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Chapter 1

Introduction

One of the central difficulties in the covariant quantisation of relativistic systems is the appearance
of states with negative norm. Such states originate from the indefinite signature of the Minkowski
metric and cannot be interpreted as physical states in an ordinary probabilistic quantum theory. A
consistent quantisation must therefore remove them from the physical spectrum or identify them as
unphysical gauge degrees of freedom.

A familiar example is the covariant quantisation of the electromagnetic field. All four components of
the gauge potential are retained in order to preserve manifest Lorentz covariance, but the temporal and
longitudinal components produce states with zero or negative norm. The Gupta—Bleuler prescription
deals with this problem by imposing a subsidiary condition and subsequently quotienting by the
remaining null states [1}2].

The same tension appears in the covariant quantisation of the bosonic string. The embedding coordi-
nates X* (7, o) are expanded in oscillator modes satisfying

[047’%, O‘m = m77’W5m+n-
For the spatial components, this is the usual oscillator algebra with positive sign. In the timelike
direction, instead,

0 0] = —m(5m+n.

[am7 an
If all positive modes are taken to annihilate the vacuum, as in the standard representation, the timelike

creation operators generate negative norm states.

In old covariant quantisation, this indefiniteness is accepted at the kinematical level. One constructs
an indefinite Fock space and then imposes

Ln’w>:O7 n>07

together with
(Lo + a) |¢) = 0.

At the critical dimension and intercept, the no-ghost theorem shows that the physical subspace has
nonnegative norm and becomes positive definite after quotienting by null states [3,4|. Positivity is
therefore recovered only after the Virasoro constraints and the associated gauge identifications have
been taken into account.

In this thesis we study a different approach to the same problem. Instead of accepting an indefinite
kinematical space, one may ask whether a different representation of the same oscillator algebra can
already have a positive definite inner product.

This possibility was considered by Bars in his analysis of the relativistic harmonic oscillator [5|. The
Lorentzian oscillator algebra admits different Fock sectors, depending on which operators are chosen
to annihilate the vacuum. In one of these sectors, the usual spatial polarisation is retained, while the
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roles of the timelike creation and annihilation operators are reversed. The resulting Fock space has
positive norm, although the chosen vacuum is not invariant under Lorentz boosts.

Bars also observed that the same choice can be made independently for each nonzero string mode.
The corresponding string representation is kinematically positive, but the Virasoro constraints become
nonstandard and their solution was left open [5]. This thesis studies that string representation more
explicitly.

For every n > 0, the spatial vacuum conditions are kept unchanged
b |0,p) =0, di=1,...,D—1.
In the timelike sector, instead, we impose

a®, 10, p) = 0.

The spatial creation operators are therefore o, while the timelike creation operators are the positive
modes o). The oscillator algebra, the classical string equations and the zero mode sector are not

modified. The only change is the choice of polarisation.

The reversed timelike polarisation compensates the negative sign in the commutator. For instance,
0 2 0 .0
Han‘o,p>” = <07p‘ afnan’07p> =n.

The same conclusion holds for arbitrary finite oscillator states. The occupation number states are
mutually orthogonal and have strictly positive norm. Thus, the modified algebraic Fock space contains
neither negative norm states nor nonzero null vectors, and its completion defines a positive definite
kinematical Hilbert space.

Even if the resulting space is positive definite, one must still check whether the other structures of the
theory are preserved. The first difficulty appears already for target space Lorentz transformations.
Spatial rotations preserve the distinction between creation and annihilation operators, whereas boosts
mix spatial and timelike oscillators and therefore do not preserve the chosen polarisation.

The oscillator contribution to a boost acts on the vacuum as

4 1
J(?szc ’07p> =1 Z Ea’inagz |07p> :
n>0

After normalising the oscillators, the terms in this sum form an orthonormal family. The norm of
the truncation to the first M modes is proportional to M, so the sequence does not converge in the
kinematical Hilbert space. In particular, the infinitesimal boost generator is not defined on the vacuum
with the natural oscillator domain prescription.

The same obstruction can be seen directly for finite boosts. On each spatial timelike oscillator pair,
a boost acts as a bosonic Bogoliubov transformation. Its off diagonal part has coefficient sinh(yx) at
every oscillator mode, where x is the rapidity. Consequently, its Hilbert—Schmidt norm contains the

divergent sum
Z | sinh 2.
n>0

By the Shale—Stinespring criterion, a nontrivial boost is not unitarily implementable on the modified
oscillator Fock space [6[7]. The obstruction is therefore not only the non invariance of the vacuum. It
is caused by the repetition of the same creation annihilation mixing over infinitely many independent
modes.

The modified polarisation also changes the normal ordering prescription. In the timelike sector,
negative modes are moved to the right rather than positive modes. The matter Virasoro generators
must therefore be reconstructed using normal ordering with respect to the modified vacuum.
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On the algebraic Fock space, the resulting generators satisfy

D -2
[Lév Lfﬂ = (m - n)L§1+n + T (m3 - m) 5m+n-

The formal matter central extension is thus
cm=D —2,

and the corresponding matter vacuum energy shift is

v D=2

- 24

The D — 1 spatial oscillator families contribute with the standard sign, while the reversed timelike
oscillator contributes with the opposite sign.

The value ¢,, = D — 2 is obtained from the formal oscillator mode algebra in a representation that
is not of positive energy. It has not been shown that it is also the Weyl anomaly coefficient of a
local worldsheet conformal field theory. In the usual Polyakov path integral, D scalar fields contribute
cm = D regardless of the Lorentzian signature of the target space metric. A local worldsheet or path
integral realisation of the modified representation would therefore have to be established separately.

If the standard anticommuting Faddeev—Popov bc system is retained as an additional assumption, its
central charge remains
Cgh = —26.

The total formal Virasoro anomaly then cancels for

D = 28, a=—1.
These values only express cancellation of the formal mode anomaly. They do not by themselves prove
Weyl invariance or the existence of a consistent BRST quantisation.

The main difficulty of the construction lies in the matter physical state conditions. The signed oscillator
level can be written as
N = N*f + N°.

Since timelike creation operators lower its eigenvalue, N is not bounded from below. At fixed signed
level, there are therefore infinitely many oscillator states, and the usual finite level analysis of the
Virasoro constraints cannot be applied.

It is useful to introduce a second operator,

K = N* — N°,
which counts the total weighted number of spatial and timelike creation operators. Its spectrum is
nonnegative, and every fixed K eigenspace is finite dimensional.

The spatial and timelike parts of a positive Virasoro generator act in opposite directions on this
grading
K, L) = —mL2, (K, L%] = mLY,

Writing a fixed N state as

\%) = Z ’¢V,k:> 5

k>0

the equation L.\ [1,) = 0 becomes

Lfnp ’¢V,k+m> + Lgn ‘wu,k7m> - 07 k Z 0.

The constraints are therefore an infinite system of relations between different K components.
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The finite support case can be excluded. If ky; is the largest value of K occurring in a nonzero state,
the constraint at output grading kn; + m gives

Ly [ eys) = 0-

For m = 2, this equation can be analysed directly by separating the spatial and timelike oscillator
content of the top component. In the timelike sector, the term

1
D) (0‘(1))2

produces a contribution with two additional timelike creation operators. No other term has the same
polynomial degree, and hence no nonzero top component can satisfy the equation.

The same reasoning extends to every m > 2. The relevant highest degree term is generated by

-1

0 0
g Oy Ot

r=1

N

This is multiplication by a nonzero polynomial on the algebraic timelike Fock space and is therefore
injective. One obtains

X _
ker (Lm’?alg(p)) = {0}, m > 2.
In particular, no nonzero algebraic vector satisfies all the positive mode constraints.

Any possible physical state in the Hilbert space completion must therefore contain infinitely many K
components. Such a formal sum defines a Hilbert space vector only when

D Ml < oo

E>0
Normalisability is no longer automatic at fixed signed level.

An explicit infinite support solution is constructed in Appendix [B] It satisfies the positive Virasoro
constraints as a formal oscillator identity, but its norm diverges. The example shows that solving the
recursive equations algebraically is not sufficient to obtain a state in the kinematical Hilbert space.

The structure of the problem becomes clearer after separating the spatial and timelike oscillator sectors
Hiin(p) = Hep(p) © HO ().

The timelike modes can be written as
/871 = a(in'
(0)

They satisfy the standard one boson oscillator algebra and define ordinary Virasoro generators £y,’.
The modified timelike contribution is related to them by

0 0
Hence, on the algebraic tensor pI“OdUCt core,

LY=ol 100

T
A normalisable vector in this tensor product can be identified with a Hilbert—Schmidt operator
Tw : j’C(O) — j‘fsp,

with
1) | = [ Tyllns-
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Under this correspondence, the positive mode constraints become

L Tyv = TyplOv, v E &"E(l?g);(po), m > 0.

Thus, the operator associated with a physical state must intertwine the positive Virasoro modes of
the timelike and spatial Fock representations.

The zero mode condition fixes the difference between the two oscillator levels. If

l/(p) = _aX - O/p27
then
NSPTw - TwNJ_ = I/(p)Tw,
where Ngr = —NVY is the nonnegative timelike level operator. The operator must therefore have a

fixed degree with respect to the spatial and timelike level decompositions.

The completed problem can now be solved. The zero mode condition fixes the degree of a possible
intertwiner with respect to the spatial and timelike level decompositions. Suppose that a nonzero
Hilbert—Schmidt intertwiner exists and consider the lowest timelike oscillator level on which it does
not vanish. Its image contains a nonzero vector annihilated by all positive spatial Virasoro modes.

Acting on this vector with negative Virasoro modes produces an orthonormal sequence of timelike
descendants whose images under the intertwiner remain bounded away from zero in norm. This is
incompatible with compactness, since every Hilbert—Schmidt operator is compact and must map an
orthonormal sequence to a sequence whose norm tends to zero. Consequently, no nonzero Hilbert—
Schmidt operator can satisfy simultaneously the positive mode intertwining equations and the zero
mode condition. It follows that, for every real momentum and every finite dimension D > 2,

J{I))ilys(p) = {0}

Thus, the obstruction found on the algebraic Fock space persists after Hilbert space completion:
allowing infinite K support does not produce any nonzero normalisable matter physical state. The
formal solution constructed in Appendix [B|is consistent with this result, since it lies outside the
kinematical Hilbert space and corresponds to a noncompact rather than Hilbert—Schmidt intertwiner.

The construction studied here is not proposed as an alternative consistent quantisation of the bosonic
string. It is instead a way of testing how the usual consistency conditions react when positivity
is imposed before the Virasoro constraints. The modified representation has a positive kinematical
Hilbert space, but boosts are not unitarily implementable and the formal Virasoro central extension
is changed. Moreover, the obstruction to the Virasoro constraints is not confined to the algebraic
Fock space, the completed matter physical state space is trivial. Thus, imposing positivity at the
kinematical level does not lead to a nontrivial physical matter spectrum in this representation.

The thesis is organised as follows. Chapter [2| reviews the classical bosonic string and its standard
covariant, light cone and BRST quantisations, with particular attention to negative norm states.
Chapter [3| introduces the modified vacuum, the algebraic Fock space and the two level operators NV
and K. It also discusses the failure of unitary implementability of Lorentz boosts. Chapter [ proves
positivity and orthogonality of the modified occupation number basis and constructs the kinematical
Hilbert space. Chapter [5| defines the modified normal ordering, computes the formal matter Virasoro
algebra and discusses the standard ghost sector. Chapter [6] studies the constraints on the algebraic
Fock space and proves that the algebraic physical state space is trivial. Chapter [7| reformulates
the completed constraint problem in terms of Hilbert—Schmidt operators and Virasoro intertwining
equations, and proves that the completed matter physical state space is trivial. The final Chapter []
summarises the results and discusses the remaining questions concerning BRST quantisation, the
worldsheet interpretation and target space Lorentz symmetry.






