arXiv:1609.06562v2 [hep-th] 31 Mar 2017

Global anomalies on Lorentzian space-times

Alexander Schenkel*! and Jochen Zahn'?

LSchool of Mathematical Sciences, University of Nottingham,
University Park, Nottingham NG7 2RD, United Kingdom
2 Institut fiir Theoretische Physik, Universitit Leipzig, Briiderstr. 16, 04103 Leipzig, Germany

March 31, 2017

Abstract

We formulate an algebraic criterion for the presence of global anomalies on globally
hyperbolic space-times in the framework of locally covariant field theory. We discuss
some consequences and check that it reproduces the well-known global SU(2) anomaly
in four space-time dimensions.

1 Introduction and summary

Global anomalies are an interesting aspect of quantum field theory, as they constitute a non-
perturbative effect and are thus one of the few aspects of this regime which are accessible
with our current theoretical tools.

Global anomalies were first treated in a path integral formalism [I] and manifest them-
selves as the non-invariance of the fermion path integral under large gauge transformations
(in contrast to the well-known local anomalies, which occur for infinitesimal gauge trans-
formations). Concretely, chiral fermions in four dimensional space-time, charged in the
fundamental representation of G = SU(2) were considered. As m4(SU(2)) = Za, there are
compactly supported gauge transformations g that can not be deformed to the identity by
compactly supported homotopies. But of course one may deform A to its gauge transform
AY via a path Ay of connections that are not gauge equivalent to A. By studying the flow of
eigenvalues of the corresponding Dirac operator ) 4, along such a deformation, and using
the mod 2 index theorem, it was shown that the fermion path integral

NI
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changes sign as A is varied to A9 (note that the path integral for chiral fermions is defined
as the square root of that for Dirac fermions). This implies that the full partition function
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vanishes, as the contributions from A and A9 always cancel. The theory is thus inconsistent.
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Apart from the ill-definedness of the path integral, the path integral formulation has the
disadvantage that one considers fermions in non-trivial background fields, where the relation
between the Euclidean and the Lorentzian setting is unclear.

There is also a Hamiltonian formulation [IH3] of global anomalies. By choosing temporal
gauge, a non-trivial element g € m4(G) can be transformed into a non-trivial element of 7 (G
with G = C>®(R3,G) the group of compactly supported spatial gauge transformations. A
global anomaly occurs if the implementer of this non-trivial element is not the identity, as
there is then no gauge invariant state. For the actual computation, one again treats the gauge
field as a background field. But for time-dependent background fields, the Hamiltonian
framework is not well suited as the time-evolution can in general not be implemented on a
fixed (vacuum) Hilbert space [4].

The aim of the present paper is to give a criterion for global anomalies which mimics
the above criteria but is properly formulated in a Lorentzian setting. We use the frame-
work of locally covariant field theory [5,16] which proved very fruitful for quantum field
theory in curved space-times or other non-trivial backgrounds. Concretely, we use a gen-
eralization [7] which also includes background gauge fields. Our formulation is based on
the implementability of the relative Cauchy evolution [5L[8] and also relies on the concept of
perturbative agreement [9,10].

As for the formulation in the path integral or the Hamiltonian framework, we define and
compute global anomalies in the setting of free fermions in non-trivial background gauge
fields. In this setting, a global anomaly does not spoil the consistency of the theory. But as
in the path integral and the Hamiltonian formulation, one expects a global anomaly to spoil
the consistency of the full theory, involving dynamical gauge fields. We will only briefly
comment on how this happens in a locally covariant Lorentzian framework.

The article is structured as follows: In the next section, we recall the structures of locally
(gauge) covariant field theory that are relevant for our discussion. In Section Bl we formulate
our criterion for global anomalies. In order to make contact with the Hamiltonian formu-
lation of global anomalies, we discuss their appearance in Hilbert space representations in
Section 4l In particular, we sketch how global anomalies render a gauge theory inconsistent.
In Section B we discuss a toy model where all the constructions and the actual computation
can be performed explicitly, namely real fermions on the line. To prepare for the computa-
tion of global anomalies in higher dimensions, we clarify in Section [l the relation between
perturbative agreement and the Wess-Zumino consistency condition, a result that may be
of interest independently of the current work. Finally, in Section [1, we compute the SU(2)
anomaly in four space-time dimensions, using arguments developed in [11}[12].

Notations and conventions: The symbol = denotes the definition of the 1.h.s. by the
r.h.s.. The set of smooth compactly supported functions from M to a Lie group G are
denoted by C°(M,G). For B — M a vector or Lie group bundle over M, I'°(M, B)
denotes its set of smooth compactly supported sections. By g we denote the Lie algebra
of G and for a principal G-bundle P we define p to be the vector bundle associated to the
adjoint representation of G on g. We work in signature (—,+,...,4+).

2 The framework

Let us recapitulate those aspects of the framework of locally covariant field theory [5] which
are relevant for our purposes. In contrast to studying quantum field theories on a fixed
background, the basic idea of locally covariant field theory is to work coherently over all
of them. The collection of all possible backgrounds are the objects of the category Bg; its



morphisms are used to define relations and consistency conditions between the theories on
different backgrounds.

