1902.07016v2 [hep-th] 4 Jul 2019

.
.

arxiv

DDF operators, open string coherent states

and
their scattering amplitudes

Massimo Bianchi' and Maurizio Firrotta?

Dipartimento di Fisica, Universita di Roma Tor Vergata,
I.N.F.N. Sezione di Roma Tor Vergata,
Via della Ricerca Scientifica, 1 - 00138 Roma, ITALY

Abstract

We study interactions of string coherent states in the DDF (after Di Vecchia, Del Giudice, Fubini)
formalism. For simplicity we focus on open bosonic strings. After reviewing basic properties of DDF
operators and of excited open strings, we present some classical profiles and show how they become
more and more compact as the number of harmonics increases at fixed mass. We then compute various
three- and four-point amplitudes with insertions of coherent states, tachyons and vector bosons on
the boundary of the disk relying on a convenient choice of reference null momenta. We find that the
amplitudes exponentiate in a rather subtle and interesting way. We then study the high-energy fixed-
angle limit, dominated by a saddle-point when coherent states are present, and the soft behaviour
as the momentum of a vector boson is taken to zero. We briefly comment on generalisation of our
analysis to multiple intersecting and magnetised D-branes and to closed strings.
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Introduction

Direct detection of gravitational waves (GW) by the LIGO/Virgo Collaboration from Black-Hole
(BH) [1, 2] and Neutron-Star (NS) [3] mergers has triggered renewed interest in the dynamics of
compact gravitating systems, in connection with gamma-ray bursts [4], too.

In string theory, the objects colloquially called ‘black holes” (BH’s) can be represented as bound
states of strings and branes [5, 6]. A lot of progress has been achieved in the micro-state counting
for certain classes of BPS (charged) BH’s in various dimensions [7, 8, 9], leading to the ‘fuzzball’
proposal [10, 11, 12, 13] that has been tested in various contexts [14, 15, 16, 17, 18]. Yet very
little is known at the dynamical level [19, 20].

BH production and evaporation in high energy scattering [21, 22, 23, 24, 25, 26] has been ad-
dressed by several groups [27, 28, 29, 30, 31, 32, 33|, but a complete unitary S-matrix description
is still missing that is expected to include gravitational bremsstrahlung. In particular it would
be extremely interesting to derive string corrections to the GW signals predicted by General
Relativity [34, 35, 36, 37, 38, 39, 40, 41]. To this end one would like to find a reliable description
of non-supersymmetric and non BPS BH’s as bound states of strings, possibly refining and elab-
orating on the principles of Strings/Black-Hole complementarity [42, 43, 44, 45, 46, 47, 48]. This
approach has already been revived and improved in recent years [49], relying on the thermal-scalar
picture [46] and the collapsed polymer description of highly-excited, long closed strings at and
above the Hagedorn temperature, whose joining and splitting interactions were studied earlier
on [50]. The emerging picture suggests how ‘stringy’ matter can resist gravitational collapse [51]
and be probed in GW experiments [52] but seems to require a more quantitative control on the
highly excited string interactions.

While BRST invariant vertex operators for massless states are well known, the identification
of BRST invariant vertex operators for very massive states, possibly with high spin, is rather
laborious. Covariant vertex operators for massive higher spin states have been studied in the past
[31, 53, 54, 55] [ADD TAYLOR + TAIWAN] also in connection with the holographic AdS/CFT
correspondence in the weak coupling / high curvature limit [56, 57, 58, 59, 60, 61, 62] and with
scattering off D-branes in the eikonal regime [63, 54, 55, 64, 65].

Interactions of higher spins in the first Regge trajectory have been studied at tree level for the
open bosonic string [66], for heterotic strings [31, 53] and for (open) superstrings [67] but a
systematic approach to the interactions of massive higher spin states is not yet available.

A possible way out is to rely on the time-honoured Del Giudice, Di Vecchia and Fubini (DDF)
operators [68, 69], that produce BRST invariant states by construction. Three-point amplitudes
have been studied and the three-Reggeon Vertex has been derived for bosonic strings [70, 71] as
well as for the Neveu-Schwarz sector of the superstring [72].

In the past ten years or so, the DDF approach and the construction of macroscopic ‘coherent’
states of strings has been revived in connection with cosmic strings®, [74, 75, 76], including appli-
cations to the decay of macroscopic strings [77] and to the generating function for highly excited
strings [78]. The role of the DDF approach has also been recently emphasised in connection
with causality and unitarity in string theory [79] as well as with absorption in high-energy string-
brane collisions [80]. Other recent work on DDF operators has focussed on their role in the BCFW
construction of Veneziano Amplitude [81] and on three-point amplitudes with massive legs [82].
Aim of the present paper is to study interactions of string coherent states in the DDF approach.
For simplicity we will focus on open bosonic strings, although we plan to generalise our results
to closed strings in view of their role in the understanding of BH physics and GW emission.
As in the familiar case of the harmonic oscillator, coherent states are the quantum version of
classical (string) configurations that can capture the dynamics of long, very massive and highly
excited strings. As mentioned above, our results or their generalization to closed strings may
find applications in cosmic strings [74, 75, 76] and BH dynamics [49, 50, 51]. Moreover, coherent

3See also the talk [73] for superstring coherent states.



states can be used as an (over)complete set to built higher order perturbative string amplitudes
by sewing procedures [77, 78, 73]. Let us finally stress that the DDF approach is not limited
to coherent states but it can profitably be used to investigate the dynamics of arbitrary BRST
invariant states in any string theory.

The plan of the paper is as follows.

In Section 1, we will review DDF operators and the construction of physical BRST invariant
states for open bosonic strings, closely following [74, 75, 76] and [78, 73]. In particular we will
show how the first (V. = 1) and second (/N = 2) level are neatly reproduced and describe how to
construct coherent states.

In Section 2, we will recall some properties of coherent states that emerge from the computation of
2-point ‘amplitudes’. In particular we reproduce the results of [74, 75, 76] for the average mass,
gyration radius and angular momentum. We then present some random open string profiles
and their time evolution and show how they become more and more compct as the number of
harmonics is increased at fixed mass.

In Section 3, we will compute 3-point ‘amplitudes’ involving coherent states as well as tachyons
and vector bosons. Quite remarkably, we find that the amplitudes exponentiate in a subtle way
that requires a decomposition over the levels. As a by-product of our computations we will find
some interesting identities involving cycle index polynomials that are ubiquitous when working
with coherent states. 3-point amplitudes encode the decay (production) rates of coherent states
into (from) other coherent states or low-lying states and, in particular, can be used to extract the
‘spectrum’ of radiation emitted from this kind of processes. We will mostly work in the case of a
single D25-brane* but we will discuss how to generalise the results to multiple D25-branes with
the inclusion of Chan-Paton (CP) factors. We will only mention but not discuss in any detail the
case of intersecting and magnetised D-branes.

In Section 4, we will compute 4-point ‘amplitudes’ involving coherent states with tachyons and
vector bosons. As in the previous section, we will find that the 4-point amplitudes exponentiate
when decomposed over levels and new and interesting identities involving cycle index polynomials
are found. We will then consider the high-energy fixed-angle regime and find how the known
saddle-point is modified by the presence of coherent states. Moreover, we will study the soft limit
at the open string level as the momentum of a massless vector is taken to zero, along the lines of
the old literature [83, 84] for QED and [85] for gauge theories, that has been later on extended to
gravity [86, 87, 88, 89, 90] and recently generalised, after [91], in various contexts [92, 93, 94, 95],
including string theory [96, 97, 98, 99|, effective theories [100, 101, 102] and loop corrections to
the universal tree-level behaviour [103, 104, 105, 106].

We will conclude in Section 5, with preliminary considerations on how to generalise our analysis
to the case of open strings ending on intersecting or magnetised D-branes and to closed strings.
This is particularly easy for 3-point amplitudes thanks to the simplicity of KLT formula in this
case.

1 DDF operators and the String Spectrum

In this Section, closely following DDF [68, 69] as well as [74, 75, 76], we review the definition of
DDF operators and their crucial role in the construction of physical BRST invariant states for
open bosonic strings. After recalling the DDF approach that combines the virtues of the light-
cone and covariant approaches, we show how to construct the first (N = 1) and second (N = 2)
excited level and then describe the construction of coherent states.

4In fact any Dp-brane, if the momenta are properly restricted.



1.1 DDF operators for open bosonic strings

In the open bosonic string, the DDF operators are defined as

0, X (z)enrX () 1.1
\/20//(1{27” (L)

where i = 1,..., D—2 (D = 26) and ¢*> = 0. For convenience, we set ¢* = ¢’ = 0 and ¢~ # 0 from
the start, so that ¢-X = —¢" X —q¢ XT+¢ X' = —¢~ X+ with

Xt = —(X°+ XP Y =2t +2dpTr (1.2)

§|~

Computing the OPE and imposing
2d'pq =1 (1.3)

with p* the zero-mode of the momentum ‘operator’

P = j{—aX# _ % pe (1.4)

27 271

one finds the commutators®

(AL Al = 109640 (1.5)
Despite appearance, DDF operators reproduce ordinary BRST invariant and covariant vertex
operators for the open bosonic string as we will see momentarily. For closed strings, as usual,
one has a doubling of the modes A}, — (A}, ;, A}, )

1.2 Vertex operators for open bosonic strings

Starting from the tachyon vertex operator

Vi(z,p) = :e?%(). (1.6)
with )
2 2

and imposing (1.3) one can successively construct BRST invariant vertex operators with on-shell
momenta
py =p— Ng such that —adp’ =d'M} =N -1 (1.8)

We henceforth set o/ = 1/2 for convenience.
In particular at the massless level (N = 1) one has the vector boson vertex operator

NAT PR = /\,-(52 — plq) i0X PP X (1.9)
which can be written in the conventional form
Va(k,e,2) = ¢,i0, X "e* X ) (1.10)

with k = p — g and €, = \i(0], — p'q,) such that k* = 0 and k-¢ = 0.
At the next (IV = 2) level one has two possibilities. The first one is

w2
AL, PN = {@b O*X + b-p ( 5 + %) +ib-8Xu1} elr—20)X (1.11)

®Note that 2a/p-g ~ 1 is ‘central’ in that it commutes with A .



where u, = L[énzz) with

" n on
U™ (z) = iy X —z(g_l)!q Xt (1.12)
The second one is
:eiinlAileip'X: = e [HiH{ — Y ((@'q-aX)2 - iq-82Xﬂ el(P—20)X (1.13)
where ' ' '
Hi(2) = p'Z,(U™) + Pl (2) (1.14)
with
, " olX: n
Pal2) = > i gy 2o W) (1.15)
h=1 ’

Z,(up) are degree n cycle index polynomials of the symmetric group S, in the n variables wuy,
with ¢ = 1,...,n. They are related to Schur polynomials by S, (u;) = Z,(fu;). Some of their
properies will be recalled momentarily.

