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1 Introduction

Quantization of a relativistic string in a D-dimensional Minkowski background space-
time is problematic unless D is the critical dimension (D = 26 for the Nambu-Goto
string and D = 10 for superstrings). The difficulty is seen most clearly in the light-
cone gauge, which removes all but the physical degrees of freedom that are present
classically; this ensures unitarity but quantum anomalies then break Lorentz invari-
ance in any (generic) non-critical dimension [I] (see also [2], and [3] for a recent de-
tailed computation). A corollary is that Lorentz-covariant quantization in a (generic)
non-critical dimension can lead to a unitary theory only if it introduces one or more
additional variables that are not present classically. In fact, this option is available
only in sub-critical dimensions and it has not yet proved useful for D > 2 (see e.g. [4]).

These problems with non-critical string theories are well-known except for the
qualification “generic”, which refers to an exception that we exploited in an ear-
lier paper [5] to which the present paper is a sequel: light-cone gauge quantization
preserves Lorentz invariance not only in the critical dimension but also for D = 3
(3D), trivially for the Nambu-Goto strin. The light-cone gauge quantization of
the 3D Nambu-Goto closed string was carried out in [5] and it was confirmed that
Lorentz invariance is preserved in the quantum theory, without the need for any addi-
tional variables not present classically. Quantum consistency is not completely trivial,
however, because the absence of tachyons imposes an upper bound on the intercept
parameter, corresponding to a lower bound on the eigenvalues of the mass-squared
operator. It was also noted in [5] that the low-lying states of non-zero spin appear
in parity doublets. Here we prove that this was no coincidence: the quantum theory
preserves parity as well as Lorentz invariance.

The 3D Nambu-Goto closed string is sufficiently simple that one can easily de-
termine the Lorentz representations of the states in low-lying levels explicitly (rather
than having to rely on implicit arguments based on matching degeneracies to dimen-
sions of Lorentz representations). The spin of the states in levels 2 and 3 was found
to depend on the intercept parameter, not surprisingly but there is no choice of this
parameter for which the spins in both these levels are either integral or half-integral;
in other words, the spectrum contains anyon.

We also observed in [5] that the spectrum contains irrational spins for a generic
allowed choice of the intercept parameter. Here we further show, by computation
of the spectrum at level 4, that some states necessarily have irrational spin. This
result is significant because it implies that the Lorentz group of the quantum 3D

!This was pointed out at the May 2010 Solvay workshop on “Symmetries and Dualities in Grav-
itational Theories” in a talk by one of us based on a draft version of our subsequent paper, and also
by T. Curtright in independent work on a related topic over the same period [6]. We have been led
to understand that the exceptional status of the bosonic 3D string was already known to experts
but we are not aware of any earlier reference. Some classical aspects of the light-cone gauge for 3D
strings have been discussed previously by Siegel [7].

2By “anyon” we mean a particle with spin not equal to an integer or half-integer. This differs,
in principle, from the definition in terms of statistics but spin and statistics are related by the 3D
spin-statistics theorem; see e.g. [§].



string is neither SO(2,1) nor any finite multiple cover, such as the double cover
SI(2; C), but rather its universal cover SO(2, 1). Irrational spin irreps of SO(2, 1) are
infinite-dimensional [9,[10], so an infinite component field is needed for any manifestly
Lorentz-invariant field theoretic description of a particle of irrational spin. Since
irrational spin particles appear in the 3D string spectrum, it should not be a surprise
that the Lorentz invariance of 3D quantum strings cannot easily be seen using current
methods of covariant quantization.

The Nambu-Goto string has a natural generalization to a spacetime supersym-
metric Green-Schwarz (GS) superstring, which exists classically for spacetime dimen-
sion D = 3,4,6,10, with either 4 = 1 or A4 = 2 supersymmetry [I1]. The GS
superstring action has a fermionic “s-symmetry” gauge invariance, in addition to
worldsheet reparametrization invariance, but there is an extension of the light-cone
gauge that again eliminates all but the physical degrees of freedom that are present
classically. Quantization in D = 10 leads to standard critical superstring theory
(after the inclusion of open strings in the .#° = 1 case). Light-cone gauge quanti-
zation of the 3D .4 = 1 GS superstring was carried out in [5]. Not only are there
no Lorentz anomalies but there are also no super-Poincaré anomalies, and parity is
also preserved. Moreover, the intercept parameter is now fixed by supersymmetry
such that the ground state, which is doubly degenerate, is massless. This is entirely
consistent with the possibility that there exists a 3D 4" = 1 superstring theory with
an effective .4~ = 1 3D supergravity action since only the dilaton and dilatino of the
latter would propagate massless modes.

It is convenient to refer to the Nambu-Goto string with zero intercept parameter
as the .4/ = 0 string; this string has spin-3/2 states at level-1 and irrational spin
anyons at level-2. The .4 = 1 string is a 3D heterotic string in the sense that its
spectrum is a tensor product of Lorentz irreps arising from an .4#° = 0 right-moving
sector with supermultiplets from an .4~ = 1 supersymmetric left-moving sector. The
spectrum was computed through level-2 in [5]: it was found that there are semion
states (spin 1/4+mn/2 for integer n) at levels 1 and 2 (and irrational spins must occur
at higher levels because they are present for .4 = 0). By tensoring two factors of
the supersymmetric left-moving sector of the .4~ = 1 string, one can deduce from the
results of [5] that the .4 = 2 string has only bosons and fermions through level-2,
and there is no obvious reason why anyons should appear in higher levels. This is
one reason why a discussion of the .4 = 2 superstring was omitted (aside from a
comment about zero-mass modes) from [5]: it was not clear that it exemplified our
title “Anyons from Strings”.

The principal purpose of this paper is to extend the results of [5] to the 3D A4~ = 2
GS superstring, but we also present details, omitted from the very brief account
in [5], of the quantization of the 3D Nambu-Goto string and of the 3D 4" =1 GS
superstring. In all cases, we shall restrict our attention to closed strings, although it
should become clear that many results for open 3D strings can be inferred from our
closed string results. The main issue that we wish to address for 4~ = 2 is whether the
spectrum contains anyons. If not then we would need to explain why this quantum 3D
string had not previously been found using Lorentz-covariant quantization methods.



It might have been necessary to invoke the usual difficulties with k-symmetry, but a
computation of the spectrum at level-3 suffices to show that irrational spins are also
present in the spectrum of the 4" = 2 3D GS superstring.

We begin with a preliminary section that recalls pertinent features of 3D physics
and introduces some of our notation. A novelty of this section is a ‘re-interpretation’ of
the 3D supersymmetry algebra as the algebra of a model of supersymmetric quantum
mechanics. This simplifies the analysis of the structure of massive 3D supermultiplets.

We then consider, in succession, the 3D closed Nambu-Goto string, the 4 =1
GS superstring, and finally the .4~ = 2 GS superstring. In each case we show how
gauge invariances may be fixed so as to leave only the residual global gauge invariance
under shifts of the string coordinate o, which becomes the level-matching condition
in the quantum theory. In this we follow the classic work of Goddard et al. [I]
except that we start with the Hamiltonian form of the string action and thus obtain
directly the Hamiltonian form of the light-cone gauge-fixed action; this simplifies the
verification of (super)Poincaré invariance of the gauge-fixed quantum (super)string.
Having established (super)Poincaré invariance, we then compute the spectrum at
the first few levels, sufficient to show that the spectrum of each of the quantum
(super)strings considered contains anyons of irrational spin. We conclude with a
summary and some speculations on a possible unified framework for 3D superstrings.

2 3D Preliminaries

In cartesian coordinates {X*;u =0,1,2}, we define the Minkowski metric 7, and
alternating pseudo-tensor ¢*** such that

n = diag (—1,1,1) , e =1, (2.1)

The “light-cone components” are
1
V2
Similarly, the light-cone components of an arbitrary 3-vector U are

1
Uy =— (U, £Uy), U=TU,. 2.3
+ \/5( 1 0) 2 ( )

U*=Us = % (U FUp) = % (U'x0°) . (2.4)

X+ X'+£X%), X=X (2.2)

We also have

Note that
~ U+ U+ U =12 =20, U_ +U>. (2.5)

We will make use of the following 3D vector algebra relations for arbitrary 3-vectors
U and V:

U-V=U"Vrn,, [UAV*=cUV,, U, =n.,U". (2.6)



2.1 3D Dirac matrices and Majorana spinors

A convenient choice for the 3D Dirac matrices is
I =io,, ' =0y, I? =03, (2.7)

Observe that
e = plprpe = grve, (2.8)

The Dirac matrices satisfy the identity

()% (s (Cru)y(;) =0, (2.9)

where C' is the antisymmetric charge conjugation matrix satisfying CT,C~! = —FZ.
A Majorana spinor is a 2-component spinor such that

Y =T =970 (2.10)
For the above representation of the Dirac matrices we may choose
C=1°, (2.11)

in which case a Majorana spinor is a real SI(2;R) doublet. For any commuting
Majorana spinor 1, the identity (2.9]) implies that

I (YLap) = 0. (2.12)
The Dirac matrices in the light-cone basis are
1
I*=—T"+I%, TI'=Iy=o0;. (2.13)

V2

These satisfy
(Mr*)* =0, DT =1+o0;. (2.14)

As for vectors, ['* = T'+.

2.2 Poincaré and super-Poincaré invariants

The 3D Poincaré group is generated by the 3-momentum &, and Lorentz 3-vector
" with non-zero commutators

| 7, 7V =i, | 1, PY] =ie"PP,. (2.15)

In the light-cone basis this becomes

s =g, [ =T
(725 = +i2, [ J, D) =FiPs. (2.16)



There are two Poincaré Casimirs:
M=-2°  AN=2, 7" (2.17)

Unitary irreps of the Poincaré group are labelled by the values of these Casimirs [12].
In principle, M? may be negative but only irreps with M? > 0 are physical. We
may therefore assume that M is real and non-negative. When M > 0 we define the
“relativistic helicity”, which we usually abbreviate to “helicity’, by

s=A/M. (2.18)

This may take either sign, and parity flips the sign of s. We define |s| to be the

spin. If the Lorentz group is SO(1,2) then s is an integer. If the Lorentz group is

S1(2;R), which is the double cover of SO(1,2), then s is an integer or half-integer. If

the Lorentz group is the universal cover of SO(1,2) then s can be any real number.

The A4 -extended super-Poincaré algebra includes .4/~ Majorana spinor generators

29 (a = 1,2) with the following commutation relations with the Poincaré generators:
7

(7,28 =0,  [J"2]=—5 () s2]. (2.19)

In addition they obey the following anticommutation relation

{Qg, 2! } = 6, (T"C)** 2, . (2.20)
The super-Poincaré Casimirs are (summation over a = 1,...,.4")
M=-2* Q=2 7+ %Qa,@a. (2.21)
We shall call
§=Q/M (2.22)

the “(relativistic) superhelicity” of an .4 -extended supermultiplet, and |s| its super-
spin.

