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The topological properties of field configurations in gauge theory contain important data about the
(generalized) global symmetries of the theory as well as potential inconsistencies in the form of gauge
anomalies. In this work we modify the topological classes of Abelian p-form fields, generating new global
variants of gauge theories. These modifications implement constraints directly on the classifying space of
the gauge field and its cohomology classes via homotopy fiber construction. This general approach allows
us to investigate the universal effects of the constraints on the conserved global charges encoded in gauge
characteristic classes. We further demonstrate that this procedure generically leads to new topological
sectors introducing additional global charges and anomalies in the modified gauge theories.
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I. INTRODUCTION

Nature’s fundamental interactions are very effectively
captured by quantum field theory. This involves the
appearance of particles that transmit the forces which are
the excitations of the underlying gauge field. These gauge
theories are further subject to redundancies associated to
gauge symmetries whose breaking would render the theory
inconsistent. This remains to be true after the inclusion of
quantum corrections and demands the absence of so-called
anomalies that classify the properties of the partition
function under gauge transformations. Moreover, the par-
tition function splits into separate sectors which correspond
to topologically distinct gauge field configurations. Since it
is the topological features of the fields that specify the
individual sectors, they are invariant under continuous
deformations and can be thought of as defining conserved
charges. The goal of this work is to modify the topological
properties of gauge theories and study how this affects
the topological charges as well as anomalies of the under-
lying theory.

While 1-form gauge fields can describe Abelian or non-
Abelian gauge equivalence, their higher-form variants are
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generically Abelian. These Abelian p-form fields fre-
quently appear in higher-dimensional supergravity theories
as well as string theory. Even in the Abelian case the
theories are far from trivial and present many interesting
phenomena. Many of these are described by the analysis of
their generalized (categorical) symmetries [1] (see [2—4] for
reviews) which have advanced our understanding tremen-
dously within the last years.

One class of generalized symmetries, typically called
magnetic (higher-form) symmetries, originates from the
fact that the field strength is closed. In case of a p-form
gauge field the field strength is described by a (p + 1)-form
F(P+1) and defines a conserved current j ~ xF(P+1)

dxj~d* (xFPt))y = £q4FP+) =0,  (1.1)
Since the same is true for a power (wedge product) of the
field strength this leads to a whole set of (composite)
conserved currents, e.g., for p odd one can define the k-fold
product current,

dx (x(FPt) A . A FPH)) =0, (1.2)
Each of these currents is associated to a generalized global
symmetry, sometimes referred to as Chern-Weil symmetry,
[5] (see also [6]). The corresponding conserved charges are
given by the integral of *j over a submanifold of appro-
priate dimension, which in the case above can be written as

0~ (FPt) A . A FPHD),

itk

(1.3)
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This formula suggests a close connection between these
generalized higher-form symmetries, their conserved
charges, and the characteristic classes of the underlying
gauge theory. This follows simply from the fact, that the
characteristic classes on a spacetime manifold X are given
by elements of H*(X;Z) pulled back from the associated
classifying space (see, e.g., [7.8])." Since these classes are
closed by definition they describe conserved quantities
which include the U(1) Chern-Weil symmetries above, but
as cohomology classes with integer coefficients they can
also include discrete Z; torsion charges. Thus, the char-
acteristic classes of gauge theories are an important piece of
information for a full understanding of the gauge theory
and its (generalized) symmetries. This is further corrobo-
rated by the fact that typically the values of these character-
istic classes split the gauge theory in topologically distinct
sectors which need to be summed over in the full partition
function.

This raises the question of whether there can be theories
that differ in these symmetry sectors. Such modified
Abelian gauge theories and their construction are the
subject of this work. In particular we construct theories
where some characteristic classes, i.e., elements of
H'(X;Z), are restricted to satisfy certain constraints.
This procedure can be understood as a modification of
the underlying global higher-form symmetry and leads to
(global) variants of Abelian p-form theories.

The technique that we use in order to implement such
constraints is insensitive to the choice of spacetime mani-
fold X because it directly modifies the classifying space.
This is because characteristic classes on X, come from (the
pullback of) cohomology classes of the classifying space
itself. The concrete implementation uses what is known as a
homotopy fiber construction, see, e.g., [8], which can be
understood as gluing additional cells into the classifying
space trivializing the wanted (co)homology classes.
However, these constructions tend to also introduce addi-
tional characteristic classes, which come from the imple-
mentation of the constraint. Thus, we find that while we can
get rid of certain conserved global charges this often comes
at the price of introducing new ones. Interestingly, the
homotopy fiber construction also provides a physical
interpretation for this since the modified classifying space
can be understood as the total space of a fibration, with the
original classifying space appearing as the base space.
While the fibration can trivialize cohomology classes of the
base, the fiber in general introduces new ones, which are
precisely the additional classes we encounter.

While this type of modification might seem exotic, we
know several examples where similar constraints are
implemented. Most prominently, this appears in the cou-
pling of non-Abelian gauge dynamics to gravity and is also
manifested in the Green-Schwarz anomaly cancellation

'We work in Euclidean signature.

mechanism [9], where the presence and transformation
properties of a 2-form field trivializes otherwise conserved
currents by making them exact, and hence trivial in
cohomology. An explicit example would be

dH®) ~ F) A FO), (1.4)
where H®) is the (gauge invariant) field strength of a 2-
form field. Such an equation is also called the Bianchi
identity. Since, here, we are working with cohomology
classes with integer coefficients, we are also sensitive to the
proportionality factor in (1.4) as well as torsion classes. In
string theory and supergravity examples one further can
include characteristic classes of the tangent bundle account-
ing for a gravitational contribution as is the case for the
original Green-Schwarz mechanism in heterotic string
theory. Here, we focus on the field theory side without
the appearance of the curvature 2-form in the constraints,
and we analyze how a modification of the gauge theory
affects its characteristic classes and anomalies.

Our main topic is the modification of U(1) p-form gauge
theories, whose classifying space B”U(1) is given by the
Eilenberg-MacLane space K (Z, p + 1), which is defined to
have a single nontrivial homotopy group z,,(K(A,m)) = A
in positive degree. An analogous approach could be used
for discrete Z, p-form gauge theories with classifying
space K(Z,, p). Implementing a constraint on a character-
istic class in H*(X; Z) describes the modified classifying
space as a fibration of K(A, k — 1) over BPU(1) (where A is
an Abelian group). This suggests that the constraints are
enforced by the mixing with higher-form fields with gauge
group A, very similar to what happenes in the Bianchi
identity (1.4) above and leads to a so-called higher-group
symmetry (see, e.g., [10-12]). In this sense the homotopy
fiber approach is very physical, but also general in that it
does not need the specification of the number of spacetime
dimensions, spacetime manifold X, or the explicit formu-
lation at the level of a Lagrangian. The resulting theory will
have a different set of conserved charges and therefore a
different set of (generalized) symmetries.

These modifications have further consequences for the
possible gauge anomalies. For perturbative anomalies this
can be be seen rather straightforwardly from the fact that
the anomaly polynomial, which encodes the nontrivial
phase of the partition function under small gauge trans-
formations, is built out of characteristic classes of the gauge
theory. Thus, once one restricts the characteristic classes,
also the gauge anomalies are modified. Including diffeo-
morphisms, one can further include the characteristic
classes of the tangent bundle and find additional constraints
capturing mixed gravitational anomalies which might also
be modified. However, the newly introduced characteristic
classes might lead to additional anomalies, which were
absent before and demand extra consistency conditions. For
nonperturbative anomalies (including diffeomorphisms)
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the analysis becomes more tricky and potential anomalies
are classified by nontrivial bordism classes, [13—-19], for
which the gauge theory characteristic classes are important
input data. That a modification of a gauge theory should
have an influence on the anomalies of the underlying theory
should not come as a surprise since this is exactly the
purpose of the Bianchi identity in the Green-Schwarz
mechanism, whose more global versions have been studied
in for example [20-31]. The application of the homotopy
fiber construction for fermion anomaly cancellation was
further discussed in [32], from which we adopt many of the
relevant techniques.

Since the mathematics involved can be quite heavy (see
[18,33-35]), we try to illustrate the general principles in
various explicit examples. In particular, we will be inter-
ested in D-dimensional Maxwell theory, i.e., with U(1)
1-form field, whose first nontrivial characteristic class, the
first Chern class, ¢; € H*(X; Z), remains unmodified, but
whose composite class c% is subject to some constraints.
For the constraints we primarily focus on a “mod n”
constraint with ¢7 mod n € H*(X; Z,,) being trivial; and a
“times n” constraint with nc? € H*(X; Z) being trivial. The
effect on the local dynamics of these theories depends on
the way they are implemented at the level of differential
cohomology and goes beyond the topological analysis of
the homotopy fiber in the main part of this work. We
comment on this issue in the Appendix A. Nevertheless,
even on the topological level we find interesting new
characteristic classes and modifications of the gauge
anomalies of these global modifications of Maxwell theory.

The rest of this work is organized as follows: In Sec. 11
we discuss the topological sectors of gauge theories with
focus on U(1) p-form fields, and their relation to character-
istic classes. We will also introduce the two restrictions;
“times n” and “mod n,” which we will implement through-
out this work. In Sec. III we explain the realization of the
constraints using the homotopy fiber construction and
demonstrate the evaluation of the characteristic classes
of the new theory H*(Q; Z) in various interesting examples.
We further explore what happens in case one wants to
implement more than one constraint. In Sec. IV we further
include gravitational information for some of the discussed
examples and explore the oriented and spin bordism
groups of the modified gauge theories which classify the
potential anomalies of the modified theory. We point out
various applications and generalizations of the techniques
described here in Sec. V. In Appendix A, we connect
Bianchi identities and the homotopy fiber construction
and further discuss different ways to implement the con-
straints beyond the topological level. We provide the
cohomology classes of Eilenberg-MacLane space of the
form K(Z,m) and K(Z,,m) in the Appendix B and
determine some bordism groups we use in the main text
in the Appendix C.

II. TOPOLOGICAL SECTORS OF ABELIAN
GAUGE THEORIES

In this section we describe the topological sectors of
Abelian p-form gauge fields. In particular, we describe how
the different gauge configurations are distinguished by their
realization of characteristic classes. These characteristic
classes can be understood, by pulling back the nontrivial
cohomology classes from the classifying space BG to the
spacetime manifold X. We then describe two possible
modifications of the topological sectors, which can be
understood as a modification of the magnetic, sometimes
also called solitonic, (higher-form) symmetries. While we
focus on Abelian, especially U(1) gauge fields, an analo-
gous approach also works in other cases.

A. Abelian gauge fields and differential cohomology

A convenient way to describe U(1) p-form fields uses
differential cohomology, see, e.g., [36,37] and [38,39] for
reviews. A U(1) p-form field is fully described by a
differential character, i.e., by an element of I:IP“(X).
This differential character contains information about both
the topological features of the configurations as well as the
continuous information encoded for example in the con-
nection or field strength.

For our purpose it will be useful to consider one of the
short exact sequences describing 7! (X), given by

Q7 (X)

00—
QL (X)

- HPYY(X) - HPHY(X;Z) - 0. (2.1)

Here, Q7 (X) [Q5(X)] denote differential p-forms (with
integer periods). The first entry, can be understood as the
topologically trivial fields, where the U(1) gauge field is
defined as a global differential form Q7 (X), up to (large)
gauge transformations Q% (X). The last entry, H?*!(X; Z),
captures the topological class [N(7*D] of the gauge
configuration in integer cohomology, whose representative
cocycle is given by N1, For a U(1) p-form field, this
decomposition of a differential character A € HP*)(X)
also motivates a split of the path integral into a discrete sum
over topological sectors, labeled by elements in
HP*(X;Z), and a continuous integral over topologically
trivial differential characters &€ H”'(X) which we

write as
/ DA — Z / Da.
i

In the following we will be interested in modifying the
discrete sum by restricting the allowed topological classes
of the gauge theory. However, we will not only modify the
topological class in H”*!(X;Z), but also more general

(2.2)
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FIG. 1.

characteristic classes in higher degree, e.g., powers of the
topological class (N?*1))* In the case of a U(1) 1-form
field described by an element in /7>(X) we will also use the
common notation

[IN®)] = ¢, e H*(X; Z2), (2.3)
in terms of the first Chern class of the bundle.

The fate of the continuous integral over & above, goes
beyond the topological data of the classifying space and
depends on the particular implementation of the modifi-
cation, as we argue in the Appendix A. In the following we

concentrate on the topological features that modify the
discrete sum.

B. Characteristic classes and classifying spaces

Every topological class of a gauge configuration with
gauge group G on the spacetime manifold X can be
identified with a homotopy class of maps from X into
the classifying space BG (see, e.g., [7,40]),

f: X - BG. (2.4)
For that reason f is called the classifying map. Note
however, that there is more physical data in the gauge
configuration, e.g., the choice of connection, which
requires information beyond the topological class.
Denoting the homotopy class of a map from X to BG,
by [X,BG] each separate class defines a topologically
distinct gauge configuration. Since the topological sectors
of the gauge theory are distinguished by characteristic
classes, these must be part of the information of the
classifying space BG.

Indeed, the possible characteristic classes of the gauge
theory can be identified with nontrivial elements of the
cohomology of the classifying space, sometimes also
referred to as group cohomology, H*(BG;Z). The char-
acteristic classes of a particular gauge background on X,
specified by the homotopy class of its classifying map f,
are then obtained by pulling back, f*, the cohomo-
logy classes H*(BG;Z) to spacetime. Since these are

X =172

Tlustration of classifying maps f from X = S' and X = T2 to the classifying space of a periodic scalar field, K(Z,1) ~ S'.

integer-valued classes, they remain constant under con-
tinuous deformations of the map f, exactly as we would
expect since only the homotopy class [X, BG] enters. Let us
discuss this in some simple examples.