Chapter 2

The Bosonic String

In this chapter we will introduce the necessary background regarding the bosonic string theory fol-
lowing the references [3,8H13]. We will also emphasise the emergence of negative norm states. We
will mainly consider an open bosonic string with Neumann boundary conditions in every target space
direction. This is the setting that will be used in the subsequent construction.

2.1 String theory as a fundamental theory

String theory tries to solve the problem of reconciling quantum theory with general relativity. If
the Einstein—Hilbert action is quantized perturbatively using the standard methods of quantum field
theory, ultraviolet divergences arise that cannot be absorbed into a finite number of coupling constants.
General relativity can nevertheless be treated consistently as an effective quantum field theory at
energies below the Planck scale. In this regime, quantum corrections can be computed systematically.

String theory changes the basic degrees of freedom of the theory. Instead of point particles, it describes
one dimensional extended objects propagating in a D dimensional target spacetime. As a string
evolves, it sweeps out a two dimensional surface called the worldsheet. The characteristic length scale
is

0=V

At distances much larger than ¢, a string appears point like, whereas at shorter distances its extended
structure becomes relevant.

The different particle species arise as different vibrational states of the string. In particular, the
spectrum of the closed bosonic string necessarily contains a massless spin two state. Its low energy
interactions reproduce those expected for the graviton, and the corresponding low energy effective
action contains the Einstein—Hilbert term. Gravity is therefore not added to string theory as an
independent ingredient, but emerges from the closed string spectrum.

The bosonic string is not a realistic description of nature. Its spectrum contains a tachyonic state with
negative mass squared, and it does not contain spacetime fermions. These problems are addressed
in superstring theory by enlarging the worldsheet theory to include fermionic degrees of freedom and
supersymmetry.

Nevertheless, the bosonic string remains a useful theoretical model. It combines target space Lorentz
symmetry, worldsheet gauge invariance, an infinite dimensional oscillator algebra and a system of
Virasoro constraints. For these reasons it is a natural model in which to investigate the relation
between positivity of Fock space, Lorentz symmetry, gauge constraints and the completion of Fock
space into Hilbert space.
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2.2 The classical relativistic string
Consider a string propagating in a D dimensional target spacetime with Minkowski metric
Nw = diag(—1,1,...,1), w,v=0,...,D—1.
Its embedding is described by
Xt = XH(1,0), o= (r,0), a=0,1,

where 7 is a timelike worldsheet coordinate and o parametrizes the string. For an open string, we
take
0<o <.

At fixed 7, the map X#(7,0) gives the spatial configuration of the string.

The target space metric induces the worldsheet metric

hah = 0a X 0, X" Ny = 0aX - 0, X.

2.2.1 The Nambu—Goto action

The natural relativistic action is proportional to the invariant area of the worldsheet

SNg = —T/deO’ — det(hab),
where T is the string tension. Introducing
XH =9, XM X =, XH,

one finds ' _
det(hgy) = X?X"? — (X - X')?,

and therefore

Sng = —T/deU\/(X - X)2 - X2X72.
The action is invariant under target space Poincaré transformations,
XH— AP XY + at,
and under worldsheet reparametrizations,

o — o'(0).

Even if this action is geometrically natural, the square root in the Nambu—Goto action make quanti-
zation harder. It is useful to introduce the classically equivalent Polyakov formulation.

2.2.2 The Polyakov action

Let 4 be an independent Lorentzian metric on the worldsheet. The Polyakov action is

T
Sp = -5 /d2a\/—7'y”b8aX“8bXﬂ, with v = det .

Varying with respect to the inverse metric gives

8Sp = —g / A2/ =T 67,
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where )
Top = 0u X - X — i%wcdacx 04X,

is the worldsheet energy momentum tensor. The equation of motion for the metric is

Ty, = 0.

The Polyakov action is invariant under Poincaré transformations of the target space, worldsheet dif-
feomorphisms and Weyl transformations,

Yab(0) — €2 (o).

In two dimensions, the Weyl factors in \/—v and 7% cancel. Thus, the worldsheet metric may be fixed
locally by an appropriate gauge choice.

2.3 Classical solutions

2.3.1 Gauge fixing

A two dimensional symmetric metric has three independent components. Worldsheet diffeomorphisms
remove two of them, while Weyl invariance removes the remaining conformal factor. Locally, one may
therefore choose

2w(T,0)

Yab = € Tlab,

_ (-1 0
Yab = Mab = 0 1)

In the conformal gauge, the Polyakov action becomes

Sp = g/drda (X2 - X’2> .

and then use Weyl invariance to set

It describes D free massless scalar fields on the worldsheet, with the timelike field XY carrying the
opposite kinetic sign because of the Lorentzian target space metric.

Gauge fixing does not eliminate the equations obtained by varying the worldsheet metric. The con-
straints
Tap =0

must therefore be imposed in addition to the equations of motion derived from the gauge fixed action.

2.3.2 Equations of motion and boundary conditions

Varying the coordinates gives
5Sp = —T / drdoéX, (02— 92) X" —T / dr X, 6X"|7_7.
The bulk equation of motion is therefore
(02 - 92) X+ =0.
For an open string, the boundary term vanishes under either Neumann conditions,
X'M(7,0) = X"(r,7) =0,

or Dirichlet conditions,
OXH(1,0) = 0XH(r,m) = 0.
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In the following, we impose Neumann boundary conditions in every target space direction.
Introducing the worldsheet light cone coordinates
1
ot =r1+o, 0r == (0- £ 0,),
the equation of motion becomes
0+0_Xt =0.

Its general solution is
XM(r,0)=XF (") + XE(o7).

For an open string, the boundary conditions relate the left and right moving sectors, leaving a single
independent set of oscillator modes.

2.3.3 Mode expansion

The solution satisfying Neumann boundary conditions is

o
a .
XM, 0) =2t +2d'p'r +iV2/ Z 7™ cos(no).
n#0 n
Here z# and p* are the centre of mass position and momentum, while o, are the oscillator modes.
Reality of X* requires
(alt)* = ok,
Defining
oy = V2a'p*

allows the zero and nonzero modes to be treated uniformly.

The canonical momentum density and the total target space momentum are

PH(r,0) = TXH =

27ra’XM’ p“:/o do P*(t,0).

2.3.4 The classical Virasoro constraints

In conformal gauge, the independent components of the worldsheet energy momentum tensor are
1/ .
T = UJ:§(X2+X/2)) TTO':X'X,'

Thus, Ty, = 0 is equivalent to ‘ .
X2+ X% =0, X. X' =o.

In worldsheet light cone coordinates, these constraints become

T =0,X 9,X=0, T _=0.X-9_X=0.

For the open string, the Fourier modes of the energy momentum tensor are

L, = ;%an_m © QU
and the classical constraints are equivalent to
L,=0, n € Z.
With the standard oscillator Poisson bracket conventions, these generators satisfy
{Lm, Lp}pe = —i(m — n)Lyyn.

They therefore generate the classical Witt algebra. The central extension of the corresponding Virasoro
algebra arises only after quantization and normal ordering.
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2.4 Canonical quantization

2.4.1 Canonical commutation relations

The canonical quantization is done by promoting X* and P* to operators and imposing the equal
time commutation relations

[XH(1,0), PY(1,0")] = in""'6(0 — o), [XH(1,0), X" (1,0")] =0, [PH(T,0), P"(T,0")] = 0.

Substituting the mode expansion into these relations gives

[xuvpy] =, [O‘%7 arVL] - m77’w5m+n-
Hermiticity of X* requires
(ap)f = ok,
For a spatial component ¢ = 1,..., D — 1, the algebra becomes

[l al] =md 6, n.
For the timelike component, instead,

0 0

[y, o] = =M tn.

This relative minus sign, that comes from the metric, is the origin of the indefinite inner product in
covariant quantization.

2.4.2 The standard Fock vacuum

In the standard representation, the Fock vacuum is defined by
ab 10, p) =0, n >0,

and
P"10,p) = p*|0,p) .

The operators o, with n > 0 are interpreted as annihilation operators, while o/, with n > 0 are

interpreted as creation operators. A generic state is obtained by applying a finite number of creation
operators to the vacuum

K1 K2 Hr
o, a0, p) .

The oscillator level is defined by

N:Za_n-ocn.

n>0
It satisfies

i

N, a”,] = mat.,,

for m > 0. Therefore, the state above has level

ny+ne+--- 4+ np.
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2.4.3 Negative norm states

The oscillator algebra contains the target space metric. Consequently, the norm of a one oscillator
state depends on the spacetime index of the oscillator.

For a spatial excitation, '
i) = a1 ]0,p),

we obtain
<¢Z‘wz> = <Oap‘ Oﬂiai—l ‘O’p> = <Oup| [azlvaz—l] |07p> =1

For the corresponding timelike excitation,

o) = a0, p),

the norm is
<w0’w0> = <07p| atl)agl ‘Oap> = (07p| [04(1)704(11] |0,p) = 7’]00 = —1.

The conventional Fock space is therefore not a Hilbert space with a positive definite inner product. It
is an indefinite inner product space containing positive norm, zero norm and negative norm vectors.

The negative norm is not caused by an inconsistent choice of oscillator algebra. The algebra follows
directly from canonical quantization and Lorentz covariance. Rather, the problem arises from com-
bining the indefinite Minkowski metric with the conventional choice of vacuum, according to which
all positive modes annihilate the vacuum.

The standard solution is not to modify this representation, but to identify a physical subspace through
the Virasoro constraints. The no-ghost theorem then guarantees that negative norm states do not
survive in the physical quotient space.

2.4.4 Quantum Virasoro generators

At the quantum level, the Virasoro generators are defined by normal ordering the oscillator expression,
1
L”:§Z QO

In the conventional normal ordering prescription, annihilation operators are placed to the right of
creation operators.

For n # 0, the normal ordering prescription does not generate an independent constant. For Lg, one
obtains

1
Lo = §ag + Zoz_n - o,
n>0

Using af = v 2a/p#, this becomes
Lo = o/p? + N.

The normal ordering ambiguity is conventionally represented by an intercept a, and the physical mass
shell condition is written as

(Lo +a) ) = 0.

Since

the mass formula is
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The quantum Virasoro generators satisfy

D
[Lm; Ln] = (m — ’I’L)Lm+n + E (m3 — m) 6m+n'

The coefficient D is the matter central charge, since each free scalar field X* contributes one unit

cm = D.

2.5 Old covariant quantization

2.5.1 Physical state conditions

The old covariant quantization preserves manifest target space Lorentz covariance. All components of
XH are quantized on the same basis. The price to pay for this quantization is the presence of negative
norm states in the kinematical Fock space.

Physical states are selected by imposing the quantum Virasoro constraints
L, |y) =0, n > 0,

together with
(Lo +a) |¢) = 0.

The condition involving Ly determines the mass of the state. The positive mode constraints remove
unphysical polarizations and relate states containing timelike and longitudinal oscillators.

