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It is shown how to sew string vertices with ghosts at tree level in order to produce new tree vertices
using the Group Theoretic approach to String Theory. It is then verified the BRST invariance of
the sewn vertex and shown that it has the correct ghost number.

I Introduction

In the early days of String Theory, one way to obtain
amplitudes for the scattering of an arbitrary number of
strings was by using the factorization property, what
means that the scattering amplitude of N strings may
be interpreted as the scattering amplitudes of a smaller
number of strings sewn together. This made it possible
to build the N string scattering amplitude by knowing
the expression for three string scattering amplitudes.
Even though they were very ingenious and successful,
those calculations didn’t take into account the ghost
structure of the vertices, and that is what is done here.

In [1], it was shown how to sew tree vertices without
ghosts using the Group Theoretic approach to String
Theory [2] in order to obtain a new, composite vertex.
Following the same procedure, we shall calculate the
scattering amplitude of IV strings taking account the
ghost structure.

We shall start with a short review of how to sew tree
vertices without ghosts. What we must do is sew two
legs of two vertices, one leg from each vertex. What we
have in the beginning are two vertices V; and V5 with
N; and N, legs, respectively (Fig. 1).
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Figure 1. Individual vertices.

We now sew leg E from V; with the adjoint of leg
F from V5. What we have now is the substitution of
the two sewn legs by a propagator (Fig. 2). When this
propagator is written in parametric form, it is an inte-
gration of one of the variables (in order to cancel one

spurious degree of freedom) and a conformal factor P
which contains terms of L,’s acting on leg E only.

R S Y i N
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Figure 2. Sewn vertices.

So the resulting vertex V, (called the composite ver-
tex) has the generic form

V. =WPVy , (1)

where the hermitian conjugate of V5 is for the sewn leg
F only and

Pz/de (2)

where z is a suitable variable. In what follows, we shall
often write P instead of P, calling attention to the in-
tegration when necessary.

When the two vertices are sewn together, we iden-
tify legs E and F. We also identify the Koba-Nielsen
variable zg with one of the Koba-Nielsen variables of
vertex V;’, and the Koba-Nielsen variable zr we iden-
tify with one of the Koba-Nielsen variables of vertex
V1. In [1], this identification is made in the following
way: zp may be identified with zp_; or zp41, and zp
may be identified with zg_1 or zg41. So there are four
possible combinations: a) zg = zp_1 , 2F = 2g_1; b)
ZE = ZF41 , ZF = ZE41; C) 2E = ZF—1 , ZF = ZE+1; d)
ZE = ZF+1 , ’F = ZE—1-
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IT Oscillator case

The two original vertices satisfy some overlap identities
and so shall do the composite vertex. One particular
overlap identity is given by considering the operator
Q" with conformal weight d = 0 defined by [2]

) © 1 ) ; 9
QM (&) =— n;@ ﬁaﬁl(fi)w +ag' Ing + 5ol
n£0
(3)

where a#t* are bosonic oscillators with commutation re-
lations

[aﬂi a"j] = _Tluu(sijdn,—m ; L, m 7é 0 ’ (4)

n ' m

[agi,a"j] =0, Vn. (5)

n

The overlap identity is given by
VIQ"(&) - Q)] - (6)

Because we are considering the adjoint of leg F' in
vertex V5, we must see what the adjoint of these overlap
identities are. First, by the definition of Q**, we have
that

Q*1(&) =TQM(&)T = Q*(&) - (7)
So, the adjoint of the overlap equations is given by
[QU(r&) — QM (g VI =0. (8)

We now take the overlap identity considering the
effects of the operator Q*¥(¢;) on the vertex V; on a
generic leg 7 and on leg E' (Fig. 3):

i J
O

Figure 3. Overlap identity for V.

Vi [QM(&) — QP (¢r)] = 0. (9)

We may then insert the unit operator 1 = PP~!
and multiply by P without altering the result:

ViPPH[QM(&) - Q" (€B)] P . (10)

Since the conformal operator P acts only on leg E,

it will have no effect on Q*(¢;). In order to compute

the effect of P on Q*F(¢g), we must know that, for

a conformal transformation V' acting on a conformal
operator R(z) of weight d,

VR(z)V! = (d;/:>dR(z) . (11)
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Since Q*F(¢g) has conformal weight d = 0, we have
PlQM(Ee)P = Q" (P ), (12)

and (Fig. 4)

i J
O

Figure 4. Overlap identity for V1 P.

ViP[Q g — Q"E(P~1¢p)] =0. (13)

The second term in the expression above is facing
now leg F' of vertex V;, or best, its Hermitian conju-
gate. Considering that the Hermitian conjugate of Q*?
(given by (7)), we then have the following overlap iden-
tity between legs ¢ and F":

ViP [Q"(&) — QU (TPTY¢p)] =0.  (14)
We can then make a cycling transformation in order to
obtain the correct factor for an arbitrary leg j (j # F)
of vertex VQT. The only term that will be affected is the
term depending on leg F":
VRO (TP ) Vi =
Q" (V; 'Vel'P~*¢g) . (15)

Doing this, the overlap identity for the composite ver-
tex V. (Fig. 5) can be written as

! J
Co——(

Figure 5. Overlap identity for V..

Ve [@"(&) — QW (VT VelPTieR) =0, (16)

which is the overlap equation between two arbitrary
legs i and j of the composite vertex V..

1As we shall be seeing soon, this form of the overlap will not lead to the correct composite vertex in the case where the cycling
transformations of the legs that are not sewn involve the sewn legs E or F'.
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But the overlap identity for the composite vertex,
since none of legs i or j involves the propagator, must
be given by

Ve [QM(&) — QM ()] =0 (17)

and so in order for the equation we have obtained for
the overlap of the composite vertex V. to be true we
must have

VELP Wit =1= P =TV 'V (18)
which implies that the propagator is given by
P =V, Vel . (19)

In order to give an explicit expression for the prop-
agator, we will now choose &; to be of the form
L=V "2 =2—2. (20)
This choice is called the “simple cycling” [1] and it is
the one that simplifies our calculations the most. In
this choice, the propagator is given by

1
Pzz;—{-zF—zE, (21)
or in terms of the LE operators?,
P = elr—ae=DLZ (—I)L‘?eLfe_Lgl . (22)

This form works for all choices for the composite
vertex discussed before®. The true propagator is given
by expression (22) integrated over a suitable variable.
Choosing this variable to be s = zp — zg, we then have

0
1
P= / ds P=——(-1)Eoelie L5 s = zp — 2 .