The two vertex operators can be combined and written in the form

Ve(k,e,2) = £,i0,X"i0, X "X | Vg(k,e,2) = Bid? X"e'* (1.16)
with P = p — 2q, such that P? = -2,
Ew = eij(ai - piqu)@zj; - qul/) + 5ijeijquqv - bi[((sft - piqu)qy + (511/ - piqy)qu] (1.17)
B,u = b2<5; — plqu) — 5Zj€ijq# (118)
so that
pPrE,, =-B, , "€, =—-P'B, (1.19)

In fact one can ‘gauge away’ B, and impose P*E,, = 0 and n**&,, = 0 [74, 75, 76, 31, 54, 53].
The explicit form of the cycle index polynomials is given by

dz % Lozt n % Lop(w—2)*¢
Zn(uf) = % St eluiz1 TUE — n‘@w <€Zf:1 7we( ) > ’w:Z = Z H ﬁkw{:ék (1.20)

For low degree one finds

3
Zy=1 Z = Zy = — 4+ — Z3=— — 1.21
0 ; 1= U 2= =+ 5 35 % + 5 + 3 ( )
Z 1( +6upul+3ud) 2 1 B Z () L IR SV (S P PCE U L
= usuy+3u — =t — - —=4+— —
Ty (MR T ST g T T T g Ty ) T g T
(1.22)
Some relevant properties of cycle index polynomials are
Zo(ue+ve) =Y Zuoi(ue) Zi(vg) (1.23)
k=0
Z,(Noug) = X\ Z,, (uy) (1.24)
1 T(u+n)
Z, = ———= 1.25
W) =TT (1.25)
1 n
ug) = - Zukzn—k(ue) (1.26)
k=1



In general, the action of two DDF operators produces expressions of the form

AL AT X = (§9S,, , + HLH. — H) mq' Z, ™))l rrmad X (1.27)
where
S Z h Zpn U™ Zon(U) = S (2) (1.28)
h=1

which, as indicated, is symmetric under the exchange of m and n, though not manifestly so.
Iterating (1.27) one finds

AL AT AR e = [HIHD HE 4698, HE + 6% S, H, + 6°S,,  H P~ (rEmDd-X (7 99)

and in general

l9/2]
i1 ’9 &P E E o (2041) b (20) H ’T(‘l) i(p—22, nrq) X
A*nl : _ng H5 8 N (204-1) M (21) H 7r(q) (130)
a=0 wesy I=1 q=2a+1

This allows to constructed BRST invariant vertex operators that correspond to physical states
at arbitrary level N as well as to coherent states, which we now turn our attention on.

1.3 Coherent states of the open bosonic string

Taking ny = ... = ny, = n the sum over permutations in (1.30) can be easily computed and reduces

to
1 A A h g—2h
g X, n_\n . i(p—gnq) X
g()\ AL i) ( > sn,n) (/\n Hn> e (1.31)

l9/2]

The vertex operator for a coherent state can be contructed as an exponential of DDF creation
operators A’ (with n > 0) acting on the tachyonic ground-state. It reads

Vc(z)::erli’\"A‘ e = Zg' (Z = An> e (1.32)

g=0 =
It is coherent in that it is an eigenstate of the annihilation operators A’ (with n > 0) wiz.
Al eXniwdn A i XY = i eXnZy wAn A ¢ X ) (1.33)

After normal ordering one finds

1,00 1,00
Sy , 1 4 ,
z) = exp { gé Spae TIX LN =Py emq-X} e X (1.34)

with ¢# = N (6" — [2a/]p'q") such that (,-p = 0 = (,-q and (-G = Ay A, While

n

C )\n Hn Z n h(u€> Cn 8hX (135)

h=1

In order to derive (1.34) use has been made of property (1.26) of the cycle index polynomials.



For later purposes, it proves useful to expand the vertex for a coherent state as a superposition
of vertex operators for states at fixed level N

co dn
-SSP T VeI <V VeV
N=0 I=1 N  hp:Xnhg,

(1. 36)
— P X|no +iA(C)-OX P DX |\ 4 [0X -H(C, C)-0X +iB((, G)-0P X! P20X ) 4

and get the explicit expressions of the polarisation tensors A*, H* B*, ... in terms of * from

00 1 ¢, LN—1 1 <<
o i(p—Ngq)-X L r'Ss
9= e 2 H£'<n<”73”) Fre <2r38”)
N=0

(‘en’kT’S):Znn@ﬂJ’»Zr,sk"‘ys(r+3) =N n= 1

(1.37)
where
n /L du . n—~£¢ 1 —
. B ans: ;us 05X+ . Y/
G Pu= (¢ —1)! f{ e )
/=1
and
S B i L du im T Lusqmosx dv in 3T g on X (1 39)
mn = QWium-i-h-i-le - 27Tivn_h+1e ‘

2 2-point ‘functions’ of Coherent states

In this Section, we recall some properties of coherent states that emerge from the computation
of 2-point ‘amplitudes’. In particular we reproduce the results of [74, 75, 76, 73] for the average
mass, gyration radius and spin.

2.1 Classical profiles, Normalization

A classical string configuration X*(o,t) is physically acceptable when it satisfies the Virasoro
constraints 7,5 = 0. For open strings one should impose boundary conditions at ¢ = 0, 7. For
simplicity we will only consider Neumann b.c. that correspond to D25-branes®. In this case the
mode expansion reads

oo o0
X¥(o, 1) =a" +pH'T+ Z(aﬁje’im + a* et cosno = x* + phT + Z ate " cosno  (2.1)
n=1 n#0
with ", = a/*.
For illustrative purposes, we display in Fig. 1 and Fig. 2 some classical open string profiles in
d = 3 space dimensions with different numbers of harmonics, generated randomly, together with
their time evolution.
At the quantum level a” become creation/annihilation operators that satisfy a Heisenberg algebra.
Virasoro constraints translate into the BRST condition, that is satisfied by the DDF operators,
so much so that any state built acting with A” = on the tachyon vacuum [p) is a physical state.
In particular the vertex operators (1.34) describe physical coherent states. It is relatively easy to
fix their normalisation using standard properties of creation/annihilation operators

. \ 1, 1
(CONICOPI) = Jim (VX' Vel i 210) = (9] exp 22 A ex0 3 2w Al

z—0

1
= (—p|exp ) né” s 5” — NN ) = 6(p—p)exp ) —AuAn (22)

TLTL

5As already mentioned, switching to Dp-branes is straightforward.



<N>=10
©® 10 harm

Figure 1: 3D open string profiles with different harmonics {10, 20, 40,80} with the same average mass
square (M?) =9/’

2.2 Average values of position, momentum and angular momentum

Replacing the standard oscillators of, with the DDF operators A7 — given that they satisfy the
same algebra — and using the eigenvalue equation (1.33) in the form

ALIC(A,p)) = N, IC(A, p)) (2.3)

one finds ]
T o Xz — E : Z [\t ,—inT ix +inT 24
cl <C()\ » D )’ ‘C()\7p)> - n()\ne + )\n € ) ( )

for the transverse coordinates while

Xy = (CWXN.p)XTC(\p) = X" =2t +p'r (2.5)
and X
X =N, p)XT[C(\p)) =2~ +p 7+ % M[An_m~Ame—’"T +ccl (2.6)
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Figure 2: Time evolution of the 3D open string profiles with different harmonics {10, 20, 40,80} with the
same average mass square (M?2) = 9/a’, where profiles at different time are identified by different colors

In the rest frame, whereby p’ = 0, reinstating o/, the gyration radius is given by

0X? = (X = Xa)*) =22/ %/\;-)\n (2.7)

The average value of the transverse momentum is given by
(CNPIPICAp)) = ) in(Ne™™ = Xet) (2:8)
Including the light-cone coordinates one has

(CN,p)|P*IC(N,p)) = p' — (N)g" (2.9)

where

(N) =) " Ade =D (héa (2.10)

as a result, reinstating o/, the average mass is

(CN.P)IMPC(N.p)) = —(CX. P)IPPIC(N p)) = é((m -1 (2.11)

10



* <N>=10

Figure 3: Open string profiles with 5 harmonics at different average mass and their time evolution

<N>=10

® 10 harm 010

© 80 harm <N>=10
X3

® 10 harm
© 80 harm

Figure 4: Open string profiles with the same average mass at different number (ie 10, 80) of harmonics
and their time evolution

Note that in the chosen frame, the only non-zero component of ¢ is ¢~. As a result the only
component of P* that fluctuates is P~ with (P~) = p~ — (N)g¢~. Since all the remaining
components, including PT are ‘classical’ in that (P*) = p*, the mass (and thus P?) does not
fluctuate wviz.