It is not possible to impose
Ln|) =0

for every integer n as a strong operator condition. Indeed, the commutator of positive and negative Vi-
rasoro generators contains both Ly and the central term. The constraints are imposed asymmetrically,
in a manner analogous to the Gupta—Bleuler quantization of the electromagnetic field.

The Hermitian conjugate of the physical state condition implies

(Y| L_p =0, n > 0.

As a consequence, the expectation value of the negative mode constraints vanishes between physical
states even though L_,, does not annihilate an individual physical ket.
2.5.2 The ground state

At level N = 0, the only oscillator state is
0, p) -

The positive mode Virasoro constraints are automatically satisfied, while the Ly condition gives

o M? = a.
For the critical open bosonic string, a = —1, and therefore
1
2 _
M= = —

The ground state is tachyonic. This instability is one of the reasons why the bosonic string is not a
realistic fundamental theory, but it does not affect the structural discussion of the oscillator quanti-
zation.
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2.5.3 The first excited level

At level N = 1, the general state is
) = Cuay [0,p),

where (, is a polarization vector.

The mass shell condition gives
o'M? =1 +a.

For a = —1, the state is massless.

The only nontrivial positive Virasoro constraint is L; |¢)) = 0. Using
[Ll’alil] = a/(;v
we find

Ly |¥) = Cu[L1, 0”110, p) = Cuady [0,p) = V20/(C - p) [0, p) -

Therefore,
(-p=0.

This condition removes one polarization. A further reduction follows from the presence of null states.
Consider
L_110,p) =a_1-a9]0,p) = V2a/p,at |0,p).

For a massless momentum, this state has zero norm and is orthogonal to all physical states. So,
polarizations related by

GRS
describe the same physical state.

After imposing transversality and quotienting by the null direction, the massless vector has D — 2
physical polarizations. This agrees with the result obtained directly in light cone quantization.

The level one example illustrates the basic mechanism of old covariant quantization. The original
Fock space contains timelike and longitudinal excitations, some of which have negative norm. The
Virasoro constraints and the null state equivalence remove these unphysical components from the
physical spectrum.

2.5.4 Null states

A null state is a state with vanishing norm that is orthogonal to every physical state. Such states are
physically indistinguishable from the zero vector and must be quotiented out.

States of the form
L_,|x), n >0,

provide an important class of null states when |x) satisfies suitable conditions. If |¢)) is physical, then

<'¢| L_, ‘X> = 0.

The physical state space is therefore not simply the kernel of the positive Virasoro generators. One
must also identify states that differ by null vectors. Schematically, the physical Hilbert space is

constructed as
go. ) Lal¥) =0 n>0, (Lo+a)l)=0}
phys {null physical states} ’

The quotient is essential. Before taking it, the physical subspace may have a positive semidefinite
inner product rather than a strictly positive definite one.
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2.5.5 The no-ghost theorem

The absence of negative norm physical states is established by the no-ghost theorem. In the critical
bosonic string, with
D =26

and
a=—1,

the space of physical states has nonnegative norm. After quotienting by its null subspace, the resulting
physical Hilbert space is positive definite and isomorphic to the state space obtained in light cone
quantization.

2.6 Light cone quantization

2.6.1 Target space light cone coordinates

An alternative approach is to solve the constraints before quantization. We introduce target space

light cone coordinates

X+ = \2 (X0 £ xP1).

The Minkowski scalar product becomes
A-B=-ATB™ — A"B"Y + A'B',

where

labels the transverse directions.

The conformal gauge still leaves residual worldsheet transformations. These can be used to impose
the light cone gauge
Xt =at +2dptr.

Equivalently, the nonzero oscillator modes satisfy

ab =0, n # 0.

The gauge condition requires
p* #0.

It identifies the target space coordinate X ™ with the worldsheet time and removes the corresponding
oscillator excitations.

2.6.2 Solving the constraints

The Virasoro constraints can now be solved for the remaining longitudinal coordinate X ~. Define the
transverse Virasoro generators
1 A .
1L
Ly =5 > a0,

mEZ

For n # 0, the constraint L,, = 0 gives

B 2a/pt

The longitudinal oscillators are not independent degrees of freedom. They are completely determined
by the transverse ones.
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The zero mode constraint determines p~ in terms of the transverse momentum and oscillator excita-
tions. It is equivalent to the mass shell condition

o' M? = N* +a,

1_ i i
N —E ol o,

n>0

where

Only the D — 2 transverse oscillators remain independent. Their algebra is
[l al] = md™ 6 n.
The corresponding Fock space has a manifestly positive definite inner product.

There are no independent timelike or longitudinal creation operators. Negative norm states are there-
fore absent from the beginning.

2.6.3 Lorentz invariance

The advantage of light cone quantization is that it directly isolates the physical degrees of freedom.
Positivity and unitarity are manifest. But the problem is that target space Lorentz invariance is no
longer manifest, since the choice of X+ distinguishes a preferred light cone direction.

The Lorentz generators are

H |2 7 H
JHW = ztp¥ — 2VpH — i g A nn oz_nozn.

n>0

n

The commutator ‘ A
[ T

contains anomalous contributions. The Lorentz algebra closes only if
D = 26,

and

a=—1.

Lorentz invariance therefore requires the critical dimension D = 26. In the covariant formulation, the
same condition arises from the Virasoro anomaly and from the consistency of the ghost sector.

2.7 Gauge fixing and Faddeev—Popov ghosts

2.7.1 The path integral

After a Wick rotation to a Euclidean worldsheet, the gauge fixed Polyakov path integral takes the
form
7 / DXDy -sEixa)
Vol(Diff x Weyl)

The denominator indicates that metrics related by worldsheet diffeomorphisms and Weyl transforma-
tions represent the same physical configuration.

To define the path integral, one imposes a gauge condition such as the conformal gauge. The gauge
fixing procedure introduces a functional determinant, the Faddeev—Popov determinant. This determi-
nant can be represented as a path integral over anticommuting fields denoted by b and c.

In complex worldsheet coordinates z and Zz, the ghost action can be written as

Seh = 2i /d2z (bzzécz + bgg(?cz) .

™
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The holomorphic fields b(z) and ¢(z) have conformal weights
hy = 2, he = —1.

The corresponding mode expansions are
b(z) = Z bpz "2,

and

c(z) = Z cnz L

ne”L

Their nonvanishing anticommutation relations are

{bma Cn} - 5m+n'

The ghost energy momentum tensor is
Ton(z) = =2:b0c : —: (Ob)c: .

Its Virasoro algebra has central charge
Cgh = —26.

2.7.2 Matter and ghost central charges

In the standard bosonic string, the matter sector consists of D free scalar fields X*. Its central charge
is
cm = D.

The total central charge is therefore

Ctot = Cm + Cgh = D — 26.

Quantum Weyl invariance requires
Ctot — 0

Consequently,
D = 26.

This is the critical dimension of the bosonic string. From the path integral perspective, it ensures the
cancellation of the Weyl anomaly. From the light cone perspective, it ensures the closure of the target
space Lorentz algebra. From the covariant operator perspective, it is required for the consistency of
the Virasoro constraints and the no-ghost theorem.

2.7.3 Two different meanings of ghost
It is important to distinguish the Faddeev—Popov bc ghosts from negative norm states.

Negative norm states arise in the matter Fock space because the target space metric is indefinite. For
example

0
a_q |O’p>
has negative norm in the standard covariant representation.

The b and ¢ ghosts, instead, are anticommuting worldsheet fields introduced by the gauge fixing
procedure. Their name reflects their statistics and state space structure, but they are not the timelike
negative norm oscillators of the matter sector.
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2.8 BRST quantization

The BRST formalism provides a systematic treatment of gauge symmetries at the quantum level [11].
It combines the matter Virasoro generators with the ghost degrees of freedom into a nilpotent operator.

The BRST charge can be written schematically as
1
Qp = Z c_n (LY 4 ady) — 5 Z (m—mn):come_nbmin : -
nez m,neL

The precise form depends on the normal ordering conventions, but its structural role is universal.

The BRST charge is required to be nilpotent

For the bosonic string, nilpotency requires

D=26, a=-1.

A state is BRST closed if
QB ¢¥) =0.

States of the form
1Y) = QB |X)

are BRST exact. Since QZB = 0, every exact state is automatically closed.

Physical states are identified with elements of the BRST cohomology,

F(BRST _ ker O
phys — .
Im Qg

This construction is the cohomological counterpart of imposing the Virasoro constraints and quoti-
enting by null states in old covariant quantization.



Chapter 3

The Modified Fock Space
Representation

In the present chapter we will define the modified algebraic Fock space and describe its immedi-
ate structural consequences. The positivity of its inner product will be proved in Chapter ] The
corresponding normal ordering prescription and Virasoro algebra will instead be studied in Chapter

Throughout the oscillator analysis, the momentum p* will be kept fixed. We therefore suppress
the continuous delta function normalization associated with the zero mode sector and normalize the
oscillator vacuum as

(0,p|0,p) = 1.

3.1 Modified vacuum conditions

The oscillator algebra remains

[0‘7’%7 aryz] = mnMV(Sern,

together with the Hermiticity condition

(af)' = ok,

For the spatial components, we retain the conventional vacuum condition
ol 0,p) =0, n >0, i=1,...,D—1.

Thus, as in the standard representation, ¢, is an annihilation operator and o', is a creation operator
for n > 0.

In the timelike sector, instead, we reverse the standard assignment and impose
a®, 0,p) =0, n>0.

Consequently, the negative timelike modes o, act as annihilation operators, while the positive time-
like modes o act as creation operators.

The creation and annihilation operators of the modified representation are therefore

‘ creation operators ‘ annihilation operators

spatial sector o, o n > 0.

timelike sector al

This modification compensates the negative sign in the timelike oscillator algebra. For example,

consider the one oscillator state
\1/12) :a2\07p>, n > 0.

19
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Its norm is

W21y2) = (0,p|a®,,al [0,p) = (0,p| [@°,,, a2] |0, p) = n.

Indeed,
[22,, ap] = (=n)n® =n
The complete proof will be given in the next chapter.
3.2 The algebraic Fock space
Let
r= {?”n,i}n>0, i=1,....,D—1, S = {Sn}n>07

denote the spatial and timelike occupation numbers. We assume that only finitely many entries of r
and s are nonzero.

The corresponding occupation number states are

D—-1
eosip) =[] I (e20)™ 11 (%)™ 10,p) . (3.1)
n>0 =1 m>0

The algebraic Fock space at fixed momentum is defined as the finite linear span

Stalg(p) = span {’I’, S;p>} :

Thus, a generic vector in Fyi(p) is a finite linear combination
|1/}> = Z Crs ‘ru S;p> )
r,s

where only finitely many coefficients are nonzero.

At this stage, Fa1g(p) is only an algebraic vector space equipped with the inner product inherited from
the adjoint relation

()" = ot

Only after proving that this inner product is positive definite will it be appropriate to consider the
Hilbert space completion of F,is(p).

3.3 Level operators and gradings

The spatial contribution to the oscillator level operator is defined in the usual way

D-1
sp __ 7 7
N —g E ol Q.

n>0 i=1

In the timelike sector, the corresponding normal ordered contribution is
0 0,0
NY = — Z oo,
n>0

The total signed level operator is therefore

N = N* 4+ NO.
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The minus sign in N is inherited from the target space metric. It implies that a timelike creation
operator lowers the eigenvalue of N. Indeed,

0

m

%
—m>

[N, o, ]| = ma [N,a?] = —ma m > 0.

