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1 Introduction

Homotopical methods based on L,-algebras and A,.-algebras have been playing an in-

creasingly significant role in our understanding of the algebraic and kinematic structures

inherent in scattering amplitudes and correlation functions of quantum field theory; for an

incomplete sample of recent works see e.g. [1-14] and references therein. At a given order

of perturbation theory, these can be calculated in a purely algebraic fashion without resort-

ing to canonical quantization or path integral techniques: the quantum Batalin-Vilkovisky

(BV) formalism gives an explicit homological construction of correlators which algebraically

generates Feynman diagrams. The diagrammatics of homological perturbation theory is
discussed in e.g. [8, 11, 13].



In this paper we are interested in what these techniques can teach us about noncom-
mutative quantum field theory. Noncommutative field theories arise in many scenarios as
effective theories; see [15, 16] for early reviews of the subject as well as its relevance in
open string theory with B-fields. Their Ly.-algebra formulation at the classical level was
discussed in [17]; see [18] for a recent exposition. There are two main problems that this
paper aims to address.

The standard noncommutative quantum field theories are famously plagued by the
notorious problem of ‘UV/IR mixing’, which is related to the appearance of non-planar
loop diagrams in perturbation theory [19]. The naive ultraviolet regulator 6 provided by
the noncommutative deformation becomes effective at energies E with E v < 1. UV/IR
mixing occurs in a loop correlator when the regularisation entangles ultraviolet and infrared
regimes: an ultraviolet cutoff A induces an effective infrared cutoff Ag = 1/6 A. While
non-planar graphs are generically well-defined, they can lead to uncontrollable divergences
when inserted as subgraphs into higher order graphs. These divergences increase with the
order of perturbation theory, and all correlation functions are affected and diverge. As a
consequence, the quantum field theory cannot be renormalized.

For noncommutative ¢*-theory with the Moyal-Weyl star-product, the UV /IR mixing
problem can be cured by adding a background harmonic oscillator potential to the free
part of the classical action functional. The quantum field theory is then covariant under
Fourier transformation of the fields [20], which renders the interchange of ultraviolet and
infrared regimes a symmetry. This is the celebrated Grosse-Wulkenhaar model [21], which
is renormalizable to all orders in perturbation theory. But it is not understood how to
achieve this in gauge theories.

In this paper we explore a new approach to renormalizable noncommutative quantum
field theory by instead modifying the path integral directly, rather than the classical action
functional. Our approach is firmly rooted in the homological techniques developed by [11,
18, 22, 23]: by deforming the Loo-structure of a field theory to a braided Loo-algebra, one
constructs field theories which are covariant under the action of a triangular Hopf algebra of
symmetries, with braided noncommutative fields. Quantum correlation functions are then
computed via a braided deformation of the BV formalism and homological perturbation
theory: this is called braided quantum field theory. The renormalization properties of
braided quantum field theory turn out to be very different, and UV /IR mixing seems to
be less severe and maybe even absent. This is due in part to the absence of non-planar
diagrams, which we demonstrate explicitly in the example of noncommutative ¢*-theory.

Our formulation of braided quantum field theory realises a special case of Oeckl’s ap-
proach [24, 25] (see also [26]), which formulates the path integral of ordinary quantum field
theory in a purely algebraic language and then generalizes it to ‘braided spaces’ of fields
which are objects in the braided monoidal representation category of a quasi-triangular
Hopf algebra. This algebraic approach is based on normalised Gaussian integration over
braided spaces, which leads to a braided generalization of Wick’s theorem. In this way
braided quantum field theory follows the traditional path integral approach, going from
Gaussian path integrals via perturbation theory to Feynman diagrams. The braided gen-
eralization of the quantum BV formalism [11] does exactly this, while also having the ad-



vantage of going beyond the classes of theories immediately covered by Oeckl’s approach:
our formalism also naturally treats theories with gauge symmetries.

For Moyal-Weyl twists, our systematic treatment of noncommutative ¢*-theory makes
precise some older claims from the literature, many of which were reached through some-
what ad hoc lines of reasoning and constructions. Based on Oeckl’s computation of de-
formed Green’s functions for scalar fields in terms of undeformed ones [25], braided de-
formations of free quantum field commutation and anti-commutation relations, i.e. of the
oscillator algebras of creation and annihilation operators, were suggested in several works,
see e.g. [27-31]. In particular, from this it was argued in [27] that noncommutative quan-
tum field theory with braided symmetry dispels with UV /IR mixing in S-matrix elements
of scalar field theories. These treatments employ braided tensor products, which also twist
the propagators of the field theory, in contrast to our approach. In fact, our more system-
atic calculations generally reach somewhat different conclusions: braided quantum field
theory is not the same as its undeformed counterpart [11].

The second main goal of this paper is to understand the homotopy algebraic approach
to quantization of braided field theories with gauge symmetries. As a first step towards
understanding the more elaborate non-abelian gauge theories, here we undertake a detailed
study of the simplest example of a U(1) gauge theory coupled to a Dirac fermion. We
call this theory braided quantum electrodynamics (QED); a preliminary investigation of
this model was announced in [32]. This theory is markedly different from that of the
standard noncommutative QED, whose photon field is self-interacting, contrary to the
photon of braided QED. We develop the classical braided field theory in detail, and in
particular demonstrate how the homotopy Noether identity associated to the U(1) gauge
symmetry naturally implies the electric charge conservation law. In the quantized theory
we demonstrate the absence of non-planar diagrams as well as UV/IR mixing in one-loop
two-point correlators. This is also in agreement with earlier calculations [30] which found
that no UV/IR mixing occurs in S-matrix elements of U(1) gauge theory coupled to matter.
The implications of this for the renormalizability of braided QED is left for future work.

Outline. A central purpose of this paper is to demonstrate how to compute correla-
tion functions for perturbative braided quantum field theory using braided quantum L .-
algebras (equivalently the braided BV formalism), and in particular to present explicit
expressions for correlation functions obtained through these algebraic techniques. The
structure of this paper is as follows.

In section 2 we briefly review braided L,-algebras and their application in developing
a novel particular class of examples of noncommutative field theories, called braided field
theory. We further describe their perturbative quantization by developing a braided version
of Wick’s theorem and applying the BV formalism. We treat the noncommutative ¢*-theory
in some detail, demonstrating the absence of UV /IR mixing in the one-loop self-energy.

In section 3 we present the explicit example of braided electrodynamics. We first
construct the corresponding braided L,.-algebra, and then use it to formulate the action
functional and the equations of motion. Using the braided Noether identity we find the
associated conserved matter current and discuss the modifications to the electric charge
conservation law.



In section 4 we explore the perturbative expansion of quantized braided electrody-
namics defined by the braided Wick’s theorem and homological perturbation theory. In
particular, we find that there are no non-planar Feynman diagrams as well as no UV/IR
mixing through explicit computations of the vacuum polarization and the fermion self-
energy at one-loop.

Two appendices at the end of the paper contain some technical details which are used
in the main text: appendix A briefly reviews the basics of twist deformations that are used
in our constructions of braided field theories, while appendix B summarises our conventions
for Dirac spinors.

2 L -algebras and braided quantum field theory

2.1 L.-algebras and classical field theory

Let us begin by briefly recalling the definition of a classical Ly-algebra. An L..-algebra
2 is a Z-graded real vector space L = @z, LF equipped with graded antisymmetric
multilinear maps

by i LP" — L, a1 @ @ ay — llar,...,an)
for each n > 1, which have degree |¢,,| = 2 — n. The graded antisymmetry translates to
lo(o.vayd,..) = —(=D)lllele (. da,...), (2.1)

where |a| denotes the degree of a homogeneous element a € L. We write £ := {{;,},>1 for
the collection of all multilinear maps, which are also called multibrackets.

The n-brackets ¢, are required to fulfill infinitely many homotopy relations, for each
n > 1. The first Lo.-relation

l1(¢1(a)) =0
says that underlying any Lo.-algebra . is a cochain complex (L, ¢1):

21 Lk Zl Lk+1 41

The second relation

01(ta(az, az)) = la(f1(ar), az) + (—1)!"1 by (a1, €1 (an))

says that the differential ¢; is a graded derivation with respect to the 2-bracket ¢, or in
other words that ¢5 is a cochain map. The third homotopy relation

lo(la(ar,az),a3)—(—1)1%211931 2y (05 (a1 ,a3) a9) +(—1) U2 HasDlaly, () (ag,a3) ,a1)
= —l3(01(a1),a2,a3) — 1)\ es (a1, (az),a3) — (1) 1H1921 05 (ay 09,61 (a3)) — 41 (£3(ar1,a9,a3))

says that the graded Jacobi identity for /s is violated by a cochain homotopy determined
by ¢3, and so on for n > 3.



In applications to Lagrangian field theory, one additionally asks that an L..-algebra
Z is endowed with a graded symmetric non-degenerate bilinear pairing (—, —) : L& L — R
which is cyclic in the sense that

(ag, ln(a1,a2,...,an)) = £ (an, ln(ao, a1, ...,an—1))

for all n > 1. Here and in the following we write + for the sign factors determined by the
grading of the elements a; involved through the Koszul sign rule.

It was shown in [1, 3, 17, 33] (see [18] for a review) that any classical field theory
with irreducible gauge symmetries (that is, with independent gauge transformations) can
be completely encoded in 4-term L.-algebras . with underlying graded vector space

L=L"eL'el’?aL3.

Given a gauge parameter ¢ € LY and a dynamical field A € L', the gauge variations are
given by
1
0cA = l1(c) + la(c, A) — 3 l3(c, Ay A) + -+, (2.2)

where the ellipses designate higher brackets involving tensor powers A®" for n > 3, which
are not needed in the applications considered in this paper. The equations of motion
F4 =0 in L? are encoded through homotopy Maurer-Cartan equations

1 1
Fa=01(4) = 5 la(A,A) = S (A A A) + - (2.3)

Under gauge transformations (2.2) the homotopy Maurer-Cartan equations transform co-

variantly
0cFa =Lo(c,Fy) +l3(c, Fa, A) + -+ . (2.4)

For the purposes of this paper, we may assume for simplicity that the algebra of gauge
variations closes off-shell (that is, when F4 # 0). We further assume that the brackets of
£ satisfy

£n+2<01,02,A1,...,An) =0 and €n+2(cl,02,A+,A1,...,An_l) =0 (2.5)

for all m > 1, ¢1,¢0 € L°, Aq,..., A, € L' and AT € L?. Then the homotopy relations
imply that the closure relation for the gauge algebra has the form

[5017502]0 = 5—€2(c1,02) ) (26)

where [d¢,, ¢, )0 := 0¢y © ¢, — Ocy © ¢, is the commutator of gauge variations. The Noether
identities in L? corresponding to the gauge symmetry are encoded by

1
daFy := fl(FA)—}—fz(FA,A)—ifg(FA,A,A)—F--- =0, (2.7)

which vanishes identically as a consequence of the homotopy relations on A®™ for all n > 1.
The action functional of a Lagrangian field theory can be written via a symmetric
non-degenerate bilinear pairing (—, —) : L ® L — R of degree —3 which makes . into a



cyclic Loo-algebra. Then the equations of motion F)4 = 0 follow from varying the homotopy
Maurer-Cartan action functional

1 1 1
S(A) = L (A (A) ~ LA BAA) — S (A GAAA) + (28
since cyclicity implies 6S(A) = (F,0A). Cyclicity also implies
605(‘4) = <FA7 5CA> = _<dAFA7 C> 9 (29)

so that gauge invariance of the action functional 0.S(A) = 0 is then equivalent to the
Noether identities d4Fy = 0.