2.3 3D Superspace and superforms

The extension of Minkowski spacetime to .4 -extended superspace involves the intro-
duction of A anticommuting Majorana spinor coordinates {O4;a =1,..., 4"}, The
supersymmetry transformations are

0. XH =i, e, , 0.0, = €., (2.23)

where €, are constant real anticommuting spinor parameters, and a sum over the
index a is implicit. The factor of 7 in the expression for 6. X is needed because we use
the standard convention that the complex conjugate of a product of anticommuting
factors reverses the order, which gives a minus sign for the complex conjugation of a
fermion bilinear if the order is not changed.



A basis for the left-invariant differential 1-forms on superspace is provided by d©,
and

" = dX* +i0,I*de, . (2.24)
Allowing for non-constant €, one has
0 II* = —2ide, 17O, , (2.25)

which confirms the invariance for constant parameters ¢,.

The WZ terms for the superstring can be constructed as follows [I3]. Consider,
for A4 = 1, the following super-Poincaré invariant 3-form (the exterior product of
forms is implicit):

hy =" = 11" (dOr',dO) . (2.26)
The identity (2.9) implies that this 2-form is closed. It is also exact, in de Rham
cohomology, because

b=t =dhy’=",  hy=' = —dX* (Or,d6) . (2.27)

However, hs is not super-Poincaré invariant, and cannot be made so by the addition
of any exact 2-form, so hs is non-trivial in Lie-superalgebra (Chevally-Eilenberg)
cohomology (see e.g [14]). Because hg is super-Poincaré invariant the super-Poincaré
variation of hs is a closed 2-form, and this is sufficient for invariance of the integral
of hy over a string worldsheet. In fact, using the identity

2I'*dO Or,de = T'*0 der ,de (2.28)
which is a consequence of (2.9]), one finds that

Schy =" =d [gru@ (dX“ + %érﬂ@)} — 2deT, 0 (dX“ - %@F“d@) S (2.29)

This is non-zero even when de = 0, but it is then an exact 2-form.
There is a generalization to .4 = 2 with

hy = = TI* (46,1, dO; — dO,T,dO,) . (2.30)

The relative minus sign is required for closure of h3, which can be written as dhy with
hy =% = — (dX” + %@J“d@a) (611,dO; — O,1,dO,) . (2.31)

This 2-form is manifestly Poincaré invariant but its supersymmetry variation (allow-
ing for non-constant parameters) is

Schy =t = d {61 r,0, (dX“ + %@J“d@l) —&T,0, (dX“ + %@J“d(%)}
—2d7,T,0, <dX“ - %élf"d@l + z’@zrﬂd@z)

1 2de, 1,0, [ dX" — LO,T"dO, + i0,T#dO, | . 9.32
p 3

This is an exact 2-form for constant e,.



2.4 Parity

Parity is a Zy transformation II that we may choose to have the following action on
the coordinates of .4~ = 1 superspace

1 Xg — —Xg , 0 — FQ("‘), (233)

with all other coordinates being inert. For the extension to .4 = 2 (we will not need
to consider .4 > 2) we choose to define parity as the Z, transformation

I Xg — —Xg, @1 — Fg@l , @2 — —F2@2, (234)

with all other coordinates being inert; these transformations imply the invariance of
the 3-form hg, and hence of the superstring WZ term. The .#* = 2 superstring model
to be considered here is additionally invariant under the transformations ©, — —0,,
separately for a = 1,2, so we could choose to define parity without the relative sign
for the ©; and O, transformation. However, the relative minus sign is required for
standard parity assignments within supermultiplets relevant to the .4 = 2 super-
string spectrum, and for parity invariance of the massive .4/~ = 2 superparticle with
a central charge [15].

Parity acts as the following outer automorphism of the .#° = 1 super-Poincaré

algebra:
I 932%—932’ /i%—/i, £21—>—F2£21, (235)

with all other basis generators being inert. Similarly for .4~ = 2, but with the relative
sign difference discussed above:

1I - 92-)-92, /i%—/i, Ql—>—F231, QQ%FQQQ. (236)
In both cases, it follows that

II: A——A, Q——-Q. (2.37)

2.5 3D Supermultiplets

In any hermitian operator realization of the super-Poincaré generators with non-
vanishing &_, and positive M?, we may define the new non-hermitian supercharges
1
Fo=——— V3P D\ — (7, iM) 22] . (2.38)
V29_

These have the remarkably simple anticommutation relations

(S0 S} =0, {5@, xj} = 26,, M2 . (2.39)
They also have simple commutation relations with the Poincaré invariant A
1 1
A7) = —5 M7, (A, 7T = §MYT, (2.40)



which shows that the action of any of .#, on a helicity eigenstate lowers the helicity
by 1/2, whereas the action of any of .7 raises it by 1/2. Of course, . commutes
with the super-invariant 2, which can be written for M # 0 as

1
Q=A+ o PEASZN (2.41)

a

It follows immediately from this formula that the value of 2 for a given supermultiplet
is the average of the values of A, and hence that 5 is the average of the helicities s.

Irreducible supermultiplets are built by the action of the operators .% on a “Clif-
ford vacuum” state |) that is annihilated by the .7,:

) =0 (a=1,...,4). (2.42)
This gives a supermultiplet of states

(b, i, A AT (2.43)
If the first of these states has relativistic helicity h then we get a supermultiplet of
2" states with helicities ranging from h to h + .#"/2, and ‘binomial” multiplicities.
As the superhelicity is the average of the helicities, the s = h supermultiplet is the
5 = 0 supermultiplet with all component helicities shifted by h. For example, for
A =1, the § = h supermultiplet has helicities

1 1
=|h——h+-]. 2.44
s=(n=gon+g) (2.44)

This is an anyon supermultiplet when h — i ¢ 7Z. The special case of 2h € Z
yields semion supermultiplets; first studied for h = % in [16]. The h = 0 case yields
the spin—i supermultiplet with s = (—i, %); this has arisen in a number of distinct
contexts [I7HI9], including the level-2 spectrum of the .4~ =1 3D string [5], because
it is the unique parity-invariant irreducible .4” = 1 supermultiplet. The generic anyon
supermultiplet has been studied in [20].

For .4 = 2, the § = h supermultiplet has helicities

1 1
s—<h 2,h,h,h+2) . (2.45)
Again, the superhelicity is the average of the helicities in the supermultiplet. For
h = 0 we get the parity-invariant 3D scalar supermultiplet with spin-0 and spin-1/2
states. In the absence of a central charge, this is the unique parity-invariant A4~ = 2
supermultiplet.

When M = 0 the 4" charges ., are hermitian. These mutually-anticommuting
hermitian charges also anticommute with the remaining .4 linearly independent her-
mitian supercharges, ),, which we may choose such that {Q,,Q,} = 204. The
charges .7, annihilate the states of an irreducible representation of the super-Poincaré
group, which are acted upon non-trivially only by the @,. For .4 = 1, there is only



one charge @, satisfying Q% = 1. In this exceptional case there is a trivial realiza-
tion of @ by the identity, but if there exists an operator (—1)¥ that anticommutes
with @ (as is the case for the .4 = 1 superstring considered here) then the minimal
realization is 2-dimensional: one bose state and one fermi state [19]. Although spin
is not defined for massless particles, there are still two distinct unitary irreps of the
Poincaré group corresponding to the distinction between bosons and fermions [12,21].
For 4" = 2 there are two charges 1 and )5 that are realized non-trivially and the
minimal realization is again 2-dimensional but if there exists an operator (—1)¥ that
anticommutes with )7 and Qs (as is the case for the .4/~ = 2 superstring considered
here) then the 2-dimensional realization is complex so there are two boson and two
fermion states, which is also what one finds from quantization of the .4 = 2 massless
3D superparticle [19].

2.5.1 Central charges

The 4 -extended super-Poincaré algebra admits central charges for .4~ > 2. For the
A = 2 case, which is of potential relevance in light of comments that we make in
the conclusions, the anticommutator (2.20) becomes

{Qg, 325} = 64 (DMC)*? P, + £0yCPZ | (2.46)
where Z is a real central charge. This modification implies that (2.39) is modified to
(S0, ) =0, {ya,ylj} — OM (6 M — icay 7) . (2.47)

Unitarity requires that

M>|Z]. (2.48)

An 4/ = 2 massive parity-preserving superparticle model in which this bound is
saturated was presented in [15]. In the quantum theory this describes a centrally-
charged parity-invariant semion supermultiplet with helicity states s = (—i, —i, i, i)
In the Z — 0 limit, both M and A go to zero, and the helicity A/M becomes ill-
defined; the 4 massive states become the two massless bosonic and two massless

fermionic states of a massless .4~ = 2 supermultiplet.

2.6 The 3D massive particle

The Hamiltonian form of the time-reparametrization invariant action for a point
particle of non-zero mass m and relativistic helicity s is

S[X,P] = / dr {X“pﬂ ~ %6 (P* + m2)} — sS1wz (2.49)

where P? = NP P and Spwz is the (parity violating) “Lorentz Wess-Zumino”
(LWZ) term constructed from the Poincaré-invariant closed 2-form [22]

3
(-=P?) 2" P,dP,dP,. (2.50)

N —



By construction, the action is Poincaré invariant. The Noether charges are
s
2, =P,, It =[XAPH - EPH ) (2.51)

The time reparametrization invariance is equivalent to gauge invariance under the
infinitesimal “a-symmetry” transformation

0uXF =aP,,  ,P,=0, b.0=d, (2.52)

with arbitrary parameter (7). To quantize, we must deal with this gauge invariance.
As our purpose here is to illustrate some features of the light-cone gauge fixing that
we will use for strings, we proceed in this way by setting

Xt=r. (2.53)

This fixes the a-gauge invariance of (2.52) provided that P_ # 0. With the same pro-
viso, we may solve the mass-shell constraint for P, , which is minus the Hamiltonian

in the chosen gauge:

H=-P, = % (P?+m?) . (2.54)

The light-cone gauge action naturally depends on s but the s-dependence can be
removed (following the procedure of [19]) by defining the new variable

_ _ AP

The light-cone gauge action then becomes

SIX,X";P,P.] = /dT {XP LYP — H} . (2.56)
The Poincaré charges (251]) in the light-cone gauge are
c@ == P, gz_:P_, ;@J’_:_H,
7 = Y P.47H, g*=1P-XP_
F~ = Y P-XH+A/P_. (2.57)

The s-dependence is now entirely in _#~ and it is easily checked that &2, ## = A,
confirming that the particle has helicity s. The equations of motion imply that the
Poincaré charges are time-independent; the explicit time-dependence is canceled by
the implicit time-dependence due to the equations of motion.

