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ABSTRACT: We analyze the phenomenon of fermion pairing into an effective boson associ-
ated with anomalies and the anomalous commutators of currents, bilinear in the fermion
fields. In two spacetime dimensions the chiral bosonization of the Schwinger model is de-
termined by the chiral current anomaly of massless Dirac fermions. A similar bosonized
description applies to the 2D conformal trace anomaly of the fermion stress-energy tensor.
For both the chiral and conformal anomalies, correlation functions involving anomalous
currents, j& or T"” of massless fermions exhibit a massless boson 1/ k? pole, and the asso-
ciated spectral functions obey a UV finite sum rule, becoming §-functions in the massless
limit. In both cases the corresponding effective action of the anomaly is non-local, but may
be expressed in a local form by the introduction of a new bosonic field, which becomes a
bona fide propagating quantum field in its own right. In both cases this is expressed in
Fock space by the anomalous Schwinger commutators of currents becoming the canonical
commutation relations of the corresponding boson. The boson has a Fock space operator
realization as a coherent superposition of massless fermion pairs, which saturates the in-
termediate state sums in quantum correlation functions of fermion currents. The Casimir
energy of fermions on a finite spatial interval [0, L] can also be described as a coherent
scalar condensation of pairs, and the one-loop correlation function of any number n of
fermion stress-energy tensors (I'71"...T) may be expressed as a combinatoric sum of n!/2
linear tree diagrams of the scalar boson.
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1 Introduction

In many-body physics it is well-known that gapless fermion excitations in the vicinity of
a Fermi surface can pair up into effective bosonic degrees of freedom. The formation of
such fermion Cooper pairs is the basis for the BCS theory of superconductivity and the
superfluidity of *He [1]. This amounts to a reorganization of the ground state of the system
from weakly interacting fermions to interacting effective bosons, themselves consisting of
bound fermion pairs.

In this paper we study the mechanism of fermion pairing in relativistic quantum field
theory, emphasizing that the pairing is a direct result of quantum anomalies in otherwise
classically conserved currents that are bilinear in the fermion fields. The particular focus of
the paper is the 2D conformal anomaly of the stress-energy tensor [2—4] and the bosonized



description it leads to. By studying this case in detail, our aim is to lay the groundwork for
the extension of our considerations of anomaly induced pairing and corresponding bosons
in four (and higher) dimensions with the appropriate modifications.

The best known example of fermion pairing in a relativistic quantum field theory is
provided by the Schwinger model, i.e. quantum electrodynamics of massless fermions in
two spacetime dimensions [5, 6]. The study of this model has a long history, and over the
years has been solved by a number of different techniques [7-19]. We begin in section 2 by
reviewing the Schwinger model, and emphasizing that its main feature of fermion pairing
into an effective massive boson may be understood by both functional integral and operator
methods most simply and directly as a consequence of its chiral current anomaly.

The basic signature of an anomaly is the existence of a bosonic excitation in correlators
involving anomalous currents, which becomes an isolated 1/k? pole when the underlying
fermions are massless [20-23]. In d = 2 QED, the one-loop current polarization tensor
(j*(x)j%(«")) has an imaginary part and spectral representation which obeys an ultraviolet
finite sum rule and becomes a J-function in the limit of massless fermions, indicating the
presence of a massless boson intermediate state composed of fermion pairs. Correspond-
ingly, the real part of the same correlation function exhibits a 1/k? pole, which is the
propagator of a dynamical massless boson. The residue of this massless pole in the cor-
relation function of non-anomalous currents is proportional to the coeflicient of the chiral
current anomaly.

In the functional integral approach, the non-local effective action of the anomaly may
be expressed in a local form describing a massless boson, which becomes a bona fide
propagating field, inheriting its dynamics from that of the underlying fermions, even in the
absence of other interactions. In the Schwinger model the effect of the interaction with the
gauge potential leads to the boson acquiring a mass M? = €2/, but the fermion pairing
into a boson state occurs even in the limit e — 0 of infinitesimally small coupling to the
gauge field.

In the Fock space operator approach to the Schwinger model, after careful definition of
the fermion vacuum and normal ordering, there is a non-zero anomalous equal time commu-
tator (Schwinger term) of currents [24]. It is worth noting that although the Schwinger term
occurs in the commutator [jo, J 1] of apparently non-anomalous vector current components,
this non-zero commutator can be viewed as a direct result of the chiral anomaly, and the
boson degree of freedom it describes by fermion pairing. Indeed since the fermion current
is linear in the chiral boson field, the Schwinger commutator term in the currents may be
mapped precisely into the canonical equal time commutator of the boson, itself composed
of fermion pairs, showing that the boson field is a true propagating degree of freedom.

Having reconsidered and rederived the standard results of the Schwinger model from
the vantage point of its chiral anomaly, we proceed to apply the same methods to the
conformal trace anomaly of the fermion stress-energy tensor. We show that most of the
same features associated with the chiral anomaly reappear in the case of the conformal
anomaly. In particular, correlation functions involving the stress-energy tensor of massless
fermions again exhibit an isolated massless 1/k? pole, with finite residue determined by
the anomaly. There is again an ultraviolet sum rule for the corresponding spectral function



which becomes a §-function in the massless limit [22]. The [I~! propagator in the non-
local Polyakov action of the conformal anomaly [25] can be rewritten in terms of a local
scalar field ¢ that becomes a bona fide propagating scalar, inheriting its dynamics from the
underlying fermions of which it is composed. The anomalous equal time commutators or
Schwinger terms of the stress-energy tensor, i.e. the central terms in the Virasoro algebra,
may also be recognized as equivalent to canonical equal time commutation relations of the
scalar composite boson, which therefore must be treated as a dynamical degree of freedom
in its own right.

A new feature of the conformal trace anomaly of the stress-energy tensor is that the
local scalar field ¢ has its own quantum stress-energy tensor containing terms that are both
linear and bilinear in ¢, and hence its own quantum anomaly. This would shift the anomaly
coefficient of N fermions from N to N + 1, if uncompensated. Complete equivalence with
the original N fermion theory can be achieved in one of two different ways. If ¢ is treated as
a full quantum field participating in internal loops, then a compensating shift of N to N —1
in the ¢ effective action must be introduced, so that the one less fermion degree of freedom
is replaced by one boson degree of freedom. Alternately, if one is interested only in the
correlation functions of the fermions, one can treat the unshifted anomaly induced effective
action of the N fermions as a purely tree-level effective action for the scalar ¢ in a gravita-
tional field. By thereby forbidding the scalar ¢ from participating in internal loops, there is
no shift in N to be compensated for, and it is possible to identify the fermion stress-energy
tensor at the operator level with only those terms in the bosonic stress-energy tensor linear
in the quantum ¢ field, analogous to the chiral bosonization of the Schwinger model [26-28].

This second approach also makes it possible to prove a remarkable theorem relat-
ing the correlation functions of an arbitrary number of fermion stress-energy tensors
(THY1(xq) ... THnn (x,)) at one-loop level to pure linear tree diagrams of the boson ¢. The
two-fermion intermediate states in the quantum correlation functions of the stress-energy
tensor of the fermions are therefore identical to the single boson states of the corresponding
bosonic tree diagrams for any number of stress-energy tensor insertions. This amounts to
an alternative bosonization scheme for coupling to gravity, different from the usual chiral
bosonization coupling to electromagnetism in the Schwinger model.

Once fermions are paired into an effective boson field, the bosons can condense and
non-vanishing condensates are possible. In the simplest case of free fermions with anti-
periodic boundary conditions on the finite spatial interval [0, L], the quantum Casimir
energy of the fermions can be described as a finite condensate @ = () of the boson field.
The value of this boson condensate can be obtained from simple geometric considerations
of a conformal transformation from flat R? (assumed to have vanishing vacuum energy) to
R x S!, appropriate for the periodically identified finite interval. This shows an interesting
connection of the anomalous action of the boson and its condensate to the topology of
spacetime. In the axial case there is a corresponding relationship to the topological winding
number of the gauge field and its vacuum structure [11, 29-31].

This paper is organized as follows. After reviewing the path integral, dispersive and
Fock space approaches to the Schwinger model in section 2, we proceed in section 3 to
couple the fermion theory to gravity. The effective action of the conformal anomaly is first



found by the functional integral method in section 3.1. The two-point correlation function
of stress-energy tensors, spectral function, UV finite sum rule and 1/k2 pole is considered in
section 3.2, the Fock space operator representation and Schwinger terms in section 3.3, the
boson condensate and Casimir energy in section 3.4, the canonical field representation in
section 3.5, and saturation of the intermediate state sum in (7'T") by the boson in section 3.6.
In section 4 we show that the fermion pairing into the boson ¢ associated with the conformal
anomaly implies a complete equivalence between one-loop quantum correlation functions of
arbitrary numbers of fermion stress-energy tensors (I'T"...T) to a set of bosonic linear tree
diagrams, in which the intermediate boson states are precisely the fermion pairs. Section 5
contains a summary of our conclusions and discussion of how these results may extend
to d > 2 dimensions. There are two appendices. The Fock space algebra of currents is
computed first for the standard chiral bosonization of charge currents in appendix A, and
then secondly for the Virasoro algebra of stress-energy tensor moments in appendix B.

2 Fermion pairing and bosonization in the Schwinger model

2.1 Covariant path integral and effective action

Perhaps the best known example of the phenomenon of fermion pairing associated with an
anomaly in relativistic QF T is the Schwinger model, i.e. massless QED in d = 2 dimensional
flat spacetime [5, 6]. We generalize this slightly and consider the action for N identical
Dirac fermion species (flavors), and rescale the coupling e? — €2/N, so that we consider
the theory described by the classical action

_ N N N N [,
Su = 510, AL+ 5y S)lA) =i [ S T8~ - oy [ BB ()
7=1

As usual F,, = 0,A, — 0, A, is the field strength tensor, whose only non-vanishing com-
ponent in d = 2 is the electric field Fy; = —F = —F%!. At certain points below we shall
extend the model to include a fermion mass term Sg; — Se + [ d?x mynp, but our primary
focus is on the massless case.

The Dirac matrices obey the anti-commutation relations

oY + 4yt = 2diag (4, —) = 29" (2.2)

in the flat metric n** with n°© = —1. In two dimensions, these are satisfied in the 2 x 2

chiral representation in terms of the Pauli matrices by

01 0-1 10

0 1 : 0,1

— o) = = —ioy = =% =03 = 2.
v =01 (1 0) , Y =—ioy <1 0) , =77 =03 (0 1) (2.3)

with 1 = 940, and 40 = (y°)! Hermitian. Thus a free Dirac fermion in 1 + 1 dimensions
may be represented as a two-component complex spinor

y= (Z*) =)y (24)



with (1 £ ~5)/2 projecting out the right- and left-handed (right moving and left moving)
single component Dirac fields ¥4 respectively. For massless fermions these two components
propagate independently.

A special property of the Dirac matrices in two dimensions is

Vs =y € (2.5)
where /¥ = —e“# is the anti-symmetric symbol, defined so that eg; = +1 = —€%!, obeying
ey, = —5“1,(5)‘p + 5“p5)‘l, , ey, = o, . (2.6)

Because of (2.5), the vector coupling of the Dirac fermions can equally well be expressed
as a chiral coupling to the dual gauge field

AH = UMAGAVAV N AM = T)H)\E/\VAVV 5 i.e. Avo = A1 5 Avl == AO (27)

according to
WA, = ’y“eu”;fy =54, . (2.8)

This also implies that the vector and axial vector currents

58, L 5S;
= # = Z%’Y“l/}i, j? == = Zwﬂu%wi (2.9)
Boi=1 oA, o
are related by
H=gset, js = jve} . (2.10)

For free fermions, e = 0, each of these currents is classically conserved, corresponding to
the invariance of fermion action Sy in (2.1) under both U(1) vector gauge symmetry

Py — e (2.11a)
A, = AL+ 0y (2.11Db)
and the Uy (1) axial transformation
i — P (2.12a)
A, — A, +0,8. (2.12b)

The global versions of these symmetries would be sufficient to guarantee conservation of
the Noether currents (2.9) in the free theory. As is well known, the vector and axial sym-
metries (2.11) and (2.12) cannot both be preserved at the quantum level, and conservation
of (at most) only one of the two classical currents (2.9) can be maintained together with
Lorentz invariance. Since as soon as e # 0, the gauge field action Sy[A] is invariant only
under the local vector symmetry (2.11), enforcing the choice of U(1) vector gauge invariance

A" =0 (2.13)



leads necessarily to a well-defined anomalous divergence of the axial current [32]

N~ Teglf]
ot =—F=_—-—-° 2.14
15 T 55 ( )
where the pseudoscalar dual of the field strength tensor is
~ 1
F= 5 eF, =FE. (2.15)

The second relation of (2.14) indicates that through the chiral anomaly the effective ac-
tion of the fermions Ieg[3] necessarily acquires a non-vanishing dependence upon a Uy (1)
rotation (2.12) by 5.

In any number of dimensions the decomposition of a vector field into its parallel and
transverse components is

A, = Al + A5 (2.16a)
Al =9,071(0"A)) = Oy (2.16b)
A,IJ; = (5,uy - 8/—LD_18V)AI/7 a,uALM == 0 (216C)

where [~ is the Green’s function of the scalar wave operator (1. The decomposition (2.16)
is unique up to zero modes of [J (which we neglect for present purposes), and implies that
the gauge invariant information resides in the transverse component Aﬁ. A special property
of two dimensions is that the transverse component can be written as the Hodge dual of a
scalar gradient A+# = ¢#V9, 3 [33]. Hence starting from A, =0, an arbitrary gauge poten-
tial is composed of a combined U (1) and Ux4(1) transformation (2.11) and (2.12) in the form

Ay =0+ 77#,\6)\1/8,/6 (2.17)
and we obtain from this, (2.7) and (2.15) that
F=e"g,AL=9,A" =08 (2.18)
Inserting this relation into (2.14) gives

e8] N
55 =-—0p (2.19)

which being linear in 3, allows for immediate integration to the one-loop effective action

Lualf) = 5, [ 505 (220)

quadratic in . This action is exact (up to zero modes and an additive constant which we
may set to zero at 5 = 0) and entirely determined by the chiral current anomaly.

Using (2.18) again to formally solve for 8 = O~'F allows us to express the anomalous
effective action (2.20) in the non-local gauge invariant form [34]

N ~ ~ N
Leg[B] = —%/d% /d%:’ E (O Yw By = —z/deAﬁAL“ = Sanom|A4].  (2.21)

™



Thus the effect of integrating out the massless fermions in the functional integral [34, 35] is

N
4%4=/wawwwmmwwﬂn=mw@WWW&mMM (2.22)
=1

with Sanom[A] given by (2.21). In the functional integral approach the breaking of
chiral symmetry and the axial anomaly (2.14) may be ascribed to the non-invariance
of the fermionic functional measure Hfil[le][Dﬁl] under the axial Uy(1) transforma-
tion (2.12a) [36-39].

That all the gauge invariant information resides in Af; which, owing to (2.17), is gen-
erated by a Uy (1) axial transformation by S of the fermion determinant in two dimensions,
and that this dependence upon £ in (2.19) is only linear through the axial anomaly (2.14)
so that the effective action (2.21) is purely quadratic in A, are the essential points leading
to the Schwinger model being exactly soluble.

The appearance of the massless scalar propagator ([~ !),,/ in the one-loop effective
action (2.21) is the first indication that an effective scalar boson degree of freedom is
associated with the chiral anomaly. Indeed a pseudoscalar boson field y may be introduced
so as to rewrite the result for the non-local effective action in (2.21)—(2.22) in the form

2§14) = (det, (@) deta(~ )] [ (D] exp {iSumon(xi 4) (2.23)
with the local bosonic action
N 1 ~
Sanom[X;A] = ﬂ_/de <2XDX - FX> (2'24)

accounting for the anomaly. By varying this action the local field x satisfies the eq. of
motion
Ox=F=0p (2.25)

while performing the Gaussian integral over x simply reproduces (2.22), when account is
taken of the [det B(—D)]% prefactor in (2.23). Thus the pseudoscalar boson field x is a
completely gauge invariant local field equivalent to the pre-potential S determining the
transverse gauge invariant part of the vector potential, up to homogeneous solutions of the
two dimensional wave equation.

Varying (2.24) with respect to the vector potential A, or its dual Zy yields the vector
and axial vector currents (2.9) in terms of the effective boson field x as

S, N 0. N
" — anom _ _ yng - Lb — anom — 7
Jj 5A, € X and J5 5;{# - oHx (2.26)

so that the axial anomaly (2.14) is recovered by the eq. of motion for y (2.25)
N N

gt = —Ox= ?F (2.27)
and the Maxwell eq. is
e? e?
0, F* = —e9,(0p) = ﬁj“ = ", x (2.28)



with current conservation (2.13) becoming a topological identity, equivalent to the single-
valuedness of x.