Note that ¢1(A) is associated with the free equations of motion, whereas £, (A®™) for
n > 2 correspond to interaction vertices in the Lagrangian. In this formalism, free fields
(that is, solutions to the linearised equations of motion) are in the cohomology H®(L) of
the underlying cochain complex (L, ¢;).

2.2 Braided L.-algebras and braided field theory

Starting from a suitable classical Loo-algebra £, using Drinfel’d twist deformation tech-
niques one can construct a braided Lo.-algebra Z* in the sense of [22, 23] (see [18] for
a review). A brief review of the Drinfel’d twist deformation formalism is presented in
appendix A, while more details can be found in [34, 35]. Let v := I'(T'M) be the Lie
algebra of vector fields on a manifold M, and let Uv be its enveloping algebra. For a twist
F € Uv[[V]]oUv][v]], we write F = f*®f, and F~! = f*®f, for its inverse. The correspond-
ing triangular R-matrix is R = Foy F ! =: R* ® Ry, with inverse R™! = Ra; = R, @ R*.!

To apply the twist deformation formalism, we start from a classical Lo.-algebra &
whose underlying graded vector space L = @7 L* is a Z-graded (left) Uv-module and
the n-brackets ¢, : L& — L are equivariant maps, that is, they all commute with the
action of v = I'(T'M) on L via the trivial coproduct A. Given any Drinfel’d twist F €
Uv[[v]] ® Uv[[v]], we deform the brackets ¢,, to twisted brackets ¢} which commute with
the action of I'(T'M) on L[[v]] via the twisted coproduct Ar. Following the standard
prescription (A.6), we set ¢] := ¢; and

Cat, ... an) = lh(a] @4 -+ Dy ay) (2.10)

for n > 2, where a ®, a’ := F ' (a ® d') = f*(a) ® fo(a’) for a,a’ € L[[v]]. These define
multilinear maps £ : L[[v]|®" — L[[v]] which are braided graded antisymmetric:

(. ayd,. ) = —(=D)lllaT e Ry (a'), R (a), ... ) .

The first and second homotopy relations are unchanged with respect to the correspond-
ing classical homotopy relations; that is, the braided Loo-algebra Z* still has underlying
cochain complex (L[[v]],¢1) and ¢} is again a cochain map. The third homotopy relation

IThroughout this paper, repeated upper and lower indices are always implicitly summed over.



is given by

05(5(a1, az), az) — (—1)1219s 05(05(ar, Ra(as)), R (az))
+ (—1){leaFHlasDlesl g5 (05(R 4 (az), Ry (as)), RP R*(ar))
= —03(t1(a1), az, a3) — (=11 65 (a1, b1 (az), ag) — (D)1 1225 (a1, a5, 1 (a3))
— l1(5(a1, az,a3)) - (2.11)

We observe that the non-trivial braiding now appears in this relation, which says that the
braided graded Jacobi identity for ¢35 is violated by the cochain homotopy 3.

If £ is a cyclic Lyo-algebra with a Uv-invariant inner product, then its cyclic structure
(—,—) : L&L — R is twist deformed to a new inner product (—, —), : L[[V]|®L[[v]] — R[[v]]
defined by

(a1, a2)y == (f*(a1),fa(az)). (2.12)

In general, graded symmetry of the cyclic pairing (—, —) implies that the twisted pairing
(—, —)« is naturally braided graded symmetric

(az, ar1)y = (=112l (R, (a1), R*(a2) s
and also braided cyclic
<a0 ) g;(aha?v e '7an)>* == <Ra0 Roél T Ranfl (an) ) g;(Rao (aO)a R (al)v SERE) Rt (an—l))>*'

However, for applications to field theory, we have to restrict to compatible Drinfel’d
twists [23] that result in a strictly graded symmetric pairing

(ag,a1), = (=1)latl1o2l (g ay),

for all homogeneous aj,as € L[[v]]. In this case, £* becomes a strictly cyclic braided
Lo-algebra.

Following the classical case, a braided field theory is built as a noncommutative de-
formation of a classical field theory which is completely defined in terms of its braided
Lo-algebra. Let £* = (L[[V]],£*) be a 4-term braided L..-algebra, obtained by twist
deformation of an L.o-algebra . = (L,¢) which organises the symmetries and dynamics
of a classical field theory. For a gauge parameter ¢ € L°[[v]], we define the braided gauge
variation? of a dynamical field A € L'[[v]] by

SEA = £1(c) + B3, A) — %Eg(c,A,A) b (2.13)

Braided covariant dynamics is described by the equations of motion F; = 0, where the
braided homotopy Maurer-Cartan equations

1 1
Fj=01(A4) = 5 G(AA) = Z G(A A A) + - (2.14)

2In general, one can define both left and right braided gauge transformations. In this paper we focus
only on left braided gauge transformations for simplicity. More details can be found in [23].



transform covariantly as
1
GoFx = 6(e, F3) + 5 (6(e, 3, A) = 6(e, A FR)) + - (2.15)

for all gauge parameters ¢ € LO[[v]].
The braided gauge transformations obey the off-shell closure relation in terms of the
braided commutator:

* * 1% * * * * *
[(5 (5 ] = 601 (e} (502 — 5Ra(02) O 5RO‘(61) = 5—[5(61,02) . (216)

Cc1? 7C2lo

Corresponding to the braided gauge symmetry, a suitable combination of the braided ho-
motopy relations leads to an identity

* * * 1 * * * ]‘ *
AFR = G(F) + 5 (B(FA) — G(AFR) + ¢ G(E(A A A) + -
1 * * * *
+ 3 (G(6G(A, 4), 4) — £5(A, £5(4, 4))) (2.17)
1
+ 15 (GB(G(A A A), A) — G5(A, G5(A, A, A)) + - = 0.

Unlike the classical Noether identity (2.7), the braided Noether identity (2.17) is no longer
linear in the equations of motion F{ and contains inhomogeneous terms involving brackets
of the fields A themselves. This is related to the violations of the Bianchi identities in
braided gauge theories [23]. In the classical limit v = 0, where R = 1 ® 1, the braided
homotopy formulas (2.13)—(2.17) all reduce to the classical formulas in (2.2)-(2.7).

For a Lagrangian field theory, using the (strictly) cyclic inner product one can define an
analogue of the homotopy Maurer-Cartan action functional for the braided field theory as

S, (A) = % (A, £1(A)), — é (A 5(A ANy — — (A (A A A+, (218)

1
57 ¢
24
whose variational principle yields the braided equations of motion F} = 0. This action
functional is invariant under braided gauge transformations:

S, (A) =0, (2.19)

for all ¢ € LO[[v]] and A € L'[[v]]. However, unlike the classical case, the braided Noether
identity for the braided gauge symmetry cannot be derived from the variational principle,
because braided gauge variations and Euler-Lagrange variations behave very differently,
see [23].

Note that the free fields of braided field theory are unchanged from the classical field
theory: they are still the degree 1 elements of the cohomology H*®(L[[v]]) of the underlying
cochain complex (L[[v]],¢1). Only the interaction vertices, corresponding to the higher
brackets £ for n > 2, are modified by the braided noncommutative deformation.

2.3 Braided Wick’s theorem

Loo-algebras are the natural algebraic structure underlying the Batalin-Vilkovisky (BV)
formalism [3], which may be used for the quantization of classical field theories. Similarly,



we expect that braided L..-algebras should be related to a braided generalization of BV
quantization. This was described explicitly in [11] for field theories with finitely many
degrees of freedom, and applied to an example of braided fuzzy scalar field theory; the
braided BV formalism is also discussed in [18]. One of the purposes of the present paper
is to formulate braided quantum field theory and study its features in a simple example of
a continuum field theory with gauge symmetry.

In order to set up and illustrate the general framework for this, we consider here the
simple example of scalar field theory on d-dimensional Minkowski spacetime R14~1. We
show how to recover, using heuristic field theory arguments, Oeckl’s approach to (sym-
metric) braided quantum field theory which relies upon a braided generalization of Wick’s
theorem based on purely algebraic arguments [24, 25]. This result will then be substanti-
ated in section 2.4, where we develop the braided BV quantization of scalar field theory.

The action functional for a free real scalar field ¢ on R1¥~! with mass m is given by

So@) = [, A go(-D-n?)o (2.20)

where
d% = da® Adzt A - Adad?

is the standard volume form on Minkowski spacetime and [J is the d’Alembertian operator.
The differential of the underlying abelian Ly.-algebra .4 is given by the Klein-Gordon
operator as £1 = —(J 4 m?). Since there are no gauge symmetries, only L' = L? =
QO(RY¥=1) are non-trivial and given by two copies of the space of functions (regarded as
0-forms) on Rb4~1,

The L.-algebra % is completely described by the 2-term cochain complex

O+m?2)

QORI [—1] — ), gO(R1A-1) g (2.21)

concentrated in degrees 1 and 2, where the square brackets indicate shifts of the cohomo-
logical degree.® Elements of the degree 1 cohomology of this complex H'(L) = ker(0+m?)
are the states ¢© € QO(R“~1) that solve the Klein-Gordon equation. Elements ¢+ € L?
correspond to the BV antifields of the physical fields ¢ € L'.

The cyclic structure of degree —3 is given by the non-zero inner product

(6.0 = [

Rl.d—

1 d%z ¢ ¢, (2.22)

for ¢ € L' and ¢t € L2, which is cyclic because the Klein-Gordon operator is formally
self-adjoint with respect to this inner product. Interaction vertices are incorporated by
including the non-zero higher brackets [3, 18]

fn((lsla-wvﬁbn):)\nﬁbl"'ﬁbn: (2'23)

for n > 2, \, € R and ¢1,...,¢, € L', and writing the homotopy Maurer-Cartan ac-
tion functional (2.8). The homotopy relations follow trivially for degree reasons, while

3For any vector space W and integer p € Z, elements of W p| are of degree —p.



cyclicity of (2.22) with respect to £, is a trivial consequence of commutativity of pointwise
multiplication of functions.
The perturbative n-point functions of the free quantum field theory are defined by the

formal normalized functional integral

Gn(@1, ..., 20) ) = (0| T[p(x1) - - $()]]0)

1 i

= = LS0(e)
= Z Jooguuany 79 9@ 9@n) R T,

(2.24)

where T implements the time-ordered product of fields, and Z is a normalization factor
such that (0/0)(®) = 1. This is non-zero only when n = 2k is even, and Wick’s theorem
expresses it as the Hafnian of the two-point correlation matrix:

1 k
Gar(21, ... ,wzk)(o) = Lok Z H <0‘T[¢(‘/Eo(2a71)) ¢(%(2a))”0>(0) )
: g€Ss, a=1

where S,, denotes the symmetric group of all permutations of degree n. The free two-point
functions are related to the scalar Feynman propagator by

d%k el k-(z—y)

FOITIo() 6(0))10) 0 = () = [ (225)

®ud-1y= (2m)% k2 —m?2 4ie€’

for € € R~g. In the following we will drop the ie-prescription in the Feynman propagators,
and abbreviate momentum space integrals as

/ - A%k / d'k,
e ’ (R1.d—1)* (27r)d (R1.d—1)* (27r)d’

in order to simplify the presentation.