(M?) = —(B,P") = 2P*P~ = P'P) = 2p"(P™) — pip' = 2p" (p™ — (N)q") — pip" = —(PL)(P")
(2.12)
One can proceed similarly and compute the average value of the angular momentum J* =

LH 4 S Barring the ‘orbital’” part L*”, let us focus on (S*”). The ‘transverse’ components are
given by

(57 =% %fm(Aj:Ag;) (2.13)

n>0

After some tedious algebra one can also compute the S~ components (o' = 1/2)

<Si—>:%z > %[m()\}}*)\m-)\g_m) (2.14)

>0 m=—o0

The other components involving light-cone directions are computed along the same lines with
some more effort.

11



2.3 Level expansion, Chan-Paton factors, ‘twist’ symmetry

Although we will mostly consider coherent states of open strings terminating on a single D-brane
No; = 1, it is worth mentioning that most of the results remain valid for N5 > 1, provided the
correct Chan-Paton (CP) factors are included.

For oriented strings the gauge group is U(N.) and the relevant CP factor for a ‘color-ordered’n-
point amplitude A(1,2,...,n) on the disk is Tr(1171s...T,,) with T, a generator of U(N,) in the
fundamental representation. The complete amplitude obtains after summing over inequivalent
‘color’ orderings, i.e. over non-cyclic permutation of the n external legs,

An(1,2,n) = > Au(p(1), p(2), - p(n)Trn (T T2y Tpmy) (2.15)
PESH [ Zn
Notice that under transposition, i.e. exchange of the two ends of the string, 7' — T* = —T =

—T* = 4T (for the SU(N,) generators) while Ty = 1 — T = Ty = Ty = T, = 1 (for the U(1)
generator) and

Tr(To To@y-+Tomy) = Tr(To)Tp@y - Tom)" = T (Lo o Thn) 2

TT(T;(I)T;(Q)...T;(M) = (—)n_nOTT(Tp(l)Tp(Q)...Tp(n)) = (—)n_nOTT(Tp(l)Tp(g)...Tp(n))(2.16)

This has to be combined with the sign the colour-ordered amplitude for external states at level
N; obtains
A(n,n—1,..2,1) = (=)== N A(1,2,...,n) (2.17)

For coherent states each level has its own symmetry and a full amplitude will involve contributions
with different symmetry.

For un-oriented strings the gauge group includes O(N,) or Usp(2N..) factors and one can take for
states at level N T? = (—)N 0T where Qy = +1 for O(N,) and Qy = —1 for Usp(2N,) denote
the eigen-value of the tachyonic ground state under the exchange of its ends, as implemented by
world-sheet parity €2, known as ‘twist symmetry’ in the early days.

When open strings end on different D-branes the situation is more intricate, boundary conditions
and mode expansion get modified and one has to sum over all possible (allowed) inequivalent
orderings.

3 3-point open string amplitudes with Coherent states

In this Section, we compute 3-point ‘amplitudes’ on the disk (tree level) involving diverse numbers
of open string coherent vertex operators (1.34), tachyons (1.6) and vector bosons (1.10). Quite
remarkably but not unexpectedly, we find that the amplitudes exponentiate.

We will not write down any CP factor and focus on a given ordering of the vertex operators
inserted on the boundary of the disk. Assuming the same CP factor for all the excited levels
in the coherent states and summing over the two inequivalent orderings, one finds Tr(T,T,T.) +
(=) Nat Nt NP (T, T, T,,) that produces the structure constants (ifu.) when Y, N; is odd or the
‘anomaly’ coefficients (dgp.) when ). N; is even. We will also drop the overall dependence on g
and the normalisation of the vertex operators that have been carefully determined in [74, 75, 76,
73].

3.1 As(C,T,T)

The first and simplest computation is the 3-point amplitude with one coherent vertex and two
tachyons.

12



The amplitude (that coincides with the 3-point correlator of ‘unintegrated’ ¢V type vertex oper-
ators) reads

A3(C, T, T) = (Ve(z1) cVr(z2) cVi(2s)) = (c(z1)e(z2)c(23)) X

o

< exp { Cr Cs rs e —i(r+s)q Z —mq~X} eip‘X(Zl)eipTX(Zg)eips‘X(Z3)>(3.1)

=1

Contracting the ¢ ghosts yields
(c(21)c(22)c(23)) = 212213223 (3.2)

In order to perform the other contractions it is crucial to recall that e X = ¢ina X7 apd
Sin, that depend only on ¢-:0°X = —¢~0°X ™, can only contract with the ‘longitudinal’ part of
e X = ¢~ X"+ while P, that depend on both ¢~9* X+ and (,-0" X can also contract with the
‘transverse’ part of e?X = e tPiX"

To start with we assume (,-(,, = 0, a condition we will relax later on. In this case we have

< H Z { Z +1)|Zn h[ (n ] <n 8hX6_qu} eip-X(zl)eiPTX(ZZ)eiP&X(Zg)> (33)

n=1 gn —0
For g, = 0 contracting the exponentials yields the Koba-Nielsen (KN) factor
(X (2)e X ()X (24) = AP A4 (3.4)

that for g, # 0 combines with the contractions of X in e=™9n¢X that yield 2, 922" %% At
fixed level N = 3" ng,, after integration over the center-of-mass (CM) coordinates X{', one finds

2y VPN S (p — N+ po+ps) = 21 2 2 00— Na+paps)  (35)
Contracting ig~9*X+ in U™ yields

-1 1
R R A 39
2\ 2 <13
where
Q= q(p2 —ps3) (3.7)
while i(,-0" X yields instead
h—1
, — 1 1
iCp-O" X — u (h =D = — = | Ga (P2 — p3) (3.8)
2 12 ~13
Focusing on the sum over h, factoring out (,-paszis " %#? 213" %* and using properties (1.23) of

the cycle index polynomials one finds

L () (0 TBQEDL (o )
2oy Znlh ”( e >— TR () 69

he1 <12%13 212213

that can be proven setting z; = 0,25 = 1 and z3 = oo, by exploiting the BRST invariance of the
construction, so much so that the complete amplitude reads

2 [HZ { Q=) (2 )H el 6 (0~ Natpa tps) =

Z19%
N=¥ng, Ln=1g,=0 n 1213

= / ?27:)(8 (p+p2+p3)-Xo H Z { (Q) e~ maXo ¢, (py — p3)}

n= 1g—0

(3.10)
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where

(=) TE@+1)]
2n! T[3(Q—1)+1]

with @ defined in (3.7) and we have used [ dPXge'P=Natp2trs) — (271)P§(p — Nq + ps + ps).
Setting

Rnfl(Q) =

(3.11)

G = emmaXo g (3.12)

for (,,-(;n = 0, one finds the very compact and elegant expression

A3(C(p, ¢;Ca), T'(p2), T(p3)) = /dDXo ¢t (pp2tps) Xo oy Z Rn-1(Q) Cu(p2 — p3) (3.13)
n=1

Quite remarkably the expression has exponentiated in a rather subtle and interesting way. Al-
though this was to be expected thanks to the exponential form of the vertex operators for coherent
states in the DDF basis, exposing this property required a decomposition in the level number N
as well as the redefinition of the harmonics as in (3.12).
In order to extend the amplitude to the case in which (,,-(, # 0, there is an additional factor to
consider:

< H Z { TG mzn—h[uﬁn)] ahX} (3.14)

n=1gn=0 n

hys
1 r'Gs _; ® r S iD- Do - iD2 -
I[Zhl{iieWMMiyaﬁwﬂaﬁwﬂ} X ()N () ()
f=1

2rs
r,s=1 hys=0

Contracting iq~9*X™* in Mér/s) yields Z/le(r/s) in (3.6). Using SL(2, R) invariance to set z; = 0, 2o =
1 and z3 = oo and barring the common factor e +9)9X¢ ¢, /2rs, for given r and s one finds

Z I 2o 2o sl (ijm) = %Rr—l@)&—l(@) (3.15)
st @en (@1 T[E@+1]T]s@+1)]
(rs) 200 =112 = Dir[r@ - 1+ 1| T5@ - 1) +1]

These terms combine with the ones from the first exponential to shift the level from N =) ng,

to N =3, ngn+>_,,(r+s)h.. As before this can be taken track of by switching from ¢ to ¢.
Taking in due account the kinematic constraints

the final and most general (in that (,,-(, # 0) yet quite compact result reads

A3(C(p>Q;Cn>7T<p2)7T(p3)) =
D i(p+p2+ps)-X - = = ~1s(Q*~1)
/ dP X PP X0 oxp &N Ry 1 (Q)Gnr(P2—ps) + Y Grolem - Reo1(Q)Ra-1(Q)
n=1 TS

(3.16)

2(r+s)

(3.18)
where @, R,,_1(Q) and (n are defined in (3.7), (3.11) and (3.12), respectively. Recall that this is a
color-ordered amplitude and should be combined with the corresponding CP factors and summed
over the two non-cyclic permutations of the external legs. (3.18) determines the decay rate of a
generic coherent states into a tachyon pair and encodes the tri-linear couplings of an arbitrary
excited open string state to two tachyons. The latter can be extracted taking derivatives w.r.t.

Cn-
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3.2 A(C,V.T)

It is quite interesting to replace one or both tachyons with massless vector bosons. Let us start
with one. Without losing generality, it is convenient to decompose the null momentum % of the
vector as k = p' — ¢’ with (p')? = 2 and p'¢’ = 1 and (¢’)> = 0 with ¢’ along the same light ray
as the ¢ used to express the momenta of the coherent state, so much so that ¢¢’ = 0. As a result
the polarisation A, = 51‘(5,2 —(p )’q@) turns out to be transverse to both ¢’ ~ ¢ and p’ and thus
to their combination k = p’ — ¢'.

