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Summary

Over the past few decades superstring theory ( |1}, [2|) has firmly established itself as by far the most
promising theory describing all known interactions in nature, including gravity, in a consistent manner.
One of the most crucial feature of superstring theory is that scattering amplitudes computed are always
ultraviolet finite as opposed to amplitudes computed in ordinary quantum field theories. Therefore ex-
plicit evaluation of string scattering amplitudes and studying their various properties are of paramount
importance. The two oldest way of computing string scattering amplitudes are Ramond-Neveu-Schwarz
(RNS) ( [1], 2], |3]) and Green-Schwarz (GS) ( |1]) formalism. However both formulations, despite suc-
cess in some aspects also suffer from some limitations. While RNS formulation breaks manifest spacetime
supersymmetry at the intermediate stages of the computation, computation in GS formulation breaks
manifest Poincaré invariance. At the turn of last century, Nathan Berkovits introduced the pure spinor
(PS) formulation ( |4], [5]) of superstring theory which maintains manifest spacetime supersymmetry as
well as Poincaré invariance at all stages of the computation. In addition, evaluation of loop amplitudes in
RNS formalism requires insertion of picture changing operators and summing over various spin structures,
both of which leads to pragmatic difficulty in explicit evaluation of superstring scattering amplitudes at
two loops or higher. The PS formulation provides a prescription for evaluating amplitudes ( |6/, 7], |8])
which can circumvent both of these difficulties and simplifies evaluation of higher loop amplitudes for
superstrings by a considerable margin. However, unlike RNS formalism, the PS formalism so far lacks
an explanation starting from a gauge invariant worldsheet action. Furthermore, the present amplitude
prescription for PS formalism becomes ill defined as one goes to higher loops. Therefore the equivalence
of PS and RNS formalism is a non-trivial statement ( |9|, |10, [11]) and explicit demonstrations exhibiting
such equivalence are extremely crucial.

The massless states and scattering amplitudes involving massless states in PS formalism have been



studied thoroughly ( [7], |12, [13], [14], also see |[15], [47]) and explicitly shown to be equivalent to the
results obtained from RNS formalism ( [10]). For first massive states of open superstrings (m? = ),
the unintegrated vertex was constructed in |18|. However, to explicitly compute scattering amplitudes
involving massive states one needs further ingredients, such as, covariant theta expansion of all superfields
appearing in the vertex and integrated vertex operator for massive states.

The main motivation of this thesis is twofold. Firstly, one needs to develop a systematic procedure
for performing fully covariant theta expansion of all superfields describing the first massive states of open
superstrings. Secondly, one needs to explicitly compute all tree level three point amplitudes involving two
massless states and one massive state. This allows us to directly compare the results of PS formalism
with that obtained using RNS formalism.

In this thesis we develop a systematic procedure based on representation theory of SO(9) group (which
is the little group for massive states in open superstring) for performing the theta expansion for all massive
superfields in a covariant manner [19|. Further the procedure, by construction, is guaranteed to have only
physical fields appearing in each order of theta expansion. This procedure also sheds extremely crucial
insight into developing a strategy for finding massive integrated vertex |20|. Furthermore our analysis
can be argued to be independent of mass level in question and therefore indicates that this systematic
procedure of performing theta expansion and constructing vertex operators can be readily generalized to
higher massive states.

With the vertex and their theta expansion completely known, one now possesses all the ingredients
needed to compute any string amplitude involving massless and first massive states in PS formalism. In
this thesis, all massless-massless-massive tree level three point amplitudes have been explicitly computed
in PS formalism for the first time [21]. The same amplitudes can be independently computed in RNS
formalism and allows one to directly compare RNS and PS formalism for first massive states. We find
that PS formalism agrees with RNS formalism for first massive states as well, extending the explicit check

of their equivalence from only massless states to include first massive states as well.



Chapter 1

Introduction to Pure Spinor

Superstrings

The first half of 20th century saw physicists identify the four fundamental interactions that govern the
observed physical world. These four fundamental interactions, viz., gravitational, electromagnetic, weak
and strong interactions, have all been described successfully by theories that agree remarkably well with
experiments conducted so far. However, while all three non-gravitational interactions could be described
together quantum mechanically in the form of the “Standard Model”, gravitation so far has been well
understood only at the classical level (General theory of relativity). It soon became apparent that to
have a complete unified description of all fundamental forces it is crucial to have a quantum theory of
gravity first and foremost. At the phenomenological level, current energy scales accessible to modern day
and near future colliders, can safely ignore quantum effects of gravity. On the other hand studies of early
universe and black holes, some of which are indeed being probed by present observations, crucially hinges
on the nature of quantum effects of gravity. Theoretically, however, it has always been clear that at high
enough energies (near the Planck scale) one will start seeing the effects of quantum gravity amongst other
interactions as well. This requires also to find an “ultraviolet (UV) completion” of the quantum field

theory which describes the standard model.

For the last four decades or so, (super)string theory ( , ) has emerged as the sole candidate which
is able to consistently and successfully quantize gravity as well as unify it with all other interactions in
a single coherent framework. Moreover, as expected of any such candidate for an unified theory, string

theory has been demonstrated to be free of all ultraviolet divergences and thereby providing a potential
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UV completion of standard model physics seen at lower energies This remarkable achievement starts
with the simplest of ideas - all physics are thought to arise due to oscillations of a quantum, relativistic
one dimensional object, or simply put, a string. In this introductory chapter we briefly summarize the
evolution of this strikingly simple idea and its far reaching consequences. We start with bosonic strings,
move on to superstrings and describe the two formalisms of superstrings that are perhaps more commonly
known in literature (both were developed prior to pure spinor formalism). This walk down the memory
lane naturally leads to pure spinor formalism which is introduced and reviewed succinctly in this chapter

as well.

1.1 Bosonic Strings

A relativistic classical string will trace out a two dimensional surface, commonly referred to as a world-
sheet, embedded in the ambient spacetime. The classical dynamics of such a string, in analogue with its
point particle cousin, was proposed to be described by a geometrical action named after their proposers
Y.Nambu and T.Goto -

S ox Area of worldsheet (1.1)

Nambu—Goto

Suontn-cns =~ | LV detlhan(©)) (12)

2/
where o is the regge slope parameter, £, €2 are worldsheet co-ordinates and huw(€) is the worldsheet
metric (with the worldsheet indices u, v taking values 1 and 2).
This action, although intuitively obvious and elegant, due to its nonlinear nature posits difficulty in
covariant quantization. This was remedied by A.Polyakov by proposing another action which is classically

equivalent to Nambu-Goto action but allows covariant quantization readily.

1
SPolyako'u = Aol /d2§ Nlmn ap,Xm<§) 81/Xn(§> hw/(f) (1.3)

where, X () are the spacetime co-ordinates describing the embedding of the worldsheet in the d-
dimensional spacetime (m,n runs from 0,1,---(d — 1)). Throughout the thesis we talk of strings prop-
agating in flat spacetime described by the Minkowski metric 7, = diag(—1,+1,+1---) in Cartesian

co-ordinates. The generalization of the action for propagation in curved target spacetime is straightfor-

'How to exactly obtain the standard model starting from superstring theory is as of now an actively pursued research
topic in the community with many promising developments over the years.
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ward but will not be needed in this thesis.

The Polyakov action also brought into light a very crucial aspect of string theory that continues
to dominate how the community approaches the subject. The Polyakov action revealed that while as a
spacetime theory string theory is different from a QFT, as a worldsheet theory, string theory is a conformal
field theory (CFT) in 2 dimensions. This in conjunction with rapid development of 2D CFT amounted to
rapid evolution in the knowledge of string theory. Several crucial features were soon unearthed, viz. the
quantum string theory is well defined (in the sense the Weyl anomaly vanishes) only at a critical spacetime
dimension (which is 26 for bosonic string theory). The analysis of the spectrum soon revealed that open
strings contain gauge bosons as massless states and closed strings contain graviton as its massless states.
This was the first time gauge theory and gravity is seen to emerge from a single theory.

Two major shortcomings of bosonic string theory were

e There were no fermionic states in the spectrum of the theory (hence the name bosonic string theory).

e The spectrum contained a tachyon which signaled that the vacuum about which we are doing bosonic

string perturbation theory is an unstable one.

Both of these shortcomings are naturally overcome in what has been come to be known as superstring
theory. The two earliest ways of describing superstrings were Ramond-Neveu-Schwarz (RNS) formal-
ism which introduces a worldsheet supersymmetry and Green-Schwarz (GS) formalism which introduces

spacetime supersymmetry. We discuss the success and the shortcomings of these two formalisms next.

1.2 RNS Superstrings

The gauge fixed worldsheet action for bosonic string reads (we always give the action for open strings in
flat background here onwards since that is the primary subject matter under investigation in this thesis),
1 2 1 m 9 3

S=— [dz | =0X"0X,, + boc (1.4)
27 o
where b(z), c(z) are anti-commuting holomorphic ghost fields that arises out of gauge fixing the
worldsheet diffeomorphism. z and Z are complex co-ordinates obtained from worldsheet co-ordinates &;
and &o.
The central idea of RNS formalism, is to introduce local worldsheet supersymmetry for the Polyakov

action. Consequentially, the worldsheet theory now resembles a superconformal field theory (SCFT). The
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gauge fixed action reads

Sine = % /sz <;/8Xm(z, 2)0X (2, 2) + "™ (2) 0 (2) + b(2)0c(2) + B(z)@*y(z)) (1.5)

Here, 9, (2) is an anti-commuting worldsheet field (it is a conformal primary) which transforms as a
spacetime vector under spacetime Lorentz transformation. The §(z) and 7(z) are two commuting holo-
morphic ghost fields which arise due to gauge fixing the local worldsheet supersymmetry. The powerful
techniques of SCFT immediately allows one to extract a huge amount of physics from the quantum RNS
superstring. In particular, the spectrum now contains at each mass level a supermultiplet which has both
bosons and fermions present. The Weyl anomaly vanishing condition for superstrings translates to the
statement that the dimension of spacetime must be equal to 10.

The RNS formalism has proven to be extremely powerful over the years. It is by no means an
overstatement to say it is, for most purposes in the existing literature, synonymous with superstring

theory. The major advantages of this formalism are

e Manifest Poincaré covariance at all stages.

e Well defined methodology based on SCFT to construct all possible vertex operators representing

external states.

e Well defined amplitude prescription to all loop order for arbitrary number of external states based

on theory of (super) Riemann surfaces and their moduli space.

e Provides all basic ingredients to formulate an off-shell string field theory based on on-shell RNS

formalism.

e Helped in listing all possible consistent superstring theories, viz., Type-1 , Heterotic SO(32), Het-
erotic Fg x Fg, Type ITA and Type IIB. It further enabled a detailed study of the spectrum of each
of these theories, their low energy supergravity limits and was pivotal in realizing non-trivial web of
duality relations via which all of these superstring theories (along with the unique 11 dimensional
supergravity theory) are related to each other non-perturbatively. In turn it also lead to discovery

of various D-branes which also belong to the spectrum of superstrings.

While the RNS formalism lends great conceptual depth and clarity to the theory of superstrings,

it does have some shortcomings, mostly pragmatic in nature. Firstly, the spacetime supersymmetry is
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obfuscated in RNS and only appears after one performs the GSO projection [23|. Furthermore, SCFT
involving both periodic and anti-periodic boundary conditions for conformal fields (which is the case in
RNS formalism) leads to many equivalent description of a single SCFT vacua (known in literature as dif-
ferent “pictures”, see |3|). This picture changing operation is part of the amplitude prescription and leads
to spurious singularities in evaluating superstring amplitudes. Even without these unphysical poles, the
direct evaluation of superstring scattering amplitude for 2-loops and beyond prove to be a mathematically
challenging and daunting task. Mostly the challenge comes in summing over spin structures (which arises
due to existence of worldsheet spinor). So while there is a well defined prescription, it does not lead to a
feasible calculation for amplitudes at higher loops.

RNS formalism also suffers from the drawback that it does not offer any clue regarding how to
generalize it in presence of a background involving nonzero Ramond-Ramond fluxes. However, in this
thesis we only focus on superstrings in flat backgrounds and therefore we will refrain from going into details

of this issue as well as how pure spinor formalism can potentially resolve them (see, for example [24]).

1.3 Green-Schwarz Superstrings

There exists another approach to superstring theory which starts with manifest spacetime supersymmetry.

This approach,named Green-Schwarz formalism, has the following worldsheet action in conformal gauge

S = / & (;axméxm + pa59a> (1.6)

yiye;

here 8¢ is a right handed Majorana-Weyl spinor in 10 dimension which serves as the superpartner of the
co-ordinate field X™. The conjugate momenta to the 6% is p, which is related to the other fields via what

is known as the Green-Schwarz constraint

_ 1 m 1 m o qnd
da=0 , do=pa—737 L5070, — éyammm;aﬁe o0° . (1.7)

The constraint consists of both first class as well as second class constraint due to the OPE

a(2)dg(w) = 20— w) m(w) + -+, (1.8)
" = 9X™ + %yggeaaeﬁ (1.9)
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This formalism has the distinct advantage of manifest spacetime supersymmetry at all stages (The
quantities II"™ and d, are manifestly spacetime supersymmetric combinations). It has also proved to be
extremely useful in establishing the seminal result of anomaly cancellation which triggered what is referred
popularly as “first superstring revolution”. However this formalism suffers from a serious drawback in that
the existence of this second class constraint prevents us from performing a straightforward quantization
in a covariant manner. The difficulty however can be gotten rid of by going to special gauges (e.g. light-
cone gauge) where the theory can be quantized readily. However, this automatically implies manifest
Poincaré covariance is sacrificed and for each calculation performed in this formalism, one must establish

the covariance painstakingly at the end.

1.4 Pure Spinor Superstrings

At this stage, the question that begs to be answered is - can we develop a formalism of superstring theory

which has the following three characteristics?

1. It maintains manifest spacetime supersymmetry at all stages.
2. It maintains manifest Poincaré covariance at all stages.

3. It possesses an amplitude prescription which actually enables one to compute higher loop string

amplitudes in practice and not just in principle.

Roughly two decades ago Nathan Berkovits gave the pure spinor formalism in |4 (also see |5| for a
review) which answered this question in affirmative as far as the first two characteristics are considered.
As for the third characteristics, the answer can also be considered to be an affirmative with certain caveats

that we will discuss later in this chapter.

1.4.1 Worldsheet CFT

In this section, we introduce the pure spinor formalism. The original formulation is now dubbed as the

minimal pure spinor formalism ( |4]). The world sheet action of the minimal formalism is given by

S = L /d2Z <;8XmaXm +pa50a - waaAa> (110)

o/

2Some numerical factors for pure spinor formalism in this thesis will differ from literature. This is entirely due to different
choices of various conventions which we summarize in appendix

10
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where, m =0,1,,--- ,9and a =1,--- , 16.

The p, and w, are the conformal weight one conjugate momenta of the conformal weight zero fields
0% and A* respectively. The fields with upper (lower) spinor indices transform as right (left) handed Weyl
spinor. The \“ satisfy the pure spinor constraint (first written down by the great french mathematician

Elle Cartan almost 90 years ago)
/\a,y%/\ﬁ -0 (1.11)

Due to pure spinor constraint, the conjugate momentum to the pure spinor, viz. w, enjoys the following

gauge transformation under which the action is invariant
Swa = Ap s\’ (1.12)

where A, is the gauge transformation parameter. Therefore, the worldsheet fields can only appear in the

following gauge invariant combinations
1
N = §wa(7mn)°‘5)\ﬁ , J=wa XY, T = w0\

Any other gauge invariant combination can be expressed in terms of these objects. The ghost current is
given by J = A\*w, which implies that the \* carries the ghost number +1 and the rest of the fields carry

zero ghost number.

1.4.2 OPE

Before proceeding ahead, we note down some important OPEs of the theory which arise frequently in

calculations

Va5 - V6B g
mﬂm(w)+”' ) do(2)II"(w) = 57— =007 (w) + - -~

da(2)ds(w) = - T

3The coincident operators are normal ordered via

: A(2)B(z) := 1 dw

2 J, w— 2

A(w)B(z) (1.13)

where, A and B are any two operators and the contour surrounds the point z. However, we shall often suppress the normal
ordering symbol : : throughout this thesis with the understanding all coincident operators are always normal ordered.