The braided noncommutative deformation follows the twist formalism discussed in
section 2.2. The classical scalar field theory is Poincaré invariant (but not diffeomorphism
invariant), so its Loo-algebra % consists of modules and equivariant brackets for the uni-
versal enveloping algebra Uiso(1,d—1) C Uv of the Poincaré algebra iso(1,d—1). Hence we
have to restrict to twists F € Uiso(1,d — 1)[[v]] ® Uiso(1,d — 1)[[v]]. For simplicity, we will
work with abelian twists, for which R = Fo; F~! = F~2; the standard Moyal-Weyl twist
and also the angular twist of [36] are examples of such twists. We will further restrict to
abelian twists F € Uiso(d—1)[[v]]® Uiso(d—1)[[v]] constructed from the spatial isometries
of R¥~1 ¢ R14~1 as this simplifies some of the analysis in the quantum field theory, such
as the treatment of time-ordering, as well as avoiding potential issues with unitarity. For
definiteness, and for the sake of illustration, let us choose here the Moyal-Weyl twist

F =exp < — % 09 9; ® aj> : (2.26)

where (0%) is a (d—1) x(d—1) antisymmetric real-valued matrix, and 9; = % € I(TR1)

fori=1,...,d — 1 are vector fields generating spatial translations in RM1.

~10 -



Since £ = %, and since the twist F is compatible with the cyclic inner prod-
uct (2.22), the free braided scalar field theory is unchanged from its commutative version.
In particular, because (—, —), = (—, —), the action functional (2.20) is unchanged:

1
Sox(0) = 5 (&, £1())x = So(¢) -
Interaction vertices are included by twisting the brackets (2.23) to

E:L(d)la""gbn):)\n¢1*"'*¢nu

forn > 2, A\, € Rand ¢1,...,¢, € L'[[v]], and writing the braided version of the homotopy
Maurer-Cartan action functional (2.18).

It follows that, at the classical level, even the standard noncommutative scalar field
theory is organised by a braided L..-algebra [18]. However, the braided symmetry makes
a crucial difference in the quantum field theory, particularly in the application of a braided
Wick expansion, rather than the standard one, and in the different interaction vertices
arising from the braided symmetry. Correlation functions in the interacting quantum field
theory will be discussed in section 2.4 below.

Given this braided Lq,-algebra structure, we would now like to define the free braided
n-point functions. While the traditional path integral and canonical quantization methods
are not readily available for braided quantum field theory, we can quantize the theory in a
purely algebraic fashion using modern techniques from homological algebra, as we explain
in section 2.4. Here we shall define them operationally by a heuristic noncommutative
deformation of the Feynman representation of (2.24) in the following way, which also leads
to a purely algebraic prescription, while at the same time elucidating the physical meaning
of the braiding.*

Firstly, whereas in conventional noncommutative field theory the functional integral
would still be taken over the commutative space of fields Q°(R14~1), in braided quantum
field theory the domain of integration is a ‘braided space’ of fields Q2(R4~1) [25], that is,
the algebra of fields with the star-product x which can be thought of as endowing them
with ‘braided statistics’. The braided n-point function is thus denoted as

Gr(@1, .y 20) ) = (O T[p(x1) % - - x pwn)]0)L,

with the star-product canonically extended to the tensor product ¢%" €
QO((RH1)7) [v] = QO(RM)[])*" as [16, 23]
iv 0 0
$o0) - ox dlan) = e () 3 07 20 ) o) - dlan).

i J
a<b Gxa 8‘7717

More generally, the twist (2.26) can be lifted to the space of functionals of the fields as [37]
iv .. 0 )
Feexp( - Ly / 47! (ai % _ioam >
b < 37 Jea 9500y T O Sy

® /RH 4ty (aj%;@) oI 5175(3,)»

where II is the conjugate momentum to the field ¢.

4Since the free braided field theory is the same as its commutative counterpart, this can also be formu-
lated via the operator formalism in the Dyson representation of (2.24).
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Secondly, the integration measure Z,¢ is taken to be Uriso(d — 1)-invariant, so that
the operation (0\T[—H0>£0) defines a Uriso(d — 1)-equivariant map. This implies that the
twist can be factored out of the functional integration and taken to act on the m-point
function of the commutative scalar field theory, which may then be expanded using the
usual Wick theorem.

Altogether, for the non-vanishing correlation functions we prescribe the simple expres-

sion
G (1, ... xo) (2.27)
1 (iy 09N o 0
=Y exp (Y Zewi) [T OIT[6(zo@e-1)) (@o(26)][0) .
R2F Lo 2 = Oxl, 02l

This formula will be derived in a more precise way in section 2.4.
Unravelling the combinatorics of the formula (2.27) reveals the following general state-
ment of the braided Wick theorem:

e The braided n-point function is defined by replacing the pointwise products of fields in
the commutative n-point function with star-products.

e Only nearest neighbouring fields can contract. To contract we therefore have to first
permute fields, which introduces corresponding R-matrices.

o After the contractions we use simplifications to remove some R-matrices, such as the
identities from appendix A together with relativistic invariance of the commutative
two-point functions.

o The final result is the braided Wick theorem, which agrees with the results from [25].

Note that no star-products will appear between contractions, due to iso(d— 1)-invariance of
the commutative two-point functions: noncommutativity enters only through the permuta-
tions of fields, which produce R-matrices. Let us give a few explicit examples to illustrate
how the theorem works.

Two-point function. The braided two-point function is defined as

G3(1,2)® = (O[T[(21) % d(x2)]|0)” . (2.28)
Using (2.27) along with (2.25) we find
. 8 0
a1, 22)© = exp (9 9 )<om (21) (22)][0) ©
—ik-(z1—x2)
gk k; ©
— in / o (2.29)

—1k (z1—22)
= —in | S = O[T0(a)o(r)]0)

where the noncommutative phase factor vanishes due to the antisymmetry of #%. Thus the
two-point function remains unchanged, as expected. This same result is explained in [25].
In the following we will abbreviate Wick contractions as

Ga O = (0] T[o(za) b (2)]|0)@

and denote 0f := 88
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Four-point function. The braided four-point function is defined as
Gi(wr, w2,w3,00) ") = (O] T[$(w1) * $(w2) * Blaz) x Bla)] 0L (2:30)

Applying the first biderivative operation from (2.27) results in

e%9”6132(¢1¢2¢3¢4+¢1¢3¢ b1 + D1 Pa ¢

N A |

= 616263 64 + %9”61‘92(¢1¢3¢2¢4+¢1¢4¢2¢3)

\_/

where we used

0} (61 62) = ~0 (60 62)

which follows from (2.25). The remaining biderivative operations from (2.27) follow in a
similar way and the end result is

Giler,wo,w3,00) 0 = 61 dady dat e U0 (G1 032 du+ GLoudedn).  (231)

From (2.31) we recognise the appearance of the inverse R-matrix and we can finally

write

Gi(a1, a2, w3, 14) Y = $1 92 ¢3 P4+ 1 Ra(#3) R*(¢2) d4 + $1 Pa P2 P3- (2.32)

I

In arriving at (2.32) we used

91 Ra Rs(64) R*(¢2) R7(63) = é1 Ra(a) RE, (62) RE (03)

t (2.33)
= ¢&§¢4) e(R )¢|2_|¢3 =$19402 03,

where in the first equality we used the R-matrix identities (A.4), in the second equality
we used Uiso(d — 1)-invariance of the two-point function, and in the last equality we used
the normalization (A.2) of the twist; this can also be checked by explicitly computing the
left-hand side of (2.33) using (2.25).

Six-point function. As a final illustration of our statement of the braided Wick theorem,
we look at the six-point function defined as

Go(1, 09, w3, 24, 15, 06) D) = (0] T[p(21) % P(w2) * b(w3) % () % d(x5) * Bla)]|0)S) . (2.34)
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Applying (2.27), a calculation similar to that for the four-point function gives the slightly
cumbersome result

G-, 16) = d1 6 85 0405 d6 + b1 P2 83 Ra(5) R (1) 06
+ 016293 P6 b1 &5 + $1 Ra(¢3) R (d2) 1 5 ¢6

+ &1 Ra(3) R*(02) Ra(d5) R (04) b + b1 06 02 95 03 64
+ 01 Ra(03) R%(¢2) d6 01 ¢5 + ¢1 1.d2 93 5 6

+ &1 Ra Rs(64) R%(d2) Ro (é5) R Rwﬁ

+ @1 Ra(05) d2 03 R (04) @6 + $1 Ra Ry (4) R (02) 96 R” (3) 05
+d1Ra(ds) b2 Rg(4) R7R(¢3) ¢6 + ¢1Ra(¢5) R (@2) ¢6 @3 P4

+ &1 d6 b2 93 04 @5 + 1 96 P2 Ra(9a) R (¢3) 95 (2.35)

In the commutative limit, when the R-matrix reduces to the identity operator, our re-

sults (2.32) and (2.35) reduce to the well-known expressions for the four-point and the
six-point functions in standard free scalar field theory. The noncommutative deformation
enters through the permutations of fields before contracting them.

2.4 Braided homological perturbation theory

Following [2, 5, 11, 14] we now explain how to compute correlation functions of the in-
teracting braided scalar field theory via the technique of ‘homotopy transfer. We start
from the cohomology H*®(.Z;) of the abelian Lo-algebra £, which describes the classical
vacua of the free scalar field theory on RM¥~!. This is also an abelian L..-algebra, and
from (2.21) it follows that it is also concentrated in degrees 1 and 2, given by the solution
space H'(L) = ker(¢1) of the massive Klein-Gordon equation [ ¢+m? ¢ = 0 and the space
H?(L) = coker (/1) of on-shell Maurer-Cartan expansions. The underlying 2-term cochain
complex of H*(.Z) is

ker (O 4 m?)[—1] 2, coker (O + m?)[~2].

To describe correlation functions in the path integral framework, we need to define a
Uiso(d — 1)-equivariant projection p : L — H®(L) of degree 0 and a Uiso(d — 1)-invariant
contracting homotopy h : L — L of degree —1. For this, we denote the scalar Feynman
propagator G : QO(RM1) — QO(RL4-1) by

1

G=——
O+ m2

where C(k) are the eigenvalues of the Green operator G when acting on plane wave eigen-
functions of the form e!#?. It satisfies

l1o0G = —(D + m2) oG = idQO(Rl,S) .