The relevant correlation function is

A3(C,V,T) = (cVe(z1) cVa(2a) CVT(23)> = (c(z1) e(z2) c(z3)) X (3.19)
<exp{ Cr Cs TS 7z(r+s qX Z CTL P €qu} esz( )ZA 8Xezk2 X( )eipg-X(Z3>>

With respect to the previous case (,-P,(21) can also contract with A-0X(z2) and the latter can
contract with e ¥ (z;) and e X (z3).
The first new kind of contractions produces terms (,-A of the form

SO () () _OTIEOQ A,

ey 12 223 213

where it is convenient to introduce the degree n—1 polynomials

(=) T +Q) +1]
n = 3.21
N ) 220
The second new kind of contractions yields terms A-p; /3 of the form
Apy  Aps 213
+ = A(p; — 3.22
221 <23 (p1 ps) 2291203 ( )
So the final quite compact result reads
(€015 ),V (A Tlp)) = [ dP X 3b %0 | g Z Mo 1(Q) G | x
> ~ ~7rs(Q°—1)
exXp ZRn—l( Cn k2 p?) + Zgr Cs ) Rr—l(Q)Rs—l(Q)
n=1
(3.23)

where Q, Ru_1(Q), G and M,,_1(Q) are defined in (3.7), (3.11), (3.12), and (3.21), respectively.
Once again, the result has an exponential form up to the linear terms in the polarisation of the
vector boson.

3.3 A,(C,V.V)

When both tachyons are replaced by massless vector bosons, the relevant correlation function is
As(C,V, V) = (cVe(z1) cVa(ze) CVA(23)> = (c(z1) c(z2) e(z3)) X (3.24)

<exp { Cr <s rs 1(r+s qX T Z Cn mq-X} eip’X(Zl)iAQ-aXeikQ'X(ZQ)Z'Ag-@X@ikg'X(23)>
r,s=1

15



Including a second vector boson, one has to take into account the additional contractions of
iAy-0X with 143-0X, producing Ay-As/z2,, as well as the separate contractions of both of them
with (,-P, in the exponent, producing terms of the same form as the ones in (3.20), and with
e’PX producing terms of the same form as the ones in (3.22).

Combining the various contributions the amplitude takes the final form

A3(C(p1,q;Cn), V (A2, k2), V (A3, ko)) = /dDXO{ Z(Zn'AﬁMn—l(Q) Z( My1(Q)

n=1 m=1

G m
+ (Az Az)—(Aa-k3) (As ko) + Z[(Az‘ks)(Zn‘As) - (As‘kz)(Zn'Az)]Mn1(Q)} ¢! pHhatha)-Xo

n=1

X exp { ZRn—l( Cn (k2 — k3) + Z Zr 687"5 )1)Rr—1(Q)Rs—1(Q)}
n=1

(3.25)

where Q, Ru_1(Q), G and M,,_1(Q) are defined in (3.7), (3.11), (3.12), and (3.21), respectively.
As a first almost trivial check, setting ¢,, = 0 and noticing that 2a’ksks = —a/ M? = +1 one finds

As(T1 Va Vi) = (Ag-As)—(Ag k) (Ag k) = kip-kiy(Ag- Ag)—(Ag k) (Ag-k) (3.26)

which is the correct tachyon-to-two-photon amplitude, which survives even for a single D25-brane,
since it is symmetric under the exchange of the two photons.

Another less trivial check follows from setting n = 1 and g = 1 (having in mind formula (2.47)),
one has

As(Vi Vo V) = (Ag-ks)(As-p1)(Ci-ka) + (A2 As3)(Cioka) + (Asp1)(Gi-Az) + (Ag-ks)(Ci-As)

= (A2 (AT (G + (G ) (v + (A2 G + (A ) G )

(3.27)
where k;; = k; — k;, which is — not surprisingly — the (totally anti-symmetric!) 3-vector boson
vertex in the bosonic string, that requires multiple D25-branes to be non-zero. In particular one
can recognise a higher-derivative F'® interaction (the very first term), suppressed by powers of o,
in addition to the Yang-Mills vertex (the three last terms).

3.4 Ay (C.C.T)

A more laborious amplitude to tackle is the one with two coherent states and a tachyon.
The relevant correlation function is

A3(C,C,T) = (cVe(z1) cVe(ze) Vr(z3)) = (c(21) ¢(22) c(23)) %

o A1) (1) o (1)

r1 *Gsy —i(T’ +s )q X Cn1 . —in1q1-X ip1-X

<exp{ E T e E w Pp, e Mo }e Y (z) (3.28)
T1,51= ni=

© (2) (2)
exp { Z CSQ 87"2 52 € ilratsa)ar X + Z an Pnz €_m2Q2 X} P2 X( )€1p3'X(Z3)>

27“ s
ro,52=1 292 no=1 N2

Without loss of generality one can take ¢» ~ ¢; so that ¢;-go = 0 7. This entails
(W.q;=0 for i,j=1,2

thus preventing proliferation of contractions.

7Indeed qi"q; = wiwj(l — ﬁzﬁj) =0 iﬁ ﬁlﬁ] =1i.e. ﬁz = ﬁj and q; = %qj.
J
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Anyway a new type of terms arises from the contractions of Cnl “Pp, with an “Phr,. For fixed ny
and ny one finds

ni no n n n n
G5 (210213 Z12%23 Zl 22 )1 D1 — 1) Zy g U] iy U]
ni no u1+uz F(Ug) F(l — Uy — UQ)

<23 u1=1u2=1
where
us(nl) — (_)5& Ql 8_ 1 . Ql:_ ]- , Z/{S(nQ) _ (_)8@ (Q2 _81)(_>8 o Qle (329)
2 212 213 2 212 293
with
Q1 =q-(p2—p3) , Q2= q(p1—ps) (3.30)

arises from the contractions of ¢; 9° X with the exponentials exp ip; X.

Barring the overall factor g&’-gﬁ?, the above expression is a polynomial in ¢); and )5 of degree
ni—1 and ny—1, respectively, that is symmetric up to a sign (—)™*"2 under the simultaneous
exchange of ny, Q1 with ny, Q2. We will henceforth indicate the polynomial as L, —1,n,-1)(Q1, @2).
For low values of ny and ny one finds

o (L1): Lo =
): Loy =3(Q2+1)
): Lagy = —3(Q20Q1 + Q1+ Q2+ 3)
° (2,3): Lz = —75(Q2+1)(3Q2Q1 + Q1 +3Q2 +9)
): Loz = 165 (27Q3Q3+36Q2Q7+9Q3+36Q3Q1 +144Q2Q1+108Q 1 +9Q3+108Q5+163)

—_

Thanks to SL(2,R) invariance the result is independent of the choice of the z’s. In particular
one can set z; = 0, 29 = 1 and 23 = oo and the double sum produces

_ym+l M2
Contmn(@Qe) = SE 30 Y L 2 [2Qu - 1)] 220 [ Qe - 1)

ur=1uz2=1

(3.31)
Combining with by-now-familiar contractions, that already appeared in previous computations,
yields

A3(Clp1, a; V), Clpa, a2: ), T(p3)) = / dP X el rete) XOexp{ > Zcﬁi DL, - 1,n2_1<Q1,Q2>}

ny= 1n2 1

1,00
exp{ POERE <“>W @R (@) + 3 () <<2>W rz_l(szw_l(QQ)}

T1,51 2,52

exp{ > Y- (p2 — p3) R, —1(Q1) + > (=)™ (ps —p1)Rn2—1(Q2)}

’I’L1:1 ’I’L2:1

(3.32)
where @1, Q2, R,-1(Q), G and Loy —1n,-1(Q1,Q2) are defined in (3.30), (3.11), (3.12), and
(3.31), respectively. It is not hard to check that the signs are precisely those needed for the
amplitude to be (anti)symmetric under the exchange of the two coherent states. More precisely,
after decomposing the coherent states in bases of states at fixed levels Ny and N, the ‘partial’
amplitude gets a sign (—)™T"2 under exchange.
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3.5 As(C.C.V)

The case in which the third state is a vector is very similar to the previous computation except
for the KN factor and other couplings related to the vector polarization.
The relevant correlation function is

A3(C,C, V) = (cVe(z1) cVe(z2) cVal(z3)) = (c(z1) c(22) c(z3)) X
SNEI ) o C(” |
<eXp { r1 "Gs1 Srl,s1 —i(ri+s1)q1-X + Z znlql-X} elpl'X(Zl) (333)

r1,81=1 ni=1

o0 (2) ~(2) ' A . '
eXp{ Z % Sroso e irats2)ax X Z an P, e_Z"Q‘IQ'X} e’pQ'X(ZQ) iA3-8XeZk3'X(23)>

ro,s90=1 2’/‘282 no=1 "2
Following the same steps as in previous computations, in particular choosing ¢;, g2 and g3 to be
collinear without loss of generality, no new types of contractions appear and one smoothly arrives
at the final form of the amplitude that reads

Asz(C,C,V) = /dDXo ¢! (PrFpatpa)-Xo <A3 ‘P2 + Z My, - 1(Q1)C As + Z Map,—1 Q2)C )

ni=1 ng=1

exp{ Z 1)7"1511Q+18)1) r—1(Q1)Rs,—1(Q1) +Z TZHZCT? 4(2)%?—252)1) T‘2—1(Q2)R82—1(Q2)}

T1,81 72,52

eXp{ >V (p2 = ks) R, 1(Q1) = D (=)D (ks — p1) R, 1(Q2) + Z Z WL L, anl(Qth)}

ny= =1 n2:1 ny= 17L2 1

(3.34)
where <m> le Q27 Rn—l(Q)a Mn—l(@)7 and £n1—1,n2—1(Q17Q2> are defined in (3].2), (330),
(3.11), (3.21), and (3.31), respectively. One can check that the subtle signs that appear are
precisely the ones necessary to implement the correct Bose symmetry of the amplitude.
3.6 A;(C,C,C)

The most laborious 3-point amplitude corresponds to taking three coherent states as external
legs. The relevant correlation function is

A3(C,C,C) = (cVe(z1) Ve(zo) cVe(z3)) = <C(Z1)C(22) c(z3)) x
> <(1).<(1) C '
< exp Z r1 "Gsy Sn,sl —i(r1+s1)q1- X Z ny Pm pima X elpl'X(Zl)
r1,s1=1