Because F' is a total derivative, cf. (2.18), its integral fdeF = 27v is a topological
invariant, v being the Pontryagin index, and the action (2.24) is invariant up to a surface
term under the shift of x by a spacetime constant. This leads to the existence of a Noether
current N

JE =gk — ?e‘”’A,, = jl' +2NK" (2.29)
which is gauge dependent but conserved, 9,jf[A] = 0 by (2.14) and (2.15). Note also
that (2.28) can be immediately integrated and implies

2
E:Dﬁz%erEo (2.30)

where FEjy is a spacetime independent integration constant, that can be regarded as an
external constant electric field. Since Ey can be eliminated by shifting x — x — 7FEp/e?,
reference to (2.24) shows that this is equivalent to adding to the action a topological term
ONv, with the arbitrary § vacuum parameter of the Schwinger model given by Ey = ¢26/2
in the present units [40].

The complete solution of the Schwinger model is achieved by making use of (2.23)
together with the classical action in (2.1) to integrate over the inequivalent gauge orbits of
the vector potential A, by means of the gauge invariant functional measure [41]

[DA]

Voru(y) ~ dete (-0 (DAY = detp(-0) [DF) (2.31)

again up to zero modes. In these relations the determinants in the functional measure are
Jacobians of the transformations from A, to Aj to 8. These Jacobians and in particular the
last determinant in (2.31) are responsible for cancelling the contributions of the apparent
ghost in the gauge field action Sy[A] = —1/4 [ d*xF,,,F* = 1/2 [ d*z(008)? in the latter
higher derivative form expressed in terms of the gauge invariant chiral pre-potential 3. The
Gaussian integral over Ai = €,/0,0 has a saddle point at F= e?x/m and yields

20 = [ A ep [Ty} 271
= [detf(ﬁ)]N[detB(—D)]%/[Dx] exp {g/d% (XDX - 765 x2>} . (2.32)

We have retained the determinants in (2.22) and (2.23) in order to keep track of the
number of local degrees of freedom, starting with N local fermionic degrees of freedom
(and none originally in the vector potential, which is fully constrained by Gauss’ Law
in two dimensions). Since a Dirac fermion with anti-periodic boundary conditions is
equivalent to a single scalar with periodic boundary conditions in two dimensions, the
functional determinants satisfy [38]

dets(§) = [det(—0)] "2 (2.33)



so that for N = 1 one obtains from (2.32) with (2.33)

- 2
Zsehw = ZWN=D = /[Dx] exp {;/d2x <XDX e X2> } (2.34)
T T

which is exactly the expression for a single real propagating pseudoscalar boson field x
with mass Mi = e%/m, recovering the well-known result for the Schwinger model [6, 7).
Because of relation (2.33), for N > 1 (2.32) defines a theory of a single massive boson
with mass Mi =¢%/m and N — 1 massless bosons [10, 18, 42, 43].

It is clear from the final form (2.34) for N = 1 that one has traded the original
single fermion degree of freedom for a single boson degree of freedom , which is a bona
fide propagating field in its own right, with its kinetic term yx[Jx generated by the axial
anomaly. The number of overall local degrees of freedom is conserved. Comparing the
expressions for the currents (2.9) and (2.26), it is also clear that the boson field y is bilinear
in ¢ and v, and hence is made up of a fermion/anti-fermion pair. This is a relativistic
version of the Cooper pairing phenomenon familiar in non-relativistic many-body theory,
and the BCS theory of superconductivity [1].

We conclude this section with a few additional remarks. First, the anomaly may also
be regarded in effect as giving rise to a gauge invariant mass term AtAl“ for the gauge field
in (2.21), as the functional integral of the Schwinger model may also be written in the form

.N 2
ZSchw = / [DA;;] exp {;ez / d*x (AﬁDAl“ — % A,fALM>} (2.35)

when use is made of (2.21), (2.31) and (2.33). However, this interpretation of a propagating
massive boson makes sense only because the anomaly through fermion pairing has rendered
the gauge field into an effective propagating degree of freedom, whereas it was totally
constrained by Gauss’ Law in the classical theory. Notice also that this interpretation
does not require fixing a gauge, and as use of the gauge invariant measure (2.31) makes
clear, the mass term is fully gauge invariant. This gauge invariant mass generation for
a gauge field is basically the Stueckelberg mechanism [44, 45] for mass generation which
would serve as a prototype for the Higgs mechanism in the Standard Model. In the
limit of vanishing coupling e — 0, the gauge field remains massless. The gauge field
propagating mode with a finite screening length is a relativistic version of collective
excitations familiar in many-body systems, induced e.g. in superconductors (Meissner
effect) and finite temperature plasmas (Debye screening).

Next we note that had we performed the functional integral in the opposite order,
integrating first over the vector potential, we would have obtained the gauge invariant result

N
Z(N) _ /H[’DQM [DY,;] / V()[IY[DUA(]l)] exp {iSf[w,w; Al + ] Sg[A]} (2.36)

N N L
_ " ; 2,7 o e 2 2 . -1 .
—/J:ll[p%][pwi] exp ’LjE:1/d ;" auwj—QN/d x/d 2’ §(0) par Gpar



which is a theory of N massless fermions with a four-fermion current-current interaction
between them. Except for its non-locality this is again similar to the starting point for
BCS theory [1].

Due to the conservation of the charge current j*, its space and time components are
not independent, and j' = —(9;)~!p, so that

1 2 2 . Nuv v 1 1
2/d :E/d z g (E)xm/ Jo =5 dt [ dz | d2’ p(t, =) a—%p(t,x/) (2.37)

is in fact a instantaneous Coulomb interaction between the two charge densities p = ;°
at spatial positions z and 2/. It is remarkable that this apparently non-local (but also
apparently non-anomalous) theory of massless fermions interacting by their mutual long
range Coulomb interaction becomes the local theory of a single non-interacting but massive
boson x, together with N — 1 free fermions in (2.32) via the previous route of the axial
anomaly. For strictly zero coupling e = 0, the free fermion and free boson representations
are equivalent. However as soon as e # 0, no matter how small its magnitude, the attractive
Coulomb interaction between the fermions and anti-fermions destabilizes the free massless
fermion ground state, and leads to the ground state or vacuum of a massive bound state
boson instead, again reminiscent of the Cooper instability and pairing phenomenon [1].

Finally we note that the effect of functionally integrating over the chiral boson in (2.23)
is up to the boson determinant and use of the saddle point eq. (2.25) equivalent to the
previous form (2.22), so that we may equally well write

ZM1A] = [det p (D)) exp{iSanom[x: A} (2.38)

Ox=F"
This shows that the one-loop generating functional of axial or electromagnetic current
correlators in the original free N-fermion quantum theory is mapped (up to a multiplicative
constant independent of A,,) to the tree diagrams of the classical bosonic action (2.24), with
the chiral boson field sourced by F according to (2.25). The equivalence of the quantum
one-loop fermion theory to tree level boson will be shown explicitly in current correlation
functions in the next section.

2.2 Correlation functions of currents, spectral function and sum rule

The exact quantum effective action (2.21) resulting from integrating out the fermions arises
entirely from the one-loop diagram in figure 1la, which in Fourier space is

i / d*z ™ (0| j5 (2)57(0)[0) = =M ILY (K)o 4—s (2.39)

where 7 denotes time-ordering and

2N d !

I (k) = -T (2 — ) (KFEY — K*n) / dr z(1 — ) [P2(1 — z) + m2]2~2  (2.40)
(2m)2 2 0

is the vacuum polarization in general d dimensions for N fermions of mass m. For d = 2

this is finite, and for massless fermions m = 0 it becomes simply

N

I (k)| = (k"k" — K*n") —3

iy = (2.41)

~10 -



Multiplying (2.39) by ik and substituting (2.41) gives the axial anomaly eq. (2.14). The
anomaly for massless fermions is thus intimately connected to the pole at k? = 0 in (2.41).

The 1/k? massless pole in (2.41) in the one-loop fermion polarization corresponds
to the physical propagator of the single effective bosonic degree of freedom x which is
massless in the absence of electromagnetic interactions, becoming massive in the Schwinger
model according to (2.34). Comparing (2.9) and (2.26), it is clear that the pseudoscalar
effective boson field x is related to fermion bilinears. Indeed substituting (2.26) the
one-loop fermion vacuum polarization IT#” (k) can be written in terms of a tree amplitude
for the boson x according to

I (k) = i / & ¢ (O[T ()5 (0)]0)

N2 )
= ek, / 2z ¢ (0] T (2)x (0)]0)

2

N* 5\, T
=Rk G
N
= (K'E” — K*n") — 2.42
( n )7Tk2 ( )

where we have used the normalization of the x propagator from (2.32). The 1/k? pole is
the signal of a propagating (pseudo)scalar degree of freedom in the quantum theory not
present in the classical action (2.1). It is a quantum effect of the fermion pairing in the
two-particle fermion sector involving the correlation of two currents, hence four fermion
operators, which may be re-expressed in terms of an effective single particle bosonic theory
and tree amplitude (in which % is a parameter). It is clear from (2.39)—(2.42) that for mass-
less fermions m = 0 and in the limit of vanishing coupling to the electric field, e — 0, the
pairing of fermions to form a massless boson and the massless pole in (2.41) is associated
with the axial anomaly, quite apart from the classical gauge field action S4[A], and in this
limit the boson in (2.34) or the propagating electric potential in (2.35) remains massless.
Indeed considering the full gauge field inverse propagator function, cf. (2.35) with (2.16¢),

(D7) () = (D5 ) ()~ TP (k) = ~N (o~ i) | 5+ | 2as)
we observe that when e? > 0, the massless 1/k? pole combines with the classical contri-
bution 1/e? so that D~! vanishes at —k? = Mi = ¢2 /7. This corresponds to a propagator
(e?/N)(k? + M)%)_1 with a pole at this value of k2, which is that of a massive boson.
The massless anomaly pole in the polarization (2.41) indicates a propagating bosonic
excitation, but only when the classical gauge field action Sy[A] is added to the fermion
theory with a finite dimensionful coupling e? in (2.32) or (2.43) does this boson couple to
the gauge field and is a finite mass for it generated.

The equality of the massless fermion loop (2.41) and massless boson tree ampli-
tude (2.42) (with e — 0) is illustrated diagrammatically in figure 1. Notice that because
of the linear dependence of the currents upon x in (2.26), and the absence of any A,
dependence of the x propagator itself, figure 1 is the only diagram generated by the tree
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Js / ¥ - - - - X
(b) The pseudoscalar tree diagram.

(a) The one-loop fermion polariza-
tion diagram.

Figure 1. Equivalence of one-loop fermion polarization diagram with pseudoscalar tree.

effective action in (2.38). Correspondingly the correlation function of two currents is the
only connected correlation function in the theory, and the full equivalence of fermion loop
to scalar tree is contained in only the diagrams represented in figure 1.

It is interesting to examine what happens to the massless 1/k% pole if the theory is
deformed away from exactly zero fermion mass. Considering again the vacuum polarization
with massive fermions in (2.40), we may introduce the spectral representation by inserting

within the Feynman parameter integral in (2.40) the identity

1:/0000135(3—3:(17”_23:)) (2.44)

and interchanging the s and x integrals to obtain

uv —(LHELY 12,0V > QJ(S)
II (k:)‘d:2 (KMEY — E*nt) /0 ds 121 s (2.45)
with
N [ m?2 ONm?2 1
=— - | = —4m?). 2.4
0s(s) 77/0 d:L‘5<S :1:(1—:1:)) 2 T O(s —4m*) (2.46)

This spectral function is illustrated in figure 2.
As is clear from its definition (2.46) or by direct integration, in d = 2 dimensions the
spectral function g;(s) obeys the ultraviolet finite sum rule

/OOO dsos(s) = % (2.47)

for any m? > 0. On the other hand from (2.46), when m — 0, g;(s) vanishes for all s > 0.
This is consistent with the sum rule only by ¢;(s) becoming a d(s) function distribution
in the limit of zero fermion mass. Indeed from the first expression in (2.46) we see that

1
lim 0;(s) = ]7\:/0 dz d(s) = %5(5). (2.48)

m—0

Substituting this into (2.45) recovers (2.41) in the massless limit. Thus the effect of the
fermion mass perturbation is to spread the infinitely sharp §(s) peak in the spectral function
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Figure 2. The spectral function (2.46) for finite fermion mass m as a function of s/m?, shown
here for N = 1. The area under the curve p;(s) shown in gray obeys the finite sum rule (2.47).

to a distribution in center of mass energy s over a few times m? above the threshold
s > 4m?. The ultraviolet sum rule expresses the fact that the pseudoscalar boson degree of
freedom remains in the two-particle fermion sector for any positive fermion mass, becoming
however a resonance rather than an isolated pole if m > 0. The fermion pairing due to
the axial anomaly does not disappear even for finite fermion mass, and because of the sum
rule (2.47) the boson field y becomes the appropriate description again when s > 4m?.

The Schwinger term in the commutator of currents is also directly related to the axial
anomaly and sum rule. The expectation value of the commutator of two currents is given
by the discontinuity of the polarization tensor from k° + ie to k® — ie , i.e.

Y v : &’k —ikY (t—t")+ik! (z—2’ v :
Z<[]“(t,:c),] (t',x’)]> _ Z/ (27r)2 e KO (t—t")+ik( ) 2Tm [H“ (ko —i—ze,k:l)}

2 ) N , [e]
= z/ ? e~ RO (t=t)Fik! (z—2’) (kHEY — k:277‘“’)/ ds 05(s) sgn(k%) 5( — (K92 4+ ()% + s)
T

0
= ("0 — o10") / dsos(s)D(t —t,z —a';s) (2.49)
0
where
[ 4k —ikOt+ik'x 0 0\2 12
D(t,w;s):z/%e sgn(k”)6( — (k)" + (k')* + ) (2.50)
> dk' a1, sin (t (k')? +5) 1 2 2 D) D)
_/00271_6 27 s —§sgn(t)9(t —x)J0< s(t —:1:))

is the Pauli-Jordan commutator function for a scalar field of mass /s in two dimensions.
Since D(t,z;s) is an odd function of ¢ and satisfies

0 D(t, x; 8)‘15:0 =d(x) but 0¥ D(t, z; S)’tzo =0 (2.51)
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for any even number of time derivatives and any s, only the p # v term with one time deriva-
tive in (2.49) survives when evaluated at ¢ = ¢/, and we find the equal time commutator

([1°(t2), 3 2] ) = =i, d(w — 2!) /OO ds 0(s) = —% 0,8(x—a')  (252)
0

as a consequence of the sum rule (2.47). This is the expectation value of the anomalous
Schwinger equal time commutator [46] for N identical fermions of any mass.

In fact the Schwinger anomalous commutator (2.52) is exact at the operator level as
may be seen from the boson field representation of the currents in (2.26), since

2 i
[jo(ta iL‘), jl(t7 l‘,)] = _% [aacX(ta :L')a atX(tv 1‘,)] = _7N aac 5(513 - :U/) (2'53)

as a consequence of the equal time canonical commutation relation of the x field,

i[x(t,2), x(t,z)] = % 5(x — ) (2.54)

normalized as in (2.32). For massless fermions the unequal time commutation function of
currents becomes simply
- vyl ZN v v / /
() ()] = =D - 04" Dyft — e - ) (2.55)
m=0 ™
where 1
Dy(t,x) = D(t,x;s =0) = 5 sgn(t) 6(t? — z?) (2.56)

is the commutator function for a massless scalar in two dimensions.

Thus the 1/k? pole in the correlation function of massless fermion currents (2.41), the
ultraviolet sum rule for the spectral function (2.47), the Schwinger term in the equal time
commutator of currents (2.52), and the fermion pairing and bosonization formulae (2.9)
and (2.26) are all related to and derivable from the axial anomaly (2.14). The effects of
the axial anomaly persist in the sum rule and Schwinger term even if the fermions are
massive, although only if they are massless does the chiral boson pairing field x describe
a pseudoscalar state with a mass sharply defined by é-function support only at k? = 0,
rather than a broader resonance as in figure 2, and only in the case of massless fermions is
the theory exactly soluble.

2.3 Boson operators and the Schwinger term

The previous treatment of the Schwinger model by functional integral and covariant meth-
ods readily shows all of its essential features. Fermion pairing in the Schwinger model may
be realized explicitly also by canonical boson operators in Fock space [47-49]. We review
this standard operator bosonization related to the axial anomaly in order to compare and
contrast it with the corresponding pairing and effective scalar related to the 2D conformal
anomaly in the next section.