If we were to compute scattering amplitudes, then the first component of the projection
p® : L' — HY(L) should be taken to be the projection idgo(r1.3) — G o £1 to on-shell
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states. However, for the purposes of computing correlation functions, we should project
to the trivial vacuum ¢ = 0. This is a consequence of the fact that correlators can be
equivalently computed by Wick rotating to Fuclidean signature, where the kernel and
cokernel of the kinetic operator ¢; become trivial, and this was already used in section 2.3.
Similarly, whereas the second component p® : L? — H?(L) could be taken to be the
natural projection induced by the quotient map to coker(¢;), we use the trivial projection
to ¢ = 0. Hence we define
pV) =0 = p@

or more accurately we restrict the cochain complex of H®(.Z}) to its trivial subspaces.
With these choices, the only non-vanishing component of the contracting homotopy
h® : L2 — L' is given by the propagator h® = G. Explicitly

1

h(2)<¢+)(l’) - _|:| T m2

+ d e ik () +
¢ (w):/RLdildy km‘b ), (2.36)

for ¢ € L2,

We apply the braided homological perturbation theory developed by [11]. For this, we
need to extend the maps p and h to the space of functionals on L; in this paper we will only
compute correlation functions of polynomial observables, hence we restrict to the braided
symmetric algebra Symp L[2] = @,,>¢ Sym% L[2] over R[[v]]. The data above induce a
trivial projection P : Symg L[2] — Symgp H®(L[2]) by

P(1)=1 and P(o1 Ox - Ok o) =0,
along with a contracting homotopy H : Symy L[2] — Symg L[2] through
H(1) =0,

1 & (2.37)
H(‘Pl@*"'@*ipn): E Z + ©1 Ok Ox Ya—1 @*h(@a) Ok Pat+1 Ox =+ Ox ©n
a=1

for all p, € L[2], with a = 1,...,n; we used Uiso(d — 1)-invariance of h in (2.37) which triv-
ializes the actions of R-matrices. Note that on generators the twisted symmetric product
Oy is braided graded commutative:

Pa Ox P = (_1)“%' el Ra(b) ©x R*(a) -
We perturb the free differential ¢; to the ‘quantum’ differential
Qs =0 +6

on L[2], where the formal Uiso(d — 1)-invariant perturbation & will be specified below.
The braided extension of the homological perturbation lemma [11] then constructs the
perturbed projection map P + P, where Ps : Symp L[2] — Symyp H®(L[2]) is given by

Ps = P (idsymy ] — 0H) " O H,

which in the classical case gives the path integral [2].
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We thus define the n-point correlation functions of the braided quantum field theory
by

Gr(z1, ..oy 2n) = (0| T[p(z1) * - - * d(20)]]0)x := Ps(0zy Ox + - Ok )

= i P((6H)?(0z, @+ Ok 02,)) s (2.38)
p=1

where 0,,(z) := d6(x — x,) are Dirac distributions supported at the insertion points z,
of the physical field ¢ € L'. Because only P(1) = 1 is non-zero, this is a function in
QO ((RY4=1>*")[[1]].5 We are interested in two perturbations & of ¢;.

Free theory. The free braided scalar field theory of section 2.3 is recovered from the
perturbation

6 - i h ABV 5
where Agy : Symp L[2] — (Symg L[2])[1] is the braided BV Laplacian defined by

Agy(1) =0, Apy(p1) =0, Agv(p1 Ox 2) = (01, P2)% 5
Apv(p1 Ok - Ox on) = Z + (P, ROla+1 T Rabq(@b»* P1 Ok = Ox Pa—1 (2.39)
a<b

Ox R (@at1) O+ Ou R (0p-1) O P11 Ok -+ O P,

for all ¢1,...,¢, € L[2]. The BV Laplacian satisfies the two key properties (Agy)? = 0 and
Agy 0 f1 = —{1 o Agy which guarantee that Qg = ¢1 + ih Agy is a differential, (Q0)2 =0.
Since the braided BV Laplacian contracts fields pairwise and lowers the symmetric alge-
bra degree from n to n—2, it is clear that in this case the correlation functions (2.38) vanish
unless n = 2k is even, in which case the free braided 2k-point functions are then defined by

G, w1)® = (OIT[B(1) % % Sz )|V = (1 By H) (B2, On -+ O Gy
(2.40)
It is not difficult to check using (2.22), (2.36), (2.37) and (2.39) that (2.40) reproduces the
braided Wick expansion (2.27) by iterating the basic operation

. 1
1hABV H(5x1 OOk 5932k) = % Z ¢a Raa+1 “'Rabfl (gbb) 5901 OFEEIOM 695@-1
a<b

O R%a+1 (5513a+1 ) OOy R®-1 (5‘%71) Oy 5$b+1 OOy 627% ,
where we again use the notation

b0 0 1= (0|6 (wa) d(2)][0)” = ~ih G(wa — )

for the free propagator, and the Koszul sign factors are trivial for antifields o, = d,, € L?[2];
we used the fact that the only non-zero pairings are (6., G(dz,)) = G(zq — 2p).

5As usual in quantum field theory, the amputated correlation functions are distributions in position
space, and so should be properly defined by smearing them with suitable test functions, as done in [11].
Here we follow the more conventional physics practice of defining ‘localized’ correlation functions.
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For the two-point function one finds immediately the free propagator

. e—ik-(m1—l‘2)
G (a1,22) ) = ih Bgy H(Gay @1 6) = ~ihG(ay — ) = ~ih [ Co

)

in agreement with (2.29).

For the four-point function we start from

1
ihABV H((S.’El @* s @* 5:54) = 5 (¢|I_I¢2 53[73 ®* 51’4 + (bl Ras¢3) Ra(5$2) ®* 51'4
+ 61 Ra R3(64) R*(3x,) @ R (8,) + 0285 62y Ou b,

+ @2 Ra(64) a, O R*(82,) + @3 04 b0y O b, )
Using
ihABV H((S:ca Ox 5:5;)) = ¢Ia_l¢b
we then find that the four-point function is given by
GZ(xlv Z2, X3, $4)(0) = (ihABV H)2 (511 Ox 512 Ox 5:p3 O 6:&4)
1
= 5 (2016203 1+ 01 Ra(93) R(62) du + 61 R*(03) é2 Ra (1)
« B .
+ 61 Ra Rp(04) R*(02) R(03) + 61 41 62 03)

We now employ the same R-matrix manipulations as in section 2.3. Using

08 (0291) = 0162 91)

we conclude that the second and third terms are equal; this also follows abstractly from
the triangular Hopf algebra identity (Sz ® idyisea—1)) R = R~ = Ry and Uiso(d — 1)-
invariance of the two-point functions. From the identity (2.33) we see that the last two
terms are also equal.

Altogether we arrive at

Gi(x1, 2, 3, 24) ) = ¢|1_,¢2 ¢|3_,¢4 + ¢|&,(¢3) R*(¢2) ¢4 + <75|1_,¢4 <Z5|2_,¢3 ;

which agrees with (2.32), and also with [11, Equation (5.40)]. It is straightforward, if
lengthy, to extend this calculation to compute the six-point function (2.35), and also to
higher order correlation functions. In this way we recover the braided Wick theorem of
section 2.3.

Interacting theory. An interacting scalar field theory on RM~1 is captured by the
perturbation

0= ihABV + {Sint7 _}*>

where the operator {Sin, —}« is constructed in the following way.
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For definiteness, we consider braided A ¢*-theory in four dimensions, but the methods
easily extend to scalar field theories with arbitrary polynomial interactions in any dimen-
sion. This amounts to extending £ to a non-abelian braided L..-algebra .#* with the
single non-vanishing higher bracket ¢3 defined by

U3(P1, b2, 93) = —A b1 % 2 % ¢3

for all ¢1, ¢a, p3 € L'. The braided version of the homotopy Maurer-Cartan action func-
tional (2.18) is then

54(6) = 5 (6, 0(8))s — 57 (6, 65(8,6,8)) = 50(8) + Sii(9)

- s d*x %¢(—D—m2)¢+%¢*¢*¢*¢,

(2.41)

which is just the standard noncommutative scalar A ¢*-theory [16]. We want to “transfer”
the bracket ¢4 to give a new braided Loo-algebra on H®(L), called the minimal model of
the braided L.-algebra Z*, and at the same time “quantize” it.

For the computation of interacting correlation functions, we extend the braided L..-
algebra structure on L[[v]] to (SymgL[2]) ® L[[v]] via the non-zero brackets [18]

Li(a1®@¢1)=xar1 @0 (f1),
€5(a1© 1, a9 @ d2,a3 @ ¢3) = + (a1 O4 Ra(a2) O Rg Ry (a3)) @65 (R7R*(¢1), R (¢2), ¢3) ,

for ai,as, a3 € SympL[2] and ¢1, ¢2, ¢3 € L[[v]]; again we write 4 for the Koszul sign
factors determined by the gradings of the elements involved in all operations. Similarly,
the cyclic structure is extended via the non-zero Symp L[2]-valued pairing

{01 ® ¢,a2® " )x = £ (a1 O« Ra(a2)) (R*(9), 67 ), (2.42)

for ai,as € SymgL[2], ¢ € L[[v]] and ¢+ € L?[[v]].
The antibracket is the braided graded Poisson bracket {—,—}, : SymgpL[2] ®
Symp L[2] — (Symg L[2])[1] defined by setting

{®a, Po}x = (Par Po)x = £ {Ralps), R*(¥a) }«

for ¢, € L[2], and extending this to all of Symg L[2] as a braided graded Lie bracket which
is a braided graded derivation on Symg L[2] in each of its slots. For example

{01, 02 Ox 3}s = (01, P2)x Ox 3 T Ra(p2) Ox (R (1), 3) - (2.43)

The antibracket is compatible with the differential ¢, extended as a graded derivation to
all of Symg L|[2], as a consequence of cyclicity of the inner product (—, —).. It is also related
to the braided BV Laplacian through

ABV(al Ox a2) = ABV(GI) Ok a2 + (_1)‘(11‘ ap Ok ABV(GQ) + {a17 a2}*7 (2-44)

for all a1,as € SympL[2].
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Via Fourier transformation, we introduce the basis of plane waves ey(z) = e '¥% for
L' and the basis

for L?. These bases are dual with respect to the inner product (2.22), in the sense that

/ <ek’7 ep>* ep — ek; and /k ek <ek’7 ep>* — ep,
p

where throughout we use
/ Az R — (2m)4 5(k)
R1L:3

The star-products among basis fields are

epxep = e~z k0P €htp (2.45)
where k-0p:=vk, 0" py = —p - O k, while the action of the inverse R-matrix on them is
given by

R (ex ® ey) = Ra(er) @R¥(e,) = e'FP gy 2 6, . (2.46)

Using this basis we now define the contracted coordinate functions & € (Symg L[2]) ®
L[[v]] in degree 1 by the formal Uiso(3)-invariant expression

g:/k (er@er +e"@ey).