In the generalized setting of [7], the admissible backgrounds are tuples (SM, P, g, A)
consisting of a spin structure SM over an oriented, time-oriented, globally hyperbolic
space-time (M, g), and a principal G-bundle P over M with connection A. A morphism
X : (SM,P,g,A) — (SM',P',g',A") is a tuple (xsan,xp), Where xsas is a principal
Sping-bundle morphism and xp is a principal G-bundle morphism. Both, xsas and xp
cover the same orientation, time-orientation and causality preserving isometric embedding
Y : M — M’. Furthermore, the connections are related by pull-back, i.e. A = X}[l’ . In
the following, morphisms will often be isomorphisms of the form (id, xp) : (SM, P,g, A) —
(SM, P’ g, A"), which affect only the principal G-bundle. Typically, these are gauge trans-
formations (SM, P,g,A) — (SM, P, g, A9) where A9 = Adgfuzl + g*(ng), with g the
Maurer-Cartan form on G and g € C°(M, G).

To each background one assigns an algebra 2A(SM, P, X) of observables, where we sub-
sumed the geometric data in X = (g, A). The consistency of this assignment is encoded in
the requirement that 2 : Bg — Alg is a functor with values in the category Alg of unital
x-algebras (with injective unital *-homomorphisms as morphisms). This means that for each
morphism y : (SM, P, X) — (SM’, P, X') there is an injective unital *-homomorphism

oyt A(SM, P, X) — A(SM', P, X'),

which is an isomorphism if x is an isomorphism in Bg. When (SM, P) are kept fixed, also
the notation 2((X) will be used.

In order to relate particular observables on different backgrounds, one introduces the
notion of fields, which are natural transformations from suitable functors ¥ to 2. Important
examples for T are the functors which assign to each background (SM, P, X) the set of test
tensors (of a fixed type) on M, i.e., the set of smooth, compactly supported sections of a
vector bundle associated to the bundle SM 4+ P — M. A field @, restricted to a background
(SM, P, X), and smeared with a test tensor ¢, is then denoted as P (g, px) (1), or, if (SM, P)
are held fixed, also by ® ¢ (t). Being a natural transformation amounts to

@ snr,p.%) () = Pisnrr,pr ) (Xst) (1)

for any ¢t and any morphism x : (SM,P,X) — (SM',P',X'). A typical example is the
current

Jsanpy(A) = — /M DAY 2)

of free fermions charged under G. Here A € T'®(M,p®T*M). For the explicit construction
of the algebra 2A(SM, P,X) (in terms of evaluation functionals) and fields, in particular
non-linear ones, we refer to [7].

In the setting that we are considering, the background fields provide the hyperbolic (wave
or Dirac) operator for the dynamical (matter) fields. There is then another way to relate the
theories on different backgrounds. Let us keep SM and P fixed. For compactly supported
perturbations X = (g, A) of the geometric data X = (g, A), one defines the retarded and
advanced Mgller operators

T UX) — AKX +X),

which are *-isomorphisms and act as the identity on observables localized in the past/future
of supp X, where the two backgrounds are identified via Cauchy surfaces. If the algebras
20 are constructed as evaluation functionals, one may define the Mgller operators by the
pullback of the retarded /advanced scattering operator on the solution spaces. Alternatively,
one may define 7'/ abstractly by using the time-slice axiom [5].



Remark 1. In principle, one could also allow for perturbations X that are not compactly
supported, but only have a certain fall-off behavior. But this would require restrictions on
the growth of the field configurations. However, the specific form of natural growth condi-
tions depends both on the background (SM, P, X) and on the specific form of the equations
of motion operator. In order to work model-independently, we stick to perturbations with
compact support.

For what follows, it is crucial that the Mgller operators compose naturally, i.e.,

r/a r/a __ r/a (3)

Texr x+x ° Tx4x' % = Tx4x1. X

Furthermore, for X and X + X related by a morphism x : (SM, P, X) — (SM, P, X + X)
which acts as the identity outside of a compact set, we have

T;—(/iX’X = oy (4)

For generic X, one also has [8, Prop. 3.7],

Xx © T;’(/ix,x = T;Z/’ZX*X,X/ ° Xy (5)
where the morphism on the r.h.s. is x : (SM, P, X) — (SM, P, X') and the one on the Lh.s.
is x : (SM,P,X + X) — (SM,P,X' + x.X). For a field ®, we define the infinitesimal

retarded /advanced variation as
6r/a . d r/a B
¢ (X)e(t) = ﬁTX,XHX(‘I)(SM,P,XMX) ()] —o- (6)

Using the Mgller operators, one can define the relative Cauchy evolution [5] as the x-
automorphism

reeg (X) = T;?,X—f—X © T?’(JFX,X (7)

of A(X). In particular, its derivative

réeg(X) = d rceg(AX

d\ ){)\:0

is a derivation. As a consequence of (@) we have that, for X and X + X related by a
morphism which acts as the identity outside of a compact set,

rceg(X) =id. (8)

3 Global anomalies

In the following, we will focus on perturbations of the connection A. For a free theory in
the presence of background fields, the infinitesimal version of the relative Cauchy evolution
is given by the commutator with the current,

rée;(4) = —31ja(4), -] (9)

More generally, one may say that the theory 2 : Bg — Alg admits a current if there is a
field j such that the above holds. As a consequence of (), rée vanishes for an infinitesimal
gauge transformation, i.e.,

réez(de) =0, (10)



where d is the covariant differential defined on sections of p by

(de) (&) = Vec,

with ¢ a vector field and V the covariant derivative induced on the associated bundle p by
the connection A. The condition that the current j is conserved can then be formulated as
the requirement
0j4(c) = ji(de) =0. (11)

The existence of a conserved current signifies the absence of infinitesimal (usually called
local) anomalies and is assumed from now on. It is important to note that an anomaly can
not be seen in a failure of (I0), as a violation of (IIJ) is a c-number.