11
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do(2)V (w) = ﬁpaww) Foe IMEV) = 1 f IIALGR
(I ) = 5 LN A (w) = CZ((ZT;B X (w) +
S =~ ) = )+
N () NP () _mnm[qn@n S (Pt bt — gl .. (1.14)

In the above OPEs, 9,, is the derivative with respect to the spacetime coordinate X™, 0 is the derivative
with respect to the worldsheet coordinate, V' denotes an arbitrary superfield. The d, and IT"™ denote the

spacetime supersymmetric combinations

1 1
do = Poc— 57050 0Xom = VU5 most”07 00"
1
om = 9xX™ + 5@9@396 (1.15)

The D, is the supercovariant derivative given by

0
—2a = {Da;Dg} =2(v")apOm (1.16)

Do = 0o + V250" 0m . Oa 50

Finally, the remarkably simple BRST operator is defined to bdﬂ

Q= %dz (A¥da)(2) . (1.17)
C
To see the nilpotency of the BRST operator, first make use of the OPE between d,(2)dg(w) to express

Q* = 7{ dz ]{ dw\*(2) N (w)da(2)da(w) o< (A“Ny7%) | (1.18)
C1 Ca

4In all subsequent occurrences of § dz in this thesis we will use the notation to imply the usual factor of ﬁ is absorbed
within the definition of the measure dz.

12
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which trivially vanishes due to pure spinor constraint.

1.4.3 Non-minimal Pure Spinor formalism

With the minimal formalism one can finally write down an action for superstrings which in some sense
forms a union of the best parts of both RNS and Green-Schwarz formalism without their respective
drawbacks. However, the amplitude prescription for minimal formalism at loop levels still requires one
to make use of picture changing operation. For this and some other reasons, soon the formalism was
extended by introducing an additional set of variables which we will describe now (for details see [6)).

The action describing the worldsheet CFT for non-minimal pure spinor formalism is given as

non—min 1 1 = — — J— _
S = — [ d%z (26Xm6Xm + Pa00% — W, OX* — WY, + 30‘6TQ> (1.19)

o/

where the new variables are a bosonic left handed pure spinor A, and a fermionic spinor r, satisfying the

following constraints
(M™A)=0 , (M™r)=0. (1.20)
These constraints imply the following gauge invariance for the conjugate momentum variables
0w = A" (Y A)* = " (), 05T =" () (1.21)

For arbitrary A™ and ¢™.
This in turn implies, that only the following gauge invariant combinations can introduce the conjugate

momenta of the new non-minimal variables

Nmn = 5[(w7mn)\) - (Sanr)] ) j = —a;\a - Saroe )

1
Smn = i(svmn)\) , S=s5%\. (1.22)

It is crucial that the introduction of this new non-minimal variables do not affect the cohomology.

13
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This is ensured by defining the non-minimal BRST charge as follows

Q.. . =Q+ fdzwo‘ra . (1.23)
C
The additional term is invariant under the gauge transformation (1.21). This implies via the quartet

argument (see [25|) that the cohomology of @ is same as that of (). We will not require non-

minimal formalism in the new results being presented in this thesis. So without going into unnecessary
details let us point out certain crucial improvements that this offers over the minimal formalism. In turn

this will also justify why our results presented in this thesis, while obtained using minimal variables, are

equally valid for non-minimal formalism.

1.4.4 Vertex Operators

First and foremost, as we have just discussed that since the cohomology is unaffected by introduction of

non-minimal variables,i.e. for unintegrated vertex operator V' and integrated vertex operator U,

QV=0 & QU=08V = Q V=0 & Q U=0rV, (1.24)

non—msin non—msin

there is a possibility that all physical states can be potentially constructed using minimal variables alone.
For massless states, this indeed is the case as shown in [4| (also see appendix@for derivation of massless
vertex in our conventions). Let us briefly describe why using this result we can rigorously establish that
all higher massive vertex operators can also be constructed solely in terms of minimal variables.

We recall from the RNS formalism that the massive states also appear in the OPEs of the massless
vertex operators. This allows us, in principle, to construct the massive vertex operators from the knowl-
edge of the massless vertex operators. More specifically for open strings, this construction, pointed out
to the author and his collaborators by Nathan Berkovits, goes as follows. If Vi, V5 are unintegrated and

Uy, Uy are integrated massless vertex operators respectively, then we have

QUi =0rVr and  QUz = 0kV2 (1.25)

We now take the contour integral of U; around the integrand of U, and define

Us(z) = ?f A ()T (2) (1.26)
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Acting on this with the BRST operator @ and using (1.25), we obtain

QUs = § SEUIQUE) = § 5 U ()0:Va(2) = 0.1s (1.27)
where,
Vi(2) zj{;:m(w)vg(z) (1.28)

and in the first equality in (1.27)), we have used the fact that ¢ dw OrVi(w) is zero.

Now, if we choose the momentum ki and ko of U; and Us to satisfy

(k1 +ko)? =2k1 - ko = (k3)? = —m? = —g (1.29)

then, by construction, the V3 and Us will be unintegrated and integrated massive vertex operators respec-

tively of open string states at mass level n.

One might ask how do we know that the Us and V3 as defined in and do not vanish.
To answer this question, we recall that the OPE of two massless vertex operators necessarily contain
the massive vertex operators (this is necessary for the consistency of the theory and is well known from
the RNS formalism). Now, the integrated vertices U; and Us have conformal weight one. Hence, by
dimensional analysis, it is easy to see that the integrand involving the integrated massive vertex operator
can only appear at the first order pole in and hence its contour integral can’t vanish. By a similar
argument, we see that V3 as defined in can’t vanish.

Since the massless vertices can be chosen to be independent of all non-minimal variables as shown in |4,
this construction shows that the massive vertices can also be constructed without using the non-minimal
variables.

While this result establishes that all higher massive vertex operators can always be constructed by
taking OPE of massless states, this algorithm turns out to be not very pragmatic as of yet. In fact, prior
to work presented in this thesis, no covariant methodology of constructing vertex operators existed for
pure spinor formalism. This is usually thought to be a criticism of pure spinor formalism that this thesis,

in part, wishes to nullify.
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Chapter 1 — Introduction to Pure Spinor Superstrings

1.4.5 Amplitude prescriptions for pure spinor formalism
Minimal Formalism

The tree level N-point amplitude prescription is given by

Ay = <V1V2V3/U4---/UN>. (1.30)

where as in RNS and bosonic strings, we use SL(2,R) symmetry to fix three external states at three fixed
points on the disk (these are therefore represented by unitegrated vertex V;, i = 1,2,3). The rest of the
external states are represented by integrated vertex U;, i = 4,--- , N. The measure is defined in such a

way that it is non-vanishing if and only if

(M 0) (X' 0)(M"0) (Bseud)) = 1 . (1.31)

Later in chapterwe will give step by step details of how to evaluate such amplitudes.

We will not need to evaluate loop amplitudes in this thesis, but nonetheless a few comments are
necessary for completeness. As discussed in |6] (see also |7], [12], |13], [14], [15]), the multiloop amplitude
prescription in minimal PS formalism involves insertion of a picture lowering operator Yo and two picture
raising operators Zg and Z;, to absorb the 11 zero modes of A* and 11g zero modes of w, at genus g.

These operators are given by
1
Yo = Cof*5(CsN) , Zp = 5 Brn (X" )3 (B Npg) , Zy = (Ada)o(J) - (1.32)

The crucial point here is that C, is a constant spinor and B,,, is a constant tensor. Even though one
can show that dependence of the amplitude on these two constant spinor/tensor is BRST trivial, there
presence nonetheless breaks manifest Lorentz invariance. While this instance of breaking is by no means
as severe as that of Green-Schwarz formalism, it still leaves one craving for a better amplitude prescription

which maintains manifest Lorentz covariance at all stages.

Non-minimal formalism

The non-minimal formalism can be identified with ¢ = 3, N = 2 string theory. Therefore one can directly

use the amplitude prescription for the topological strings to write down an amplitude prescription for

16



Chapter 1 — Introduction to Pure Spinor Superstrings

non-minimal pure spinor formalism (see 6, also [15]).

The tree level prescription is given as

An = <NV1V2V3/U4"'/UN>- (1.33)

Following standard methods in any CFT, one first needs to integrate out all conformal weight 1 variables
by using their OPEs to reduce the amplitude to an expression consisting of only zero modes of A%* and 6<.
The prescription looks almost identical to that of minimal, except for the presence of the factor N, which
serves as a regularization. The regularization is necessary since the integral over A and A may diverge
due to their bosonic non-compact nature. At first glance it may seem demoralizing, but a neat method

for regularization, originally formulated in |26] (also see [6]) for any BRST invariant system, proposes

N =exp{Q.x}) - (1.34)

It was shown in |26], since N = 1+ Q€Q, for some (2, the functional integral which gives the amplitude is
independent of the choice of the regularization N.

The precise form of the measures were given in [6] and there it was also shown explicitly that for tree
level and using the fact that all vertex operators are expressed solely in terms of minimal variables, both
minimal and non-minimal prescription coincides exactly.

Finally, the g-loop, N-point amplitude in non-minimal formalism is given by

39—3 N
Ay g = / 39737 (N () H1 ( / dwim(wj)b(wj))jﬂl / dz;U(z))) . (1.35)

Here, 7 are the complex Teichmiiller parameters and p; are the associated Beltrami differentials, b is a
composite operator which serves as the “b-ghost” in non-minimal pure spinor formalism. This expression
does not involve any PCOs and as a result is completely Lorentz covariant at all stages.

However, as mentioned earlier, things are not as perfect as they may seem at first glance. This
amplitude prescription comes with its own problems which we briefly discuss now. The expression of
the b ghost is quite complicated in non-minimal formalism, but the important thing to note is that it
diverges ~ O\;\YL as AA — 0. The entire measure as goes as ~ A339 1 as A\ — 0. This suggests that
the amplitude prescription can give a meaningful premise of calculation provided the integrand diverges

slower than ~ A~(GT39X =11 45 A\X — 0. Since all our vertex are polynomials in A, the only possible

17



Chapter 1 — Introduction to Pure Spinor Superstrings

divergence can come from the b-ghosts. This suggests that we can have at most three number of b-ghosts,
or the prescription, with the current regularization, works only up to 2 loops.

While this situation leaves one unsated, there are still plenty of causes for optimism. Firstly, the fact
that this prescription, for the massless amplitudes ( |7], 13|, [12], |14], 15|, 16|, |17]) have been shown
to reproduce the RNS results (for tree as well as loop) gives confidence that one is along the right path.
Furthermore, for the cases where the computation is well defined, this prescription is much more practical
than the corresponding RNS computation. Also, in (8], general arguments were given to demonstrate,
that in principle one can always find a regulated b-ghost which has a better divergence and will therefore
allow one to compute loop amplitudes beyond genus 2 (in principle even up to all orders). The only snag is

that so far no one has managed to find a concrete realization of the proposed regularization methodology.

1.5 Outline of the rest of the thesis

For now we set our sight into the problem at hand. We will like to develop a systematic strategy to
construct massive vertex operators which also provides a recipe for performing their full covariant 6
expansion in terms of the physical fields. The first construction of massive unintegrated vertex was done
in [18], which is reviewed in chapter |2| . In chapter |3| we give our methodology of performing the full
covariant @ expansions of massive vertex. We also give the explicit 6 expansion results for the various
superfields appearing in the vertex. In chapter [4] we use the insights developed in chapter [3|to propose a
generalized methodology based on group theory to construct all massive vertex operators. As an evidence
for our methodology, we re-derive the unintegrated massive vertex using this novel technique and also
state the result for the integrated vertex which was constructed for the first time in literature using this
methodology. Once vertex operators are constructed for first massive states, we would like to establish
the equivalence of RNS and PS formalism for first massive states as well. This has been done in chapter
by computing all massless-massless-massive amplitudes in PS formalism and directly comparing them
with their RNS counterparts. We conclude with brief summary and some interesting future directions

that this thesis leads to in chapter |§| .
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Chapter 2

Review of construction of first massive

unintegrated vertex

2.1 Vertex Operators in pure spinor formalism

Pure spinor formalism expresses every vertex for a given mass level in a following schematic form

n

here B,, are composite operators of appropriate conformal weight and ghost number (same as that of the
vertex V) constructed out of the objects II", 6%, d,, N™", J and A®. We often use the name “basis”Elto
denote such an object B,, appearing in a vertex. The F), are suitable spacetime superfields whose index
structure is such that after contraction with B,, it yields a scalar. All of the superfields F;,, must describe
the same supermultiplet corresponding to the vertex operator V.

Construction of an unintegrated vertex operator V for a given mass level therefore requires one to find
at least one superfield F' describing the massive supermultiplet in question such that following conditions

hold -
e All F), can be expressed in terms of F' or its supercovariant derivative D, F.

e The BRST condition must hold : QV = 0.

!The name is slightly misleading, since these objects B,, for a given conformal weight and ghost number are really not
linearly independent due to pure spinor constraint. But nonetheless one can take care of the pure spinor constraint in a
systematic way by either solving the constraints or using Lagrange multiplier.
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Chapter 2 — Review of construction of first massive unintegrated vertex

The notion of a b-ghost is not a natural one in pure spinor since one does not start from a worldsheet
diffeomorphism invariant theory to arrive at the pure spinor wordsheet CF'T. Nonetheless in non-minimal
pure spinor, one can construct a composite operator which serves the purpose of a b—ghos. However
this b-ghost has multiple poles at A* = 0 and any integrated vertex constructed using b-ghost are mostly
not very useful when it comes to computing scattering amplitudes. Instead one defines the integrated

vertex U via the following descent equation
QU = RV , (2.2)

where Ogr denotes derivative along the real line R (since we are talking of open strings, for closed strings
it will be just the holomorphic derivative across the entire C plane).
Constructing an integrated vertex therefore first requires construction of the unintegrated vertex V.

Then it must be expressible in the schematic form
U~ BnGm (2.3)
m

with the following conditions holding true

e All superfield G,, can be expressed in terms of F' or its supercovariant derivative D, F' (This F is

must be the same superfield in terms of which the unintegrated massive vertex was expressed).
e The BRST condition must hold : QU — orV = 0.

For massless states, the unintegrated as well as integrated vertex operator were explicitly constructed
in [4]. We give a brief review of this construction in our convention in appendix@ For the first massive
states of open superstrings, the unintegrated vertex was constructed in |18|. In this chapter we review that
construction, in our convention. Then we discuss what are the ingredients lacking in this construction
that prevent us from using it to compute scattering of first massive states. The conclusion of this chapter
will complete the review part of this thesis and lay the groundwork for the new results which form the

subsequent chapters of this thesis.

2There is a b-ghost in minimal PS formalism as well, but it breaks manifest Lorentz covariance by introducing a constant
right handed spinor.
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Chapter 2 — Review of construction of first massive unintegrated vertex

2.1.1 Unintegrated massive vertex operator at (mass)? = 5

In this subsection, we focus on the open string states at first mass level, i.e. m? =

é. The unintegrated
vertex operator for these states was constructed in |18]. We review this construction below. At the
first mass level, the open string spectrum comprises of 128 bosonic and 128 fermionic degrees of freedom

contained in a traceless symmetric tensor gy, a three-form field by, and a spin-3/2 field ¢,o. These

fields satisfy the following constraints
N Gn =0 5 0"Gun =0 5 0bmnp =0 ; 0bma=0 ; "t =0 (2.4)

Due to these constraints, the number of independent components in gy, binp and ¥, is 44, 84 and 128
respectively. Further, these form a massive spin-2 supermultiplet in 10 dimensions.

The unintegrated vertex operator describing the physical states at mass level n, i.e., m? = o s

constructed out of object with ghost number 1 and conformal dimension n. Recall, in the list of objects
using which we will construct our basis, only the pure spinor ghost A* has non-zero ghost number (but
zero conformal weight). And all other operators have zero ghost number and conformal weight one.
So for n-th massive level each of the basis will be of the form ~ min ﬁmAaﬁn_m, where B,_,, is a
conformal weight (n — m) operator constructed by multiplying suitabﬁ:rolumber of all weight 1 operators
and their worldsheet derivatives (for example, a subset of conformal weight 3 candidates for basis can be

MNTI™d,00%, NPTI™dd,, No2TI™ 03\, 92 A°TI™ and so on). Consequently, the most general unintegrated

vertex operator at first massive level (n = 1) of the open string can be written as

Vo= 0XAN(X,0)+ : 00PN Bop(X,0) i + : dgACP(X,0) : + : TN H,p0 (X, 0)

+: JAYEQ(X,0) i 4 : N™ A Fomn (X, 0) : (2.5)

where A, B,g, c” o> Hma, Bo and Fu,y, are general superfields, unconstrained as of now. In accordance

with [18|, the normal ordering : : is defined as follows

L AB: (2) = 17§ W (w)B(2) (2.6)

Tomi ), w—z

3These objects are constructed using II™, 9%, do, \*, J and N™".
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Chapter 2 — Review of construction of first massive unintegrated vertex

where, A and B are any two operators.