One can understand a periodic scalar field ¢ ~ ¢ + 27 as
a O-form U(1) gauge field (the “large gauge transforma-
tions” make the scalar periodic). The associated classifying
space is given by S', the circle, which is also an Eilenberg-
MacLane space, K(Z, 1) (see [8]). The topological classes
of this periodic scalar field are then classified by homotopy
classes of maps from X to S'. Since in positive degree the
only nontrivial cohomology group of the circle is given by
H'(S';Z) = Z, the topological classes of periodic scalars
are fully classified by specifying the pullback of this class
under the classifying map f, i.e., specifying the corre-
sponding element in H' (X; Z). In the case that spacetime X
is also given by a circle, we know that homotopy classes of
maps from X to BG ~ S! are fully specified by an integer n,
which describes how often X winds around BG, see Fig. 1.

This defines the value of [, N, {,, ) ie., the w1nd1ng of the
periodic scalar around the spacetime circle.? Denoting
the generator of the cohomology group by v, € H'(S'; Z),
one has

[(f*@l):Ax”l:/nsl vlzn/S] o=n  (25)

Similar, considerations can be done for higher-dimensional
X, where one can determine the winding number of ¢
around the nontrivial 1-cycles of X in the same way. For the
torus, 72, for instance, the homotopy classes of maps
T? — S' are specified by two integers, which characterize
the winding numbers of the periodic scalar around a basis
of 1-cycles (with representatives S} and S%), Fig. 1.

Next, let us move to U(l) I-form gauge fields, i.e.,
Maxwell theory. In this case the classifying space is
infinite-dimensional and given by the infinite-dimensional
complex projective space

*We avoid the use of dg since ¢ is not globally well defined
due to large gauge transformations.
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BU(1) ~CP® ~K(Z,2), (2.6)
which again can be identified with an Eilenberg-MacLane
space. While this seems to present a significant complica-
tion when compared to the periodic scalar field the logic
proceeds analogously. The different topological sectors are
described by homotopy classes [X, BG], and the character-
istic classes on X can be obtained via pullback. For
example, the first Chern class ¢; € H*(X; Z) is obtained
by pulling back the generator of H?(CP®;Z) = Z which
we denote by v,. For X = §? ~ CP!, there is again the
analog of a “winding number” which here characterizes the
magnetic flux through S2, since homotopy classes of maps
[§?; CP] are described by H?(S%;Z) = Z, which can be

identified as
/C1=/f*(vz)-
52 s2

However, as opposed to the circle above, CP* has more
nontrivial cohomology classes, which correspond to
powers of the generator v,, since H*(CP*®;Z) = Z[v,].
For a four-dimensional spacetime manifold X, and using
naturality of the cup product, one can define

(2.7)

[ (0U00) = (1) Uf (02) =c Ui €HY(X;Z), (2.8)
a characteristic class of higher degree.

The classifying space of a U(1) p-form field is given by

BPU(1)~K(Z,p + 1), (2.9)

which again can be identified with an Eilenberg-MacLane
space. We see that the topological classes of the higher-
form gauge field can be identified with homotopy classes
[X,K(Z, p + 1)] from spacetime into the classifying space,
which are isomorphic to H?*!(X; Z). This is exactly as
expected from our discussion of differential cohomology in
Sec. II A, where the topological class was determined by
[N(P+1)] € HP*!(X; Z). More general characteristic classes
can then be obtained by pulling back cohomology classes
of the Eilenberg-MacLane spaces K(Z, p + 1) of higher
degree to X.

Our goal is to restrict the allowed values of characteristic
classes on X, for which we need to modify the classifying
spaces BG.

C. Modifications of topological sectors

In this work we explore how to describe a modification
of the sum over topological sectors of Abelian U(1) p-form
gauge theories. For U(1) global symmetries associated to
characteristic classes valued in Z, we consider the follow-
ing two modifications:

(i) The “times n” constraint: n[N(PT1)]k = 0 e H*P+k x

(X;Z): The case n = 1 enforces the characteristic

class to be topologically trivial. It can be understood
as gauging the full associated U(1) symmetry. For
n# 1, this still presents a gauging of the full
associated U(1) global symmetry,3 but there is a
discrete remnant in terms of potential torsion classes
in H*’*%(X;Z). These can be understood as the
topological classes of a (kp + k — 1)-form Z,, gauge
field, since these correspond to the image of
H*P+k=1(X, 7,) in H*P*k(X; Z), via the Bockstein
map fz explained below.
(i) The “mod n” constraint: m,([NP+D]¥) =
0 € H*P+k(X;7,): This constraint implements that
the mod n reduction m,, of a certain characteristic
class vanishes and can be regarded as the gauging of
a Z, subgroup of the associated U(l) global
symmetry.
Thatindeed we are dealing with a nontrivial gauging becomes
clear in later sections, using spectral sequences techniques,
where the trivialized characteristic classes become the target
of a differentials making them exact. For continuous U(1)
symmetries this precisely corresponds to the definition of
gauging in [5], in which the associated charge density
becomes exact and does not lead to a conserved charge when
integrated over closed submanifolds.
The two constraints above are closely related as can be
seen by considering the long exact sequence in cohomol-
ogy associated to the short exact sequence

0—z-5%72527,—0, (2.10)
given by
e H(X:Z,) 25 B (X, 2)-5 H (X Z)
I H (X, Z,) — HH (X, Z) — ... (2.11)

Here, 3, denotes the Bockstein homomorphism associated
to (2.10) (see [8]).

The times n constraint demands that the modified
characteristic class is in the kernel of -n, which by exactness
means that it is in the image of 5, i.e., there is a class
x, € H*+%=1(X;7,) such that

Pz (x,) = [NWVIE, (2.12)
The mod n constraint on the other hand means that the
modified characteristic class is in the kernel of m, and

hence by exactness in the image of -n, i.e., there exists an
x € H**(X; Z) such that

3This can also be understood at the level of symmetry generator
(see for example [1]) exp(i2 [[N(PD]F) = exp( [ n[N(PD]F)
which is trivial for U(1) parameter a.
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nx = [N(P+D]k, (2.13)
Note that these two properties are not mutually exclusive,
as we will also see in Sec. III E.

Let us now describe how we can implement these
constraints very efficiently in a model-independent way.

III. THE HOMOTOPY FIBER CONSTRUCTION

In this section we implement the modification of the
Abelian gauge theories discussed above, using a homotopy
fiber construction, see [8] [Sec. IV.3] as well as its
applications in [32]. This procedure does not require the
explicit implementation at the level of the Lagrangian,
whose connection to Bianchi identities we discuss in the
Appendix A, but rather proceeds via a modification of the
classifying space of the underlying gauge theory.

A. The homotopy fiber

Since our goal is to restrict the “allowed” characteristic
classes on X, we can achieve that by modifying the
classifying space of the underlying gauge theory. In
particular, we want a new space (Q, which has a map p
into the original BG, but has restricted homotopy classes of
maps [X, Q] as compared to [X, BG|. To be more precise,
we want that a map [X, BG] only lifts to a map [X, Q], if the
restriction on the characteristic classes is satisfied. Such a
space can be constructed as the fiber in a fibration of the
form

0-5 BG5Sy, (3.1)
where the space Y and the map « are chosen to implement
the constraint. This construction guarantees that a map f
from X to BG lifts to a map f, from X to Q if and only if

aof =0, (3.2)
meaning that the map is in the trivial class [X,Y]. The
homotopy fiber Q constructed in such a way is unique (up
to homotopy).

Next, let us consider how to choose Y and a for the type
of constraints defined above. For that we note that we aim
for a restriction of characteristic classes on X, i.e., elements
of H"(X;A). Thus, to implement such a constraint we
ideally would like Y to be sensitive to that, but only that
information. Indeed, these spaces are known and given
precisely by the Eilenberg-MacLane spaces K (A, m).4 To
be more specific, the homotopy classes of maps from X to

*One can alternatively choose the base space to be ¥ = E,,
where E,, is a classifying space for the generalized cohomology
E™(X). This would correspond to a modification of the so called
solitonic symmetries corresponding to the generalized cohomol-
ogy theories, see [41].

K(A,m) are in one-to-one correspondence with cohomol-
ogy classes H"(X;A)

[X;K(A,m)] ~ H"(X;A). (3.3)
In some sense Eilenberg-MacLane spaces can be under-
stood as very simply spectra, that define cohomology
theories in exactly the way described above. They can
also be understood as the minimal choice, since the
homotopy classes of maps exclusively depend on this
particular cohomology element.

Having identified the spaces K(A,m) as natural choice
for Y, we now turn to the maps a. Due to the properties just
discussed, we know that homotopy classes of a are fully
determined by

[BG,K(A,m)| ~ H"(BG;A). (3.4)
Pulling back these elements to X, we choose « in such a
way that it corresponds to the characteristic class that
should be trivialized. With BG, Y, and «a fixed, the space Q
naturally appears as fiber in the sequence (3.1) above. Let
us again try to illustrate this in several simple examples.

Let us once more consider the periodic scalar field ¢ with
associated classifying space S'. Since the only cohomology
class in positive dimension is given by H'(S'; Z) = Z, the
only spaces Y we want to consider are of the form K(A, 1).
And to be more precise we choose A to be a free Z or cyclic
Z,, group, leading to

K(Z,1)~S", K(Z, 1)~L® ~BZ,. (3.5)

The first choice is appropriate to implement the times n

constraint, for which we choose «a in the class

nv, €H' (S, 7) ~[S, S1]. (3.6)

Thus, a is an n-fold covering. The fiber is thus given by Z,,,

which is 0-dimensional. From that we learn that, for any X,

implementing the constraint nf*(v;) =0€H'(X;Z)
trivializes all topological sectors, see Fig. 2.

The second choice of Y allows us to implement the mod
n constraint, in particular we have that a is described by a
class in

[S',BZ,|~H'(S\;7,)~2Z,. (3.7)
Choosing it to be given by e>*/" € Z,,, will successfully
restrict f*(v,) € H'(X; Z) to vanish in H'(X;Z,).” Here,
the homotopy fiber Q can be interpreted as an n-fold
covering of S', since those map to the trivial class in
[S',BZ,]. From this construction we find that

3One could also choose other elements e27i/™

to n.

with k coprime
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oo f=(2a,2b)
Q 0 .

[ ] [ ] —_—

only lifts for:

(a,b) = (0,0) \ fT (a,b) € HY(T% 7)
s
FIG. 2. Tllustration of the homotopy fiber construction of the

times n constraint for a periodic scalar field (for X = 72 and a a
double cover). Here, f*(v,) = (a,b) €H'(T?;Z) denotes the
pullback of the fundamental class of the circle, v, with respect

to f.

f*(v)) € H'(X; Z) needs to vanish mod n, in order to lift to
0, exactly as intended, see Fig. 3.

Below we will study more interesting examples where
we modify the characteristic classes of U(1) p-form fields,
but before that let us describe Q in a way that will be more
convenient for us. The sequence (3.1) can be extended to
the left, leading to a description of Q itself given as the total
space of a fibration

7 — 02 BG. (3.8)
The fiber Z is homotopically equivalent to QY the loop
space of Y. Luckily, the Eilenberg-MacLane spaces have a
nice behavior under © and one has
QK(A,m)~K(A,m—1). (3.9)
With Q given as a total space of a fibration and the
knowledge of the cohomology of the fiber and base, we can
use spectral sequences techniques in order to extract the
cohomology classes
H(Q;7), (3.10)
which correspond to the new set of characteristic classes of
the modified gauge theory (after pullback to X via f *Q).6 In
the following we will find that while the restrictions are
successfully implemented, there can be new characteristic

classes, i.e., new conserved global charges, originating
from the K(A, m — 1) fiber.

®An explicit way to construct Q is to consider a path fibration
of K(A,m) ie. K(A,m—1)— PK(A,m) - K(A,m) where
PK (A, m) is the space of paths in K(A, m) starting at the based
point and which is homotopically trivial. O can be constructed as
a pullback of this fibration with the map a, i.e., Q ~ a*PK(A, m)
and one automatically obtains the fibration structure [42].

ao f = (amod 2,b mod 2)

Q RP>

I

liftsfor:a,b€2£\ fI a,b) € HY(T?%Z

FIG. 3. [Tllustration of the homotopy fiber construction of the
mod 7 constraint for a periodic scalar field (for X = T2 and a the
nontrivial element in H'(S';Z,), i.e., n = 2).

a =mod 2
_—

Even though the low degrees make the examples above
somewhat special, let us try to apply this strategy. One has
QK(Z,1)=K(Z,0)~=Z, (3.11)
This means that we obtain Z, as a fibration of Z over S'.
This can be made more explicit by noting that pt ~ R and
the fact that fibering Z over S' can turn it into a line. The
fibration is defined such that going around the base circle
relates points in Z which are n steps apart. One therefore
obtains R®" ~pt®" ~ 7, as the total space, see Fig. 4.
Similarly, for the mod n constraint one has
QK(Z7,,1)=K(Z2,,0)~2Z,, (3.12)
and the fibration of Q, being the n-fold cover of the base
circle has indeed a fiber given by Z,, reproducing the
fibration structure depicted in Fig. 2. This relation of the
two different fibration structures once more suggests the
relation between the times » and mod » constraint.
Let us now move to the discussion of U(1) 1-form gauge
fields.