In order to discuss global anomalies, we require that the x-automorphism rce 5(A) is
unitarily implemented by a field V3(A), i.e.,

ree 1(A)(a) = Ady,(a)(a) = Vz(A) aVz(A)7, (12)
for all a € A(SM, P, g, A), and
Va(A)~h = Va(4)".

The implementer V3(A) can be seen as the inverse of the S matrix for scattering at the
potential A, cf. also the discussion below. In the present work, we are focusing on conceptual
and structural aspects, not on functional analytic ones, so we allow the implementers to
be formal power series in the perturbation A. Whether this leads to a proper unitar
representation in suitable Hilbert space representations is a very interesting open question
The requirement that the rce should be unitarily implemented in representations seems to
have first been considered in [14].
Obviously, if rce ;5 is implemented by V3, then there is a current
i . d

~ 2ia4) = Vi), (13

However, as discussed above, one should impose further constraints on the current than just

@). Hence, apart from the implementers being fields, we impose a further natural condition.
To motivate it, we note that from (3] and (@) it follows that

I'CGA(A/) = T%,A-i—A [¢) I'CGA+A(A, — A) [e) T%+A7A'
Using (12]), it follows that

rcej(A’) = Ady, (4 = Ad

TaaraVapa(A'=A) Vi (A) -

It thus seems natural to require that
Va(A) =75 2:4(Vaga(A = A)) Vz(A). (14)

For A’ = A; + As, with supp Ay not intersecting the past of supp A, this reduces to the
causality requirement [15][16]

S(A; 4+ Ag)™t = 5(A;)71S(A4y) ! (15)

'This is related to the question whether the current jz(A) is represented by an essentially self-adjoint
operator on H. For the scalar field and Wick squares without derivatives, conditions ensuring this property
were given in [13].



for the S matrix, given the identification of V with S~! and the fact that 7'1%’ At A,
trivially on fields whose support does not intersect the future of supp A>. Note, however,
that our condition (4] is stronger than (IX) in that no conditions on the relations of the
supports are made, cf. also the discussion in Remark 2l below. The discussion of Hilbert space
representations in the following section provides further motivation for the requirement (I4]).
If condition (I4) is fulfilled, we say that rce is unitarily implemented by V.

It turns out that (I4]) is automatically fulfilled for free fields charged under G in space-
time dimension d < 4 if 1.) the current (I3) is conserved and 2.) V3(0) = 1 is the unit. To

see this, note that (I4)) can be equivalently written as

Thara(Vaga(A" = ) Va(A) = 75 1,0 (Vapa (A" = A7) Va(4). (16)

As the space of connections is affine, there are no topological obstructions to fulfill this
condition, but there may be local ones. Replacing A by AA, A’ by nA’, and A” by NA+nA’
in the above equation and evaluating the derivative w.r.t. A and n at 0, we obtain

acts

Ex(A,A') = 85(A)j(A") = 85(A")j(A) — ih™ [j4(A), ja(A)] = 0, (17)

where we used the definition (@). As will become clear in the following section, we may see
E ; as the curvature for “parallel transport” by (V) of vectors ¥ € H in any representation
7 : A(A) — End(H). The condition (I7) is known the context of background independence.
Its fulfillment (possibly after a finite renormalization of the current j) is a necessary and
sufficient condition to fulfill perturbative agreement by inductively redefining time ordered
products by finite renormalizations [9,10]. As shown in [10, Prop. 3.8], (I7) is fulfilled for
d < 4, whenever the current j is conserved.

Obvious consequences of (I4]) are

Vi(0) =1, (18)

SVAA Ao = 7514 (aea(4) Va(A) (19)

Hence, in order to evaluate V3;(A), we may choose any path Ay such that 49 =0, A; = A
and compute the path-ordered exponential integral

i ! ,
Vald) = Pexp (=5 [ 75 apa,Gara () 02). (20)

In particular, for any A + A which is continuously connected by a path of compactly sup-
ported gauge transformations to A, we have that V;(A) = 1. Assuming that the center
of A(SM, P, g, A) is trivial, we also know that V;(A) = €® 1 for some ¢ € R whenever
A9 = A+ A for a compactly supported gauge transformation g. We say that the theory 2
has a global anomaly, if Vz(A) # 1 in that case.

For four-dimensional space-times with trivial topology R*, possible obstructions are thus
classified by 74(G). Given a non-trivial gauge transformation A — A9 = A+ A, 20) can in
principle be used to decide whether a given theory is anomalous or not.

Apart from leading to the same obstructions as in the path integral framework, our
formulation has the additional similarity that the computation of the anomaly proceeds
by reaching the non-trivial gauge transformation via a path of gauge non-equivalent back-
grounds.

Remark 2. A conserved current j has the residual renormalization ambiguity jz — j1+coF
of adding multiples of the current of the background connection (F' being its curvature and



§ the corresponding covariant divergence) [7]. This corresponds to a charge renormalization.
Such a transformation obviously changes the implementers as

Vi(A) — exp (—;—2 /M tr (F[A+ AJA*F[A+ Al - F A *F)> Vi(A). (21)

It follows that the implementers as such are not unique, only for a given renormalization
prescription of the current. It may be worth pointing out that the causality requirement
(I3)) is much less restrictive: If S(A) is an S matrix fulfilling (I5]), then

S(A) = %aglilg(A)

yields another one, for any local functional A — Gz ;[A] € R. The point is that (I5) can
not restrict the local functional GG, as the supports of A7 and Ay do never intersect. By
contrast, our condition (I4]), combined with the requirement that the current defined by (I3)
is conserved, implies severe restrictions on G, leading to essentially unique implementers,
up the the ambiguity (IZD)E

Using (20), we can show that V is indeed a field. Let x : (SM, P, X) — (SM, P, X') be
a morphism. We compute

i ! . 4 :
(XXVA(A) = PeXp <_ﬁ/0 aXOTA,A-i-A/\(]A'i‘A/\(A)‘)) d)\)
i (1 4 :
= Pexp (—ﬁ/o TA A4y Ay, © Oéx(JA-yAk(AA)) d)‘>

i [t ‘ -
= PeXp <_ﬁ /O TA’,A’—I—X*A)\ (]AI+X*A>\ (X*A)\)) d)\)
= Va(x+A). (22)

In the second equality we used (@) and in third equality ().