27”181
ni=1

00 (2) ~(2)
{ 5 Ll e, 3 }” e

27“282

r2,52=1 na=1
¢y X, c x| ipgx
r3,83=1 nz=1
Setting
Q1 = Q1'(p2 - p3) , Qe = Q2'(p1 - p3) , Q3= Q3‘(p1 - pz) (3-36)

the contractions of ¢0*X with expipX yield
gy =™ Q-1 i+l ) = 12 @2—1 Qo+l yns) 13 @3—1 Qs+l
° 2 25 23 , ° 2 219 239 ’ ° 2 213 253

(3.37)
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Despite appearance, no new types of contractions are necessary to compute the above amplitude.
Following the same steps as in previous computations, one finally gets to

(1) r151(Qf— )

(7“1+S ) T1—1(Q1)R51—1(Q1)+

.A (C C C /dDX ez(p1+p2+ps) Xo exp{ Z C(l)

T1,81

1,00

> (=

72,52

exp {

ro+ss 7(2) (2)7‘252(Q2 )
yrel (e Ir

> Z ¢ Ly 1ms-1(Q1, Q2) +

ni=1ngs=1

ra—1(Q2)Rs,—1(Q2) +ZC

73,53

Sy an

no=1ng=1

s)M
2(rg+s3)

3)En2—1,n3—1(7Q2) 7Q3)+

7‘3—1 (Q3)R83—1(Q3)}

oo oo
nz3=1n;=1

eXP{ > ¢V pas R, —1(Q1) — > (=) (12 p31 Ry —1(Q2) + Z ¢ p1aR, 1 Q3)}

ni=1 no=1

(7>n1+n367(35).Z?(Ill)ﬁnl_lﬂlg—l(7Q17 Q3>}

7l31

(3.38)
where Em, Q1, Q2, Q3, Rn—1(Q), and L, 1 5,-1(Q1, Q2) are defined in (3.12), (3.36), (3.11), and
(3.31), respectively. One can check that the signs are those necessary to implement the correct
symmetry properties under exchange of any pair of coherent states.

Before passing to consider 4-point amplitude let us pause and discuss the significance of the above
results for 3-point amplitudes with coherent states. Expanding in the levels N;, Ny and N3 (3.38)
encodes all the physical amplitudes of arbitrarily excited open string states. These can be simply
extracted taking derivatives with respect to the parameters Cr(f). Moreover, using unitarity and
completeness of the coherent states, one can in principle glue such 3-point amplitudes to construct
any higher point and even higher loop amplitude. It would be interesting to compare our compact
expression with the result that would obtain after saturating the three-Reggeon vertex [70, 71|
with coherent states®.

More interestingly in our views is the possibility of deriving quantitative informations on the
interactions of highly excited very massive open string states, even with large spin. As mentioned
in the introduction, generalisation to stacks of coincident or intersecting D-branes looks quite
natural and feasible, including the appropriate CP factors and taking into account of the correct
boundary conditions. Moreover, using KLT relations or otherwise, one can combine such open
string 3-point physical amplitudes for left- and right-movers and get closed string 3-point physical
amplitudes for arbitrary excited states.

4 4-point open string amplitudes with Coherent states

In this Section, we compute 4-point ‘amplitudes’ involving diverse numbers of coherent states as
well as tachyons and vector bosons. In preparation for future applications to closed strings, we
also study the soft limit at the open string level as the momentum k of a massless vector is taken
to zero.

Specifically, we turn our attention on 4-point amplitudes on the disk. As before we will consider
processes with one, two or three coherent states, leaving the case of four coherent states to the
future. Although we focus on a particular ordering of the external legs to start with, results for
different orderings obtain easily after exchanging the external legs. We will comment on this at
the end of the computations. One can also ‘dress’ the amplitude with CP factors corresponding
to multiple D-branes and/or different stacks of D-branes. We will briefly mention how to do so
later on.

8We thank P. Di Vecchia to suggest this interesting check, that we leave to the future.
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4.1 A(T,T,T,C)

Let us consider the amplitude of one coherent state and three tachyons. Thanks to the symmetry
under the exchange of any pair of tachyons (for a single D25-brane!), one can choose any ordering
of the external legs. For definiteness we choose the following

z4

AT, T,T,C) = /Z4 dzs (cVr(z1) ¢Vir(2z2) Vir(zs) cVe(zs)) = / dzz (c(z1)c(2z9)c(z4))  (4.1)

22 22

<eip1-X(Z1)eip2-X< ) ips3- X eXp { CT CS 7« S € —i(r+s)qa- Xy Z g” mfI4-X} eip4'X(Z4)>
r,s=1

where z; > 29 > 23 > 2z4. Expanding the exponentials one has

<eip1'X(zl)eiPQ'X(zg)eip?"X(zg) (4.2)

H Z 61 (%Tis s € i(r+s)q4-X) H nz_ %(%.’Pnein%-X) eip4-X(Z4)>

r,s=1 4y =0

For fixed level N = Zl Ol s(r+8)+ >0 ng, the KN factor is given by

(€71 (21) P2 (2) P (23) /P~ Na ¥ () = (4.3)

—£-2 —1-2 N
2192 2147 2347
ks s it (213224)_2 d(p1 +p2+p3s+p1— Nqa)
213294 213724 213

where the standard 4-point kinematics has been implemented, more precisely:

s=—4—2p;-ps = 2Ny — 4 — 2p3-(pa—Nuqu) (4.4)
t=—4 —2p3py = 2Ny — 4 — 2p1-(pa—Nuqu) (4.5)
u=—4—2p;-p3 = 2Ny — 4 — 2py-(ps—Nuqu) (4.6)

Performing the contractions of the light-cone coordinate X present in S, 5 (in the form ¢-0°X =
q~0°X™), in P, and in the exponentials exp ifq- X = expilq~ X and of the transverse coordinates
X" present in P, and in exp ip-X, including the ghost contribution, using the SL(2, R) invariance
to fix 21 = 00,29 = 1,24 = 0 and renaming z3 = z the amplitude looks like

1

AT, T,T,C) = / dP X, e!PrHp2tratpa)-Xo / dzz27572(1 — 2)7272 (4.7)
0

. Z?‘Zs (r) (n) Cnp?;
87'8 7 T+s Zn TL
exp{mﬂ G Z Z U] (T S
with
u]in) <q4 P+ qa p;;) (4.8)

Now relying on the chain of identities®:

exp { i YV, dcgs } ePz o _ fi:% Zy (s)@) %;f P

9We thank Dimitri Skliros for his crucial help in their derivation.

20



one can represent the z integral in the following way:

/01 dz 21— 2)P exp { g)ﬂs zs} = exp { g)}sdd—;s} /01 dz 241 — 2)B exp{ﬁz}‘ﬁzo (4.10)

more precisely one has to massage the terms inside the exponential to get

37 ZZM (A“ g’épg):i(afﬁ”+3}§"’3>zf (411)
n=1

=0
CT"'CS r ) _r4s - .
Z 5 Sha U = pecs! (4.12)
r,s=1 =0
where
yir = Z C" P25 2 (ngeps) 25 n(naspe) (4.13)
h=1
and o~ .
DD C":?) > Znon-s(nqups) Zr(nga-pa) (4.14)
n=1 h=1
and
1,00 Z E T r+h
- ; QTTSS Z hmz_ Zs+h7m(SCI4'P3)Zm(SQ4'P2)Zr7h7f+m(SQ4'p3)fom(7"Q4'p2) (415)
d usi
and using X N —a)
/ dz 271 — 2)7 o7t = 2 Fy(a,b, B) (4.16)
0 I'(b)

where 1 Fi(a, b; 5) is the confluent hyper-geometric function

1F1GbZ i

I'(c+h)

(a), 2" B
B T (4.17)
=0
and performing the following steps
exp{iyd—E} Fy(A,B;8), =Sz Fi(4.8:8)] 3 2,y A
- tapt S A BIP )L 2 dﬁgl 1 P ¢ f(B)z
(4.18)

one finally finds

; r nr 1) 1
A4(T, T, T,C) = /dDXo e (P1+p2+ps+pa)-Xo Vo (p1p2‘|‘ p2p3+ Z fyf p1p2_|_ )

I'(pa(p1+ps)+2) = P2(P1+p3)+2)s
(4.19)
where )y = Vy—o with
Yy = V5P 4 Yir 4 Pic (4.20)

The final expression is quite compact and elegant but somewhat deceiving. Most of the compli-

cation is hidden in the definitions of y< P2 in (4.13), yf'm in (4.14) and y§‘< in in (4.15), that we
have not been able to further simplify.
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4.2 AT, T,V.C)

As for 3-point amplitudes, it is quite interesting to replace one or more tachyons with massless
vector bosons. Even for a single D25-brane and for a single vector boson, different orderings of
the external legs lead to different 4-point amplitudes. For definiteness we consider the following
ordering

z2

AT, T,V.C) = / Pz (V1) Vinlzs) Virlzs) Ve(2)) = / dz (e(z1)e(z)e(20)

z4 z4

<eip1'X(z1)eip2’X(”) Ag-aXeikS'X(Zs) exp { Z CZTTES Srs e trs)anX 4 Z %-Pn e_i"q“'X} eip4'X(Z4)>
r,s=1 n=1

(4.21)

where z4 < 23 < 23 < z; and later on comment on how to get the 4-point amplitudes corresponding
to different orderings.
For fixed level N = Zi;’o Cros(r 4 s) + Y7 ng, KN factor with ghost contribution is given by

(ceP X (z1)ceP X (2)e X (z5)c el Pr=Na X () =

—5-1 -3-1 N (4.22)
212734 214723 214734 ’
— — ——— | O(pitpetkstpi—Ng
<Z13224> <213224> < 213 ) ( ! 2rie T 4)

where the standard 4-point kinematics has been implemented, more precisely:

s=—4— 2p1 ‘P2 = 2N4 -2 2]{73'(]94—N4Q4) (423)
t = —2—2kspy=2Ny — 4 — 2p1-(ps—Nuqu) (4.24)
u=—2—2p;-ky=2Ny — 4 — 2ps-(pa—Nyqu) (4.25)