B. Warm-up example: Modification of ¢,

As a warm-up example we consider the modification of
the first Chern class in a U(1) gauge theory as described in
Sec. I C.

FIG. 4.
over S!.

Illustration of Q in times n constraint as Z fibered
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For the times n constraint, we construct the homo-
topy fiber similar to the construction for the periodic scalar
above’

0 — BU(1) — K(Z.2), (3.13)
where the map «a is multiplication by n in the following
sense. From the discussion in Sec. II B, we know that the
homotopy class of a is determined by

[BU(1),K(Z,2)] ~H*(BU(1);Z) ~ Z. (3.14)
Let us denote the generator of H>(BU(1); Z) by v,, then we

can identify the different maps a with an element nv,, which
is obtained via pullback

a*(v,) = nv, € H*(BU(1); Z). (3.15)
Thus, to lift to a map into Q, one needs
fH(nvy) = nf*(vy) =nc, =0€H*(X;Z), (3.16)

to be trivial in cohomology, as desired.

Let us start by considering n = 1, in which case we can
choose a to be the identity map. However, this means that
Q itself is a point, whose cohomology classes H'(pt; Z) in
positive degree vanish identically. Indeed, this means that
the new gauge theory with classifying space Q has no
nontrivial characteristic classes. One nevertheless has a
nontrivial theory since one needs to integrate over topo-
logically trivial gauge fields, which in particular do not
need to be flat (F = 0)." Taking loop spaces one can
rephrase Q as

K(Z,1)~S' - Q —» BU(1), (3.17)

i.e., as a circle fibration over BU(1) and another way to

interpret Q is given by the universal bundle EU(1) which is

contractible and therefore can be identified with a point.

Since further S' ~ BZ and Q ~ BR one can think of this

fibration as a fibration of classifying spaces corresponding
to the exact sequence of groups

0->Z<R->U(l) -0, (3.18)

with an intriguing relation to gauge fields with gauge group

R, which recently featured in the description of symmetry

topological field theories for continuous symmetries, see,
e.g., [43,44].

"Even though BU(1) ~ K(Z,2), we use BU(1) to distinguish
between the base and the total space.

In fact, in Euclidean space R one could not distinguish
between the two versions of U(l) gauge theory, since the
cohomology of spacetime is trivial.

q q

A~ BN

2 2

1 Z . Z.n Z_m
oz\"z\"z\
> D N

0O 1 2 3 4 5 0O 1 2 3 4 5

FIG. 5. EN? and EL? page of Q implementing nc; = 0.

Now consider n > 1, extending to the left we again find

K(Z,1)~S"- Q - BU(1), (3.19)
but with different fibration structure as compared to (3.17).
With the cohomology of S' and BU(1) known, we can
apply the Leray-Serre spectral sequence (LSSS), [33,34]
and [32,45] for recent applications, whose second page is
given by

ENY = HP(BU(1); H1(S';2)) = HP™(Q;Z),  (3.20)
and summarized in Fig. 5. We also draw the differentials
which indicate the nontrivial fibration and trivialize nc.
Since there can be no other differentials the E%? page is
fully determined and also depicted in Fig. 5. There are no

extension problems and one finds the integer cohomology
of Q to be given by

k=0,

k > 0, even, (3.21)

Zs
Hk(Q; Z) = Zn ’
0, otherwise.

This precisely matches our expectations that requiring nc; to
be trivial also restricts the higher topological classes ¢} to
respect

nck = (ne))c-! = 0e H*(X; Z). (3.22)

In fact, we see that the cohomology groups of Q coincide
with that of K(Z,, 1) ~ BZ,, and the two theories have the
same classes of topological sectors.”

“The fact that the cohomology groups agree is not sufficient to
show that the two spaces are homotopy equivalent, but is
necessary if they are. One way to see that these spaces agree
follows from the fact that BZ, is part of the fibration BZ, —
BU(1) —» BU(1) induced by the exact sequence of groups
0->7Z,-U(l) > U(l) > 0, so it can be realized as a total
space of the same fibration as in (3.19). Since this fibration is
fully classified by the Postnikov class a € H*(BU(1);Z) = Z,
i.e. by a choice of an integer m € Z, we see from the computation
above that obtaining the desired cohomology one needs to take
m = n meaning that BZ, is the total space of the same fibration
as our Q so they must be equal up to homotopy.
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FIG. 6. EN? = EX? page of Q implementing m,,(c;) = 0.

The intuition behind this is as follows; the constraint
ncy = 0, requires the image of ¢; in the free part of
H?(X;Z) to be trivial. While this does not mean that the
gauge configurations are flat, it means that each gauge
configuration is continuously connected to a flat gauge
field, which one can take as the representative of the
topological sector. Thus, the topological data is fully
specified by an element in H'(X;U(1)). After specifying
n the relevant data reduces to the image of H'(X;Z,) in
H?(X; Z) under the Bockstein map f37, see (2.11), precisely
the topological class encoded by a Z, gauge field.

Let us move to the mod n constraint, i.e., the triviali-
zation of m,(c,) € H*(X;Z,). Here, we use a homotopy
fiber constructed as

0 — BU(1) - K(Z,,2). (3.23)

The second map is defined such that it pulls back the gene-

rator u, € H*(K(Z,,,2); Z) ~ Z,, to the generator m,,(v,) in

H?*(BU(1);Z,) ~ Z,. Extending to the left we find

K(Z,,1)~BZ, - Q — BU(1), (3.24)

which suggests that the constraint involves the topological

classes of a Z, 1-form field, whose classifying space appears

as the fiber. Again, we know the cohomology groups of both

base and fiber and can apply the LSSS, whose second page
coincides with the co-page and is provided in Fig. 6.

There can be no differentials and the only thing one
needs to resolve are extension problems, since for example
one has

0—>Z-H*Q;Z)—> Z, -0, (3.25)
and there are several options, including Z and Z @ Z,,
where d divides n. To resolve this, we can run the same
spectral sequence, but this time for cohomology with Z,
coefficients. For that, consider the LSSS with the second
page:

q q
5 Zn L, Ly,
~ ~ ~_
4 Z7l Z"l Z"L Zn
3 Z7l Z"l Zn
\
270 Yz, Yz, Zn
1 Zy Ly, Ly,
~ ~ ~_
0 Zn /s /s Ly,
0o 1 2 3 4 5 b 0O 1 2 3 4 5 rb
FIG. 7. EY?and E%? of Q implementing m,,(c;) = 0 with Z,,
coefficients.

EY" = HP(BU(1); HY(K(Z,,1); Z,)) = H"*(Q3 Z,),
(3.26)

given by Fig. 7. Because we want H?*(BU(1);Z,) =
E%’O—»Ecz,go C H?*(Q;Z,) to be zero we require the differ-
ential d,: Ey' — E2° to be an isomorphism. To determine
other differentials we can use the ring structure of
H'(K(Z,,1);Z,) given by (B12) or (B13) and the fact
that differentials respect the ring structure. To be more
specific, with x and y denoting the generators of
H'(BZ,;7Z,) in degree 1 and 2, respectively, we require
drx = m,(vy), (3.27)
from which we see that d,(xv,) = m,,(v3), which means
that d,y = 0. Thus, we obtained the full action of d,, which
enables us to determine the third page E5, which in this case

is the oco-page, see Fig. 7. From there we read off the
cohomology groups

Z,, k=>0,even,
) (3.28)
0, otherwise.

w0z, - |
Now using the universal coefficient theorem for cohomol-
ogy, [46],

H*1(0:7,)~H*(0:2) ® Z,

@ Tor(H*(Q;7);Z,) ~0  (3.29)
we can solve the extension problem in Fig. 6 by realizing
that if there were any finite part in H**(Q; Z) the torsion
functor in the universal coefficient theorem would be
nontrivial, leading to a contradiction with the computation
above. The conclusion is that one has the maximal non-
trivial extension and the correct cohomology groups are

Z, k>0,even,

} (3.30)
0, otherwise.

HYQ;7) = {
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Now, these seem to be identical to H'(BU(1);Z) but the
extensions lead to a different normalization. While pulled
back from BU(1) the topological class ¢/ takes arbitrary
integer values they are divisible by n* when lifting through Q.
Thus, the Z-valued topological classes for Q are schemati-
cally given by # X making the nontrivial extensions apparent.
The fibration (3.24) can be interpreted as corresponding to the
nontrivial extension of gauge groups:
0— 7, U(1)5U(1) - 0. (3.31)
This extended U(1) allows for smaller electric charges of the
form g € %Z. Dirac quantization, then requires the magnetic
fluxes to be divisible by n, precisely as imposed by the
constraint m,,(c;) = 0.
Now that we have some more familiarity with the

necessary techniques we can go to more interesting
examples, where we modify powers of c;.

C. Modification of ¢3

In this next set of examples we still remain within the realm
of U(1) gauge theories, butinstead of restricting ¢, we restrict
c%, see also [47,48] for similar constructions. In analogy to the

treatment above, we focus on the two situations

timesn: nc? = 0€ HY(X; Z),

mod (n =2): my(c?) =0€ H*(X;Z,). (3.32)
Here, we restrict the discussion of the mod n restriction to the
case n = 2, since more is known about the associated
Eilenberg-MacLane spaces, but a similar treatment would
also be possible for different n.

In the times n case we consider a homotopy fiber of the
form

0 — BU(1) S K(Z.4). (3.33)
Form the discussion above we know that the homotopy
classes of maps a are determined by an element in
H*(BU(1);Z) which in the case above is given by nv3
which is trivialized in Q. In particular, this means that
pulling back the generator v, € H*(K(Z,4);Z) to BU(1)
one has a*(v4) = nv3. Extending to the left we find
K(Z,3) - Q - BU(1), (3.34)

which suggests the involvement of a U(1) 2-form field, with
classifying space K(Z,3) appearing as the fiber. The
integer cohomology of K(Z,3) is known, see, e.g., [49],
and summarized in the Appendix B. From this we can find
the second page of the LSSS, see Fig. 8.

The nontriviality of the fibration is indicated by a
differential d,, which trivializes nv3 and higher order
topological classes. We also know that the Z, generator

in Eg’g is given by the product of the element in Eg’G and

Eg"3, see [32,49], and with that we can argue that there is
another differential acting as indicated. Note also that this
action is only nontrivial for n odd [we denote the greatest
common divisor of r and s, by (r,s)]. With this we can
draw the relevant portion of E5? to determine the coho-
mology groups of H*(Q; Z), which we also show in Fig. 8.

The only remaining questions are extension problems for the
cohomology groups H®(Q;Z), H(Q;Z), and H'°(Q; 7).
For that we can rerun the same spectral sequence but for
cohomology with Z, and Z5 coefficients. The first advantage is
that there are no extension problems. The second is that it still
can distinguish between the various possibilities for H*(Q; Z).
The third is that by knowing the differentials on the lower
degrees, using the ring and Steenrod algebra structure one can
obtain all the differentials more easily.

For example, for n even, the two options10 for H 6(Q; Z)
are Z, @ Z, or Z,,; in the first case one would produce
HS(Q;7,) = Z, ® Z,, but in the second case one would
find a single Z, factor. For Z, coefficients we find the
second page of the LSSS sequence in Fig. 8. There is a
nontrivial differential d,: Ej° = ES° — E5* = E3* only
in the case of n odd. From this one can argue that for n even
all relevant differentials are trivial. Denoting the generator
of H*(K(Z,3);Z,) ~Z, by 73, in the odd case, the new
differential appears, since the element in Eg'g, 738¢* 13, is
the product of the element in E(2>.5 (S¢*75) and E(z)’3 (93). We

see that there is a difference depending whether # is even or
odd and we have, for example

HY(Q:Z,) = Z, ® Zn2)s (3.35)

which shows that

HY(Q:2) = Z, ® Z,. (3.36)

and solves the extension problem in degree 6. Similarly, we
have

HY Q7)) =2, ® Z () ® Z2)- (3.37)
Tracking the factors, through various applications of the
universal coefficient theorem demonstrates that Z, appears
as a separate factor in H®(Q;Z) and the remaining

extension problem is the Z5 in E%E, which is only relevant
if n is divisible by 3. To resolve the last piece of the
extension problem we can use the spectral sequence for
cohomology with Z; coefficients, see Fig. 8. Analogous to
the strategy with Z, coefficients one can use the extra
structure on the cohomology groups H'(BU(1);Z3) and
H'(K(Z,3);Z5), namely of A;-modules, where A; is a

For n odd these options are identical, since Z,, @ Z, = Z,,
(n odd).
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q q
10”‘22 1OAZ2
9 Zo Lo 9 &
8 Zs 3 \ 8 Zs Zs
7 \K 7
6 Zo Zo Zo 6 Zo Zo &
5 5
4 4
3 Z 3
2 \ 2
1 1
0 Z Z Z Z 0 Z 7 L Ly Dy Zn;p
012345678910 0123456 7 8 910
q q
10 Z 10 Z,
9 Zgﬂ ZSBQ 9 k K
8 Za 2 \ 8 & 3
7 \K 7
6 Zo  Zo~_ Lo 6 Zo Lo &
5 Zo Zo Zo Zo 5 Zo Zo 13
4 4
3 Z2 Lo Lo Lo L3 3¢ § § 3
\ 2
\\\\4 1
0 Z2 Lo Lo Lo Lo Zz 0Zo Zo €& § 3 3 , p
012345678910 01 23 45 6 7 8 910
q q
10 Zs 10 ¢
9 n 9
8 Zs k 8 Zs Zs
7 Zs Zs Zs 7 Zs Zs ¢
6
5
4

3 Zg Zg Zg Zg ZB

RERSRSRIASA I AR EREREnES

012345678910 01 2345678910
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FIG. 8. Relevant entries for E5% and E5? of Q implementing nc? = 0 (only entries with p + g < 10 are indicated). Upper diagrams
are for Z coefficients, middle ones for Z, coefficients (where we denote Z,,) by & and Z(,,) @ Z by «’) and lower ones for Z;
coefficients (with Z, 3y labeled by ¢).
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mod-3 Steenrod algebra.11 As for Z, coefficients, cohomol-
ogy groups of Eilenberg-MacLane spaces with Z; coeffi-
cients are freely generated graded-commutative algebras
generated by the fundamental class and the admissible
sequence of Steenrod operations acting on it [33]. In our case,

H*(BU(1); Z3) = Z3[v).