As we argued above, ¢ 5(9) = V4(A9 — A) is a c-number for a compactly supported
gauge transformation g. A natural question is now whether this c-number only depends on
g, or also on the background A. Using the fact that the implementer is a field, 22), it is
straightforward to show that indeed

91(9) = o5(9) (23)
if B— A is compactly supported. We use (I6]) with A = A9—A, B = A+ A" and B = A+ A",

obtaining ) ) -
Tx.40(Vas (BY — A7))¢ 1(9) = ¢5(9)Va(B — A).
The equality (23] then follows from () and (22]).

Remark 3. For space-times M with non-trivial topologies, the possible obstructions for the
absence of global anomalies are different. Technically, these obstructions are classified by
the quotient set I'2°(M, P X pq G)/~, where P xaq G is the Lie group bundle associated to
the adjoint action of the structure group G on itself and ~ is the equivalence relation given

’In [I7], cf. also [I6, Chapter 2], the S matrix is fixed by an explicit non-perturbative construction,
exploiting the causality ([I5]) by cutting A into temporal slices and performing limits in which first the size
of the separation and then the size of the slices tends to 0. However, it is not shown that the result is
independent on how this slicing is performed. It is also not clear whether the thus constructed S matrices
fulfill our stronger requirements. In [I8], it is claimed that the S matrix is unique, even without assuming
(@3). However, the claim is based on the assumption that the time evolution U (s, t) in the interaction picture
is implementable and the implementation strongly differentiable, requirements that seem difficult to justify.



by compactly supported homotopy equivalences. In the case of M ~ R?, this reduces to the
d-th homotopy group 74(G). Let us consider now for example M ~ R~ xS! with the trivial
principal G-bundle P ~ M x G — M. The obstructions for the absence of global anomalies
are then given by I'®°(M, P xpq G)/~ ~ CX(R4! x S, G)/~, which contains the d—1-th
homotopy group my_1(G) as a subset. In fact, any element of m4_1(G) can be represented
(by definition) by a compactly supported function f : R?1 — @, which we can extend to
a compactly supported function f : RI1 x S' — G on M that is constant along S'. This
defines an element [f] € C(R*™! x S!,G)/~. It is easy to see that for fi, fo : R — G
representing different homotopy classes, the classes [fi] # [f2] in C°(R*™! x S!,G)/~ are
different: Any compactly supported homotopy H : [0,1] x R x S! — G between f; and
f2 induces a compactly supported homotopy H), : [0,1] x R — G between f; and fo by
fixing any point p € S! of the circle. The same argument generalizes to space-times of the
form M ~ R%* x K, with K a compact k-dimensional manifold, equipped with the trivial
principal G-bundle. A subset of the obstruction for the absence of global anomalies in this
case is then given by the d—k-th homotopy group my_(G).

The calculation of the anomaly amounts to the calculation of the implementers V. In
the following, we give a formal expressions for these, whose convergence is unclear. Except
for Section B where convergence is indeed guaranteed, these expressions will not further be
used. For free fermions, the implementers are formally given by the inverse of the formal S
matrix, i.e., '

Vi(A) = T(erla®)=t, (24)
where T denotes the time-ordered product, cf. [9]. To see this, we differentiate:

d d i
T VA = —Vi(0A) T (e ) Vi (04)

= — VA T(i4(4) eH10D) V3(24)

1 ) i
= —7R(ja(A); erdA0D) V5 (2A)
= =274 apaallaaa(4)) Va(A4).

In the third line, the retarded product defined by
R(F; eiS) - T(eiS)—l T(F ® eiS)

was introduced. In the last step, we used the integral form of perturbative agreement,
cf. [10], and the fact that the current does not depend on the background connection, cf.
). Hence, this implementer fulfills the initial condition (I8]) and the differential equation
(I9). However, it should be kept in mind that it is not clear whether the representation (24
converges (it is derived from a formal power series, but no longer has a formal parameter).

Leaving the convergence question aside for a moment, one could thus calculate the
implementer by calculating the connected fermion loops with n external legs. For simplicity,
one may choose A as a trivial connection. From the fermion loops, only the non-local part
may contribute, as the local terms are gauge invariants, and the field strength corresponding
to A vanishes. For the c-number part of the implementer, which is the relevant one for the



global anomaly, one then has

(Qo(A) 1) = (A=)

Z Z_l Z Lol - k! H Tjjj(A)k]

n=0 """ Qkottrkn=nik;>0 2

= exp (Z %Ik(A)> ;
k=2

where I,,(A) is the closed fermion loop Feynman diagram with n external gauge boson lines,
each smeared with A.

Remark 4. Analogously, one can define global gravitational anomalies [19], by replacing
changes in the background connection by changes in the background metric, gauge trans-
formations by diffeomorphisms, and the current by the stress-energy tensor.