Let us first consider the case of a single fermion (N = 1). The Dirac eq. in the chiral
representation gives

(Or £ 0 =0 (2.57)
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for the single component right and left moving massless chiral fields. Thus each may be
expanded in Fourier modes,

1 n i
Yi(t,z) = —= Y (bgﬂ:)e—quam) + dgi)fequ(m)) (2.58)
\/E 1
923
where 5
~ 7‘(‘q
== 2.

and ¢ is a half-integer for anti-periodic boundary conditions on the interval z € [0, L]. The

fermion Fock space operators obey the anti-commutation relations

{béi),bé/i)T}+ = by = {dgli)’dl(fﬁ}+ (2.60)

and the free fermion vacuum is defined by
+ +
b0y = d(P|0) = 0. (2.61)

To simplify notation somewhat one can define

H) — & ) _ St
Coot = bE Coe 1 =45 (2.62)
so that 1 i i
Yy(t,x) = i Z c((li)e_ikqt etikar (2.63)
A

and the anti-commutation relations
() (Bl _ () () I NES T ES) A T
{cq ) Cyr }+ =0q4q {cq 1 Cy }+ = {cq s Cy }+ =0 (2.64)

hold, for all (both positive and negative) half-integers ¢ € Z + %
Bearing in mind that normal ordering of the fermion operators is defined with respect

(Bt

to the fermion vacuum (2.61), and Cpc_1 85 defined by the Hermitian conjugate of (2.62)

is an annihilation operator, the normal ordered fermion charge density operator for a

single fermion
30 =0t () = Ot ey st ) = iy + ol (2.65)

and the current density operator

J = 2y () = (o st ) = i — oty (2.66)

can be expressed in terms of the fermion bilinears via

A . l (£) —iknt Fiknz
wWle =D pi et (2.67)
nez
with
+ + +
i) = :cl(z_)n cgi): = Z cg_nTc((Ii) - cgi)cé_),j . (2.68)
4€Z+ 3 >3 a<—3
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Note that
_ 2m™n

fop = —— (2.69)

L
so that péi) is defined by (2.68) for all integers n, and is periodic on the interval = € [0, L].

From the hermiticity of (2.67) or from (2.68) it follows (by shifting ¢ — ¢ + n and

regrouping terms) that
()

—-n

Pt = p VneZ. (2.70)

Note that for n > 0 p%i) may also be written in terms of the physical fermion creation and
annihilation operators in the form

1
n—s

+ + > + + +
Py =Y a3 BB N gl (2.71)
=1 q=n+% q<-1
The n = 0 densities
L
P(()i) =Qx :/ dx ”ﬂuﬁii = Z :Cgiﬁcgi): = céi” cgi) — cgi) cgi” (2.72)
’ 9EZ+3 >3 q<—3

are total charge operators for right and left moving fermions respectively.

It is clear that the mixed commutator of left and right movers [p,(f), pS,E)] = 0, while a
short calculation, cf. appendix A, shows that
[p) pff)] = N0, _p so that [pE), pS,E)T] = N0 - (2.73)

This finite non-zero commutator for the Fourier moments of the charge densities is anoma-
lous, since a naive computation ignoring the normal ordering in (2.68) and freely shifting
the ¢ indices in the unregulated sums gives zero. With proper normal ordering with respect
to the fermion vacuum, the expectation value of the equal time commutator currents is
instead from (2.65)—(2.67) and (2.73)

. , 1 pey 1 o
[]0(t7x))jl(t7x/)”]v:1:ﬁzne o )—ﬁZne Fin( )

neZ nez
1 , , i
== kpe™ ) = 2 9,5(x — ) (2.74)
L = T

for a single fermion (N = 1). Thus (2.52) for the expectation value is verified to be an
exact result, valid at the operator level, as is also expected from (2.53).

Since the anomalous commutator (2.73) is a c-number, the current algebra for n > 0
is isomorphic to the canonical algebra of a bosonic field operator, which we now construct
as follows. Let us define

ad) = L ) n#£0, N=1 (2.75)

P s
Vinl ™"

which, for n strictly positive, obey the canonical commutation relations,

CORMCOL IR S NCORNCOL B S (2.76)

[an ) ! n/ [pn 7pn/ 5

a
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and construct the boson field operators

o0
1 : :
‘) :Z () g =ik (tF2) | (BNt ikn(tF2) ) 4 40 (¢ 2.77
et n:“/m(“” ‘ o 07) + o (1. 0) 270

where ¢ is the contribution of the n = 0 mode, which must be treated separately. Since
from (2.75) a&iﬁ = —a(f;), the mode sum in (2.77) may also be expressed as a sum over
all the non-zero integers, but as we wish to keep track of positive and negative energies in
what follows, we keep n > 0. The interpretation of the bosonic operators a, and aL for
n > 0in (2.75) is that they either move a fermion from an occupied state to an unoccupied
state, or they create (or destroy) a particle-hole state. Since these operations do not
change the fermion number, a, and aIL commute with ()1, and the Fock space they span
has fized charges Q+ or total numbers of left and right movers [11-13, 48, 49]. Hence the
bosonization of the full fermion Fock space is incomplete without inclusion of the n = 0
modes, which as we now show involves the raising and lowering operators of right and left
moving fermion number.

The form of the zero mode completion of ¢4 is determined by the following consider-
ations. First, the ¢J are linearly independent and each must be a function only of ¢ F .
Second, a limiting process k, — 0 of the mode functions in (2.77) shows that they can
be at most only linear functions of the variable ¢t F . Third, relations (2.67) and (2.72)
determine the coefficients of the linear dependence of ¢Y. on ¢ F z in terms of Q4. Finally,
the normalization of the constant terms, to be called R., can be chosen so that

1 Vi

0
== - 2.
¢y 2ﬁRi+ i7 Q+(t F ) (2.78)
with the canonical commutation relations
[Re, Qi =i,  [Riy,Qs]=0 (2.79)

between the Hermitian ‘coordinates’ Ry and the corresponding ‘momenta’ Q)+ for the right

and left moving fields respectively. Thus the Ry are the fermion number changing operators

needed to span the original full fermion Hilbert space. Moreover since
i

(03, 0%] = 57 (2.80)

it is now easily verified that with the inclusion of the zero modes the equal time canonical
commutation relations

(61 % 6t (D1 6] = 1 37 €0 =iz — ) (281)
nez
are fulfilled on the finite interval [0, L]. Note that the n = 0 term in this sum comes
from the zero mode commutators (2.80), which is necessary to complete the delta function
coming from the non-zero mode Fock space. Thus, with the zero modes (2.78) included, the
sum or difference of the right and left moving field operators (2.77) each define complete
canonical local boson fields, the sum a scalar and the difference a pseudoscalar field.
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Taking the derivatives of the boson field operators (2.77) with respect to x and ¢, and
using the definition (2.75), as well as (2.67), (2.69), (2.70), and (2.78), (2.65) and (2.66)
become

3= == 0:(61 —6-) (2.820)
ﬁ X
1 1

T E

in terms of the full quantum pseudoscalar field including its zero mode contributions. Thus

Oh(ds—o-), (N=1) (2.82b)

the fermion current components can be expressed in terms of the pseudoscalar boson, as
expected by our previous consideration of the axial anomaly. The description of the current
components in terms of derivatives of the scalar sum ¢4 + ¢_ is suited instead to the
inequivalent dual theory in which the vector current is anomalous and the chiral symmetry
is maintained at the quantum level. The commutator of current components (2.55) again
follows as does the Schwinger anomalous equal time commutator (2.53) directly from the
canonical commutation relation (2.81) and (2.82) at the operator level.

When N > 1, the anomalous commutator (2.74) acquires a factor of N. Hence the
currents themselves in (2.82) must acquire a factor of v/N in order for the pseudoscalar
boson ¢4 — ¢_ to remain canonically normalized by (2.81), i.e.

j° = \/T@n (o4 —o0-) (2.83a)
it = —ﬁ O (o — o). (2.83b)

Dividing by v/N this is equivalent to defining the canonical Fock space operators in (2.75) by

a® =1 _ )& no (2.84)

I
()

with p, 3 the Fourier moments of the currents §% £ 5t for N fermions (recall eqs. (2.65)-
(2.67)).

Comparing the rescaled currents with those in the functional integral representa-
tion (2.32) in (2.26), we see that the field x of the previous section is related to the
canonically normalized quantum pseudoscalar operator field of this section by

X = \/E (p+ —9-) (2.85)

for N identical fermions, consistent with the normalization of the commutation rela-
tion (2.54). The scaling of the currents (2.83) or (2.84) with v/N as opposed to linearly in
N is due to the fact that whereas classical currents in (2.26) scale linearly with the total
number of particle species, the quantum fluctuations in these currents encoded in (2.74)
and the commutation relations (2.81) are suppressed with respect to these by /h/N. The
effective loop expansion parameter is therefore i/N. A classical condensate of ¢+ would
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be larger than the quantum fields in (2.77) by a factor of \/N/h, and give a classical x of
order N and currents in (2.26) of order N.

This establishes the complete equivalence of the covariant functional integral approach
of section 2, and the Fock space operator description of this section. In the latter approach
the normal ordering prescription which takes proper account of the filled Dirac sea is
critical to obtaining correct finite results consistent with the covariant anomaly encoded in
the amplitude (2.39) and Schwinger commutator (2.74). Indeed the anomaly itself may be
regarded as a consequence of the Dirac sea filled to an infinite depth [46].

An interesting point to notice about the construction of the boson operators (2.77) is
that whereas the non-zero modes are strictly periodic on the interval, the zero modes (2.78)
are not. Instead only the exponential operators exp (2i/m¢4 ) are periodic in the represen-
tation where Q4+ are diagonal and take on integer values. The operators Us = exp(iR+)
and UT = U™! = exp(—iR.) are the raising and lowering operators needed to change
the right and left moving fermion numbers )+ by one unit. Together with the n > 0
bosonic Fock space operators in (2.75) they span the entire original fermionic Fock space,
thereby completing the bosonization and making it fully invertible in terms of exp (2iy/7¢+)
(‘re-fermionization’). In the condensed matter literature the exponentials of the zero
modes (2.78) are referred to as Klein factors [48].

In the field theory context these zero modes are called winding modes [11, 35], because
the fixed @+ sectors of the Hilbert space are sectors of fixed Chern-Simons winding number

1 1 [L
Neg = /K“ %, = —Q/EWAde“ = 2/ Aqdx (2.86)
T s 0

given by the time component of the topological current K* = —%e’“’ A, integrated over the
spatial interval [0, L]. The Chern-Simons number (2.86) is invariant under gauge trans-
formations periodic on the interval, but changes by an integer Nog — Ngg + £ under
‘large’ gauge transformations 4; — A; — iUe_lﬁng where Uy(z) = exp(2milz/L) is the
holonomic winding of the U(1) phase ¢ times as = varies over [0, L]. The electric charge
@+ + Q_ is conserved, but the axial charge Q5 = Q4+ — Q- changes by 2N/ units under
such a transformation. The winding sectors are in one-to-one correspondence with the
integers characterizing the topologically distinct mappings of the U(1) Wilson loop phase
exp(i fOL dzA;) = exp(i ¢ d*A,) winding around the non-contractible loop of spatially
periodic interval [0, L] with its endpoints identified, which is the mapping S — S! with
fundamental group II;(S') = Z. The phase of the Wilson loop may also be recognized as
the Aharonov-Bohm phase of the non-contractible loop around the spacetime tube R x S!
thought of as a ‘solenoid’ threaded by a quantized magnetic flux in the three-dimensional
flat spacetime in which the two-dimensional cylinder can be embedded.

2.4 Intermediate pair states of (jj)

In order to see explicitly how the fermion pairing into an effective bosonic degree of freedom
works in detail, and how the fermion loop can be represented as a boson tree as in fig-
ure 1, we consider next the intermediate Fock states that contribute to the current-current
correlation function (2.41) in both the massless fermionic and bosonic representations.
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In the original fermionic representation the vacuum polarization (2.41), given by the
one-loop diagram of figure la implies that the cut intermediate states are two-particle
fermion states. Considering first the case of N = 1, the general on-shell normalized two-
fermion state is

q,874',8') = bff”df; )t |0) (2.87)

in the representation (2.58), where the indices s, s’ = + distinguish left and right moving
fermions. The half-integer indices q,q > % are to be summed over all allowed positive
values and s, s’ = + in the intermediate state sum.

On the other hand, in the bosonic representation the on-shell normalized single boson

state is
n—1

In, s) = a®)t|0) = Z btd o) (2.88)

which is a particular coherent superposition of two—fermion states (2.87). Thus it is not
obvious a priori that the sum over this very different restricted set of intermediate states
will yield the same result for (jj) as the that of summing over all two-fermion states (2.87)
with no restrictions. We will now show that nevertheless the sum over the coherent boson
states (2.88) coincides with the sum over unrestricted two-fermion states (2.87).

For the sum over general two-fermion intermediate states we first note that

(01"t 2)lq, ;¢ , 8"y = exp [—it E(q,q') + iz ps . (q,4")] (07%(0,0)|¢,s;¢,5")  (2.89)

where 5
0 m

E(g,d) = F(a+d),  pswla,d)=7F (sa+57) (2.90)

is the energy and momentum respectively of the two-particle state (2.87). Because the two
chiralities do not mix in the massless fermion limit, cf. (2.65)—(2.66), the only non-zero

matrix elements of (2.89) involve

1
— 05+ 0g/ & (2.91)

Ol (0)|q, s, sy = -

and therefore only states with the same helicity s = s’ will contribute to the intermediate
state sum. In that case from (2.90) the matrix element (2.89) depends only upon n = g+¢'.
Then at fixed n > 1, the sum over ¢ = n — ¢’ ranges from % to n — 1/2. The sum over the
complete set of two-fermion intermediate states (2.87) gives

(015°(t,2) 5°(t',2")|0) = (0[5 (¢, 2) 5 (', ")|0)
= > > (0t a)lg s, ) g 54,8 150, 2)]0)

s,8' ==+ qq/>1

eS) "_*
=12 ZZZ exp|—iky, (t —t")] explisky(z — 2')]
s=tn= 1q
_ ﬁ Z n e~ tkn(t=t) [eikn(x—x’) 1 g thn(z—a") (2.92)
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since
Y 1=n. (2.93)

Likewise we obtain
(015°(t, 2) 3 (', 2)|0) = 75 Zne ) [eiknle=)  gmikale=a) (2.94)

for the (j°j1) matrix element.
On the other hand, beginning with the single boson intermediate state (2.88) we find
the matrix element

i kn

<0|j0(t’ IE)|TL, S> = _% T eXp[ ’Lk?n(t — sm)} <O|a£f)a£f”]0>
= Y e [kt - )] (2.950)
(05 (8, 2)[n, 5) = — o exp [—i kn(t — sz)] (0]a®alT|0)

2w \/n

= _is}j/ﬁ exp [—1 k,(t — sx)] (2.95b)

by (2.76), (2.77), and (2.82). Hence the sum over single boson intermediate states is

(017°(t, 2)3°(t', ")[0) = (0l (¢, )" ZZ 015°(t, 2)In, s)(n, s|5°(', 2)|0)

s=t+n=1
=12 Z Z n exp|—iky(t — t')] expliskn(x — z')]
s=tn=1
_ ﬁ Z ne—ikn(t—t’) [eikn(z—z/) + e—ikn(:p—m’):| (296)
and likewise
015°(t, 2)5 (¢, 2")|0) = T3 Zne thn (t=t') [ ihn(z—a') _ e_““"(x_xl)] (2.97)

which coincide with the results obtained with the arbitrary two-fermion states in-
serted, (2.92) and (2.94) respectively. Naturally, the same result is obtained if we use
the explicit fermion pair representation of the single boson state (2.88) defined by (2.71)

and (2.75), if again the sum (2.93) is used.
By either method the results for the current-current correlator may be summarized as
(015 (t, )" (¢, 2")[0) = *g ("0 = 0"0") Gy (t =tz — a) (2.98)

where

G0>(t — t/, T — 33',) =1 <(¢+ - qb*)t,r (¢+ o ¢7)t/:$/>nonzero

. o0
T
n=1
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is the Wightman function of the canonically normalized massless pseudoscalar field ¢4 —¢—
defined in the previous section in the periodic interval [0, L], with the zero mode removed,
since it does not contribute to (2.98). For N identical species of fermions we have multiplied
by N to obtain (2.98). The commutator and Schwinger term in the continuum limit is
as before, cf. (2.52). If the time-ordered product of currents is considered instead, the
Feynman Green’s function

Got—to—2)=0t—tGg(t —t,z—2)+ 0t — )Gy (t' —t,x — ') (2.100)

for the free massless boson is obtained, whose Fourier transform is 1/k? in the continuum
limit. This shows the complete equivalence between the two-fermion massless intermediate
states contributing to the vacuum polarization II*” = (T j*(x)j¥(z')) loop diagram (2.41),
and the fermion paired single boson intermediate states contributing to the corresponding
tree diagram in figure 1.