Using the braided Maurer-Cartan action functional (2.41), we define the interacting part
of the BV action functional Sy, € Symp L[2] in degree 0 by the Uiso(3)-invariant element

S = 5y (&, BEEE). (2.47)

As discussed in [11, 18], this satisfies the classical master equation
1
01(Sint) + 3 {Sint, Sint }x = 0,

and it is annihilated by the braided BV Laplacian, Agy(Sing) = 0. As a consequence, the
operator

Qint - el + ihABV + {Sinty _}*

is a differential, (Qint)? = 0, which describes the correlation functions in terms of a braided
quantum L..-algebra.
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Calculating (2.47) explicitly using (2.22), (2.45) and (2.46) we find

1
Sm=—g [ (" 00n b0, e, D)
° 1;--5R4
1 k1 k2 ks kg * (RO po o
:_@ k k <<e ®ekl7(e Q*Ra(e )Q*RﬂRa(e ))®£3(R R (ek'Q)?R (ek3>7ek4)>>*
* 1y--5R4
1 . . )
- _@ /k k elk2.€k3+lk2.0k4+lk3.9k4 <<ek1 Qe (ekQ Q*ekS ®*ek4)®€§(ekzyek3>ek4)>>*
‘ 1y---5R4
:_1/ oik2 Okstiky Ok tiks-Oks
A Sy ks
k1 R (eF2 k3 kay (R 0x
Xe" Ok cx(e Oy Oxe )< (ekl), 3(ek279k373k4)>*
A i> kaOky
:I/k W 1o, 0, e O™ (ef en, xep; ker, )
* 1s.--9R4
= V(k1,k2,k3,ka) 1o, e 0, ef 0, ek,
k1,...,ka

The interaction vertex

A 13" kaOky A
V(kl, ko, k3, k4) = I e oa<b (27T) (5(16‘1 + ko + k3 + k4) (2.48)

coincides with the vertex of the standard noncommutative A ¢3* theory [16]. It has the
braided symmetry
V( kag1, ke ) =e RaOkart V(k) ko ks ky) (2.49)

under interchange of any pair of neighbouring momenta, and also the cyclic symmetry
V(k1, ka2, k3, ka) = V (ka, k1, k2, k3) (2.50)

which follows from momentum conservation.
The interacting correlation functions of the braided quantum field theory are now
given by

Gty an)™ = (0| T[@(x1) * - % d(zy)]|0)™

— o/ (2.51)
= P((ihAsy H+ {Sint, =} H)P (80, O -+ O 0a,)) -
p=1
The interaction terms are computed by using the non-zero pairings
(€', G(dz,))x = e G(kq) = (G(e™), 0z, ) (2.52)

together with the braided derivation property (2.43) of the antibracket and the symmetry
properties (2.49)—(2.50) of the interaction vertex V' (ky, ko, k3, k4) to get the basic operation

4 & . ~
{Sint, H(0z, @*...@*590”)}*:—5 Z /k i V(kl,...,k4)elk1-maG(k1) Oy Ox " OOz, 4
a=1 7Rk

Ox ek2 Ox ek3 Ox ek4 O 5:1:a+1 O+ Ox 5:pn .
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= (N} (k) =V (klf k2’ k3’ k4)

k2 k1

Figure 1. Diagrammatic representation of the propagator (left) and interaction vertex (right) for
braided ) ¢3-theory.

The operator {Sint, — }« inserts four legs e¥1, ..., e and contracts e* with an external
leg 95, , at each of the n insertion points z1, ..., z,. Thus it changes the symmetric algebra
degree from n to n + 2, and so it follows again that only n-point correlation functions
with n = 2k even are non-vanishing, in which case the sum in (2.51) starts from p = k
because only P(1) = 1 is non-zero. The correlation function (2.51) is a formal power
series in the parameters & and A. The order A\° contribution is just the free 2k-point
function (ihAgy H)*(6z, Ok -+ - @ 04y, ) discussed earlier. A general order A contribution
will involve a mixture of loop corrections and both connected as well as disconnected
parts; these require at least k + [ braided Wick contractions i Agy H in order to produce
a non-vanishing result. It follows that the loop expansion parameter is x := A A: an [-loop
contribution to the 2k-point function is weighted by the factor A* k!. We represent terms
in the perturbative expansion (2.51) using standard Feynman diagrammatic techniques;
the Feynman rules are depicted in figure 1.5

Two-point function at one-loop. As an explicit example, let us compute the first non-
trivial correction G% (1, z2)(") (at order A) to the free two-point function, which from (2.51)

is given by
G3(z1,22)Y = (17 Agy H)? {Sint, (00, O 62,) } (2.53)
— 9 Viky, ... k) ki) (57 (ih Apy H)2(eP @, f 0, & @, 4,,)
k1,....ka

+e'Fr22 (5 Apy H)2(0,, Oy e 0, e™ 0, ek“)) .

The free four-point functions in (2.53) are evaluated by using the braided Wick expan-
sion (2.32) and the pairing (2.52) together with

(e G(ek?)), = G(ka) (21)* 6(ka + Ks) .

6See [11] for a detailed description of how to arrange the computation of (2.51) in terms of a diagrammatic
calculus.
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This gives

(ihApy H)2(e" @, e™ 0, M 0, d,,) (2.54)
= —1? ((e",G(e"))4 (™, G(dz,))x + (", Ra(G(e™)))x (R*(€"), G (02, )
+ (", G(02,)) (e, G(e™))y)
= —h? (2m)" G(ka) (8(ky + k3) G(ka) e ¥1%2 + 6(ky + ka) G(ks) o782 ¢ 71 Fa 0
+ 6 (ks + ka) G(kz) €72 72)

and similarly

(ih Apy H)? (62, Ou e 0, e @, &) (2.55)
= —h? (2m)* G(ks) (8(ks + k) G(ko) 71 4 §(ko + k) G(kg) e Fo et @ 1R 0hs
+ (5(]€2 + kg) C(k'Q) eik‘l'xl) .

We now substitute (2.54) and (2.55) into (2.53) using the braided symmetry (2.49)
of the interaction vertex, and resolve the delta-functions. After relabelling momenta, the
noncommutative phase factors in (2.48) are all unity for the relevant momentum combi-
nations (ki, k2, k3, k4) given by (ki, ko, —ka, —k1) and (k1, —k1, k2, —k2), and one finds that
all six contributions are the same. Altogether the one-loop contribution to the two-point
function is given by

hZ A e—ikl-(arl—zg)

2 ke (- m2) (K3 - m2)

Gh(z1,m9) M = (2.56)

This result is independent of the deformation parameter and coincides with the classical
two-point function (at v = 0), including the correct sign and overall combinatorial factor.

We can recognise the more traditional form by relating the exact two-point function,
including all loop corrections, to the dressed propagator in momentum space using the
usual Fourier transformation

) d4 —ip-(x1—x2)
G3(xy, )™ = —ih P ¢

)

®13)+ (2m)* p? —m? — IL(p)

where II,(p) is the self-energy which is given by a sum over all one-particle irreducible
(1PI) diagrams. At order A, the result (2.56) gives

i A dk 1
pla=—3 I _m?
h 2 Jwrrsys (2m)t k2 —m

(2.57)

which leads to the standard one-loop mass renormalization in \ ¢j-theory, represented by
the usual tadpole diagram in figure 2.

This result is analogous to the one obtained by [11] for braided scalar field theory
on the fuzzy torus. In particular, it shows that there is no UV/IR mixing in the two-
point function at one-loop order, in contrast to the standard noncommutative quantum
field theory [16], and it seemingly implies the absence of non-planar Feynman diagrams in
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Figure 2. In braided \@j-theory, the one-loop self-energy receives a contribution only from a
planar tadpole diagram.

perturbation theory. This appears to be a consequence of the braided symmetries of the
interaction vertex due to the braided L..-algebra structure, through its interplay with the
braided Wick theorem. It would be interesting to understand to what extent this surprising
feature of braided quantum field theory persists at higher loop orders and in higher point
correlation functions. However, having now introduced the main tools from homological
algebra, we instead move on to the main theory of interest in the present paper.

3 Braided electrodynamics

3.1 Classical electrodynamics

The field content of electrodynamics consists of a U(1) gauge field A = A, (z)dz" €
QY (RY3) coupled to a massless” Dirac spinor ) on four-dimensional Minkowski spacetime
R'3. We use the shorthand notation for partial derivatives Oy = 8%“ where z# are
coordinates on R'? with ¢ = z° the time direction. The infinitesimal U(1) gauge variations
are given by

(5014“:%3”6, O =icy and Sct) = —ivpe,

where ¢ € QO(R'?) is the infinitesimal gauge parameter, e is the electric charge of the
fermion, and ¢ = 740 is the conjugate Dirac spinor with * the Dirac matrices in four
dimensions (see appendix B for conventions and identities).

The action functional invariant under these gauge transformations is

S D) = [t (= J P Ru bt @ —ied,)), ()

where we introduced the field strength tensor F' = dA € Q?(R!3) whose components are
given by F' = % F,, dzt Ndz¥ = % (OuAy — 0, A,) dzt Ada”. The corresponding equations
of motion are

8VFW:—€TE’Y“¢7 iV“(auw_ieAuw)zo and (auzﬁ—i—iet/_JA“)i’y“:O.

Corresponding to the U(1) gauge symmetry is the electric matter current J = J,, da* €
QY(RY3) associated with the Dirac spinor 9 given by

JH=eyha). (3.2)

"The zero mass restriction is done for simplicity only, in order to illustrate the general construction.

There is no problem with including a mass term for the Dirac spinor as well, and indeed we shall do so
later on in section 4.
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A
The gauge field A minimally couples to this current and the continuity equation® O J* =0
follows from the equation of motion for A. It gives the conserved electric charge

— 0 _ 1
QB_/BdBJ_e/BdBw¢ (3.3)

enclosed by any spatial volume B C R? ¢ R"3 at fixed time with volume form dB. The
conservation law together with Gauss’ theorem imply that the time variation of Q)p is
cancelled by the net current through the spatial surface 0B bounding the volume B.°
From the modern perspective of generalized global symmetries [38], the conserved
electric charge is a ‘zero-form symmetry’, which is implemented by codimension one defects
B in the field theory, whose natural charged objects are the quanta of the local fermion
field . Electrodynamics also possesses a one-form magnetic symmetry, implemented by
codimension two defects X, with two-form current F= %g € FA dzt Ada? € Q2 (RY3).
Its conservation law 8,#5 " = () is equivalent to the Bianchi identity for the field strength F,
or alternatively to the absence of magnetic monopoles. The natural objects that are charged
under this symmetry are the non-local 't Hooft line defects, of magnetic charge g obeying
the Dirac-Zwanziger quantization condition e g € 27w Z which ensures mutual locality of the
electric and magnetic charges. The corresponding conserved quantity is the magnetic flux

By — g /E F (3.4)

through a spatial surface ¥ C R®. For an open surface, by Stokes’ theorem this is
equivalently computed by the usual holonomy integral @5, = g [35 A over the loop 9%
bounding ¥.. For a closed surface, the magnetic flux vanishes.