The equation of motion for the superfields in (2.5) is determined by the BRST condition QV = 0. Let

us explicitly see how one evaluates QV using the OPEs given in for one of the terms.

Q96° 7 By (w)) = 7{} AN (2)90°N° By (w) (2.7)

Where the contour C encloses the point w. The only relevant OPE needed to evaluate this expression are

that between d, and 00 and d, and B,g,

o 6, o D,B,g(w
-t dp(z)Bag(w)NQpB() (2.8)

d,(2)00%(w) ~ C—w)

2 (z—w)

This on performing the standard complex integrals using Cauchy formula gives,
a/
Q90N Bog(w)) = E@HQApAﬁDpBaﬂ(w) (2.9)
Similarly one can evaluate the action of () on the other terms of the vertex. One obtains E|

2 g\ S m a
SQV = =007X" N [DaBgy — 3 Hapl + "X N [DaHyp — Y500 C)]

a o o 1 st\o
—d )\ A\ [DaC B+6 QE5+§(’Y t) oFpst

/

o a
"N [ DAy + Bag + /73,0507 = 5 DsEa + (1 D) s Fast|

+JIXN*N [Do Eg) + N XN [ Do Fj'] (2.10)

At this point we would like to set each term in square bracket to zero, but there are two primary obstacles in
doing so, both stemming from pure spinor constraint. Firstly, any operator quadratic in A\? is constrained
by pure spinor constraint. This is easily remedied by using the bi-spinor decomposition the pure

spinor constraint (Ay™A) = 0 and the fact that M\ is a Grassmann even object. We can express

« 1 mnpqr (0]
A*N = 75!32()\’7 PEXN) (Ymnpgr) o, (2-11)

*Note that some of the numerical factors in various expressions in this thesis will not agree with that in [18| since we are
using different convention for (anti)symmetrization. See appendixfor details.
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Chapter 2 — Review of construction of first massive unintegrated vertex

This is done for each of the term in QV, for example,

2 1
= QUO"N Bag(w) = 55 06 (N \) | (unpar ) Dy Bas(w)] (2.12)

Similarly, using the fact (Ay™9A) = 0 (which is readily obtained by taking @ on pure spinor constraint),

We can express

1 1
agyf _ mnp af

3116 (AP ON) (Yanpar) 7 (2.13)

The second obstacle comes from the fact that not all of the “basis” are linearly independent (see
footnote [1). In particular, one obtains as a consequence of the pure spinor constraint the following

identity
mnyo« 1 (0% n e n
cNTPAY (Ym)ap — 3" JXY (V) ap = O (V) ap (2.14)

It is assumed henceforth that all failure of linear independence of the basis operators due to pure spinor
constraint stem from this identity and anything directly derivable from this identityEI For the mass level

in question, the relevant identity that can be derived from (2.14) is
ayf s 1 ayf 5a/ aqf o o9\ B a s

This clearly demonstrates that 3 of our basis elements are related by a single relation. To take into
account of this constraint, we contract ([2.15) by an arbitrary superfield with appropriate index structure
and treat the arbitrary superfield as a Lagrange multiplier.

—2 1 Ny A2\ . (’y”wzy'y[s)agKt] 4+ JAN (V""" v ) ap K°

vwIY VWIY

+a/ AN [2(7”wx93)a5n5thww 1607 ) 0 K yays| = 0 (2.16)

Therefore, we must solve (2.10) subjected to the constraint (2.16). Which yields the following set of

5At the moment of writing this thesis, we are unaware of any explicit proof of this assumption. But given the successful
construction of unintegrated and integrated vertex for first massive states, which crucially depends on taking into account
all constraints correctly, provides strong evidence that this assumption is correct. It is perhaps not too optimistic to forecast
probably this assumption can be proven exactly in the future.
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equations |E|
(Ymnpar)*” [DaBgo — oo Hss) = 0 (2.17)
(F)/Trmpqr)a’8 [DaHsﬁ - ’Ysaacag] =0 (2'18)
1
(PYmnpq'r)a/B [Dacgﬁ + 5gaEg + 5(’)/5t)aaFBst =0 (219)

/

o «
('}/mnpqr)aﬁ |:D01Aﬂ + Baﬁ + OKI'YZ’O-OSCJQ - EDIBECV + Z(')’StD)ﬁFast}
= 2a,7%%pqr721§xysnsthvwxy (220)

/

o a
(Ymnp) ™ | Dadg + Bag + a5,05C% = = DpEa + (7" D)gFast

= 160/ Y Vers Mst B ® s (2.21)
(’anpqr)aﬁDaEﬁ = (anquVwayWS)aastwmy (2'22)
(’Ymnpqr)aBDath = _2(’7mnpqr7vwmy'7[s)aaKﬂvwzy (2.23)

Above identity (2.14) implies that the vertex operator V' remains invariant under the following field

redefinition for an arbitrary tensor spinor A%
0Famn = YmapAy, — YnapAm » 0Ea = —Yaply, »  0Aa = —2d/y,5A;, (2.24)

Due to the nilpotency of the BRST operator (), any vertex operator V also enjoys a gauge freedom given

6Since the operators which are used to build each of the basis have non-trivial OPEs amongst themselves, it is essential
one adopts a fixed ordering as a convention before comparing two terms with same basis. For example, JA® is not same as
A“J because both operators have non-trivial OPE amongst themselves. Our convention is from left to right whenever they
appear, the ordering must be {II™, dy, 80%, N™", J, \*}.
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Chapter 2 — Review of construction of first massive unintegrated vertex

by the transformation
V(z) = V(z) + QQ(z) (2.25)

This gauge freedom along with the field redefinition freedom (2.24)) can be used to impose the following

algebraic conditions on the superfields

Baﬁ = (,ymnp)aﬁanp > CCX,B = (r)/mnpq)aﬁcmnpq

Y Fg = 0, (Y"Hyp)o =0 (2.26)
Using these and the equations of motion (2.17) - (2.23), all the superfields can be solely expressed in

terms of the single superfield B,,,, as

3 1
Hsa = ?(’Ymn)aﬁDﬂanS ) Cmnpq = §a[mB”P(ﬂ ’ EO‘ =0= AO‘

1
Fomn = g <78[mHn}a + aq(’Yq[m)aﬁHnw> (227)
Further, one also finds
K™ = o0 | Cupars) D5 = 3 o) 8 DaF3" (228)
npqr 1920 npqrs al'p 3 su[npg r] Hat’p

The above solution, when substituted in (2.21), simplifies to

(0% — i)anp =0 (2.29)

a/

which demonstrates that the states described by By are indeed massive with (mass)? = é Next, we
must demonstrate that the superfield B,,,, indeed describes the states with the desired mass. We now

need only show that this superfield contains the correct physical fields as well.

The superfield By, also satisfies |18|
Do B = 645277 — (41" P prY) (2:30)

1
8
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The Z™8 can be chosen to be anti symmetric in the indices m and n and furthermore it satisfies

Zmnﬁ'}/moz,é’ =0.

In order to show that the superfields contain the physical fields gimn, bimnp and ¥p,q, it is convenient
to go to the rest frame k= 0, where k denotes the spatial momenta. In the following, we shall label the

spatial indices using the beginning Latin alphabets, namely, a, b, ¢ etc.

As argued in [18| using the supersymmetry transformation properties, Z™"*, B,y and Hp,, satisfy

in the rest frame,

Zaba — (,y[a\:[jb})a : Z[)ba _ _Z (,YO\Pb)a (231)

| =

Do B = 12(ylbw), B — (2.32)
and
H = -T2V¢, (2.33)
where, W¢ is an arbitrary tensor-spinor superfield satisfying
(7a) "W =0 (2.34)
The spin-3/2 field 1% is defined to be the 6 independent component of ¥¢ i.e.
Yo = Pl (2.35)

Furthermore, the physical fields g, and b, are defined to be the 6 independent components of G, and

By respectively i.e.
=G . bac=B 2.36
g = 0=0 ) abc = DPabc o ( . )

where, the superfield G* is defined to be

Gy = 2 Daygf\pb)ﬁ , NG =0 (2.37)
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Due to the fact that b is anti-symmetric in all the indices and equations ([2.34) and (2.37), the fields

babes gap and Y2 contain precisely the desired number of degrees of freedoms, namely, 84,44 and 128
respectively. This shows that in the rest frame we have the correct counting for the degrees of freedom

in the massive superfields.

2.2 Why this vertex is not enough for computing scattering of massive

states?

For these superfields to represent the massive spin-2 supermultiplet, the higher 6 components of the
superfields Bgpe, Voo and Gg, must be determined completely in terms of bynp, gmn and ¥p,o. The
construction laid out so far can ensure that only in the rest frame. However, this construction is not

enough to compute all scattering amplitudes involving first massive states for the following two reasons.

1. The relations derived in [18| and reviewed in this chapter provides enough information only to
obtain a 6 expansion of the superfield B,,,;,, but only in a rest frame. Since knowing the full ¢
expansion is imperative to compute any scattering amplitude, only scattering processes involving a
single massive states can be evaluated using this vertex (by going to the rest frame of the massive
state). Not only is this incomplete once we have more than one massive states, it is also displeasing
to use pure spinor formalism which boasts of manifest super-Poincaré covariance at all stages to
perform a calculation in a specific choice of frame (viz. rest frame). Therefore we must develop a

way of performing the full § expansion of the superfield in a completely covariant manner.

2. As is well known, typically all superfields contain some auxiliary fields in higher components of
0 expansion. It is expected that any naive covariantization of the rest frame results will lead to
superfields which possesses auxiliary fields in its 6 expansion. While this is not a very serious
problem, it is preferable to have a vertex which is by construction such that only the physical fields
appear at all stages of 6 expansion. This ensures that such a vertex can be readily used to compute

scattering of any number of massive states.

In the next chapter we will give a prescription which solves both these problems simultaneously.
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Chapter 3

Group theory and covariant 6 expansion

of Massive superfields

The goal of this chapter is to basically covariantize the rest frame results described in last chapter. We
seek to covariantize not only the superfield B,,,;, but also the superfields ¥,,, and G,,,. Furthermore we
will postulate three relations which expresses the supercovariant derivative of ¥,,, in terms of B, and
Ginn, and supercovariant derivative of By, and Gy, in terms of W,,,,. These differential relations along
with certain other on-shell conditions will provide us with necessary ingredients to achieve the following
two goals

e Perform the 6 expansion of all 3 superfields in a fully covariant manner.

e Lstablish firmly that the § expansion thus performed will only contain physical fields by,pp, gmn and

1o as co-efficients and no auxiliary fields will appear.

Prima facie introducing three superfields, all of which describe the same spin 2 massive supermultiplet
may seem redundant. However, the redundancy is completely taken care of by our proposed relations
which allow us to express any superfields in terms of the others by making use of the supercovariant
derivative. Moreover we will see in the next chapter that this method of obtaining the covariant 6
expansion immediately provides crucial insight into developing a general methodology of constructing
massive vertex for any mass level.

There are two consistency checks for our proposed relations. Firstly, they must reduce in the rest
frame to the results already described in the previous chapter (which are the results of ) Secondly, all

proposed relations must be consistent among themselves as well as with the BRST condition QV = 0. We
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Chapter 3 — Group theory and covariant 6 expansion of Massive superfields

will see at the end of this chapter that both these checks are satisfied by our relations. We conclude this
chapter by giving the explicit § expansion results for the relevant superfields obtained by our proposed
relations ( [19], |21]). There has been a previous attempt to covariantize the rest frame results (in [27]). As
will be pointed out later in this chapter, our result differ from that paper. In fact, as we will demonstrate,

the results of that paper are in conflict with both of the consistency checks described above.

3.1 Ingredients for § expansion

As mentioned in the last chapter, one drawback of working in the superspace formalism is that a given
superfield contains usually auxiliary degrees of freedom in surplus to the actual physical degrees of freedom
of the theory. In our case also, by looking at the coefficients in the 6 expansion of the superfields By, Grmn
and ¥,,., we can easily convince ourselves that they will generically contain much more degrees of freedom
than 1284128 provided by the physical fields gy, bmnp and ¥p,o. Thus, it is imperative that we express
the higher 8 components of these superfields in terms of the physical fields thereby removing the redundant

degrees of freedom.

To ensure that g, bimnp and ¥, are the only physical degrees of freedom, there must be relations
expressing DoV, in terms of G, Binp and DoGinny, Do By in terms of V,,,,. These will provide
the recursive relationéﬂ relating the higher # components of the superfields to the lowest components
Gmn> bmnp and Y. Along with these, the algebraic constraints such as k™ B,,,, = 0 are also needed to
remove the extra degrees of freedom at the zeroth order in 6 expansion. We need to ensure that all these

relations are consistent with the on-shell condition QV = 0 (or equivalently equations(2.17) to (2.23)).

In this section, we give the above mentioned relationships among the superfields. In the process, we
also give the covariant generalizations of the rest frame results - given in section We
shall be very brief and just state the result. One can check the validity of these by writing them in the
rest frame and verifying that they agree with those in the subsection and satisfy all the equations.
In appendix [3.2] we indicate how to check this systematically. For simplicity, we work in the momentum

space in what follow

We start by recalling the rest frame results (2.31), (2.33), (2.34) and (2.37). We claim that the

Note that the gauge invariance (2.25) has already been completely exploited in writing down the solution (2.27).
%ie. we replace all the O, by i k.
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Chapter 3 — Group theory and covariant 6 expansion of Massive superfields

covariant generalization of these results is given by

Hyp=—T2V,,5 (m)*P TG = 0 (3.1)
and,
Grn = 2Da Uy 1™ G, = 0 (3.2)

These results have the correct limit in the rest frame. In fact the covariant expression of (2.32)) as
proposed in (27|, after substituting in Hyg as given in (2.27) reduces in the rest frame to HY = —96111%.
This is in clear contradiction with (2.33) .

Further, we also claim that the relations between the various superfields and all the necessary con-

straints, which are needed to ensure that superfields contain only the physical degrees of freedom, are

given by
Do Gim = 16ikP (s V1) )a (3.3)
DaBrnp = 12(Vmn ¥p))a + 240"k ki (Y1110 V) e (3.4)
DoVp = %Gsm%% + ikmBnps(vm”p )ag — ﬁkmB”pq(%mnpq)aﬁ (3.5)
(Y™ =0 5 K™"W,5=0 ; k™Bunp=0 ; E"Gun=0 & 7™ Gpp =0 (3.6)

We shall now argue as to how to arrive at above equations. To see that equations and are the
correct covariant generalizations of the rest frame results given in [18|, we note that the 128 fermionic
degrees of freedom in the rest frame are contained in the spatial components of ¥,,3, namely in ¥,g.
Similarly, the 44 Bosonic degrees of freedom are contained in Gg,. This means that Wog, Gop and Gog
must either be zero or should be determined in terms of V.3, By, and Gy, since otherwise, we shall

need to impose further constraints on ¥,5 and G,. However, it is easy to see that due to the rest frame

31



Chapter 3 — Group theory and covariant 6 expansion of Massive superfields

constraints
(=0 . yGu=0 . when k=0 (3.7

we can’t construct ¥og and Goo in terms of ¥,z and G, consistent with rotational invariance in the
rest frame. Another way to argue this is to note that Gog, Go, and ¥gg belong to the singlet, 9 and 16
representations of SO(9) group (which is the little group in the rest frame). This means that these fields
can not be expressed as linear combinations of the existing fields ¥,3, By and Ggp, (which form 128, 84
and 44 representations respectively of SO(9)). Hence, Vg, Goo and G, must be zero in the rest fram

ie.
\Ifog =0 s Goo =0 s G()a =0 s when k% =0 (3.8)

Now, the proposed generalizations (3.1) and (3.2) can be written as

Hpyp+ 72V, =0 , ('ym)aﬂll’gl =0, Gmun— 2Da'y?£\11n)g =0, n"Gun=0 (3.9)
which can alternatively be written in terms of their spatial and temporal components as

Hoyg+T20,3=0 ,  Hog+T2Wos=0 ,  (7)*"0%+ (7)*’ ¥4 =0

Gap — 2DayP Wy =0 , Goo—2Day W5 =0 , Gog—2Day

af —
(a @ \Ila)ﬁ =0

(0
1®Gap + 0" Goo =0 (3.10)
All of these equations are identically satisfied in the rest frame by the rest frame equation given in |18

and the above equation (3.8). This means that if we think of the left hand side of the four equations in

(3.9) as tensors, then all the components of these tensors vanish in the rest frame. This means that these

3For Goa, also see the footnote .