3 Fermion pairing and scalar boson of the conformal anomaly

3.1 Covariant path integral and effective action in curved spacetime

In addition to chiral symmetry the action Sy of (2.1) for massless fermions also has an
apparent conformal symmetry. To make this explicit it is useful to generalize the fermionic
action to curved spacetime with general spacetime metric g, (x). This is the external field
taking the place of the gauge field in this case. With the usual minimal coupling to the
local zweibein frame field e, (z) the fermion action in curved spacetime reads

N <>
Stl, s g, Al = — Z/fﬂx [det e?,] ©;(—in® EX, V), +m)i; (3.1)
=1

where B (x) = g " (x)eb,(2) is the inverse of e?,(r), and

—

((‘Z—au)wu—m# (3.2)

T
Il
T

1
V,LL 8# +w/,L - ZA/J - 5

is the double edged covariant derivative. This is defined in terms of the curved spacetime
spin connection

1 1
Wabp = Ey[anb]c v,uecy by Wy = §Zabwab,u = §ZabEVa77bc V,uecy (33)

in the absence of torsion, where £% = %['ya, 7*] and anti-symmetrization of any two tensor
indices is defined by t(,5) = (fap — tpa)/2. We have included a fermion mass m in (3.1),
although we are primarily interested in massless fermions m = 0. The zweibein and its
inverse satisfy

e, () €, () Nap = g (), €, (z) By (2) = 0%, dete®, =v/—g=+/—detgu (3.4)

where the Greek curved spacetime indices must now be distinguished from the tangent
space Latin indices, and the tangent space Dirac matrices v* may be taken to be the
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same as those in flat spacetime of the previous section, eq. (2.3), with this replacement of
spacetime indices u, v, ... by tangent space indices a,b, ...

The variation of (3.1) with respect to the zweibein produces a stress tensor with both
symmetric and anti-symmetric terms. The anti-symmetric term is proportional to the
divergence of spin density of the fermions which couples to torsion in the Cartan approach
to gravity. Since in this paper we do not consider torsion, we restrict ourselves to the
symmetrized T Ji‘ Y. This symmetrized fermion stress-energy tensor is given by

N g
=3 (—wﬂ“‘v Ny — g (—in* YV +m)1/’j> (3.5)

sym. j=1

o I 35
f [det e€,)] de

v

which is classically both covariantly conserved
v,.T }‘ Y'=0 (3.6)

and traceless gu,,T}“’ = T’Lf = 0 for m = 0, by use of the eqs. of motion. These
express the invariance of Sy under both general coordinate transformations and conformal

transformations

a

b= e %, EF e B, g — g, det e, — €% det e, (3.7)

in the massless case [39].

Just as in the case of vector and chiral invariance for m = 0 in flat spacetime, both of
these classical invariances cannot be maintained at the quantum level and at least one must
be abandoned. The Equivalence Principle requires (3.6) for consistent coupling to gravity,
with the result that once enforced at the quantum level, one finds that conformal invariance
must be violated. In a general curved spacetime background the conformal anomaly is [2—4]

N
TH N .
(T =511 (3.8)
in terms of the Ricci curvature scalar R. Since
1
6Sy = ZV—9 T}“’ O =—gT", ;o0 (3.9)

under a conformal transformation, and
V—gR=+—gR-2\/—g0O0o (3.10)
is linear in ¢ when the metric is parameterized in the form
Guw = € G (3.11)

with g, is a fixed fiducial metric, the anomaly eq. (3.8) gives

Ol e _ T N

— e 2 “aR — —ol
5, 9T, ¢ 2471(\/ gR-2y/-g00) (3.12)
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which is linear in o, and thus may be integrated directly in a manner analogous
o0 (2.14)—(2.22), to obtain the quantum effective action quadratic in o,

Celo; g] = /dzxr( cOo+0oR) . (3.13)

Then, solving (3.10) for o and using the conformal invariant property of the wave operator
in two dimensions, v/—gO = /=g, we obtain

Let[0; 9] = Sanom[9] — Sanom|[d] (3.14)

in terms of the non-local but fully covariant effective action [25, 50]

Sunomlg] = ——— [ d2ay/—g / o'/~ R(2)(O ) R() (3.15)

Since all two dimensional metrics are locally conformally flat, the fiducial metric g, = 7
may be taken to be flat, R = 0, and its action Sanom[g], viewed as an integration constant
of the variation (3.12), may be set to zero (up to possible contributions from the non-trivial
topology of g,.,). Thus the effect of integrating out the massless fermions is [51]

N
= / H[DMDM exp{iSy[1,1; g, A=0]} =[det;(—id)|" exp{iSanomlg]} (3.16)

in a general background metric g, (x), with the background gauge potential A, set to zero.

The similarity between the axial and conformal anomalies and their effective ac-
tions, (2.21) and (3.15) is striking. The appearance of the massless scalar propagator
(071, again suggests an effective massless boson field is associated with this anomaly.
Indeed in a similar manner to the introduction of the pseudoscalar boson field x in the
axial anomaly case, one may introduce a scalar boson field ¢, with the local effective action

Sanom[; 9] = d*zy/=g ( @Dsﬂ+Rso> (3.17)

487

so that ¢ satisfies the eq. of motion

—Op=-— 9 (V=99 dp) =R (3.18)

1
')
and has the massless propagator

[ EaeiToweo) = T 4. (319)

Integrating out the ¢ boson field returns the action (3.15), allowing us to write

4MM:WWFWWW@FDW/WQWHWMM%ﬂ- (3.20)

This form of the generating functional with (3.17) is quite analogous to the local form (2.23)
with (2.24). Note also that as the chiral anomaly term F' is a topological density, so too is
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the conformal anomaly term R, the spacetime integral of which is a topological invariant,
proportional to the Euler characteristic of a manifold with Euclidean signature. Thus the
Einstein action in two dimensions is a topological invariant, analogous to the OF term in the
Schwinger model, and the ¢ field remains massless unless a term proportional to R?, anal-
ogous to the F2 /2 = —F,, F* /4 Maxwell term, is added to the gravitational action. As in
the chiral case the conformal anomaly /—gR is a topological density and a total derivative,

V=gR = 0,(v/—g Q") with Q" = 2B" BY, w® = 20 FEYIV e, (3.21)

in d = 2. The topological nature of /—¢gR as the Euler density leads to invariance of the
scalar action (3.17) under constant shifts ¢ — ¢ + ¢ with [50]

JH = ﬁ (VHo+ Q) = i (9" 0 + Q“) (3.22)
the corresponding gauge (i.e. frame) dependent Noether current, which is analogous
to (2.29). It is covariantly conserved V,J* = 0 by virtue of (3.18) and (3.21).

We note next an important difference between the cases of the axial and conformal
anomalies. Whereas in (2.23) all the dependence on the background A, is contained in
Sanom[X; A] given by the local action (2.24), in (3.20) the boson determinant detp(—01)
still contains dependence upon the metric g,,, through the Laplace-Beltrami wave operator
in (3.18). This is a reflection of the fact that whereas in the axial case, the effective boson
field x is neutral, and does not itself carry either a vector or axial charge, the ¢ field has
an energy-momentum in the gravitational field, given explicitly by

2 6Sanom[p; 9] _ N

v—g 0Guv U

TE [p; 9] =

<V“V”so - g™ Op+ %V%V”w - ig“”VwV%)

(3.23)
with a non-linear coupling to the metric. Note also that unlike the currents (2.26) which de-
pend only linearly on the boson field y, the stress-energy current (3.23) contains quadratic
terms in . As a result, if ¢ is treated as a bone fide quantum field in its own right, and
functionally integrated over as in (3.20), it has its own conformal anomaly, which would
effectively shift N in (3.8) to N 4+ 1. This is taken account of in (3.20) by the fact that
the boson determinant detp(—[J) also depends on the metric, and cancels the shift of N
to N + 1, thereby restoring equality to the original fermion functional integral (3.16).

If N > 1 the correction of the bosonic determinants dependence upon g, could be
handled by replacing the full detg(—[) by its flat spacetime counterpart, detg(—0O),
while simultaneously replacing N by N — 1 in Sppon. The conformal anomaly of (3.23)
then shifts N — 1 back to N. Notice however, that the fermion and boson flat spacetime
determinants only cancel when N = 1 due to (2.33), and if N = 1 the action for the ¢
field multiplied by N — 1 would vanish identically.

This difficulty can be avoided if we consider a scalar field ® which is defined by

N
= - 24
487 7 (3.24)
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and hence is canonically normalized independently of N. In terms of ® the anomaly
effective action (3.17) becomes

Se[®; g] :/d%:\/?g (;émcbﬂ/ng«m) . (3.25)

If N is now shifted to N — 1 to compensate for the anomaly of the ® field itself, we obtain

ZzMg) = [detf(—ia)]N—l/[D@] exp {i/d%\/fg (;Q’E@H- ]\;8;qu>>} (3.26)

where we have used (2.33) for the flat spacetime determinants. Varying the exponential
in (3.26) with respect to the metric gives the canonically normalized bosonic stress-energy
tensor

1 N -1
T = VI'eV'e — _g"V,\evie + \/; (v“vw — g“”D<I>) (3.27)

which should be identical to the fermion expression (3.5) at the operator level, after ap-
propriate regularization.

Note that if N = 1, the linear R® coupling in (3.26) vanishes entirely and we obtain
simply

ZNVg) = /[D<I>] exp {; /d%\/?g@[@} (3.28)

completely re-expressing the original free fermionic functional integral (3.16) in terms of
a free bosonic one for N = 1. The stress-energy tensor of the boson (3.27) now lacks a
term linear in ® and is simply given by the stress-energy tensor of a single canonically
normalized boson, which is nothing else than the stress-energy tensor of the massless
boson of the usual N = 1 Schwinger model (with coupling e = 0). In the absence of
any coupling to the gauge field the chiral anomaly vanishes and the same result for the
stress-energy tensor is obtained if either the scalar or pseudoscalar linear combination of
left and right movers in (2.81) is used.

The equality of the fermion and boson stress-energy tensors for N = 1 is somewhat
non-trivial, since ® is composed of fermion bilinears and Tgy apparently contains four-
fermion operators. However, after normal ordering, these four-fermion terms can be shown
to vanish identically due to Fermi-Dirac statistics, and equality of the remaining terms in
the stress-energy tensors of one fermion and one boson was shown explicitly in [52]. The two
stress-energy tensors clearly have the same conformal anomaly in curved spacetime because
a single boson has the same anomaly as a single fermion in two dimensions. Thus in this
approach nothing has been either gained or lost in replacing a single quantum fermion by a
single quantum boson. If N > 1 treating the boson ® as a bona fide full canonical quantum
field with a linear /(N — 1)/487 coupling to the scalar curvature should continue to work
for all correlation functions involving the stress-energy tensor. However when NV > 1 there
are terms both linear and quadratic in @ in the stress tensor and it is no longer obvious
how to identify the scalar boson with fermion pairs.
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There is an alternate approach to handling the bosonization and stress-energy tensor
correspondences which is in some ways closer in spirit to the chiral bosonization and purely
linear relation of the currents (2.26) to the boson field. Since in that case the chiral boson x
carries no U (1) vector or U4(1) axial charge, it does not contribute its own term to the axial
anomaly when quantized, as ¢ does, accounted for by the dependence of the determinant
[det B(—D)]% upon the metric g,,. However, if we simply drop the functional integral
over the quantum field ¢, then there is no need for the compensating boson determinant
in (3.20), and no need to shift N. This amounts to neglecting all scalar boson loop diagrams,
and treating ¢ instead as an effectively classical field satisfying (3.18) and contributing only
to tree diagrams, in which case the axial and conformal cases are more similar. Then

2;"1g) = dety (=id)]" exp {iSumomliral}| | _

= const. X exp {iSes[P; g]}’ (3.29)

— N
Le=—\/ &R

with ® treated as an independent field, the variation of Seg with respect to which leads to

its eq. of motion OJ® = —\/%R. This approach may also be obtained from (3.26) in the
large N approximation, in which the quantum effects of a single ¢ boson, and the prefactor
[det B(—D)]% are of order one, and hence suppressed by 1/N in comparison to N > 1
fermions. However, (3.29) is valid for any N, including N = 1, since the functional integral
over ® and the [detp(— D)]% prefactor in (3.26) precisely cancel each other. The analogous
equivalence can be seen in the chiral case from eqgs. (2.21)—(2.22) by substituting the eq.
of motion (2.25) for the chiral boson field y in (2.24). Since the effective tree action in the
chiral case is exactly quadratic in A, and the currents are purely linear in x, this generates
only the single tree graph of figure 1b. As we shall see, in the gravitational case (3.29) is
closest to the chiral bosonization in the Schwinger model in that only the terms linear in
the quantum @ field in the stress-energy tensor (3.23) need to be considered to identify the
boson field (3.24) as composed of fermion pairs, analogous to the currents (2.26) linear in
X, but in addition, it leads to the remarkable result that the arbitrary variations of (3.29)
with respect to the metric g, generate all one-loop correlation functions of quantum stress-
energy tensors of the fermions by tree graphs of the scalar boson field (3.24).

3.2 Correlation functions, spectral function and sum rule

We illustrate the second approach in terms of scalar tree graphs first with the simplest
non-trivial correlation function of the one-loop stress-tensor polarization function of the
fermions )
_ 1! 2, ik
B (k) = < / d*z ™ (T T (2)T77(0)) (3.30)

in flat spacetime illustrated in figure 3.

In d = 2 dimensions the tensor structure of this polarization is completely determined
by the conservation law (3.6) and Ward identities following from it. The result for massive
fermions is [55]

(1 —2)(1 - 2z)?
[k22(1 — ) + m?2]

(3.31)

N 1
8]y = 1 8 = KR8 = k) [ da
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Figure 3. The one-loop fermion (T'T) polarization.
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Figure 4. The area under the curve or(s) (shown here for N = 1) obeys the sum rule (3.34), and
in the limit m — 0 becomes a d-function according to (3.35).

Using once more the identity (2.44) and interchanging the s and x integrals we obtain

ToB ()

(K = KME) (n°7K? — kK7 / ds (3> (3.32)

|d2 2+

/d:n (1 - 2z) 5< (1_296)) ;?2\/1—4”:29(3—47;@) (3.33)

As in the previous case of the current spectral function (2.46)—(2.47), the stress-tensor

where

spectral function (3.33) obeys a UV finite sum rule, in this case

> N [! N
/0 dsor(s) = 47?/ dr (1 —22)* = Tom (3.34)

which is illustrated in figure 4.
In the massless case m = 0, the representation (3.33) shows that pr(s) becomes a
d-function concentrated at s = 0,

lim or(s) = i\; /0 da (1 - 22)%6(s) = -V 5(s) (3.35)

m—0
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corresponding to

N
127k?

B K)o ame = (VK = KR (0K — kKP) (3.36)
which like (2.41) exhibits a massless scalar pole.

Hence as in the case of the axial anomaly, a correlated boson state appears in the
correlation function of two fermions associated with the anomalous current. Both the
anomaly and the bosonic excitation associated with it survive when the theory is deformed
away from its conformal limit of m = 0. The boson is broadened into a resonance as
in figure 4 obeying an ultraviolet finite sum rule (3.34) for any mass. The anomalous
contribution of the correlation function is also easily separated from the non-anomalous

contribution by writing the trace of (3.32) in the form

Hliua/j(k”di — k2 (77&’8]{72 . kakﬂ)/o ds QT(S)

=2 k2 + s
_ (afB1.2 a8 > > S
= (n™Pk? — kKP) [/0 dng(s)—/O dSQT(S)k2+S]
N o0 ds 4m?2
= — (K2 — kP |1 - 2/ I : :
127 (n ) [ om am2 S (k2 + s) s (3:37)

The first term in this last expression, in which numerator and denominator cancel and the
sum rule (3.34) is used, is the anomalous contribution independent of m, while the second
term is the finite non-anomalous contribution, expected even classically for the trace when
m > 0, but which vanishes for m = 0.

The expectation value of the commutator of two fermion stress-energy tensors can be
written as a weighted spectral integral

o0
i<[Tf”(t,a:),Tﬁ‘ﬁ(t',x')]>:%(n’”[]—8“8”) (naﬂﬂ—ﬁaﬁﬁ)/ dsor(s) D(t—t',x—2';5)

’ (3.38)
analogous to (2.49). Here and for the remainder of section 3, [0 will denote the flat
Minkowski space wave operator. Using the properties of the commutator function
D (2.50)-(2.51), only the terms with an odd number of time derivatives survive at equal
times t = ¢/, so that from (3.32) and the sum rule (3.34) we obtain the anomalous
commutator expectation values

([Tt ), 19 2] ) = ([T (@), T (8,2!)]) = % 0 5(x — ') (3.39)

for any m, all other equal time commutators vanishing. This is the expectation value of
the Schwinger term for the stress-energy tensor commutators in two dimensions [53-55],
which is independent of fermion mass.