The global one-form symmetry can be gauged by minimally coupling the current F to
a background two-form field b € Q?(R}?) with the U(1) gauge transformation b = d\
for A € QY(RY3). This shifts (3.1) by the action functional of a BF-type topological field
theory:

Su( A, 0) = S(AB) —g [ BAF.

Integrating the source term by parts, the shifted action becomes
Sb(Aawaqu> = S(A7w7/¢_}) ) /Rl?) ANdb.

This shows that the field strength H = db € Q3(R'3) of the fixed external field b is elec-
trically charged under the gauged zero-form symmetry, thereby introducing a background
which modifies the matter current (3.2) to

T =qu " + g™ by .

By Gauss’ theorem, the electric charge (3.3) is then shifted to Qpy = @B +g [y b by the
flux of the two-form b through the boundary of the spatial volume B.

8We use the notation 2 to indicate an equality which holds on-shell when the equation of motion for a
field @ is imposed. When currents are conserved in this sense, we refer to them as ‘weakly conserved’.

9A more general Lorentz invariant definition uses a codimension one hypersurface B C RY3. The
corresponding charge @ is then conserved in the normal direction to B.
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It will prove useful later on, in our general twist deformation formalism, to rewrite
this well-known field theory in a basis independent form. Let d be the exterior differen-
tial, *y the Hodge star operator induced by the Minkowski metric, and § = %y d*y the
corresponding codifferential. Let us introduce a background field V' defined by

V=7 s dat Ada” A da? = ieune Y7 dat Ada” A daz?, (3.5)

where in the second equality we used the Dirac matrix identity (B.1). This is a gauge
invariant closed three-form valued in the endomorphism algebra End(.#) of the complex

spinor representation .# of Spin(1, 3) (see appendix B). It can be used to rewrite the spinor
action as

1 _
Sp=—5 |, OV Ade—icAy). (3.6)

Expanding all the forms, one arrives at the usual covariant Dirac action'’
Sy = /}RIS d*z &iv“ (Oup —iqALY).

The full set of equations of motion can now be written in the form

1

Fp=06dA——epsy Vip =0,

6
Fﬁz—é v (VA (A —ie Ag)) =0, (3.7)
Fy = —% s ((dY +iep A)AV) =0.

3.2 L.-algebra of electrodynamics

The graded vector space L = L® @ L' @ L? ® L3 of the Ly.-algebra underlying electrody-
namics is given by

LO — LS — QO<R1’3),

3.8
L'=1*=0'R"Y) & Q"R"?, %) & Q°R"?,.7). (38)
We arrange the physical fields A € L' and their duals AT € L? as
A AT
A= 1|1 and At =1 ot | . (3.9)
(G Pr
10The covariant action for a Dirac spinor in four dimensions in an arbitrary basis is usually written as
So=-p [ dmerenen@-icav).
R1,3

where e = €, 7o dz" is a vierbein one-form valued in End() [39]. This action can also describe a Dirac
spinor in curved spacetime, where the gauge field A is then the spin connection w. Since we work in a fixed
background spacetime, we simply group the three flat vierbeins e A e A e and the chirality matrix 75 into a
single background field V.

— 95—



The elements A correspond to antifields in the BV formalism containing the equations of
motion F4 = 0, where

Fy
Elements ¢ € L° correspond to ghosts in the BV-BRST formalism related to the gauge
parameters, while elements ¢t € L3 correspond to their antifields containing the Noether
identities d 4 F4 = 0.
The differential ¢; is given by

1de §dA )
lLie)=1 0 , O(A) = g (dYAY) and (1(A1) = - SAT. (3.10)
0 —% s (VA do)
The non-vanishing 2-brackets are
0 0
lo(c, A) = | icy |, lo(c, AT) = | —ivFTe |, (3.11)
—iec icyt

1 1_1/_11‘/1/12-1-11/_12_‘/1#1 ) )
42(«41,A2)=66 wg | =11 As AV —ihg AL AV |, lo(AAT) =it +igyT.
_iVAAle_iVAA2¢1

All higher brackets £,, with n > 3 vanish. We checked explicitly that these brackets satisfy
the homotopy relations, and thus define an Ly-algebra £ (which is a differential graded
Lie algebra in this case).

The underlying cochain complex of the Loo-algebra .Z is

QORI —s @ R-1] s @ R[] s QORI
@ - ®
om0 () QR
@ _— S¥
QURL3,.7)[~1] QORY3, . 7)[-2]
(3.12)
where 15@[} = 1 4y (dY A V) and i@9) := —% #4 (V Adyp). The cohomology H®(L) of

this complex is given by the free fields in the kernel of ¢;. This defines the minimal model
for the Loo-algebra £ [3, 9], which is an Le.-algebra H®(¢) quasi-isomorphic to £ with
underlying cochain complex (H*(L),0). In particular, fields (A®, @ @) in the degree 1

cohomology
e
ker(d d) 0id
HYL) = = D ker( >
SR i o

correspond to the usual photon states A® of free Maxwell theory on R and the conven-

tional description of free spinors as states (¢(®, 1)) satisfying the Dirac equation.
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One easily checks that the higher brackets of the Ly,-algebra .Z reproduce the gauge
transformations, equations of motion and Noether identity for classical electrodynamics
according to the prescription of section 2.1:

%dc
d0eA =11(c) +la(c, A) = | icy |,
—izﬁc
1 5dA—%ezZ*HVw
FA:€1(.A)—§€2(A,A): g (Y +iep A)AV) |, (3.13)
—1 g (VA (Y —ie Ay))

1 . .
dAFA:€1(FA)_€2(A7FA) = g(sFA‘Fl'(ﬁF&—IFQbQ/J

The Noether identity d 4F 4 = 0 can be understood in different ways. Following [40] we
interpret it as reproducing the weakly conserved matter current in basis independent form.
Indeed, when the equation of motion F4 = 0 for the gauge field is inserted, it gives

—éeqz*H (VA (dp —ieAy)) — ée #g (A +iep A)AV)p = —%eé*H (v V) 20,

The Lyo-algebra £ is naturally endowed with a cyclic structure defined by the non-
vanishing inner products

{c,cT) :/ crych and (A, AT) = ANy AT — T agp +ahxg ™. (3.14)
R31 RL.3
It is then straightforward to verify that the corresponding homotopy Maurer-Cartan action
functional for .Z coincides with the action functional of electrodynamics:

S(4) = 5 (A 6(A) - § (A (A A)

1 1 - 1 _ _
:/}RLSiFA*HF—EwV/\(d@Z}—ieAq/))—E(dd}—i—ied)A)/ﬂMﬁ (3.15)

1 1 - )
:/]RL?» §F/\*HF—6¢V/\ (dy —ie Aq),
where we integrated by parts.

3.3 Braided L ,-algebra of electrodynamics

Following the steps described in section 2.2, we now deform the classical Ly-algebra . of
electrodynamics to a braided Lso-algebra Z*. Like the scalar field theory of section 2.3,
electrodynamics is only relativistically invariant, so we will work with an abelian Killing
twist F; that is, the vector fields entering the definition of F are commuting Killing vectors
for Minkowski spacetime R3. The vector spaces (3.8) are then modules for the universal
enveloping algebra of iso(1,3) = RY3 x s0(1, 3). In our present basis independent formula-
tion, however, we need to further restrict to the isometries of R that preserve the closed
three-form V € Q3(RY3,End(.#)), in order to ensure that the brackets (3.10) and (3.11)

are equivariant maps.
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Using the Dirac matrix identities from appendix B, it is a straightforward calculation
to show that the only Poincaré transformations which leave V invariant are translations
R? Cis0(1,3). This forces us to work in a suitably chosen local frame where the abelian
twist reduces to the Moyal-Weyl twist (2.26) [41]; then the actions of the twist and of
the R-matrix on the background field V' are trivial. The typical example, which we will
eventually restrict to later on, is the Moyal-Weyl twist itself, which acts trivially on basis
vector fields of the holonomic coordinate frame 0, and on basis one-forms of the dual
coframe dz*; in particular, the star-products among basis one-forms, as well as between
functions and basis one-forms, are trivial in this case.

The underlying graded vector space of the braided L..-algebra .Z* is again given
by (3.8), with the same cochain complex (3.12). The non-trivial 2-brackets are modified to

0 0
G(c, A) = icxy ;o B(e, AT) = | —iRa(¢T) xR¥(c) |,
—iRa () % R¥(c) icxyt
ith % V xahy + iR4(th2) % V % RY(31) (3.16)

1 z <
fa(Al,Ag) = ge*H —iwl *AQ /\*V— iRa(wg)*Ra(Al) /\*V y
— i1V A AL x o —1V Ay Ra(A2) * Ra(¢1)

G(A,AT) = iR (7)) xR (¥) + iy
By construction, the braided homotopy relations (in this case the braided graded Jacobi

identities) are satisfied.
Finally, the cyclic inner product on .Z* is defined by the non-trivial pairings

<c,c+>*:/]R13(:/\*>|<HCJr , (A AT, = R13AA**HA+—QE+A**H1/J+1/_J/\**H1/J+.
(3.17)

3.4 Braided electrodynamics

The braided Lo-algebra .Z* defined by (3.12) and (3.16) defines a new noncommutative de-
formation of classical electrodynamics that we call ‘braided electrodynamics’. The braided
U(1) gauge transformations follow from

0xA =11(c)+ 45(c, A)
and are given by
SEA = %dc, (3.18)
S5 =ickp, 6%1p = —iR4(¥) * R%(c) . (3.19)

Note that in the case of braided U(1) gauge symmetry, the braided Lie algebra brackets
also vanish. Therefore the braided U(1) gauge theory retains its abelian nature (3.18).
This is very different from the usual noncommutative deformation of U(1) gauge theory
with star-gauge symmetry (see e.g. [16, 42]), which becomes a non-abelian gauge theory
after deformation.
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The equations of motion F7; = 0 of braided electrodynamics follow from braided ho-
motopy Maurer-Cartan equations

F3 .
Fi=| Fp | =0)- 56044,
£y

since all higher brackets vanish. Inserting the corresponding brackets given in (3.10)
and (3.16), these equations can be written as

Fi=6dA— e (64 V2t +Ra(B) # V< RO()

Fj= % iy qu/?+ %ezz*AJr %eRa(d_}) * Ra(A)> Ax v} = % sy [(D" + D*) AL V],
Fi =~ [V A, (DM 4 D))
where we introduced left and right braided covariant derivatives
DY =dyp —ie Ax and DY) =dip —ieR,(A) *xRY¥(Y) =dyp —iepx A.
Using the braided Leibniz rule
e * Vrap) = 650 % V x ) + Ra (1) % V x G (o8

one can easily check that the noncommutative fermion bilinear observable 1) « V x 1 is
invariant under braided gauge transformations and that

§ED"Rap = icx DRap .

Furthermore, one can explicitly show that all equations of motion transform covariantly,
as expected on general grounds from the braided L.-algebra formulation, namely

0sF3 =0, O0.F) =—iRu(Fy)*R%c) and 5;F£ = ic*Fi.