—oo =
(23)
Before going any further, we must discuss another
aspect of the theory that depends on the particular way
in which the legs are identified during the sewing pro-
cedure. Let us consider the more general case of an
arbitrary cycling V;. This kind of cycling may depend
on other coordinates that are not z;. As an example, let
us suppose that we are identifying coordinate zg of leg
E with coordinate zp_; of vertex V; and coordinate
zr of leg F with coordinate zp_; of vertex V3. The
overlap identity between legs i and F — 1 on vertex V;
is

R ('2) - @R (Ve p2)] )

20ther forms for this propagator are given by [1]:
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where we are calling V0;1 the cycling transformation
onlegj (j =1,...,N). These cycling transformations
may depend on the other legs. As an example when this
happens, we take another choice of the cycling trans-
formations & that is not as trivial as (20) but gives a
simpler formula for the propagator. This choice is given

by [1][3]

(z — 2;)
(z — zi—1)

(Zi+1 - Zi71) .

P = V_.lz =
¢ 0i (zig1 — i)

(25)

which is the transformation that takes z;_1, z; and z;4+1
to 0o, 0 and 1, respectively. Its inverse is given by

Vosz = z,>1(tzi - §i+1)2 + Z.z'(zi+1 - Zi1) (26)
(zi — zi41)2 + (Zig1 — 2i-1)

In the case of the cycling given by (25), the cycling
for leg E —1 will depend on leg E, which is not present
in the composite vertex. On this vertex, the overlap
between leg £ — 1 and an arbitrary leg j reads

V. [Qu(Efl) (Vozblj—l)z) —Qn (Voglz)} ) (27)

This overlap equation involves terms that depend on
leg E, which is non-existent in the composite vertex V.
The correct overlaps should be given by

Ve[@F (Viha) — @ (V)] (@)

where the cycling transformations V,;', and V{l do
not depend on legs E or F. So, in order to restore the
correct cycling transformation for the composite ver-
tex, a conformal transformation must be made on the
cycling transformations on vertex V;. These are given
by

V0;1 — Cl%;l ’ ]7& E7 (29)
where
Ny
C1 = H Vi_lvoi . (30)
i=1

In this definition, we consider implicit that the trans-
formation Vg YWor = 1 since the conformal transforma-
tions on leg E will not be part of the composite vertex
and so need not be modified.

Considering the general case, we have that the over-
lap equation for V; (Fig. 6) that will lead to the cor-
rect composite vertex is now obtained from the original
overlap

E E 41 E E
P = o Li /s(_l)LU $2LG L2 /s

P = (_1)L0E—LiE/sS2(L0E—Lf/s)ef(Lf7L€1)/s.

3This affirmation is usually not valid for other choices of &;.
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® @

Figure 6. Overlap identity for V.

Vi [Q"(6oi) = Q"F(&om)] =0, (31)

where &y; = Vsz and op = VOEIZ. By inserting con-
formal transformation (30), we obtain (Fig. 7)

®-@

Figure 7. Overlap identity for ViC[ '

Vi [QM(&) — Q"F (¢r)] =0 . (32)

Inserting now the propagator, we obtain (Fig. 8)

i J

®-@

Figure 8. Overlap identity for ViC['P.

ViICT'P[QM(&) — QP (P '¢p)] =0 (33)

and we expect the composite vertex to have a differ-
ent form (given shortly) than in (1) in order to amount
for the contributions of the conformal transformations.
The second term of the overlap is now facing leg F' of
vertex VJ so that we have the following overlap between
legs i and F:

VIO P[QM(&) —@Q“(TP~ép)] =0 (34)

We are now facing the conformal transformation C'r*,
defined by
Cr =Vy ' Vor (35)

235

which is necessary in order to change & — £p. Intro-
ducing this transformation we obtain (Fig. 9)

® @

Figure 9. Overlap identity for V1C[ 'PCr.

ViCy 'PCr [QM(&) — QM (Vo VTP 1ég)] =0 .
(36)

Making a cycling transformation from leg F' to leg
Jj, we then obtain (Fig. 10)

©-@

Figure 10. Overlap identity for Vi Cfl’PC'FV;.

VICT ' PCRVY [QM(&) — QU (Vy; ' VTP ¢p)] =0 .

(37)
Once again, a conformal transformation must be in-
troduced because of the cycling transformations Vb;l.
This is defined by

N:
Cy = ﬁ Vi Wi
> = i Voi (38)
iZE

so that we now have (Fig. 11)

©-@

Figure 11. Overlap identity for ViC7'PCrV, C7 L.