Upon quantization we have the equal-time commutation relations (we set i = 1)

Y-, P =i, [X,Pl=i. (2.58)

There are now operator ordering ambiguities in the expressions for ¢ and #~.
These ambiguities are fixed by the twin requirements of hermiticity and closure of
the Lorentz algebra. The quantum Lorentz generators are

7 = %{Y‘,P_}+7H, JIt=rP-YP_,

g = —Y_P—%{X,H}—l—A/P_. (2.59)

10



It should now be understood that the canonical variables in these expressions are
operators, as is H. Again, the explicit time-dependence is cancelled by the implicit
time-dependence of the operators. Using the equal-time commutation relations (2.58))
one may verify that the commutation relations (2.16]) are satisfied, and hence that the
quantum theory preserves the Poincaré invariance of the classical theory. This was to
be expected but virtually the same computation is what is needed to verify Poincaré
invariance for the 3D string. The only difference is in the form of the Hamiltonian
H and the Poincaré invariant A. As long as these operators commute, one finds that
the commutation relations (2.160]) are obeyed, so the proof of Lorentz invariance for
the 3D string will reduce to checking that [H, A] = 0.

3 The 3D bosonic string

The Nambu-Goto action for the closed bosonic 3D string of tension 7T is

S[X] = —T/dff ;LN(X - xf)2 _ X (X2, (3.1)

where an overdot indicates a derivative with respect to the arbitrary time parameter
7 and a prime indicates a derivative with respect to the arbitrary string coordinate o,
which we assume to be identified with o+ 27. This action involves the background 3D
Minkowski metric 1 through the scalar product. An equivalent action, with auxiliary
3-momentum P conjugate to 3-vector X, is

SIX,P; ¢, u] = /dfjf ;Z—“ {X”IP# — %e [P+ (ITX)*] - uX'”Pu} , (3.2)
s

where ¢ and u are Lagrange multipliers for the Hamiltonian and S!-diffeomorphism
constraints, respectively. Elimination of P, followed by elimination of ¢ and then wu,
leads back to (3.1). One may also verify that the equations of motion are equivalent
to the Nambu-Goto equations.

The action (B.2]) is invariant under the Poincaré transformations generated by the
Noether charges

PR LN LN 53

It is also invariant under the discrete parity transformation
Xg — —Xg, ]P)g — —]P)Q, (34)

with all other variables being inert. In addition to these rigid invariances, the ac-
tion ([B.2) is invariant under the following infinitesimal gauge transformations with
parameters «, [3:

X = aoP+ BX,

P = T*oX') + (BP),

M = a+va—ud + 'S —15)

ou = [B+uB—uf +T%(al —ld) . (3.5)

11



Note that not only is the action gauge invariant but so also are the Noether charges.

3.1 Light-cone gauge

We now introduce the light-cone coordinates (X, X, X)) and their conjugate mo-
menta (P, P_, P). The light-cone gauge is defined by the choice

Xt =71, P_=p_(1), (3.6)

where p_(7) is a non-zero function of 7 only. This choice leaves only the residual
global gauge invariance induced by a constant shift of o:

0pX =BoX',  dgu=Lfo+uby, sl =Ll (3.7)
where J
o
To obtain the action in light-cone gauge, we first define
do do
= _— - pu— _— X_
o) = X, ()= p5
do do
) = PP pe(n = 50 P (39
and
X = X —uz, X" =X -z,
P = P-p, Py =P, —py, (3.10)
and also p
o _
uozj{%u, U=u—1up. (3.11)
Using the gauge conditions (B.6), we now find that the string Lagrangian reduces to
do = - do d -
L = ip+ip. +p++f—UXP—u0 —UX/P—f—UaX’P
2m 2 2

+ p- fg—; {X—u’ —/ <P+ + 2%_ [P? + (TX’)Q})} : (3.12)

In this form of the action, X~ is a Lagrange multiplier imposing the constraint @’ = 0,
which implies u = 0. The constraint imposed by the lapse function ¢ is also easily
solved:

1
Pp=—5— [P?+(TX')?] . (3.13)
D_
This leads to the Lagrangian density
do = - do _, _
L= :L“p+:i:_p_+f—aXP — H — uyg 9 % , (3.14)
27 27

12



where the Hamiltonian is

- 1 2 2
H=—p, = 2 (p*+.47) , (3.15)
with
2 do 5, /N2

As expected, there is a residual global constraint imposed by ug, corresponding
to the residual global gauge invariance which is now just

0 =Pod' . gyt = o (3.17)

The up-dependence of the Lagrangian (3.14]) converts derivatives with respect to 7
into covariant 7 derivatives, defined for any dynamical variable ¢ by

Dr¢p = ¢ — upd. (3.18)

This transforms covariantly under (B.17):

0py (D-0) = Bo (D) . (3.19)

Using this notation, the light-cone-gauge action may now be written in a form that
is manifestly invariant under this residual gauge invariance:

S:/dT {x'p+$_p_+7{;i—a PDTX—H} . (3.20)
m

This action is clearly still invariant under the parity transformation (38.4]), which now
reads
X —-X, P——-P, (3.21)

with all other variables being inert. It is also still Poincaré invariant, despite ap-
pearances: the infinitesimal transformations are easily found by working out the
compensating gauge transformations needed to maintain the gauge choice when per-
forming an infinitesimal Poincaré transformation, and these transformations can then
be used to find the Noether charges. However, because the Noether charges are gauge-
invariant, one finds the same result by simply substituting the gauge-fixing conditions
into the expressions (3.3). This gives

Py =p, P_ =p_ P, =—H, (3.22)
and
J =ap_+71H, Ir=1p—uap_, I =—axp—axH+A/p_, (3.23)
where
do - - -
A=p_ f— [XP, —X"P]. (3.24)
2T
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One may verify that all these charges are time-independent as a consequence of the
equations of motion. The two Poincaré invariants are

P =—H*, P 7=A. (3.25)

Observe that A depends on X~ as well as the canonical variables of the final
action, but the equation of motion of @ in ([B.12) is

(X)) 4 pX = XP+7{dU_ P (3.26)

which will allow us to express X~ in terms of (p_,p) and the Fourier coefficients of
(X, P).

3.2 Fourier expansion

We see from (B.I4]) that the physical variables in the light-cone gauge are the canonical
pairs (z,p), (z7,p-) and either (X, P) or the coefficients in their Fourier expansions.
As is standard, we actually choose to Fourier expand the combinations P + T X":

P-TX = \/ﬁz % (€™, + e a]
n=1

P+TX = V2T) % [emoas + e ™, . (3.27)
n=1

This implies that

X = FZ " (= @) — e (0 — )]

P = \/;nz::l (€7 (o + &%) + €7 (o, + an)] - (3.28)

It follows from the first of these expressions that

\/;Z "7 (om = &) + €7 (o), — dn)] (3.29)

and hence that the Lagrangian (3.I4]) may be written as

L= {:isp +1p_+1 Z % [cn0 + énd;] } — H + uy Z [ o, — A d,] ,  (3.30)

n=1 n=1

where the Hamiltonian is as in (3.15]) but now .#? is expressed as a sum over Fourier
modes

M =2T a0, + @) - (3.31)

n=1

14



Note that parity now acts as
r— —x, p— —p, QO — —Qy, Oy — —Qy, (3.32)

To obtain expressions for the Lorentz generators (3.23) in terms of the same
variables, we need an expression in terms of them for X ~. To this end we use (3.20])
to deduce that

vl {px 3 (s ) e (52 ) } e

where )
1 — .
B, = 3 m§:1 O Oy—ym, + mén Qe (3.34)

and similarly for B,. The 8, and B3, coefficients also arise in the Fourier expansion
of P, as given in (B.I3)):

P, = —pi {pP + Ti [em" (ﬁn + B;) +emme (ﬁ; + Bn)] } : (3.35)
- n=1

We now have Fourier expansions for each of the variables appearing in the inte-
grand of the expression (3.24]) for A. Using them, we deduce that

A=A, + A, A =V2TX, A_=+2T2X, (3.36)

where

(d;ﬁn - B;;dn> . (3.37)

3| -

A=Y Lanh- ), A=Y

3.2.1 Equations of motion

Before moving on to the quantum theory, we comment on the equations of motion.
The Lagrangian (3.30)) leads to the equations of motion

p=p_=0, T=p/p_, T =-H, (3.38)
and
D .o, = —inway, D,&,, = —inway, , (3.39)
where
w=T/p_. (3.40)

Using these equations, and the expression (B.35) for P, one can show that the
expression (3.33) for X~ implies that

p-D, X =P,. (3.41)
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In the gauge ug = 0, the equations for («,, &,) have the solution
an(7) = 0, (0)e™™7 | G,(T) = @, (0)e ™7, (3.42)

which gives
_ _ 01 ..
P—TX = V2T = [emlovly, .c.
; - e a,(0) + c.c.]
_ _ > 1 .
P+TX = V2Iy = [e7™a,(0) +cc] . (3.43)
n
n=1

This confirms that the «,, are the Fourier coefficients for right-moving modes and
&, the Fourier coefficients for left-moving modes, but one might have expected to find
that w = 1 since waves on the string travel along it at the speed of light (which is
¢ = 1 in the units used here). However, the scale associated with the time variable 7 is
arbitrary, and this is reflected in the arbitrariness of the angular frequency w = T'/p_.
Note that p_ is set to a constant by the equations of motion. A natural choice is

p_=T (3.44)

since this implies that w = 1. However, it is important not to set p_ = T in the
action; doing so would cause the 27 p_ term to become an irrelevant total derivative
and the action would no longer be Lorentz invariant. It is also important not to
set p_ = T in the expressions for the Noether charges, at least before evaluation of
Poisson brackets (classically) or commutators (quantum mechanically).