Tt should be noted that the covariant derivative of U,,5 was not given in [18]. Hence, the equation involving Gy, in
3.10) can’t be fully derived using only the results given there. However, it easily follows from the above equations (3.5) and
(3.6]. The constraint k™ Gumn = 0 of 1| implies that Go, is identically zero in the rest frame. On the other hand, the
equation (3.5) implies that the second term of the equation involving Go. in equation is also identically zero. In fact,
using (2.31), we see that this second term is proportional to DgZoa*B in the rest frame whose result in terms of the basic
superfields was not given in [18].
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tensors must vanish identically in all the frames. This proves equations (3.1) and (3.2).

The equation (3.4) can be derived from equation (2.30)). However, this requires knowing the covariant

form for Z . It s easy to see that this is given by
1 « B n
gmna (,y[mllln}) + 4(1/kt(’)/ta )k[m\IJ 3] (311)

It reduces to the correct rest frame results given in equation and satisfies 2P Tmag = 0 as required.
By putting this expression for Z™"* in equation (2.30) and using , we precisely obtain equation .
A simple procedure to covariantize a given rest frame expression is to make use of two projectors
which serve the purpose projecting out the temporal and spatial parts of a given vector in the rest frame.
Recall in the rest frame, on-shell momentum for 1st massive states can be expressed as k = (k°, E) with
(k%2 =21 and k = 0.
Suppose one has a rest frame equation for some vector as V¢ = 0. It can be written covariantly using

the tensor

P =™ 4 KMEY PP, = P™,. (3.12)
It is quite easy to see in the rest frame,
PY =0, Pl*=0, P =y (3.13)

So this quantity is indeed a projector which projects out only the spatial part of a vector in the rest
frame. So the equation V* = 0 in rest frame can be expressed covariantly in rest frame as P™"V,, = 0.
Since we have managed expressing a covariant tensor to be zero at rest frame, it must be zero as a tensor

at all frames and therefore we have in general at any frame the following equation to be true P""V,, = 0.

Similarly to covariantize a rest frame equation which involves the temporal part, i.e. equation of form

(in rest frame) V0 = 0, we can use as a projector

P™ = o/E™E" (3.14)
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which in rest frame reduces to
PY =1 | ple—=pib_y (3.15)

Alternatively, in order to arrive at the equation (3.3)-(3.5)), we can write an ansatz with arbitrary

coefficients using the superfields, gamma matrices, Minkowski metric and momentum vector £". The
coefficients can be fixed by demanding that the ansatz reduces to the rest frame result and it is consistent
with other equations in which it appears. For instance, to obtain the relation , we expand Do W5 in
the basis of linearly independent gamma matrices using the identity . The superfields appearing in
the expansion can be fixed by using the equations of motion QV = 0 and demanding its consistency with
the solution . Similarly, the coefficients appearing in the ansatz for and can be fixed by
using equations , , and . We will discuss this particular procedure in its full glory
later in chapter [4] There we will also see how it allows a potential generalization to all higher massive

levels.

The constraints given in (3.6|) are necessary to ensure that the lowest components of the superfields
contain only the physical degrees of freedom. To see this, we note that these conditions, on the 6

independent components of superfields, imply
(V") =0 5 E™ms =0 5 Ebmnp =0 5 E"Gmun =0 & 1™ Gyn =0 (3.16)

These conditions are the momentum space version of the constraints given in (2.4) and guarantee that

Y58y Gmn and by, have the correct number of degrees of freedom, namely 128, 44 and 84 respectively.

Once the equations (3.3) - (3.6) and (2.26) - (2.29) hold, all the equations resulting from QV = 0,
namely (2.17)) - (2.23) are satisfied identically as we indicate in section The equations - (3.6)

are the equations which are needed to do the 6 expansion of the superfields completely which is done in

section [3.3]

5The equation 67 of 27| is to be contrasted with the equation (3.4)) given above. Note that the term proportional to o’
is not present in |27].
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3.2 Consistency of the proposed covariant relations with QV =0

In this section we give an outline of the proof that the relations given in section are consistent with

the equations of motion (2.17) to (2.23) and among themselves. We indicate the steps for the consistency

with equations (2.17) and (2.18). The rest of the equations can be verified in a similar fashion.

We first show that our expression for Dy By, is consistent with the two expressions of Hyg given in

equations (2.27) and (3.1). For this, we note that by putting the expression of Dg B,y from (3.4) into
the expression of H,, given in (2.27), we obtain

3 mn
Hy,, = ?(7 )aﬁDﬁans
3 mn
= ?('7 )aﬁ [12(7[7%71\1;1)])5 + 24a,ktk[m(’7|t\n\1jp])/3
= —96W,, + 24T,

= —T72W,,

In the rest frame, this matches with the corresponding result given in . If we only consider the
momentum independent term in the covariant expression of Dy By, as done in 27|, then the two ex-
pressions of Hg, do not match with each other (see also[5]). In fact the covariant expression of as
proposed in [27|, after substituting in H,g as given in reduces in the rest frame to HY = —96‘11%.

This is in clear contradiction with (2.33)

Next, on substituting and in and using (2.29) along with "W, = 0 of , we

obtain

LHS = ('Ymnpqr)aﬁ [DaBBU - ’V;UHSﬁ]
— —12(’)/Stu’7mnpqr’75t)ga‘ljua - 240‘/]{71}]{5 ('VStuernpqr’th)ga‘ljua + 72(78’7mnpqr)gﬂqjsﬂ

=0

This shows that the equation (2.17) is identically satisfied.

Next, we consider equation (2.18)). Using the expression of Cy,ppq from (2.27), expression of Hyg from
equation (3.1)), equation (3.5) and noting that the trace of product of 5 form with 1 and 3 form is zero,
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we obtain for the left hand side of (2.18)

LHS = (Ymnpgr)® [DaHsp — (7)acC%)
1 1
= i(ernpqr'Ystuvw)ﬁﬂktBuvw - §(anpqr’75’ytuvw)56kt-8uvw

=0

Hence, (2.18) is also identically satisfied.

To verify the rest of the equations resulting from QV = 0, one can follow similar steps as in the above
two cases. All one needs to use are the various gamma matrix identities and equations - ,
and - . Using these, we can show that all the remaining equations, viz. to
are satisfied identically. This establishes the consistency of our proposed relations in section with
QV =0.

Finally, we also need to verify that all the relations given in section are consistent with each other.
One way to verify this is to take the supercovariant derivative of both sides of equations —. Using
the identity , the left hand side of these equations will become proportional to a single superfield,
whereas the right hand sides will now involve the supercovariant derivatives of the superfields. The RHS
can be shown to be identical to LHS using equations - and various gamma matrix identities.
The consistency of with the equations - is also easy to verify. The consistency of our

proposed relations with @V = 0 and among themselves is therefore established.

3.3 0 Expansion

As mentioned in the previous sections, the lowest components of the superfields W, Bpypnp and Gy, are
the physical fields ¥sqa, bimnp and gm, respectively. The higher 6 components of the superfields contain
the same physical fields in a more involved manner. In this section, we shall outline the procedure to

determine the 6 expansion of these superfields in terms of the physical fields exclusively. We recall the
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key equations from previous section which we shall need below

1 ) 7
Da\Ijs = 7-Usm iy a1 mBn S mnp af T T4 Bl smn o 3.17
8 16CsmYas T 5 kmBups (V" )ap — 70k (Ysmnpq)as (3.17)
Daanp = 12(’7[mn\1’p])a + 24a'ktk[m(’y|t‘n\llp])a (3.18)
DaGom = 16ik” (s ¥pm))a (3.19)

These equations are sufficient to obtain the 6 expansion of all the superfields to all orders in 6 once we
specify the § independent components of B,,y,p, G and Wy, Intuitively, we can see how these equations
will determine the higher § components once the lowest components are specified - if we equate the #
components on both sides of these equations, we shall have #¢ components of the superfields on the right
hand side. But on the left hand side, because we have a covariant derivative D, we shall always have #t1
and =1 component of the superfield on which D, acts. Thus, the higher components can be determined

in terms of the lower components.

We denote the 6 expansion of the superfields as

16
Vs = Y Wsgaraga,0710% -0 (3.20)

n=0
16

anp = Z bmnpala?“omealeaz g (321)

n=0
16

Gmn = Y Gmnasaga,0710°% - 0o (3.22)

n=0

For each of the superfields, the fermionic and bosonic degrees of freedom occur either at even or odd 6
components only. For example in W g, the fermionic field 153 appears at even 6 components and the
bosonic fields g, and by, appear at odd 6 components respectively. In the case of B, and Gy,
the bosonic fields appear at the even # components and the fermionic field appear at odd # components.
While moving the fermionic objects such as 6% across these various components, it is helpful to keep in

mind the aforementioned points.

On substituting (3.20)-(3.22) into (3.17)-(3.19) and comparing the (£ — 1) component on both sides,

we find
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(_1)£_1 |:€ wsﬁalagu-a[ + ikT(’Vr)alazﬁbsﬁagmag

1 1 1
= [16(77”)/6’041 Ismag--op — ﬂkmbnpsaz”-az (/anp)ﬁal - mkmbnmaz--ﬂz ('Vsmnpq)ﬁoa
(3.23)
14 bmnpalagn-oag + ikr(’YT)alagbmnpagmag
= (_1)€ |:12(’Y[mn)og¢p}aa2---ag + 24alktk[m(’Y\t|n)a101/}p]0a2---a[ (3'24)
L Imnaias-ap T ikr('yr)alazgmnag---ag = (_1)Z16ikp(’)/p(s)a?wm)oazmag (325)

where, (¢ —1)=1,2,---,16.

The higher 6 components of the superfields can now be fixed using the above equations recursively.

We start with the £ = 1 component of (3.23) which fixes the O(#) component of ¥,z to be

1

7: mn
7 kmbnps(Y"P0) g — T

1
(07 R m _
wsﬁa19 (’Y 9)5 9sm 24

== Fnbupa (7, ™"9) 5 (3.26)

Next, using the fact that 1-form Yoy i symmetric in its spinor indices, the equation (3.23) gives for £ =2

1 7 7
wsﬁalageal 6 = E(Vm‘g)ﬁ gsma29a2 + ﬂkm(’ymnpe)ﬁbnpsazea2 + mkm('ys mnpqe)ﬁbnpqa29a2

(3.27)

where, we have used the fact that bynpa and gmna are Grassmann odd. They can be determined using

the £ = 1 components of equations (3.24) and (3.25) respectively as

bmnpa2 = _12(7[mn)o¢g¢p}a_24a/ktk[m(7\t|n)a;wp]a
Imnaz = _16ikp(7p(m)ag¢n)a (328)

These can be substituted in equation (3.27) to fix the O(6?) component of Wy5 completely.

At the next oder in 6, the ¥s5q, asas Will require gmnasas and bmnpasas- These can again be determined
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using equations (3.24) and (3.25) along with order 6 result (3.26).

Executing this process recursively determines all the 8 components of the superfields in terms of the
physical fields. Equation relates the ¢*" component of U3 to the (¢ — 2)t" component of Vs
and (£ — 1)”‘ components of By, and Ggp,. Equation relates the (" component of B, to the
(¢ — 2)" component of By, and (¢ — 1) component of Wys. Finally, the equation (3.25) determines
oth

component of Gy, in terms of (¢ — 2)"" component of G, and (£ — 1)** component of W,,. These

statements can be schematically represented as

DYYY s ~ DGy + D By
V4 /—
D'Bpnp ~ DU Dw g

D'Gpn ~ DU DI 4

where for any superfield V', DV = (0*D,V so that D! picks up the ¢! 9 component of the superfield

)‘9:0’
it acts on.

Furthermore, the only seed that we need to provide to these recursive relations are the zeroth compo-
nent of each of the three superfields, which by definition are the three physical fields in the massive spin
2 supermultiplet. This guarantees that by construction the 6 expansion performed using these recursion
relations will only have physical fields appearing at all orders.

For calculating any amplitude involving the massive states in pure spinor formalism, we shall need
thef expansion result of the above vertex operator. Clearly, the 6 expansion of the basic superfields
Bynp and ¥, automatically implies the 6 expansion of the full vertex operator. For our purposes, we

shall need the # expansion results of W¥,,, upto order 6% and that of B, upto order 0*. We used the
mathematica package GAMMA to do this computation [28|. Using equations (3.3), and (3.5), we
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obtain (for details, please see |19])

mn . 3 3 .
Baﬂ = ’Yaﬁ P bmnp + 12(¢p'}/mn9) + 24O/k km(¢p77n9) + g(g’ymnqe) 9pq — Z(G’yt me)ktb“np

i wvw 1.
ﬂ(QVtuvwmnpe)ktb - glks (%%ﬁ) (973tuvmnp9)

_4ZOLk’5k’tkm (O’Ytune) (@Zip%ue) —+ ’Lk‘s (e’ytmne) (djp'}/ste) + ’Lk’s (H’thne) (1/)15’}/51,0)
; 1
2k (0’7stm9) (Q;Z)n’)/tpe) — ths (e,ys'fme) (d)t’ynpe) + 64a l(e'y‘smne)(e’}/tupe)bstu
1 1
_W m(e%tu@(ﬁuw@)bstm
1
+32 (Q’YSuxH)(H’Ytacpe)bsmnktku - 76(978%9)(H’Ytacpe)bstmkukx
1
192 <9712m0)(H'VStuyznpe)bsmk‘ k
1
(9’)/uyz9)(H’ysthmnpﬁ)bstuk ky + —— 3456 (G'Ystuwzyze)(‘97vxyzmnp9)bstuk' kuyw

20K (0, 6) g —

(GVStue) (H’Ymnpe) bstu +

+ (HPYstme)(ef)/unpe)bstmk ke + —

102 192
+ 372 (9’7511719) (er)/tupe) bstu k k + (GVtuv 9) (H’stpe) bstukv km
1
T ac (975tu0) (GVUan) bstu kv km (075151) 6) (Q’Yuvpe) bstm ku kn
1 1
384 (a%fvwe) (975uvwmnp9) kugst + —= 32 (QVSung) (e%ﬁupe) ktgsm

1 1.
GZZ (H'VStuQ) (Q'Yunpe) ktgsm + 6742 (ewsmng) (G'Ytupe) kugst

_33

. /

16 (9’)/51“)9) (G’ytvpe) ktkukngsm + 0(95)

1.
+6zll (078um0) (H’thpe) kugst

(3.29)
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Similarly, the 6 expansion of the superfield ¥, is given by

\I/Sﬁ

1 1
16 144
_ikp(’}/ 9)ﬁ(¢(m’75)p0) - ka(fy p9)5(¢[37np]9) - ﬂ(’)/s pqe)ﬁkm(qunp9>

4 r i n r
_ga,kmk kjs(fymnpg)ﬂ(d)p%"ne) + %O/(’ym pg)ﬁkmk ks(97qm~‘9) 9pq

m Z mn; npqr
= Gap 15 (105 G — 511" shimbugs — T (1" 0) by

¢ mn, ¢ m
_@(7 pe)ﬁkm(gfyq[npe)gs}q - @(VSmnpqe)ﬁk (6’ant0) gqt

7
P (A™ _
96k (’7 G)B(QVPQ(SG) gm)q 1728
1

1
npq _
o (759)5(97 6’)bnpq 10368
1
————(v"0) g (0™ by b ks — ——
- 960/ <7m0)ﬁ(97qr(59)bm)rq + 9 (’Ymg)ﬁ(efynqre)knk(sbm)qr

1
56 (") km (07" 100) by KT + O(0) (3.30)

(anpe)ﬁ km (e,ytuvw nps 9) kt buvw
(Vs ™™P90) gk (6 Vtuvwnpgd ) kD"

(Ysmnpq®) k™ (07" 0)b, ki

where,

ik-X ik-X ik-X
bmnp = Emnp€ 5 9mn = Emnt y wma = €mat (331)

Using these 6 expansion results in (2.5) we get the 6 expansion of the unintegrated vertex operator.
In this form, the vertex operator can be readily used to compute scattering of massive states and also to

construct the integrated vertex for first massive states.
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Chapter 4

A general methodology for constructing

massive vertex in pure spinor formalism

In the last chapter we saw how to covariantly perform the 6 expansion of the massive unintegrated
vertex. This was achieved in particular by expressing the massive spin 2 supermultiplet in three ways
using three superfields. The defining features of these superfields lie in the fact that the zeroth component
of each of this superfields are the physical fields that constitute the massive spin 2 supermultiplet. The
seeming redundancy of introducing multiple superfields to describe the same supermultiplet was accounted
for by our proposed differential relations which are self-consistent and do not affect the BRST condition
for the vertex. These differential relations lead to a set of recursive relations which allow us to perform
the fully covariant 6 expansion. Of course, once we have the full expansion and it satisfies the consistency
check, it does not need any more justification regarding the origin of these differential relations. However,
in this chapter we will see that our results strongly hints at a much more powerful methodology based
on representation theory of SO(9) group (which is the little group for all massive states) which not only
allows us to systematically derive our proposed differential relations, but also provide us with a completely
systematic way of constructing the vertex. This in particular is of huge significance, since as discussed in
chapter , a common critique of PS formalism is its lack of a clear principle for constructing all vertex
operators.

