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45.2. Ayoe
Again this amplitude vanishes trivially.

4.6. The (0 + 0)-brane/D-instanton

46.1. A..

Dirichlet boundary conditions in all directions im-
ply for the scattering process that there is no relation
between the momenta of the incoming and outgoing
closed strings. Sinc® = —n the Mandelstam vari-
ables and kinematical factors become

1

I =—u=—-pi-p2,

1
s=—p1-Dp2=0, 2

4

A=0, B=C=4(pf p;)°.

rmrs)y TE+1I(s)
T(t+s) T(t+s+1)

(p1 -

The scattering amplitude in this case is
Ace ™~ )7

Py )2< 2

leading to a simple /r pole atr = 0. This pole can be
obtained by either taking the— 0 limit in Eq. (25)
or by recalculating the amplitude with= 0 from the
very beginning.

The single simple pole at= 0 clearly is due to

K. Jinemann, B. Spendig / Physics Letters B 520 (2001) 163-169

type:
1 2, 2N(q 2, 2B
/dxfdyy(x+iy)(x +y9) (A =1+ )

(a, B € R). So far we have not been able yet to solve
this integral.

6. Results

We find that if the D-brane breaks the complex
structure in target space additional correlation func-
tions appear in the calculation which are absent for
the usual Neumann boundary conditions. The re-
sult for the amplitudeA.. is nevertheless an Euler-
Beta-function multiplied by a kinematical prefactor.
A closer look at this kinematical factor shows that
the amplitude vanishes only for th@ + 2)- and the
(0 + 2)-brane and has a single simple polerat 0
for the D-instanton which is due to closed string ex-
change. The scattering amplitudes of branes that break
the complex structure in target space, i.e.,(the 2)-,
the (1 + 1)- and (0 + 1)-brane all have poles that do
not correspond to states in the spectrum of dshe- 2
string.

How do we interpret these results? In this Letter

closed string exchange between the passing closede nave considered thay = 2 string in its gauge

string and the D-instanton. The kinematical prefactor
(pir . p2_)2 is precisely the 3-point function of self
dual gravity, as described by the Plebanski equation.
From a field theory point of view the process should be
considered as the scattering of gravitons off a pointlike
(in space and time(s)) source, which can be identified
with the D-instanton.

4.6.2. Aype
Needless to say that the amplitude for emission of a
closed string off the D-instanton vanishes.

5' A0000

For completeness we add our results we obtained
calculating the amplitude for emission of a closed
string from a D-brane on which three open strings
interact.

We find thatA .. = O for all branes but thél + 2)-
brane. In that case we are left with an integral of the

fixed NSR formulation. Massive poles in the scatter-
ing spectrum seem to be inconsistent with this type
of string. The inconsistency can be traced back to
the fact the presence of these branes conflicts with
N = 2 worldsheet supersymmetry. This is due to the
fact that a fermion) obeying Dirichlet boundary con-
ditions cannot be in the same multiplet as a fermion
obeying Neumann boundary conditions. This break-
ing of N = 2 worldsheet supersymmetry hence seems
to leave no space for these type of branes in the gauge-
fixed NSR formulation of thev = 2 string.

This result is also consistent with T-duality. Re-
call that Neumann and Dirichlet boundary conditions
are interchanged upon performing a T-duality transfor-
mation in a toroidally compactified spacetime. How-
ever, for N = 2 string propagation only Ricci-flat
Kéahler manifolds with(2, 2) signature are allowed.
This leaves only the possibility to compactify one or
both complex directions. Compactification of one or
three real coordinates breaks the complex structure
and yields an illegal background. Fortunately the three



K. Jinemann, B. Spendig / Physics

relevant branes, namely tli2+ 2)- and(0+ 2)-brane
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branes are non-dynamical since open strings attache
to them have vanishing momentuhiThis means that
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