4 Hilbert space representations

Let us discuss some consequences of our definitions for representations of our algebras on
Hilbert spaces. Assume we have a representation 7 : 2(A) — End(H). Consider now
arbitrary compactly supported perturbations A of A. The representation 7 naturally induces
representations

TA=TOTy 444" A(A+ A) — End(Ha),

where H4 = H. Physically, this means that we identify states that coincide in the past.
In particular, using the canonical identification of H 4 and H 4/, the algebra homomorphism

X AArA is implemented by the identity, i.e.

r
7TA,07—A+A’7A+A:7TA'

However, there is also another natural map between the algebras 2A(A + A) and A(A + A),
namely the advanced Mgller operator. Let us see whether this can also be implemented:

a _ o a

TA OTA LA A4 A = TAOT AL A Ar A O TAL A At A
=maorceg,4(A — A)
=7macAdy, (-4

Hence,
A OT%JFA,,AJFA(-) =UA, A)ma(-)UA, A

with
U(A', A) = ma(Vapa(A' = A))
=7 (P ara(Varaa' = 4)))
= 7(Va(A)Va(4)"), (25)
where in the last step we used (I4]). In particular, we obtain

UA", ANU(A, A) = U(A", A),
UA, A =U(A,A).



Let us note that these natural properties are a direct consequence of (I4]), which lends
further support to the usefulness of this condition.
From (23)), it is clear that for a compactly supported gauge transformation g and A9 =
Adg-1 A
plg) = U(A9 + A — 4, 4)

is a c-number independent of the choice of a compactly supported A. In the case of a global
anomaly, there are ¢’s such that p(g) # 1. How can these turn a theory inconsistent? There
is certainly no problem as long as the gauge fields are considered purely as background
fields. As in the path integral approach, one expects inconsistencies in the non-perturbative
interacting theory. Let us sketch how these manifest themselves. Of course, due to the
absence of well-developed non-perturbative techniques for quantum field theory, some of
our arguments below necessarily have to be rather formal and heuristic.

Let us consider the interacting Lagrangean %F A xF +1pIp1p and split the gauge field

as A+ gym A, where A is a fixed background and A is a perturbation. We assume that
we can quantize the system consisting of A and ¢, which leads to an algebra of observables
2A(A)** and a representation 7 on a Hilbert space H°'. In the free limit gyn — 0, the
gauge field perturbation A decouples from ), hence the algebra of observables factorizes as
A(A)r = A(A)8ee @ A(A)™matter into gauge field and matter observables, and the Hilbert
space factorizes as H' = H838¢ i Hmatter - (Notice that the matter algebra of observables
and Hilbert space are the ones we studied above.)

The interpretation of gauge transformations changes in the present setup: While before
gauge transformations were unitary maps H4 — Ha between the Hilbert spaces for the
matter theory in different background fields, the fact that we treat gauge fields dynamically
requires that both A and ¢ have to be transformed. Hence, gauge transformations in the
present setup are unitary maps H™® — H'' from the Hilbert space of the total theory to
itself. In the free limit gyy — 0, these unitary maps are supposed to factorize as

ptot (g) — pgauge (g) ® pmatter (g) . ngauge ® eratter N ngauge ® /Hmatter,
where for the matter theory we have from above

P (g) = U(g~"dg,0). (26)

For a gauge transformation g that is connected to the identity, this yields the identity
operator. However, in the case of a global anomaly, this is €*?id for a non-trivial phase ¢.
For the representation p82'¢°(g) on the free gauge fields, one expects that no global anomalies
are present, i.e., gauge transformations always act as the identity on the corresponding
Hilbert space, so that p*°'(g) = id ® U(g~'dg,0) by (8). Switching on the interaction,
and assuming continuity in gyn, the phase factor e’ must remain constant, as it can only
take discrete values. Hence, in the case of a global anomaly, we find that there is no gauge
invariant vector in the total Hilbert space #Ht.

The almost trivial character of the representation p*! may lead to the suspicion that
p'°t is simply not the correct representation to consider. After all, why not take the trivial
representation? To motivate this further, consider, following [I], the situation in a canonical
formalism, i.e., consider a fixed time-slice ¥, defined, for instance, as 2° = 0, and the
“Hilbert space” of L? functions on the space of initial data on ¥.. Gauge transformations
are then generated by the operators

QU) = gyt DiF(E) — v’ T0(7),

which are to be smeared with compactly supported Lie algebra valued functions A(Z). Gauge
invariance then dictates that this has to vanish on all physical states.

10



Let us again restrict to the free limit and the contribution of the matter part. Assuming
that j; can also be smeared with test “functions” localized on a time-slice, the matter
contribution to Q(A) is j5(B) with

Bi(x) = 6)A“(Z)6(a"). (27)

It easily follows from (7)) that this indeed yields a representation of the group G = C°(%, G)
of spatial gauge transformations. The action of the retarded Mgller operator on ¢ is given
by

T;—XJFBAw(x) =(x) — H(xO)A(f)w(w) +...,

where @ is the step function and the dots stand for terms that vanish as 2° — 0. Taking the
time-slice which is used to define Q(A) at e, one thus obtains, using (I7) and the explicit
form (2)) of the current,
[Q(A), Q(A")] = ihQ([A, A])

in the limit £ — OE This may be seen as yet another indication for the appropriateness of
condition (I4). For ¥ homeomorphic to R, we have 71(G) = 74(G), so non-trivial space-
time gauge transformations correspond to non-trivial cycles of spatial gauge transformations.
Integrating up the generators @), i.e., 7, along such a cycle yields not the identity, but again
e?id in the case of a global anomaly@ Once more, we conclude that there are no gauge
invariant vectors in the Hilbert space.