H'(K(Z,3); Z3) = Z3[vh, P10y, BP0, ], (3.38)
where v, denotes the mod 3 reduction of the generator
v € HX(K(Z,k);Z) Since d,(v}) = n(vh)? we have a
nontrivial differential only in the case of n not being divisible
by 3 and as above, one can argue that in this case all
differentials are trivial. Otherwise there is an extra relevant
|

ko 3 45 6 1

nontrivial differential d4(v3P'v}) = n(v},)?P'v}. One can
just read off the H'(Q;Z3) from the infinity page. Most
importantly one obtains

H'(Q,Z5) = Z3 ® Z3 ). (3.39)

Since from the universal coefficient theorem for cohomology

H'(0:75) = H'(Q;Z) ® Z5 & Tor(H*(Q; Z); Zs)
(3.40)
one sees that we get a trivial extension of Z; with Z,, in the

cohomology of degree 8, and similarly in degree 10. Finally,
we obtain the cohomology groups up to degree 10:

8 9 10

01 2
HQ:z) | Z 0 Z 0 2, 0 2,82, 0

Also, since all the extensions were trivial we have that
under the pullback map

k>2: Z[v§|=H?*(BU(1);Z) > H*(Q;Z) ~Z, ®extra,

(3.42)

the generator v%, with k > 2, is sent to the generator of
Z, C H**(Q; 7). We can also understand the extra con-
tributions, in particular the factors of Z, and Z5 above are
simply inherited from the fiber K(Z,3) and thus describe
topologically nontrivial configurations of a U(1) 2-form
field. The factors Z ,, 5) are also inherited from the fiber, but
only survive the differentials in case n is even. One
therefore sees, that in these low degrees the characteristic
classes can be associated to the modified U(1) classes and
that of a U(1) 2-form gauge field. Further note that even in
the case n =1 the presence of the fiber generates new
characteristic classes.
Now let us move to the mod » constraint for the particular
case n = 2, for which the homotopy fiber reads
0 - BU(1) — K(Z,,4), (3.43)
where the generator u, € H*(K(Z,,4); Z) pulls back to
m,(v3) € H*(BU(1); Z,). Again, we can extend to the left
to find a description of Q as fibration

K(Z,,3) - Q — BU(1). (3.44)

""The mod-3 Steenrod algebra is generated by a Bockstein
map B: H*(X;Z;) - H*"'(X;Z5) which correspond to a short
exact sequence of groups 0 - Z3 — Z¢ — Z5 — 0 and Steenrod
powers P': H¥(X;Z3) — H**(X; Z3), which satisfy the analo-
gous properties to Steenrod squares (for more details see [8]).

(3.41)

L, ®2LZ3 D2y Zyy L, DL3DZy® Ly

|

Here, we find the classifying space for a Z, 3-form field as a
fiber. With the cohomology groups in [50] and summarized
in the Appendix B, we can write down the second page of the
LSSS, see Fig. 9. We can extract useful information about
differentials and extensions from the spectral sequence with
Z, coefficients, which we draw in Fig. 10. We will not be
able to fully pin down all the relevant differentials, but we
will nevertheless manage to determine all the cohomology
groups of Q in degree 10 and below as well as their relations
to the characteristic classes of BU(1). We use Serre’s
description of the cohomology H'(K(Z,,3);Z,) as a
polynomial algebra given in terms of Steenrod operations
[33,34]. To be more precise, in terms of the generator
ii; € H*(K(Z,,3); Z,) one has

q
10 25°
9 Zs
8 7o Zo
7 2o Zo
6 Zo Zo Zo
5
4 7o Zo Zo Zo
3
2
1
0

Z Z Z Z Z Z
0

» D
12 3 4 5 6 7 8 9 10

FIG. 9. EJY page of Q implementing m,(c}) =0, for
p+q<10.
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q q
10 25° 10 25"
9 73* 9 7.8
8 7.9? \3‘93\ 8 Zo Zs
Z@Q \%\ 7 7o Zo
6 z5* \«\\3\ 6ng*  z°
5 Z \% 5 Zy Lo
47 479 7o
3 Z 3
2 2
1 1
0 Z 0 Zo Zo L p
012345678910 01 2 3 4 5 6 7 8 910
FIG. 10. EDY and E%? of Q implementing m,(c?) = 0 with Z, coefficients and p + ¢ < 10.

H'(K(Z,.3):Z,) =

By design, there is a nontrivial differential d, (iiz) = m,,(v
determines all the nontrivial differentials'>

coefficients:

k| 0o 1 2 3 4

Z, i3, Sq' i3, Sq*iis, Sq*Sq' i3, Sq* Sq' i3, Sq*Sq*iis, Sq*Sq*Sq'uis, ...).

(3.45)

2). Using that d, is a differential with respect to the ring structure
in the Fig. 10. From the co-page we read out the cohomology groups with Z,

5 6 7 8 9 10

H Q:Z,) | 2, 0 2, 0 2, 7, 79 7§ 7§ 79 7%

(3.46)

Comparing this result with the LSSS for Z coefficients in combination with (3.29), we can resolve some of
the extension problems, similar to our strategy above. We find that the groups with integer coefficients have to be of

the form

HY(Q:Z) =
H°(0:;Z)

HY0;Z) = Z,

and all that is left to determine are the explicit extensions
encoded in the 7;.

Since H*(Q;Z) = Z there is a nontrivial extension.
Denoting the generator of the free factor in H*(Q;Z)
by ay;, this means

p*(13) = 2. (3.48)

"For that, note that Sq' commutes with the transgression map
1=d,: E2™1 5 E"° which is the name for all differentials that
take a class coming from the fiber and sends it to a class of the
base [33,34]. From that one finds 7(Sq'iiz) = Sq'(z(ii3)) =
Sq' '(my(v3)) which vanishes for Sg' and S¢?, which in our case
is enough to show the triviality of the differential on the
remaining elements in H(K(Z,,3);2Z,), for k < 10.

Z @ sz] 5
- Zzt’3 5

HY(Q:;Z) =Z & Zy,,

H'(0:Z) = Z® Zy. @ Zyss, (3.47)

|

where p is given by projection onto the base in (3.44). In
degree 6, there are two possibilities, given by Z @ Z,
and Z @ Z,, the second case, however is inconsistent
with the ring structure, since it would imply p*(v3) = ag
but one has

P (13) = p*(v2) U p*(v3) = 204, (3.49)
which is clearly divisible by 2. Thus, there is a nontrivial
extension, which is inherited from degree 4 and implements
p*(v3) = 2a5 = 2mya,. Using similar arguments one can
show that, again, there are nontrivial extensions in degree 8,
which can be inferred from

p*(v3) = p*(13) U p*(13) (3.50)

=p*(v =4a3,
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which needs extensions with two Z, factors and

singles out
HYQ:2) =72 @ 7, (3.51)
as the correct cohomology group.

In degree 9 we encounter yet another phenomenon; the
appearance of a nontrivial differential in the LSSS with
integer coefficients, which is not determined by the ring
structure above. This differential takes care of one of the Z,
entries in the second page and one finds H°(Q;Z) = Z,.
The other possible option would have been that one has a
nontrivial enhancement to Z,. In both cases the universal
coefficient theorem (3.29) leads to contributions for
H3(Q;7Z,) and H°(Q;Z,). However, since Sq' can be
understood as the Bockstein homomorphism associated to
the short exact sequence

0>72,—>724,—7,-0, (3.52)
its action is different, since one has
.= HY0:;Z,) - H(Q;Z,) - H°(Q;Z4) — ...
(3.53)

Denoting the relevant element in H®(Q; Z,) by b, on sees
that for H°(Q;Z) = Z4, Sq'(b) needs to be trivial by
exactness. For H?(Q;Z) = Z, on the other hand, multi-
plication by 2 acts trivial and Sq'(b) is nontrivial. The
problem is that, while we have the Steenrod algebra for
BU(1) and K(Z,,3), we do need the action of the Steenrod
operations on the cohomology elements of Q. For our
particular problem, here, we can use the spectral Steenrod
operations 3 developed by Araki [51]. While this only fully

13Spectral sequence Steenrod operations are operations
defined on every page of a spectral sequence related to the
fibration F — E — B such that S¢*: EP'Y — EP"™* if k < g and
Sqk: EPY — EPT*4245f ¢ < k and 1 is an integer typically larger
then r making S¢* well defined, however in the case of r = 2 one
can take t = 2. These operations commute with the differentials,
meaning that by defining them on the second page the action
on the later pages is directly induced. On the second page they
are defined as (1 ® S¢*):H?(B; Z,) ® HI(F; Z,) —
HP(B; Z,) ® H (F;Z,) if k<q and S¢"7 ® Sqi:
H?(B; Z,) ® HI(F;Z,) — HPT*4(B; Z,) ® H*(F; Z,),
where Sq' ® Sq’ are standard Steenrod operations acting on the
cohomology of the base and the fiber, respectively. These
spectral Steenrod operations do not fully determine the
action of the Steenrod algebra on the cohomology of the total
space, but converges to it in the sense that the spectral
Steenrod operations on the infinity page are equal to those
induced from the Steenrod operations on the total space, e.g.,

k. ppd ~ FPH'U(EZ,) Pg+r o, FPHPY(EZ)
Sq . Eoo E FP+IH‘)+"(E;ZZ) d Eoo E F"*'H“*q*"(E;ZZ)

details see [51].

. For more

determines the Steenrod operations on the associated
graded groups induced by the filtration of E%, it is enough
for us. Let us denote the generator of H*(K(Z,,3); Z,) by
it3, then one has

Sq': E§’6—>E§'7 with (S¢*Sq'it3)b, > (Sq>Sq'iis) v,
(3.54)

inducing an isomorphism. The spectral Steenrod operation
make sure that this remains nontrivial on the co-page, i.e.,
there is a nontrivial map
Sq': EXS - E%). (3.55)
Since these factors are the building blocks of H'(Q; Z,)
there is a nontrivial action also here. However, due to
nontrivial extensions encoded in the fibration structure
the action
Sq': H¥(Q;7,) - H°(Q;Z,), (3.56)

might also have contributions from other E%.T”, which here
is only E%. What remains, is that the nontrivial Sq' action
demands that

H°(Q;7) = Z,, (3.57)
due to an additional (hidden) differential. This will also
trivialize a Z, entry in of EX™ and hence modify
H'°(Q; Z) accordingly. One can determine the cohomol-
ogy in degree ten in the same way. At the level of spectral

sequence there is a relevant nontrivial action of the
Steenrod operation

Sq': B — EY' with  Sq*Sqii; — Sq°SqPiis,
Sqll:t3sq217t3 e ft%Sqlih, (358)

which survives to the infinity page and implies the non-
trivial action of the Steenrod operation

Sq' :H®(0;7,) - H"(Q:Z,), (3.59)

on two Z, summands inside of H°(Q; Z,). With the same
argument as for degree 9, there are two Z, summands in
H'°(Q;Z) and when compared with (3.47) one fixes the
cohomology to

HYQ0:2) =727, ® 7, (3.60)

Thus, one has
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k| 3 45

7 8 9 10

0o 1 2
HNQ:Zz) | Z 0 Z
describing the cohomology groups of Q up to degree 10.

As for BU(1) we find factors of Z in even degrees,
however, now these are normalized differently as is
encoded in the nontrivial extensions. For example consider
the factor of Z in degree 8, which is extended by a
factor of 4, (3.50), and the generator in terms

of the original first Chern class of the U(1) bundle is
given by

%c?eHS(Q;Z). (3.62)

We would expect the same factor 4 for the generator of Z in
degree 10, which however depends on the existence of a
nontrivial differential from elements in E}l_” which go
beyond our discussion here.

Beyond this change of normalization as compared to the
characteristic classes of BU(1) we also find additional
factors of Z,. From the second page of the LSSS,
Fig. 9, these can be traced back to characteristic classes
of the fiber K(Z,,3), as well as combinations of classes
from fiber and base. Once more we find that the modifi-
cation of the gauge theory leads to desired redefinition of
characteristic classes in combination with the introduction
of new ones.

q

12”‘226923

11

10 Zso

9

8

ey Z

6

b)

4

3

2

1

0 Z Z Zo 7 73 Z;BQZ>
0123456 7 8 9101112

FIG. 11. E}? page of Q implementing n[N®]?> =0 in the
range p + g < 12.