On an occupation number state, the three operators act as

NP |r s;p) = (ZZ”Mz) T, 8:p)

n>0 =1

NO|r,s;p) (Z msm> r,s;p),

m>0
and hence

Nlr,s;p) = <Zznrnz_zm5m> r,s;p) .

n>0 =1 m>0

Unlike the standard string level operator, N is not bounded from below. It is therefore not a non
negative grading of the modified Fock space. Moreover, a fixed eigenvalue of N generally has infinite

degeneracy. For instance, the operator
i 0
al o

changes neither the eigenvalue of N nor the momentum, while it introduces two additional oscillator
excitations.

It is useful to introduce a second operator that counts the total weighted number of creation operators,

K=N*?-N0=%" Z al ol +) adal,. (3.2)

n>0 =1 n>0

Its commutators with the creation operators are

[K,a', ] =ma K, 0] =mal .

—m>? m

Therefore,

K\rsp (Zann,+stm>|rSp>

n>0 i=1 m>0

The operator K has nonnegative integer eigenvalues and provides a genuine grading of the algebraic
Fock space
Fae(p) = P Frp
k>0
where Fy(p) denotes the eigenspace with eigenvalue k.

At fixed k, the number of oscillator partitions is finite. By contrast, a fixed N sector contains in-
finitely many different K components. This distinction will become essential when the physical state
conditions are studied in Chapter [6]

The operators N, K and p* mutually commute
[N,K] =0, [N, p"] =0, [K,p!] = 0.

The basis states may therefore be organized simultaneously according to momentum, signed level and
K grading.
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3.4 Lorentz transformations and unitary implementability

The target space Lorentz generators retain their standard formal expression,

1
17222y Ve VA VNN VR - 1 vV o
JH =axHp” —a¥p ZE n(a « « a).

—n“n —n%n
n>0

It is useful to separate the zero mode and oscillator contributions

JH = JW 4

osc?

where
J§Y = atp” — 2V p!
and 1
JHY = —i Z - (ot ar —a”,ok).
n>0

The zero mode representation has not been modified. The orbital generators J{ act on the momen-
tum variables. A Lorentz transformation therefore maps a state with momentum p to a state with
momentum Ap and does not preserve an individual fixed momentum space Hyi,(p). The discussion
below is about the nonzero mode oscillator representation, which is the same in every momentum
fibre. The obstruction to Lorentz symmetry is already visible in this sector.

3.4.1 Spatial rotations and boosts

Consider first a spatial rotation. Both terms in Jégc contain a spatial annihilation operator when they
act on the vacuum. Consequently,

J10,p) =0.
More generally, spatial rotations mix spatial annihilation operators only with spatial annihilation
operators, and spatial creation operators only with spatial creation operators. They preserve the
spatial oscillator polarisation.

The situation is different for a boost mixing the timelike direction with a spatial direction 7. Acting
formally on the vacuum gives

. , 1 . .
J(g)slc ‘0)p> =t Z H (agna% - O[Z_nozg) ’Ovp>
n>0
. 1
=iy Eo/_nag 0,p) . (3.3)
n>0

The first term vanishes because o, is a spatial annihilation operator. The second term does not vanish,
since both a ,, and a2 are creation operators in the modified representation.

Thus, spatial rotations preserve the vacuum polarisation, whereas boosts do not. This already shows
that the modified Fock representation is not manifestly Lorentz invariant.

The same distinction can be expressed in terms of the signed timelike level operator. For n > 0,

[No,ag] = —na?w [No,a(ln] = na(ln, [No,afn] =0.

It follows that -
[NO, Jl]

oSsc

=0,
while
[NO, g% ] = —i Z (agna; + o/,noz,g) # 0.
n>0
The timelike occupation structure is therefore invariant under spatial rotations but not under boosts.

This statement concerns the chosen representation, rather than the formal oscillator algebra itself.
The oscillator commutation relations remain Lorentz covariant, but the distinction between creation
and annihilation operators selected by the modified vacuum is not preserved by boosts.
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3.4.2 The domain of the boost generator

There is an additional problem in the infinite sum in equation . It is convenient to introduce
normalised oscillators.

For every n > 0, define

in the spatial sector, and

in the timelike sector. They satisfy

[(I azT] - 5nma [bn7 bm] - 5nm7

n»-'m

with all mixed commutators vanishing. The modified vacuum conditions take the standard form
ay,0,p) =0, by [0,p) =0.

In terms of these operators, the oscillator contribution to the boost generator becomes formally
ok =i > (aifh — aib) (3.4)
n>0
The boost therefore contains both pair creation and pair annihilation terms.

To investigate the convergence of the mode sum, consider the finite mode truncation

M . .
Josc M = Z (agbIL - azbn) :

n=1
Its action on the vacuum is
Jomerr 10,p) = zZaZW 10,p) .
The states A
are mutually orthonormal. Therefore, for M > N,

M 2

> afoh|o,p)

n=N+1

H(J(())szc oscN) |0 p>H = =M — N.

The sequence
0i
Joszc,M |07 p >

is therefore not Cauchy and has no norm limit in Hy,(p).

As a consequence the formal operator JO. is not defined on the vacuum, it cannot be defined on a

domain containing the complete algebraic Fock space F,is(p), since the vacuum belongs to this space.

This is stronger than the statement that the vacuum is not invariant under boosts. It shows that the
infinitesimal boost generator does not map the vacuum to a vector in the Hilbert space completion.

Nevertheless, this conclusion alone does not exclude the existence of finite unitary boost transforma-
tions. In particular, the fact that the vacuum does not belong to the domain of the infinitesimal
generator does not imply that a finite unitary transformation cannot act on it.

For this reason, the finite boost transformation must be analysed directly.
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3.4.3 Finite boosts as Bogoliubov transformations

The corresponding unitary transformation is

Unr(x) = exp (—ixJose )
where x denotes the boost rapidity.

For n < M, the commutation relations give
Unr(x)alUnr(x) ™ = cosh x al, — sinh x b},
Unt (X)bnUns(x) ™t = cosh y by, — sinh y al.

The overall signs depend on the convention chosen for the boost parameter. The relevant point is that
the coefficient multiplying the creation operators has modulus | sinh x/.

The finite boost mixes annihilation and creation operators. Such a linear transformation preserv-
ing the canonical commutation relations is called a bosonic Bogoliubov transformation. For general
background on Bogoliubov transformations and their implementation on bosonic Fock space see [14].

Let '
ngf = Span {ag |0, p) ,bL |0,p) :n > 0}

be the one particle Hilbert space associated with the spatial direction ¢ and the timelike oscillator. It
is isomorphic to
HP ~ ¢2(N) @ £2(N).

Regarding this decomposition, the part of the Bogoliubov transformation that mixes annihilation and
creation operators is

Vy = —sinh x <? é) , (3.5)

where I is the identity operator on ¢?(N).

The full oscillator one particle space, with also the other spatial directions, can be decomposed as
_ qqop op

where f}{jf’ contains all oscillator directions that are not mixed by the chosen boost. The transformation
acts trivially on H?, so the complete off diagonal part is V;, & 0.

A bosonic Bogoliubov transformation is unitarily implementable in a Fock representation if and only
if its off diagonal part is a Hilbert—Schmidt operator. This is the Shale-Stinespring criterion [6}7].

In the present case,
o
IVillfis =2 |sinh x|*.
n=1

For every nonzero rapidity , the quantity |sinh x|? is a strictly positive constant, independent of the
mode number n. The sum therefore diverges

Villis =00, x #0.

Thus, the of diagonal part of the boost transformation is not Hilbert—Schmidt. By the Shale—
Stinespring criterion, no unitary operator on the modified oscillator Fock space can implement a
nontrivial boost.

The failure of unitary implementability is an infinite mode effect. For every finite cutoff M, the
truncated transformation is unitarily implementable because it acts nontrivially on only finitely many
oscillator pairs. The obstruction appears when the cutoff is removed, the same nonzero mixing is
repeated independently for every mode, producing a divergent Hilbert—Schmidt norm.
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The conclusion concerns the nonzero mode oscillator representation. A complete Lorentz boost also
transforms the zero modes and maps the momentum fibre Hyi,(p) to Hiin(Ayp). A representation of
the complete Lorentz transformation would therefore require a direct integral Hilbert space over the
momentum variables. This construction is not needed for the present conclusion, since the failure of
unitary implementability already occurs in the oscillator sector common to all momentum fibres.






Chapter 4

Positivity of the Modified Kinematical
Space

The positivity of one oscillator states was already verified in Chapter In the present chapter, we
prove the corresponding statement for arbitrary finite oscillator states. More precisely, we show that
the inner product on F,i(p) is positive definite.

The proof proceeds in two steps. We first prove, by induction, that every occupation number basis
state has strictly positive norm. We then show that basis states with different occupation numbers
are mutually orthogonal. Together, these two results imply positivity for every nonzero finite linear
combination of basis states.

4.1 Induction parameter

We use the occupation number basis introduced in equation ({3.1)),

D—-1
r,sip) = [T IT (o)™ IT ()™ 10,).

n>0 i=1 m>0

Only finitely many occupation numbers r,; and s, are nonzero. For the induction argument, we
introduce the total unweighted number of creation operators,

U(r,s) = Lsp(r) + Liime(s),

where

D-1
Esp(r) = Z Z Tn,i, étime(s) = Z Sm-

n>0 =1 m>0

The quantity ¢ counts the number of creation operators appearing in a basis state, without weighting
them by their mode number. It should therefore not be confused with either the signed level IV or the
nonnegative grading K introduced in Chapter

4.2 Positivity of the basis states

We prove by strong induction on £ that
(r,s;plr,s;p) >0

for every occupation number basis state. For ¢ = 0, the only state is the vacuum. By the normalization
chosen in the previous chapter,
(0,p|0,p) =1>0.

27
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Assume now that every basis state containing at most £ creation operators has positive norm. Let |I")
be a basis state containing £+ 1 creation operators. We may remove one of its creation operators and
write

1) = AT|I),
where |I) contains ¢ creation operators. The pair (A4, AT) can be of one of the following two types

AT | A |[A A1)

spatial | o, | o, n n > 0.
timelike | o | oY, n
For the timelike sector, the positive sign follows from
[22,, ap] = (=n)n™ =n
The norm of |I’) is therefore
(I'|I'Y = (I| AAT|I) = (1] ([A,AT] + ATA) 1) = n (I|I) + (AI|AI) . (4.1)

By the induction hypothesis,
(I1I) > 0.

It remains to analyze the second term in equation (4.1). Since |I) is an occupation number basis state,
the annihilation operator A either annihilates it or removes one corresponding creation operator. Thus,

AL =0,

or
All) = c|K),

where c is a nonzero numerical coefficient and |K) is a basis state containing ¢ — 1 creation operators.
More explicitly, if the corresponding occupation number is ¢, then

i (i \4 i \q4—1
ap, (a)" ) = an (a',)" 1)
provided that af |x) = 0, while in the timelike sector

a®, (a2)x) = qn (%) [x) s

provided that a®,, |x) = 0. In the first case,
(AI|AI) = 0.
In the second case, the strong induction hypothesis gives
(AI|AI) = |c]* (K|K) > 0.

Consequently,
(AI|AI) > 0.

Returning to equation (4.1)), we find
(I''1"y = n (I|I) + (AIlAI) > 0.

This completes the induction and proves that every occupation number basis state has strictly positive
norm.