In this chapter, we will first illustrate our methodology by re-deriving the massive unintegrated vertex
of chapterwhile simultaneously deriving our proposed differential relations. Then we will hypothesize
a generalized construction methodology for any massive vertex (unintegrated as well as integrated). As

further evidence for our hypothesized methodology, we will briefly describe its success in constructing the
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integrated vertex for the first massive states (Which was done for the first time in literature). We will
conclude by briefly discussing the case for massless states and also how to obtain the answers for closed

strings once the vertex is known for open superstrings.

4.1 A re-derivation of massive unintegrated vertex

Imagine a situation, where the construction of |18 and the rest frame analysis performed therein is not
known of. In such a case one can start constructing the vertex operator based on certain number of very
reasonable assumptions in a systematic fashion. Let us describe this in a step by step manner.

Recall, to construct a vertex, is to basically express all the superfields in terms of a single superfield

and its supercovariant derivatives such that QV = 0 is satisfied. We modify this as follows -

e We seek to express the vertex not only in terms of a single superfield and its supercovariant derivative,

but in terms of multiple superfields, without any supercovariant derivatives.

e The precise number and nature (by that we mean its index structure and grassmanality of its
zeroth component) of these superfields are fixed by requiring that zeroth component of each of these

superfields contain precisely the physical field.

anp = bmnp ) Gmn 0—0 =9dmn \I’ma 0—0 = Q,Z)ma- (41)

Promote all the on-shell conditions for the physical fields to hold true for these superfields as well.

E"ma =0 = K" Wppne =0 (7m¢(m)a =0— (Vm‘l’(m)a =0

Kby = 0 — kK™ Bnp =0, K™ grn = 0 — k™Gl = 0 (4.2)
(4.1) and (4.2) together constitutes the definitions of these superfields. We will refer these superfields
often as physical superfields.

e Next we re-express all unconstrained superfields of the vertex (2.5) and the Lagrange multiplier
superfield of equation (2.16) as a linear combination of these 3 superfields with unknown constant

co-efficients. The guiding principle behind constructing this ansatz is representation theory of the
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little group SO(9). For example, let us see how to write down the ansatz for the superfield Fy .

First, we express the superfield separately for different possible spatial and temporal index. Recall

that Fymy is antisymmetric under m < n, it gives us -

FaOa
Fomm =

Faab

Now consider the component Fy, o,, under SO(9) it can potentially transform as the following irreps
16 ® 9 = 16 & 128. We recognize the irrep 128 as the physical irrep. Similarly for F, ., it can
potentially transform as 16 ® 36 = 16 & 128 & 432. Again we recognize only 128 to be the physical
representation. Since we are after a solution of superfield for which at all stages the co-efficient should
be physical fields, we want to write an ansatz for F,,, solely in terms of the physical superfields.
The representation theory analysis tells us that there are two independent tensor structures linear
in the superfield ¥,,, (which contains the irrep 128 in its zero-th component). At this point by

simple inspection we can write down the following ansatz

Fomn = ak[m\pn]a + bks('ys[m}\pn])a (43)

where a,b € C are constants to be determined. Solving for Fi,, now reduce to solving for a and b.

e The redundancy of describing a single supermultiplet by three physical superfields suggest that
there must be relations amongst these three superfields. In particular we are after a set of relations
which relates the supercovariant derivative of bosonic superfields in terms of linear combination of
fermionic superfields and vice versa. Once again we employ representation theory to write down the

ansatz for such differential relations. Let us see how it works for D,V 3.

First we use to express
Da\I"mB = (’Ys)aﬁssm + (78tu)aﬁAmstu + (’YStm}w)aB Smstuvw (44)

Now we do similar group theoretical analysis for each of the superfields Ssm, Amste and Simstuvw-

Note that since in 10 dimensions, the gamma 5-form is self dual, only the self dual part of Sy, stuvw
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should be kept. This leads to the ansatz
DoVing = (7*)ap @ Gsm + ('YStu)a,B [dlk[thu]m + BlkmBstu] + (’Ymswv)aﬁ C1ks By (4.5)

Once again, the complex co-efficients a, a1 etc. are to be determined. In the last chapter we fixed
this co-efficients by demanding they reduce to rest frame results derived in |18]. Then we went on
to show that they lead to self-consistent relations without affecting the BRST condition QV = 0.
Here, we do not assume any prior knowledge of rest frame analysis. We fix these co-efficients by

demanding that they are

1. Consistent with QV = 0.
2. Consistent with the definitions of the physical superfields (equations (4.1) and (4.2)).

3. Consistent among themselves (self-consistency).

e All such superfields expressed in ansatz forms are substituted in QV = 0 equations (i.e. equations
(2.17)-(2.23)) and we set the co-efficients of each independent tensor structure to zero which gives
us a system of linear algebraic equations for the unknown co-efficients. Solving for the co-efficients

gives us the solution for the massive unintegrated vertex.

4.1.1 Ansatz for the vertex and the differential relations

We note that the superfields B,,,, and H,,, appearing in along with the gauge fixing conditions
satisfy the definitions of two of the three physical superfields. So instead of introducing W¥,,,, we will

work with H,,, in this chapter

Differential relations :

DaHsp = a(y™)apGms + 5107 ) apkim Brp)s + 0(Y""™ )apks Brnp + 52(¥""")apkmBnpg ~ (4.6)

('Ymnp)pUDaanp = (y™"P)P7[by ('anHp)a + b2ksKm('78an)a] (4.7)

'In fact, as we have seen both superfields are related to each other just by an overall numerical factor.
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DaGmn = dkp(’yp(mHn))a (4.8)

Consistency of these ansatz with the definition (4.2) of the superfields gives us the following equations,

by = 20'by , o= —%1 . b=0. (4.9)

Next, using the equation k™ (v,,)*? DD = —18 (see (A6)), we obtain further,
S1 = 182 b1 s ad =1. (4.10)

Superfields :

We take B,y and H,p to be the two physical superfields corresponding to irreps 84 and 128 respectively.

The rest we express in the following ansatz

Crunpg = 1K{m Bupal: (4.11)
Eo=Aq =0, (4.12)

Fomn = c2 ki Hpjo + ¢3 K (Vsim) Hn) ) as (4.13)
K™ pqr = 1K™k Bpgy) + eﬁ"}anqr]. (4.14)

1st equation of QV =0

On substituting the ansatz in (2.17)), we obtain

10
80b; — —by = —10. (4.15)
[0

47



Chapter 4 — A general methodology for constructing massive vertex in pure spinor formalism

2nd equation of QV =0

On substituting the ansatz in (2.18)), we obtain
c1=8y , € =—=51. (4.16)

3rd equation of QV =0

On substituting the ansatz in (2.19)), we obtain
12b1c1 + o +¢c3=0. (417)

4th equation of QV =0

On substituting the ansatz in (2.20), we get identically zero just based on the tensor structure of the

ansatz and it does not give any relation between the unknown co-efficients.

5th equation of QV =0

On substituting the ansatz in (2.21]), we obtain
4 + 4dicy + 8ey — 51 + 4essy + 6easy — Hbegd =0 . (4.18)

6th equation of QV =0

On substituting the ansatz in (2.22)), we once again get identically zero just based on the tensor structure

of the ansatz and it does not give any relation between the unknown co-efficients.

7th equation of QV =0

On substituting the ansatz in (2.23), we obtain
€9 = 0 s ng — 461 =0. (4.19)

All of these equations for unknown co-efficients can be uniquely solved to give the solution
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1 «
bi=- , bb=-92 | b=0
1 6 3 2 3 3 )
51:_3i ) 82:%7
1 1 )
Clzi ) = , 03_§7
7
6125 y 82:0. (420)

It is evident from the ansatz, that none of the superfields for first massive unintegrated vertex contains
44 at their zeroth component, therefore the co-efficient a and a do not get individually determined
from QV = 0 equations. This is not troubling, since the only use of G, superfield is now to perform
the covariant 6 expansions of all the physical superfields. From the structure of the recursion relations
discussed in section it is obvious that neither a nor the a enters the 6 expansion separately. Instead
they will always appear in the product aa which is already determined in equation as required by
self consistency. In chapter [3[ we fixed these by comparing with rest frame definition. However note that
the rest frame definition of Gy is not unique and can always be redefined by an overall numerical factor
(see also footnote |4] of chapter .

The solution can now be easily verified to be exactly same as that obtained in chapter |2| and the

differential relations are same as that proposed in chapterwith the following definitions H,,o, = =72V,

72
16°

and a = —4%,4 = — 3.

This method of constructing the vertex has two distinct advantages over the method described in
Chapter Firstly, the consistency of the solution with BRST condition QV = 0 is manifest and does not
need separate attention. Secondly, this method can be easily generalized for construction of unintegrated
and integrated vertex for all higher massive levels. Next we propose such a general methodology for

constructing vertex operator for any massive states.

4.2 A general method to construct massive vertex in pure spinor for-

malism

From the RNS formalism, the field content of each mass level for open superstrings are known. Suppose
in n-th mass level, there are total ng number of bosonic fields b; and ng number of fermionic fields f;

(we suppress the index structure throughout this section). To construct the unintegrated and integrated
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vertex for this mass level the following steps must be followed.

Unintegrated Vertex

e Step 1 : Introduce a superfield for each of the physical superfields such that

=fi , Vi=11)ng. (4.22)

Also elevate all kinematic conditions on the physical fields b; and f; to their respective superfields

(eg. for first mass level k" gpp = 0 — k™G = 0 and so on.)

e Step 2 : Write down the unintegrated vertex in the form V ~ > OnSn, where O, are all possible
n
conformal weight n and ghost number 1 object constructed out of I1", d,,, 90%, N™"* J A% and their

worldsheet derivatives. S, are appropriate superfields which are as of now unconstrained.

e Step 3 : Derive all the constraints relevant at conformal weight n and ghost number 1 level by taking
suitable OPEs and derivative of the identity . Introduce a Lagrange multiplier superfield K,
for each of these constraints and add them to equations obtained in QV = 0. For conformal weight
2 or greater operators, there can be additional constraints due to non-trivial OPE between the
constituent conformal operators (e.g. II"II", TI"™d,,N™"\* etc. ). One can handle them directly
by eliminating some of the basis elements in favor of the others. We give some such instances later

in this chapter. For details see [20](also see |22]).

e Step 4 : Use representation theory to write down ansatz for all superfields S, and Lagrange

multiplier superfields K, in terms of the linear combination of physical superfields.

SZosonic _ Z an)Bz’ , Sﬁermionic _ Z din)Fz ’
) 7

qu;osom’c _ Z éz(n) B; | ngrmionic _ Z ngn)E ' (423)
7 7

A" dm L d dM eC Vikn

7 7 i
e Step 5 : Also use representation theory to write down ansatz for differential relations amongst the
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physical superfields of the following form

DoF; =" sB; vi=1)np (4.24)
J

DoB; = 3WF; vi=1(1)np (4.25)
J

s ,§(-i) eCVvVi&n

RS

e Step 6 : Substitute these ansatz in QV = 0 equations subjected to the constraints and use the

consistency with the definitions of physical superfields and self-consistency to solve for all of the

unknown co-efficients. This completes the construction of the unintegrated vertex.

Integrated vertex

e Step 1 : Once the unintegrated vertex is known, write down ansatz for integrated vertex of the
form U ~ > OnT.,, where now O,, are all possible basis operators of conformal weight (n+1) and

n
ghost number zero constructed using the basic constituent operators. T;, are appropriate superfields

which are to be determined in terms of the physical superfields.

e Step 2 : Take into account all of the constraints at this conformal weight and ghost number using

similar procedure as discussed for unintegrated vertex.

e Step 3 : Use representation theory to write down ansatz for all superfields 7}, and Lagrangian

superfields in terms of the physical superfields.

e Step 4 : Substitute the ansatz in the BRST condition QU — dgV = 0 subjected to the constraints

and solve for the unknown co-efficients to obtain the solution.

This is the first time in literature to the best of our knowledge, a general super-Poincaré covariant
prescription for constructing vertex operator for massive states in pure spinor has been proposed. While
as of now a direct and explicit proof of this methodology is lacking, there are two non-trivial pieces of
evidence that suggest this methodology is correct. First is the re-derivation of the unintegrated vertex
presented in this chapter. Second is the successful application of this methodology to construct the
integrated vertex operator for the first time in [20]. The details of the construction form a part of a

separate thesis (see [22]). Here we will only state the final result for sake of completeness.
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4.3 Integrated vertex for first massive state : results

We give the following ansatz for the integrated vertex which has conformal weight = 2 and ghost number

=0,

U = :0%0°Cy: + :00"Cpy: + 1 0doE*: + : (8J)C: + : ON™Cpp -
+ """ Fp o + H"doF," 0 + (IIMNPIF, o + (" JF, o + (IIM00Ghg
+ tdadgK®P 0+ 1 d NG, 0+ i do JFY 4 1 dg00PF
+ N"™'NPIG g + NI Pyt + : N0 H g -
+ JJH: + :JOO“Hy : + : 00°00PH,p - (4.26)

The ansatz for each of these superfields using representation theory of SO(9) are,

Co = Cp=E*=C=Cupp=Fp=F"=Py,=H=H,=0

Fon = fiGmn ; Gma = 91¥ma

K = anp,B" o Hag = gg” Bunp

F = f5(3™™)® gk Bupg . Fn = ok () W

Evpg = [3Gmpkq + faBmpg ) Ggq = 927§qu}0+93kwﬁgk[pq’q}a

Hypna = ha k[mqln]a + h3kq(7q[m)a‘7\l’n}0

Gmnpg = 9akimBnipg + 95KpBgmn + 96KimGnpkq) + 97 MmpGapn) (4.27)
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As mentioned, all the basis elements obtained in QU will not be independent, they will be subjected to

the following constraints for each of which we introduce a Lagrange multiplier superfield,

(L) = :Nm"JAa:(%)aB—%:ma (s — L JON ATy = 0 (4.28)
(BF™ =« NINPXT () — & 2 NN (39)05 - of s NN 98 = 0 (429)
(L) = daN™ X5 (s — & 2 g (7)o = 5 40N 1925 = 0 (4.30)
Ly = :Hme”)\o‘:(fym)aﬁ—%:HpJ)\O‘:('y”)aﬁ—a':ﬂpa)\o‘:'ygﬁ ~ 0 (4.31)
()" = 00N X" (ym)as — 5 2 O87TX : (1) — ' 70X 7l = 0 (432)

The above 5 identities follow from taking the OPE of (2.14)) with the object of conformal weight one,

namely J, N™" d, TIP and 067 respectively. The identity which can be obtained by taking the derivative

of (2.14) is given by

1 1
(I6)5 = :ON™ X" : (Vm)apt+ : NT"OXY : (Ym)aB — 3" OJXY (V") ap — 3" JOXY 1 (V") ap

— /507N = 0 (4.33)

Apart from these, there are two more constraint identities which follow from the OPEs given in section

The OPE of d, with dg implies
a/
tdodg i + tdpda : + gaHt(%)aﬁ =0 (4.34)

Similarly, the OPE of N™" with NP? implies

a/

FNTUNPG D NPINT = [ PONT = MONT — " "PON™ M ON" (4.35)