072 0 zZ®Z, Z,

, 3.61
2®72, 7, Z®Z,® 7, (3.61)

D. Modification of classes of higher-form fields

Since in the discussion above we have focused on the
modification of U(1) 1-form fields, we want to illustrate the
applicability of the homotopy fiber construction also for
higher-form fields, we do so for the modification of a U(1)
3-form field with [N®)] as its topological class, in particular
we consider the constraints

timesn: n[NW)? = 0e H(X; Z),

mod (n =2): my([NW]?) =0e H®(X;Z,), (3.63)
in analogy to the cases above.
First, let us discuss the times n constraint, with homo-
topy fiber Q described by
K(Z,7) - Q - K(Z,4). (3.64)
We provide the cohomology groups of the fiber and base in
the Appendix B, which leads to the second page of the
LSSS indicated in Fig. 11. The only low degree differ-
entials act by multiplication by n and we can immediately
read off the integer cohomology groups of Q up to degree
9. For degrees 10, 11, and 12 we need to determine whether
there are nontrivial differentials d,,: EJ'® — E}°, or
diz: E(l)‘312 - E%g'o. Beyond that, there is a nontrivial
extension problem in degree 12, where one has
0->27,->H?0;72) > Z,®7Z; - 0. (3.65)
As above, this can be nontrivial only in cases when 7 is
divisible by 2 or 3. To resolve these issues we once more
can use the LSSS with Z, and Z; coefficients, see Fig. 12
and Fig. 13.
In Fig. 12 we show the second and the co-page. The Z,
version of the differential implementing the constraint is
given by

dv; = my(nv3) = ni3, (3.66)

where ¥; generates H' (K (Z,i); Z,) ~ Z, and v; generates
H(K(Z,i);Z) ~ Z. All other differentials follow from the

Steenrod algebra structure. In particular, one has with
transgression map z,

©(Sq*07) = Sq* (¢(17)) = nSq*(v3) = n(Sq*v4)*, (3.67)
which is nontrivial for n odd. This leads to the non-

trivial differential indicated by the dashed arrow in Fig. 12.
This allows us to obtain
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FIG. 12. E}? and E%? of Q implementing n[N]* = 0 with Z, coefficients and p + g <12 (& = Z, ).

k| 4 5 6 7

8 9 10 11 12

HNQG:Z)) | Z, 0 2 Z,8Z4y Zuy 2, 29 28022, 7,07%,

from the co-page with Z, coefficients.

(3.68)

Finally, to resolve the extensions for the prime p = 3 parts, we use the spectral sequence with Z5 coefficients, Fig. 13,
together with the mod 3 Steenrod algebra of the Eilenberg-MacLane space (remember that P! increases the degree by 4),

where we denote the generators of H'(K(Z,i); Z3) by v/,

=
=
N
N
N
I

— N W ke OO 0 ©

=
N
w

Zs 75°7s Z3

»D
01 2 3 4 5 6 7 8 9 1011 12

Zs[v,, P, pP Y, .. ],
H(K(Z,7);Z3) = Z3[v,, PY,, BP0, ..

(3.69)

q
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7 ¢ ¢

6

5

4

3

2

1

0 Zs Z3 ¢ Zs (92
01 23456 7 8 9 101112

FIG. 13. E}? and E%? of Q implementing n[N®¥]? = 0 with Z; coefficients and p + ¢ <12 ({ = Z(,.3) and { = Z3 @ Z, 3)).
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Further using dgv} = 7(v}) = m3(nv3) = n(v})? we find that all differentials are trivial for n divisible by 3 and otherwise
use that Steenrod operations commute with transgression. So for example one has

di (P') = z(PYW) = P'(z(v

di,(BPh) = 2nv, P10},

)) = nP'(v})* = 2nv,P'v},

(3.70)

which are both nontrivial for n not divisible by 3, and are indicated by the dashed lines in Fig. 13. With this we find

k| 4 56 7

8 9 10 11 12

H0;Z5) \ Zy 0 0 Zysy Z:3®Zyy Zy 0 7% 7%

from the co-page.

(3.71)
(n,3) (n,3)

With this knowledge we can return to cohomology with integer coefficients, fixing extension problems with the

application of the universal coefficient theorem. We obtain

k| 456 7 8

10 11 12

HNQ:Z) | Z 0 0 2, 2, 23 2, 79 Z,®Z,0® Zy

as the final result.

We see that the cohomology groups are sensitive to the
prime factors of n, since some differentials become trivial
in case n is divisible by 2 or 3. However, this only happens
in degree 12, and below we find a straightforward iden-
tification of characteristic classes of Q and in terms of
K(Z,4) and K(Z,7). Especially, we note that for k > 2, vk
pulls back to the generator of the Z, factor of H*(Q;Z)
under the projection, which is very similar what we saw for
the modification of ¢? above.

Now we consider the mod 2 constraint of the 3-form
gauge field."* We have the homotopy fiber Q described by

0 - K(Z,4) » K(Z,,8). (3.73)

k| 4 5 6

(3.72)

where ug, the generator of H%(K(Z,,8); Z), pulls back to
m,(v3) € H3(K(Z,4); Z,). Extending to the left leads to
the more useful fibration

K(Z,,7) - Q - K(Z,4). (3.74)

With the cohomology groups summarized in the
Appendix B, this fibration leads to second page of the
LSSS indicated in Fig. 14. To determine differentials and
extensions we can use the same approach as described for
the other cases above, in particular, the switch to Z,
coefficients, see Fig. 15. From this we can read off the
cohomology groups with Z, coefficients:

8§ 9 10 11 12

HNQ:Z)) | 2, 0 2, 7,

This helps to determine the extensions and one finds

k| 456 7 8 9 10 11 12
HQ:Zz) | Zz 0 0 2, Z 7, 7, 7P Z
(3.76)

a rather rich structure for the cohomology groups with

“The case of n odd prime can be treated analogously using the
mod-p Steenrod algebra.

z, z, 7% 7% 7% (3.75)

I
integer coefficients, which indicates a nontrivial extension
for the Z factor in degree 8 and 12.

This nontrivial extension also helps for the physical
interpretation of the results, by pulling back classes from
the base K(Z;4) to the homotopy fiber Q, using the
associated projection map p. For example, we have

p(v4) = ay. p*(v) = 20, (3.77)
where a; are generators of the Z factor of H*(Q; Z). The
specific realization of p*(v3) requires a full knowledge of

the differentials from elements in E}-3_”, which goes
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FIG. 14. EJ? for Q implementing m,([NW]?) =0, for
p+q<12.

beyond the our scope here. From the physics interpretation
we would expect p*(v3) = 2a,,, inherited from p*(v3). If
this is indeed correct it does require the existence of a
nontrivial differential.

E. Multiple constraints

In this section we want to explore what happens if we
implement more than one constraint. This can be done by
consecutive constructions of homotopy fibers in the fol-
lowing sense. Let us start with BG on which we want to
restrict two specific topological classes of the gauge bundle

Lo Zo X
01 2 3 4 5 6 7 8 9 101112

Lo Lo Lo

B2ryP2ry P2
ZQ Z2 ZE

via the homotopy fiber construction. Then we implement
the first constraint via the fibration

0, - BG—Y,, (3.78)

after which we can implement the second constraint on Q;

Q-0 =Y (3.79)

Equivalently, we can switch the order of implementation
with the two fibers given by

Q2 - BG - Y2,

0— 0,7, (3.80)

That these two procedures lead to the same result, i.e., that O
is homotopy equivalent to 0, can be seen by combining this
two-step process into a single fibration. Suppose we aim to
trivialize the topological classes a € H"(BG; A) and f € H™
(BG; B), represented by maps labeled by the same name

a: BG— K(A,n) =Y,
p: BG - K(B,m)=Y,. (3.81)

In the first step we construct a fibration Q, PLBG for
trivializing the class a and then, in order to further trivialize
the class f in BG, we implement the homotopy fiber for the
classrepresented by 7 = o p in H"(Q,; B) thatleads to the

fibration QLQI as follows:

q
19 79°
11 Zo
10 Z$?
9 Zo

0 Zso Zo Lo T 23‘922;‘92 . p
01 2 3 4 5 6 7 8 9 1011 12

FIG. 15. E5“ and E%? of Q implementing m,([N®]?) = 0 with Z, coefficients and p + g < 12.
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K(Bm—-1) —— @

I3
1

BG —— K(A,n).

K(An—1) — (B,m) (3.82)

We can combine this sequence of fibrations into a single
fibration 0Z¥BG with fiber Z given by a fibration of
K(B,m—1) over K(A,n—1) twisted by a class
i*re H"(K(A,n—1);B)

K(B,m-1) ——— Z

|

K(An—-1) -2 K(B,m).
(3.83)

Since from the diagram (3.82) one sees thatz o i ~ ffo p; o iis
homotopy trivial since p; o i is homotopy trivial as maps in a
fibration, the class that measures the twisting in the fibration
above i*w =0 is trivial. This means that Z is homotopy
equivalent to a direct product leading to

K(Ain—1)x K(Bm—1) —— Q@

Analogously, by doing the procedure in the opposite order,
one would arrive at the same fibration leading to the
conclusion that the order does not matter and we can even
do it simultaneously, with the fiber given by the product
QY 1 X QY 2.

Note that the product structure of the fiber is due to the
fact that we impose both constraints in the same space BG.
Alternatively, one could impose one constraint on BG and
another, independent one, on the homotopy fiber Q. This
new constraint can now involve classes that did not exist in
BG, which for example originate from the fiber of Q. If
this is the case, the result would not be a product space and
there might be nontrivial twists. In the following, we will
focus on the situation where we impose constraints on the
same space BG.

Let us illustrate this in a simple example, where we
impose two different constraints in various ways. For that
we consider gauge theory with a U(1) 1-form and impose
the two constraints

mc; = 0€ H*(X; Z),

m,(c,) =0e HX(X; Z,), (3.85)

i.e., we simultaneously impose a times m and mod n
constraint.

If we first construct the homotopy fiber Q; to trivialize
m,,(v,) [as usual v, is the generator of H?>(BU(1);Z)] we
end up with the space discussed in (3.23), for which we
already computed the cohomology groups H*(Q;Z) =
Z|x], with x € H*(Q); Z) a generator in degree two. Under
the pullback with respect to p;: Q; — BU(1) one has

BG

(3.84)

axf

K(A,n) x K(B,m).

pi(vy) = nx. (3.86)

Then, imposing the constraint mv, = 0€ H*(BU(1);Z)
translates to the constraint
pi(mvy) = mpi(v,) = mnx =0€ H*(Q,;Z), (3.87)

on cohomology classes on Q;, defining the second homo-
topy fiber to be given by

0 — 0,—5K(Z.2), (3.88)

where -nm is understood in the same way as in (3.13).
Using the result of the analysis there, we find

Z, k=0,
HYQ;7) =X Z,, k> 0,even, (3.89)
0, otherwise.

From the full construction we can follow the fate of the
generator v, € H>(BU(1); Z) and its powers, through the
pullbacks using the projection maps

p*(Pi(v8)) = p*(pi(n2)*) = p*(n*x*) = n*y*  (3.90)
where the generator y=p*(x)EH?*(Q;Z) satisfies
nmy =0, and equivalently for its powers. Note that even
in the case m = n one does not fully trivialize ¢, since one

has

(p1op) vy = ny, (3.91)
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FIG. 16. E}“ and E%? of O implementing m,(c,) = 0 after
mcy = 0 with Z,, coefficients [d = (n, m)].

which generically is nonzero since the triviality condition
for n = m reads ny = 0."

Now let us implement the two constraints in different
order. First, we construct the fiber Q, imposing mc; = 0,
which we have already considered in (3.13), and leading to

Z, k=0,
HY0y:Z)={ Z,. k>0.even,  (3.92)
0 otherwise.

We denote the generator of H?(Q,;Z) ~ Z,, by x,, whose
powers also generate H* (Q; Z) and satisfies

p3(12) = x,. (3.93)
The second constraint m,,(v,) = 0 is lifted to
m,(x,) = 0€ H*(05; 2), (3.94)

in terms of cohomology classes of Q,. As usual we
implement that by the homotopy fiber construction
obtaining

K(Z,.1) = 0= 0,, (3.95)

where Q implements both constraints. Let us determine the
LSSS with Z,, coefficients, which leads to the second page

ESY = HP(Qy HI(K(2,,1):2,)) = HY'9(03Z,),
(3.96)

in Fig. 16. Combining this with the spectral sequence with
integer coefficients, Fig. 17, one deduces that

HY0:Z,) =Z,. k>0, (3.97)

B5To get an intuition for that, consider a manifold with
H*(X;Z) = Z,p, then there are elements that are zero when

multiplied by n but are also n times an element. In particular these
are given by the Z, < Z,» subgroup.

q q

PN ~
5
A\ Ly Lg Lq Tg ZLq Zg Lo, Zg
3
2 Ly Lg Tgq Tq Zq Zq Lo, Zq

1
0 Z Zm Zm Z Zm Z%

4 » P
0o 1 2 3 4 5 0o 1 2 3 4 5

FIG. 17. EY? (left) and E%? (right) page of Q implementing
m,(c;) = 0 after mc, = 0 with Z coefficients [d = (n, m)].

due to nontrivial extensions. This in turn determines the
cohomology with integer coefficients

k=0,

Za
HYQ;7) = Z,,,, k> 0,even, (3.98)
07

otherwise,

as necessary for Q ~ 0.
Finally, we implement both constraints simultaneously
using

0 — BU() ™D k7 0y K(2,,2),  (3.99)
leading to a fiber given by a product of Eilenberg-MacLane
spaces

K(Z.1)xK(Z,.1) - 05 BU(1). (3.100)
For the sake of simplicity we focus on the case m = n and
use Kiinneth theorem to obtain the cohomology groups of

the fiber as well as its ring structure, from the two
individual factors (e.g., [52])

H (K(Z,1) x K(Z,,1);A)

— H'(K(Z,1);A) @ H'(K(Z,.1);A).  (3.101)

for a field A, e.g., one can choose A = Z,, with p prime.