4. Positivity of the Modified Kinematical Space 29

4.3 Orthogonality

We now show that two occupation number basis states are orthogonal unless all their occupation
numbers coincide. Consider first a single spatial oscillator pair
Al =4 A=al,
satisfying
(A, AT] = n.

Using the vacuum condition A |0, p) = 0, repeated application of the commutation relation gives

T
(0, p| A" (AT) 10, p) = 6,7 n"rl,
The same argument applies to a timelike oscillator pair,

BT:ag, B=a’

—n»

for which

Therefore, N
S
(0,p| B® (BT> |0,p) = 05 5n"s!.

Oscillators with different mode numbers or different spatial indices commute. The complete inner
product therefore factorizes into independent single mode contributions

(r,s;plr,s;p) [H H Orp iins W T ] [H O o V™ 5m !] . (4.2)

n>0 i=1 m>0

All products are effectively finite because the occupation sequences have finite support. It follows
immediately that
(r,s;p[F,5;p) =0

while
(r,5) # (F,3).

For equal occupation numbers, equation (4.2]) gives the explicit norm

llr, s; p)|| :HHn’”r ‘meSm

n>0 =1 m>0

This formula provides an explicit version of the positivity result established by induction.

4.4 Positive definite inner product

Let

= Z Crs ‘I‘, S;p>
r,s

be a nonzero vector in F,is(p). By definition, only finitely many coefficients are nonzero. Using the
orthogonality of the occupation number basis, we obtain

(V) = Zlcrsl I, s p)11*

Every term in this sum is nonnegative. As a result |1)) # 0, at least one coefficient is nonzero, and the
corresponding basis state norm is strictly positive. Hence

(YlY) >0 for every |¢) #0
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We have proved that the inner product on Fu,.(p) is positive definite. In particular, the modified
matter Fock space contains no nonzero null vectors and no negative norm oscillator states at the
kinematical level. It is useful to introduce normalized occupation number states,

1
v, 8;p) —[ ]X [ ] v, s;p) -

They satisfy
N (r,s;p[r,S;p)y = O 055

The positive definite norm allows us to define the kinematical Hilbert space as the completion

Hiin(p) = Faig (@) -

A vector in Hyi, (p) may therefore contain an infinite superposition of normalized occupation number
states, provided that its coefficients are square summable. The K grading introduced in equation (3.2)
becomes an orthogonal Hilbert space decomposition,

—

Hin(p) = @kzoﬁk(p),

where Hy(p) is the finite dimensional subspace with K eigenvalue k. So, for a decomposition

¥) = [en), [vk) € Hi(p),

k>0

the norm satisfies

) 12 =D IHw) 112

k>0

This identity will be important when studying physical states with infinite support in the K grad-
ing. The positivity of the kinematical state space is thus established. It remains to determine how
the modified vacuum affects the Virasoro generators, their central extension and the physical state
conditions.



Chapter 5

Virasoro Algebra and Ghost Sector

Throughout the matter analysis, we work first on the algebraic core F,s(p) introduced in Chapter
For every fixed Virasoro mode, the corresponding operator is well defined on this domain. Indeed,
on a finite oscillator state only finitely many terms containing annihilation operators act nontrivially,
while the part containing only creation operators is finite for fixed mode number.

We denote the matter Virasoro generators by L:X. The superscript will be retained in this chapter in
order to distinguish the matter, ghost and total generators.

5.1 Modified normal ordering and vacuum energy shift

The matter Virasoro generators are defined by

1

X

Ly = 3 Z Mo (5.1)
MEZ

where : —:, denotes normal ordering with respect to the modified vacuum.

For n > 0, the spatial operators o', are creation operators and «}, are annihilation operators, while

in the timelike sector al) are creation operators and a(ln are annihilation operators. In particular,

D—1
SO w= g ol al —alal n > 0.
=1

With this convention,

1
LY = §a§ + N,

where N is the signed level operator introduced in Chapter |3} Since
af = V2 pH,

we may also write
Ly = da'p* + N.

On the algebraic core, the adjoint relation of the oscillators implies

(LX) = 1%,

We now determine the ¢ number generated by rewriting the symmetric, unordered expression in
modified normal order. Consider

1 1
Lé{unord = 506(2) + 5 Z (O[,n + Op + (0770 Oé—n) .
n>0

31
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For each spatial oscillator,

SE

1 ( 4 _ i

5 oz_nozn a ol ) =a_,q, +
There are D — 1 spatial components.
For the timelike oscillator, instead,

1 1 n
-5 (@, 0h +ada? ) = -5 (2000, +[a?,,ad]) = —ada?, — 5

The timelike oscillator therefore contributes with the opposite sign to the vacuum energy. Combining
the spatial and timelike sectors,

D -2
LO unord — Lg( + T Zn

Using zeta function regularization,

1
n=_(-1)=—-——
T;) (=) =—15
we obtain
Lé{unord = L())( + aX
with I
x _
T

The quantity aX is the matter vacuum energy shift associated with the modified normal ordering.
It should be distinguished from the total intercept a, which will also contain the contribution of the
ghost sector.

5.2 Matter Virasoro algebra

Before computing the Virasoro algebra, it is useful to determine the action of L;\ on a single oscillator.
Using equation (j5.1]), we find

1 v v
[L7)1(7 aﬁz] = 5 Z 77}”’ (ag—t[at ) agz] + [QZ—t7 O‘zm]at )
teZ
. (5.2)
= 5 D M (el (1 = Do remn ) = —mall .
teZ

Thus,

[L§7afn] = _mafl-‘rm'
This commutator has the same form as in the conventional representation. The effect of the modified

vacuum appears instead in the normal ordering anomaly of the Virasoro algebra.

Using equation ((5.2)), we obtain

(L L) = me s Oyl + o (LY )
vGZ
5.3
S (5.3)
= Z 77;1,1/ - n+m vy _Uam—van+v) :
UGZ

If n+m # 0, we may set r = n + v in the second term. After restoring normal order, no ¢ number is
generated, and

[LX LX an/ - n+m r O rts me - n+m Ta? _( )Lﬁm
T‘GZ ’I‘EZ
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The anomalous contribution can therefore arise only when the mode numbers sum to zero.

Let ¢ > 0 and consider
(LY, LY.

From equation (5.3)),

[LX LX Znuy<va’iq v q+v+(v+q)a’iva5).
VEZ

We split the sum into three regions
v < —q, —q<wv <0, v > 0.

Accordingly,
Ly LY, =

1
§(S<+S[)+S>)

It is convenient to define

Then

For the region v < —q, write v = —¢ — p with p > 0. We obtain

S<= Z M ((q +p)aga’, — po‘gﬂvaiq*p) :
p>0

After applying the modified normal ordering, the spatial ¢ number terms cancel between the two
contributions, while the timelike terms are put in the reversed order. Thus,

S<=> (q+p)By+ Y (¢—p)B (5.4)

p>0 P>q

For the region v > 0, write v = p with p > 0. Then

S>_Z77W —pot 0, + (g4 p)atap) .
p>0

The same cancellation of the external ¢ number terms gives

Ss=> (a+p)By+Y (¢-p)By. (5.5)

p>0 p>q

The finite region —¢ < v < 0 is responsible for the anomaly. Setting v = —p, with 0 < p < ¢, gives

SO_ZTI/“’ @+ (4 = plapa’,) .

The operator part is
q—1
SoP =2qa5+2> (¢-p)B,. (5.6)
p=1
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Normal ordering also produces a finite ¢ number. The D — 1 spatial oscillators contribute
q
(D—-1)> plg—p),
p=0

whereas the reversed timelike oscillator contributes

Therefore,
q

S = (D —2) Y " plg —p).

p=0

Combining equations (5.4), (5.5) and (5.6)), the operator terms satisfy

SP + 8P + SP = 2qad + 4qZBp.
p>0

After restoring the overall factor 1/2, this becomes

1
3 (SP + SgP + SP) = 2¢Lg .

For the anomalous contribution, we use

: ¢ —q
> pla—p) ="
p=0
Hence,
1 D -2
5 gnom — o (q3 o q)

We conclude that

D -2

Combining the anomalous and non anomalous cases, the matter Virasoro algebra is

D -2
(L, LX) = (m—n)Lpy ., + TE (m® — m) Gmepn- (5.7)
The matter central charge is therefore
cm =D —2.

The D — 1 spatial oscillators each contribute 41, while the reversed timelike oscillator contributes —1.

This result does not contradict the positivity proved in Chapter @] The modified representation is not
a positive energy representation of the Virasoro algebra, the signed level operator N is not bounded
from below, and the modified vacuum is not a Virasoro highest weight state. Positivity of the inner
product therefore does not imply that every oscillator sector contributes positively to the Virasoro
central extension.
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5.3 Virasoro and Lorentz generators

We now study the commutator between the matter Virasoro generators and the target space Lorentz
generators. The latter were decomposed in Chapter [3] as

osc?

JH = J[’)W + JH
where
JO = atp” — a¥pt

and

1
o _— g _ PN NN e
Sl = ZE t(a_tat a_toz).
t>0

The calculation in this section is a formal identity of the oscillator mode algebra. As shown in Chap-
ter [3] the boost generators are not automatically well defined operators on the completed kinematical
Hilbert space. Consequently, the vanishing of the formal commutator below does not establish a
unitary Lorentz action on that space.

For n > 0, equation (5.2 gives

174 N 1 v 14 v v
(L o) = _ZZ t([Lf,aﬁt]at +al (L o) = [Ly, % o — Oé—t[LnXaaéL]>

_ [N N AP Ny
= E <an—tat T OO — OO a—tan—i-t)'
>0

Reindexing the second and fourth terms by setting s = n 4 ¢, we obtain

X .
X, ) = i [ S (00t — alal) = 3 (af_sa¥ — af_,af) }

t>0 s>n

n
o z : o v v I
t=1

For 1 <t < n —1, the terms cancel pairwise under ¢ <+ n —t. Only the boundary contribution ¢t = n

remains

X .
(L3, Jose) = =i (ag oy, — agag)

We now compute the zero mode contribution. Since

af = V2 pH,

and
[z, p"] = i,
we find
[Lf, zH] = —iv2a ok, [Lff,p“] = 0.
Therefore,
(L, T8 = (L at]p” — [Lyy , a¥]p" = —iv2a/ (adip” — aliph) =i (ool — afall).

The oscillator and zero mode contributions cancel

[LX, g% =0, n>0.
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The result for n < 0 follows formally by taking the adjoint, while the n = 0 case follows directly
because Jhse has vanishing total signed level and J{” commutes with of. Hence,

[LX, g™ =0, nez,

as a formal mode algebra identity.

This result means that the Virasoro generators remain Lorentz scalars at the algebraic level. It does
not imply that the modified representation is Lorentz invariant. The obstruction found in Chapter |
concerns the implementation of boosts as operators on the chosen Fock representation and its Hilbert
completion.

5.4 Standard ghost sector and total anomaly

We now assume that the worldsheet gauge fixing is accompanied by the standard anticommuting
Faddeev—Popov bc system reviewed in Chapter This is an additional structural assumption, the
modified matter representation does not by itself prove that the complete path integral and BRST
constructions remain unchanged.