Using the same strategy as in the previous computation, with the addition of a new type of
contractions, related to the presence of A3-0X(z3), SL(2,R) invariance allows to fix z4 = 0,29 =
1,2 = 0. Renammg z3 = z, the amplitude reads

1 2N
A4(T, T, V" C) — /dDXO 61(p1+p2+k3+p4)-Xo /(; dz 272 —5—1 (Z Cn A3 Z Zn h W
Aszps Ag ‘P2 - E 1) (] rbs_ 2" m)1 [ = CoD3
+ p, z:: rs k ;u ] nz::l E - Znh [uk } Cn'D2+ Sh
(4.26)
with
U™ = n(q4.p2 n q‘;k?’) (4.27)
with the help of the following identifications
i zn i (n)1> h . > E‘A k_1
nz:l n ; Zn—h [uk K”'Azhﬂ - ;yk o (4.28)
i(—)in iz U] Corpe + Gk ) _ <y6-p2 + yf"“f’) 2 (4.29)
n n— k n Zh k k .
n=1 h=1 k=0
- E?“Es T s ris - cC
Z o S s [u,ﬁ );U,E, )]z = Zyg%’f (4.30)
r,s=1 k=0



where

CA"’ = Z Cn <Az Z h Z,_h_r(nqs-ks) Zx(ngs-ps2) (4.31)
il -
Viks = Z —Cn-ks Z 2 h-r(nqa-k) 2 (ngaps) (4.32)
peer L
Ver = Z E@.pg Z 2, 1 (nga-ks) Zi_n(nga-p2) (4.33)
n=1 h=1
Vit = f ;% ;; Zsih—ktm(5Q1k3) 2k (5G1-p2) Zr—pm(raa-ks) Zm(rqap2) (4.34)

using the same strategy as in the previous computation the full amplitudes reads:

./44(T7 T7 ‘/r’ C) — /dDXO ei(p1+p2+k3+p4)~X0 63}0

I'ks-(pa—N —N k 1 [k3-(pa—Ngqs)—N
Z {Ag-(p4—Nq4) [k3-(pa—Naqu) 3 p2 + Z 3:(pa—Nqu) }
~ F[]fs (pa— NQ4+P2 +1 = k73 (Pa—Nqa+p2)+1— N}
T [ks-(pa—Naa)—~N+1]T [ ~Ngi)—N+1
~ Ay [k3-(pa—Nqu)—N+1]T'[ 3p2 ZZ FY)) [ (Pa—Nqu) I,

[ [ks-(pa—Nqs+ps)+1-N (ks (pa—Nqa+p2)+1-N],

Z CAs k:3 (pa—Ngqy)— N—l—k}l—‘[/{g-pg—l—l]z () [kg-(p4—NQ4)—N+k:L }
T [k3 (pa—Nqu+pa) +1—N+k] Tk (pa—Naqatps) +1-N+k],

£=0

(4.35)
where )y = Vy—o with

Yy = Yir 4 Yika 4 el (4.36)

For a single D25-brane, the only other inequivalent ordering of the external legs corresponds to
the 4-point amplitude A4(T, V,T,C). We will not display the final result but it is easy to convince
oneself that its form is actually simpler in that no singularity in k3-(py — N¢q4) can be exposed,
due to planarity of disk amplitudes.

4.3 Soft behaviour

We now pass to investigate the soft behavior of the 4-point amplitude we computed, that has
poles in k3-(ps — Ngq4). To leading order only the first two terms of the amplitude contribute
because (-Aj is sub-leading in the k3 — 0 limit.

Starting from:

e? Az-py

[ [ks:(ps—Ngy)—N+1|T k‘3p2 Z k3:(pa—Ngs)—N+1],

(fVr) 4.37
F[k:s (Pa—Nqa+p2)+1— / k:g Pa—Nqs+po)+1— N] ( )

=0

and using the explicit form of the Pochhammer symbols as ratios of I' functions, one can rewrite
the above as

oo N
[k —Nqy)—N+L T ks (pa—Ngy) —N+Y
¥ Agpy T (kspo) Z Z Z,(f 3-(Pa—Nqa) ]F[ 3-(Pa—Nqa) ] (4.38)

N=0 =0 ki’» (pa—Nqu+p2)— N+ T [ks-(pa—Nqa+p2) —N+(]
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where the upper bound ¢ < N is made manifest. Using I'(k3-p2) ~ 1/k3-py ad similar for the
other I' functions, one then finds

o Az P2 (Pa—Nga) =N+l k3 (pa—Nqu+ps)
Z(fYy) 4.39
kspy E:O gz; of f ks (Pa—Naqs) ks (pa=Naqatp2)—N+L e
The leading terms, as k3 — 0, correspond to £ = N and read
A3 ‘P2 Az-pa g Ck ¢C
Z(fYr) ex Py 4y 4.40
ks Da Z (fVr) P Z k k (4.40)

The second term in the exponential is sub-dominant for k3 — 0, while the other terms produce

Z::ycm ;Z(TE Z péé,fiif?&ﬂ? 7y Zrn(ndap2) (4.41)

the leading term correspond to & = n, and the expression reduces as follow

(o ¢] N (o ¢] 1 (o)
¢-p2 _ Z 1
D DD Z wn | =5 (Q+1)] = >l Q) (142)
Similarly one finds
) oo l,oo > r r—h
Z y{.g _ Z Z ¢rCs [ (sqq-ks+s+h—k+m) Zx_ 1 (8qsp2) T (rqs-ks+r—h—m) Z,,(rqs-p2)
— k Cet et Drs £ Lt I' (sqs-ks3) I' (s+h—k+m+1) [ (rqs-ks) T (r—h—m+1)
(4.43)
the leading terms correspond to k = s + h —m and m = r — h separately, and one has
o) l,oo © 1,00
e _ CTCS z z AATS(Q+1)R R
;yk ’k3—>0 ; s Z sth(Nqa-p2) Zr—n(nga-p2) = ;CrCs—2<T+S) s—1(Q) R—1(Q)
(4.44)

The same happens for the other term Ajs-(ps—Ngq4), and finally the soft leading behavior is the
following:

AT, T,V,C)

ks-(pa—Nqs)  ks-po

k34)0

= Z <A3-(p4—NCI4> _ A3-p2> .Ag(T, T, CN) (4.45)

where we exposed the decomposition in terms of levels labelled by N, that matches precisely the
level N contribution to the 3-point physical amplitude of one coherent state into two tachyons.
The result is perfectly in line with expectations based on the old literature [83, 84] for QED and
[85] for gauge theories, that has been recently revived, after [91], in various contexts [92, 93, 94, 95],
including string theory [96, 97, 98, 99].

4.4 Ay(T,C,T,C)

The simplest 4-point amplitude with two coherent states is the one with two tachyons. For a
single D25-brane there are two inequivalent orderings: A4(T,T,C,C) and A4(T,C,T,C). For
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definiteness we consider the latter and comment later on the former. The relevant amplitude is
given by

z2

Af(TCTC) = /Z2 dzg (cVir(z1) Ve(z2) Vir(zs) cVe(zq)) = / dzz (c(z1)c(29)c(24))

z4

(2)
<eiple(Z1) exp { Z Q"z C32 87«2 5 € —i(ro4s2)qa- X Z C —m2fI2~X} eipz-X(Z2> (446)

2195
ro,52=1 292 no=1

. > (Wl . ¢ty . ,
€Zp3.X(ZS) exp Z 247“45’: Sr4,s4 6—2(r4+54)q4-X + Z ni 'Pn4 6—m4q4~X 62p4.X(Z4)>
T4,54=1 na=1

where z; > z9 > 23 > 24.
For fixed level of both coherent vertex operators, respectively Ny and N4, the KN factor with
ghost contribution assumes the following form:

(ce™ X (2)c el M) X () ks X ()¢ P Nat) X (7)) =

2192 I 21472 ! 2197 e 2147 i (4 47)
12734 14723 12223 14734 )
—_— _— — — O(p1+p2—Noga+ps+ps—Nyqs
(213224> (213224> ( 213 ) ( 213 > ( ? )

with the 4-point kinematics:

5 =2Ny —4 — 2p1-(p2—Nag2) = 2Ny — 4 — 2p3-(pa—Naqa) (4.48)
t =2N; —4 — 2p3-(p2—Naga) = 2Ny — 4 — 2p1-(pa—Nuqy) (4.49)
u=—4—2p;-p3 = 2Ny + 2N, — 4 — 2(p2—N2go)-(pa—N4sqs) (4.50)

Using SL(2,R) invariance in order to fix 2; = 00, 29 = 1, z4 = 0, renaming 23 = z and performing
the contraction, the amplitude reads

2 1
A(T,C,T,C) = /dDX ¢ (Pr+p2-+p3+pa)-Xo Z / d92d04 zN292+zN494/ dz 27372 (1—z) 722

0

27“282
ro,52=1 T4,54=1

oo - F(4) F(4)
exp{ Z Cz Csz Sroiss [UIETQ);u]iSQ)}(l _ Z)r2+82_|_ Z Gra 14 Spios [M,i”);u,is“)}zrﬁs“}

1ina,nag
(1— Z )2 z”4 L'(h +h n n ~(2)
exp Z F e 4 n2 hao [ulg 2)] Zn4—h4 [ulg 4):| (_)h2+1g7(lz)'CT(li)}
ha,h

o0 4 n4 (4) Cni) “P3
exp Zl _4 n4 ha [ ] C Zh4
ng= ha=1

Z Z Z( )h2+1Zn2 ho [L{k ] ((fri—]?)+<n2 > }

nao=1 ho=1

n2,nq

exp

(4.51)

with . ‘
(n = Cne_mg = Cne—m(qu—&-@) (452)

for each coherent state, that combined with the integration over 6 and the factor exptN6 projects
onto fixed level N, and