5 A one-dimensional example

As a simple example, where the anomalies can be computed straightforwardly and the
background changes are properly unitarily implemented, we consider the case of real fermions
on the line R. This was first studied in [20] in the setting of Euclidean partition functions.
Their results on the classification of anomalies are wrong, however, so the present section
also serves to correct these.

Choosing a trivialization of the principal G-bundle P — R, or equivalently fixing the
background connection A = 0, the action for the fermions in the background A + A can be
written as

i
Sita =35 /R% (6ij0r + Aij) tb; dt

where A;;(t) = AJ} A™(t) (summation over m understood) and A™ are the real antisymmetric
generators of the Lie algebra in a representation r. In the background A = 0, the v’s satisfy
the equation of motion i dy1) = 0 and fulfill the anti-commutation relations {1;(t),¢;(t')} =
hd;;. The corresponding current is

) =5 [y

As there are no ordering ambiguities, this current is conserved, and in particular condition
(I7) is fulfilled. Moreover, the implementers V' (A) are given by, cf. (24]),

- 1
V(A) =T exp <% /R?,Z)@' Aijb; dt> ;

3The order is irrelevant here, i.e., one could approach € = 0 either from positive or negative e, due to the
first two terms on the r.h.s. of (7).

“Concretely, consider the non-trivial gauge transformation ¢ in 74(G), and the corresponding interpolator
Ay = Mg~ 'dg in a trivial background A = 0. Squeezing g to be supported on the time-slice z° = 0, for exam-
ple by defining g, (2°, &) = g(z°/n, Z) and taking the limit 7 — 0, leads to Ay of the form (7). Integrating
up the generators, yields, by (20), the non-trivial implementer of the non-trivial gauge transformation.
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where T denotes anti time-ordering.
A Hilbert space representation of the algebra of smeared fields can be obtained by setting

#W(f) = Wy /]R fidt,

or, formally, 7(1;(t)) = ¥;, where ¥; are self-adjoint operators on a Hilbert space H fulfilling
{¥;,¥,} = hd;;. It follows that the implementers U(A’, A) are given by, cf. (25,

_ 1 1
U(A',A) = T exp (—\Ili\Iﬂ/A;»dt) T exp (——\I/i\IW/Ai»dt).
( ) 2% J - J 2% J R J

Following [20], let us now consider the representation R on H that this induces. For
1 <m < rank G, the generators \ of the representation r can be brought into the form

0 ot
—af* 0
AT = 0 oy ,
—ay 0

with ay the weights of r. Defining annihilation and creation operators
ap = (Va1 + i¥ay), ay = (Va1 — i¥ay),

the generators A™ in the representation R, corresponding to the A" in the representation
r, are given by

[d-/2]

A" = Z o' (agay — %),

k=1
where d,. is the dimension of the representation r and [-] denotes the integer part. The
weights of R thus have the form

6= % Z +ay.

An anomaly occurs if there is a weight of R which is non-integral for the gauge group G,
as then U(g~'dg,0) is not the identity for g € 71(G). A simple example is obtained taking
the fermions in the fundamental representation of G = SO(3).

The existence of integral weights of g which are non-integral for G is equivalent to a
non-trivial 71 (G), establishing the relation to the abstract result that a global anomaly is
possible only for non-trivial 74(G), with d being the space-time dimension[] Of course the
example is somewhat artificial, as one may remove the anomaly by re-defining the gauge
group to be the universal cover of G.

6 Perturbative agreement and the Wess-Zumino consistency

condition

Let us consider again the condition (7)) on the vanishing of the curvature E; for A, A’
being infinitesimal gauge transformations, i.e., A = dA and A’ = dA’. In that case the

5In [20], the occurrence of a global anomaly was erroneously related to the question whether the weights
of R are in the same equivalence class as those of » modulo the root lattice, leading to the conclusion that
there are global anomalies for many groups with a trivial 7.
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current evaluated at A is a c-number, so that the commutator vanishes. For the expression

on the Lh.s. of (7)), we thus obtain

FAN)(AN) — 0% (AN)j(dA) = <dA> JN) = (34, A]) - 65(dn)
5 — 5ja(A, A]) — ja(d[A, A
S vl (28)

J(A) +ja([dA, A])
)

A
.—|

~
—
~—

where the notation introduced in (II) was employed. In the first step, we used an identity
used in the proof of [10, Prop. 3.8]. In the second step we used

§5(dA)D(t) = D 5(Lal), (29)

for any field ®, where £, is the representation of A € T'S°(M,p) on the test tensor. This
is a straightforward consequence of (l) and (4)). From (28], we see that for semisimple
Lie algebras, the vanishing of the divergence of the current is a necessary condition for the
fulfillment of (I7). On the other hand, as shown in [I0], the vanishing of the divergence of
the current implies (I7) in space-time dimension d < 4.

For the computation of the global anomaly in the next section, it is advantageous to
embed the theory into a larger one which has a local anomaly, i.e., a non-vanishing divergence
of the current. However, one still wants to fulfill (I7), in order to be able to deform the
integration path in (20]). We thus investigate whether we can save (7)) by giving up the
requirement that the current is a field, i.e., by giving up covariance w.r.t. transformations
of the background field. This means that we fix a reference connection and specify other
connections by a Lie algebra valued one form A. For simplicity, we assume the reference
connection to be flat. The current ja is then allowed to depend on A, i.e., we take the
covariant current j and add an A dependent correction term Aj4. In the calculation (28],
we can then no longer use (29). Instead, in the expression on the r.h.s. of the first line of
28), we may use that §j is a c-number, so that the retarded variation coincides with the
functional derivative w.r.t. A. Hence, we obtain the condition

(5 (07)a(A"), dal) = (F5(85)a(A), dad’) = (67)a([A, A]) = 0, (30)

where d4 is the covariant differential in the background A and (65)a(A) = ja(daA). This
is the Wess-Zumino consistency condition [21], derived from the requirement that gauge
transformations of the background field are represented on the vacuum functional. Hence,
after giving up background gauge invariance, i.e., the requirement that physics should only
depend on the principal bundle connection, not on a particular choice of a trivialization, it
may be possible to get rid of the path dependence in the definition of the implementers,
even in the presence of local anomalies.