The nonvanishing anticommutation relation is
{bma Cn} = 5m+na

and the ghost Virasoro generators are

L%? = Z(m — 1) bpgnCon gh -

nez
With the standard nonzero mode normal ordering, their algebra is

1 .
(LA DY = (m = m) LR 3 (—26m” + 2m) G, (58)

The coefficient of m3 corresponds to the standard ghost central charge
cgh = —26.
The coefficient of the term linear in m depends on the additive normal ordering convention for L%h.
Define the total shifted generators by
Lo = LY + LEY + ady,.
Using equations and , we obtain
[Lom, Ln] = (M —n)Lmin + A(M)dpmin,

where
D -2 1
A(m) = T (m® —m) + 3 (—26m> + 2m) — 2am
_D-28 4 4-D-2a
- " 2 "
The vanishing of the cubic term requires
D = 28.

For this value of D, the vanishing of the linear term requires

a=—1.
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Thus, under the assumption that the standard bc ghost system is retained, cancellation of the total

Virasoro anomaly occurs for
D = 28, a=—1.

We may verify the value of the intercept directly from the normal ordering constants. For the nonzero
ghost modes, take
by, IO)gh =cy ]O)gh =0, n > 0.

The treatment of the ghost zero modes does not affect the vacuum energy calculation below.

Starting from

h
Lg,unord = Z ( _n)bnc—”7

nez
we split the positive and negative modes
L%flunord = Z (_nbnc—n + nb—ncn) = Z [—TL (1 - C—nbn) + nb_ncn]
n>0 n>0
= - Zn + Zn (C—nbp +b_pncy) .
n>0 n>0
Using
1
-k
12
n>0
we find
gh _ reh h
LO unord LO + a® ’
with
a8t = B

The total vacuum energy shift is therefore

a=aX +ah
D-2 1

24 +12
4—-D

24

For D = 28,
a=—1,

in agreement with the direct cancellation of the Virasoro anomaly.

At the level of the formal mode algebra, the same conditions cancel the anomalous term entering the
square of the conventional BRST charge. They therefore provide the natural candidate values for a
nilpotent BRST construction

D = 28, a=—1.

This does not constitute a complete proof of BRST consistency. One must still define the BRST
charge on an appropriate matter ghost domain, analyze its closure and determine its cohomology. In
particular, anomaly cancellation alone does not establish the nontriviality of the physical state space
or the implementation of target space Lorentz symmetry.

A more general first order system with arbitrary conformal weights is discussed in Appendix [A] Such
systems are not alternative normal ordering prescriptions for the standard Faddeev—Popov ghosts.
Changing their conformal weights changes the worldsheet conformal field theory itself.

In the following chapter, unless explicitly stated otherwise, L,, will denote the matter generator L:\.
The total generators including the ghost sector will continue to be denoted by £,,.






Chapter 6

The Physical State Space

We now investigate the states selected by the matter Virasoro constraints.

As announced at the end of Chapter [p] throughout this chapter we write
L,=LY
for the matter Virasoro generators. The total matter ghost generators introduced in the previous
chapter will instead be denoted by £,,.
6.1 Matter physical state conditions and positivity

On the algebraic Fock space, the matter physical state conditions are well defined without any further
operator domain assumptions. We therefore introduce the algebraic constrained space

X e ?) :={|¢>es"alg<p>\Lm|¢>=o for everym>o,<Lo+aX>|w>=o}. (6.1)

Since Ty (p) is contained in the positive definite kinematical Hilbert space,

gjalg(P) C Hin(p),

every nonzero vector satisfying equation (6.1) would have strictly positive norm

WW) >0 for |¢> S i}’;))glys,alg(p)v |¢> 7& 0.

Thus, unlike the standard covariant matter representation, the modified algebraic matter space con-
tains neither negative norm states nor nonzero null vectors. Positivity alone, however, does not imply
that the Virasoro constraints admit any nonzero solution.

The statement above concerns only the matter inner product. A full BRST construction would also
contain the ghost state space and would define physical states cohomologically rather than simply as
a constrained subspace.
6.2 Structure of the physical state constraints
Let |1,) be an eigenstate of the signed oscillator level

Nlhw) =vy).
The zero mode condition in equation (6.1) becomes

(a'p* + v +a™) |¢,) = 0.

39



40 6. The Physical State Space

Equivalently,
o M? =v+a”.
Consider first the oscillator vacuum. Since N |0, p) = 0, its matter mass shell condition would give

D -2

/M2: X:_ .
« a 724

For D > 2, this is a tachyonic mass. The mass shell condition alone, however, does not imply that
the vacuum is physical. One must also verify all positive mode Virasoro constraints.

In the standard Fock representation, the relation
[N, Ly, = —mLy,

implies
N (Lin ) = (v = m) L [¢h0) -

Since the conventional level operator is nonnegative, one immediately finds

Ly |Yy) =0 for m > v.

The same argument cannot be applied in the modified representation. As shown in Chapter [3| the
signed level operator N is not bounded from below. Consequently, L., |1,) may be a nonzero state of
level v — m, even when v — m < 0.

To analyse the constraints, we instead use the nonnegative K grading introduced in Chapter 8] The
first few K graded subspaces contain states of the form

W0> = ﬁ ‘Oap> )
1) = (Bialy + Aaf) [0,p) .
and
_ i i J 0 0)2 i 0
|1h2) = (Tz’a—z +ejaliad |+ xag +e(af)” + pz‘Oé_1061> 0,p),
where €;; may be taken symmetric.
We decompose the matter Virasoro generator into spatial and timelike contributions

Ly =L®+ 1%

where
1 D—1
Lig = 5 Z a:’n—tallﬁ ’
teZ 1=1
and 1
LY = —3 a al
teZ
Their commutators with K are
K, L) = —mL¥,  [K,L)]=mL),

Therefore, Ly, lowers the K grading by m, while LY raises it by m.

Let

W}V> = Z |¢l/,k> 5

k>0
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where
N ‘wu,k> =V ‘wy,k> ’ K Whj,k) =k Wju,k> .

We set
|¢u,k> =0 for k < 0.

The condition
Ly, |¢V> =0

must hold after summing over all K components. Extracting the component with K eigenvalue k
gives
L [y gosm) + Ly v h-m) =0, k=0, m>0. (6.2)

Thus, the physical state conditions form a coupled recursive system relating different KX components.
This is the principal difference from the conventional positive energy representation.

6.2.1 Absence of finite K support states
Suppose that |1,) has finite support in the K grading

knm
) =D [tu) s
k=0
where
|¢u,kM> 7é 0.

Consider equation (6.2 at output grading k = ky + m. We obtain
Lfﬁ |¢V,kM+2m> + L(r)n |17Z}V,k?M> =0.
The first term vanishes because ky; is the maximal grading appearing in the state. Therefore,

LY Wury) =0,  m>0. (6.3)

We now show directly, using the mode m = 2, that equation (6.3)) has no nonzero solution in a fixed
finite K subspace.

Purely spatial component

Consider first a top component containing only spatial creation operators

v kae) = P 10,p)

where PP is a finite linear combination of spatial oscillator monomials of total K grading kyp.

Since LY, commutes with every spatial oscillator,
L2 PP |0, p) = PPLY |0, p) .

For m = 2, the timelike Virasoro generator acts on the vacuum as

1 2
1310.9) = = (aa + 5 (49 0.

Here

The two temporal states
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are linearly independent. In particular, the second term cannot be removed by any choice of p°. Hence

L30,p) # 0.

Equation (6.3]) therefore implies
PP — 0.

No nonzero purely spatial top component is allowed.

Purely timelike component

Consider now a purely timelike top component

|11Z)V7k1\1> = PO ‘O’p> y

where P is a polynomial in the timelike creation operators a?, with n > 0.

For m > 0, we split the timelike Virasoro generator as
0 _ 70+ 0,—
Lm - Lm + Lm ’

where the part containing only creation operators and zero modes is

1
0,+ _ 0 0
Lm - _5 Z O —t Ot
t=0

while the part containing one timelike annihilation operator is

_ 1
L?ﬁ =5 ( Z agn_tag + Z a?a,on_t> .

t<0 t>m

Equivalently,
0,— _ 0 0
Lm - Z O r X
r>0

Since

L?ﬁ_ 0,p) =0,
we obtain

Ly P10, p) = (L3 Pl + P°Ly*) [0,p) -
Decompose P according to the unweighted number of timelike creation operators
PP=P)+P)+---+P),  P}#0, (6.4)

where Pe0 is homogeneous of degree £ in the operators o, with n > 0.

The commutator
(Lo, P3110,p)

. . . . 1. . . 0,—
contains d timelike creation operators, the annihilation operator in L,, removes one creator from PY,
while the remaining positive mode introduces one creator.

The zero mode part of
P Ly 10,p)

contains d + 1 timelike creation operators. The strictly positive part of L% contains two creation
operators and therefore produces terms of degree d + 2.

For m = 2,
1 2
0,+ 0.0 0
L2 = _060062 — 5 (Oél) .
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The unique contribution containing d 4 2 timelike creation operators is therefore
—5 (@) P 0.p).

No other term in LIPY |0, p) has the same degree. So this component must vanish independently
(a9)* P90, p) = 0.

Multiplication by (a?)? is injective on the algebraic timelike Fock space. Consequently,
PY =0,

contradicting equation ([6.4])). Thus, no nonzero purely timelike top component satisfies equation ([6.3)).

Mixed component

A general mixed top component can be written as

‘wakM> = Z stélppg 0,p)
A

where the Sip are chosen to be linearly independent spatial oscillator monomials and the P,91 are
timelike polynomials.

Since L2, commutes with all spatial oscillators,
Lo [thvens) = D ST Ly PR10,p) -
A

The linear independence of the spatial monomials implies that
Ly, P4 10,p) =0
for every A. The preceding timelike argument then gives
PY=0

for every A. Therefore,
|%vene) = 0,

contradicting the assumption that ky; was the maximal nonvanishing K component.

The argument has used only the single constraint

La|t,) = 0.

Since the algebraic Fock space is the algebraic direct sum of its IV eigenspaces and Lo lowers the signed
level by two, the same statement holds on the complete algebraic core

ker (L2|§alg(p)> = {0}. (6.5)

In particular, no nonzero state satisfying all positive mode Virasoro constraints can have finite support
in the K grading

Ly, |Y) =0 forall m >0, |Y) #0 = [|¢) has infinite K support.

Since every fixed K subspace is finite dimensional, this excludes in particular every nonzero finite
linear combination of occupation number basis states.



44 6. The Physical State Space

6.2.2 The stronger algebraic obstruction

The role played by Lo in the preceding argument is not special. For every integer m > 2, the individual
positive mode generator has trivial kernel on the algebraic Fock space

ker (Lm|§alg(p)> — {0}, m>2 (6.6)

The proof is given in Appendix [C] It follows the same general idea as the explicit m = 2 argument
but replaces the factor (a)? by the nonzero quadratic polynomial

m—1

1
5 Z @%77,&2.

r=1

This quadratic creation term is sufficient to prove that the timelike part L9, is injective on the algebraic
timelike Fock space for every m > 2.

Equation is stronger than what is required to exclude algebraic physical states. It states that an
algebraic vector cannot be annihilated even by a single generator L,, with m > 2.

Consequently,
fjﬁiys,alg(]?) - {0}
6.2.3 Passage to infinite K support

The algebraic obstruction does not exclude states in the Hilbert space completion. A nonzero con-
strained vector, if it exists, must have the form

[Yy) = Z |¢V,k‘> )
k>0
with infinitely many nonzero K components.

The positivity result of Chapter {] shows that the K decomposition is orthogonal. Consequently,

) I” = llwlI” (6.7)

k>0

A formal infinite support solution defines a genuine state in the kinematical Hilbert space only if

D I < oo

k>0

This requirement is not specific to the modified quantization, it is part of the definition of a Hilbert
space state. What is new is that, at fixed signed level N = v, infinitely many K components are
available. Normalisability is therefore no longer automatic.