U™ = py (—)F <q2 Pyt q—p)> UM =y <q4 o+ B ”3) (4.53)

(1
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As in the previous computation one can completely encode the z dependence introducing some
Y coefficient functions

) ~
C(Q T s r s c(2) .72
Z QTS 7«232[2/1,52 Uk2]( —2)* = Z N/ (4.54)
79,52 2
g4 §S4 (r4) yrats 4(4) @ k
Z Drrs, T U U = Z (4.55)
T4,84
Cn D N P ')
— Z Z Znin U (C(“) M) = () (4.56)
ng=1 k=0
i M i( )h2+1Zn b [u( ] M"’C Z < <(2) P3| C< ).p4>zk (457)
na—1 N9 byt 2—h2 |V (1 )h2 nz
1,00 1;ng,nq
— (1 —2)"2zm™ ['(ho+hy) (n2) (na) pat1 g 05w
2 2 Tt e ] 2O Z
(4.58)
where
<<4) fw C(4)' GO ra—ha
Z o84 Z h4 Z ZS4 ha+mg— k(84q4 pg)Zk m4(S4Q4 pZ)Zm hy— m4(r4q4 p3)Zm4(7"4(Z4 p2)
74,54 hy=1 ma=0
(4.59)
oy = 1,00 ro—hao 82+h2 k
.5 (=)o Cm C32 (ty+my)! 2
o 52+h27t2(32(h'p3) (460)
* msz 21289 Z_l 77;0 tgz() E!( t2+m2— )'
ZtQ (SQQ2'p4> ZT'Q*}LQ*’H’LQ (7“26_12']33) Zm2 (T2q2'p4)
5(4)'1)3 Q(?i) ‘P3 !
Vi - Z Z Za—ha—k(14Ga°p3) Zr(n4qa-p2) (4.61)
ha=1
54y D
S 2 e 2t (4
hy=1
5(2) 1,00 (_)n ) ny mna—ho h2—|—m2 )k
yk P4 __ Z n_2 ( )p Z Z k[ h2+m2—k) an*hz*mz (n2QQ~p4) ng (n2q2.p3)
n2 ho=1 m2=0
(4.63)
@) 1,00 (_) ng nz—hsy
yg P3 __ Zn_Q (2)p Z Z k}‘ m2_ TL2 hg—m2<n2q2-p4) ZmQ(n2q2.p3)
n2 ho=1 m2=0
(4.64)
yC(z) LW Lf ( . 1§12 n4zh4 ngz/w h2+m2 )k (_)m4+h4+1
) n2 n4 k‘ my— 4 (m2+h2—|—m4+h4_k)!
ng,n2 h4,ha ma=0 ma=0
['(hy + hy

)
F(h4)F(h2) Zni—ha-ma (n4Q4'p3)Zm4 (n4q4'p2>Zn2—h2—m2 (n4QQ 'pg)ZmZ (n2q2 ~p4)

(4.65)

26



After computing the integral one finds

2m
A4(T,C,T, C) = /dDX et (P1+p2+p3+pa)-Xo Z / d02d94 etN202+iN404 Vo

Na,Ny
L[p1+(pa—Naga)+1—No]T'[(pa—Naga)-ps + 1— Ny i [p1-(p2—N2g2)+1—Na),
P[(pa=Naga)-(pr+ps)+2(1—Na)] = p2—N2612) (P1ps)+2(1=N2)]e
(4.66)
where Yy = Vi—o with ), encoding most of the intricacy of the result, given by
F2) . ). F4) . 5. 5.5 52).52) 5.5
yk:y’§2ps+y]§2p4+yg4ps+ylg4p2+yg4C y( € ylg ¢ (4.67)

with the various )’s defined in Eqs. (4.60), (4.59), (4.65), (4.64), (4.63), (4.61), (4.62).

4.5 A(T,C,V.C)

The next-simplest 4-point amplitude with two coherent states requires one tachyon and one vector
boson. For a single D25-brane, there are two inequivalent orderings A(T,V,C,C) and A(TCV C).
We consider only the latter. The relevant amplitude reads

24

A(TCVC) = /Z2 dzs (cVir(z1) Ve(za) Vir(z3) Ve(zy)) = / dzz (c(z1)c(29)c(24))

24

(em (e { Sy 3 G }<>

27”282
—m4q4-X} eip4~X(Z4)>

ra,52=1 na=1
(4.68)

C(4)

iAg@X@ik3'X(z3> exp{ Z gm §S4 87‘4 0 € —i(ra+s4)qa-X Z

2148
r4,54=1 4°4 ng=1

where z; > 29 > 23 > 24.
For fixed level of both coherent vertex operators, respectively Ny and Ny, the KN factor with
ghost contribution takes the following form:

<C eipyX(Zl)C6¢(P2—N2q2)~X(Zz)eikg,»X(zg)cei(P4—N4lI4)»X(Z4)> =

2197 A 2147 ! 2197 e 2147 h (4-69)
12234 14723 12223 14234
—_— — Zog | — d(p1+p2—Nagat+ks+ps—Naqs)

213724 213724 213 213

with the 4-point kinematics:

s = 2Ny — 4 — 2py-(pa—Na2q2) = 2Ny — 2 — k3-(pa—Naqa) (4.70)
t = 2Ny — 2 — 2k3-(p2—Naga) = 2Ny — 4 — 2p1-(pa—Naqa) (4.71)
u=—2—2p;-ks =2Ny+ 2N, — 4 — 2(p2—Noq2)-(pa—N4squ) (4.72)

Using SL(2,R) invariance in order to fix z; = 00,29 = 1, z4 = 0, renaming 23 = z and performing
the contractions, the amplitude reads

2 1
A4(TCVC) = /dDX e’ i(p1+p2+ks+pa)-Xo Z / d92d04 z1\/2924-11\7494/ dz 27271 (1 — Z)_%_l
0

N2,Ny

[o¢] A . A [o¢] _
o e | (- A S gt 3 e )
k=0

mo=0 ma=0

(4.73)
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where
(o)

.45 Z -
me - n2

n2
(- As Z ho Zy—hy—ms (M2G2-k3) Zimy (12G2°Ps) (4.74)

no=1 ho=1
[ele} n4
g, 1 ~
ygu 4 = Z n—4C7(Li)'A3 Z ha 2oy —hy—ma(n4Ga-k3) 2y, (n4ga-p2) (4.75)
ng=1 ha=1
and c. <<2> CW.g® @.¢ @ ) .py & .p @) py
Ve =y + YV + +Y, T+ +V, P+ (4.76)

with the various )’s given in Eqgs. (4.60), (4.59), (4.65), (4.64), (4.63), (4.61), (4.62).
Performing the integrals, the final result takes the following form

A4(TCVC):/dDX et (P1+p2tks+pa) Xo Z / d€2d94 ¢iN202+iN1bs Vo

Na,Ny

_|_

D

N2,Ny

{ . F(ks'(p4*N4(J4)*N4)F(kB'(pQ Nago)+1— )i Zj<kyk) <k3'(p4_N4‘J4)_N4)j
v F(k‘3'(p4—N4Q4+p2—NQQ2)+1—N2—N4) j=0 (k‘3'(p4—N4Q4+p2—N2Q2)+1—N2—N4)j
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i F(kg (pa—N4qa)—Ny + m4> F(k‘g-(pz—quQ)+1—N2) ygz(i) As Z; (kyk) (k‘s (Pa—Niqs)—Ny + 77”04)7
_l’_

ma=0 F(/f:s'(P4—N4Q4+P2—N2QQ)+1—N2—N4+m4> §=0 (k3~(p4—N4q4+p2—N2q2)+1—N2—N4+m4)j
& Vi 402, (kD) (ks oa—Naaa) +1 = No) }

r (ka'(P4—N4(J4+p2—NQQ2)+1—N2—N4+m2) j=0 (ka'(P4—N4(J4+p2—N2qQ)+1—N2—N4+m2) }
J

_|_

— A3z-po

ol F(ks (Pa—N4qa)+1 — N4) (k3'(p2—N2Q2)—N2 + m2)

2

m20

(4.77)
where the sum over levels Ny and N, of the two coherent states has been explicitly indicated.

4.6 ALT,C,C,C)
The last 4-point amplitude we consider involves three coherent states and one tachyon!®

z4

AT CCC) = / " g (Vi(z1) Velza) Vir(zs) Ve(z)) — / dzs (c()e(z)e(22)

Z4 22

, < 2.2 A = 2 , ,
<€”’1'X(zl) expg Y 2EES erimhmleX g R 2P, e e X (2,)
2

2’/“282
r2,52=1 na=1
00 g(3).g(3) ( - 00 C(?’) . . (4.78)
T3 583 —t(rz+s3)q3- n3 —inzqs: ip3-
e e 52 € + E “Pp. e e z
Xp X Orass 3,53 ‘ ns 3 ( 3)
T3,53= n3=

eXp Z > - ST4,S4 6_1(7’4+54)q4.X + Z ’[’L: 'Pn4 6_2n4q4.X 6’Lp4.AX(Z4)>

r4,54=1 ng=1

where 21 > 2o > 23 > 24. Thanks to Bose symmetry, the other orderings gives essentially identical
amplitudes, up to relabelling of the external legs.