When the fermion mass vanishes, we now compare the result (3.36) and (3.38) with
their counterparts in the bosonic theory. Because the boson stress-energy tensor (3.23)
has terms both quadratic and linear in ¢, there will be both a one-loop and tree level
contribution to the (T'T") bosonic correlation function. The loop contribution which is
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of order NV gives rise to the boson quantum anomaly contribution which has the effect
of shifting N by one, as discussed in the previous section 3.1. In order to avoid this
shift and match the fermion loop to a boson tree diagram with a single fermion pair
intermediate state, we neglect the ¢ loop, and compute only the tree level contribution from
the terms linear in the ¢ stress-energy tensor, consistent with (3.29). For the correlation
function (3.30) this amounts to considering only the term linear in the boson field, i.e.

v N v v N v v
T = 55 (00" =0 0) o =/ 15— (8“8 —pv0) @ (3.40)

which gives

Wl (6 = [ e (TR 0T, 00

N '
— (12) (K> = KRY) (1K — kOk7) / ™ i(T®(x)@(0))
7
N
— (VL2 P afr2 _ pappB 41
(1" k? = KR (PR — kORP) o (3.41)

after use is made of the canonical normalization of the ® field in (3.24). The result (3.41)
coincides with (3.36). Likewise, if we compute the commutators appearing in (3.39) we
obtain agreement at the operator level from the equal time commutator function of the
massless scalar ¢ field, normalized according to (3.19), neglecting any anomalous commu-
tator of the quadratic ¢ stress-energy tensor itself, according to (3.29).

3.3 Stress-energy tensor, Virasoro algebra and Schwinger term of fermions

In order to determine the precise form of the fermion pairing into a boson related to the
conformal anomaly in the operator representation, we return to the Fock space represen-
tation for the fermions introduced in section 2.3, starting with a single fermion: N = 1.
Using the Dirac equation (2.57), we find

TP = 1f' = 2 (slaw, - owlvy +olow — o) (3.42a)

1
2
= (vhow, —owlvy — vl aw +owlv.) (3.42D)

01 _ 10 _

Ty =T =

for the (unregularized) fermion stress-energy tensor. Upon inserting the Fock space ex-
pansion (2.63), normal ordering, and using the regularization described in section 3.4 to

subtract the zero-point energy in the infinite domain 1/L — 0, leading to the finite Casimir
energy density (3.49), we obtain (for N = 1)

2 . : :
T =71 = L% <L£L+)€—zknt€zknx n L;—)e—zknte—zknﬂ _ 6% (3.43a)
nez
2 o , ,
T =T = Li; (L7(1+)6—zkntezknm _ L%—)e—zknte—zknw) (3.43b)
neZ
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where the fermionic Virasoro generators are defined by [56]

= 3 (5= ) el - X (o )40 - X (- )04 o
qu% 1 q<—

for the left and right moving fermions respectively. Note that the Virasoro generators

satisfy LT = L(_in) and have zero vacuum expectation value (O\L%i) |0) = 0 due to normal

ordering, which affects only Léi).

The commutator of two Virasoro generators yields the Virasoro algebra, cf. appendix B,
n(n? —1)

L] = (=)L, + S G (349)

for the right and left moving fermions separately. As in the case of the current moments
(£)
Pn

an anomalous commutator, the central term in the Virasoro algebra above. For N fermions

, normal ordering with respect to the fermion vacuum and its filled Dirac sea leads to

we have N N
+ i n +),j i
Lgulzf = Z L7 = Z Z (q - 5) :c(gf)n”cgi)’]: (3.46)
j=1 J=1q€Z,
and hence N
+ + +
LERLEN] = = LG,y + 5 0 = 0 (3.47)

which now features a factor IV in the central extension. Converting this relation to position
space and taking account of the finite shift of the Casimir term in (3.43a) gives the equal
time commutator

00 01 N — (700 00 / i .
[T, ), TV (¢,2')] = Z(Tf (t,x) + T (t,x)+3L2> 8y 8(z — ')
i 472

iIN

31
127?8’”5(:6 x'), (3.48)

- —i(T})O(t, )+ T, x'))az 3z —a') +

showing the relation to the Schwinger contact term. The sign of the Schwinger term here
agrees with earlier work [53, 54] but apparently disagrees with [55].

3.4 Classical scalar condensate and quantum Casimir energy

In the axial case considered previously we remarked on the possibility of a classical con-
densate current scaling with N. However, with no sources for this current we were free to
set it and the expectation value of x to zero in the interval [0, L]. On the other hand in
the gravitational case, in the finite interval [0, L], N massless fermions with anti-periodic
boundary conditions have a finite Casimir energy density [4]

TN
6L2

proportional to N. In the fermion representation this can be computed from the quantum

(0[Too £|0)r = — (3.49)

stress-energy tensor of the fermions (3.5) by introducing a cutoff in the sum over modes
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and subtracting the cutoff dependent contribution in the infinite L limit, effectively setting
the quantum zero point energy to be zero in that limit. For finite L this subtraction leaves
behind the finite energy density (3.49) as the cutoff is removed [4]. It may also be computed
by (-function methods, as follows by substituting the mode expansion (2.63) in (3.42a).

We obtain the unrenormalized, infinite sum

(O[T 10) = (01T 710} =~ S kg =~ 37 g, (3.50)

q>1 >3

The generalized Riemann ¢ function is defined by

(e.@)
Cr(s,a) = Z (n+a)"?, Re(s) > 1 (3.51)
n=0
which defines a function which can be analytically continued to s = —1, so the sum over

half-integers in (3.50) has a finite part which can be defined by

> 1\ °* 1 1 1 1/1 1 1 1
- — 1) =—ZBy (=)= (242} == 52
;<n+2> o CR( ,2> 5 2(2> 2(4 2+6) 51 (3.52)

where Bs(a) = a®—a+% is the second Bernoulli polynomial. Substituting (3.52) into (3.50)
gives (3.49).
In the boson representation the Casimir energy (3.49) is a leading order in N effect,

corresponding to a condensate ¢ and may be calculated from the stress-energy tensor of
the boson field (3.23) by purely classical means. To find the correct classical condensate
field @ for the periodically identified space on the finite interval [0, L], we recognize first
from (3.11), (3.13) and (3.17) that e = €2 may be thought of as the conformal factor that
transforms a fixed fiducial metric g,, to the metric g,, of interest. Then we note that the
infinite R? plane may be mapped to the cylinder by the following conformal transformation.
Introducing polar coordinates (r,6) in infinite Euclidean R? gives

d7? + dz* = dr® 4 r*d6* = rE e*"(dn* + db?) (3.53)

where n = In(r/rg) ranges from —oo to oo, and 6 € [0,2n], which describes a cylinder.
Relabelling 6 = 27z/L and analytically continuing (3.53) to n = 2wit/L, 7 = it allows us
to write the line element for the real Lorentzian time cylinder as a conformal transformation

of Lorentzian infinite flat spacetime by

— dt?* + da* = e? (—dt* + dz?) (3.54)
with Lirt
5 _2m

p=-— (3.55)

after identifying rg = L/2m. Therefore, taking the fixed fiducial metric to be that of
infinite Lorentzian flat spacetime to have vanishing energy density as before, the stress-
energy tensor in the periodically identified domain [0, L] may be computed by substituting

~32 -



the classical condensate ¢ of (3.55) into T%"[@] of (3.23) to obtain

_ N
— N —m ——— ) D — QB D )
Ty =Ty Bl¢] 96 (2 0P Oup — Nun™ Oap 86‘10)
TN
=<3 2 8%, 6% + nu) (3.56)

which is a traceless stress-energy tensor, Tu# = 0 with Too[@] = (0T0o £]0) of (3.49).

Thus, the quantum Casimir energy of the fermions may be computed from the stress-
energy tensor of the scalar boson ¢, viewed as a classical condensate with value (3.55)
obtained by a conformal transformation from infinite flat spacetime. Being a linear function
of t, the condensate (3.55) satisfies

Op=0 (3.57)
consistent with (3.18) in a spacetime with zero curvature, R = 0. If L — oo for fixed ¢,
@ — 0. For finite L periodicity, the linear growth of (3.55) without bound as ¢ — o0 is
analogous to the linear time dependence of the winding modes (2.78) in the usual chiral
bosonization of the Schwinger model in states for which the background charges Q1+ # 0.
Indeed, (3.55) should be viewed as a solution of (3.57) only in the distributional sense,
with source ‘charges’ at ¢t = +o0.

That the non-trivial conformal transformation (3.54) does indeed give rise to the equiv-
alent of the Chern-Simons number (2.86) but for the Euler characteristic, viz.

1
Qecs = e / Qrdx, (3.58)

follows by direct calculation from (3.21) in the general conformal frame e?, = exp(o) ¢°

I
and g = exp(—20) ", related to the flat fiducial metric of R2. Then (3.21) gives

Ot =—-2¢" 0,0 (3.59)
and
L[ o i [ .

Qeslpeg =~ [ 905 dS, =~ | do =i (3.60)
when evaluated for the conformal transformation ¢ = ¢/2 = —2mit/L in the (¢,x)
coordinates of the cylinder (3.54) on the periodic interval = € [0, L], for which ¢°° = —1
and d¥g = dx.

In this case the Chern-Simons charge corresponding to the conformal anomaly is
one-to-one with the holonomic windings of the zweibein frame field %, in the SO(2) ~ U(1)
tangent space as x varies over the interval [0,L]. This is again the mapping S! — S!
with homotopy group II{(S') = Z. The imaginary unit charge (3.60) is the result of
analytically continuing the definition of the conserved topological Euler number and
its corresponding secondary Chern-Simons form defined on Riemannian manifolds to
the pseudo-Riemannian signature metric (3.54) of Lorentzian spacetime. The physical
interpretation of this background conformal charge is that the fermion vacuum defined
on the anti-periodically identified finite interval [0, L] may be regarded as being filled
uniformly with a classical scalar condensate (3.55) of fermion pairs, whose density is
determined by topology or global boundary conditions on R x S', with a finite negative
energy density and pressure p = p = —7wN/6L?, equal to its quantum Casimir energy.
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3.5 The scalar boson of the conformal anomaly: canonical field

In the case of the electric current algebra and axial anomaly, the anomalous Schwinger
term is the only non-trivial commutator, and being a c-number, the algebra of the Fourier
components of the current density (2.73) is easily mapped to the canonical algebra of a
bosonic field by a simple rescaling with v/n through (2.75)—(2.76), which becomes vnN for
N fermions. In the case of the stress-energy tensor and conformal anomaly, the Virasoro
algebra is non-abelian already at the classical level, and the stress-energy tensor (3.23)
or (3.27) also contains terms quadratic in the scalar boson field ¢ or ®. As already
remarked, these quadratic terms in 7% or T4 lead to the scalar boson field having its
own conformal anomaly and shifting the coefficient of the central term by one unit. Note
that the canonical bosonic representation (3.27) makes it clear that the fermion stress-
energy tensor does not have a simple homogeneous scaling with N but rather is a sum of
terms with different scalings. Finally the boson field has a classical imaginary expectation
value or condensate @ of (3.55) to account for the Casimir energy in the finite interval
[0, L], so that a simple Hermitian boson field construction of the kind found in the charge
current case also cannot be appropriate here.

These apparent roadblocks to a construction of a boson-fermion operator correspon-
dence are related, and are all removed by identification of the boson field with that part of
the fermion stress-energy tensor that scales with v/ N. We note that although from (3.46)
one might expect the Virasoro generators L;ijz, to scale linearly with N, and indeed the
c-number contribution in (3.43a) corresponding to the Casimir energy (3.49) and the con-
densate @ does scale linearly with N, the commutator in (3.47) quadratic in L%&, itself
scales at most linearly with N. Thus the quantum operator part of the Virasoro generators
that give rise to the central term in (3.47) scale only as v/N, just as the currents do in (2.83),
and it is this part that we can identify with the part of the boson stress-energy tensor (3.27)
linear in the canonically normalized ® field that scales in the same way as v/ N.

In order to make this identification of terms in the fermion and boson stress-energy
tensor that scale as v/ N, we need first to subtract the condensate part which scales linearly
with V. Therefore let us first define the quantum field ¢ by the shift

p=p+¢ (3.61)

with ¢ the condensate (3.55), and substitute this into the stress-energy tensor T),, p for
the boson field (3.23) obtaining

_ A~ N A~ - A~ = X
Twslo+¢l=Twp + o (2 0u0vp +250,0,)@ + N soso)

N o S
+ oo (2000008 — muw 050 9°9) (3.62)

where we have used the fact that 0@ = 0@ = 0, and T, g is the condensate contribu-
tion (3.56). Thus at finite L in the presence of the scalar condensate @ the term linear in
the quantum field ¢ becomes

N ~ - A - X
Ty i = g5 (20008 +2660,008 + 1w 9) (3.63)
instead of (3.40).
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If we introduce boson operators

( alE)—ikn(tF) | 5(*) eikn(tm)) + 39 (¢, ),

=1
- nzz:l Vamn
SR YTt 1) Qs (3.64)

analogous to those introduced previously in the chiral bosonization (2.77), and require the

<I)0i(t, x) =

commutation relations

[a® a®)] =sgn(n) 6, .  [Re, Qi) =i (3.65)

n

then @, + ®_ is a canonically normalized scalar field independent of N. As we shall see
shortly, it is important that we do not assume that ®4 is Hermitian, so that unlike in
the chiral case, a_, # al,. Because of the normalization in the anomaly action (3.17),
the quantum scalar field ¢ is related to the canonically normalized scalar field defined
through (3.64) by

F<>

\/7 Z > — \/W e T L R, +27T(t;$) Qs o (3.66)

n#0

Thus it is clear that the terms linear in ¢ in the anomaly boson energy-momentum ten-
sor (3.62) are proportional to N/v/N = +/N and dominate in the large N limit over the
terms quadratic in ¢ in (3.62) which are of order N/(v/N)? = 1. The v/N leading order
terms linear in ¢ in (3.62) give

N 271 .
TBhn:l:TBhn:24 (8t L)(at:Fax)SO

_ 4r [N Zwagi)e—ikn(t¥r)+iQi (3.67)

2
L2V 12 ) & /]

after substituting for @ and ¢ from (3.55) and (3.66) respectively. Comparing (3.67) to the
corresponding fermion terms from (3.43) we find that

L&)
/D2
al®) = Il Ly V0 -1 (3.68)

" n(n+1) VN

to leading order in N > 1. In this limit the shift of N by one unit and the quantum
contributions of the quadratic terms in the ® stress-energy tensor (3.27) can be neglected,

corresponding at the operator level to the neglect of the non-abelian terms in the Vira-
soro algebra. Indeed since a&i) are canonically normalized independent of N, under the
identification (3.68), LSE]%, scales as v/N and the classical non-abelian terms in (3.47) are
suppressed relative to the central term scaling linearly in N. Thus in this limit the canon-

ically normalized boson field Fock space operators are given by the Virasoro generator
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moments of the fermion stress-energy tensor, in analogy with the corresponding identifica-
tion of the chiral boson with the moments of the electromagnetic current densities for N
fermions in (2.84).

Following the discussion at the end of section 3.1, the relation (3.68) can also be
regarded as an exact relation identifying the canonical boson field operator for any IV,
provided that all Wick contractions of the ® field leading to loop diagrams are neglected.
This follows from the fact that the effective loop expansion parameter is i/ N and neglecting
loops in the boson tree effective action Seg of (3.29) corresponds precisely to neglecting the
non-anomalous commutator of the Virasoro generators (3.47).

The n = 0,—1 modes are not defined by (3.68). Together with the n = +1 Virasoro
generator, the Lili}, for n = 0,4£1 form an SL(2,C) global sub-algebra with vanishing
central term in (3.47). Hence it clearly is not possible to identify these generators with
boson particle modes. They are instead analogous to the collective coordinate or coherent
n = 0 total charge mode in the chiral bosonization of section 2.3, and must hence be treated
separately. Indeed these modes are related to the condensate @, since changing its sign
P — @* = —p, which gives the same condensate energy density has the effect of shifting
the subtlety from the n = —1 mode to the n = +1 mode.

An SL(2, C) transformation on the n = 1 Fock space bosonic operators takes the form

al A B a’l o
(2)-(22)(3). mo-mer

and preserves the canonical commutation relation (3.65). The parameters A, B,C,D
satisfying AD — BC = 1 can always be chosen to depend on 7 in such a way that the limit

Jim {(1+n)ap} = lim {(1 —n)a_n} = lim {(1-n)(Ca, + Da’_,)} (3.70)

is finite, e.g.

A:B+M:§+(1_n>, C=p=_% (3.71)
o 2 o 1—-n
for any «, § remaining finite as n — 1. Then (3.68) gives
12
i {(1 +n) agli)} —a® (@ L a®)y = ~ L%y (3.722)
12
lim {(1 +n) agﬂ} =69 @7 +al)) = -\ /L LiN (3.72b)

to leading order in large N. These expressions remain finite in the n — F1 limits
respectively provided the a/,; are finite. Since by this (singular) SL(2,C) transformation

L(_il) N becomes proportional to Lgi]\),, they commute with each other.

The n = 0 constant mode of the boson is identified with Léi]\), according to (3.43)
and (3.67)

12
Qi =i/ —L{® (3.73)



to leading order in large N. Since the Virasoro generators are Hermitian this implies that
the Q4 are anti-Hermitian. Note also that with the identification (3.68)

a1 Z+ i a®) (3.74)
the non-zero modes of scalar boson field ¢ also are not Hermitian, due to the finite imag-
inary shift of the condensate @. In the continuum limit L — oo where the condensate
@ — 0, equivalent to |n| > 1 in (3.74), the quantum field ¢ becomes Hermitian.