4In this case, like we have seen for leg Vg, VF may depend on the variable zz.
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VICT ' PCRVY Cy [QM(&) — QU (V' VpT P~ leR)] =0 . (39)

The composite vertex must be defined in terms of the new cycling transformations and so it must now include
the conformal transformations that perform this change. So, it will now be defined by

V. =WViCr'PORVI O . (40)
Considering this, the overlap identity for the composite vertex V. can be written as
Ve [Q#(&) — Q" (V; ' VETP™HR)| = 0. (41)

Since the correct overlap identity for the composite vertex is given by

Ve [Q(&) - Q1(g)] =0 (42)
we must have
VpIPV, =1 (43)
which implies once again that
P = V§1VFF . (44)

For the cycling transformation (25), it is only necessary to do conformal transformations on legs £ —1, E, E+1,
F —1, F and F + 1, depending on the particular way the variables associated with these legs are identified with
the variables associated to legs E and F. In this particular example (which is case a seen before), the conformal
transformations are given by

Vor—yy — CVopoyy - Ci=rfo (45)
V(f(é—l) - CQVOZ;“—l) ) Co = tho ™ (46)
where
_ (ZF—1 - ZE—Q) (ZE—l - ZE) _ (ZE—l - ZF—2) (ZF—l - ZF)
r= , t= . (47)
(2p—1 — 2B-1) (2B-2 — 2E) (zp—1 — 2r-1) (2F—2 — 2F)

For the cycling (25), the propagators obtained for the four possible combinations discussed before are given by

a) P, = aks , b) Py = e LT gLo L% , ¢) P.= e LT plo , d) Pq= bEo o~ , (48)
where®
_ (ZE+1 - ZEfl)(ZF+1 - ZFfl) b= (ZE+1 - ZEfl)(ZF+1 - 2F71) (49)
(ZE+1 - ZF71)(ZF+1 - ZEfl) ’ (ZE+1 - ZF+1)(ZF71 - ZE71) '

The true propagators are obtained when we integrate the expressions above multiplied by a suitable constant. The
results are:

a) P, = /0 da a0 ~1 = @ , b) P, = /0 da e Liglo—le=lo1 — =1t L—gje_Lfl, (50)
1 1
1 1
¢) P = @ e L ple 1 = e*LFﬁ , d) Py= /0 db b e = ﬁe*“ﬂ. (51)

It is now necessary to verify the effect of the gauge transformations C; and Cy on the composite vertex as given
by formula (40). We shall do it by verifying the effect of C; on vertex V;. In order to do this we need the explicit
expression for the bosonic oscillator vertex Vi, given by [1] [4]

N N1 o0
1 . .
Vi= <H1(0|> exp ~3 Z Z b Dym (FV(J;lVoj) aﬁw (52)

i=1 1,j=1 n,m=0

i#j

c
c—1"

5The coefficient a can be connected with the coefficient c in reference [1] by a =
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where Vozl and Vp; are cycling transformations involving leg E and the oscillators a#! have commutation relations
given by (4, 5). Matrices D, () are defined in the following way [3]:

D) = Z=hO)]" (5)
Dunt) = ([ V| (54)
D) = gl z1)|| (55)
and have the following multiplication property:
Do (7172) = ian(%)me(%) + Do (71)%0m + donDom (72) - (56)
p=1

In order to calculate the effects of the conformal transformation C; on these oscillators we must make use of the
following conformal operator [2]

PH (o) = > VInladi ()"t + ab (Goi) ! (57)

n#£0

which has conformal weight one, what means it transforms like
. d€o; .
Pri(gy) = 9 pri(,,) (58)
d&o;
An oscillator o' (n > 1) can be expressed in terms of this conformal operator in the following way:

ocﬁi - % §0i=0 d&oi (fm’)npm(fm) : (59)

Acting on it with the conformal transformation C, we have
piv—1 1 n d —1 i -1
CrokiCy! = NG d&oi (&oi) %Vi Voioi | P*(V;™ Voioi) - (60)
£0i=0 l
Making now a change of variables &y; — &;, we have

uiev—1
Olan Cl =

1 )
— d&; (Vo; "Vi&)"Pri(&;) . 61
N & (Voi Vi&i) (&) (61)

Expanding (Vj;'Vi&)™ in terms of D, (y) matrices and P*¥(&i) in terms of the oscillators, we obtain

Cla%icl_l =

Z \/gi &, [\/ﬁDno (V@lVE) (&) + Z /%Dnm (VO;lVi) (fi)m—p—1:| agi
p=—00 i=0 "

p#0

+% f;izo d&z |:\/7_1Dn0 (Vb;l‘/z) (gi)_l + mzd \/gDnm (Vo;l‘/l) (&)m—1:| agi ) (62)

Performing the integrations we then obtain
Cra'Crt = 37 Do (Vi ' Vi) ol - (63)
m=0

Using the same process for agi, we obtain
Ciaf'Ct = ol . (64)
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Using these transformation properties, the multiplication rules of matrices Dy (7y) (equation (56)) and the

property [3]

Dy (v) = Dmn(r7_1r) ) (65)

we can show that the effect of the conformal transformation Cy on vertex V; is given by

1

Ny

(o]

Vict = < ,(0|> exp | =3 Z Z Al Dy, (TVHV5) a{nu , (66)

i=1

i.e. the effect of C; on vertex V; is to change Vogl —
Vi_1 and Vy; — Vj thus eliminating the dependence of
the cycling transformations of every leg except leg E on
the latter. The same can be done to obtain the effect
of conformal transformation Cy on vertex VJ, with the
same results. So, the effect of these transformations
is to eliminate from the cycling transformations of the
composite vertex all dependence on the sewn legs E and
F.

III Introduction of ghosts

We now introduce ghosts in the vertex so that what we
must sew now are two vertices with some ghost vari-
ables attached to them, i.e. we will be considering the
physical vertices [4] which have the correct ghost num-
ber. In this case, in addition to satisfying the over-
lap identities with the conformal operator Q#¢, the two
physical vertices and the composite vertex must also
satisfy some overlap identities with the conformal op-
erators b’ and ¢, given by [4]

V&) = Y L&), (67)
&) = D &)t (68)

where ¢, and b% are ghost anticommuting oscillators
with anticommutation relations

{eh b0} = 0pm - (69)

These operators have, respectively, conformal weights
2 and —1, what means that they transform like

b = C%fw@u (70)

i,7=1 n,m=0

i#]

c%a::(%ﬂla@y (1)

The overlap identities for a vertex V' with these op-
erators are given by

&
dg;

3]
dgi

\%

) - )Qﬂm}=o, (72)

v ) G| =0, @

‘e~ (

We shall be working here with overlap identities for
the physical vertex U [4], which has the correct ghost
number, instead of the overlap identities for vertex V.
The physical vertex is given by [4]