3.3 Quantum bosonic string

The non-zero Poisson brackets of the canonical variables in the action light-cone-
gauge action (3.20) are

{z,p}t, =1, {z_,p_ }pb =1, {X(0), P(a')}pb =2rd(c —0o'). (3.45)

In the quantum theory, these variables are promoted to operators with the commu-
tation relations (we set A = 1)

[z, p] =1, [z7,p_] =1, (X (o), P(c")] =2mid(c — o). (3.46)

The last of these can be achieved by promoting to operators the Fourier coeficients
(cvn, @) so that the non-zero commutators are

[an, QL] =n, [dn, dil] =n, VneZt. (3.47)

The quantum Hamiltonian is then

_L 2 2 2 __ N
Heo (P4, —2r (N+N-a), (3.48)

16



where a is an arbitrary constant arising from operator ordering ambiguities, and the
“level-number” operators N and N are

N = i afa,, ~ N= i alé, . (3.49)
n=1 n=1

The constraint imposed by ug is the level-matching condition, which must be imposed
as a physical-state condition in the quantum theory: for physical state |phys),

(N - N) Iphys) = 0. (3.50)
The string ground state takes the tensor product form

p,p-) ©0)+ @0)—, (3.51)

where |0), is the ground state for the right-moving modes and |0)_ is the ground
state for the left-moving modes:

anl0): =0,  @l0)_=0, VneZt. (3.52)

Excited string states are found by the action of oscillator creation operators on this
ground state. Such states are eigenstates of the level operators N and N, with
eigenvalues that we also call N and N. To be physical, these eigenstates must satisfy
the level-matching condition N = N. We may therefore organize all physical states
according to their level N. In addition,

M?|x =2T (2N —a) . (3.53)

Because of the level-matching constraint, not only is the (level-0) oscillator ground
state unique, for given p and p_, but so also is the first (level-1) excited state,

al|0), ®@al]0)- = 1) @ 1) (3.54)

There are four physical level-2 states, which are tensor products of

\LmG7%@D%m, mﬁzﬁymﬁ, (3.55)

with the analogous two states built on |0)_. At level 3 we need to consider the three
(orthonormal basis) states

1 3 1
111 = —= (af) 10), 1.2) = —alad[0).
1

= —CYT .
3)+ = 73 310)+ (3.56)

and this leads to a total of nine physical states.
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At level 4 we need to consider the five (orthonormal basis) states

111,1), = —— (aT>4|o> 1,1,2) :1<aT>2aT|O)
5 Ly \/I 1 + ) Ly + 2 1 2 +
1 1 2
13 = —zalaloy, 2.2 =5 (af) allo).
1
)+ = 5044\0> (3.57)

and this leads to a total of twenty-five level-4 physical states.

3.3.1 Lorentz covariance and Parity

As the light-cone gauge renders the classical Lorentz invariance non-manifest, there
is no guarantee that the quantum string will be Lorentz invariant. We must therefore
check Lorentz invariance. The quantum translation generators are

Pr=p, P=p. P.=-H, (3.58)

exactly as in (8.22)) but now with the operator Hamiltonian of (3.48)), and the quantum
Lorentz generators are

s o= gle b, g =meam
S = —x‘p—%{x,H}Jr/l/p—, (3.59)

Here, A = A, + A_, with

RPN - i of t

\/ﬁA-i- )\—nz:;n ﬁn ﬁan)a

1 o0 . R

= AEZ%( ) (3.60)

n=1

where 3, and (3, are now the operators

n—1
5n = ; Z O Oy, + Z OémOé;rn_n )

m=

1 m>n
1 n—1
2 ~ =~ ~ o~
B, = im:1aman_m+mg>namam_n. (3.61)

All operator ordering ambiguities in the quantum Lorentz generators are fixed by
the requirements of hermiticity and closure of the algebra. In particular, there is no
Lorentz anomaly, so the quantum theory is Lorentz invariant. This was to be expected
because the “dangerous commutators” are antisymmetric in the (D — 2) “transverse
space” indices and hence trivially absent for D = 3. As a result, the computation is
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equivalent to the one that must be done for the massive particle except that one needs
to check that [N, \] = 0, which implies [H, A] = 0. For this step, it is convenient to
first establish the commutation relations

Ny, N <M
[Oén, 5m] = NO0p4m , [OK;[“ 5m:| = 0 n=m , (362)
n>m

T
NGy, _m

and then to use the identity

00 00 oo n—1
> EZ (3.63)
m=1n=m+1 n=2 m=1

It also remains true in the quantum theory that
P? = —H*, P g =A, (3.64)

where the operators .#? and A are given by (8.53) and (B.60) respectively. It is
straightforward to verify that these two operators commute with each other and with
all generators of the Poincaré algebra.

The parity operator of the quantum theory i

IT = Iy exp lmz ol o, +ata )] , (3.65)

n=1

where
~ [av |-l (3.66)

The operator /I anticommutes with all the creation and annihilation operators. It
therefore commutes with N and N , and hence with the Hamiltonian. Also, it anti-
commutes with A. Parity is therefore preserved by the quantum theory, and all states
of non-zero spin must appear in parity doublets of opposite-sign helicities. For the
first few low-lying levels, this is verified by the explicit computations to follow.

3.3.2 Helicity spectrum

As #? and A commute, they are simultaneously diagonalizable. This means that A
is block diagonal in a basis in which .# f is diagonal, with blocks that may be labeled
by the level number N. Since A and A commute, they too may be simultaneously
diagonalized. It follows that

A:ikn, X:ixn, (3.67)
n=2

3Recall that the parity operator for the harmonic oscillator is exp(in ) where N is the particle
number operator.
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where ), annihilates all states with N < n but not all those with N > n. The
absence of n = 0 and n = 1 contributions to the sum is easily verified, and it implies
that A annihilates the states at N = 0 and N = 1; this is expected because these
levels each contain a single physical state which must be a parity singlet and hence a
scalar. At level 2 we need consider only A\; because A, for n > 3 annihilates all states
at levels N =0,1,2. A computation shows that

3i 2
ha = [(ai) as — a;o@] . (3.68)
This reduces to the matrix (3/2)o, in the level-2 basis (8.53) so A has eigenvalues
+3/2. The same is obviously true for A, so the eigenvalues of A at level 2 are
(0,0,3,—3) times v27. We must divide by the level-2 mass /27(4 — a) to get the
helicities, which are therefore

3

so=10,0,% . 3.69

= (00.27) (09

As implied by parity, each non-zero spin occurs twice, once for each sign of the helicity.
At level 3 we need A3 and a computation gives

7i
A3 = é (a{agag — a§a1a2> : (3.70)

We also need Ay because, for example, it does not annihilate |1,1, 1), but we do not
need A4 or higher terms. In the level-3 basis (8.56), one finds that A reduces to the

matrix
0 -9 0

1
— 19 0o -7v2 |, (3.71)
23\ o 7v2 0

which has eigenvalues (0, £4/179/12). This leads to the level-3 helicity content

179 179 179
53 = (0,0,0,i\/m,i\/m,i\/m) . (3.72)

Observe again that non-zero helicities appear in parity doublets of opposite helicity.
At level 4 we need A4 and a computation gives

13 3 2
A =1 {E (agaiazl - alalozg) + 3 [(ag) o — ol (ag)ﬂ } : (3.73)

We also need A3 and Ao. In the level-4 basis ([B.57), one finds that A reduces to the

matrix

0  —3v6/2 0 0 0
3v/6/2 0 —7V3/3 —3v/2/2 0
i 7V3/3 0 0 —13v3/6 |, (3.74)

0
0 3v/2/2 0 0 —3v/2/2
0 0 13v3/6  3v/2/2 0
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which has eigenvalues

(o, i\/i (635 + \/M),i\/i (635 . m)) . (3.75)

Or, in plain numbers, {0,46.9024---,4+2.29643---}. The helicities are found by
dividing these numbers by /8 — a.

We are free to choose the intercept parameter a except that there are tachyons
unless a < 0. The choice a = 0 is natural because this makes the ground state a
massless scalar. In this case the first excited state (level 1) is a massive scalar, there
are then spins (0, 0, 3/2) at level 2 and some irrational spin anyons at level 3. We shall
call this the .4/ = 0 string since its spectrum is of direct relevance to the spectrum
of the .4 = 1 superstring.

However, since the ground state of the critical bosonic string is a tachyon, the
a > 0 cases should perhaps be considered too. In particular, the choice a = 2 leads
to a tachyonic scalar ground state and a massless first-excited state, just like the
critical bosonic string although the first excited state is a scalar in 3D. For a > 2 this
scalar excited state is a tachyon too but as long as a < 4 there are no other tachyons.
The limit @ — 4 is singular because the level-2 mass goes to zero as a — 4 but the
invariant A does not, so some helicities go to infinity. For a > 4 there are non-scalar
tachyonic excited states in addition to the scalar ground-state tachyon.

It was observed in [5] that there is no choice of a that avoids anyons in one
of the levels 2 and 3, and that irrational spins occur for generic a. Taking into
account the level 4 results, it becomes clear that the spectrum contains irrational
spins for any choice of a. As we shall see, the analysis of this issue is simpler for the
superstring because supersymmetry removes the ambiguity represented by the choice
of the intercept parameter a.

4 The closed ./ =1 3D Superstring

The action for the closed 3D .4 = 1 GS superstring of tension 7" is obtained from the
Nambu-Goto string action in two steps. First, we replace dX by the supersymmetry
invariant 1-form II of (2224)) (for .4 = 1). In other words

X IL,=X+:0r0, X oI, =X +i0re'. (4.1)

Next, we add to the resulting action a Wess-Zumino (WZ) term constructed from the
closed, super-Poincaré invariant 3-form of (2:26]). Applying this prescription to the
Hamiltonian form of the 3D Nambu-Goto string action ([B8.2]), we find the following
‘quasi-Hamiltonian’ form of the .4/~ =1 3D superstring action:

1
S[X,P;l,u] = /de{Z—;‘T {HﬁIP’M — 56 [P? + (TIL,)?] — ulltP,

+ 4T (X“éru@’ - X’”@FMG)} . (4.2)
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By construction, this action is invariant under worldsheet diffeomorphisms, and this
is equivalent to invariance under “a-symmetry” and “g-symmetry” gauge transfor-
mations that generalize (3.5). The gauge transformations of the Lagrange multiplier
variables ¢ and u are unchanged from those of (3.5]) while the canonical variables have
the gauge transformations

X = a [IP _irer (@ _ u@’)} +AX

60 = at™ (6 -ue') + 50,

OP = (T%all, + BP) + 2ial"'T (6TO) . (4.3)
The term linear in 7" in the action is the WZ term, and we have chosen its coefficient

to ensure invariance of the action under the following fermionic gauge invariance
(“kappa-symmetry”) with anticommuting Majorana spinor parameter x:

0,0 = T, (P'-TI~) K, 5. XM = —iOI'"§,0 , 6.P, =2iTO'T 0,0,

S0 = —diR [(é) ST -], Gu=—Ts.0. (4.4)
The action is k-symmetric for either sign of T" but we may choose T' > 0 and then
allow for either sign of the WZ term. As the two models thus obtained are equivalent
we may choose the sign as given. To verify the invariance, it is useful to use the fact

that
dxhs = dochy = —2d [I1* (6,00,0)] (4.5)

which gives d,ho up to the addition of an irrelevant closed form. Observe that
det [, (P* — TTI")] = — (P — TT1,)> ~ 0, (4.6)

where the symbol & stands for “weak equality” in the sense of Dirac. This implies
that only one of the two independent components of x has any effect, so that only
one real component of © can be gauged away.