10The amplitude with four coherent states presents some subtleties as how to send one of the insertion points to infinity.
We thank G. Veneziano for suggesting this interesting case, whose analysis we defer to the future.
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For fixed levels Ny, N3 and N, of the coherent vertex operators the KN factor combined with the
ghost contribution takes the following form:

<C eip1~X (Zl)c ei(p2—N2q2)~X (22)€i(p3—N3q3)-X(23>c ei(p4—N4!I4)-X(Z4>> =

-5-1 -1-1 No N3 Ny 4
212734 214723 224 212723 234223 214734
— — — o pi+ E (pe — Neqr)
213724 213224 234223 213 294 213 —2

(4.79)

with the standard 4-point kinematics:
s = 2Ny — 4 — 2py-(pa—Nag2) = 2N3 + 2N, — 4 — (p3—N3q3)-(pa—Naqa) (4.80)
t = 2Ny +2N3 — 4 — 2(p3—N3q3)-(p2—N2g2) = 2Ny — 4 — 2p1-(pa—Naqa) (4.81)
u=—4— 2191’(173 - N3Q3) =2Ny + 2Ny — 4 — 2(p2—NQQ2)'(p4—N4Q4) (4-82)

Using SL(2,R) invariance to fix z; = 00,29 = 1,24 = 0, renaming z3 = 2z and performing the
contraction, the amplitude reads

A(Tcec) = (4.83)
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1,00 n3 ,natng L4138 hs—1
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(4.84)
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Performing the integal, the final result is:

0,00

2
Ay (T cC C’) — / dDXO et (P1+p2+p3+pa)-Xo / d05d03d0, etN202+iN303+iN404
0
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(4.85)
where Vy = Vi—og with
c(2). c(2). c4). c4). c4).7(4) c(2).7(2) c(2).7(4)
yk; — C2p3+yC2p4+y’§4p3+yC p2_|_y]g4<4_‘_y£2<2+y]§2g4+
c®3). c® RENIE) £(2).73) .4
+ yC p2_|_yC3p4 yC3C3+ngZC3+yI§3C4 (486)

where the coefficients in first line are the same as in (4.67) and the others are:
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sz *Gr (n3+mg)! (—)FFrstss
R IE = DI i P ,
73,53 25575 hs=1 n3=0 m3=0 k+n3+m3 r3— S3> (7"3—|-83—k) (489)

ZS3+h37n3 (S3Q:3 'Pz)Zn3 (53613 .p4>ZT37h37m3 (7"3613 'p2)Zm3 (7“3613 'P4)

OO 1OOTL2 hg’rl,g hg

yg(g)_g(g) _ Z( )n2+n3<n2 Cn3 Z Z Z = nm2+m3) (— )/f [ (ha+hs3)

n2,n3 n2n3 h2 h3 mo=0 m3= =0 3+m3 (n3+m2 k)| F<h2) F(h3)
Z’n2—h2—m2 (n2Q2 ']73)Zm2 (n2q2 'p4)Zn3—h3—m3 (n3Q3 'p2)Zm3 (n3Q3 ']94)
(4.90)

PO _ 153 G X i mz_:}m (hgtmg)! (=)Ftrstmat] ['(hy+h3)
oy AT ) a0 (k—ng+msz+hz—my)! (n3+ms—Fk)! T(hy) T(hs)  (4.91)

Z s —hy—ma(N4q1-D3) Zmy (M4GaD2) Zrg—hs—ms (N3G3-D2) Zms (N3G3-Pa)

Despite its compact appearance the above 4-point amplitudes encodes interactions of arbitrary
massive open string states with one tachyon. Contributions of states at fixed level can be extracted
by simply expanding the amplitudes. As for 3-point amplitudes, the above formula can be used
as a generating function where individual amplitudes obtain after taking derivatives with respect
to the parameters Q(f). Generalization to different boundary conditions look straightforward.
Extension to closed strings seems a bit more involved but feasible.
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5 High-energy asymptotics at fixed angle

In this section we would like to consider the asymptotics of the scattering amplitude A(T, T, T, C)
in the fixed angle regime. For simplicity we will only consider the case ¢; # 0 with (,; = 0
and further restrict our attention on (;-¢; = 0. Setting ¢} = ¢* for notational simplicity, the
expression of the amplitude becomes

1 R R
AT, T, T,C) = /dxoei(p1+p2+p3+p4)Xo/ dzz_%_Z(l _ Z)—%—264p3+24p2 (5.1)
0

with é’“ = (HemiaXo,
For large s, |t| and ¢-p;'! we look for a saddle-point of the exponent (neglecting subleading terms)

E(z) = =Slogz —Tlog(1—z) + Az + B (5.2)

where S = o/s, T = o't, A = 2a/Cps and B = 20/{ps.

E(z)

60

40

S$<0, T<0, A>0 20}
$<0, T<0, A<0
----- $<0, T<0, A=0

20|

_40]

60|

Figure 5: plots with S =7 = 10 and A = 20, B = 0, the dashed line represents the Veneziano case.

The ‘mathematically’ correct way to proceed it to consider A(T,T,T,C') as a function of S, T
and A (the term in B can be taken out of the integral) in the ‘unphysical’ region S, T large
and both negative (!). One can take A > 0 so that F(z) > 0 in the interval (0,1). Find the
saddle-point approximation of the integral and then continue to the ‘physical’ region (e.g. S >0
and T < 0)'2.

The saddle-point is determined by the condition E’(z) = 0 i.e.

—S(1—2)+Tz+A2(1-2)=0 (5.3)

whose solutions are

z

1
i:ﬂ[S+T+Ai\/(S+T+A)2—4AS] (5.4)
The solution z_ yields the ‘known’ saddle-point for A = 0 i.e. z_|4—9 = S/(S+T) < 1 (in the
chosen ‘unphysical’ region), so that z_ is inside the interval of integration. The other one z,
tends to infinity for A = 0, outside the interval. It is convenient to compute

1
1—zi:ﬂ[A—(S—I—T):|:\/(S+T+A)2—4AS] (5.5)
and s T
E"(zi) =+ +-——-3 <0 (5.6)

21 (1 —2e)?

"Recall that (N) = |¢|? for the coherent state, which means that we are taking the mass M = /(N)/a’ to scale as the
momenta involved in the process.

121y a series of interesting papers [?] the problem for a single very massive state has been addressed with different
conclusions/strategy.
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in the chosen ‘unphysical’ region. Moreover

A+ S+T—/(A+S+T)?—44S A—S—T4\/(A+S+T2—4AS
E(z):—Slog( o \/(2; +1) )—Tlog( +\/(2j 1) >+

1
+5 (A+S+T— \/(S+T+A)2—4AS> +B=DB—SlogS —TlogT + (S +T)log(S +T) + ...(A)
(5.7)

Plugging this in the expression for the amplitude one finds
A(T,T,T,C) = / dXoe!PrP2tpstr)Xo oxpy [(_) (5.8)

There are two points that we would like to stress. First of all, the presence of A (and B)
in the exponent shifts significantly the position of the saddle-point and the final result of the
approximation valid in the regime where A ~ S,T. Second, A depends on X, and the last
integral is not completely straightforward and should be performed expanding the exponent
E(z_) in powers of A ~ exp —igXoA’ or equivalently as in the general case (arbitrary s and )
using level expansion.

6 Summary, conclusions and outlook

We conclude with a summary of the results and some very preliminary considerations on how to
extend our analysis to closed (bosonic) strings.

Relying on the time-honored DDF approach, that has the virtue of combining the nice properties
of both the light-cone and covariant approaches, we have reviewed the construction of arbitrarily
massive higher-spin physical (BRST invariant) states for open bosonic strings, closely following
(74, 75, 76] and [78, 73]. In particular we have shown how construct coherent states for the case
of a single D25-brane. After recalling some properties of the coherent states, that emerge from
the computation of 2-point ‘amplitudes’, such as the average mass, gyration radius and spin and
studied some random open string profile.

Then we have computed 3-point physical ‘amplitudes’. Modulo few exceptions, they correspond
to physical on-shell processes, such as decay or production of massive states. We have considered
several cases with diverse numbers of coherent states as well as tachyons and vector bosons. Quite
remarkably, thanks to level expansion and a proper redefinition of the harmonics, we found that
the amplitudes exponentiate. We have then turned our attention on the computation of 4-point
‘amplitudes’ involving diverse numbers of coherent states as well as tachyons and vector bosons.
We have also studied the high-energy fixed angle regime, dominated by a different saddle-point
for a different coherent state, and the soft limit when the momentum of a massless vector boson
is taken to zero.

There is a number of generalisations and applications that one may envisage. First of all one can
consider non-abelian interactions associated to multiple coincident or separated D25-branes. By
T-duality the case of Dp-branes should be straightforward to analyse. Extension to intersecting
or magnetised D-branes should also proceed quite easily. For superstrings, some work has been
done in the NS sector [73, 72] but very little is known for the Ramond sector.

It might prove more interesting however to consider closed strings, either bosonic or fermionic.
Our results for 3-point or 4-point open string scattering amplitudes represent building blocks for
closed string amplitudes, whereby the doubling of modes

W(z2) = Vi(2)Va(?) (6.1)
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Figure 6: The first plot is referred to the saddle point evaluation in the Veneziano case where zy =
S/(S+T), and the second one is the Coherent case, both in the physical region with the choices A =

requires a doubling of the DDF operators with similar commutation relations. Physical states
will share the same L. and R momenta and level matching for coherent states can be imposed via

integration over an auxiliary variable [74, 75, 76]

2T
We(z,2) = / A8 VE(D, 4, M B, 2)VE (b, 4, A, B, 2) =
0

2 00 g C 0o C
/0 dp exp { Z Qmm;: Sm,n e~ i(m+n)lg-X1+] + Z E”Pn e—m[q-XL-Hﬂ}
n=1

m,n=1

2rs

exp { 3 Groln & milr+9)laXn—5) | S %ﬁ e—iS[trXR—ﬁ]} i (XL + Xl
s=1

r,s=1
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Using KLT relations or otherwise one should be able to compute scattering amplitudes of coherent
states with tachyons and massless states (graviton, dilaton, Kalb-Ramond field).

In general one can compute physical processes with highly excited closed string physical states
that should help clarifying some of the issues raised in the introduction, in connection with the
dynamics of BH’s, the emission of GW’s and the role of cosmic strings. We plan to tackle some
of these problems in the near future [107].
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