N N [e'¢)
v=v [ Y. > e, (74)
i=1 j=1n=—1
i#a,b,c

where a,b,c are any three legs of the vertex and the
matrix el is given by

> eich =vi'o.v; (75)

n=—1

where the cycling transformations are now defined on
the complete generators Li of the conformal algebra
of the bosonic oscillators and of the ghost oscillators.
These vectors e have the following property:

W L i
7 = v;ngl et . (76)

In order to derive the overlap identity for the physi-
cal vertex U, we must multiply the overlap identity for
V' by the same factor as in equation (74),
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dg;

and pass it through the overlap identities, obtaining

U {#e) - (j—Z)Zbﬂ'@} ~ 0,
U |c'(&) - (%) 1Cj(€j)]

N
+V Y (1P

p=1 k=1
p#a,b,c k;;a,b,c

From (80) we can see that there will be an anoma-
lous term in the ¢! overlap of the physical vertex U
unless both legs i and j are precisely those legs (a, b
or ¢) that do not have any ghosts attached to them.
These ghosts which are attached to all the other legs
are responsible for the anomalous terms.

III.1 Analysis of the ghost number

Before going any further, it is necessary to make
some considerations on the ghost number of the com-
posite vertex. As we shall see shortly, in the case where
we perform the sewing with ghosts included, using the
physical vertices, the resulting composite physical ver-
tex will not have the correct ghost number unless we
insert some extra ghosts in vertex U; before the sewing
takes place. Considering this, we shall define the com-
posite vertex to be given by

U, =U,GPU] (81)

where G are some extra ghosts that will be introduced
in order to make vertex U, have the correct ghost num-
ber and P is the propagator (in its integrated form).

We must now analyze the ghost number of the com-
posite vertex and of its parts in order to calculate the
ghost number that the extra ghosts G must have. In
order to do this, we shall use the ghost number opera-
tor Ngp. For a vertex with IV legs, the ghost number
operator is defined by

N 00 >
S 91 B oS ) P
n=2

i=1 \n=-1

v }"(&) - (£> c7'<£j>]

Iy any

n=-—1

239
N N %)
II > > e | =0, (77)
k;ék;}z,c =1 n=—1
N N [s%)
I > > e, | =0 (78)
k);éka:,%,c =1 n=—1
(79)

[«aﬁf(fi)"“ (&) ezf‘@j)”“] =0, @0

I

The reason why the ghost number operator is a sum
from i =1 to i = N is because there are N vacua that
will annihilate the operators corresponding to each one
of them. When acting on the physical vertex, this oper-
ator gives a ghost number N, what is the correct ghost
number for a tree vertex with N legs.

In the case of the composite vertex, it has Ny +No—2
legs (because it does not have legs E and F', which have
been sewn together) and so it must have ghost number
(N1 + N, —2). For this vertex, the ghost number oper-
ator N&® can be divided into two parts:

NEh = NEh 4 Ngb (83)
where
Ny [e%) [e%s)
N o= Y (Z cinb;—Zb"nc;> , (84)
i=1 n=-—1 n=2
i£E
N> [e%s) [e%s)
NS o= > <Z b b —Zbincg> . (85)
f?:é; n=-—1 n=2

This ghost number operator will have the following ef-
fect on the composite vertex:

U.N8" = U, (ngh + Ngh) = (N1 + Ny —2)U. . (86)

Given formula (81) for the composite vertex, we then
have

UNE = U,N®GPUS + U, [G,ngh] PU}
+ U,GPUJNE" . (87)
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In order to calculate this, we must pay some atten-
tion to terms one and three of the right hand side of
the expression above. We know that

Brazilian Journal of Physics, vol. 32, no. 1, March, 2002

Taking the Hermitian conjugate of equation (89) only
on leg F, we obtain

v ghT = 1
U, (NE" + N&Y) = N,U. 89
2 ( 2 F ) 2 (89) Since for N I%hT (and for any arbitrary ghost number
where operator)
t h
N = _N¥
D D DU ) 3 (93)
n=-—1 n=2
we then obtain, substituting (88), (92) and (93) into
Nl[g,h = Z cr oF Zb_n c - (91) equation (87),
n=-—1
J
U.NE" = (N, + Ny = 3UiGPUS + Uy [G, NE*| PUJ - UyNE'GPUS + U\ GPNE'UY (94)

Passing N %h through the extra ghosts GG, we then obtain

U.N&" =

(Ni + Na — 3)ULGPUJ + U, [G, ngh} PUJ

~Uy [Ng,G] PUS - UiGPNE UL + Ui GPNE'US . (95)

We must now remember that, in the composite vertex, we identify every operator on leg E with operators on

leg F so that N&" = N&"

. Doing this, the last two terms in (95) cancel and we obtain the following result:

U.NE" = (N, + No — 3)U,GPUJ + U, [G, NEb 4 Ngh] PU; . (96)

The fact that U, has ghost number Ny 4+ Ny — 2 then
implies that

[G, NEb 4 Ngh] =G, (97)

i.e. the extra ghosts that must be introduced in vertex
U; must have ghost number 1. ¢

There is an infinite number of combinations of
ghosts that have ghost number 1. We could have any
linear combination of ghosts of the type b, beb, bebeb,
etc. but it will prove to be simpler to choose G to be a
combination of o's only so that we may represent it as

Ny [e%)
G=> > aib, (98)
i=1 n=—0o0
where o, are the coefficients of the linear combination.
In order to determine the correct linear combination, we

must use some other conditions, like BRST invariance
of the scattering amplitude. This we shall see next.

|
II1.2 BRST invariance

We must now impose that the scattering amplitude
obtained from the composite vertex is BRST invariant
and check whether this condition is strong enough to
determine G. The scattering amplitude [1] is obtained
by acting with the composite vertex

U, =U,GPU] (99)
on a certain number of physical states
(Ix1)|x2) - - - |x~)) and then by integrating over all vari-

ables z; (i =1,...,Ny1 + No; i # E, F):

N1+ N>
w— [ I[ = vGPUlolhe) -fxx) - (100)

z;éE F

6This contrasts with references [5] and [6] where it is claimed that the extra ghosts should have ghost number 1, 2 or 3, depending
on the way one chooses legs E and F to have or not to have ghosts attached to them.
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P is the propagator in its integrated form and G are
the extra ghosts to be inserted in Uj.