The action (£.2)) is both parity invariant (for reasons explained in subsection 2.4))
and super-Poincaré invariant. The Poincaré Noether charges are

dO’ A !
P, = %% {P,+iTOr,0},
g = %Z—Z{[XA (IP’+z'T(:)F®’)]“+%@® (IP’—TX’)“} : (4.7)

The supersymmetry Noether charges are
d =~ a
9% =2 f 2—‘7 (P* — TTI%) (T,0)" — 2T (00) (6)"} . (4.8)
i

The k-symmetry variation of all these charges is zero on the constraint surface, i.e.
weakly zero.
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4.1 Light-cone gauge

Light-cone gauge fixing proceeds as for the Nambu-Goto string but with the additional
fixing of the kappa-symmetry by the relation [11]

e =0, (4.9)

@:,/ﬁ(ﬁ) (4.10)

for some anticommuting worldsheet function 6(7, o). We thus find that

which implies that

I =1, I =X" +—99 2 =X
2p_

Ir = o, I, =(X7) + 2—99’, 2 = X'. (4.11)
D_
As for the bosonic variables, it is convenient to define
_ d
h=0-9, dr)=¢Lp (4.12)
2m

There should be no confusion with the notation for a conjugate spinor as € is not a
2-component spinor. In this notation, we find that the analog of (B12]) (but without
the u = uo + @ split) is

L = :)‘sp+:)’3_p_+11919+%g—; (Xp“_ie_é)
T do do
T Pt ]{% (XH 99)

d 1

+ p_ f; {X T <P+ + o [P+ (TX’)Q})} : (4.13)
i _

As before, X~ is now a Lagrange multiplier for the constraint «' = 0, which we solve

by writing u = ug(7). The constraint imposed by the Lagrange multiplier ¢ is also

exactly as before, and therefore has the same solution (3.13) for P,. The resulting

analog of the bosonic Lagrangian (314 is

L = [¢p+¢—p_+3ﬁﬁ+]{d—“{XP+3§§H .y
2 o 2

do (5,2 1=~
—uoj{% {XP+§99} : (4.14)
where
H = f—@@’
_ 1 2 9 {52 _mpn
= 5 [p +]{% {P*+ (1X')" — iT60 }] . (4.15)
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Notice that the Hamiltonian is no longer —p, because of the fermionic contribution
from the WZ term.
The Poincaré generators in the light-cone gauge are

P = p, ‘@—:p—> ‘@-F:_Ha
S = ap.—TH, JT=1p—ap_,
J~ = —vp—aH+A/p, (4.16)

exactly as for the bosonic string, except that the Hamiltonian differs and now

do oo o T ( [do do .
A:p_%%[XPJF—X‘P}+%<%%X@9’+ﬁ%§X@’). (4.17)

Note the 1-dependence in the last term of this expression. Note also the dependence
on X~ in the first integral; although this is not one of the canonical variables of the
gauge-fixed action, its Fourier coefficients may again be expressed in terms of the
Fourier coefficients of (X, P). However, in repeating this step one must now use the
relatio

po (X)) +pX'+ 200 = — ( X'P+ 260 | + fd—a X'P + ~06 (4.18)
2 2 27 2
which replaces ([8.26). The relation that replaces (3.41]) is

_ _ T T do -
D, X" =P —00 —i— ¢ — 00" . 4.1
P '+t 22p_ 06 22p_ o 06 (4.19)

The supersymmetry charges in the light cone gauge are

1 do -
2! — vors {pﬁ+]{§(P—TX')9],

2?7 = \/V2p_ 9. (4.20)

Finally, the parity transformation (2.33]) acts in the light-cone gauge via the trans-
formation
X —-X, P——-P, (4.21)

with all other canonical variables, in particular 6, being parity inert. It follows that
the (classical) Hamiltonian H is invariant under parity, as expected.

4.2 Fourier expansion

We Fourier expand @ as

0=>) [ +e ¢ . (4.22)

n=1

4This corrects a minus sign error in the corresponding relation of [5].
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With the bosonic Fourier expansions as before, the Lagrangian (4.14) becomes
. * 11 ) .
L = ép—ip_+ %1919 +i ; [E (ahou, + dna,) + 5| — H
Hug Y (Ao — Ghan +n &) (4.23)

n=1

The Hamiltonian again takes the form

1
H=— (p*+ .47 (4.24)
2p_
but now with .
M =2TY (e, + 650, +nEE) (4.25)
n=1

The Poincaré charges are as in (£I6]) but now with the different expression (4.17])
for the Poincaré invariant A. As this involves X, we must first use (ZI8) to express
X~ in terms of the canonical variables, or their Fourier coefficients. The result of
this computation is

—p- X" =pX+ %ﬁ9+ f: % [e""“ (ﬁn + Y — 52) —e (622 + 7 = Bn)} (4.26)
n=1

where 3, and 3, are as they were for the bosonic string, and

n—1

=g 3 ) b+ 3 (= ) € (127)

m=1 m>n

One also needs the result that

i [do o 1 i
_ —X /: - _ * o~ _ * Ok 42
We then find that
/1+ = V 2T ; gan (6n + ’}/n) + iﬁ;anfn + c.c. s
[e.e] Z B
A = V2T —ac By, + c.c. 4.2
V ; nanﬁ +c.c (4.29)
The supersymmetry charges are now
1 [e.e]
2' = p19 + V2T (Oénf;i + O‘;gn) )
V2p- ;
2?7 = \/V2p_ 9. (4.30)
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Using (4.29) and (4.30), we find that the super-Poincaré invariant € of (2.21])
takes the form
Q - Q+ ‘l‘ Q_ 5 (431)

where 2. = A_ and
2. =V2T Y o5, (Bu+ ) = (B +70) 0] - (4.32)
n=1
Note that the anticommuting zero mode 9, present in A, cancels from (2.

4.3 Quantum ./ =1 3D superstring

To quantize, we replace the bosonic variables by operators as before, and we promote
the fermionic variables to operators satisfying the anti-commutation relations

1

with all other anticommutators of these variables equal to zero. The quantum Hamil-
tonian has the form (£.24)) with

///2=2T[N+N+y} , y:ingjlgn, (4.34)
n=1

where the bosonic level number operators (NN, N ) are as before. The level-matching
constraint is now ~
N=N+v, (4.35)
which implies that
M?* = AT (N +v) , (4.36)

and hence that physical states of a given mass all appear at a particular level, given
by N + v. The asymmetry in the level-matching condition is due to the fact that
the fermionic operators &, create right-moving modes on the string that are super-
partners to the right-moving modes, whereas the left-moving bosonic modes have no
super-partners. In effect, the .4/ = 1 GS 3D closed superstring is a 3D heterotic
string. Changing the sign of the WZ term in the action ([4.2) would lead to super-
partners for the left-moving bosonic modes instead of the right-moving ones, so there
are two distinct .4~ = 1 superstrings. Nevertheless, both of these potentially distinct
(albeit equivalent) superstrings have exactly the same (parity preserving) 3D spec-
trum, so they are identical as quantum theories and we need not distinguish between
them.

5There is nothing to prevent the strings under consideration here from self-intersecting, so we
could consider a macroscopic figure-of-eight superstring in which the fermionic modes move clockwise
in one loop of the “8” and anticlockwise in the other; this shows that the chiral nature of the
worldsheet fermions does not imply a violation of 3D parity.
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The operator versions of {2+ may be written as
2y = V2T A+ Y 2 (afn - awjl)] . Q_=A_=V2TJ, (4.37)
n
n=1

where A and A are the operators of the bosonic string and 7, is now the following

operator:
n—1

1 n
o= 5 D= )+ Y (1= 5) Ehnbon (4.38)
m=1 m>n
The super-Poincaré invariant operator (2 = (2, + (2_ is related to the Poincaré

invariant operator /A by

1 _ =
A:Q+mu9:, ::\/E;(anﬁl—i-akn). (4.39)

The operator supercharges are

1 _ 1 i’: 2 __
9 _1/ﬂp_ {pmﬂ_}, 2% =\/V2p_ 0. (4.40)

Using the fact that
= =47, (4.41)

for physical states satisfying the level-matching condition, it is straightforward to
verify that the supercharges have the expected anticommutation relations. Although
the above relation shows that the hermitian operator = is a square root of .Z?, it
has zero trace in the state space to be discussed below and so is not positive; it also
anticommutes with 9. However, the hermiticity of = implies that .#? is positive so
there exists a positive square root hermitian operator .#; it can be defined in a basis
in which .#? is diagonal by taking the positive square root of all diagonal entries.
We may then introduce the new supercharge

S = \/ﬂp_o@l—;(p—z'///)o@z,
V2p_

1 [z\/ﬁﬁ/// + E] . (4.42)

V2

For .# = 0 this reduces to a factor times =, which is (in this case) one real linear com-
bination of the two hermitian supercharges 2¢. Otherwise, . is non-hermitian, and
we may trade the two hermitian supercharges 2¢ for . and its hermitian conjugate.
Using the relation (£.41]) one may verify that

=0, (LI =247, (4.43)
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in accord with the discussion of subsection These relations are valid only when
the operators act on physical states because the validity of (4.41]) requires the level-
matching constraint.

Parity acts in the light-cone gauge of the .4~ = 1 superstring in exactly the same
way as it does in the bosonic theory. The parity operator II is again given by (3.69));
it has the property

Ny =-I. (4.44)

As IT commutes with both with N and N, as before, and trivially with v, it commutes
with the Hamiltonian. Since it anticommutes with A, this means that massive states
of non-zero spin must appear in degenerate parity doublets of opposite-sign helicity.
However, two such degenerate states will not appear in the same supermultiplet unless
this supermultiplet has zero superspin; this is because II also anticommutes with (2,
so massive supermultiplets of non-zero superspin must appear in degenerate pairs of
opposite sign superhelicity.

4.3.1 Absence of anomalies

The Poincaré charges of the .4 = 1 superstring are exactly as given in ([3.58) and
(BX19) for the bosonic string but with the Hamiltonian H and Poincaré invariant
A of the superstring. The absence of anomalies in the Lorentz algebra is again a
direct consequence of the fact that H and A commute, but this is now an immediate
consequence of the fact that

[=,02]=0. (4.45)

Moreover, this relation is now the fundamental one to check because it also implies
that there is no anomaly in the commutation relation of the Lorentz charges with the
supercharges. Most of the latter are just as for the superparticle; the only potentially
problematic commutators are those which involve _# ~. We should find, for operators
acting on physical states satisfying the level-matching constraint, that
i
—,2' =0, L9 = —— 927, 4.46

R Y (110
This can be checked directly but it is essentially equivalent to a check of the commu-
tation relations

phﬂ:—;%ﬂ, [Aywz;%yt (4.47)

which ensure that massive supermultiplets consist of two states differing by helicity

1/2, and these follow directly from (Z435]).