One way to think about these two identities is to note that we are working with a given ordering of the

pure spinor variables inside the normal ordering. However, for : dndg : and : N™"NP? : there is no

preferred ordering. The above two identities (4.34) and (4.35) are a reflection of this fac

2Note that there are OPE between II"™ and II" as well as between .J and J. However, no pure spinor fields appear in
these OPE and hence they do not lead to any non trivial constraint between basis elements.
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We also need similar ansatz for the Lagrange multipliers in terms of the basic superfields. We propose

(K12 = k™ (7)) Ups

(Kg)gnnq = CQk’[m’}/%ﬁ‘Ijqﬁ + Cgkq’}/[o?f\llnm + C47¢?ﬁk‘[man],8 + c5kT7g7?Ln\IIQ5 + 66]{;7"7;);5[”1\1}”“3

+ C7krkq’y?5k[m\11n]5 + Cgkr’ygﬁnq[mllfn]g

(K3)28 = coGumn(7™)*® + c10kmBstu(v*"™) ™ + c11ks Brum (7)) + c1ks Buw (7,,°10) P
(K = c13(3)™ U + c1a(ym)* Wug + 15k ki (1) Wnp + c16K kn(3)* Wing
(K5)%m = crkpGem(77)% + c18Bmpqg(771) 5 + €10 Bpgr (1:,7") 5 + c20kmkp Bars (7717) %
(Ko = e ()"0 (1.36)

Following the steps outlined in previous section, the final form of the first massive integrated vertex

operator is obtained to be

U = II""Fpp: + I"MdoF," 0 + 100G o + I NPUE,,,

+ 1dadgKP 0 + 1 d 00°F% 0 + 1 doaNT"G?,,, 0 + 1 0000° H,p -

n

+ 00N Hppa : + - N NPIG g - (4.37)

where, the superfields appearing in (4.37)) are given in position space by

18 288
an - _JGmn 5 Fn? - F(VT)aﬁgrqlmB 5 Gma = _7\1177104
12 36 1
Finpg = (a/)zBmI)q_aa[qu}m . K= _W 'Y%éthmnp
4 48 o 192 .
Faﬁ = _J(’Ymnpq)agamBnpq ) Gfrlnn = nyman]o"i_?’yg 8Ta[m‘lln}0
2 576 144
Hop = J'Y;nﬁanmnp v Hipna = o 8[m\I’n]oz - ?aq(qu[m)aa\I’n]a
4 4 12
Ginnpg = (a/)za[mBn]pq + (a/)za[qu]mn - Ja[pa[mGn]q} (4.38)
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This completes the construction of the integrated vertex.

There are few comments in order before we move on. It is quite obvious that as one goes on to higher
and higher massive states, the tensor structures of the superfields appearing in vertex will involve more
and more indices. This can lead to a computational nightmare without a guiding principle like the one
given in this chapter based on symmetry arguments. Furthermore, in outlining the general methodology
and its successful implementation for first massive level (in both unintegrated and integrated vertex)
nowhere did we crucially make use of the mass level in question. In fact for n-th massive states only
changes are in the mass-shell condition k? = —2% and in the irreps which constitutes the higher spin
supermultiplets. The general methodology and its successful use so far has never depended on these two

details. This gives us enough confidence to propose that this general methodology is correct and we hope

to rigorously establish that fact in the future.

4.4 Massless states

At this stage, it is but only natural to wonder whether a similar strategy can work for the massless case
also. Sadly, that is not the case however. A crucial feature of our proposed differential relations hinge
on the fact that }éaﬁ{Da,Dg} x k2. For k? # 0, i.e. for massive states, this lead to the fact that our
differential relations could be inverted. For massless case however, k2 = 0 , and this methodology breaks
down. This is not worrying for two reasons. Firstly, there is only one massless supermultiplet (spin 1)
and the vertex for those states have been explicitly constructed and its covariant 6 expansion completely
determined in [4] (also see [29] and see appendix [D]for the derivation in our convention). Since there is only
1 massless supermultiplet but an infinite tower of massive supermultiplets, it is of paramount importance
that one develops a methodology for the latter. Secondly, even though the methodology outlined in this
chapter will not work for massless case, one can nonetheless construct the vertex by an ansatz. For
the massless states every superfield appearing in integrated vertex (the unintegrated vertex is rather
trivial for massless case being uniquely fixed by conformal weight and ghost number requirements) can be
expressed in terms of a single superfield A, which satisfies N = 1,d = 10 super Yang-Mills equations as a
consequence of QV = 0. The structure of the set of equations obtained from QU — dgV = 0 then is such
that each equation determines only one unknown superfield in terms of a superfield determined at the
previous equation (with the first equation determining an unknown superfield in terms of A,). This leads

to a systematic procedure for constructing the massless vertex if one so wishes. But as already discussed

95



Chapter 4 — A general methodology for constructing massive vertex in pure spinor formalism

above, this is not at all necessary for constructing the massless vertex.

4.5 Closed Superstrings

Before concluding this chapter, let us briefly comment on how one can construct the vertex for closed
superstrings once the open superstring answer is known. The idea is to use the fact that for closed
superstrings, the left moving and the right moving sector is completely decoupled. Therefore each vertex
operator can be cast into a tensor product of a left moving and a right moving sector. For heterotic
strings, the right moving sector is just the bosonic strings, for which we can use the bosonic vertex
operator already known in literature. For type II superstrings, one can use the open superstring vertex
for each sector with different labels distinguishing the right handed fields from the left handed fields and
take a tensor product. There are some minor changes expected due to change in mass level conditions
(for closed superstring n-th mass level has m? = i—’}) and also from the fact that vertex operators no
longer live only on the boundary but rather on any point of the Riemann surface. However, both these

changes can be easily accounted for by suitable redefinitions of various conformal primaries defined on

the worldsheet.
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Chapter 5

Equivalence of Pure Spinor and RNS

superstrings for first massive states

Now that we have the integrated and unintegrated vertex for massive states of open superstrings, as well
as their full § expansion, we have all the ingredients necessary to compute scattering of massive states. A
crucial question in pure spinor formalism is whether it is completely equivalent to RNS formalism? Some
progress was made in @, to answer this question (in affirmative) based on cohomology methods
(also see for relating pure spinor with Green-Schwarz formalism). For massless states, the explicit
equivalence between pure spinor and RNS formalism was firmly established in (also see , , )
Such explicit check for massive states however has been lacking so far. In this chapter we explicitly
compute all massless-massless-massive 3-point correlation function for open superstrings in pure spinor
formalism. We then directly compare the result thus obtained with the same computation done in RNS
formalism and explicitly extend the equivalence between the two formalism from massless states to the

first massive states as well. The result of this chapter first appeared in the paper .

5.1 Tree amplitude prescription in pure spinor formalism

Both minimal as well as the non minimal pure spinor formalisms give the same amplitude prescription at
tree level as we already mentioned in chapter In this section, we shall review this prescription @ In
particular, we shall focus on 3-point functions on the disk with a specific ordering of vertex operators on

the boundary. To evaluate any 3-point correlator, the knowledge of the unintegrated form of the vertex
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operator for external states is sufficient. All the amplitudes of interest in this chapter are of the form
A = (L) (5.1)

where (V1 V5V3) denotes 3-point function on the disk with a fixed ordering.

In this chapter, V3 and Vs will be taken to be unintegrated vertex operators creating massless states
(gluon or gluino) and V3 will be the unintegrated vertex operator creating a massive state (bpnp, gmn Or
Ymea). However, we must emphasize, none of the strategy that we shall outline below is particular to
this specific kind of 3-point functions. The tree-level amplitude prescription will be equally valid for any
3-point functions of open strings states (massive or massless).

Our choice of normalization of pure spinor measure is the standard one in the literature

((M°0)(M'0) (Xy"0) (07s1ub)) pgg = 1 (5.2)

The process of 3-point amplitude computation can be succinctly summarized in a series of steps that is

given below.

e Step 1: Assume a particular order of the vertex operator inserted on the disk and make use of the
OPEs between various conformal weight 1 objects to reduce the three point function to a correlation
function involving only the three superfields and three pure spinor ghost A% coming from the three
vertices. The correlation function which contains 9% terms do not contribute since they always fail
to have the correct number of 6 zero modes to give non-zero answer as required by Now perform
the 6 expansion for each of the vertex, viz. Vi, V5 and V3, explicitly. Although one can do the full ¢
expansion, but that is rendered redundant due to which states that only terms involving exactly
five Os can give a non-zero contribution. The relevant order of # expansion for each of the vertex

for a given amplitude can therefore be deduced from this consideration.

e Step 2 : From the product V;V5V3, retain only the terms which have precisely five s as all other
terms will give zero contribution trivially due to

e Step 3 : Expand the physical fields appearing in various vertices in a basis of plane waves with

'Notice that also suggests we should retain only terms with exactly three number of As. But this is automatically
ensured by the fact that by construction all unintegrated vertex in PS formalism have ghost number 1 and therefore they
each carry exactly a single factor of A\. Consequentially the product Vi V2Vs always goes as A3
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polarizations as the coefficients

! (X) = byl e

Here hgf'jﬁ’j are the constant tensor-spinor of appropriate index structure denoting the polarizations

for the physical field Hj 5 (X).

The correlation function (V1V,V3) at this stage factorizes completely into two separate correlation
functions, one involving X™ fields and the other involving pure spinor fields. These can be evaluated

independently and their result can be multiplied to obtain the final answer for a given ordering.

e step 4 : Evaluate the 3-point function on disk by the usual methodology of bosonic open strings.
Typically these correlation functions can be put into the schematic form (: 1% (@1) ., ik X(z2) .

F(OX™(23)) e*3X(#3) 1) i 1 where F(OX™(z)) = [Tox™ (z).

e Step 5 : The correlators living on pure spinor superspace can be evaluated following the list of
identities first derived in [12]30]. We list in appendix the subset of those identities that were

needed in evaluating the 3-point functions in our case.

e Step 6 : Multiply the results obtained from step 4 and step 5 to obtain the full contribution for a

given order of the 3 vertices.

Once the answer has been obtained for a given order, the final answer for all other inequivalent
orders can be readily obtained by suitable permutation of momenta and polarization labels. Since each
ordering carries different Chan-Paton factors, the full amplitude cannot be obtained by simply adding the
contribution coming from different ordering before multiplying them by Chan-Paton factors. Therefore, to
compare our result with the result obtained in RNS formalism, we shall directly compare each inequivalent

ordering separately.

While the algorithm described above is quite straightforward in principle, the growing number of terms
in 6 expansion of the vertex operators implies that the cleanest way to perform these amplitude calculations
beyond a point is to employ the help of an available computer algebra system. We used Cadabra [31,32]
which is an open source computer algebra system developed to aid in field-theoretic computations. For
our present purpose, we found Cadabra to be very useful in implementing the algorithm described above

(Cadabra was also used for amplitude computation involving massless states in [33]).
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5.2  Three point functions using pure spinor formalism

In this section, we calculate the 3-point functions involving two massless and one massive state using the
pure spinor formalism. In subsection|5.2.1} we simplify the pure spinor correlators and set up the problem

at the superfield level and in subsection[5.2.2] we evaluate the resulting correlators.

5.2.1 Simplifying 3-point correlator

Since we are only interested in the 3-point functions on the disk, the location of all the vertex operators
can be fixed and hence we only need to consider the unintegrated vertex operators. Thus, the correlator

we need to evaluate is given by
1 2 3
As = (VP @)V @)V () ) (5.3)

where, V}, 4, denotes the massive vertex operator 2.5) and V4 denotes the unintegrated vertex operator

of the massless states given byE|
Va= )\aAa (54)

The unintegrated vertex operators in (5.3) are fixed at some arbitrary locations x;. The SL(2,R) in-
variance on the disc guarantees that the 3-point function is independent of the choices of z;. Using the

expressions of the unintegrated vertex operators, the desired 3-point function is given by

Ay = <)\°‘A$)(x1))\5A(52) (2) (aepAUng + A NTCP, + TN Hypy + Nm”)\”Fomn) (x3)>

(5.5)

We have suppressed the superscript 3 from the massive superfields since there is only one massive state

and hence there is no chance of any confusion. We now manipulate each term of (5.5) one by one.

2The 6 expansion of the massless superfields in our conventions is given in appendixlE
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First Term

The first term is given by

i = (AAD (@) A AY) (22)00°77 By (3))

(7Y (X ADNT A 00PN By (e X (o0) X 2] ik X ) )

— mnp a A(NB A 2) PO .’E13C523
(v )c,p<A ADN A 962 anp> - (5.6)

where, the superfields with tilde denote the same superfields with e?*X factor stripped off. Thus, e.g.,
in thef expansion of anp, we just write the polarization tensor €mq, €mnp and e,y instead of VYima, bmnp

and g, respectively. We have also used the momentum conservation to write

‘204 ki1 kg’x ’201 ko- k3|$ |2a kiks _ xl;ilff;% (57)

<eikl-X(xl)e’ikz-X(Ig)e’ik;;-X(Ig)> ‘ﬂf 12

The T does not contribute to any of the amplitude since it does not provide the 5 zero modes of % which

is required for the non vanishing of pure spinor correlators.

Second Term

The 2nd term is given by
Ty = (AAD (@) A AY) (22)d, A7 0 (23))

To simplify this term, we use the OPE of d, with superfields to obtain

Ty = AP (@)NAY (22)d, A7 C7 (x3))
- f{ wd_wx?) A (1) AL (1) N (2) A (09 (w) X (5)CH (3))
- _il wd—wmg <)\04(x1) [a = A— x1 ] xQ)AU(x?:)C’D (373)>
w o A
+?£2 wdxg <)\a($1)A(1 x1) )\5 (x2) ' Dy i ])\0(23)6'%(3:3)> (5.8)

In going to the last line, we have unwrapped the contour to enclose the points x1 and z3. This gives a
sign. A further sign comes while moving d, across A,. The signs in front of the individual terms in the

last line are net effect of these sign factors. We now use equations (3.4),(2.27) and (D.1), the identity
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QV = %/)\O‘DQV for an arbitrary superfield V' and unwrap the contour of ). After using the on-shell

condition and the pure spinor fierz identity

a 1 o mnpqr
AN = 51 % 32fym€qur<)‘7 P )‘) (59)

we obtain (after some simplification using the gamma matrix identities)
Th=To+ T, (5.10)

where,

~ 3’i0/ 23

= YRR a7 ag A1) y\8 5(2) stuvw y \y,
I, = 64 219 |:('Ymstuv) (k3)m+4(’7tuv) (k3)s] <Aa A AB ()\"y )‘>\ij0>

3’i0/ 13

67411712 [(ymstuv)aa(kg)m + 4(7tuv)aa(k3)s] <>\6A(ﬁl)/~1<(x2) ()"VStuva)@wa> (511)

and

— _ﬂ@ stuv a J(H8 12)yo i
T = 5 By ao(ks); (X ADN AP X B )

o - - .
7ﬁ(’7m78tuv)ag(k3)s </\,BA(61))\04A£3L))\UBMU> (5.12)
x12

Third Term

The 3rd term is given by

Ty = (AW (@) AY (02) 1A Hype (23))

= j{ wd—wmg<)\O‘A¢(yl)(xl))\ﬁAg)($2)Hm(w))‘a(x3)Hm”($3>>

= — ]il wd—wx?) <,\“(:c1) [—Z’Oz/(kl)mi?)_(?} )\B(wz)A(B?) (x2))\0($3)ng(iL‘3)>

N 4@,
—j{ d </\a($1)A&1)($1)/\B(22){—i@'(lﬁ)m6(2)

w — T3 w — T

} )‘U(x3)Hm0($3)>

727;0/ ao m/ A A stuvw T,
- 5;§WMW><M>@QA@$th N ) (5.13)
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Again, in going to the 3rd equality, we have unwrapped the contour and used the OPE between II"™ and
superfields. In going to the last line, we have performed the contour integration and used the momentum

conservation and the identity (5.9).