N1+N2

241

The action of the BRST charge () on this scattering
amplitude is given by

wo- [ [T d= [0,Q1GPUI ) - o)

Z;AEF
Ni+No N1+ N>
/ H dz Up [G, Q] PUSIxa)[xa) - [xn) + / H dz U\G [P, QU [x1)[xa) - [xn)
z;éEF z;éEF
Ni1+Na2
w11 = v o Q] ) - how (101)
z;éEF

The first and third terms will result in total derivatives
that give zero when one integrates over some variables
[1] and so what remain are just the second and third
terms.

The commutator P is given by a pure conformal
transformation, and it is a function of the generators

LE (n=-1,...) only. As the BRST charge commutes
with all £E’s, i.e.

(£F,Q] =0 (102)
we have

P,QI=0. (103)

Considering now that
b, Q] = L., , (104)
we then have, for G given by (98),

N1 %)
Q=T > aiLi . (105)

i=1 n=—1

N1 N1 o]

nG=wv [ > Y eifvk x

i=1 k=1m=-1
i#a,b,c

In order for the scattering amplitude W to be BRST
invariant, expression (105) must be zero or a total
derivative (that can be integrated out to become a null
surface term). At the same time, we want these extra
ghosts to place (talking in terms of the simple cycling)
a ghost on one of the legs in U; that do not have any
ghosts attached to them. If we now remember property
(76), we see that we can satisfy these constraints in a
nice way by choosing G to be given by

= (=1)Nite Z Z e bl (106)

j=1ln=-1

where a (a # E) is one of the legs of vertex U that does
not have ghosts attached to it. Inserting these ghosts
in vertex Uy, we have

N1 Np o)

Nﬁaz i el =vi I D2 D eilvi, . (107)

j=1n=-1

i=1 j=1n=-1
i#£b,c

Using formula (106) for the extra ghosts G, we then have

Ul [G> Q]

[
S

j=1n=-1
Ny
N1+a 8V1

i=1

z;éabc

N, e’}
1)N1+a2 Z e [pi

Ny [e%]
Q= (VY Y e
j=ln=-1

oo

H}:ZZM (108)

j=1n=-1

what is a total derivative that will vanish when one does the integration over z,.
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In references [5] and [6], the extra ghosts have been
placed in the propagator. Although this can be done,
there is no way one can derive a formula for the ghosts
in the propagator for a general cycling. In that case,
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cycling transformations Vi_1 which involve leg E. Con-
sidering equations (79) and (80), the overlap identities
for vertex U? between an arbitrary leg i and leg E are
given by (Fig. 12)

the extra ghosts must be derived and BRST invariance

has to be checked for each particular cycling. Also, the i J
resulting composite vertex obtained in that case is not
similar in its ghost structure to an ordinary tree vertex, ﬁ o ﬁ
although it has the correct ghost number. ' ’

II1.3 Overlap identities

We must now use the overlap identities to determine Figure 12. Overlap identity for U?.
the propagator that satisfies them. In order to do this

we shall start with vertex U, which is the vertex with

]

i déoE B
b (&0i) — (d&M) 50E:| =0, (109)
dop
€Ol <d€02 ) €0E :|
Ny Ni N1 o oo df _1
+V10 Z H Z Z chlbé Z |:e£i(£0i)n+1 _ (ﬁ) e;fLE(EOE)n+1:| -0. (110)
pbabe k;}:;E Sre==1 =t '

The extra ghosts must then be inserted in vertex UY so that the composite vertex will have the correct ghost
number. Multiplying expressions (109) and (110) by the extra ghosts G (given by (106)) and passing them through
the overlaps we obtain (Fig. 13)

@

Figure 13. Overlap identity for UYG.

2
UYG | b (&oi) — (%) bE(EOE)] =0, (111)
-1 [e's} -1
e - (F2) e | + U1 Y [eff(ﬁm)"“— (%) zE@OE)"“]
i ne—1 i

Ny [e%)
ajpj
> D b

j=1n=—1

Ny Ny N1 o
ar s e I (X3 )
p=1 k=1 =1 qg=—1
p#a,b,c k#a,b,c
k#p

o Z Pi(go)™ ! — déor - A ) (112)
eP o, er” (Sor =0.

n=-—1
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The second and third terms of equation (112) can be combined so that it becomes

-1
U?G Ci(£0i) - <Cff§(f> cE(§0E)]
N,y Ny N1 o 0o df 1
D DECHE | DDA A I DN CACH <70E> e?E(op)" | =0.  (113)
p:bl kk;é:bl =1 q=-1 n=—1 dfOz
p#0,C ,C

k#p

At this point, we must introduce conformal transformations of the type of Cy, given by (30) in order to have at
the end the correct cycling transformations for the composite vertex. In order to do this we need to use matrices
Epnm(7), defined by [5]

1 a7n+1 1 a -1
E = = R 114
() = e [(m (5%) . (114)
which have the following properties:
1
Z Ert(’Yl)Ets('YZ) = Ers(’Yl'YZ) ) T‘,S,t - _1a0a1 9 (115)
t=—1
En(y)=0, r=-1,0,1 , n>2, (116)
oo
Z Enp('Yl)Epm(')/Z) = Enm(’Yl’YQ) , m,m > —1, (117)
p=-—1
o] 1
ZEHP(Vl)Epm(’)?) = Enm(m2) — Z Enr()Ers(72)0sm , n,m > 2. (118)
p=2 r,s=—1