As with the n # 0, £1 modes, the identifications (3.72) and (3.73) may be regarded as
exact for any finite IV, provided the loops of the quantum @ field are neglected with respect

to tree diagrams, corresponding to neglect of all the mutual commutators of L(()i]\),, L(ﬂ) N

3.6 Intermediate pair states of (T'T')

We have seen in section 3.2 that the one-loop (I'T")-correlator of fermionic quantum fields is
given exactly by the tree graph of stress-energy tensors in terms of the scalar ¢ in the local
form of the Polyakov action corresponding to the conformal anomaly (3.17). Thus we ex-
pect that the intermediate states of fermion bilinear pairs described by ¢ will reproduce the
fermion intermediate states of the (T'T')-correlator, similarly to the situation in section 2.4.

Considering first the case of N = 1, and inserting once more a complete set of the
general on-shell two-fermion states (2.87), this time into the polarization (3.36), requires
the evaluation of

OITF" (¢ 2)lg, 53¢, 8") = exp [~it E(q,q') +ixpse(a,q)] OT4(0,0)lq,s:¢,s")  (3.75)

where energy and momentum are given in (2.90). Since the two chiralities do not mix for
massless fermions, we only have contributions for s = &', i.e.

(OI77°(0,0)lg, 514, 8') = (O[T} (0,0)|g, 514, 8") = 5 L(k — kig) bas (3.762)
S ~ ~
<0|TJ91(0, 0)lg,s;q,8') = <O]T}0(0, 0)|g,s;q,s") = ﬁ(kq —kg) Oss - (3.76b)
Thus, defining as before n = ¢+ ¢’ > 1, so that
~ ~ 4 n

we find

OITF(t,2) TP, a0y = Y- D (OITP(tw)la, 54 ) (@ s34, 8" [Tt 2) 0)

5,8'=% q5,4/,>5

< ) ZZZQ (q——) exp|—ikn(t — t")] expliskn(z — 2)] + (éf

sinl 1

_ 4r? n(n — 1) —ikn (t—t") | Jikn(z—2") —ikn (z—a') ™ \?2
A 12 ° g e [+ (6L2)

n=1

= (0|T}' (t,x) TFH(t',2")|0) = (O|TP* (¢, ) T} (', 2)[0) (3.78)
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where we have used

2 (q . g)Q - ”(”;1) (3.79)

9=3

The constant shift is due to the (square of the) Casimir energy (3.49). Likewise we obtain

(OIT(¢, 2) TP (¢, 2')[0) = < )Z ZZ(q——) exp|—ikn (t—t')] expliskn(z—2')]

s:l:nlq,

l\')

Ar? & n(n ) —zkn(t t') | Jikn(z—2") —ikp (z—2")
AP SRR TR g o (3.80)

n=1

for the mixed (T0°7%1) = (THTO) matrix element with a complete set of arbitrary two-
fermion states inserted.

On the other hand from the bosonic viewpoint the only intermediate states which
should contribute to these matrix elements are the single boson states

In, +) = Ziiagﬂnmz \FZZ (q—|— ) I I0) V> 1

]1€Z1

(3.81)
consisting of the coherent fermion pair described by (3.44) and (3.68). The normalization
factor is required due to (3.74) so that (n,+|n,+) = 1 is properly normalized. The only
term needed in the tree diagram is the term linear in the quantum field ¢ given by (3.63),

for which
N v N 211 .
T = T in = @(2 P+op)= o <3t - L) Op, (3.82a)
N . N 21
T . = ——(2 P+ G 0,p) = —— [0, — —— ) 0,0. 3.82b
B lin 4871'( 3t3x90+806x90) 24 ( ‘ L ) i ( )

Substituting then (3.66) we obtain

_i N (. 2mi . —ikn(t—sz) [T 1
Oyt ) ) = & < ik )< ke il

1 N . 2mi ik (t—sz) M1
<O’ B hn(ta .’L')‘?”L,8> - _27r 12n <_Zk ) (ZSk

ors [N ,
- _Li;‘/ﬁ n(nZ — 1) e"iknlt=s2) (3.83b)

Thus from the linear terms in the boson stress-energy tensor we find the matrix elements
and intermediate state sum

<O‘Tg0,hn(t CL') TB hn y L Z Z O|TB hn t T |Tl S><’I’L S|TB hn( y L )|0>
s=Etn=1
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L* 12 6L2

2 > 2 2
_ 4Ar°N 3 N — 1) ik (t—t') [ ika(e—a") _’_efikn(xfx’)] n <7TN>
n=1
<0| B hn( )TB hn(t ,ZL‘/)|0> < | B hn( )TB hn(t ,ZL‘/)|0> (384)

while

<0| B hn(t m)TB hn t .T ‘O Z Z O’ B hn t z |Tl S><n 8’ B hn(t 7$/)‘0> (385)
s=tn=1

_ 4n°N i n(n® — L) ik (t=t") [ ik (2—a”) _ efikn(xfx’)]
IA 12

n=1
which coincide with the two-fermion intermediate state results of (3.78) and (3.80) respec-
tively.

Thus the results for the (I'T") matrix elements of summing over a complete set of two-
fermion states (2.87) in the fermion loop is identical to that obtained by saturating the in-
termediate state sum by the particular fermion pair state represented by the coherent state
boson (3.81) and (3.68) with only the linear term in the boson stress-energy tensor (3.63)
in a tree amplitude. This is exactly analogous to the chiral boson coherent intermediate
state in the (jj) correlator of section 2.4, computed in the tree amplitude of figure 1.

By either method the results for the stress-energy tensor correlator may be written in
terms of the free scalar function G of (2.99) in the form

(OIT(t,2) T(¢',2)0) =

2
12 (a;‘; Za};) GZ(t—t,x—2) (3.86a)

2
O|T%(t, ) T° (', 2")|0) = or <ata3 7; 6@) Gy(t—t,z—1) (3.86b)

so that the only equal time commutator which is non-zero is

2 ' ,
01 [T00) 7 1.0] 10) = 1o (02+ ‘*Lza><;zem<w—w>)

nez

N 3, 42 p
= 19- (6 72 890) Oz —2'), (3.87)

the n = 0 constant mode vanishing under the derivatives. This is in agreement with the
Schwinger term computed in (3.48).
In the limit of infinite L we may also write the results (3.86) in the covariant form

H(0| T (¢, ) Tus (¢, 2)]0) = — (nwm 9,0 ) (e D) — Bads) GZ(t — ',z — a') (3.88)

127

in agreement with (3.36), when time-ordering is taken into account and the Wightman
function G7 is replaced by the Feynman massless boson propagator (2.100) whose Fourier
transform is 1/k?.
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Since the time-ordered Feynman propagator is the analytic continuation of the Eu-
clidean propagator, we can express the Euclidean stress-energy tensor correlation function
in the form

17 (6% N 174 174 (0% (6%
(T (2) T* (y)) . = E(‘w 08— or) (5007 - 0°0%) Gfb(lac—.yl)\m0 (3.89)
where
2P el 1 1
Go(lz]) = / (@nf PR 5 Ko(M|z]) = —o— In (M]]) + const. (3.90)

is the Euclidean propagator for a massive scalar field in d = 2 dimensions, satisfying
(=8 + M?) Ga(|z]) = —0%Ga(|z]) = 0P (z). (3.91)

Here z and y denote Euclidean 2-vectors with norm |z| = /z#zF, and 02 = §79,0,
denotes the Laplacian. The mass M is inserted as an infrared regulator. In the limit
M — 0 the propagator (3.90) becomes a logarithm and the mass dependence drops out
under the derivatives in (3.89) or (3.91), so that the limit to zero mass can be safely taken.
Thus in Euclidean space the correlation function of two stress-energy tensors of massless
fermions (or in fact any conformal field in d = 2) becomes

N

(T@) Tas®)) = 315 (%82 - auay) (wa? - aaaﬂ> In (jz — y|) (3.92)

These results show the complete equivalence between the fermion loop and the bosonic tree
calculations of all components of the (I'T") correlator, where only the linear term (3.63) of
the boson stress-energy tensor is retained, after the finite shift in the finite spatial interval
[0, L]. This correspondence between fermion loops and bosonic trees can be extended to
arbitrary numbers of stress-energy tensor correlations in Euclidean space next.

4 Stress tensor correlators: fermion loops and scalar trees

In section 3.2 we showed that the one-loop correlation function (T'T") of N fermions can
be represented by the simple two-point linear tree diagram illustrated in figure 3. The
intermediate states of fermion pairs in the one-loop correlation function are exactly the
correlated pairs of the single boson (3.81). In the chiral bosonization of section 2.3 there
are no connected diagrams of correlation functions with more than two currents, so that
the mapping of fermion to boson intermediate states needs to be checked only in the
case of (jj). For the stress tensor on the other hand, correlation functions of arbitrary
numbers of stress-energy tensors appear, due to the essentially non-abelian, non-linear
coupling of the metric to matter. The purpose of this section is to demonstrate that
the correlation functions of arbitrary numbers of stress-energy tensors (T'T...T) of the
fermions at one-loop order are mapped to scalar linear tree diagrams with exactly the
same boson intermediate states as found for the two-point function in section 3.6.
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(b) The scalar tree effective action,
with the propagator in a background
gravitational field represented by a
(a) The fermion one-loop effective action (4.1), in bold dashed line.
a background gravitational field.

Figure 5. Effective action for fermion loops and scalar trees.

4.1 (TT...T) correlators: Ward identities

To establish this equivalence between fermion loops and scalar trees for arbitrary n-point
functions of the stress-energy tensor, we shall make extensive use of the Ward identities
these correlation functions obey. Formally computing the functional integral over the N
massless fermion fields in a general fixed background metric g,,, as in section 3.1 gives the
effective action -

Sglg] = AN TrIn(— iv*E,* V,, ) (4.1)

illustrated in figure 5a after continuation to Euclidean space. On the other hand, computing
the effective action explicitly yields the non-local Polyakov action (3.15), or by (3.29), the
local form (3.25) in terms of the canonically normalized scalar ®. The one-loop fermion
and boson tree versions of the Euclidean effective action are illustrated in figures 5a and 5b
respectively. The AN loop factor in (4.1) and figure 5a is taken into account in (3.25) by
(vV/AN)? from the two factors of the quantum anomaly coefficient in the source of J® from
each end of the tree diagram in figure 5b.

The one-point and general n-point gravitational vertex functions are defined in Eu-
clidean space by

D(2) = (T (2)) = —2 251 (4.22)

B V(@) 09w ()
n (5”SE[g]

1y .- ,.I'n) = \/g($1) o \/g(fﬂn) 59#11/1 (ml) R 5gunyn (1'71)

which are represented by connected one-loop diagrams in the fermion theory, because Sg

I‘lel---ﬂnVn (x

(4.2b)

is the generating functional of connected one-particle irreducible (1PI) diagrams. In (4.2)
and the remainder of this section we drop the subscript g on the correlation functions,
since we work entirely in Euclidean space R?. The multiple variations with respect to the
metric in (4.2b) produce connected n-point functions of fermion stress-energy tensors at
different points, as well as local contact terms from varying the explicit dependence of the
stress-energy tensor itself upon the metric,

TH1VL---HnPn (xl’ L 7xn) — <T,u1V1 (351) .. THnVn (ﬂfn)>

2 <5T“2”2 (x2)
g(x1) OGpy (1)

[

+

THVS (g3) .. THnVe (acn)> o (43)

c
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where the ellipsis contains all possible multiple local variations of the stress-energy tensor
insertions. If all the points are distinct, z; # x; for all ¢ # j, then these latter contact
terms are absent, and I'*1¥1--#n¥n jig simply the connected Euclidean correlation function
(denoted simply by the subscript ¢) of n stress-energy tensors at n different points in the
first line of (4.3).

Since Sg[g] is a scalar invariant which incorporates the conformal anomaly, the product
Vg(x){(TH (z)) satisfies the local conservation and trace identities

V9 V(T = 0, (/g (T")) +TH (Vg (T™)) =0 (4.4a)
g (Vg {(TH)) = % VIR (4.4b)

in an arbitrary background metric g, (z), where T'* \ is the Christoffel connection. By
varying these fundamental identities multiple times one arrives at the Ward identities
satisfied by the general n-point correlation functions (4.2), which when evaluated finally in
the flat metric g, = g, are

n

Oy THIVLtinn (o ) = — (Z 6 (1 — 24) 853) [H2v2etnbn (go o ox,)  (4.5a)
=2

n
6ulylf‘M1V1---MnVn (z1,...,2n) = —2 (Z 5(2) (z1 — $Z)> [H2va...intn (22, ..., 2
=2

N 20151 (\/g(x1) R(x1)) (4.5b)
247 8Guvs (%2) ... 0Gunu, (Tn) — .
where we have used Cartesian coordinates in which the flat space metric g,, = 0.

Egs. (4.5) are distributional identities that vanish as any point is removed to infinity (so that
total derivatives of §-function terms may be dropped). It is important to note that the Ward
identities we used for our derivations enforce covariance at the expense of the trace anomaly.

As an example let us derive the n = 2 case of (4.5b). Using (4.2a), we can write (4.4b)

* 5Slg) N
S = i VIR (4.6)

Now let us take the variation with respect to gas(z’) to obtain

29 ()

§°Splg)

5Selgl N 6(V/g(z) R(x))
09 (2)0gap(2') ‘

+ 20 (g — o) 2

29 () dgap(a’)  24r dgap(’)

(4.7)

One only needs to multiply this expression by a factor of 2/,/g, use the definitions (4.2),
and evalute the resulting expression in flat space to obtain the desired result. Applying this
procedure iteratively, (4.5b) can be shown to hold for any value of n. Similar manipulations
are needed to obtain (4.5a) from (4.4a), where now the terms in the right-hand side of (4.5a)
come from variations of the Christoffel symbol in (4.4a).

The latter trace identity (4.5b) simplifies due to the fact that the variation of /gR
vanishes for n > 2. To prove this note first that in d = 2 dimensions an arbitrary metric
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variation can be written as a conformal transformation plus a diffeomorphism

5g;uz = 509,111/ + 5£guu = 20’9;11/ + vufu + vugu . (48)

Since /gR is a scalar density which is invariant under diffeomorphisms up to surface
terms, its local variation with respect to d¢g,, vanishes and it is sufficient to consider
only conformal deformations of the metric d,g,,. With the conformal parameterization
of (3.11), the relation (3.10) evaluated for g,, the Euclidean flat space metric is

VIR =—-2yG0o = —26"0,0,0 = -2 (4.9)

in flat Cartesian coordinates. Eq. (4.9) shows that ,/gR depends only linearly on the
conformal metric variation 0,9, = 206,,. Hence all higher order variations of \/gR
around flat space beyond the first must vanish identically, i.e.

" (Vo) R(@)) —0, n>2, d=2. (4.10)
OGpows (2) - 0Gupum (Tn) . )
For n = 2 the first variation is given by
O(VI@)R() = (=070 + 9°9%) 6 (x — y) (4.11)
5ga,B(y) gl“’:(sl“’

in Cartesian coordinates of flat space, so that for the two-point function, the Ward identi-
ties (4.5) are [57-61]

(T ()T (y))

S (TH ()T (y))

0, (4.12a)

N
50852 4 5098) 5@ (p _
1277( 5°89 +aa)5 (z—vy), (4.12D)

where we have used (T°?(y)) = 0 in flat space.
We may use the identity (4.5b) recursively together with (4.10) to derive identities for
correlation functions with multiple insertions of traces T'(x;) = 0, 7" (z;), obtaining

(T(x1)...T(xe)THY (2pgq) ... THY (20)) (4.13)

= (—2)f [ f[ ( znj 6@ (xy, — ac))] (THe+vert (g ) TFY (2,)), mo> 041> 2

k=1 ‘ip=k+1

while in the special case n = £+ 1,
(T(x1) ... T(xp1)T* (2,))

n—2 n
= (—2)2 [ I1 ( 3 6 (ay - x))] N (-5&682 + aaaﬁ) 8 (21 — 2n)  (4.14)

] 127
k:1 lk:k+1

which reduces to (4.12b) for n = 2 and z1 = z, z2 = y.
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4.2 The holomorphic representation in coordinate space
To compare the fermion loops to scalar trees it will be particularly convenient to work in
Euclidean time 7 = 4t and the complex coordinates [59, 62]

z=x+1T, Z=x—1T, (4.15)

so that the Euclidean flat line element and non-zero components of the metric are given by

1

ds? = dr? + da? = dz dz, Gz =5 g7 =2. (4.16)

In these complex coordinates the fermion energy momentum tensor (3.43) has components®

L. = — 1 (L0004 (2): — 0.0, ()4 (2):) (4.17a)

Tee = © (0! ()00 (2): — 200l ()0 (2):) (4.17b)

while the mixed component 7,5 vanishes on shell upon using the Dirac equations of motion
0,¢_ =0 = 0z¢;. These components satisfy the conservation law

0, 1.+ 0:T,, =0, 051+ 0,15 =0, (4.18)

since T, depends only on z while T5; depends only on Z.
The fermion propagators are

) 1

Wik (2)) = 5o = S4(a1 = 22) (4.19a)
(- (20)¢] (22)) = —2;21 i 5= S_(z1 — 72) (4.19b)

in this notation (for one fermion). These are Green’s functions of the chiral Dirac operator
since, e.g.
1 1

. 0 .
— ZPYOIVM@SJr = —218515+ = ; 85 m = —4821821 G<1> = 5(2) (21 — 22) (420)

where

1 1
Ga(z1 — 22) = —%ln (M|z1 — 2z9|) = —E[ln(zl — 22) +In(z) — 2)] + const.  (4.21)
is the Euclidean scalar propagator (3.90) and we have used [0 = 400, in complex coordi-
nates.