Appendix[B]gives an explicit formal state with fixed N and infinite K support that satisfies all positive
mode Virasoro constraints but violates equation (|6.7)). This demonstrates that the constraints can be
solved algebraically without producing a normalisable Hilbert space state.

The completed constraint problem will be studied in the next chapter.



Chapter 7

The Completed Virasoro Constraint
Problem

In the previous chapter, we proved that no nonzero vector in the algebraic Fock space satisfies the
positive mode Virasoro constraints. Any possible physical state in the Hilbert space completion must
therefore have infinite support in the nonnegative K grading.

In this chapter, we complete the analysis of the matter physical state space. We first reformulate the
Virasoro constraints in terms of Hilbert—Schmidt operators and then show that no nonzero normalis-
able solution can satisfy both the positive mode constraints and the zero mode condition.

7.1 Spatial and timelike factorisation

At fixed momentum, the spatial and timelike oscillator sectors are independent, and the kinematical
Hilbert space factorises as
Hiin(p) = Hep(p) @ HO ().

The spatial factor is the usual bosonic Fock space generated by the spatial oscillators. The timelike

factor is also positive, but its creation operators are the positive modes a.

It is convenient to rewrite the timelike oscillator algebra by defining

Bn = oz(ln.
The [, satisfy the standard oscillator algebra

[6ma BTL] = m(sm-i-na

and the vacuum satisfies (3, |0, p) = 0 for n > 0.
We also denote the nonnegative timelike level by
NO+ =_N= Zagagn.
n>0
Thus
N = N** — N;".

Let é,(fi) denote the standard one boson Virasoro generators constructed from the 5 oscillators. The
timelike part of the modified Virasoro generator can then be written as

L8, = -9,

45
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Hence, on the algebraic tensor product core, the complete matter generator takes the form

Lpn=LP®I -T2

—m:*

This form separates the two positive Fock representations and makes the completed constraint problem
particularly transparent.

To discuss the constraints in the Hilbert space completion, we use the natural maximal closed reali-
sation of the positive Virasoro modes. Writing

[0y =Y 1k, (k) € Ha(p),

k>0

we define the domain of L,,, for m > 0, by the condition

L [kam) + L(r)n [Vk—m) ’2 < o0,
2|
k>0

where |¢;) = 0 for k < 0. On this domain,

L [) = (L3P [$hsm) + L, [r—m)) -

k>0

This extends the algebraic Virasoro generator introduced in the previous chapters and allows the
infinite K support states to be treated as genuine Hilbert space vectors.

7.2 Hilbert—Schmidt formulation
Choose normalised real occupation number bases in H, and H(©) . With this choice, a vector in
Hep @ HO

can be identified with an operator
T:HO — 3,

Normalisability of the vector is equivalent to the requirement that 7" be Hilbert—Schmidt. In particular,
1) P = |Tfis.
Under this correspondence, the positive mode Virasoro constraint
Ly, W}> =0
becomes the intertwining equation
LPTy =T¢Oy,  m >0,

for vectors v in the algebraic timelike Fock space. In particular, Tv must belong to the domain of the
corresponding spatial Virasoro generator.

The operator 1" must therefore intertwine the positive Virasoro actions of the timelike and spatial
oscillator sectors.

The zero mode condition imposes in addition
NPT — TN§ = v(p)T, v(p) = —a® — o/p?

Since both N®P and NSF have nonnegative integer spectra, a nonzero solution can exist only if v(p) is
an integer. When this is the case, the zero mode condition implies

(0) sp
TJ—Cq - J—Cq+y(p),
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where a spatial level with negative index is understood to be zero.

Thus, the zero mode condition fixes the difference between the spatial and timelike oscillator levels.
The completed physical state problem is reduced to the existence of a Hilbert—Schmidt operator of
fixed degree satisfying all positive mode intertwining equations.

We define the completed matter physical state space by

prhys( ) = ker ( L0+a ﬂ ker Ly, (7.1)

m>1

We now show that this space is trivial.

7.3 Triviality of the completed matter physical space

Suppose that a nonzero state
W’) € :H:phys( )

exists, and let T" be the corresponding Hilbert—Schmidt operator. Since every Hilbert—Schmidt oper-
ator is compact, T is in particular a compact operator.

The zero mode condition implies that T" has fixed degree. If v(p) is not an integer, this already forces
T = 0. We may therefore assume
v(p) € Z.

Since T is assumed to be nonzero, there is a smallest timelike oscillator level gy on which it does not
vanish,

go = min {q >0: T‘}f(‘)) # 0} .
q
Choose a unit vector
v E 3{((18)
such that
w="Tv # 0.

For every m > 0, the intertwining equation gives
0
LPw =Ty,

The vector Ei,?)v belongs to the timelike level gg — m. By the minimality of ¢g, T vanishes on every
lower level. Consequently,
LPw =0, m > 0.

Thus w is annihilated by every positive spatial Virasoro mode.

Since v and w belong to fixed oscillator levels, they are eigenvectors of the corresponding zero modes.
We write
8(()0)12 = hgv, Lf)pw = hgpw.

Consider now an integer
n > max{qo, 1}.

Since E%O) lowers the timelike oscillator level by n,

00y = 0.

n

The timelike 3 oscillators form a standard one boson Virasoro representation with central charge one.

Therefore,
nd—n

= 2nh
nho + 19

2
(Y

—n
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For convenience, define

n3—n

12

An = 2nho +
For sufficiently large n, one has A, > 0.

The spatial sector contains D — 1 standard bosonic oscillator families and therefore has central charge
D — 1. Since Lyw = 0, the same Virasoro commutation relation gives

D-1
‘Ls_pnw|2 = (thsp + T(n?’ — n)) lw|?.

We define D1
pn, = 2nhg, + %(n3 —n).

We now apply the positive mode intertwining equation to the algebraic vector E(_O,)lv. Since 67(10)21 =0,

L2700y = 7000y — 7 [z,&“%e‘ﬂﬂ v = A,

Taking the inner product with w and using the adjoint relation gives

An|w]? = <Ls_pnw, Tﬁ(_O,)Lv> .
The Cauchy—Schwarz inequality therefore implies

An|w]? < /im0 ‘TE(,O%U

Define the normalised vectors

L o)
Y4 .

(0)
qo+n

€n —

They belong to the mutually orthogonal timelike levels H and satisfy
len| = 1.

Hence they form an orthonormal sequence.

A
|Ten| > | == |w).
\ n

For large n, the cubic terms dominate both A, and p,, and therefore

The preceding inequality gives

It follows that
lw

—>0.
D -1

liminf |Te,| >
n—oo

This contradicts compactness. Indeed, a compact operator maps an orthonormal sequence to a se-
quence whose norm tends to zero. Since every Hilbert—Schmidt operator is compact, the contradiction
shows that no nonzero Hilbert—Schmidt operator can satisfy simultaneously the positive mode inter-
twining equations and the zero mode condition.

We have therefore proved

Hongs(p) = {0}| D >2. (7.2)
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The result holds for every real momentum p. The zero mode condition determines the degree that a
possible intertwiner would have, but no Hilbert—Schmidt intertwiner of such fixed degree can satisfy
all the positive mode Virasoro constraints.

The formal infinite support state discussed in Appendix [B] does not contradict this result. It solves
the positive mode constraints only as a formal infinite sum and fails to belong to the kinematical
Hilbert space. In the operator formulation, it corresponds to a noncompact intertwiner rather than
to a Hilbert—Schmidt operator.

The obstruction found in Chapter 6 therefore persists after Hilbert space completion. The absence
of algebraic physical states is not replaced by a normalisable infinite support solution: the completed
matter physical state space itself is trivial.






Chapter 8

Conclusions

This thesis studied a modified Fock representation of the bosonic string obtained by reversing the
usual choice of creation and annihilation operators in the timelike sector. The oscillator algebra and
the classical theory were left unchanged. For n > 0, the vacuum conditions were taken to be

ail ‘O’p> =0, a(ln ’O>p> =0.

0

The timelike creation operators are therefore the positive modes «,,.
With this choice, the negative sign in the timelike commutator no longer produces negative norm
excitations. The occupation number states are mutually orthogonal and have strictly positive norm.
Consequently, the algebraic matter Fock space is positive definite and admits a genuine Hilbert space
completion. In particular, there are no negative norm states or nonzero null vectors in the kinematical

martter sector.

The modified polarisation is preserved by spatial rotations but not by Lorentz boosts. The formal
boost generator produces an infinite sum of mutually orthogonal states when acting on the vacuum,
and the corresponding finite mode truncations do not converge in norm. Moreover, finite boosts act
as Bogoliubov transformations whose off diagonal part is not Hilbert—Schmidt. The Shale—Stinespring
criterion therefore shows that nontrivial boosts are not unitarily implementable in this representation.

The change of polarisation also modifies the normal ordering of the timelike oscillators. Recomputing
the matter Virasoro algebra gives

D-2
[Lﬁ,Lf}:(n1—70L£+n+——i;fQn3—nﬂ5m+m

with Do
cm =D — 2, X =-———=.
" 24
The reversed timelike oscillator contributes with the opposite sign to the central extension. If the

standard Faddeev—Popov ghost system is retained, formal cancellation of the total anomaly occurs for
D =28, a=—1.

These values concern the formal mode algebra. They do not establish the existence of a local worldsheet
conformal field theory or a complete BRST construction.

The main obstruction appears in the Virasoro constraints. The signed level operator is not bounded
from below, because timelike creation operators lower its eigenvalue. At fixed signed level there are
therefore infinitely many oscillator configurations. To organise them, the nonnegative grading

K =N%® - N°

was introduced. Its eigenspaces are finite dimensional, while the spatial and timelike parts of L:X shift
K in opposite directions.

o1
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This grading makes it possible to exclude all algebraic physical states. If a state has finite K support,
its highest component must be annihilated by the timelike operator LY. For m = 2, the highest
polynomial degree term shows directly that this cannot happen for a nonzero vector. The argument
extends to every m > 2 and gives

ker (Lé‘?alg(p)) = {0}, m > 2.

Thus, no nonzero finite linear combination of occupation number states satisfies the positive mode
Virasoro constraints.

A possible solution in the Hilbert space completion would necessarily have infinitely many nonzero K
components. The formal state constructed in Appendix [B] shows that the positive mode constraints
can indeed be solved outside the Hilbert space: it satisfies them as a formal oscillator identity, but
its norm diverges. This example isolates the remaining analytic question, namely whether an infinite
support solution can also satisfy the normalisability condition. Chapter [7]shows that this is impossible.

After separating the spatial and timelike oscillator sectors,
Hiin(p) = Hep(p™) @ HO(p"),
a normalisable state can be identified with a Hilbert—Schmidt operator
T: HO () — Hp ().
Under this correspondence, the positive Virasoro constraints become the intertwining equations
LTy =T¢Oy,  m >0,
while the zero mode condition fixes the level shift of 7.

The zero mode condition fixes the degree of a possible intertwiner with respect to the spatial and
timelike oscillator levels. Suppose that a nonzero Hilbert—Schmidt intertwiner exists and consider the
lowest timelike level on which it does not vanish. Its image contains a nonzero vector annihilated by
all positive spatial Virasoro modes.