Fourth Term

Finally, the 4th term is given by

Ty = AAD(@)N AT (@2)N™ X Fypn(23))
dw

- % m<XXA£‘1)(xl)/\ﬁAg)(x2)Nmn(w))\a(m)Famn(m»

- _il wd_wm3<[il(’sz))oz;);i(xl)}A(()})(ZUI)AB(:UQ)A(B?)(xz))\a(xg)Fgmn(xg)>

_ff;Z dw <)\"‘(a:1)A((11>(x1)[a/WM}Ag)(m)x’(azg)an(x?’)>

w — X3 4 w — X9

= ol s o i A1)\ 5(2) stuvw y \\J
= & E[(’Ymstuv) (k3)m + 4(Vtuv) (ks)s} <Aa A Aﬁ (\y /\)\I]wa>

3ia x13

ao ao (1) 3 stuvw y \,
674@[(%%%) (k) + 403000) (ke (AP AD O )T, ) (5.14)

In going to the 3rd equality, we have unwrapped the contour and used the OPE of N™" with A* whereas
in going to the 4th equality, we have used the expression of Fy, in terms of ¥y, as given in (2.27). We

note that T} is exactly minus of the Th as given in (5.11)).

Combining all the terms, we find that the total 3-point function is given by

where T, and T3 are given in equations (5.12) and (5.13)) respectively. Below, we shall give the results for

the correlators (V1V2V3) for different choices of the 2 massless and one massive external states.

5.2.2 Evaluation of correlators

The two terms T and T3 given in (5.15)) are at the superfield level. To compute some specific 3-point
function, we need to keep only the fields of interest to be non zero in the superfields. After specializing
to some specific amplitude, Az can be evaluated using the 6 expansion results given in section and

appendix [D] and the pure spinor correlators listed in appendix We use the symbolic computer
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programme Cadabra to do this calculation [31,32|. We now give the results for different 3-point correlators.

2 gluon and 1 by, ﬁeld

For this case, we have

297 132
T = ﬁem"/pe}nei(/{l)p , ngﬁem”pe}ne%(kl)p
This gives
(aab) = To+T3 = %emwe}nei(m)p (5.16)

2 gluon and 1 g,,, field

For the (aag) amplitude, we have

1 o o/
T _ =1 2 2 kl 1 kl _ 1'k‘2 2 'k’l
s = gt 4 (R (e g k) — (e A g )
30(/ Oé/ 3C¥/
T, = 2= 1 2 2 1y = 1 2 1 1 Ot 2 1 1. .71
s = ke g k) — (e g )+ e ke g k1)

This gives,

(aag) = To+Ty

= —% [2d/(e! - k) (e* - g- k') +2d/(e* - k') (e' - g - k*) —2d/(er - e*) (k' - g- k) + (¢! - g €?)]

(5.17)

2 gluino and 1 by,,, field

For the (xxb) amplitude, we have

1

23 _
18144

= 11340 (51’7mnp£2)emnp , T3

2 (glvmnp§2)emnp

3This amplitude was also considered in 27|. As already comented, the 6 expansion results of that paper are in conflict
with the rest frame analysis done [18|. Furthermore, this amplitude was determined only upto kinematic factors without the
overall normalization. This particular amplitude, due to polarization condition can be easily seen to have a unique kinematic
factor, therefore it is the overall normalization which is of the crucial importance and which was not calculated in [27].
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This gives

1
xxb) = Ta+T3 = @(évm”p@)emm (5.18)

2 gluino and 1 g, field

For the (xxg) amplitude, we have
.
i
=0 , 15 = %(gl'fngz)gmnk?
This gives,
i/ 1. m¢g2 n
Ooxg) = T+ Ty = 5 (€9 ) emnky (5.19)

1 gluon, 1 gluino and 1 ,,, field

In this case, since all the external states are different, the two orderings (axw) and (xaw) are different.

We give the result for both cases. For the (axi)) correlator, we have

9
T = 761 (§ ¢m) - ma (f wn)( kQ)kn - ma (‘52'7mn¢p)egn ?ké’
Ty = e () — oo (€%n) (- KRG — -0 () KRS
ST 105 Y T 91 n 27 @S Tmn¥p)Cr R

This gives

(axy) = To+T;3

1
= 2 [er(€um) — 20/(€n) (e - KRS — o (Pmatty)el KT (5.20)
On the other hand, for the (xa) correlator, we have

13 = (f 77bm) ~ 510 (5 1/}71)( 2. kl)k (5 an%) gnkgk;f

210 140
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This gives

(xay) = Tr+1T3

= %[eén(ilwm) - 2@’(§1¢n)(62 . kl)k? — a/(fl’)/mnwp)eénkgkﬂ (5,21)

3 massless fields

For comparing the pure spinor results with the corresponding RNS results, we also need the massless

amplitudes. For (aaa) correlator, the pure spinor calculation gives the following result in our conventions
(aaa) = — [(e'-€)(e* k') + (e -e®)(e* - k?) + (e - e®)(e! - k?)] (5.22)
On the other hand, for the (axx) correlator, we get

1 m
<aXX> = %( 2’7 X3)€71n~ (5-23)

From the explicit expression of all massless-massless-massive amplitudes obtained in this section,
we observe that all such 3-point functions are symmetric under a change of cyclic order. Therefore
the inclusion of Chan-Paton factors (denoted by ¢¢, t* t¢) will make the full amplitude proportional to
Tr(t®, {t*,t°}). Compare this with the 3-point functions involving all massless states, which are antisym-
metric under a change of cyclic order and therefore after taking into account the Chan-Paton factors,
the final answer becomes proportional to Tr(t%, [tb, t¢]). Another point to note is that all the amplitudes
considered in this section are invariant under the gauge transformations ¢! — e + k*. We now turn to

comparing the RNS and PS results.

5.3 Comparing pure spinor and the RNS results

By comparing the pure spinor results given above with the corresponding RNS results given in appendix
1} we see that the tensor structures of the 3-point functions match perfectly. Moreover the relative
coefficients of the various terms in the correlators (aag) and (axw) which have more than one terms,

also match exactly. This is a non trivial test. We shall now show that the overall numerical factors (i.e.
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Correlator RNS PsS
(aaa) —gaV2a 0
(axx) 59a9% e
(aab) 692020’ | %
{(xxb) — 5599 5%
(aag) ~0adg 50
(xx9) Valglg, .
(axy) ~1 g9y | 5
(xay) ~ 1 90 | 5

normalizations) of the different 3-point functions in pure spinor and RNS are also in perfect agreement

with each other.

We have denoted the overall normalization of the vertex operators in the RNS calculations relative
to those in PS calculations by gq, gy etc. (see appendix . For example, if Ngys and Npg denote
the normalizations of the gluon vertex operator in the RNS and PS respectively, then for the (V,V,V,)

correlator, we have (denoting V = N'V)
(Nps)* (VaVaVa) ps = WNans)* (VaVaVa) rivs (5.24)

From this, it is clear that only the relative normalization between RNS and PS vertex operators have any

physical significance. To exploit this fact, we define
Nens = ga Nps (5.25)

In our calculations, we have set the overall normalization of the PS vertex operators to be 1 and kept the

relative normalization factor g,, g, etc. to be in the RNS vertex operators.

With the above convention, the overall RNS and the pure spinor numerical factors for each correlator
is given in the table above. By comparing the RNS and pure spinor numerical factors for (aaa) and (axx),

we find

—i 5 V2

3 _ —
0 = s - = g (5.26)

67



Chapter 5 — Equivalence of Pure Spinor and RNS superstrings for first massive states

In terms of g, and gy, the numerical factors for (aab), (aag) and (axy) give

) 1 V2
_ 7 _ . —__vZ 5.27
= To0vea g2 99780 g2 P TR0/ gagy (5.27)

The above values of gy, g, and gy agree perfectly with the value obtained using (xxb), (xxg) and (xa)
correlators. This is a non trivial consistency check.
This explicitly demonstrates the equivalence of pure spinor and RNS formalism for first massive states

of open superstrings.

68



Chapter 6

Summary of the past and Dreams for

the future

6.1 Lessons learnt

Pure spinor formalism, since its inception at the beginning of this century, has experienced plenty of
success for massless states. Since the massless states typically enjoy a large amount of protection from
supersymmetry, this can somehow mislead a reader into thinking that pure spinor formalism works best
only for massless states. The central theme of this thesis has been to persuade its reader of the usefulness
of pure spinor formalism even for massive states. This was done by first developing a systematic way
of addressing the question of vertex operator construction in pure spinor formalism. This methodology
was explicitly applied to re-derive the unintegrated vertex for first massive states and further lead to
construction of the corresponding integrated vertex for the first time. This methodology also gave us a
way of performing the fully covariant 6 expansion of both vertices solely in terms of physical fields for the
first time. With both these advances one finally had all the ingredients necessary to compute scattering
of massive states in pure spinor formulation.

In particular, explicit computation of all massless-massless-massive amplitudes in pure spinor allowed
us to conclusively extend the equivalence of PS and RNS formalism for open superstrings to include the
first massive states as well. This result is of great significance since these massive states are not protected
by any supersymmetry and therefore should dispel any remaining doubt regarding validity of pure spinor
formalism for massive states. The fact that none of our methodology was crucially hinged on the mass

level in question also strongly hints at the fact that both RNS and PS formalism are equivalent and a
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proof may not be in that distant future.

6.2 Looking forward

There are many new questions to consider based on the results of this thesis. Here we summarize a few
of them.

Firstly, we would like to subject our general methodology to one more explicit test by constructing
the unintegrated vertex operator for 2nd massive level. This should be reasonably straightforward in
practice, albeit computationally a bit more challenging. The success of this construction should provide
us with a “physicist’s proof” of our general methodology and its validity for all higher massive states.

We would also like to explicitly test our integrated vertex operator by using it to evaluate some
amplitude which can be compared then with the RNS answer. For this purpose, we can choose to
compute 1-loop mass renormalization for first massive states of SO(32) heterotic string theory ( [34]).
The RNS result was obtained in (35|, [36|. The reason behind choosing this particular problem is two-fold.
One, this amplitude will also allow us to test the construction for closed superstrings. Two, we will like
to use the insight gained for on-shell vertex to devise an off-shell amplitude prescription for pure spinor
formalism (A closed string field theory for pure spinor formalism in some sense). This will allow us to
compute the 2-loop mass renormalization which seems extremely challenging to do by RNS formalism.

It will also be very interesting to see our methodology adapted to construct vertex operators in AdSs x
S® background. The massless vertex operators are already known in terms of superfields (unintegrated
in [37], integrated in [38]). We would like to extend the construction for massive states as well. This can
have potentially important implications for detailed study of the conjectured AdS/CFT duality in [39].

The integrated vertex can also be obtained by making use of the b-ghost. From a pragmatic viewpoint
this is discouraged since the b-ghost in non-minimal formalism is highly singular (at A* = 0) and the
resulting vertex is essentially impotent in computing scattering amplitude. However, there has always been
a suggestion that it is possible to find a more regulated b-ghost (see [8], also [40]). While this regulated
b-ghost is not essential by any means to construct integrated vertex, it is absolutely indispensable to
propose a more regulated and well behaved loop amplitude prescription (especially for higher loops, in
principle for all loop order). A direct comparison of massive vertex constructed using b-ghost and the
way outlined here must differ only by a BRST exact term ~ @Q€). A comparison of this two method of

obtaining the vertex may potentially suggest a less singular form of the composite b-ghost operator in
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pure spinor formalism.

It is often quoted, usually attributed to a generic wise person in human history, that every answered
question raises a hundred more. However, in light of finitude of human capacity, especially that of the
author of this thesis, we can assert that while it is good to look ahead into the unknown horizons once
in a while, it seldom serves one well to keep staring too far into the future. The line must be drawn
somewhere, so that a finished work can be celebrated and more importantly new unborn works can be

brought into the light.
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Appendix A

Summary of conventions

In this appendix, we give a summary of the notations and conventions we have used in this thesis.

e Our (anti)symmetrization convention is as follows

1
Anti-symmetrization plmamal = — (I L all permutations )
n!

| =

Symmetrization Tlmi-mn) — —(T™1-Mn 4 ]l permutations)

|

=

e All antisymmetric products of gamma matrices are defined as

mi.mp — A[mi...,mp]

Y Y

Anti-symmetrized product of p gamma matrices is sometimes referred to as p-form.

e Our convention for super-covariant derivative is

D, =0,+ (vm)w@ﬁ@m; where 9, = %

Therefore, the Clifford identity of gamma matrices implies
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In momentum space, this implies for the first massive state

161
K™ (Ym) ™ Do Dg = 16 K™k = —— (A.6)

a/

e All normal ordering of products of operators are considered to be generalized normal ordering defined

as follows-

:AB: (2) = 1?4 dw A(w)B(z), For any two operators A and B. (A.7)

w—z

A.1 Useful identities involving gamma matrices in d=10

In this appendix, we write down the list of gamma matrix identities that were used in our calculations.
A useful reference for the more exhaustive list is [41]. Most of the manipulations involving the gamma

matrices were done with the help of the Mathematica package Gamma [28|.

We work solely with 16 x 16 gamma matrices in d = 10. These are the off-diagonal elements of the

32 x 32 gamma matrices I'"* matrices satisfying
{I™, I} = 21" I32x32

More specifically,

e Spinor index structure of various gamma matrices

Following is the spinor index structure for various antisymmetric products of gamma matrices

(ML @ or (ymem ) g forn =0,2,4,6,8,10

(lemn)aﬁ or (,lemn)aﬁ for n —= 1737577,9
e Hodge duals
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For 10 dimensional 16 x 16 gamma matrices, the hodge duality is more than mere duality. It turns

out to be an equality. We summarize them below

oY = (10—1zn)!(_1)(n+1)6m1'"mznplmpw_%(%---pmzn)aﬁ

O = _(10—12n)!(_1)(”“)6m1‘“m2"p1“‘p1°2"(7p1...pm_2n)f
() = e (AT )00

(T gy = e (LI

where, €1 ig the 10 dimensional epsilon tensor defined as

€1..9=1 — 601'“92—1

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

Due to the above dualities, we only take ~™1 7172 AMLM2M3 - AMIM2MIMA g ~MIM2MIMAMS glong

with the identity matrix I;gx16 as the linearly independent basis elements for vector spaces of 16 x 16

complex matrices.

e Symmetry property of gamma matrices under exchange of Spinor indices

") = (Y")ga : Symmetric

: Anti-Symmetric

(ymamams) g = —(y"MM) g, : Anti-Symmetric
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m1m2m3m4)cx

(v

( mi1mamsmy )5a : Symmetric (A.16)

(yMRAMEMATS ) o = (yMM2mEMATS ) o : Symmetric (A.17)

For 1, 3 and 5 forms, the same (anti) symmetry properties hold when the spinor indices are upstairs.

e Various Gamma Traces

(yMtemye = 0 for n=24,6,8 (A.18)
(ymrm)e = 16 M0 (A.19)
(V™ap(1)™™ = 1647 (A.20)
(Y™ 5 (Y )P = 16n) G0 1662 €™M form € odd,  (A.21)
the second term contributes only when n = 5.
(le“'m")ag(%n...pl)ﬁa = 16n!, ", for n € even (A.22)
e Bi-Spinor decomposition
Any Bi-spinor T;,3 can be decomposed as
Taﬂ = tm('}/m)aﬂ + tmnp(')/mnp)oaﬂ + tmnpgr (,ymnpqr)aﬁ (A23)
where, for r =1, 3, 5
1 B
tmy..m, = W('Ymu-mr) Top (A.24)

or r = 5, the RHS should be multiplied by an extra factor of %
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Similarly, a tensor-spinor 1% can be decomposed as

% = 8% + (1) % + (77,

where, for r = 2,4

1
tmy..m, = W('}’my--mr)aﬁ Taﬁ

e Tensor index contracted identities involving gamma matrices

(Y™") % (ymn)”y = 4(7"™) A (ym)* — 20505 — 83365

(’Ymn)aﬁ(’)/mnp)p)\ = Q(Vm)ap(’Ypm))\B + G(VP)QPC% - (p e )‘)

(mn) 5 (Y™™ )ox = =2(ym)sa(¥7")%, +6(1") a0, — (p <> A)

(V) P (Y)Y = 12[(3m) (V™) = (3m) ¥ (™)

() 22 (7P 3, = 48(3585 — 63:65)

7

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)
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Appendix B

Some pure spinor results

In this appendix, we note some pure spinor results which are used in this work.