In [I0], it was shown that in dimension d < 4, the vanishing of the divergence of the
current implies that (I7)) is fulfilled also for variations A, A’ which are not gauge. We
will prove an analogous statement for the modified current, i.e., that (B0]) implies (IT) for
non-gauge variations A, A’. However, we shall explicitly use the assumption that the gauge
group is semisimple and that the (covariant) anomaly is of the form

5j1(A) = / tr (AF A F), (31)
M
where the trace is taken in some representation. As a first step, we claim that

E;(AA) :c/M tr (ANA —A'NA)NF) (32)
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as this is the unique functional linear and antisymmetric in A, A’, invariant under 64 = dA,
SAN =[A, AV] and of the correct scaling dimension, such that

E(@A,dA) = / tr ((AA A A’ — dA' A dA) A F)
M

:c/ tr ([A,A']JF A F)
~ M
= 074([A, A]).

Uniqueness follows from the fact that Ez(dA,dA’) = 0 implies Ez(A4, A’) = 0 as proved
in [10].

It is well-known [22] how to pass from the covariant anomaly (3I) to the consistent
anomaly fulfilling the Wess-Zumino consistency condition ([B30]). One adds to the current the
correction term

AjA(A')i%c/ tr (AAN(AANFA+FAnA—LANANA)). (33)
M

For the total anomaly, we thus obtain
(65)a(A) :c/ tr (AFAAFA+ 3daAAN(AANFAa+FaNA—LANANA))
M
= %C/M tr (A(dAANdA+ Fd(AN AN A))),

which is the well-known expression for the consistent anomaly. Adding (B3] modifies the
curvature E by

AEA (A1, Ag) = (55 A5a(A2), A1) — (5 AJa(A1), A2)
= —C/ tI‘((Al A Ag —AQ/\Al)/\FA).
M

Comparison with ([B2]) shows that the curvature F is indeed canceled.

Remark 5. In [9], the violation of perturbative agreement was related to a cohomological
question by noting that F is a cocycle w.r.t. a suitably defined differential. It was shown
that a violation of perturbative agreement can be removed if E is a coboundary. At least
for the Yang-Mills case, we have seen that F is always a coboundary, but in general of a
background field functional depending on the choice of a trivialization of the background.

Remark 6. There is a subtle point here: For G = U(1) and on flat space-time, one could
remove the anomaly by replacing the factor % in (33) by % In this way, one also fulfills the
Wess-Zumino consistency condition ([B0). However, the curvature E does then not vanish
(except when both arguments are exact). This shows that the condition (I7) is stronger
than the Wess-Zumino consistency condition (30]) for non semisimple G and non-generic
space-times.

7 Computation of the anomaly

For the actual computation of the anomaly, we follow the ideas of [I1}[I12]: On a topologically
trivial n-dimensional spacetime, this method requires that one may embed G as a subgroup
in H, with trivial 7, (H). Furthermore, there must exist a representation of H which upon
reduction to G yields the original representation up to the addition of trivial representations.
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Under these conditions, the global anomaly of G may be computed by integrating up the
local anomaly of H.

Let us consider the example of G = SU(2) in the fundamental representation in n = 4.
We may embed G as a subgroup in H = SU(3) and extend the fundamental representation
of G to the one of H, such that a G-gauge transformation ¢ is given by

(g9 O
9H—<0 1>'

As m4(H) is trivial, we may connect the non-trivial G-gauge transformation g (i.e. [g] =
—1 € m4(G) ~ Z3) by a path h(\) of H-gauge transformations to the identity, i.e.,

h0)=id,  h(1) = gn. (34)

The global anomaly of G can then be computed by integrating up the local anomaly of H
along this path, using (20)). For this to work, two requirements have to be fulfilled: First, it
must be possible to deform the path h to a path with background connections solely in the

G component, i.e., of the form
A0
(1) -

The path-ordered exponential (20) is path independent if (I7) is fulfilled. However, the
fundamental representation of SU(3) has a local anomaly, given by

5i(A) = 82—:2 /M tr (AF A F)

for a single generation of chiral fermionsﬁ so that (I7) is not fulfilled. According to the
discussion in the previous section, we may nevertheless achieve (IT) through a redefinition
of the current (breaking local gauge covariance), yielding a current with the consistent
anomaly

_ih
2472

(65)a(A)

It is thus this current which has to be integrated in (20). The second requirement is that
the implementer for perturbations of the form (B5]) must reduce to the implementer in the
original (unextended) theory. In particular, local gauge covariance must be restored, i.e., it
must be independent of the choice of a trivialization.