The action of the operator C; on the ghosts b}, can then be calculated in the following way: first we write b% in
terms of an integral over the conformal operator bZ (&;)

b; = 7{ déo; (§0i)n+1bi(§0¢) . (119)
£0i=0
Then we insert the operator Cj:
. d 2
Cib,Cy Z}{ doi (oi)" <—V[1Vm£m> b (V; ' Voibos) - (120)
£0i=0 d&oi

After a change of variables & = Vi_lVgifol- we have”

d

-1
—1 Qe
rACRE IO (121)

oo :f de; (Vg 'vie)™ (
£;=0
Using matrices F,,,(7), we then may expand &y; in terms of &;. If we also expand b%(&;), we then obtain
. 0 e .
U = 3 3 e BV V)™ (60 (122)
m=—1p=—oc ’&=0
Performing the integration we then have
Cibi,CT = > Epn(Vor Vi), - (123)
m=—1

Using (123) in equations (111) and (113) and multiplying (111) by (d&;/d&;) > and (113) by d&;/déo;, we then
have (Fig. 14)

"Note that, because &; is a polynomial in &; (with no constant term), then &p; =0 = & = 0.



244 Brazilian Journal of Physics, vol. 32, no.

@

Figure 14. Overlap identity for U7 GO .

viGer! [bi(&) - (% ) @)} 0,

d&i

0 -1 de 0, —1 ol P Ak & & kl -1 [
S ORI &) BRI RAGCERD DICHEN | I D DALy

p=1 k=1 =1 q,t=-1

pb,c k#b,c

k#p
dég\

< 3 [ e - (42) " gt (v @] 0.
n,m=—1 v

1, March, 2002

(124)

(125)

Before going further, some words must be said about the effects of C7* on vertex U? with the extra ghosts G.

This is given explicitly by [4][5]

UG = < ,0|> exp Z Z Z cnBum (DV5; ' Vog) b,
i=1

i,j=1 n=2m=-1

i3]
1 N, 1 7 ) Ny N 0o

< ] D. D Ens(Voibl x H > el
r=—11i=1 s=—1 =1 j=1n=-1

z;éb c

Making use of matrices Fy,,,, (), defined by [5]

Fan(0) = ot s {h(z)]”‘z ExClE }

z=0

we may calculate in a similar way as we did for the bi, ghosts the effect of C) on the ¢!, ghosts, obtaining

Cie,Cy ' = Z Foum (Voi Vi)Chn

m=2
Using this together with the property
Fun(7) = Enqn(Ty~'T)

and equation (123), we may then show that the result of acting with C;* on UG is

N1 Ny e’} [e%s)
Uv'Gert = <Hi<0|> exp | > > > el Epm (TV;'V)) b,
i=1 i,j=1 n=2m=-—1
7]
1 Ny 1

< [T 222 Bnlv. b’XHZ > B Vi

r=—11i=1 s=-1 =1 j=1lnm=-1
z;ﬁbc

(126)

(127)

(128)

(129)

(130)
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So we can see that in this case the action of Cfl on UYG is not just to change Vo; — V;. Because of the peculiar
nature of €%, it transforms as
oo
el = Z &) B (Vo Vi)b1, - (131)
m=—1

Only in one particular group of cycling transformations (as we shall see later) will this be just equivalent to changing
Voi — Vi. We shall call from now on UPGC; * = U; and V’C;* = Vi. The calculation for vertex CFU;C{1 will be
similar to the one we have just made for UPGC[ .

Having done this, we must insert the propagator P into the overlap identities (124) and (125) in the same way
as in the case with no ghosts. But now we must take extra care since there are terms depending on bf in the second
term of equation (125). Using equation (123) as a guideline, we have

PP = Y Ex(P)b (132)
t=—1

so that the result of inserting P into overlaps (124) and (125) is (Fig. 15)

Figure 15. Overlap identity for U, P.

) d 2
UrP |b'(&) — (d—GP*1£E> b¥ (Ple):| =0, (133)
d 1
0P |cite) - ( L) (P )
N1
+WP Z H Z eleqt(‘/()?l‘/l)bé+63Eeq(V0E1VEP)bF
p#bc e " LiZh
k#p
<3 e () P B Vi) )| =0 (134
'mn ol i d{z n nm\Vogp VE E = V.
n,m=—1

The operators of the overlap equations are now facing leg F' of vertex U;. In order to obtain the overlap identities
for this leg, we must now identify the operators of leg E with the ones of leg F', which are adjoint operators:
Y AR LN L e (135)

First, as b™ and ¢¥ are conformal operators with weights 2 and —1, respectively, we have

bFl(er) = er<fF>r=(%r£F) b (Dér) = (67)~ 6" (Ter) | (136)
M) = FCF(SF)F=<%F£F>_ oF (Tep) — (€r)2" (Ter) . (137)

Then, for b and cE, we obtain

V= T = —cF (138)
bFY = TOFTRF (139)
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Then, we must also make the change

—1
(i) e

dér\ "' (AT e i
(%) (&) e

d -1 oo
() X e (v o) (e

m=—1

So, the overlap equations become

) d -1 )
0P |6 + ( - 1§E> (P1es)” e (TP~'¢r)

N1 Ny
AP Y (- H > e Bar (Vo 'Vi) Uy + e "By (Vo VieP) bE,

p=1 k=1 gq,t=—1 =1

p#b,c k#b,c I£E

k#p
S i - m dgF -t _ m

Xnmz::ﬂ b B (Vo; Vi) (€)™ — <d—&> E B (Vo Vi) (€r) +1} —0.

(140)

(141)

(142)

We are then facing the conformal transformation C'r that takes p into &p. Inserting this transformation we

obtain (Fig. 16):
® @
-

Figure 16. Overlap identity for Uy PCFp.