Using (4.17b) and (4.19b), and keeping track of signs for the anti-commutation of
fermion fields, we find for the one-loop two-T" correlator of N fermions

N

<TZ121T222’2> = _Z [28315+(21 - 22) 8z2S+(z1 - 2’2) — QS+(21 — 22) 63182254_(21 — 22)}

'We drop the subscript f in the fermion stress-energy Ty in this section for notational simplicity.
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N 1
= 5@ G (4.22)

For the canonically normalized boson field ® associated with the effective action of
the conformal anomaly (3.25), the energy momentum tensor components in complex coor-
dinates of flat space are

T..[®] = 1% 0.0.% +:0,80,: (4.23a)
N
T.z[®] = — or 0:0,%® (4.23b)

with the anti-holomorphic T3z obtained from T, by replacing z by z. Its Euclidean prop-
agator is given by (3.90) or (4.21). Note that the scaling of the linear term in ® with
VN implies that exactly two insertions of the linear vertex is necessary to match the N
scaling of the fermion loop correlations functions. For the two-point function this is just
the simple tree diagram of figure 3, already computed in section 3, cf. (3.92), which in
complex coordinates is

N 1
2(27‘()2 (2:1 - Z2)4
(4.24)
which coincides with (4.22), and corresponds to (3.36) Fourier transformed to Euclidean

N N
<T2121T22z2>c = m <8glq)(2’1)8§2q)(22)> = m 8518§2G{)(2’1 — 22) =

position space in complex coordinates, where all four indices are z. The massless pole
of (3.36) is nothing else but the scalar propagator G g, and the projection operators (n*k%—
k#kY) in coordinates (4.16) become four derivatives 9% of Gg.

Taking one trace in the two-point function yields

N
<4T2121T2222>C = E&i‘s(?)(zl - 22) (4.25)

no matter whether it is computed via a fermion loop or from a tree using (3.23). How-
ever this contribution arises in each representation in quite a different way, which merits
some comment. In the fermion loop computation in position space the result (4.22) is
well-defined if the points z1 # zo are distinct. The possible local contribution at z; = zo is
undefined without further information. That information comes from the requirement of
covariance, or equivalently, the enforcement of the Ward identity (4.12b). In covariant lan-
guage the conservation eq. (4.12a) forces the tensor structure of the two-point function to
be proportional to the projector in (3.36) or (1,,0% —9,0,) (430> —0a0p) in position space.
This tensor structure determines the trace in terms of the non-trace components so that the
trace is obtained by replacing 82 by —8? = —49.0s, which because of (3.91) or (4.20) gives
a well-defined contact term at z; = zo. If one had chosen the trace anomaly to be absent, at
the price of the loss of the covariant conservation eq. (4.12a), this contact term would be ab-
sent. In contrast, in the tree effective action of the boson field ®, covariant conservation at
the non-zero trace anomaly has already been imposed, and the non-zero trace (4.25) follows
from the explicit non-zero trace contribution of the term linear in ® (4.23b) inserted at the
endpoints of the simple tree diagram in figure 3, canceling the scalar propagator by (3.91)
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Z9 >< >< X
Figure 6. Equivalence of fermion loop to scalar ® trees for n = 3.

and leading to a well-defined contact term consistent with the anomalous trace Ward iden-
tity (4.25). The scaling with IV of loops and trees also arises in different ways, and helps to
understand how a quantum loop proportional to A can be equivalent to scalar tree diagrams.
This is possible because the anomaly effective action for ® has a linear ® R vertex which is
itself proportional to & from the quantum anomaly it encodes. Two insertions of this vertex
and one ® propagator canonically normalized yield a factor of NA?/h = NA, exactly the
same factor in the quantum one-loop diagram of N fermions. Additional insertions of the
stress-energy tensor vertex always bring with them the same number of additional propaga-
tors in either the loop or tree representation, so that this factor of NA is unchanged for the
arbitrary n-point correlation function, once the two-point function is fixed by the anomaly.

For the higher n-point functions, we start with the simplest case of purely holomorphic
T,, components. For three insertions of T,,, whether the N fundamental quantum fields
are fermions or bosons we find [58, 59, 63, 64]:

<T2121T2222TZ3Z3>C = N[az1 azzG@(zl - 22)] [822823G<1>(22 - 23)] [az38z1 G@(Z?) - Zl)]

_ N 1
(2m)3 (21 — 22)% (20 — 23)” (23 — 21)°
N 1 1 1

B 73(27T)3 (22 — 21)3 (21— 23)3 * (21 — z2)3 (22 — 23)3 + (29 — Z3)3 (23 — 21)3 (4.26)

where the last line follows from the algebraic identity
3(21 — 22) (22 — 23) (23 — 21) = (21 — 20)° + (22 — 23)° + (23 — 1) (4.27)

This identity is just what is needed for the identification with three tree graphs in 7, [®] as
depicted in figure 6, where the middle point containing the one T, [®] vertex insertion that
is quadratic in ® is z1, zo and z3 respectively. Thus, for example the first term corresponds
to the tree graph

N N
m<8§1 <I>(Z1) H 832{)(2’2)822@(22) :833(13‘(23»6 = 6777' [831 822 Gq) (2’1 —2’2)] [822 833 G(I)(ZQ —23)]

N 1
T302m)3 (21 — 29)° (22 — 23)° (4.28)

after taking account of the two allowed Wick contractions and substituting (4.21). Sum-
ming the three contributions represented in figure 6 and using (4.27) gives (4.26).

The case of n = 3 shows that equality of loops and trees can be achieved upon summing
over permutations of all allowed graphs in each case with the proper symmetry factor(s),
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and only after a decomposition expressed by the algebraic identity (4.27) is utilized. For the
general case of n holomorphic stress-energy tensor correlators at distinct points, (21, ..., 2,)
there are n! permutations of the positions of the z; on the fermion loop. Due to cyclic
symmetry of the one-loop graphs, n of them lead to the same expression, and furthermore
the mirror reflection of any loop gives again the same expression. Thus for the n-point
correlator there are (n —1)!/2 distinct one-loop graphs that one must sum over. For n = 3
this is the single expression (4.26). However on the scalar tree side there is mirror reflection
symmetry but no cyclic symmetry of n points, so that the number of distinct tree diagrams
is n!/2, giving the 3 expressions in the last line of (4.26). Before we turn to a general proof,
it is illustrative to examine one more explicit example of n = 4. The one-loop graph with
the four holomorphic stress-energy tensors of N fundamental fermions or bosons is

<Tz1 21 TZQZ2 TZ3Z3 TZ4Z4 >c

= N[@zl az2G<I>(2’1 — 22)] [(922623(;@(22 — 23)] [8z38z4Gq><Z3 - 24)] [824821 Glp (2’4 - 21)]
+(1<2)+ (14

__N 1 F(1e2)+1ed) (4.29)
(2m)* (21 — 22)% (22 — 23)° (23 — 24)° (24 — 21)° . '

Since (4 — 1)!/2 = 3 there are two additional distinct expressions with 1 «» 2 and 1 <> 4

interchanged. For the scalar boson ® tree diagrams there are 4!/2 = 12 distinct permuta-
tions with 2 of the points at the ends with the term linear in ® in (4.23a) inserted, and the
other 2 points in the interior with the term quadratic in ® in (4.23a) inserted. A typical
term of this kind from the scalar tree with fixed sequence (1234) is

N
m<8§1¢>(21) 05, P (22)0,, P(22):: 02, P (23) 02 P(23) 2024(I’(Z4)>C
N
=3 [831322Gq>(21 — 22)] [832833G¢>(22 — 23)] [8Z38§4Gq,(23 — z4)]
N 1

:a%P@_@ﬁ@—%f@—%ﬁ' (4.30)

Summing over the 12 distinct terms of this kind from the scalar trees yields (4.29) when
the algebraic identity

1{ 1 . 1
3| (21— 22)% (22— 23) (23— 21)” (22— 23)° (23 — 24)” (s — 21)°

1 1
+ +

(z3—24)" (za—21)* (21=22)°  (za—21)" (21— 22)" (22— 23)°

+(1<—>2)+(1<—>4)}

1 1
- { (21— 22)° (22 — 23)° (23 — 24)* (24 — 21)? i (21— 23)° (23 — 22)* (22 — 24)* (24 — 21)?

1
+ (4.31)
(21— 22)% (22 — 24)* (24 — 23)° (23 — 21)? }
is used. This relation (4.31) can be checked directly. However the algebraic identity needed

at each order n grows rapidly more complicated with n, making direct verification of the
equivalence of loop and tree graphs for general n impractical.
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In order to prove the equivalence between fermion loops and scalar ® trees for an
arbitrary number n of holomorphic (or anti-holomorphic) stress-energy tensor insertions
we make use of the following Ward identity [59, 65, 66]

n

1 2 1 0
<T2121 TZZZQ e Tzn+1zn+1> - _271_2{ (Zn+1 —Zi)Z + (Zn+1 —ZZ) 82Z} <T2121 .. T2n2n> (432)

n

4 <TZ1Z1 s Tzi—lzi—lTZi+1Zi+l e 'Tznzn> .

This Ward identity is derived by combining the two Ward identities for conservation and
trace of the stress-energy tensor (4.5), together with an additional identity following from
invariance under Lorentz boosts [59], or alternately from the conformal transformation
properties of the stress-energy tensor under arbitrary holomorphic conformal transforma-
tions [65], which includes the previous three as special cases. The Ward identity (4.32)
holds for any correlation function, connected or not. For n = 1 the entire contribution to
the connected two-point correlator comes from the last anomaly term in (4.32), as veri-
fied by (4.22). However for n > 2 this latter term corresponds to the sum of disconnected
graphs in which T3, ,, is Wick contracted with any of the other T, ,,. Thus, restricting to the
connected diagrams generated by the 1PI variations of I'eg defined in (4.2), we have simply

1

n
2 1 0
TansToasa - Toronia)o = =57 2 oo Gy | T T
(4.33)

for n > 2. Hence all holomorphic or anti-holomorphic stress-energy tensor connected

correlation functions for n > 2 are determined by the fundamental two-point function
recursively. A similar identity applies for the anti-holomorphic sector by replacing all z by Z.

The Ward identity (4.33) generates n-point connected correlation functions from n — 1
point correlation functions, and must hold for either the loops and the trees separately.
The relation between the two which we shall prove by means of this identity is

n
Z PIT?OP(ZZ'I, ey Zin) = g Z F%ree(ziw ZigyR3 « v vy Bn—23 Rip_19 Zin) (4.34)
Pli1,e.in] Pli1,...in]

where the sum is over all n! permutations of the arguments z; and we define the fundamental

loop and tree expressions by

1
rloop (. = (—2m)(T,,, ... T, =
n (Zlu 7Zn) ( ﬂ—) < 2121 Zﬂzn>c (2;1 — z2)2 . (zk — Zk+1)2 .. (Zn - 21)2
(4.35)
and
Fz‘ee(zla 227 Z3 st 7ZTL—2; ZTL—]J Zn) = (_27T)n<T2121 [@] ttt Tznzn [¢]>C
1 1
_1 (4.36)

3 (21 — 22)3(22 — Z3)2 e (Zk — Zk+1)2 T (Zn_z — zn_1)2(zn_1 — Zn)3

respectively, with the endpoints of the linear tree z; and z,, distinguished in the latter case,
the corresponding factors being cubic in the differences rather than quadratic as all the
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other terms. Since 2n of the n! permutations are equal on the loop side, and pairs of terms
are always equal on the tree side, the relative factor becomes just 1/3 if the sums are taken
only over those permutations which yield strictly different expressions.

If we look first at (4.35) we notice that the loop with n+ 1 points can be generated by
inserting an additional point y somewhere in the loop, i.e.

1 1
_>

(21 —22)% ... (2 — 2k21)? - (zn—21)2 (21— 22)%. .. (2 —¥)*(y — 2k11)2% - .- (20 — 21)?
(4.37)

and this procedure can be performed in n different ways (since the graph has n internal
lines). Summing over all such possibilities takes into account that instead of (n—1)!/2 one
has now n!/2 distinct graphs for Flff{.

The same expression can be derived using the Ward identity (4.33) as follows. Since z;
appears twice in Fi? P every derivative in the curly bracket of (4.33) generates two terms.
Furthermore, there are two different derivative terms in the sum of the curly bracket acting
on any given (zj, — z41) 2 factor in TP e that with i = k and i = k + 1. Tt is therefore
convenient to combine subexpressions in the following way. In the sum over i in (4.33)
we select two summands ¢ = k and ¢ = k£ + 1 corresponding to a line connecting the two

adjacent points z; and zj1 in T)v°P. For these particular terms the operator in (4.33) gives

2 1 0 2 1 0 1 1
2+ Sy 2+ 2 2 2
(y—21)2 y—2k 0z (Y—2131)% Y—2kr1 0zkr1 ) (Zho1—21)2 (26 — 20 1) 2 (Zhs1 — 2 i2)

_{ 2 2 - 2 L2 2
C\y—2)? (v—z)(zr-1—zk) (—zk)(zr—zk41) (W—2k41)? (Y—2k41) (26— 2841)
2 } ! . (4.38)

(Y= 2ze41) (21 — 2er2) | (21— 20) 22k — 2501)2 (201 — 2042)

Leaving aside the terms involving the outer points z;_1 and 212, and focusing only on
those depending on z; or 241, in the last set of curly brackets we collect 1/2 of the terms
involving either one of them in (y — z;)? or (y — zr41)?, together with the full contribution
of terms involving both zj and zp;1 through (z — zx+1) to obtain

{ 1 2 . 1 . 2 } 1
(y—2)?  (y—2e)(zk — 2e41) (Y= 2e+1)® (Y — 2k1) (26 — 2641) J (26 — 2841)2

_{ 1 n 1 B 2 } 1
a (y—2z)? (=241 W—2)W —2k11) ) (2k — 2641)?

B [ 11 2 1
B (y—2)  (W—2zk41)] (26— 2r41)?
1
" (- 92y — 2nr)? (4.39)

which is exactly the result (4.37) of inserting the new point y into the loop graph between
the adjacent points z; and zjy1. The other half of the (y—z;)? or (y—2x,1)? terms together
with the terms involving z;_; and zxyo are to be combined in the similar subexpressions
corresponding to an insertion of the new vertex at y between zx_; and 2z and between 241
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and zj4o pairwise in the same way. Hence, the sum of all subexpressions generated by the
Ward identity (4.33) corresponds to inserting the new point y on all n possible lines in the
loop, generating n different one-loop graphs with n + 1 insertions of 7T, from every single
one-loop graph with n insertions of T%.. Since there are (n — 1)!/2 distinct terms in the
loop diagrams with n insertions of T, there are n!/2 distinct terms with n + 1 insertions,
as a check of our previous counting.

We will now show that the same result holds for the tree diagrams and I'''*°. In

tree
n+1

(which again we denote by y):

order to generate I" from T'¥®® there are three distinct ways of inserting the extra point

1. One can insert y as a new end point changing the expression (4.36) by the factor
(21 — 22)/(y — 21)3, if the first endpoint on the left is chosen, or by the factor (z,_1 —
2n)/(zn — y)? if the last endpoint on the right is chosen instead;

2. One can insert y on the line immediately attached to one of the endpoints changing

: (z1—22)3 : (zn—1—2n)3 :

the expression (4.36) by the factor EEL =y if on the left, and 2= if
on the right;

3. Or one can insert y somewhere in the middle of the tree graph, making a change

precisely like in (4.37).