To verify (£45) we need only show that [Z,2,] = 0 since it is manifest that
= commutes with 2_ = A_. As = is linear and ) quadratic in ‘fermions’, this
commutator contains, in principle, terms that are linear and cubic in ‘fermions’. The
cubic term vanishes as a consequence of the identity

[e.e]

(&l +7in) =0, (4.48)

n=1
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which one proves by using the obvious identity

n—1
> Enbam =0. (4.49)
m=1

To check that the term linear in ‘fermions’ is also zero, it is useful to begin by
establishing the following commutation relations, which supplement those of (3.62):

|3

n=m . (4.50)

n) §l_m n>m

—n)fm_n n<m
2

(
[é}”f}/m] = (n + T) gn-‘,-m i) [fjw%n] =<0
(

SR

4.3.2 Realization

The anticommutation relations (£33) can be partially realized by setting

1
’19:—0'1®H, gn:U2®Xn> 5220'2@)(1” (451)

V2

where (x,, x!) are a set of fermionic annihilation and creation operators:

The operator
(-1 =031 (4.53)

anticommutes with ¢ and &,, and hence with the supercharges@. Let |s); be the pair
of states (¢ = %) such that

(=D )+ =slo)+ (s=%),  xalo)x=0 (neZ). (4.54)

Then the doubly-degenerate oscillator ground state (for both bosonic and fermionic
operators) is
<) =10,¢)+ @10)—, 10,6)+ = 10)+ @ [6)+, (4.55)

where |0,¢) is the ground state for the right-movers and |0)_ is the ground state
for the left-movers. The states |¢) are annihilated by = and hence have zero mass.
The operator = is a real linear combination of the two hermitian supercharges for
zero mass. The two states of |[¢) are permuted by any other linearly-independent
combination, e.g. 9, so they form the two states of a single massless supermultiplet.
As expected, one is a boson and the other a fermion. Excited string states, which are

6The fact that the supercharges are 3D fermions suggests an interpretation of (—1)¥ as an
operator that counts spacetime fermion number modulo two. This allows us to distinguish bosonic
from fermionic massless states: recall that this distinction survives the massless limit even though
spin is not defined for massless 3D particles. The interpretation of (—1) in its action on massive
states is less clear since these need not be either bosons or fermions, but we pass over this point
here because massive states are characterized by their relativistic helicity s, which we may compute
directly.
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all massive, are found by acting on the ground state |¢) with creation operators, in
such a way that that the level-matching condition (4.37]) is satisfied. We may therefore
organize all physical states according to their level L, with mass M = V4T L. In the
above realization, the operators .# and = become

% = Hg &® %reda == 09 X Ered (456)

where .#,.q and =,.4 are ‘reduced’ operators acting in the Fock space of the operators
(an, o) and (xn, x!). The non-hermitian supercharge . is represented by

1
= — 101 Q@ Myeqg + 02 Q =0 4.57
ﬂ[l i+ 09 d] (4.57)

At a given mass level L > 0, for which .# = M = /4T L, we have
y|L:'év2TL[01®]L—’i02®77L], (458)

where 77, is an operator on the space of states at level L that squares to the identity
but has zero trace. For a given eigenvalue of 7., we get a supermultiplet by acting
with .#T on a state annihilated by .# (as discussed in subsection 2.5]) but since the
eigenvalues of 7y come in +1 pairs, each massive level contains an even number of
degenerate supermultiplets, half with ;, = 1 and the other half with n;, = —1. All
massive multiplets are therefore at least quadruply degenerate.

4.3.3 Low-lying excited states

The first excited states, at level-1, are

‘1B7§>+ ® ‘1B>— = aJ{‘ng)-l- ® &J{|0>— )
1r, <)+ @)~ = x}|0,6)1 ®ailo) -, (4.59)
which gives us a total of four states at this level, and hence two .4/~ = 1 supermul-

tiplets. The level-2 oscillator states, are constructed from tensor products of the
‘right-moving’ orthonormal states

Loon? Lo
15150 = = (od) 0.9, 12,0 = sallo)
|1371F7g>+ = OéJerJHng>+7 ‘2F7g>+:X£‘ng>+7 (46())

with the ‘left-moving’ level-2 states of the bosonic string

Loy’ _ L.
|1,1>_—ﬂ( Do, 12 Z50410)- (4.61)

This gives us a total of 16 states, which must arrange themselves into eight .4 =1
supermultiplets.
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At level 3 we need to consider the following eight doubly-degenerate ‘right-moving’
(orthonormal basis) states

1 3 1
115,15,1B,¢)+ = NG (ai) 10,¢)+, 115,2B,6)4+ = ﬁaiaéloxh,
1
135,¢)+ = ﬁa§|0,q>+, 11r, 27, )+ = XiX5]0,¢) 4,
1 2
15,2p, )+ = alx3|0,¢)4, 1,1, 1p,¢) 4 = —= (aD X10,6)+
V2
1
|2371F7g>+ = %OKEXJ{|07§>+7 |3F7g>+ :X£|0,§>+- (462>

These must be tensored with the three ‘left-moving’ level-2 states of the bosonic
A = 0 string
1 3 1
1,11y = —(@T> 0, [1,2). = —alall0)_,
| ) 75 \@ 0) 1,2) Vo 310)

1 4
5040 (4.63)

This gives us a total of 48 states at level 3, and hence 24 .4 = 1 supermultiplets.

3)- =

4.3.4 Superhelicities

In order to determine the spectrum of superhelicities, we must find the eigenvalues
of the operator {2, which we can do by finding those of {2, since the eigenvalues of
2. = A_ have already been computed (to the level considered here). There will
be a double degeneracy in the eigenvalues of (2 due to the independence of this
operator on the fermion zero mode ¥J; this is the degeneracy implied by .4 = 1
supersymmetry. As discussed in the previous subsection, there is a further double-
degeneracy in massive levels, so the number of potentially distinct eigenvalues of 2
at a given mass level is only a quarter of the number of states at that level. A
further simplifying feature is that (2, is a Grassmann even operator that does not
mix states of different Grassmann parity (as determined by the Grassman parities
of the operators used to construct the states, ignoring the Grassmann parity of the
ground states).

The operator {2 annihilates the two massless ground states, which form a massless
supermultiplet of .4~ = 1 3D supersymmetry comprising one boson and one fermion
(recall that spin is not defined for massless particles). Potentially, these could be
identified as a dilaton and dilatino. The operator 2 also annihilates all level-1 states,
which implies that the four states at this level yield two copies of the .#” = 1 semion
supermultiplet with helicities (i, —i); this is the supermultiplet one gets by quantiz-
ing the .4~ = 1 massive superparticle [19]. At level 2, there are 16 states and so eight
eigenvalues of (2. To compute them, we need to consider the 4 x 4 matrix that results
from the action of A\, in the space spanned by the basis states (£.60). We find that

31 31

M= [(“DQO@ N 0‘50‘3} T3 [ 166 - e (4.64)
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and then that the 4 x4 matrix is block-diagonal, with 2x 2 blocks. One block gets con-
tributions only from the first term of \o; this is just the the .4~ = 0 string contribution
of (3.68)) and we have already seen that this gives the matrix (3/2)cy. The additional
contribution to Ay contributes only to the second 2 x 2 block, which is also (3/2)cs. It
follows that {2, has eigenvalues \/ﬁ(%, %, —%, —%) whereas {2_ = /A_ has eigenvalues
\/ﬁ(%, —%) The eight eigenvalues of {2 are therefore v/27°(0,0,0,0,3, 3, —3, —3). To
get the superhelicities s1, we have to divide this by the level-2 mass, which is 2v/2T;

this gives
3 3 3 3
S1 < 2a 27070>0a09272> ( 65)

The supermultiplets with superhelicity s; = :t% have helicities s = (:I:%, :t%). These
level-1 and level-2 results, which show that semions are present in the spectrum of
the 3D .4 = 1 superstring, were announced in [5]. Here we continue the analysis to
the next level.
At level 3 we find that
T

A3 = A (aiagag — aga1a2> (4.66)

+i E (aleles — Eleaon) + (adeles — €ltran) - ¢ (adrto - »siﬂas)} -

In the level-3 basis ([A.62]) we have an 8 x 8 matrix but it is block diagonal, with the
following two 4 x 4 blocks:

0 =2 9 0 0 +% 0 -3
3V3 g 1 3 0 =3 9
i| 2 V6 L | v 2 (4.67)
0 % 0 -5 0§ 0 —v2
1 il 0 V2 0
0 0 = 0 :

The eigenvalues of these matrices are, respectively,

1 11
i\/?:&% and :t\/S:I:BT\/?, (4.68)

which shows that at the level 3 there are supermultiplets of irrational superhelicity.

5 The closed 4/ =2 3D Superstring

As for A4 =1, the 4 = 2 GS superstring action can be obtained from the bosonic
string action in two steps. First, we make the replacement

I, » I, =X+i6,I'0,, I, —»I, =X +i6,I'0 . (5.1)

Next, we add to the resulting action a Wess-Zumino (WZ) term constructed from
the closed, super-Poincaré invariant 3-form hg given in (2.30). This can be written
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as hy = dhy for hy as given in (2.31]), and the integral of hy gives us the required
WZ term. These considerations lead to the following quasi-Hamiltonian form of the
N = 2 superstring action:

SX,P, 0,0 u] = /dT%Z—Z_ {HﬁIP’u - %e [P* + (T1L,)*] — uII4P,
+iT KX“ + %@arﬂea) (617,08} — 6,T,0}) (5.2)
- (X’“ + %éar“@/a) (élrué)l — (:)2@92)} } :

This action has a-symmetry and S-symmetry gauge invariances that generalize those
of the 4~ =1 3D superstring. The transformations of the Lagrange multiplier vari-
ables are unchanged while those of the canonical variables are

0X

o [IP _i'e,r (@a _ u@;ﬂ + B,
50, = al~! (@a . u@;) +Be.,

5P = (T2I1, + BP) + 2ial™'T (@;r@l - é;r@) . (5.3)

The term linear in 7" in the action (5.2) is the WZ term, and we have chosen its co-
efficient to ensure invariance under the following “k-symmetry” gauge transformation
with anticommuting Majorana spinor parameters r,:

5 XM = —iO,["5,0,,  §,P, = 2T (&41,6,0, — O4I,5,0,) ,
5,00 = T, (P"— Tk, 6,0y =T, (P + TTI") gy,
50 = —dif [@1 (0T — ) @'1]  4iR, [92 (0T — ) @'2] ,
S = —T (50,0 —6,0) . (5.4)

Because of the relative minus sign in the WZ term, its overall sign can be changed by
the field redefinition ©, <+ O,, so we may choose T" > 0. To verify the x-symmetry,
it is useful to use the fact that

Oxhs = dochy = —2d [II* (6,01T,01 — 6,0:,0,)] , (5.5)
which gives d,ho up to the addition of an irrelevant closed form. Observe that
det [, (P* F TTI*)] = — (P F TT1,)* ~ 0. (5.6)

As for the N = 1 superstring, this implies that only one of the two independent
components of each x, has any effect, so that only one real component of each 6,
can be gauged away.