2
UPCF |b'(&) — (df g ) (7371€E)74
dVyp VEI'P g _ _
(Mot ) v e =0
; d B AV VeTP ¢ ~ ~
UPCF |c'(&) + (d_f,P 1§E> (P 15E) (W) F (Vop VTP~ ¢g)
Nl Nl o0 Nl
W PCr Y0 (<17 T D0 | 30 b Bae (Vo 'Vi) b = e Eue (Voi VePL Vi Vor) b
p=1 k=1 gq,t=—1 =1
p#b,c k#b,c I#£E
k#p
<y IV)@z-)m“(dé”)le”EEnm (Ver Vor) (€or)™ | =0
n,m=—1 OZ dgl " or

We are facing now vertex V20T. This vertex satisfies the following overlap identity [4]:

1 No 1
Z ETS(VOF)bf‘SVtZOT = —V20T z z Ers(VOz)bi , = _1707 1.
s=—1 Z;}l? s=—1
i

(143)

(144)

(145)
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Using equation (117), we have

o0
Eyu(Vor VEPTVE 'Vorp)bE = Z Ep(Voig VEPTV ) Byt (Vor )b (146)

u=-—1

All terms on bf" with ¢ > 2 get annihilated by the conjugate vacuum |0), while we may use identity (145) to
substitute the terms in bf, r = —1,0,1. Doing this, equation (144) becomes

-1

dVyp VFI"P 1§E>

-1

Ny N 0o
e SRCaVE | DY Ze By (Vo' V) bl—i-Ze 2 VEPTV, W) bl
Do Kgne "7 LizE (ZF
k#p
[e%¢] ] d€F —1
D [l (1) (€ - (S) B (%Elvop)@op)m“] ~o0. (147)
n,m=—1 v

Equations (143) and (147) are the overlap identities between legs ¢ and F.
In order to obtain the overlaps between leg i of vertex U; and an arbitrary leg j of vertex U;r , We must now

perform a cycling transformation that will take the operators from leg F' to leg j. The effect of this transformation
on cf (TP_1V§1%§i) is

dVOfVFFP*l{E

Vo Wee! (Vg VeI P Yep) VRV, =
i Ve (Vop VTP em) V' AV Vel P 1p

1
) & (V]4_1VFIVP71§E) . (148)

Then, we must also write

— \ 1 o
<d§§5> S e B (Vi Vor) (60r) ™ = <d€ﬁ> > e Bam (Vo Vo) (60,)™ . (149)

m=—1 dfz m=—1

Doing this, overlap equations (143, 147) become (Fig. 17)

®- @

-

Figure 17. Overlap identity for U1PCFV2OT.

2

b"(&%( d‘é 15) (P'e)

(dvoglvprplgE

Uy PCrVy !

=0, (150)

2
F —1 —1

-1 AV VeTPleg\ T
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N1 N1 00
+WPCeVT Y (P DS Ze Eqy (Vg''Wi) bl+2e
p=1

k=1 q,t=—1 =

(Vo VePTV V) b

petbc k#b,c IZE IZF
k#p
déo; -
| ) (@00 () R (V) @) | =0, (151
n,m=-—1 g
The operators are now facing the ghosts that surround vertex UST (like in equation (74))
Ny
II Z Z eklpl + Z ekFpt | . (152)
k=1 =1 ¢=—1 g=—1
k#d,g,h \I£F

so that we must insert these ghosts into the expressions for the overlaps. Before doing that, we must notice that

3
the extra ghosts acting on vertex V, T have at their left both the conformal transformation Cy and the propagator
P so that we must first pass them through in order to reach vertex Uy

N2 00
PCr H Z Z klbl + Z ekaF

k=1 I=1 ¢g=—1 qg=—1

k#d.g.h \I#F

N2 N2 (o) (o]

= I | X X e'ti— D eb"Eu(Ver VelP~hf | POk . (153)

k=1 I=1 g=—1 gt=—1

k#d,g,h \I#F

Then, identifying legs E and F', we have the following expression for the ghosts

N2 N> oo 0o
I 1D D elfoh— > eb" By (Vo VTP ') b | P . (154)
k=1 =1 ¢=—1 gt=—1
k#d,g,h LI£F
We may now pass it through the conformal transformation C;, obtaining

Nso [e'e] [e'¢]

11 Z Z ebltl — N By (Vo Vel P~ Vi Vor) b7 | P (155)

k=1 q,t=—1

k#d,g,h l;éF

This is now facing vertex V,?, which satisfies the following overlap identity [4]

Z E,.(Vop)b? = =1 Z Z E..(Voi)bl , r=-1,0,1. (156)
s=—1 Zz:ﬁé‘ s=—1

Using this identity, we may then write the extra ghosts as

N2 Nz

IT (2 D v+ Z Z # VETP 'V W) b (157)
k=1 =1 qg=—1 =1 ¢g,t=—1

k#d,g.h LiZ£F I£E

Passing it back through C; we then have

N2
11 Z Z eklpl + Z Z A VEDPTIV ) b (158)
k=1 =1 q=—1 I=1 g,t=—1

k#d,g,h LIZF I#AE
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We now insert these ghosts into expressions (150) and (151). We do so by multiplying them by (158) and passing
it through the first term of the overlaps. What we obtain is (Fig. 18)
i J
() ()

-

Figure 18. Overlap identity for U1PCFU:9T.
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p#£b,c k#b,c I#E I#F
k#p
[e'S] r ) df !
XD e B (Ve V) (E)™H — (dTOJ> eﬁEEnm(%ElVE)(foJ-)m“]
n,m=—1 L ¢
N2 [ Ny oo N, 00
< TT 130 D e+ > > e By (Vo Vel P 'V Vi) B | = 0. (160)
k=1 =1 qg=-1 =1 g,t=—1
k#d,g.h LI£AF I#E

We are then facing the last term of this composite vertex: the conformal transformation C on vertex VQOT.
Inserting it into equations (159) and (160), we obtain (Fig. 19)

@@

Figure 19. Overlap identity for UlPUJ .
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. 2 4
U, PU}S bl(&)—(d& 15) (P~Y¢E)"~

AV VTP \
J F '—1 —1
<—dF731£E bF (V7 VEL P~ eR)

=0 (161)

)

. -1 S (dV VTP e\
U, PUJ [c’(fi)+<d€73 £E> (7?*1§E)2 <ﬁ) (VWP )