Here, because cohomology of K(Z, 1) ~ S! is free, we can
even use this for Z and Z,,, since there are no extra terms.'®
Starting with Z, coefficients we find Fig. 18, where the
differentials are given in terms of the (2 x 2)-matrices

"In general one has, [8],

0— @;(H(X;R) Qg Hi_;(Y;R)) - Hi (X X Y;R)

— @;Torg(H;(X;R); H_i_1(Y;R)) = 0, (3.102)

for a principle ideal domain R, which splits, and similar for
cohomology.
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FIG. 18. E}“ and E%? of Q implementing m,(c;) = 0 and
ncy = 0 simultaneously, with Z,, coefficients.

A; €M, (Z,). Choosing the basis

(1017, } € HV(K(Z.1) x K(Z,, 1):Z,). (3.103)

where ¥, generates H' (K(Z,1); Z,)) ~ Z,, and it; generates
H/(K(Z,,1);Z,), see also (B12) and (B13), these are
given by17

I 0 0 0
A] - 5 A2 - )
0 0 0 1

encoding the differential d,ii; = m,(v,) From that it is
apparent that

(3.104)

HYQ;7) = 27,. k> 0. (3.105)
Combining this with the LSSS with integer coefficients in
Fig. 19, one finds that there are nontrivial differentials d, as

well as d4. This leads to the final result

Z, k=0,
HYQ;Z7) =1 Z,,, k>0,even, (3.106)
0, otherwise,

precisely as expected in the case n = m. Moreover, pulling
back under the projection map for the product fiber P, we
can track the fate of the of the characteristic classes of
BU(1)

P (vy) =nx€H*(Q;2)~Z,p,

q
~ A
5 Zn Zn L
4 Zn \\\Zn \\\\Zn Zn Zn
3 Zn T~ T~
\\ \\\’( ~
2 Zn \\Zn \\\Zn Zn Zn
1 Z\Z\\;Z\\\
0 Z Z z Z  In
+ D + D
o 1 2 3 4 5 0o 1 2 3 4 5

FIG. 19. E}? and E%? of Q implementing m,(c;) = 0 and
ncy = 0 simultaneously with Z coefficients.

with x generating H?(Q;Z). Again, this matches our
expectations from the stepwise implementation for the
special case m = n.

We close this section with another illustrative and
important example for the implementation of two con-
straints, now in different degrees. Assume, we want to
modify a 1-form U(1) gauge theory by

ncy, =0 and nc?=0. (3.108)

Since the first condition implies the second, one would
naively expect to obtain the same modified classifying
space Q; as in (3.13), i.e., that only of the constraint
ncy = 0. However, since we still introduce the fiber for the
second constraint

K(Z,3) - Q — 0y, (3.109)

which is now trivially fibered, one finds the product space

0~0, xK(Z.3). (3.110)

Thus, the characteristic classes are enhanced to include
those of an additional U(1) 2-form gauge field, that does
not appear in the Bianchi identities of the modified
gauge theory. Using Kiinneth theorem, now with potential

(3.111)

P*(Ué) = nkxk = OEHZk(Q; Z) ~ an (3107) torsion [8], we find
J
k|01 2 3 4 5 6 7
HNQ:Z) | Z 0 2, Z Z, Z, 2,82, Z,®Zuy

as the cohomology groups with integer coefficient.

""The elements for p > 0 are given by multiplication with the appropriate power of m,,(v5).
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IV. BORDISM GROUPS AND ANOMALIES

The modification of the gauge theory can also have
interesting and important consequences for the possible
anomalies of the theory. In fact, excluding gravitational
anomalies, the group cohomology of Q, that we determined
above, is precisely what captures such an anomaly for
bosonic theories, see, e.g., [53]. However, once we include
diffeomorphisms as a symmetry18 of the system anomalies
are described by the Anderson dual of the associated
bordism group, [54,55]. The Anderson dual, (1,Q%)P+2(Q),
is given by the short exact sequence [24,37]

0 — Ext(Q5,,,(0); Z) — (1,99)P+2(Q)

— Hom(Q;,,,(0); Z) — 0, (4.1)
where D denotes the spacetime dimension of the theory of
interest and £ its tangential structure, i.e., a restriction of the
allowed spacetime manifolds. For a bosonic theory for
example one can choose to work on oriented spacetime
manifolds, £ = SO, in the presence of fermions one needs to
include a spin structure, £ = spin, or generalizations thereof.
In the following we will focus on these two possibilities. We

see that the relevant bordism groups are Q5/*""(Q) and

Q%(i/;p (Q), which roughly capture the potential nonper-

turbative and perturbative anomalies, respectively.

Since the bordism groups, as deformation classes of
smooth manifolds with classifying maps into Q, depend on
the modification of the gauge theory, also anomalies
generically change. This becomes obvious when consid-
ering the Atiyah-Hirzebruch spectral sequence (AHSS) for
oriented and spin bordism, whose second page is given by

E2, = H,(0: 7P " (pt)) = QS2P"(Q).

ptq (4.2)

Since Q has different (co)homology groups when com-
pared to the original classifying space BG, also the bordism
groups and hence the associated potential anomalies can be
different. From the spectral sequence we further see that if
H.(Q;A) changes only in degree k and above, the bordism
groups can change earliest in degree (k — 1).

In the oriented case, there is a significant simplification
due to the statement that all differentials in the spectral
sequence for oriented bordism groups have an image given
by odd torsion groups and also extensions only affect these
odd torsion pieces [56,57], implying that

Q°(0) = ®,H,(0;2°,(pt)) modulo odd torsion,
(4.3)
"®This is not yet necessarily gravity, for which we would also

have to make the spacetime manifold dynamical and sum over
different configurations in the path integral.

as a sum of the homology group of Q. This once more
underlines the importance of the (co)homology groups in
the evaluation of anomalies.

Before we perform some explicit calculations of the
oriented and spin bordism groups of some of the theories
above, let us provide a very simple example: Consider U(1)
gauge theory with fermions in D = 2, which has a pure
gauge anomaly captured by

%cf € Hom(Q"(BU(1)); Z). (4.4)

In fact this presents a generator, in that the minimal value
(e.g., for $? x $? with single unit of flux on each sphere) is
given by 1. Now let us implement the mod » constraint on

¢y with new classifying space Q. While it is still true that
1¢? is an element of Hom(Q"" (Q); Z) it is not a generator
any more since we can divide it by n” and still obtain an
integer, changing the anomaly.' This easy example also
suggests that it is interesting to compare the anomalies of
the modified theory with the original one in order to be
sensitive to such relative factors.

Now let us move to some more interesting examples.

A. Bordism groups for modified ¢}

Let us focus on the bordism groups for Maxwell theory
with a modification of ¢?.

As above we start the discussion with the times n
constraint, nci = 0. With our knowledge of the integer
homology groups of Q, and the homology groups with Z,
coefficients after application of the universal coefficient
theorem (e.g., [52]), given by

k H(Q;2) H(0;Z,)
0 z z,

1 0 0

2 z 7,

3 z, Z

4 0 Zn2) (4.5)
5 Z,® 2, Zina) ® 2y
6 0 Zin2) @ Z,
7 Z,® 23 2, Lo ® 2y
8 Zno) 2G5 @
9| Z, 07,027,807,y 23,02,

A fermionic spectrum with anomaly for BU(1) would still be
anomalous for Q, but due to the additional n?> prefactor might be
easier to cancel.
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we can apply the Atiyah-Hirzebruch spectral sequence (see [18] for an introduction) in order to obtain information about

QSO (9) To determine the second page we also need to provide the groups Q5°/*P™ (pt), which up to degree 8 are given by
k | 0 1 2 3 4 5 6 7 8
QOpy) | Z 0 0 0 Z Z, 00 Z®Z (4.6)
Q™pt) | Z 2, Z, 0 Z 0 0 0 Z®Z

With the knowledge of the bordism groups of a point we can easily find the second page of the AHSS for Q5°(Q), see Fig. 20.
Below degree 7 we do not need to worry about differentials or extensions and find*

k 01 2 3 4 5 6
QOBUL) | Z 0 Z 0 Z8Z z, 707

which clearly differs from QS$°(BU(1)), which we also
indicate. The topological classes that detect the Z, factors
in degree 3 and 5 are m,(c}) and m,(c}), the mod n
reduction of powers of the Chern class in cohomology.21
The two factors of Z, in degree 5 are detected by w, U N©)
and w, U ws, where w; denotes the Stiefel-Whitney classes
of the tangent bundle of X and N®) the pullback of the fiber
class v; € H*(K(Z,3);Z) of Q to X. The Z factors in
degree 4 and 6 are inherited from the unmodified U(1)
theory.
For example, one generator of Q°(BU(1)) in dimension
6 given by CP3, with ¢, given by the generator of
H?(CP3;Z), does not survive the modification, since
now one needs to satisfy
ne3 = cy(nct) =0, (4.8)
which would not be satisfied for CP? with the indicated
flux. Instead one only finds a remnant Z,, factor of the pure
gauge anomaly that now shifts into Q5°(Q), indicating that
it becomes a nonperturbative anomaly. From its origin in
the spectral sequence we see that it is associated to the
element Hs(Q; Z), which, since it is torsion, appears as part
of H%(Q; Z), which can be identified with m,(c3). From
this logic we find, that a new generator can be chosen to be
L;, a five-dimensional lens space with a flat U(1) gauge
bundle classified by ¢, € H*(L}; Z) ~ Z,. This version of
an anomaly interplay, [58,59], resembles that of a Z,, gauge
anomaly22 with the difference that the mixed gauge

*One can argue that differentials in the higher degrees are also
trivial since the image has to be odd, see (4.3), but there could
possibly be nontrivial extensions. For instance, in degree 7 in case
n is odd there is an extension problem of the form
0->27,-EcQQ)—>2Z,dZ;—0.

'Note the usual shift in degree between torsion in homology
and cohomology.

See [18,22,28,31,60-62] for some of the works on Z,
anomalies and their cancellation.

I
gravitational piece is still Z-valued and perturbative.
Thus it seems that, at least when it comes to the description
of topological sectors, the resulting theory has features of
both a U(1) and Z, gauge theory.

Another way to understand this modification is as an
incomplete anomaly cancellation mechanism, in which not
the full U(1) pure gauge anomaly is canceled, but it is
reduced to a remnant Z,. The mixed gauge gravitational
anomaly on the other hand is unmodified, since it would
require the homotopy fiber to be sensitive to gravitational
characteristic classes, e.g., p; € H*(X;Z), and would
rather be described by a twisted string structure (see,
e.g., [29,63-65] and references therein).

Now let us move to the evaluation of Q:P'"(Q) for which
the second page of the AHSS is depicted in Fig. 21. Again,
this looks very different from that of Maxwell theory see,
e.g., [18]. Let us focus on the anomalies for theories in

dimension D < 4, for which we are interested in szi“(Q)
with k£ <6.

q
~
6
5 Zo Zo
4 7 7 I
3
2
1
0 Z 7 Zn K Kk Zs
+ P

o 1 2 3 4 5 6 7

FIG. 20. E%? page for oriented bordism of Q implementing
nc? =0 up to order p + g <7 (k denotes Z,, @ Z,).
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q
~
6
5
4 7 7 Zn K
2 Zs Zo & & K K
1 Zs Zgé f kK
0 Z Z Zn K K ® Zs
> P

o 1 2 3 4 5 6 7

FIG. 21. ED for AHSS for spin bordism of Q implementing
nc% =0 up to order p+ ¢ <7 (£ denotes Z, ), k denotes
Z, ® Z,, and K denotes Z, 5 © Z5).

Since H.(Q;A), for Abelian A, is modified earliest in
degree three and there are no nontrivial differentials from the
diagonal p + ¢ = 3 the bordism groups with k€ {0, 1,2}
are unchanged and isomorphic to that of BU(1).

The first change happens for k = 3, where still the
differentials are trivial but one encounters the extension
problem for even n

0-2,-QM"Q)—~2z,-0. (4.9)
In higher degrees differentials can also be nontrivial and we
encounter the typical problem of deducing their action.
Luckily, since Q is the total space of a fibration, we can

employ another approach, see also [32].
The alternative version of the AHSS is given by, see [32],

E3, = H,(BU(1); Q"(K(Z,3))) = Q" (0).

o (4.10)

We calculate the spin bordism of K(Z,3) in the
Appendix C, with result up to degree 7;

k |0 1 2 3 456 7
OMKZ3) | 2 2z, z, Z Z 0 0 Z
(4.11)

With that we can determine the second page, which we
summarize in Fig. 22.

Since the cohomology of K(Z,3) is concentrated in
degree 3 and above, one has the isomorphism

Q" (pt) ~ QP™(K(Z,3)), for ke{0,1,2}. (4.12)
This also means that the differentials in the lowest two rows
are given by the dual of the Steenrod square operation, e.g.,
[66,67], which we know how to evaluate. The fibration of
K(Z,3) over BU(1), on the other hand is, as inherited from
the LSSS above, encoded in a differential on the fourth page
E;, ,. More explicitly, since Q™" (K(Z,3)) ~ Hy(K(Z,3)),
we can use the homological version of the LSSS to show that
the differential there is essentially multiplication by n

H,(BU(1);Z) ~ Z—Z ~ Hy(K(Z.3)), (4.13)

and analogously for Hs(BU(1); Z). This induces the action
of the differential on Eio = ker(d,), given by the even
elements in H;(BU(1); Z) and E{ ~ Hs(BU(1); Z). The
result is shown in Fig. 22, from which we can read off the
spin bordism groups in degree 5 and below

ko 1 2 3 4 5
o™o) | z 7, ze2, 7, 7 Z,

(4.14)

While we find the same Z,, as for oriented bordism above,
the Z,, in degree is extended to Z,,,. This is a remnant of the
fact that ¢? is divisible by 2 on spin 4-manifolds (the same
does not hold for c%). Similarly, the Z factor in degree 6 now
is detected by ﬁ P, as opposed to the oriented case. For the
two Z, factors, coming from Q"™ (pt), in degree 1 and 2 one
further needs to include fermionic classes, like #-invariants.

q q q
6 6 6
5 5 5
4 7 Z 4 7 Z 4 7 Z
3 Z Z 7 3 Z Z 3Z2n Zn
2 7o 7o g Zo 2 Lo 2 2 7o Zo

1 Zo 7o Zo 1 Zo 1 Zo
0 0 0

7 7 7 7 . p Z Z Z Z . p 7 7 P

01 2 3 45 6

FIG. 22.