Let us sketch such a constructionfl Given a background connection A of the original
theory, choose some trivialization, obtain the corresponding A and set the background
connection of the extended theory to be Ap. Given a two-point function w for the original
background A, construct a two-point function of the extended theory to be

/ tr (Ad(AANdA+LANANA). (36)
M

wi (P, V) = w(¢, ) + wo(P3, ¥3),

where ® = (¢, ®3) in the decomposition above, ® and ¥ are test sections, and wy is some
two-point function for the supplementary singlet with a vanishing current. We now require
that for the implementers for changes of the background connection of the form (3H), we
have

Va(A)u(8) = Vi, (Ak)wr (¢, 0)- (37)

5Note that this can be computed in the Lorentzian setting [23], without recourse to Riemannian concepts.
"This paragraph is rather technical and deals with the details of how to construct the algebras 2 as
evaluation functionals. A reader more interested in the structural aspects may safely skip it.
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Here we interpreted elements of the algebra as evaluation functionals (with ¢ a configuration)
and used the “quantum functional” notation of 7], where in order to make local covariance
explicit, one does not work with an algebra with a fixed x product derived from a two-point
function w, but with flat sections over the set of all Hadamard two-point functions (flatness
being defined by the canonical equivalence relation between different Hadamard two-point
functions). The way to prove (B7)) is by noting that the implementers on both sides obey
the same ODE if one reaches A’ by a path of background changes. Namely, by assumption,
wp does not contribute to the current and also the correction term (33]) does not contribute,
as the original theory had no local anomalies (the constants dgp. vanish).

To compute the global anomaly on a trivial background connection, we proceed as fol-
lows: Given any path h(\) of H-gauge transformations as in ([34]), we set

A =h"'dh, (38)
where d denotes the four-dimensional differential. Its derivative w.r.t. A is given by
A=0\h7 dh + h 7 dorh = dA + [A, A] (39)

with
A = h"to\h. (40)

Integrating the consistent anomaly (B6]) by using (20, we obtain the following candidate for
the global SU(2) anomaly

1 1
Vo(gy'dgr) = exp <M/o d)\/Mtr(AA/\A/\A/\A)>

o 1 * 5
- P (240772 /MX[O,I] " (MH)> ’ (1)

where we used that the connection A has vanishing curvature, i.e. dA = —A A A. Moreover,

pir = tr (e A pg A e A pw A pg) € Q°(H)

is the Cartan 5-form on H = SU(3) and h*(u3;) € Q5(M x [0, 1]) denotes its pullback along
our path of gauge transformations h : M x [0,1] — H.

It remains to show that (@) implies that Vo(g;'dgn) = —1, i.e. that the global SU(2)
anomaly may be detected in our approach. Recalling that our path of gauge transformations
h : M x[0,1] — H satisfies the boundary conditions in (34]), it defines an element in the
5-th homotopy group m5(H/G) of the quotient H/G = SU(3)/SU(2). The integral in (4I))
does not depend on the choice of representative, hence it defines a mapping

75(H/G) — R, [h] — 24(];772 /S i R (%), (42)

which is easily seen to be a group homomorphism. Using as in [I12] the following exact
sequence of homotopy groups

5(H) —— 75(H/G) —— m4(G) —— m4(H) (43)

together with the normalization
sio7s [, i) =2 (44)
2407‘(‘2 S5
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for the generator [hy] of m5(H) =~ Z, we obtain the desired result that Vy(g;'dgr) = —1.
Let us explain this in more detail: Our non-trivial large G = SU(2)-gauge transformation
g represents by definition the non-trivial homotopy class [g] = —1 € m4(G) ~ Zy. Using
the exact sequence (3) and m4(H) = 0 for H = SU(3), we obtain a preimage of this
class in 75(H/G), which we may represent by a path h of H-gauge transformations as in
(B34). As the corresponding homotopy class [h] € 75(H/G) ~ Z is an odd number, the
group homomorphism property of (42]) together with the normalization (44]) implies that
the exponent in (4I]) is an odd multiple of 7i. Hence, Vo(g;{ldgH) = —1 and we have
detected the global SU(2) anomaly.

Remark 7. As discussed in Section [B] the global anomaly is not changed by compactly
supported modifications of the background connection. Hence, it is conceivable that it
depends on the asymptotic behavior of the background connection. This, however, is not

the case for the global SU(2) anomaly, i.e., for a generic background connection A we

have V(A9 — A) = —1, where g is a G-gauge transformation representing the non-trivial
homotopy class [g] = —1 € m4(G) ~ Zs. Instead of (B8], in the present situation we have to
take

A=AM— 4,

where h is a path of H-gauge transformations as in ([B84]). Instead of (39]), the A-derivative
then reads as

A=dA+[A" A]
with A given by ([@0). It is convenient to regard A as the 5-th component of the 5-dimensional
H-gauge potential on M x [0,1] given by

Al = A" 4 AdXN = htAn+ h7ldh, (45)

where d is the 5-dimensional de Rham differential on M x [0, 1]. Integrating the consistent
anomaly (B6]) by using (20]), we obtain after some simplifications

- - 1
V(A9 — A) = exp (2472 /M - CS5(Ah)> ,
X1,

where
1 1
CSs(A") = tr <Fh/\Fh/\Ah— §Fh/\Ah/\Ah/\Ah+1—0Ah/\Ah/\Ah/\Ah/\Ah>

is the Chern-Simons 5-form and F* = dA" + A" A A" is the 5-dimensional curvature. Using
that by (@3) A" is obtained by an H-gauge transformation of the 4-dimensional gauge
potential A, the transformation property of Chern-Simons forms together with CS5(A4) = 0
(because A is independent of A\ and has no d\ component) implies that

1 / h 1 / x5
— CS;(A") = h .
2472 Jarxo,] 5(4%) 24072 Jprxj0,1] (vi)

Hence, we obtain the same expression for the global SU(2) anomaly as in the case A = 0
above, cf. ().
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