N2
+U PV Y (-1 H Z Ze Eq(Vg'W) bl+2e w VTPV V) b
=t riaon U LiZE Zb
k#p
X Z |:Z ep E’nm VFFP 1VE1‘/2) (€ )m+1
n=-—1 Lm=-1
2
d o N\ 2 [dVVelP g RS L \nt1
+<d_£i7) fE) (P fE) W ekl (V] VeI'P fE)
Ny
APV Y (- H > Ze 2 (Vo' VD) b’+2e o (Vo ViePTV Vi) b
ot vane " Lizk (Zk
k#p
m d€ m
x 3 | B V™ - (%) 2 B (Vig! Vi) (€)™
n,m=—1 T
N2 [oe] Nz N1
II > |2 e BV Vbt + Y efF Bgr (Vor VeI PV Vi) 0| =0 (162)
k=1 —¢t==1 | I=1 =1
k#d,g,h I#£F I#E

where we have called CFU;)TC;1 = U;r and C’lzeroJrC’;1 = VJ.
We must now extract the ghosts from vertex U; in the second term of equation (162):

N1 Ny
0P = Vi [[ X [ BV Vb, + ekP By (Vo Vie)bE | P
1 Ny
= WP [ D |0 el Eu(Vy 'Vib, + ebPEg (Vo VeP)bE | (163)
kk;é:b}c o=t ll;?é

Identifying bF with bF, and passing now these ghosts through the conformal transformation Cf, we obtain

N1 [e'¢]

nPCr=ViPCr [[ > Ze (Vo ' Vibl — eX BBy (Vg VEPTVE  Vor )by | (164)
k=1 gq,t=-1 =1
k#b,c I#E

Using now overlap identities (145) for vertex VJ and inserting the conformal transformation Cs, we then obtain

Ny oo

ULPCrVy =WPCeVy [ D2 Ze (Vo " V0) b’+Ze Eg (Vi VePTV, V) B | (165)
=

k=1 q,t=-—1 | I=1 1
k#b,c I#E l#F
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Substituting (165) into equation (162) we then obtain the overlap identities between legs i and j:

2
U ) - (4P VeviE) (P

d 2
(dgp B 1V§,> (VIVETP TV VG) | =0, (166)
7 d 1 1 -t S — 2
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N (o) Ny
x Z I Z FVFDP V) bl+Ze Eu(Vy, ' V)b,
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d -t :
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n,m=—1 e
N2
H Z Ze Eqy (Vop VELPIWV ' V) 0+ > el B (Vo ' Vb | =0 (167)
R A 1ZF
k#p

If we now impose that these are the correct overlap equations between legs i and j of the composite vertex we
then must have:

Vj_lvFF,P715E — é—] (168)
what fixes the propagator as
P = VAT (169

which is the same form of the propagator for the bosonic part, but now with the cyclings defined on the complete
generators L} . The overlap equations now read

bi(&) — <Z—2> bj(fj)] =0, (170)

N1

N1 e} N>
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These are the overlap identities between legs ¢ and j of the composite vertex U..
From these overlap equations it is then possible to derive the form of the composite vertex. It is given by

N;1+No Ni+N2s oo o) 1 Ni+Nx 1
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Nz
x H Z Ze’FEnm (Vor Vi) U+ > € Brn (Vi ' Vi)l | (172)
= n,m=—1 | j=1 j=1
z;édgh j#E j#F

Although this is the correct composite vertex for a general cycling, its ghost structure is not very apparent. We
may use the explicit expression for the vectors e¥ [7]:

o0

el = Y KiEmn (1) (173)
m=—1
where
—1 J 0 821 0 ’ n 82’1‘7 =
and
W = exp (—zglnag;) exp (—Zaiﬁi) : (176)
n=1
v = exp < > d%i) , p>1. (177)
n=p+1

If we assume now that the cycling transformations Vi ! and 7 ! do not depend on the variables z; of vertex U;
or z; of vertex UJ, and if we have in mind that ¢ = 0 for any leg i of vertex U; and a leg j of vertex U] (or
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vice-versa), then we have

1
el =69 %" E 1,(Vi) (178)
r=-—1

what simplifies things considerably. We shall call all cyclings that have such properties “simple cycling-like”. In
this kind of cyclings, each leg has its own ghost attached to it, with the exception of three of the legs which have no
ghosts attached to them. We will now consider three cases separately: one in which none of the legs E or F' have
ghosts attached to them, one in which one of these legs (say E) has a ghost attached to it, and a case where both

legs (E and F) have ghosts attached to them.
The composite vertex for the case where neither F nor F' (we choose E = b and F' = g) have ghosts attached is

given by

N, 1 No 1

U =VE x I Y. E e (Vibix [ D E e (VibL (179)
27:&[1) r=—1 z;é:d%h r=—1
i#E i#£F

where V8" is the vertex given by the first two terms of equation (172). For the case where leg E has a ghost attached
to it, but not leg F' (we shall call F' = g), the composite vertex is given by

N1 1 Ny 1 Ny 1
v = IS Bt Y Y B x [ Y Eoni. (s
i=1

i=1 r=-—1 j=1 r=—1 = r=-—1
i#b,c j#£F i#d,h
i#E i#F

In the last case, where both E and F' have ghosts attached to them, we then have

N1 1
st = VE I DD E (Wb
i=1 r=-—1
i#£b,c
i#E

N2 1 Ny 1 N 1
x 3 2 BVl x 30 30 B (Vb x I 30 Bon(Vib (181)

j=1 r=—1
j#F j#E

j=1 r=—1

=1 r=—1
i#d,g,h
i£F

We can see that, for each case, the composite vertex has the correct ghosts number (N; + No — 2).

IV Conclusions

Using overlap identities, two vertices were sewn to-
gether in order to become a composite vertex. The
calculations have been done with the correct ghost num-
bers for each vertex and the result has both BRST in-
variance and the correct ghost counting.
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