01 23 45 6

>
012 3 456

EY? of the AHSS for the spin bordism of Q implementing nc% = 0, where we utilize the fibration structure of Q (left), as well

as E‘,‘,,q (middle) and EF, (right) of the same construction, for p + g <6.

065021-24



MODIFIED ABELIAN GAUGE THEORIES

PHYS. REV. D 114, 065021 (2026)

)

>

SO N W e ot 3
N N
NS
N

© N
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>

N
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)

Zo T

Zy 2o 753

Z Z Zy Kz Zs
> D

0 1 2 3 4 5 6 7

O =N W ks gty 3
N N
N N

FIG. 23. Ef,_q for the AHSS for oriented (left) and spin (right) bordism of Q implementing m,(c¢?) =0 up to order p + g < 7.

(k7 denotes Z& Z5).

This leaves us with an extension problem in degree 6,
given by

0—7Z—QM(Q) - 7, - 0. (4.15)

While this does not change the fact, that there is a
perturbative anomaly associated to a single Z factor it
might change its normalization, i.e., the normalization of
¢ py in the associated anomaly polynomial.

Now let us assume we are in a four dimensional theory,
with U(1) charged chiral fermions. From the structure of
the spectral sequences we see that while an anomaly free
theory still requires a cancellation of a perturbative mixed
anomaly, the absence of pure gauge anomalies is no longer
Z-valued. This means that the typical requirement

anq3 =0€eZ,
q

is replaced by some discrete remnant in the modified
Abelian gauge theory. Indeed this can be understood as
a form of incomplete anomaly cancellation [32], as
described above.

Next, let us move to the mod n constraint (again forn = 2)
for which the relevant homology groups with Z and Z,
coefficients can be determined from (3.61), and are given by

(4.16)

k | H(Q:Z) H(Q:75)

0 z Z,

1 0 0

2 z Z,

3 0 0

i 2 z) (4.17)
5 Z, Z,

6 z&7, z$*

7 z, 7$*

8 &7, z$

With that it is straightforward to obtain the second page of
the AHSS for oriented and spin bordism which we sum-
marize in Fig. 23. Since in this case neither H.(Q; Z) nor
Q39(pt) contain odd torsion factors the AHSS collapses on
the second page (4.3) and we can simply read off the oriented
bordism groups:

ko123 4 5 6
Q) |[z202z0 20z 2,02, 206287,
(4.18)

Again this differs, from the groups of BU(1) in several ways.
For instance, it contains extra Z, factors, which capture
anomalous contributions of the fiber [e.g., one of the Z, in
degree 5 is of this kind and can be detected for example by
wy U fp(iis), with ity € H*(K(Z5;3); Z,)]. But also the Z
factors differ in their normalization, as discussed already at
the beginning of this Sec. IV. For example the constraint
m,(c?) = 0 implies, that one can divide ¢} by 2 in the
modified gauge theory.23
For spin bordism the story becomes more complicated,
since now the lower rows in the AHSS are nontrivial as can
be seen in Fig. 23. Once more one way to proceed is to
consider a different AHSS for the fibration (3.44) with the
second page
E}, = H,(BU(1);Q7"(K(Z,.3))).  (4.19)
where we use the bordism groups computed in the
Appendix C to obtain the second page depicted in
Fig. 24. The differentials in the two lowest rows are one
more inherited from the spin bordism of BU(1). The action
of a differential on the fourth page, analogously to the

“This is typically not the case for oriented manifolds; take,
for example, CP?, with ¢, given by the generator of
H*(CP%,7)~7Z.
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q q
6 6
5 5
4 Z Z 4 Z Z
3 ZQ ZQ 3 ZQ
K\
2 Zo Zo ‘\\\\Z\Q 2 Zo o
1 Zs Zo \ZQ 1 Zo
0 Z 7 Z 7 0 Z Z 7 7
> D > P

01 2 3 4 5 6 0 1 2 3 4 5 6

FIG. 24. E%, and ES, of the AHSS for spin bordism of Q

implementing m,(c?) = 0 using its fibration structure, with
p+qg<o.

discussion above, is fixed by LSSS for cohomology. In the
range of interest in the example this gives the action

dy: Eby~He(BU(1);Z) 27 -5 7, ~E} ;. (4.20)

This allows us to determine the co-page for spin bordism,
see Fig. 24, up to p + g < 6 and leads to the spin bordism
groups
k | 0 1 2 3 4 5
o) | z z, zez, 7, z&Z 0

(4.21)

The most interesting entry is the factor Z, in degree 3. This
element does not exist for the unmodified U(1) gauge
theory, because of a nontrivial differential dual to the
Steenrod  square S¢* from H*(BU(1);Z,) to
H*(BU(1); Z,). However, for Q this differential is trivial
and the associated class survives. From Fig. 24 we also see

that it is associated to the nontrivial Q" (K(Z,,3)) ~ Z,
related to the mod 2 class u3 € H(K(Z,,3);Z), see
Appendix C. It is therefore suggestive that this nontrivial
class is detected by a nontrivial Z,-valued integral of the
pullback of this fiber class to spacetime X.

The first extension problem appears in degree 6, in which
the Z, factor could be absorbed by the Z ~ ET°,, precisely
as above. Again, this would only change the normalization,
but not the fact that there is perturbative mixed gravitational
anomaly in four dimensions. As opposed to the times n
constraint now we also have a perturbative pure gauge
anomaly, which however has a different quantization, since

¢} can be divided by 2. We also find additional bordism

groups due to the fiber, for example Q" (Q) = Z,.

We see that even in these rather minimal examples the
modification of the topological sectors of Abelian gauge
theories does have a profound impact on both the character-
istic classes, as well as the anomalies classified by bordism
groups. While it indeed can be used to reduce the conserved
charges and anomalies, the homotopy fiber construction
often introduces new topological sectors, which also can
contribute to anomalies and hence needs to be considered.

V. CONCLUSIONS AND OUTLOOK

We have demonstrated that the modification of the
characteristic classes of an Abelian gauge theory at the
level of the classifying space has several important conse-
quences. These include the proliferation of constraints to
higher-dimensional characteristic classes as well as the
appearance of additional topological gauge field configu-
rations coming from the modified classifying space as a
fibration. These modifications at the level of (co)homology
will also impact the deformation classes of the associated
modified Abelian gauge theories described by bordism
groups. Since these classify the potential anomalies of the
theory the implementation of the constraints further affects
the anomalies of the modified theory. With the general
techniques of the homotopy fiber construction and the
corresponding phenomena, we now want to point out
several avenues for a continuation of this work.

We already mentioned the close connection between the
homotopy fiber construction and higher groups. However,
at least when the higher group contains a O-form symmetry
there is one additional piece of data that specifies its higher-
group structure and is given roughly by the action of the O-
form symmetry on the higher-form pieces [10,12,68]. To
implement such an action one would likely have to pass to
cohomology with local coefficients, whose local nature
encode the nontrivial O-form symmetry action as an auto-
morphism on the higher-symmetry pieces. This will also
change the realization of characteristic classes as well as
anomalies (see, e.g., [12,69-71]) and might provide further
applications in the context of anomaly cancellation.
Similarly, one should include the characteristic classes of
the tangent bundle and its mixing with the gauge sym-
metries to allow for a treatment of twisted tangential
structures, which often appear in type II string theories
and their compactification [72-76], and are essential for the
heterotic string (e.g., [64,65,77], for a mathematical
description), see also [78].

Similar techniques as discussed here, can also be used
for non-Abelian O0-form symmetries, e.g., for non-Abelian
gauge theories described by a Lie group. Beyond the
implications for anomalies an their cancellation, see
[32], this can have clear phenomenological applications.
In particular, a restriction on the sum of topological sectors
or a coupling to a topological field theory sector, see, e.g.,
[79-87], can have important consequences for fields that
couple to the topological charge density, such as axions,
e.g., [88-92] and [93] for a review. Since the group
cohomology classes H”(Q:;U(1)) or bordism groups
Q%(Q) classify such topological couplings they will
generically be affected by the modification. It would further
be interesting to connect the modification of a characteristic
class described by a top-form when pulled back to
spacetime with the decomposition of the theory in several
individual universes, see, e.g., [94]. Moreover, restrictions
of the type discussed in this work can be implemented on
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the lattice (e.g., [95,96] for modifications of ¢;) which
should allow for a treatment of challenging strong coupling
dynamics.

The transition from group (co)homology to bordism
groups is in general very interesting, since it allows one to
understand the effect of gravity in the modification of
(generalized) symmetries and the connected nonconserva-
tion of some of the charges [97]. This is closely related to
the Swampland cobordism conjecture [98]. In particular,
the homotopy fiber analysis encodes a gauging of these
global symmetries and verifies the expectation that such a
gauging can introduce new conserved charges which need
to be violated in the full theory of quantum gravity.

Finally, in this work we mainly focused on the topo-
logical classes, which for U(1) gauge theories are con-
centrated in even degrees and thus most apparent for
theories in even dimensions. These modifications would
however also modify the Chern-Simons terms in odd
dimensions and can allow for fractional levels, even in
the absence of a spin structure, see [99] and references
therein for the importance of spin structure. The generality
of the homotopy fiber approach which is viable also for
higher-form gauge fields might therefore be a unifying
description of these and related phenomena, such as the
anyonic statistics of extended objects described in
[100,101].
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APPENDIX A: HOMOTOPY FIBERS AND
BIANCHI IDENTITIES

We use this Appendix to make the connection between
the homotopy fiber construction and Bianchi identities
more explicit and point out some subtleties associated to
the realization of the higher-form fields. We will concen-
trate on the times n constraint for ¢3, which involves the
appearance of a U(1) higher-form field.

If we write out the action of the differential in the top left
of Fig. 8, we obtain the equation

dvy = nv3, (A1)
where v; is the generator of H*(K(Z,3);Z) and v, the
generator of H(BU(1); Z). Writing this in a more physics-
oriented way, by pulling back to spacetime X and using
Chern-Weil representatives this becomes

dH® = FO) A FO). (A2)
4n?
This precisely corresponds to a usual Bianchi identity.
However, there are two important subtleties:
(i) Equation (A2) does not include all the information
of (A1), because it is not sensitive to torsion classes.
(i) Equation (A2) contains way too much information,
since it is a local identity of differential forms,
i.e., valid at each point in X, whereas (Al) only
equates the cohomology classes, independent of
their representatives.
Instead of imposing the Bianchi identity on top of the
equations of motion, we can also include it as enforced by
an equation of motion of an additional Lagrange multiplier
field. In order to do so we however need to fix the number
of spacetime dimensions, D, and use a specific Lagrangian
description. To do this consistently we move to the
description in terms of differential characters, [36-39],
see [65,102] for a mathematical description of Bianchi
identities on the level of differential cohomology. In this
framework, the Eq. (Al) is contained in the topological
class of the composite differential character A % A and can
be written as
NG = nINGTU NG =0e ) (X;:2).  (A3)
This triviality of the topological class is enforced in the
Bianchi identity (A2) by providing an explicit trivialization.
This choice of trivialization in (A2) is precisely what
contains the additional local information and beyond
restriction of the topological class, also determines the
field strength F\), = F® A FO).
Let us now describe, how this can be encoded in the
properties of a Lagrange multiplier A and we include a term

A;S = 2zi / (4,4(A)) (A4)
X
in the Euclidean action. Here, §(A) € H*(X) denotes a

differential character that depends on A, and (,) is the
differential cohomology pairing (see also [103]).

1. Flat gauging
The first realization is also known as “flat gauging” in
the literature [44] and is used to implement the topological
constraint (A1). For that we want 1€ H”~3(X) to be a flat
differential character, i.e., using the short exact sequence
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0~ H<I(X:U(1)) = H*(X) » Q5(X) - 0, (AS)
we see that A is fully characterized as an element in
HP=*(X;U(1)). Further choosing §(A) = nA x A, (A4)
becomes

AsS = 2zin [{ AU NG UND (A6)

which realizes the perfect pairing
HP=K(X;U(1)) x H¥Y(X;Z) - U(1) (A7)
described in [104]. The path integral over

A€ HP=#(X;U(1)) then implements (A1) without addi-
tional local constraints.

But then one might ask, whether the flatness condition
on A should also be implemented at the level of the
equations of motion. This can be done using the other
perfect pairing described in [104], given by

QD-k(X) x ~U(1). (A8)

For that we introduce another Lagrange multiplier
ae H*(X) which is a topologically trivial differential
character described by a globally defined differential form

3
o € i

Now we modify the action (A4) by adding

defined up to large gauge transformations.*

AyS = 2z / (&) = 2zi / FIPY Aa®,  (A9)
X X

where the second equality follows from the simplification
of the differential cohomology pairing in case one of the
differential characters is topologically trivial. Integrating
out & in (A9) imposes the flatness condition F; = 0 on the
field 1 reducing (A4) to (A6).