The factors of possibilities (1) and (2) combine to

o 1 G = ()

(y —21)? (y — 22)? (y —21)*(y — 22)?
for the left side, with an analogous expression for possibilities (1) and (2) on the right side

of the tree.
On the other hand the terms generated by the Ward identity (4.32), with i = 1,2

(yle)Z Yy — 21 021 (y*22)2 y*22372

{ 2 1 9 2 1 9
- - -

n . .
} Ftree(zl7 227 237 s ZTL—?; Zn—17 Zn)

(4.41)

:{ 2 3 L2 3 2 }rn
(y—21)> (y—2)(z1—22) (Y—22)? (y—22)(z21—22) (z2—z3) ) "

Setting aside the term containing the interior point z3, we combine the 3 terms depending
on the endpoint z; with half of the term depending on (y — 22)? to obtain the factor

2 _ 3 n 1 n 3
(y—21)? (W—21)(;1—22) (y—22)* (y—2)(51—22)
I R S 3
(y—21)? (y—2)?* y—21)(y—2)
B 2 B 1 1 B 1 _ (21 — 22)(y — 220+ 21)
o o) o ) Ay )

which coincides with (4.40). The same relation holds for the combination of possibilities
(1) and (2) on the other end of the tree graph. The remaining terms of (4.41) and its right
side counter part, together with all other terms coming from the interior points of the tree
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Figure 7. Equivalence of the fermion loop with scalar trees for arbitrary T-insertions.

generated by the Ward identity (4.32) combine exactly as in (4.39), thus corresponding
to possibility (3) above, where the additional point y is inserted somewhere on one of the
interior lines of the tree graph, not connected to one of the endpoints.

Since the argument goes through unchanged if the labels on the leftmost points z1, 29
and the rightmost points z,_1, 2z, are replaced by any permutations of the labels in (4.34),
it follows that the sum of all subexpressions generated by the Ward identity (4.32)
correspond to inserting y at all n + 1 possible locations in each tree graph (including the
new endpoints), thus generating n + 1 tree graphs with n 4 1 insertions of the holomorphic
T, from every single tree graph with n insertions of 7T'. Since there are n!/2 distinct terms
in Tfee, there are (n + 1)!/2 such distinct terms in TH¢S, again verifying our previous
counting. Since we have verified the equivalence of loops and trees explicitly for n = 2,3
and 4, the proof of the equivalence (4.34) for all higher n follows by induction. We have
checked (4.34) explicitly for the cases of n = 5,6 using Mathematica, the latter case
involving 6!/2 = 360 distinct tree contributions. The algebraic identity relating these 360
terms to the sum of 5!/2 = 60 distinct loop contributions would be difficult to surmise
without the guidance of the Ward identity (4.32).

4.3 Trace insertions and contact terms

So far, we have studied purely holomorphic correlation functions. Their anti-holomorphic
counterparts are straightforwardly derived in the same way by replacing all z by z. What
remains, are all those correlators with insertions of 1,5 = igl“’ T,v. These can be easily
generated by the trace Ward identity (4.13) for n > 2, with the two-point function al-
ready treated separately in (4.24) and (4.25). Since the stress-energy tensor has only 3
components in d = 2 dimensions, the trace components together with the holomorphic
and anti-holomorphic components already treated provides complete information of any
components of arbitrary numbers of stress-energy tensor correlators in d = 2.

Starting again with the three point function, with one trace 475 insertion, direct
computation of the tree graphs using (4.23b) yields

N

<4T2151TZ222T2323> = 76(27r)26(2)(21 — zg)c'?i(?gg In |z — 23|2 + (22 ¢ 23)
N 1
__ N e, @y ] L 44
(2r)? [5 (21— 22) + 67 (21 — 23) (2 —2)! (4.43)
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(2’1, 2’2) <3 <2 (2’1, 23)

Figure 8. The contribution to the fermion loop three point function obtained by varying one of
the vertices, represented by the square.

which agrees with (4.13) for £ = 1,n = 3, upon inserting (4.24) for the holomorphic two-
point function. Notice that only two of the distinct three trees in figure 6 contribute
to (4.43), namely the ones with the trace component at z; at one of the end points, and
this trace is non-zero because of the explicit non-zero contribution of the linear term in the
P stress-energy tensor component (4.23b) canceling the scalar propagator Gg attached to
this point.

From the loop point of view the result (4.43) arises in a different way, namely from
the two contact terms obtained from varying the stress-energy tensor two-point function
(TH2v2TH3V3) with respect to gu,u,, as in (4.3) with the topology of the bubble diagrams
illustrated in figure 8.

Looking at two trace insertions of T,z components in either the loop or tree represen-
tation we obtain

N
(AT, 5, Ty oy AT, z,) = 755@(21 — 22)02,63) (23 — 23) (4.44)

which is now clearly coming from the anomaly contribution to the two-point function (4.25).
Using (4.25) we verify that (4.44) agrees with (4.14), as expected. In both cases above,
one may straightforwardly replace the purely holomorphic components with purely anti-
holomorphic components.

When n > 4 contact terms in the tree diagrams arise also from explicit local variations
of the TH" vertex at internal points as in (4.3), just as they do in the loop representation
for all n > 3. For the scalar boson this variation is

uyv
w - (_gwaaq,aﬁcp + ga(unggmaﬁq;.a)\q,) 52 (y — 2) (4.45)
69(15(37) g=g
which has the trace
oTH [P
29— 2l _ (—2 9B’ ® + gaﬁgma@a@) 5 (y - 2) (4.46)
gaﬁ(a:) g=g

where only the first term contributes for holomorphic or anti-holomorphic o = 5. Thus
for one trace insertion this term contributes a factor of —28(®(y — z) times the usual
holomorphic T, vertex quadratic in ® from (4.23a), which is just what is required to
satisfy the single trace insertion Ward identity (4.5b).

For the quantum loops we are assured by the equivalence of N bosons with N fermions
that the corresponding variation of the fermion stress-energy tensor (3.5) produces all
the contact terms needed to satisfy the multiple trace insertion Ward identities (4.13)
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and (4.14), all such contact terms coming either from explicit vertex variations analogous
to (4.46), or inherited from the anomalous two-point function trace (4.25). For the tree
diagrams the only sources of trace insertions are either the endpoint insertions of linear
terms in ® (which encode the anomaly through the linear ® R vertex) or explicit contact
variations of the (4.46) kind at intermediate points of the tree. These latter contributions
must be taken into account for n > 4 (since a non-endpoint must be varied at least once
which is first possible at n = 4).

Considering this first non-trivial case of n = 4 for tree diagrams with one trace insertion
and three holomorphic T, insertions, the Ward identity (4.13) with £ = 1 and n = 4 and
the explicit expression for the three point function (4.26) gives

3
<T(y)Tzlz1Tz222T23zg> =2 Z 5(2) (y - Zi)<TZ121T22Z2T2323>
=1

= 3(22]’:)3 [5(2)(y _ Zl) + 5(2)(3/ _ 22) + 5(2)(y _ Z3)i|
1 1 1
X [(2'1 — 29)3(22 — 23)3 + (20 — 21)3(21 — 23)3 + (2 — 29) (73 — 1) (4.47)

totaling nine terms in all. Six of these terms, namely those with 62 (y — z;) multiplying
the trees with z; at one of the two endpoints, correspond to correlators with the trace
T'(y) coming from the linear term trace contribution (4.23b) at the endpoints canceling the
connecting G'g propagator as before. For example for the first of the nine terms in (4.47)

_ %@ya@@(g) 0oy B(21)0e, B(21) 0y B (22)0y B (22): D%, B(23))

N
= m(an)? 9,0 (y — 21) 92,02, In(21 — 29) 0,02, In(22 — 23)
2N .
= (2)(y —
3(2m)3 0y = =) (71 — 22)3(22 — 23)3 (4.48)

The remaining three of nine terms in (4.47) with 6 (y — 2;) multiplying a contribution
with that z; at the center point of the tree, viz.

N [, | @y, |
ETE T M AR P T pomn R C O e oy
@)y » 1
+ 0 (y — 23) (2= 7 = 21)3] (4.49)

are reproduced by the explicit variation of that z; vertex by gns(y) (4.46). For example
the first of these three terms comes from varying the 2y vertex by g,s(y) which gives

<%8§1¢’(z1) [—28z2‘1>(z2)8z2‘1’(22)5(2) (y — 22)} 833@(23)>

_ _12;‘(1)2 @ (y — 25) [0, 02y (21 — 29)] [02,0% In(25 — 23)]

_ 2N @y, . 1

=30 TP G R - (4.50)

with the correct factors.
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In a similar manner multiple trace insertions in either the loop diagram or at inter-
mediate points of the tree diagrams require additional variations of T}, with respect to
the metric, which generates products of J-functions at coincident points, according to the
general trace Ward identities (4.13) and (4.14). Generalizing both the loop and tree dia-
grams in this way to allow for multiple variations and contact terms allows us to extend the
identity (4.34) to the case of mixed T,z components, respectively with arbitrary numbers
of trace insertions. This completes the proof of the equivalence of one-loop correlators
of arbitrary numbers of stress-energy tensor insertions of any kind with the linear tree
diagrams generated by the effective action (3.25) of the scalar boson field ®.

5 Summary and conclusions

Our main purpose in this paper has been to demonstrate that fermion pairing into a bosonic
degree of freedom in relativistic quantum field theory is a general phenomenon associated
with an anomaly. The remarkable features of the Schwinger model are a consequence of
the chiral anomaly of the fermions, which leads directly to the existence of a chiral boson
composed of fermion pairs. We showed that with some interesting differences most of this
analysis may be extended to the conformal trace anomaly of the stress-energy tensor in d =
2 spacetime dimensions. In particular, the physical Fock space representation of the scalar
boson associated with the stress-energy tensor conformal anomaly as a certain correlated
fermion pair related to the Virasoro generators through (3.68) defines a ‘bosonization’
distinct from that in the Schwinger model and coupling to the electric field.

The quickest path to the boson description is via the functional integral method and
the effective actions obtained by integration of the anomaly by (2.19)—(2.21) in the case of
the chiral anomaly, and (3.12)-(3.15) in the case of the conformal anomaly. In both cases
this leads immediately to a gauge (or coordinate) invariant non-local action in terms of
field strengths with a propagator [J~! that signals propagation of a massless boson field
not present in the classical theory. In both cases this propagating boson field may be made
explicit in the local form of the quadratic effective action (2.24) or (3.17) with a kinetic
term. By keeping track of degrees of freedom through the functional determinants it is
easy to see that the propagating boson is one collective degree of freedom of the original N
fermion theory in the singlet channel, leaving N — 1 fermion states, so that no net degrees
of freedom are gained or lost by the fermions pairing into an effective boson.

A second clear signature of the fermion pairing phenomenon may be seen in the appear-
ance of a massless boson 1/k? pole in correlation functions, such as the two-point current
polarization tensor (2.42) or the stress-energy polarization tensor (3.36). In each case the
existence and residue of this pole is determined by the anomaly. In each case, deforming
the system away from exactly zero mass fermions shows that corresponding spectral func-
tions obey a UV finite sum rule, which collapses to a §(k?) in the massless limit. These
behaviors of correlation and spectral functions are closely related to the anomalous com-
mutator or Schwinger terms in the current algebras (2.53) and (3.48), which in turn are
consequences of proper definition of the fermion vacuum with a filled Dirac sea and normal
ordering definition of the currents. In the Fock space operator description the Schwinger
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anomalous commutator terms become nothing else than the canonical commutators of the
boson fields (2.75)—(2.77) and (3.64)—(3.68) composed of fermion pairs verifying again that
the boson is a bona fide propagating quantum field in its own right.

In both the chiral and conformal bosonization schemes there is an interesting con-
nection to the topology of the field configuration space. The zero mode in the chiral
bosonization scheme describe winding modes in the field configuration space related to the
Chern-Simons number, the Wilson-Aharonov-Bohm phase and the breaking of chiral sym-
metry in the Schwinger model. The zero mode in the conformal bosonization scheme and
analogous Chern-Simons charge derived from the Euler characteristic describes the con-
formal mapping of R? to the cylinder R x S! and the background conformal charge (3.60)
of the dilation current. The Casimir energy of the fermions on the cylinder with anti-
periodic boundary conditions on the spatial interval [0, L] is thereby related to topology
and a condensate (3.55) in the bosonic description.

The appearance of the fermion pairing may be seen explicitly in the current and stress-
energy correlation functions in that the sum over arbitrary two-fermion intermediate states
in each coincides with the sum over scalar boson intermediate states which are a specific
coherent superposition of fermion pairs. This is verified for the two-point correlation func-
tions in sections 2.4 and 3.6. For the currents the effective action (2.21) is quadratic in the
gauge potentials and there are no further connected correlators to be considered. For the
conformal anomaly the effective action (3.15) contains all higher metric variations, so that
connected correlators of arbitrary numbers of stress-energy tensors are non-vanishing.

In section 4 the equivalence between fermion pairs and bosons has been extended to the
one-loop correlation functions of arbitrary numbers of fermion stress-energy tensors, which
are mapped precisely to the set of linear tree diagrams, generated by the boson effective
action (3.25): cf. eq. (4.34) and figure 7. This proof involves some non-trivial combinatoric
identities among polynomials, which are made transparent only by use of the general n-
point Ward identities, including the general anomalous trace Ward identities in (4.5). Since
all the propagator lines in the tree diagrams are precisely those of the same boson field ®
in (3.25), the equivalence (4.34) of the fermion loop and boson tree diagrams shows that all
intermediate states of these arbitrary higher order n-point stress-energy tensor amplitudes
involve exactly the same correlated fermion pair states of the boson field as that of the
basic two-point (T**T*#) amplitude.

The close association between the phenomenon of fermion pairing into bosons and
quantum anomalies has been studied here exclusively in d = 2 dimensions, in order to keep
matters as simple as possible and all formulae explicit. However, it should be clear that
many of the same features of this close association carry over to higher even dimensions,
with appropriate modifications. In particular the bosonic effective action for both the
conformal and chiral anomalies in d = 4 have been discussed in [50] and [22], with the
massless 1/k% pole and UV finite sum rule explicitly exhibited in the latter case. The
principal differences in higher dimensions are that the anomalous amplitudes appear first
in higher n-point correlation functions than n = 2 in d = 2, and the effects of the anomaly
and pairing phenomenon are present only in special tensor combinations, in particular
kinematic limits, the other tensor combinations being non-anomalous and determined by
other model dependent considerations.
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A Commutator algebra of fermion charge density

In this appendix, we compute explicitly the commutator relations for the fermion density
operator defined in eq. (2.68). It is clear that the mixed commutator of left and right
IMOVers [pg),pfj,[)] = 0, while [pff),pgf)] = [ (_),p;T)], so that we can drop the chirality
index in order to compute this commutator. To that end let us first evaluate

[¢q) Cq’cjz’—n] = chq'C;—n - Cq’cjz’—ncq = —Cq 0qq'—n (A.la)
T _ T i _ T
[cz, cq/cq,_n] = cgcq/cq,_n — cq/cq,_nc:g =0qq Coimn (A.1b)
so that
(g Pn] = Cqtn s el pn] = —cl - (A.2a)

Therefore for n > 0,n' <0

[Pns ] = ( E CgfnCQ+n’ - E , Cj}—n—n’cq + E : Cflcl—n—n’
1
>-— 2

q>—n'+3 g>n+3 3<q<n—}
— Cagin'C + chr Cgin'C
q+n'Cq—n 9“q—n—n' q+tn'Cq—n
1 1 1
§§q<—n/—f 9<—3 q<—3
_ f _
= (cq nenCa T CaCy_y i | = O/ = MOpy._pt (A.3)
1 1 1 1
5<gq<n+3; 5<g<n+3;

which is also valid for n > 0,7’ > 0, when it vanishes. Using then also (2.70) we find
that (A.3) is valid for all n,n’ # 0. In order to obtain this result it is crucial to use the
correctly fermion normal ordered definition (2.68), which gives rise to a finite range of n
values of ¢ contributing in (A.3).

This non-zero commutator simply expresses the anomalous commutator of cur-
rents (2.52), showing it to be an exact result, valid at the operator level, since

. . 1 ik (x—2' 1 —ikp(z—x'
Ot 2), 5 (1) = 5 D e — 5y Tnenleme)

n#0 n#0
1 . / 1
= kpe™ ) = 2 9,5(x — ). (A.4)
L = T
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B Virasoro algebra of fermion energy density

For completeness we also provide a direct computation of the commutator of two Virasoro
generators of the fermions, highlighting the importance of the definition of the fermion vac-
uum by the normal ordering prescription. Suppressing the + chirality indices for notational
simplicity and using

/ /
Cny L) = n+£ Cn4n’ 5 CTaLn’ = - n_l CT? ' B.1
2 + n 2 n—m
yields
_1
- Y [ .- t
Lo L) = = 30 (4= 5) leath Tl + 3 (4= 5) e L)
g=—o0 =1

_ 1
n n' . n n'
= (qu) (qn2> chzfnfn’i Z (pin,7§> ( 2) Cpcl)fnfn/

q=—0 p=—00
> n n’ > n n'
£ 2 =) (=) b2 (1 5) (11 s (B2
;U:TL/—&-% q:%

where p = g + n/. Using the identity

-3 (- 2) (=) - D -0 =557 o

we find
1 r_ 1
A VIR T P A A AW
Lo =—n-) 3 (=25 Y eaef =3 (p-=3) (- ) e
q=—0© p:%
P n+n"\ 4 " n' ny\ 4
e £ (24 B ) D
q=n'+3 p=3

Finally, one needs to evaluate the sum

n'—1
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to obtain the algebra

n(n? —1)

[Ln, Lyy] = (n = 1)Ly + 12

P (B.6)
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