The action functional for braided electrodynamics follows from the braided homotopy
Maurer-Cartan action functional for .£* which is given by

1 1
S:(A) = 5 (A G (A))x — o (A B(A A))w =2 So(A) + St (A) (3.20)
Inserting the corresponding brackets with the cyclic inner product (3.17) gives
1 1 -
S, (A) :/ L F A #nF = — sV A, (DY + D) . (3.21)
]RI,S 2 12

Since F' = dA and one star-product can be removed under the integral, the action functional
for the gauge field A is just the usual classical Maxwell action functional.
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It is easy to check that S,(A) is gauge invariant, and also real for a Hermitian twist.
Explicitly, using the braided Leibniz rule one can easily check that

Go(* V Ax DMI) = 65p % V Ay D"4p 4+ R (90) x V Ay Sja(oy D)
= —iR,(¢¥) * RY(c) x V A, D*Rep
+iRa (1) * (R*(c) x V — V % R¥(c)) Ax D"

+iR4(¥) * V Ay R*(c) x D" = 0.

Compared to standard noncommutative electrodynamics with star-gauge symmetry, one
direct consequence of our model is the absence of photon self-interaction vertices. Another
is the curtailing of the problem of charge quantization [43].

Looking more closely at the equations of motion Fj = 0, we immediately observe the
conservation law

%eé*H (@ %V %t + Ra () % V x RE($)) = 8T 2 0
for the braided matter current
T = 2 e (Bx b+ Rold) £ RO) (3.22)
The corresponding conserved charge is

Qp= [ B =5 [ aB @' s+ o)« ROW)) (3.23)

A
for a spatial volume B C R? at fixed time. From the current conservation I JE =0 and
Gauss’ theorem it follows that

dQ% - - A
— [ d¥-J. = 0,
dt /z] *
where ¥ = 9B with oriented area form dY and J, = J!9; is the spatial current; in

particular, if B is large enough to have no current flux through ¥, then the charge Q% is
a constant of the motion.

Although our choice of twist is compatible with the cyclic inner product (3.17), the
second term in (3.23) has a non-trivial contribution to the conserved charge, because the
integration in (3.23) is only taken over the three-dimensional spatial volume B. Hence

% generally differs from the electric charge not only in the classical theory but also in
the standard noncommutative theory. Only when B is closed or B = R3, and the time
component of the twist vanishes (e.g. % = 0 as in section 2.3), do we recover the usual
electric charge.

The conserved matter current (3.22) also follows from the braided Noether identity
in the braided L.-algebra description. Let us show this explicitly. The braided Noether
identity d* % = 0 in Q°(RY3)[[v]] is given by

BOFR) + 5 (B(FL A) — B(A FY) + 7 (A A), A) ~ GA, B4, A)) =0.
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Inserting the corresponding brackets, we find that most of the terms cancel and we are left
with 1 .
—0F; — éeé*H (% V 1) + Ra() * V% R (1)) = 0.

As previously, we understand this as expressing the weak conservation of the electric matter
current, leading to the conserved charge (3.23).

The description of the one-form magnetic symmetry in braided electrodynamics evi-
dently follows the classical discussion from section 3.1 with no changes.

4 Braided quantum electrodynamics

4.1 Braided Batalin-Vilkovisky functional

Throughout this section we will work with the Moyal-Weyl twist (2.26) for definiteness.
Expanding the action functional (3.21) in the coordinate basis we find

_ a (1w T (i
S*(A)—/Rl’s d*z ( 4F“ *x Ep+ ¢ x (1@ —m) )
S r A xR (A7 RW) )

where we gave the fermion field i) a mass m in order to avoid spurious infrared divergences in
the following. This action functional follows from the action functional (3.21) by assigning
a non-zero mass term to the fermion field .

In contrast to the scalar field theory of section 2.4, the BV action functional here differs
from the classical action functional (4.1) by terms involving ghosts and antifields, due to
the local U(1) gauge symmetry of the theory. It can be computed by promoting ¢ € L°
to a ghost field and inserting the ‘superfield’ ¢ + A + A" + ¢t, regarded as an element
of the shifted vector space L[1], into the braided Maurer-Cartan action functional (3.20).
Using the non-zero brackets from (3.10) and (3.16), together with the cyclic inner products
from (3.17), we get

Sev(c, A, AT) = S, (A) + (AT, li(e))s — % (c, (5(A, AT) + B5( AT, A)).

=S, (A) + diz <(13 GMC*A"'“Jr%c*(i/;+*¢+Ra(1/;+)*Ra(¢)
R1:3

et R A RWY)).

Since the action functional (4.1) is invariant under the local (braided) U(1) gauge
symmetry, we have to perform gauge fixing before quantization. In the present case this
alters only the free part of the gauge sector, so we may follow the standard treatment. In the
BV formalism it is implemented by extending the field content of the braided L..-algebra
£* with the antighost ¢ € Q°(R!3)[—2] of the ghost field ¢ € Q°(R'3), together with
its antifield ¢t € QO(RY3)[—1], and a Nakanishi-Lautrup multiplier field b € Q°(RY3)[—1]
along with its antifield b* € QO(RY3)[—2].
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This extends the cochain complex (3.12) to

ORI — s @RI [1] Sy QURM) (2] s QIR
O 2] 0 i 2]
@)1 (0 0") QO®, )2
S2) S
QORY3,.7)[—1] QURM,.7)[-2]
S D
PERACY 0 R
2] 2]
(R[] 0O(R*)[-2)

where the extended pairs are (b,¢") and (b*,¢) in degrees 1 and 2, respectively. This
complex has the same cohomology H®(L) as (3.12). There are no further non-zero
higher brackets, while the additional non-trivial inner products are ((b,ct), (b",¢))s =
SR d*z bx bt — &T x¢. The corresponding superfield Maurer-Cartan action functional
shifts the BV functional to Spy — [pis diz bxc'.

A general R¢ gauge, for some gauge parameter & € R [46], is then implemented by
applying the isometry of .£* defined as (A1,b",c") — (AT +de, b — % c,ct—0A— % b) in
the shifted BV functional. This yields the one-parameter family of gauge fixed BV action
functionals

S8 (b, e, e e, A AT = Sey(e A,Aﬂ—/w d'z éE*Dc—gb*b—b*éAij*é”L. (4.2)
Note that the ghost field ¢ completely decouples from the gauge field A due to the abelian
nature of the gauge symmetry.

4.2 Braided homological perturbation theory

As in section 2.4, we quantize this theory by applying braided homological perturbation
theory to compute correlation functions, following [5, 9, 11].

Propagators. In order to transfer the homotopy algebra structure to the cohomology
H*(£*) of the braided Loo-algebra .£* of electrodynamics from section 3.3, we need to
specify a UR3-equivariant projection p : L — H®(L) of degree 0 and a UR>-invariant
contracting homotopy h : L — L of degree —1. From (3.12) it follows that the cochain
complex underlying H®(.£*) is

0 ker(dd)

ker(d) S 0 k;rl((‘js) 2] — O ker(d)[-3]
@ @
ker( 0 im)[—l}#mker( 0 1:}9—1—_771)[_2]
i(?—m 0 id—m 0

where we used the fact that the codifferential § is the Hodge adjoint of the differential d.
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The same arguments that we gave in section 2.4 carry through to the present case to
show that, for the purposes of computing correlation functions of the physical fields, one
should take the trivial projections

p® =0 = p@

to the vacua A = 0 = A™; that is, the kernel and cokernel of the Maxwell operator §d
and of the massive Dirac operators i@ + m become trivial on Wick rotation to Euclidean
signature. Of course, this is not true for the exterior differential d, and we take the
remaining components to be the natural projections p©@,p® : Q9(R!3) — ker(d) to the
space of constant functions.

For the components of the contracting homotopy h® : L*¥ — LF~1 which satisfy
¢1 0 h®™ =id;\, we consider the massless Feynman propagator D : QO(R!3) — QO(R3)
given by

1 . ~

where we indicated the action of the Green operator on plane waves of the form e * %% We
extend the massless propagator to a map D : Q1(R!3) — QY(RY3) by using the Q°(R!3)-
module structure of the space of one-forms Q(R3).

The massive spinor Feynman propagator S : Q°(R!3, .7 @ ) — QV(R!3,.7 @ .¥)
acts on fermion antifields as

()=t (g o ) ()= sy [ s (10

where
0= (0 0 )= (s 0 )

with S~(—k) = =St (k), and we defined (} —m) ¥t := T (} —m).

Then the non-zero components of the contracting homotopy are

h =(eDod 0): L' — L,

h<2>_<D8ng) L2 LY,

h(g) = (edoo D) : L3 — L2>

where M : Q' (RY3) — QY(RY3) is the projector onto the image of the Maxwell operator
6 d with eigenvalues
kyky

My (k) = 1 — aTH
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when acting on plane waves of the form e'*? dz#. Explicitly

1 0,, 0y
= <77/w -+ ) AtV dat

O O
h®(A) = e%A“, h®(A") = —m U :
- 137_7”
O+ m?
e =+ ¢t da
h®(ct) = 0

for Ac L', AT € L? and ¢t € L3.

The propagator D is the right inverse of the differential that appears in the ghost field
kinetic term of (4.2). Gauge fixing is implemented by setting h®”(A4) = 0. By our choice
of representatives of the cohomology in (4.3), this corresponds to imposing the Lorenz
gauge condition 4 = 9, A* = 0 on the gauge fields 4 € Q(R1?). Different gauge choices
correspond to different choices of contracting homotopy, or equivalently different choices of
propagators in the field theory. In particular, from (4.2) it follows that, after eliminating
the auxiliary field b through its equation of motion, a general ¢ gauge corresponds to the
choice of photon propagator with

- kK
(k) = o = (1= €)

Only two choices are associated with projectors: the Landau gauge ¢ = 0, which projects
onto the image of dd as above, and the Feynman gauge & = 1, which projects onto the
kernel of 4 d.

As in section 2.4, we extend the projection p and the contracting homotopy h to
maps P and H on the braided symmetric algebra SymgL[2] of polynomial observables
of electrodynamics. Again on observables involving solely physical fields A € L', only
P(1) = 1 is non-trivial. The role of H is to insert propagators in correlation functions of
the braided quantum field theory, which we depict diagrammatically as shown in figure 3.
On the other hand, the braided BV Laplacian Agy, implements the braided Wick theorem
in braided homological perturbation theory.

Vertices. We now proceed to construct the interaction vertices that need to be inserted.
We start by introducing the basis of plane waves ey, for L? and its dual basis e for L? as in
section 2.4. To construct corresponding bases for L' and L?, we first identify the space of
one-forms Q'(R>3?) C L! with (R}3)* @ Q°(R!?). A gauge field A € Q'(R!3) can then be
expanded as'! A = [, a,(k) v* e, where v# are covectors of the standard basis for (R}3)*,
and the Lorenz gauge fixing condition imposes the constraint k* a, (k) = 0 on the photon
polarization vectors. Similarly, we identify Q!'(R!3)  L? with R @ Q%(R!?) and expand

Hhroughout we omit tensor products among basis elements from different vector spaces for simplicity,
e.g. we abbreviate v¥ ® ex by v* eg, and so on.
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Figure 3. From top to bottom: the ghost, spinor and photon propagators.

the antifields A* € QY(RY3) as AT = [, a*#(k) v, e*, where v,, are vectors of a dual basis
for RY3 in the sense that
(vH e, v, eP), = o (eg, eP). .