2. Full gauging

If instead we take the Lagrange multiplier 1 € A”~3(X)
to be an unconstrained differential character, Eq. (A4)
implements a stronger constraint. In particular, the path
integral over 4 now includes the integration over topo-
logically trivial characters described by elements in
QP=4(X)/Q0~*(X), which due to the pairing (AS),
enforces

**One is inclined to call a topologically trivial gauge field an R
gauge field, but there is a subtlety that R gauge field trans-
formations are only “small” in the sense that gauge transforma-
tions are always exact forms, and for the purpose of using (A8), itis
important to include “large” gauge transformations.

Fill, = 0€Qb(X). (A10)

For the same choice as above, i.e., § = n(A * A), this yields

n
e (F?) A FP) =0eQd(X),

(A11)

which is the Bianchi identity (A2) for trivial H () (or the
“homogeneous solution”). To modify this to obtain (A1)
and (A2) one needs to introduce a new field H € C*(X)
which is a differential cochain, defined for example in [37],
i.e., it is not necessarily closed. Including this field we
consider the action

AS = 2m'/(1, G(A) — dH), (A12)

where d is a differential defined on differential cochains.?

Since d? = 0 we see that dH is closed, i.e., the Lagrangian
contains a well-defined differential character. Integrating
out the Lagrange multiplier field 4 in (A12) one obtains the
constraint, see also [22],

dH = g(A), (A13)
which written in components, H = (h, hy, H <3)), for the
case §(A) = n(A x A) contains

M F@ A FO),

dHB) =
47

(A14)

identical to (A2), as desired.

APPENDIX B: (COOHOMOLOGY OF
EILENBERG-MACLANE SPACES

In this Appendix we summarize the (co)homology of
Eilenberg-MacLane spaces of the form K(Z,m) and
K(Z,,m) with a focus on Z, = Z,. These spaces are
defined by their homotopy groups, see, e.g., [8,34],

A, k=m,

r(K(A.m)) = { (B1)

0, k> 0, otherwise,

where in our case A is Abelian.

PIf a differential cochain &€ CP(X) is given by the triplet
(c,h.,F)ECP(X;Z) x CP~(X;R) x QP(X), the differential
d: CP(X) —» CP*Y(X) is given by d(c,h., F.) = (dc,F, —
dh, — c,dF,) where the differentials on the individual entries
represent differentials for singular cochains and differential
forms, respectively.
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1. K(Z,m)

These Eilenberg-MacLane spaces can be interpreted as the classifying spaces of U(1) (m — 1)-from fields. In low degree
they are given by

K(Z,1)=U(1)=S"', K(Z,2)=BU(1)=CP>. (B2)
From that we can easily extract their cohomology groups with integer coefficients

Z, ke{o,1},

0, otherwise,

Z, k>0,keven,
HY(K(Z,2);Z) = (B3)

HYK(Z,1);Z) = { 0, otherwise.

Moreover, the cohomology of K(Z,2) is built from a single generator v, in degree 2, defining the (polynomial) ring
structure
H (K(Z,2);Z) = Z|v,). (B4)

In higher degrees m > 3, the cohomology groups become more complicated quickly and can be extracted from the
homology groups with integer coefficients in [49], give by

k | 3 4 5 6 7 8 9 10 11 12
H(K(z,3;2) | z 0 Z, O Zy Z, 7, Z, 7, ®7Zs Z, 85
H(K(Z,4);27) 0 Zz 0 Z, 0 Z®Zy 0 7,07, 0 7®07sD7; D7, (B3)
H(K(Z,7);2) 00 0 0 Z 0 z, 0 7, ®Z; 0
which translates to
k | 3 45 6 7 8 9 10 11 12
HYK(z,3);z) | z 0 0 Z, O Z3 Z, Z, Z; 7, ® Zs B6
HY(K(Z,4);7) 0 Zz 0 0 2, Z 7Zy 0 Z,®7Z, z (B6)
HY(K(2.,7);7) 0 00 0 Z 0 0 2 0 Z,® 7

where we always have that H(K(Z, m); Z) = Z since these spaces are connected as well as H*(K(Z, m);Z) = 0 for

0 < k < m. One further has the generic generator of H"(K(Z,m);Z) = Z in degree m, which we will denote by v,),.

Using the universal coefficient theorem we can also extract the cohomology with Z, coefficients, that will be useful for
the Adams spectral sequence below. In particular, one has

k | 3 4 5 6 7 8 9 10 11 12

HYK(Z2,3);2,) | 2z, O Z, Z, O 2z, 7% 7z, 7z, 7%

HY(K(Z.,4);Z,) 0 7z, 0 7, 7z, 7z, 0 7% 7% 7%

HY(K(Z,7);Z,) o o o o0 z 0 2, 2, 2Z, Z,

(B7)

The nontrivial generators can be identified with the action of all admissible actions of the Steenrod operations S¢”, without
the appearance of Sq', see, e.g., [34], on the generator ¥,, € H"(K(Z,m); Z,) ~ Z,. For example for K(Z,7) one has

H'(K(Z.7);Z,) = Z,[¥7.5¢°%7, Sq* 7. Sq* ¥, S¢° %7, ..., (B8)

where we indicated all elements in degree <12. Its .A(1) structure is captured by Fig. 26. Indeed just considering the
different elements we find a match with (B7), derived from the universal coefficient theorem as needed.

2. K(Z,,m)

As above, the low degree case is known to be determined by

K(Z,1)=BZ,=LY, (B9)
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iSq Uz
FIG. 26. The A(1) structure of K(Z,7).

FIG. 25. The A(1) structure of K(Z,,7). where x and y are or degree 1 and 2, respectively. For the
case of n even

leading to the cohomology groups

Z )
H'(BZ,:Z,) :# (B13)
zZ, k=0, (e =35Y)
HY(K(Z,,1);Z) =X Z,, k> 0,k even, (B10)
0,  otherwise. with the action of a Bockstein map relating the two, see [8].

In higher degree the cohomology groups for general n
and with Z,, coefficients which will also be useful for us  are calculated and we instead will focus on n = 2, for

. which some results can be found in [50]. In particular, the
H'(K(Z2,.1);2,) = Z,, k> 0. (B11) cohomology of K(Z,,m) with Z, coefficients can be

' o o ) extracted from the Steenrod action on a generator i1, of
Again, there is a ring structure which in the case of noddis  gm (K (7, m); Z,), [34,42], in a way similar to the case

K(Z,m). However, this time one also allows for the
M (B12) appearance of S¢' in the enumeration of all admissible

(x*) 7 actions, [34]. In the example of K(Z,,7) one has
|

H'(BZ,;Z,) =

H'(K(Z,.7);Zy) = Z,[ii7, Sq' 17, Sq*it7, Sq*it7, Sq*Sq 17, Sq*it7. S¢* Sq' 7. S¢°ii7. Sq*Sq' iy, ...].  (B14)
Form this we can simply read off the cohomology groups

k | 0 123456 7 8 9 10 11 12
H(K(Z27:2,) | 2, 00 0 0 0 0 2, 7, 2, 7§ 79 7P

(B15)

The A(1) structure in the relevant degree is given in Fig. 25. Forgetting about the S¢” data, we can also use this Adams
spectral sequence for H.(K(Z,,7); Z)3, the 2-completion of its integer cohomology. Moreover, since we are interested in
K(Z,,7) and not K(Z,7) the cohomology localizes in prime 2, and the approach captures everything. The extensions now
are taken with respect to A(0), generated only by Sq'. With this we find the degrees relevant to us and convert to
cohomology with the universal coefficient theorem,” leading to

k | 01 2 3 4 5 6 7 8 9 10 11 12
H(K(Z,7:Z) | Z 0 0 0 0 0 0 2, 0 Z, Z, Z, Z, (B16)

**This can also be seen from an argument in [34], saying that if there are two elements x € H k(X;Z,) and y € H*"1(X; Z,) related via
y = Sq'x, then there is a Z, factor in H,(X; Z) where they both originate from.

065021-30



MODIFIED ABELIAN GAUGE THEORIES

PHYS. REV. D 114, 065021 (2026)

With similar techniques one can derive the cohomology groups of K(Z,,3) and K(Z,,2) with Z, coefficients

k | 2 3 4 5 6 7 8 9 10 11 12
HYK(Z,,2):2)) | 2o 2, 7, 7% 7§ 7% 7§ 7% 7% 7§ 7%° B17
HY(K(2Z,,3);Z,) 0 2z, z, z, 7% 7% 7% 7% 7% 7% 7¥ (B17)
HY(K(Z,,7);7Z,) 0O 0 0 O o z z, z, 7% 7% 7%
which can also be verified by comparing with the integer cohomology groups calculated in [50]
k | 3 4 5 6 71 8 9 0 11 12
HYK(Z,,2),Z2) | 2, O 24 Z, Z, Z, Z,®7Zy 7% 7% 7%® (B18)
HY(K(Z,,3);7) 0 7z, 0 7, 7, 7, 7, 7% 7% 7¥
Using the Adams spectral sequence for K(Z,7), one obtains the 2-completion
k | 0 1 23 456 7 8 9 10 11 B19
HYK(Z.7:2){ | Z 000000 Z 0 2 0 2 (B19)
k | 3 4 5 6

but one needs to be careful regarding to the appearance of
torsional elements at other primes, as we know appear in
degree 12, see (B6).

APPENDIX C: BORDISM GROUPS OF
EILENBERG-MACLANE SPACES

Beyond the cohomology of the Eilenberg-MacLane
spaces, we are also interested in their oriented and spin
bordism groups of the form

QPN (K (A, m)). (C1)

These can be constrained using the Atiyah-Hirzebruch and
the Adams spectral sequence, see for example [27,105].

The second page of the AHSS needs the integer
homology groups H.(K(G,m);Z) as input. Let us illus-
trate this approach with K(Z,3) and K(Z,,3), which
we also use in Sec. IV. The second page of the AHSS is
given by

E2, = H,(K(A,m); Q""" (pt)), (C2)

where the oriented and spin bordism groups of a point are
given in (4.6). We provide the second page of the AHSS for
oriented bordism of K(Z,,3) and K(Z, 3) in Fig. 27. From
there we see that in the range p + ¢ <7 there are no
nontrivial differentials. The first extension problems only
occur in degree 7 and above, and we find

0 1 2

Z 00 2, Z 7,07, Z,

Z 00 Z Z 7,87, O
(C3)

For the spin bordism group the second page of the AHSS
looks a little more involved and is depicted in Fig. 28. One
way to make progress is to move to the Adams spectral
sequence that will have information about the 2-completion
and is sufficient to determine the spin bordism groups in
dimensions 6 and below. Its second page is given by

Ey' =Exty (2, ®>°Z, 2 & ...)

®z, H'(Y;2,);Z,) (C4)

and converges to the 2-completion of the reduced spin
bordism group Q""(Y)y. Moreover, since we are only

q q
7A 7A
6 6
5 Zo 5 Zo
4 7 Zo 4 7 VA
3 3
2 2
1 1
0 7Z Zo Lo 7o ZQ}p 0 Z 7 Zo Zs »

Sy
01 2 3 4 5 6 7 01 2 3 4 5 6 7

FIG. 27. The second page of the AHSS for the oriented bordism
groups of K(Z,,3) (left) and K(Z,3) (right); for p + ¢ <7.
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! !
7 7
6 6
5 5
4\ 7 Zio 4 7 Z
3 3
2 Zs Lo 7o Zgﬂ 2 Zs Zo Zs
1 Zo Lo Ty Z?QZZEQ 1 Zso Zo YWD
0 Zs Lo Lo iy X 0 VA Zo Zs b p
01 2 3 4 5 6 7 01 2 3 4 5 6 7

FIG. 28. The second page of the AHSS for the spin bordism
groups of K(Z,,3) (left) and K(Z,3) (right); for p + g <7.

interested in degree 6 and below this simplifies to

Ey' = Exty, (H'(Y: Z,): Z,), (€5)

and we need the A(1) module structure of ¥ = K(Z,,3)
and K(Z;3). This is depicted in Fig. 29 and Fig. 30,
respectively. This can be converted to the Adams chart, see,
e.g., [35], from which one can read off the bordism group.
In dimension 6 and below the Adams chart for K(Z,, 3) has
a single Z, in degree 3. For K(Z, 3), the first A(1) module,
the “upside-down question mark,” can be found in [35]
From this we find*’

k 012 3 456
APM(K(Z,.3))Y | 00 0 Z, 00 0
QPMK(Z3)y | 000 Z 00 0

(Co)

which combined with the results of the AHSS and QP (pt)
yields

*"Using the exact sequence of A(1) modules we can further
resolve the extension question in [106], confirming that

QF"(K(25,3)) =

a Sq'Sq*us

ﬁ35q2ﬁ3

u3

FIG. 29. The A(1) structure of K(Z,,3); ii5 is the generator of
H3(K(Z,.,3):Z5).

Sq*Sq*vs
¥38q° 3

U3

FIG. 30. The A(1) structure of K(Z,3); 5 is the generator of
H3(K(Z,3);7,).

k |01 2 3 456
QPK(Z,,3)) | Z 7, Z, Z, Z 0 0 (C7)
QMNK(Z3) | Z 7, Z, Z Z 0 0

which agrees with [106] and we use as input for the AHSS

E}, = H,(BU(1):Q/"(K(Z,.3))),  (C8)

in Sec. IV.
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