As for rigid symmetries, the action (5.2)) is invariant under the parity transfor-
mation of (2.34]). It is also super-Poincaré invariant, by construction. The Poincaré
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Noether charges are
P?, = %d—a (P, +4T [0,T,0] —6,1,04]} ,
y. %Z; (XA (P +iT (6,76, — 0,704))])"
%@1@1 (P—TX)" + %@2@2 (P+TX)"

+ (iT/2) (0:I'"0560,0; — ©,1"010,0,) } . (5.7)
The supersymmetry Noether charges are
90— 3 7{ (B~ TIL,) (170,)" - 2T (6,0,) 6}
25 = fj{— {(P* + TTI,) (T"O2)" + 2iT (020,) O} . (5.8)

5.1 Light-cone gauge

The light-cone gauge fixing proceeds as for the .#° = 1 superstringstring but with
the additional fixing of the larger kappa-symmetry gauge invariance by the condition

Ie,=0, a=1,2. (5.9)

_ /ﬁ (65 ) (5.10)

for some anticommuting worldsheet functions 6,(7, ). We thus find that

In this gauge,

m = 1, IL=X +-—~046,, I2=X,
2p_

I = o0, H;:(X)+§9 W0 2 =Xx'. (5.11)

Again it is convenient, it is convenient to define
~ do
0y =0, — Vg, Do(7) = §— 0, . 5.12
)= 5 (5.12)

and should again be no confusion with the notation for a conjugate spinor as 6, are
not 2-component spinors. In this notation, we find that the analog of (812) (but
without the u = @ + ug split) is

L = ¢p+¢—p_+3ﬁaﬁa+7{g {XP+Z§§}
T
da .- do | g, T =
+ (919 — 0504) ]{ %U[XJM 2(9&0&}

+ p ]{Z; {X—u’ —/ <P+ + 2%_ [P? + (TX’)2]) } : (5.13)
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As before, X~ is now a Lagrange multiplier for the constraint «' = 0, which we solve
by writing u = ug(7). The constraint imposed by the Lagrange multiplier ¢ is also
exactly as before, and therefore has the same solution (3.13) for P,. The resulting
analog of the bosonic Lagrangian (3.14]) is

L = [jp+$_p_ 190, + j{d—g {XP+ iéaéaH - H
2 2 2

do (5,2 &= -
—UO\%% {XP+§9(I a}’ (514)

T [d
o = —p+—% i
1 2 do [ =5 N2 oz A
= 5 [p +%§ {P + (TX')" =T (6,6, 9292)}] : (5.15)

where

(6,0, — 8,8

As for 4 = 1, the Hamiltonian is not equal to —p, because it gets a fermionic
contribution from the WZ term.
The Poincaré generators in the light-cone gauge are

32 = D ‘@—:p—a ‘@+:_H>
S = ap.+TH, JT=1p—ap,
J- = —xp—acsH+A/p_, (5.16)

exactly as for the .4 = 1 superstring except that the Hamiltonian differs and now
now

do , - - - I fdo S - 5 s 4
A = p_jf%(xa—x P)+7f%)<(9191—9292)
T do - -, do -,
+7(191 %Xel—ﬁgjf%)(@). (5.17)

Note the 9,-dependence of this expression. The Fourier coefficients of X~ may again
be expressed in terms of the Fourier coefficients of (X, P), but in repeating this step
we should now use the .4 = 2 relation

do

(XY 1 pX 1 Lo = (xP Lo (%_

p— (X7) +pX'+ 2?9«19& ( + 29a9a) o

which replaces (4.I8). The relation that replaces (4.19) is
= ST T do

The supersymmetry charges in the light cone gauge are

1 do , - _
1 _ . !
2! = ‘/ﬁp_ {p191+7{—2ﬁ (P TX)HI],

22 = \/V2p_ ¥, (5.20)
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and

1 do -
9! = 0 — (P+TX")0
2 \/ip_[Pz—i‘%%r( + )2 )
22 = \/V2p_ 0. (5.21)

Finally, parity acts in the light-cone gauge via the transformation
X —=-X, P——-P, Oy — —0, (5.22)

with all other canonical variables being parity inert. The light-cone gauge Hamilto-
nian (B.10) is parity invariant, as expected.

5.2 Fourier expansion

We Fourier expand the 6, as

= [ e oG] B=) [are™E] . (529
n=1 n=1
With the bosonic Fourier expansions as before, the Lagrangian (5.14]) becomes
. C— { g . - 1 * o ~ %~ * & -k :
L = ip—i"p-+50als+i ; {5 (ehden + Ehbin) + 060 + 5&4 ~H
oY [anan — dndn +n (66— 66 | (5.24)
n=1
The Hamiltonian again takes the form
1
H=— (p*+ .47 (5.25)
2p_
but now with .
M2=2TS [a*a &G+ n (5;§n + §;§n>] . (5.26)
n=1

Similarly, the Poincaré charges are as in (5.10) with A = A, + A, with

T =~ s .
A+ = Q+ + \/;’“91 Z (O‘ngn + O‘ngn) )

n=1

Ao = 0+ \/22'192 > (d;;én + dnéz) : (5.27)

n=1
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where (24, which sum to the .4/ = 2 super-Poincaé invariant {2, are given by

7; * *
- (an’yn - an’yn) ’
n

NE

Il
—

n

2. = V2T | )+

NE
S|~

Il
—

n

In these expressions, the quantities A and A are as given in (3.37) for the bosonic
string and =, is as given in ([{27) for the .4 = 1 string, with a formally identical
expression for 4, in terms of the ‘left-moving’ canonical variables. Note that the
fermionic zero modes ¥, cancel from (2.

The supersymmetry charges are

2 = ﬁlp_ meﬁ;{anma;&n}],
22 = \/V2p_ v, (5.29)
and
2, = \E pﬁ2+\/ﬁi{&n§;+&;§n}],
P- n—1
22 = \/V2p_ V. (5.30)

The upper number is the value of the spinor index «, and the lower number is the
value of the supersymmetry-number index a.
Parity now acts via the transformations

r — -, p— —p, Yy — —s,
A — —Qyp, ay, — _dru gn — _gn' (531)

The asymmetry in the action on the fermi modes originates in the relative minus
sign in the ©, transformation of (2.37)).

5.3 Quantum ./ = 2 3D superstring

To quantize, we replace the bosonic variables by operators as before, and we promote
the fermionic variables to operators satisfying the anti-commutation relations

{19(1,’(91)} = 5ab> {gna g;rg} =1, {gna gi} =1 > (532)

with all other anticommutators of these variables equal to zero. The quantum Hamil-
tonian has the form (5.25]) with

///2=2T[N+N+u+ﬁ}, u:ingkn, D:in&gﬂ, (5.33)
n=1 n=1
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where the bosonic level number operators (NN, N ) are as before. The level-matching
constraint, on the eigenvalues of these operators, is now

N+iv=N+v, (5.34)
and we may use this to rewrite the mass-squared at level L = N + v as
M?|, =ATL, L=N+v. (5.35)

The quantum supersymmetry charges are obtained from the classical charges
(530) and (£.36) in the usual way. The result is

1 1
2! = z9+—5], 2% =\/V2p_ 0y,
1 \/§p_ [pl \/5 1 p 1
2! = ! {19 +iﬁ} D2 =\/V2p_ ¥ (5.36)
2 \/§p_ YU 2*—‘ ) 2 — p- V2, .

where

S VITY (gl +al6) . E-VITY (a&+ald). (537

n=1 n=1

The operators = and = also appear in the relation between the quantum operators
.Q:t and A:ti ) )

1 1
2v2 2v2
When these operators act on physical states satisfying the level-matching condition

(5.34), they satisfy

Ay =0, + 0E,  A_=0_+ =g (5.38)

=2 =22, {EE} ~0. (5.39)

For the reasons explained earlier for the .4~ = 1 superstring, the absence of super-
Poincaré anomalies is a consquence of the fact

=,02,]=0, [E Q_} ~0. (5.40)

The calculations needed to verify these commutation relations are also the same as
those sketched earlier for the .4#” = 1 superstring.
As for the .#" = 1 superstring, it is convenient to consider the supercharges

1
S =\V2p_ D} — ———

V2p_
where .# is the positive square root of .#. This gives
1 1

S = iM + —=E, Sy =i MOy + —E. 5.42
1 7 1 \/§ 2 ? 2 \/i ( )

(p—id) 2%, (5.41)

38



Using (5.39), it is straightforward to verify that
(S0, A =0, {5@, yg} = 28, M*. (5.43)
The operators ., again commute with the operator version of {2, but
A, S] = —%///Ya, [A,YJ] = %///Yj (5.44)
The parity operator in the light-cone gauge takes the form
Iy_o=1I(-1)" (5.45)

where II is the parity operator (3.65) of the bosonic string and .4 = 1 superstring,
and the operator (—1)f% anticommutes with ¥ and all &, but commutes with all
other canonical variables. As this operator anticommutes with both A4 and (24,
both helicity and superhelicity eigenstates must appear in parity doublets of opposite
sign eigenvalues.

We may similarly define an operator (—1)*% that anticommutes with 9J; and all
&, but commutes with all other canonical variables. The operator

(1) = (=) (-1)"" (5.46)

anticommutes with all fermionic canonical variables but commutes with all the bosonic
canonical variables. As a consequence it anticommutes with all components of the
supercharges 2,, so the action of one of these charges on an eigenstate of (—1)¥
yields another eigenstate of (—1)f but with opposite sign eigenvalue.