B.0.1 Pure spinor superspace identities

While computing the scattering amplitudes in pure spinor formalism, the last step requires evaluation
of integration over the zero modes of A* and 8%. Due to the pure spinor constraints and the symmetry
properties of 8% and A%, there are only a finite number of these basic pure spinor correlators which are
non zero. Below, we list those pure spinor correlators which are used in this note (see [12] for a complete

list, also [30])

1

(W) (A"8) ("0 (67s1u6)) = 550" (B.1)
1 .
(AP 0) M) (A7) (0s00)) = =507, 07, (B.2)
(0™ 8) 3o ) Oy ) O 0)) = ——olprar — L emmwar (B.3)

42 Stvvw 504()

1

280
1

[msn _p][rss st [rss , t][m sn sp)

+—140 [5q O (51,510} Og 07,1 5115741]}

1 6q7rm;m”stuvw (B4)

8400

[nggun 3 a7 521 — g0 8710 7361

w]

((Ag0) (M PO) (M0) (07uvt)) =
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(O™ 0) (1) (X1 0) ()
_ 1 mnpqr 1 ll
= 120° ghijk <3577 0

1
L v[mgn P r

[s

h
[s

]2

81 1u] (w620

80

[m on op
2500 000

K2
yl 35

52 r] sv

[
5[5

17 [w”z “y]

96?

9

55

[w

k
ff} Yl

)

(B.5)



Appendix C

RNS results

In this section, we summarize the results of the 3-point functions involving two massless and one massive
states computed using the RNS formalism. In subsection[C.0.1] we state our conventions and in subsection

C.0.2] we give the results of 3-point computations. A useful reference for this section is 42| (also see [43])

C.0.1 Conventions for RNS calculations

Due to the picture number anomaly on a genus g Riemann surface, a non vanishing RNS correlator must
have the picture number 2g — 2. This is ensured by working with vertex operators in appropriate picture
number and the insertions of appropriate number of picture changing operators (PCOs). For the 3-point
functions on Riemann sphere, we can avoid the insertions of PCOs by working with vertex operators of
the appropriate picture number so that the total picture number adds up to —2 (which is the picture

number anomaly on Riemann sphere).

We start by writing down the vertex operators for the massless states in various picture numbers. The

gluon vertex operator in the —1 and 0 picture numbers is given by

V(_l) (x) = (gq 6mwm($)e—¢(z)eik~X(z)

VO(x) = \/%em(iaXm(x)—l—2a’kn¢"(x)¢m(x)>eik'x(z) (C.1)

The gluino vertex operator in the —1/2 picture number is given by

Vi) = gy €Sl RN (€2
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The polarization vectors of the gluon and gluino satisfy the transversality conditions
emk™ =0 5“72%]{:7,1 =0 (C.3)

Now, we turn to the vertex operators for the first massive states [44}/45]. The vertex operators for the

anti-symmetric 3-form field by, in the picture numbers —1 and 0 are given by
V(@) = g emnpt™ (@)" (@) ()00 kX
VO®2) = gvV20/ ey (%ax%%ﬂ Ry ) e X (o) (C.4)
The vertex operators for the symmetric traceless massive graviton field g,,, are given by

V(fl)(l’) = \/%6mniaXm(aj)¢n(g;)6*¢>($)eik-X(x)

1 .
‘/;J(O)(QJ) = Yg €mn (Ta/laXmZ@X” T oYmam +i8kap@Z)pz,b”)eZk'X (C.5)

Finally, the vertex operators for the massive gravitino field 1, in the —1/2 picture number is given by

-1/2 9 o, m o m.n Ja - ik-
Vi) = T (ERi0X™ = e kak? ) Sae O X (2) (C-6)

The polarization vectors of the 1st massive states satisfy the conditions
K™ emnp = k™ emn = k"¢ =0 (C.7)
For comparison with PS result, it is useful to parametrize the massive tensor spinor &, as
€8 = —8a5, ;K K"ps = Pasht =0 (C8)

We now turn to the OPEs and correlation functions of the worldsheet matter and ghost sector fields.

The important correlators of the open string X™ fields are given by

<H€ikj'x(yj)> = [T Iy — gl (C.9)
j=1

1<j
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q n p m m;
(=1 j=1 1= =2

1=

£33
i 20/ k" P o
+y —t OX™ (w etk X () C.10
et (wl — yﬂ) <£112 ( Z)]]l ( )

This can be evaluated recursively using (C.9). We shall encounter the situation where some w, may

coincide with some y;. E.g., we shall need the following correlator

™ = <eik1~X(z1)eik2~X(zg)aX’n’L (Zg)eik3~X(23)>

_ % dw <€ik1-X(zl)eikg~X(z2)€ik3-X(Z3)aXm(w)>

w — z3

21’k 21k
_ < 1 + 2 > |212‘2a’k1~k2|Z23|2a’k2~k3|213|20¢’k1~k3 (C.ll)
213 223

In going to the 2nd line, we have used the definition of the normal ordering (1.13) and in going to the
3rd line, we have used (C.10) for ¢ =1 and n = 3.

Similarly, we also need

<eik‘l-X(z1)eikz~X(22)iaXp(Zs)ian(Z3)eik3~X(Z3)>

kY (kT kd kY (kY kd / ' /
- 4(0/)2 |:1 <1 + 2) 4+ 2 (1 + 2>:| ‘212’20( k1~k2|223|2a kz-k3|213‘2a k1-ks3

213 \ %13 223 223 \ (%13 223

Next, we consider the worldsheet correlators involving the ¢™ fields

<H¢mi(yi)> = Z(—l)j(wnflj_<nwmf(ye)> (C.12)

i=1 =2 y1=95) o
(]

This expression can also be evaluated recursively. In the final step, the two point function can be evaluated

by using the OPE

mn

Ui
z—w

PPt (w) = (C.13)

Next, we consider the ghost sector. The basic correlator involving the reparametrization ghost c¢(x) is
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given by
(c(z1)c(za)e(zs)) = 12223713 (C.14)

The basic correlator involving the bosonized ghost field ¢(z) is given by

n n 1 n
(= — . _
([T - Mg+ w2 (©15)
k=1 k=1

k<t

Finally, we consider the spin fields. The basic OPEs involving the spin fields are given by (a consistent

set of these OPEs can be found in [46|)

(ﬁm)dﬁgﬁew(w)/?

() S (w)e—HW/2 — e (C.16)
Y ()55 (w)e N2 ”%BZS_BZ;(Z/Z.-- (©17)
Su(2)e= /288 (1)e30(w)/2 = Cm (C.18)

Sa(2)e /285 (w)e9w)/? = (ymC );gzii(”;?)edm) 4. (C.19)

Ion(2)e D) S (w)e—¢W/2 = (%)a@iiw)e:"(“’w L (C.20)

() Salw) = —W R (C21)

Using the above OPEs, we can work out the following useful correlators which are needed in our calcula-
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tions

’Ymc)aﬁ

wm(ml)e—qb(wl)ga(m)e—qb(xz)/?SB($3)e—¢(z3)/2> - ( (C.22)
\/§Z12213Z23
56<1/}m($1)e—¢(wl)Sa(m2)€—¢(ﬂﬁ2)/2wq(:Eg)wp(m?))vffasg(x3)6—¢($3)/2>: w (C.23)
! ? \/52'%32%3

C.0.2 3-point functions

We are now ready to give the results of 3-point functions of two massless and one massive field (for

the computation of 3-point functions of states in leading Regge trajectory in RNS, see [47|). These are

straightforward to evaluate using the vertex operators and the correlators given in the previous subsection.

Hence, we just state the final results below. For our calculations, we shall take the bosonic massless and

massive fields to be either in the —1 or 0 picture numbers. On the other hand, the fermionic massless

or massive fields will always be taken in the —1/2 picture. The picture numbers will be shown by a
superscript on the vertex operators inside correlators. Thus, the 3-point amplitudes are given by

1 2 3

Az = { e(x) Vi (@1)e(@) VD (@2)e(z3) Vo (a5) ) (C.24)

We start by considering the 3-point functions involving all massless fields. The two possible correlators

in this case are (aaa) and (axy). Using the worldsheet correlators given above, these 3-point functions

can be evaluated to be

(aaa) = (elzn) Vi (@1)elaa) Vi (w)e(as) Vi (xs) )

= —gi\/ﬂ[(el e (e kN 4 (el e (e BP) + (e - ¥ (el - K?) (C.25)

As an amplitude this vanishes on summing (k; <> k2) term if the gauge group is abelian.

Similarly, the axx correlator can be worked out to be

(@) = eV @)elan) V2 @o)olas) V2 (a3))

= \}igagiein (527m063) (C.26)
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Again, for the abelian gauge group, the corresponding amplitude vanishes.

Next, we consider the two massless and one massive field. We start with two gluons and one by,

field

(aah) = (ela)ViD (@)el) VD @a)e(as) V. (23))

= 6gagpV20ep, € emnpht (C.27)

Next, we consider the 3-point function of two gluons and one massive ¢, field which is given by

(aag) = (el)Vi @r)e(en)Vi (w)e(ws) VO @s))
/omn 1

_ 2 2 Pr.q . 1.2 112, ppm 1,12 my.p
= —9.99 [204 N emenepgki ki + epeqepg + 2a' e epepgkiky’ — 2 e er epgky k:l]

(C.28)

Next, we include gluino and consider the (xxb) and (xxg) correlators which can be worked out to be

o) = (e @)e(e) V2 @o)elas) Ve ()

1 2 1 n 2
—ﬁgxgb(ﬁ " CET ) emnp (C.29)

and,

{(xx9) (c(z1) VY2 (1) e(@2) VYD (@) e(as) VI (x3))

= Vg2 ggemn (€9 CEET (C.30)

Finally, we consider the massive fermion. The two different 3-point functions with one massive fermion

and two massless fields are (axv) and (xat) which are given by

ax) = (cla)Vi D @)el@)Vi VD @)e(ws) Vi () )

160/ a _ _ : o m o = ; a = e
= —Wgagxgw [_aleg)f(Q)kgszqu(’Ymp)’B;,C o — 20/ k35 eg)ﬁ(g)qucﬁa + e%)f(Q)pdea

(C.31)
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and,

(av) = (ela) VT @)e(en) VD (@)e(as) VT (22) )

160/ a _ _ : o m a = : a = o
_7\/5 9a9x 9y {—a'efﬁ)é(l)k%gﬂq@(Vmp)BdC o — 20'k{k] eg)g(l)pq[_}cﬁa + 61(73,)5(1)Pm(70a
(C.32)

To compare the results involving the fermionic fields with the PS results, we need to first convert the
RNS gamma matrix conventions into the PS gamma matrix conventions. This mainly involves setting

the charge conjugation matrix to be the Kronecker delta 6“5 which implies (for details, see e.g., [42}|43])

(Y"Cag =70, (AmO) =422 (Y™PC)ag = (Y""™)ag (C.33)

and so on.
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Appendix D

6 expansion of massless vertex operator

6 expansion of the massless vertex operator is known and has been extensively used in the literature (see,
e.g., |15]). However, some of our conventions (e.g., equation ) are different from the literature in
which thef expansion of massless vertex operator is used. Below, we derive the results in our convention
briefly indicating the steps. We start by recalling the N' =1 SYM equations in 10 dimensions [48| (see
also 49|, [50]).

N =1 SYM equations in 10 dimensions

In 10 dimensions, the open string massless states are described by the 10 dimensional N/ = 1 super Yang

Mills equations. The field strengths describing the theory are given by
Faﬁ = {voca vﬁ} - 2’7@%vm ) Fozm = [von Vm] = _Fma y an = [vma Vn]

where Vi, = 0 + Ay, Vo = Do + Aq and D, is defined in (1.16).

The 10 dimensional Yang-Mills equations of motion follow from

Fo,3=0 - DaAﬁ + DﬂAa = 2’)’0%14771 (D.l)
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Using this along with the Bianchi identities, we obtain the following equations at linearized level

1

Fro = (Ym)agW’ , D W8 = —5(7’””)&5% = D W*=0
Daan = am(Pan)a - 8n(7mw)a ) DaAm - _’YZIBW/B + amAa
OF™ = 0 , Amo,W’=0 (D.2)

Further, the superfields A,,, W and F,,, can be expressed as

Am = % %BDaAB ) an = 8mAn - anAm
e 1 m\«
we = —0" Y(Dp A — 0nAp) (D-3)

N =1 SYM equations from pure spinor formalism

The pure spinor formalism gives the A/ = 1 SYM equations through its BRST equations of motion. To
obtain the correct normalization of the superfields, we derive these equations using the BRST equation
of motion QU = drV and match with the equations given above. At the massless level, the unintegrated
vertex operator is constructed from the ghost number 1 and conformal weight 0 objects. The most general
object with this property has the form V = A“A,. Similarly, the most general integrated vertex operator

has the form

U=00%Ay +TI" A, + dg W + N™E,,,, (D.4)

Using the OPEs given in section we obtain

! !
Q(99°4,) = —%80”)\3D5Aa + %8)\°‘Aa
/ !
QUMA,) = %Hm)\aDaAm n %aa%ﬂAmﬁﬁ
~ / _ / ~ N2 ~
Q(da W) = —%daxﬁ’pﬁwa - %Hmvw%g}g + m;aAaamW%glﬁ
mn - o mn S [ o BT mn\ya (0/)2 « n mn\ 3
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We also have,

Or(A\"An) = ON*Ay + A\"0Aq

= ONAy + 00PN DA, + 21D, Ay (D.5)
where we have used the pure spinor open string identity
Or = 00D, + 2110y, (D.6)
The BRST equation of motion gives,

0 = QU — &RV

/ / / /
— 90°N° (—%DBAQ — DoAg + %Amv(%)+ Hm)\o‘<%DaAm - %Wﬁy(% - 28mAa>

O[, - a/ - a/ ~
+ do )\ <—5DBW" . Zan('ym”)O‘5> + NN Dy

« o 4 (0/)2 T B8.m (a/)2 n mn\ 3
+ N (G Aa + 50 W = 5 Ds By o = Aa) (D.7)

To match these equations with the 10 dimensional SYM equations, we rescale the fields as

After this rescaling, the BRST equation gives

1
DgAq + DoAp =2An0s . Dadm=-WOATs+0nda . DgW* = _ian(ym")ﬁa

1
— 0 Wiyl = zDﬁan(fym")’Ba , N™NDgFpn =0

The first 4 equations are precisely satisfied by the 10 dimensional A' = 1 SYM equations given in appendix

@Whereas the last equation is satisfied by the pure spinor constraint. The correctly normalized vertex
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operators of the massless states in our conventions thus become

V = X4,
2 4 4 4
(6% (6% (6 (0%
4 1 « m « mn
= (00" 4a + I Ay — da W + Ny, (D.9)
«

Theta expansion of massless superfields

Finally, we turn to the 6 expansion. We shall follow the steps outlined in [29]. We shall need the following

equations for doing the 6 expansion

DoAg + DgAa =2457%5 . DaApm = —WPT + 0, A,
1
DgW* = =2 Fn(Y"™) 5", Foun = OmAn = 3 A, (D.10)

Before proceeding to do thef expansion, we need to fix a gauge. We shall choose the gauge 6%A, = 0. In

this gauge choice, we have
0= DB(QQAQ) = Aﬁ — QQDBAQ - AB = QaDﬁAa (D.ll)

Now, multiplying by 67 in the 1st equation and by % in the 2nd and 3rd equations of (D.10) and using

the above identity along with the gauge choice 6%A,, = 0, we obtain
1
(1+D)A, = 24,(Y"0)0a , DA, =—-0yv,W) , DW= §an(7mn9)a (D.12)

where we have defined D = %D, = 040,,.

We can use the above 3 equations along with the 4th equation of (D.10) to do thef expansion. If we

denote the /" order component of the superfield M by M, then we have

MO =my, 00 =  DM®O =y MO (D.13)
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Using this, the 3 equations of (D.12) and the 4th equation of (D.10) give the following recursive relations

1+0AD = 24D (ymg), =  AO = 24D (ymg),

o T 1 +€ m
CAD = (g W) 4D = _%(gymww—l))
a 1 l—1) (,mnp\a @ 1 mnpg\a (f—1)
FO = 9,40 — 5,40 (D.14)
Denoting thef independent components of the superfields A,, and W¢ to be
AV =g, | W) = x* (D.15)

the above recursive relations give

1

2 1
Ae = am(yY"0)a — 5(7m9)a(97m><) - g(’yme)a(efympqe)qu 15

(1m8) (07, X) (07 ™P90) kg + - - -

1 1 1
Am = am — (Oymx) — Z(H'Ymnpe)fnp - 8(97m7pq9)(07[m8n]X) + 478(9’7m7rn9)(97npq9)87“qu +-

(D.16)
where fin, = Oman — Onay, and the plane wave expansion of the gluon and gluino are given by

ay = eme™X , x* = faeik'X (D.17)
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