The Virasoro descendants of this vector can then be used to construct an orthonormal sequence in
the timelike Fock space whose images under T remain bounded away from zero in norm. This is
incompatible with compactness, since every Hilbert—Schmidt operator is compact. Consequently, no
nonzero normalisable state satisfies all the matter Virasoro constraints together with the zero mode
condition.

Thus, for every real momentum p and every finite dimension D > 2,

J{gilys(p) = {0}

The obstruction found on the algebraic Fock space therefore persists after Hilbert space completion.
Allowing infinite K support does not produce a nonzero normalisable matter physical state.

The formal infinite support state of Appendix [B] does not contradict this conclusion. In the Hilbert—
Schmidt formulation, it corresponds to a noncompact formal intertwiner and therefore lies precisely
outside the class of normalisable states excluded by the argument above.

The modified representation is therefore positive at the kinematical level, but this positivity comes with
two decisive obstructions. Lorentz boosts are not unitarily implementable, and the matter Virasoro
constraints admit no nonzero normalisable physical state. In addition, the formal Virasoro central
extension differs from that of the standard string representation.

The construction therefore shows that positivity of the kinematical Fock space, by itself, is not sufficient
to obtain a consistent string quantisation. In the representation studied here, removing negative norm
states at the kinematical level comes at the price of losing unitary implementability of target space
boosts and of obtaining a trivial matter physical state space.



Appendix A

General First Order (Ghost Systems

In this appendix, we briefly consider a general first order conformal system. The purpose is to clarify
whether a ghost central charge different from —26 can be obtained by changing the conformal weights
of the fields.

This construction should not be confused with a different normal ordering prescription for the Faddeev—
Popov ghosts of the Polyakov string. The conformal weights (2, —1) of the standard bc system are
fixed by the gauge fixing problem. Changing these weights defines a different worldsheet conformal
field theory [15] |13] [16].

Consider two fields b(z) and &(z) satisfying

c(2)b(w) ~ o b(E)e(w) ~ :

zZ— W zZ— W

where

{+1, for an anticommuting system,

—1, for a commuting system.
Let the energy momentum tensor be

T(z) = (1—A): (Ob)c: =N\ : b : .

Computing the OPE with the elementary fields gives

~ Ab(w) N Ab(w)

T(z)b(w) ~ Gow?  Zow
and 1 - Ne(w) | 9
T(2)e(w) ~ - )ufgz”) + ZC_(“’J.

The conformal weights are therefore

To compute the central charge, define

A=:(db)c:, B=bdc:.

The double contractions contributing to the fourth order pole are
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A()B(w) ~ — =

B(:)A(w) ~ — fgw)4,
and .

B(Z)B(w) ~ _(Z — w)4
Since

the fourth order pole of T'(2)T(w) is

e [(T=X)2 —4X(1 = X) + A?]

(2 — w)

Equivalently,

T T(w) ~ - (612 — 6)\4+ 1) 2T(w)2 N T (w)

(z —w) (z —w) z—w’

Comparing with the standard Virasoro OPE,

c/2 n 2T (w) +6T(w)

2 z—w’

we obtain

c=—2(6A—6XA+1).

For the standard anticommuting Faddeev—Popov system,

and therefore

One may formally ask which anticommuting first order systems have central charge —24. Settinge =1
and imposing

—2(6A* —6A+ 1) = —24,
gives

612 — 6) — 11 = 0.

The two solutions are
3+5V3
At = 6

or numerically
Ay~ 1.943, A_ ~ —0.943.

These systems have conformal weights
(hgv hE) = ()‘i7 1- )‘i) )

which differ from the Faddeev—Popov weights (2, —1). Consequently, although a first order conformal
system with central charge —24 can be defined algebraically, it cannot replace the standard Faddeev—
Popov ghost sector without changing the gauge fixed worldsheet theory.



Appendix B

A Formal Infinite Support State

In this appendix, we give a simple explicit example of a infinite support solution of the positive
Virasoro constraints. The purpose of the example is not to prove that the physical Hilbert space is
nontrivial, but to illustrate why the obstruction is analytic rather than purely algebraic.

We restrict to the oscillator pair formed by one spatial direction, denoted by 1, and the timelike
direction 0. The modified vacuum conventions are

ap0;p) =0 (n>0), al]0;p)=0 (n<0).

We introduce normalized oscillators

1
an, T a_n
anp = —, a, = , n > 0,
tovn on
for the spatial direction, and
0 0
a? Q@
bn:ﬁ, bjl:\/i%, n>0,

for the timelike direction.
Consider the following formal state in the N = 0 sector

1
|B) = exp (Z aiﬁl) 10; p) = exp (Z nalna2> 10;p) -

n>0 n>0

Each operator a! ,a? increases the spatial and timelike occupation levels by the same amount. There-

fore, it leaves N unchanged but increases K
AN =n—-—n=0, AK =n+n=2n.

Thus, |B) has fixed N = 0 and infinite support in the K grading.

Let A be a partition of M, and let 7, (\) be the multiplicity of the part n in the partition A. Define
the normalized state associated with A by

aIL rn(X) bIL rn(X)
=l (WZW <¢2L<A>! e

Then
N X\ A) =0, K|MNA) =2M [\ N).

95
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The state |B) decomposes as

BY=> I1Bu), Bu)= Y AN.
M>0 A partition
of M

We now check the positive Virasoro constraints. The state |B) satisfies

an |B) = bl |B), bn |B) = al

n

|B), n > 0.
Equivalently, in terms of the original oscillators,

al |B) =a? |B), o', |B)=a, |B), n > 0.

n

If we also choose the zero modes so that
1_.0
p =p,
then the same identification holds for n = 0. Therefore, the contribution of the pair (0,1) to the
matter Virasoro generator cancels formally

1
5 Z s (o, _yop — al o) 4 |B) =0, m > 0.
teZ

Since the two oscillator indices in each term sum to m > 0, no contact commutator with total mode
number zero is generated when the relations above are applied successively.

All other spatial directions are taken in their oscillator vacuum, so they are annihilated by the positive
modes. Hence
L,,|B) =0, m > 0,

as a formal identity.
The zero mode constraint can be imposed independently by choosing the momentum so that

a'p? +a = 0.
This condition does not affect the oscillator norm computed below.
It remains to check whether | B) is a genuine Hilbert space state. Since the states |\, A) are orthonormal,

2

B = > 1=p(M),
A partition
of M

where p(M) is the number of partitions of M. Therefore,

B = > 1Bl = D p(M) = cc.

M>0 M>0

Thus, |B) is not an element of the Hilbert completion of the modified Fock space. It is only a infinite
support solution of the physical state constraints.

This example shows that the Virasoro constraints can admit formal infinite support solutions which do
not define states in the kinematical Hilbert space. Chapter [/]shows that no nonzero Hilbert—Schmidt
solution exists. The present formal state therefore illustrates the noncompact, non Hilbert—Schmidt
behaviour necessarily exhibited by a nonzero formal solution.



Appendix C

The General Algebraic Virasoro
Obstruction

In Chapter 6] we gave a direct and detailed proof that the constraint

Ly yp) =0

has no nonzero solution in the algebraic Fock space. The argument used the component with maximal
K grading and the highest polynomial degree in the timelike creation operators.

The purpose of this appendix is to show that the same obstruction is present for every mode m > 2.
More precisely, we prove

ker (Lm’?alg(p)) = {0}, m > 2. (C.1)

The argument is entirely algebraic and concerns only Faie(p).

C.1 The timelike Virasoro generator

Let ?Olg(p) denote the algebraic timelike Fock space generated from the vacuum by the timelike

a.
creation operators

ol n > 0.
A generic vector in this space can be written as
0
Ix)=PF"10,p),
where P is a polynomial in the operators o, aJ, ... involving only finitely many variables and finitely

many monomials.
For m > 0, the timelike contribution to the Virasoro generator is
70 __lz.ao o0
m 2 cSm—tt *
teZ

For m > 2, it is useful to write this expression as

0 _ 0.0
L,, = —ago,, —

al (C.2)

where
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The three terms in equation ((C.2]) have different effects on the number of timelike creation operators.
The first term contains one creation operator and therefore increases the polynomial degree by one.
In the last term, ol with r < 0 is an annihilation operator, it removes one creation operator, while

al . introduces another one. This term therefore preserves the polynomial degree.

The middle term is different. Define

m—1

Qm = = Z ad _.al. (C.3)

r=1

Every oscillator appearing in @, is a timelike creation operator. Consequently, @),, increases the
polynomial degree by two.

Now decompose P° according to its unweighted polynomial degree
PP =P)+P)+--+P), P}#0, (C.4)
where P(P is homogeneous of degree /.

When LY acts on PY|0,p), the only contribution with degree d + 2 is
—QmPq10,p) . (C.5)

All other terms have degree at most d + 1. Therefore, if LY P°|0,p) were zero, the vector in equa-
tion (|C.5)) would have to vanish independently.

We now show that this is impossible whenever P(g #0.

The linear independence of the timelike occupation number states allows us to identify the algebraic
timelike Fock space with a polynomial algebra

ff"olg(p) ~ Clxy, z2,. . .].

a.

Under this identification,

aO

n ( "'E’I’L’

and a polynomial PY corresponds to

P'(ad,ad,...)[0,p).

The operator @Q,, acts by multiplication by the polynomial

m—1
1
qm(z) = 3 Z T—rTp. (C.6)
r=1

For every m > 2, this is a nonzero polynomial. Since a polynomial algebra has no zero divisors,

Qm(x)Pg(x) #0
whenever
Py(z) #0.
Equivalently,
QmP7(0,p) # 0.
It follows that
Ly |x) #0  for every [x) € F,(p), [x) #0, m>2. (C.7)

Thus, the timelike Virasoro generator LY is injective on the algebraic timelike Fock space for every
m > 2, independently of the value of p°.
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C.2 Extension to the complete algebraic Fock space

We now return to the complete matter Fock space. Suppose that

|¢> € ?alg(p)v W) 7& 07

and assume, for contradiction, that
L [¢) =0 (C.8)

for some fixed m > 2.

Because [¢) belongs to the algebraic Fock space, it has finite support in the K grading. We may
therefore write

kn
) = 1k), k) #0.
k=0

Recall that

Ly =LP+ 10
where Ly, lowers the K grading by m and L9, raises it by m. The component of L, [¢)) with output
grading ky + m can therefore come only from the timelike action on the top component

Ly, WHK:kMHn = L?n Wm) :

The spatial generator would have to act on a component with grading ky; + 2m, which is absent by
the definition of k.

Equation ((C.8) consequently implies
Ly [ky) = 0. (C.9)

Expand the top component using linearly independent spatial occupation number monomials

|¢7€M> = ZSprg 0,p),
A

where the Pg are timelike polynomials.

Since LY, commutes with all spatial oscillators, equation (C.9) becomes

> SFLY,P}0,p) =0.
A

The spatial monomials Szp are linearly independent. Therefore,
Ly, PR 10,p) =0
for every A.
The injectivity established in equation ((C.7]) then implies
0
PA - 0
for every A. Hence

W}kM> = 07

contradicting the choice of k.
We have therefore proved
Ly, W}> =0, W}) € ffalg(p)v m>2 = W}> =0.

Equivalently,
ker (Lm|3"a1g(p)) = {0}, m > 2.

The detailed m = 2 argument in Chapter [6] makes the mechanism particularly transparent. The
present proof shows that the obstruction is not specific to that mode, every generator L, with m > 2
is already injective on the algebraic Fock space.
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