5.3.1 Realization

The canonical anticommutation relations (5.32]) can be partially realized by setting

V20, = (1 @1)®(0391), V20, =(0Lol)® (L),

§n = (02@xn) ®(030L) bn=(L®L)®(02®@Xn) ,  (5.47)

where (xn, X!) and (X, Xl) are two mutually-commuting sets of operators obeying
the anticommutation relations

o xh} =0 I, Ko X} = um [ (5.48)
In this realization,
(1) =(0301) @ (LRL), ()" =0Lol)Q(0sl), (5.49)
and hence
(-1 =(0301) @ (03 1) . (5.50)

The fermi oscillator ground state is quadruply degenerate; a basis is provided by
the four states
D+@[)- (c==%, I=2), (5.51)
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where
(=D =<lo)yy, (D)) - =<)-. (5.52)
and
Lex)ls)r=0, (L®x.)|S)-=0. (5.53)

This means that the Fock vacua for the right and left oscillators (bosonic and fermionic)
can be chosen to be, respectively,

10,9)+ =100 @), 0,9)- =[0)- @[5, (5.54)

where |0)4 are the Fock vacuum states for the bosonic oscillators, as in (851]). The
quadruply-degenerate oscillator ground state of the string then takes the tensor prod-
uct form

5,$) =10,6)+ ®10,S) . (5.55)

At a given level L > 0, the non-hermitian supercharges ., become

5’1 = iVQTL[01®H+—i02®7]L] ®(O'3®H_)
Sy = iVATL(L®L) &[0y @I —ioy @71 (5.56)

where both the operators n; and 7., acting in the space of physical states at level
L, are traceless and square to the identity, and so have (simultaneous) eigenvalues
+1. There are four possible choices of the signs (n.,7.), and for each choice we
get a supermultiplet by the action of . on states annihilated by .#,. Each such
supermultiplet has four states, so there is a minimal 16-fold degeneracy at each non-
zero level.

5.3.2 Low-level excited states

Excited string states are found, as eigenstates of the level operators N +v and N +
with eigenvalues that we also call N + v and N + i, by the action of the creation
operators on the oscillator vacuum state such that the level-matching condition (5.34])
is satisfied. We may therefore organize all physical states according to their level
L = N + v, with the corresponding mass being given by (5.33]). Because of the
quadruple degeneracy of the ground state there is a minimal quadruple degeneracy
at each level, as required by .4/ = 2 supersymmetry. There are a total of 16 first
excited states, i.e. level-1 states:

15,6+ ® 15,9 = al|0,¢)+ ®a1]0,3)_,
1p, )+ @15, 8- = x1[0,6)+ ® %1]0,9)-, (5.57)
17, 6)4 ® [15,9)- = x1]0,¢)+ ®a1]0,9)_,
1p,6)+ ®[1p,O)- = of|0) ® x1[0)—. (5.58)

These form four .4 = 2 supermultiplets.
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The level-2 excited states are tensor products of the orthonormal states

1 2 1
15, 15,6)+ = 7 (ai) 10,¢)+, 25)+ = %O‘$|0a<>+>
15, 1p.¢)r = alx}l0,¢)s,  [12p.)1 = x3]0.6), (5.59)

with the analogous states built on |0,<)_. This gives us a total of 64 level-2 states
and hence 16 .4 = 2 supermultiplets.
At level 3 we need to consider the (orthonormal basis) states

1p,15,1B,6)1 = % (041>3\07§>+7 \1BaQBa€>+=%OéIOK$\Oa§>+=
35,61 = %a§|o,<>+ 1r, 20, 6) 4 = xIx10, )+
115,2p,¢)5 = aix}[0,¢)s, IlB,lB,lF,<>+:\% (a1)2x1|0,<>+,
25,1005 = —=alxd0,9)s,  13mr6he = xb0,5) - (5.60)

V3

Taking tensor products with the corresponding states built on |0,<)_ gives a total of
256 states, and hence 64 .4 = 2 supermultiplets.

To compute the spectrum of superhelicities at these levels we need to compute
the eigenvalues of the quantum operator (2. In fact, it is sufficient to compute the
eigenvalues of the operator (2, because these eigenvalues are identical to those of
2_. As neither 2, nor {2_ depends on the zero modes 9,, each eigenvalue of {2 has
at least a four-fold degeneracy, so the number of eigenvalues of {2 at any given level
(counting multiplicity) equals the number of supermultiplets at that level, as required
by A" = 2 supersymmetry.

The four ground states are annihilated by {2, as must be since (relativistic 3D)
superhelicity is not defined for massless particles. These states correspond to massless
particles that are potentially identifiable as a dilaton and axion, and their super-
partners. As we already saw for .4 = 0,1, the operator {2 also annihilates the
level-1 states, so there are four degenerate copies of the .4/ = 2 supermultiplet
of zero superhelicity at this level. The helicity content of this supermultiplet is
s=(—1/2,0,0,1/2), so we get four 3D A4 = 2 scalar supermultiplets at level-1.

Similar considerations apply to the higher levels: the .4 = 2 helicity content at
each level can be deduced directly from the .#° = 1 results of the previous section.
For example, we saw that {2, has the four eigenvalues \/ﬁ(—%, —%, %, %) at level 2,
so £2/+/2T for the A4 = 2 superstring has eigenvalues (—3,0,3) with multiplicities
(4,8,4), leading to 4 A~ = 2 supermultiplets of superhelicity ss = 3/2, another 4 with
superhelicity ss = —3/2 and 8 with zero superhelicity (so 16 in total, as required for
the 16 supermultiplets at this level). The s, = 3/2 supermultiplet has helicities
s =1(2,3/2,3/2,1); it is a massive spin-2 .4 = 2 supermultiplet.

As these results show, the states of the .4~ = 2 3D superstring through level 2 are
just standard bosons and fermions, but this simple feature does not extend to level 3.
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Again, the level-3 content can be deduced from the previous results for .4~ = 1. From
the eight level-3 eigenvalues of 2, given in (4.68) we get a total of 64 eigenvalues
of (2, as required for the 64 supermultiplets at this level. Eight of them have zero
superhelicity but the rest have irrational superhelicities. As all helicities in such a
supermultiplet are also irrational, we conclude not only that there are anyons in the
spectrum of the .4~ = 2 3D superstring, but also that these anyons are ‘generic’ ones
of irrational spin.

6 Summary and Outlook

The quantum theory of strings below their critical dimension is problematic and
generically involves the introduction of a new degree of freedom, the Liouville mode,
that is not present in the classical string action. We say “generically” because there is
an exception: the usual quantum Lorentz anomaly in the light-cone gauge, in which
the action involves only physical worldvolume variables, is trivially absent for the
Nambu-Goto string in a Minkowski spacetime of three dimensions (3D) [5,16], so no
Liouville mode is needed to guarantee unitarity and Lorentz invariance, at least for
a free 3D Nambu-Goto string.

The implication is that the quantum spectrum contains states of definite mass
and spin, and this was verified explicitly in [5], with a rather surprising result: the
spins are not generically integer or half-integer. This is possible because the rotation
subgroup of the universal cover SO(1,2) of the 3D Lorentz group is SO(2) = R. In
the context of a relativistic theory, this implies that the states in the string spectrum
generically describe “anyons”. There is an ambiguity in the string spectrum due to an
operator ordering ambiguity: the mass-squared of the string ground state is arbitrary,
although it must be non-negative to avoid tachyons. This ambiguity affects the spins
as well as the masses. Consideration of both the level-2 and level-3 excited states led
to the conclusion that some states are necessarily anyons and that they generically
have irrational spin.

A similar conclusion was arrived at for the .#* = 1 3D Green-Schwarz (GS) su-
perstring, but in that case the doubly-degenerate ground state is required by super-
symmetry to be massless, so the quantum ambiguity of the bosonic 3D string is elim-
inated. The level-1 and level-2 excited states were shown in [5] to contain “semions”
(a particular case of anyons for which the spin is 1/4 modulo a half-integer). In this
paper we have given details of the computations behind these results, and we have
extended them in a number of ways.

Firstly, we have extended the computation of the spectrum of the quantum 3D
Nambu-Goto string to level-3. This allows us to strengthen our earlier conclusion
concerning anyons in the spectrum: some of these anyons necessarily have irrational
spin. This tells us that the Lorentz group really is SO(1,2) and not some finite cover
of SO(1,2).

Secondly, we have established the same result for the .#° = 1 superstring by
showing that irrational spin anyons are present in the spectrum at level-3. We have
also established the absence of super-Poincaré anomalies. Classically, there are ac-
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tually two .4~ = 1 superstring theories, interchanged by worldsheet parity, because
the string fermions propagate in one direction around the string. However, these two
equivalent, but distinct, classical theories are identical as quantum theories because
they describe exactly the same 3D spectrum.

Thirdly, we have extended the analysis to include the .4 = 2 GS superstring.
In this case, the spectrum through level 2 consists only of bosons and fermions (i.e.
particles of integer and half-odd-integer spins) so it was not previously clear to us
whether the spectrum would contain anyons. In fact, the level-3 spectrum contains
particles of irrational spin, this being a consequence of the presence of such states in
the 4" = 1 superstring.

The fact that irrational spins appear in the spectrum of all 3D (super)strings
implies that the Lorentz group is the infinite universal cover of SO(1,2), not the
double cover that might have been expected, or any finite multiple cover. We believe
that this may explain why existing covariant quantization methods do not appear
to allow for the possibility of 3D strings: covariant quantization of even a free 3D
particle is not straightforward if it has irrational spin.

We have made no attempt to explore whether the free 3D strings discussed here
admit interactions. Again, this is already a difficult problem for particles of irrational
spin. If interactions are possible then one would expect there to exist effective su-
persymmetric field theories describing the massless modes of the 4" =1 and A = 2
3D superstring theories. Our results are consistent with this possibility even if the
effective field theories are supposed to be supergravity theories because neither the
metric nor the antisymmetric tensor fields that couple naturally to a string propagate
massless modes in 3D.

For the .4 = 2 superstring, there are four massless states: a scalar and a pseudo-
scalar, and their superpartners. The scalar might be interpretable as a dilaton. As
a massless pseudo-scalar is dual to a massless vector in 3D, it would be natural to
suppose that any effective field theory is some generally covariant theory involving an
A = 2 vector multiplet. The vector potential of this supermultiplet could couple to
particles carrying the central charge permitted by the .4 = 2 superalgebra. Although
there are no such particles in the spectrum of a free .4~ = 2 superstring, they might be
non-perturbative excitations of an interacting .4/~ = 2 3D superstring, analogous to
the DO-branes of critical superstring theory. If so, they might show up in an analysis
of A" = 2 open strings with Dirichlet boundary conditions, although it is difficult to
see how this could be consistent with the fact that such particles are semions of spin
1/4 [15].

Finally, we recall that the .#° = 2 3D GS superstring is, classically, the double-
dimensional reduction of the 4D supermembrane. In the context of a 4D spacetime
that is a product of 3D Minkowski spacetime with a circle, the supermembrane can
be wrapped on the circle to give a string. The .#" = 2 3D superstring is then found
by ignoring the momentum modes in the extra dimension, but it would be interesting
to see what effect these modes have on the string spectrum, and whether 3D “DO0-
branes” also emerge from this 4D perspective.
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