For the fermion fields (¢,v), we identify the vector space Q°(RY3,.¥ @ .%#) c L!
with the space (¥ ® QV(R!?)) @ (« ® Q°(RY3)) and basis (u¥,1®), s = 1,2,3,4 for
< @ . A Dirac spinor can then be expanded as 1 = [, us(k)u®ey, while a Dirac
adjoint spinor is expanded as ¢ = [, 05(k)@®e,. For the antifields (¢+,1"), we identify
QURY3, .7 &) C L? with the space (¥ ® QV(R?)) & (¥ ® Q°(RY?)) and dual basis
(s, us) for . @ .. The non-zero cyclic pairings among the spinor bases are given by

(0’ ep,uy el), = 05 (eg,eP)y = (W e, uy ), .

With these conventions we introduce the contracted coordinate functions & €
(Symp L[2]) ® L[[v]] as the degree 1 elements

£:/k (ek®ek+ek®ek+v“ek®vuek+vuek®v“ek
+ule, ®@us e’ + 0 ep ®u,e” (4.4)
—|—ﬁsek®u5ek+u5ek®ﬁsek).

Using the braided Maurer-Cartan action functional (3.20) and the extended cyclic braided
Lo-algebra structure on (Symg L[2]) ® L[[v]], we introduce the interacting part of the BV
action functional Siny € Symp L[2] as the degree 0 element

Sin 1= — (€ (€. (4.5

In this paper we are solely interested in correlation functions of physical fields A € L',
so we can simplify the computation by keeping only those terms of (4.4) involving antifields
which will generate non-zero braided Wick contractions and antibrackets with elements of
L'. Likewise, from (4.2) it follows that we may drop all ghost terms from (4.4). In other
words, for our purposes it suffices to compute (4.5) when evaluated on the element

§physz/k (vuek‘@v”ek—i—ﬁsek®usek+usek®ﬁsek).
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With this simplification in mind, we use the non-zero 2-brackets from (3.16) and cyclic
inner products from (3.17), together with braided cyclicity of the extended inner product,
and perform analogous calculations to those of section 2.4. Additionally, we keep in mind
that the contracted coordinate functions £ are Uv-invariant elements of (Symg L[2]) @ L[[v]]
and hence all appearances of R-matrices in the properties of the extended brackets £, and
of the extended pairing (, ), disappear when evaluated on tensor powers of the Uv-invariant
element €. This yields

1

Sint =7
6 k1,k2,k3

_ o
3{(v M @vier,  05(GseM2 @uey, uy e @0 ey,)
£* k’3 —s' = kz S
+05(uy e U’ ep,,use@u’e,)))«
1

=3[ 2t ever (a0t O RaleH) @ (R 610 o)
k1,k2,ks

eik2~9k3

k1.ka.k <<V#ek1 ®V“ek1,(ﬁsekQQ*us,ek3)®£§(u5ek27ﬁslek3)>>*
1,k2,k3

- k1,ko,k eik?.ekgvlﬁekl Q*Ra(ﬁsekQQ*us’eks)<V“Ra(ekl)7£§(usek27ﬁ8/ek3)>*
1,k2,k3

1> ka-Oky
- —e/ e a<b vuek1 O, dsef O,uy e (vMeg, , vy (ﬁslfy”us)Ra(ek3)*R°‘(ek2)>*
k1,k2,k3

i ka0 . . .
:—e/ e a<b (¥ y*u®) v, e O use™ O uye™ (ef,ep,*€ky )«
k1,k2,ks

. / _
=: VH55 (ky, ko, ks) vuek”1 Oy usef? o, ay e,
k1,k2,ks

The photon-fermion vertex is given by

, ) L3 kabky
VIS (R, ks k3) = —e (71)™ e ot (2m)* 6(k1 + ka2 + k3) , (4.6)
where (y#)% := @* 4 u* are the Dirac matrix elements in our chosen basis for the complex

spinor representation .. Its diagrammatic representation is shown in figure 4. Surprisingly,
the result (4.6) is different from the vertex that follows from a naive application of standard
Feynman rules to the action (4.1), [32]. The naive application of standard Feynman rules
results in a vertex with a noncommutative contribution cos (% ko - O k3). This vertex is
completely (strictly) symmetric under interchange of any pair of momenta, as well as under
reflection k, — —k, of all three momenta, while the vertex (4.6) has braided symmetry
similarly to (2.49) and (2.50).

Note that (4.6) is the same vertex as in the standard noncommutative QED with star-
gauge symmetry, where the noncommutative correction to the vertex also consists of solely
a phase factor in the momenta. Unlike the standard noncommutative QED, here there
are no three-photon or four-photon vertices and no photon-ghost vertex, as anticipated
from (4.2).
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Figure 4. Diagrammatic representation of the photon-fermion vertex.

Correlation functions. The correlation functions of braided QED are now defined and
computed analogously to section 2.4 by the formula

Gf417._.7An (X1, .yxn) = (0|T[A1(x1) * - *x Ap(0)]|0)x

> 4.7
= Z P(ihApy H+ {Sint, — }« H)p(égfll O+ Ok 6;;4:)) ) (4.7)

p=1
where 5;;4; € L?[2] are again Dirac distributions supported at the insertion points z, € R!3
of the chosen physical fields A, € L'. With our conventions these distributions are given by

5fa”a () := vy, 0(x — 4), 5;/’;a (x) =1, 6(x — x4) and 5;%;“ (z) :==us, 6(x — zq),

for the various species of photon field A € Q'(R>3) and fermions (1,¢ ) € QO(R'3, ¥ ®.7).

Arguing similarly to section 2.4, the operator {Sint, — }« increases the symmetric alge-
bra degree n by 1. Thus if n = 2k is even, the series (4.7) starts at p = k and a non-vanishing
contribution requires an even number 2! of photon-fermion vertex insertions; in this case
k + [ braided Wick contractions i A Agy H are needed. On the other hand, if n = 2k 4+ 1
is odd then an odd number 2] 4+ 1 of vertex insertions is required together with k + 174 1
applications of i% Apy H. In both instances the expansion parameter is k := he?: the
contribution to a 2k-point function is weighted by A* ! and to a 2k+1-point function by
iF 1 e k!, Note that only correlation functions involving equal numbers of Dirac fields 1
and 1 are non-vanishing, as these are the only ones that will have non-trivial braided
Wick expansions under iterated applications of i i Agy H. This is the statement of charge
conjugation symmetry of braided quantum electrodynamics.

Using this formalism one can calculate various correlation functions and also check the
ultraviolet behaviour of the quantum field theory. We will analyse the photon and fermion
self-energies at one-loop order in sections 4.4 and 4.5, respectively.

4.3 Braided Wick’s theorem for Dirac spinors

We first consider the theory of a free Dirac field. In the classical case, Wick’s theorem
expresses the non-zero correlation functions as the Pfaffian of the two-point correlation
matrix:

k
(OIT[(1) - w(2k)]]0) mk > sen(e) JT OIT[¥(o(20 - 1)) ¢(o(20))][0),
a=1

UESQk

(4.8)
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where for compactness we have written in the argument of ¢(a) the spacetime coordinate
T4, the spinor index s,, and a Za-valued index which distinguishes ) from 1. The non-
vanishing two-point functions are determined by the free fermion propagator

OT [ (@) iy ()]10)®) = [ &7 S (k)
k
In the following we abbreviate the non-zero Wick contractions as

Va5 = (O[T s, (2a) s, (@)]]0) = ~t Ya (4.9)

Arguing similarly to section 2.3, in the free braided quantum field theory we expect the
correlation functions to be determined by a formula analogous to (2.27), with the Hafnian
replaced by the Pfaffian formula (4.8). For our later calculations we will need to carefully
understand how this braided Wick expansion is implemented in homological perturbation
theory, where the 2k-point functions are computed by applying the operator (i%Agy H)*
to braided symmetric products of k distributions of the form 6}5;“ with k distributions of
the form 5;{’;% To properly implement Fermi statistics, we need to carefully define both the
action of the extended contracting homotopy H and the braided BV Laplacian Ag, when
acting on spinor fields.'?> There are two important extra signs which arise in this case:

an extra weight (—1)%~!

in each term of the sum (2.37) defining the extended contracting
homotopy H, and an extra weight (—1)(¢=D+®-1-a) — (_1)b in each term of the sum
in (2.39) defining the braided BV Laplacian Agy. The only non-trivial pairings (3.17)
are between 1,1 and their corresponding antifields ¢, 1*. This definition also fixes the
antibrackets of spinor fields through the relation (2.44).

In the following we consider some illustrative examples of how these rules work.

Two-point functions. Consider the free braided two-point Green’s function defined by
Gy g (@1,2) 0 = (O[T [y, (1) % Dy (2)]|0)S = A Ay H (657" O 6352)
Applying (2.37) and (2.39) we obtain
* 1 h U’s ’J]S ws ,lZ)S
Gy, g o) = ((S(a1), d052), — (0", S(6232)), ) » (4.10)

where the minus sign comes from the fermionic Koszul sign rules discussed above. The
first inner product gives

<S(5ffl),5;f;2>* = /Rl,s d*z §(x — x9) /]RL3 d*y /ke*ik'(z*y) (s, gf(k:) Us,) 0(y — 1)

= /k o1k (z2—21) g.;sz (k) = _/k e ik (@1—a2) gS+1$2(k)’

where in the last step we changed integration variable k — —k and used S*(—k) = —S¥ (k).
Similarly, the second inner product gives

(801, 5(007)), = /k omik(@—e2) §F (k).

12The inclusion of fermions into the Loo-algebra framework is discussed in e.g. [44, 45]. However, we
could not find a detailed treatment of fermions in homological perturbation theory in the literature.
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Finally, substituting into (4.10) yields the free braided two-point function

_ + B 0
G;sl,isz(:zl’x? __15/ ik (@) 53152( )—1/1&/127

which is exactly the Feynman propagator for the Dirac spinor field, as anticipated.
In our BV formalism, the anticommutation relation (4.9) follows from the calculation

ot =G5 (w220 = ih Bey H (0057 ©u 057"

= D ((s(avm). a8y, — (ke s(ak)),)

T . )
= diz / dty / e~k (@=y) ((ﬁs1 St(k)us,) 6(y — x2) 6(x — 1)
R13 k

2 Jris
— (84, 5™ (k) us,) 6(y — 1) (z — 22))

:lh/ —ik-(z1—x2) S;sz( )__w.i./_’”
Four-point functions. Consider the free four-point Green’s function defined by
n n 0
G s iy @12,03,00) O = (O Tty (1) % g (22) % oy (3) sy (24)][0)”
— (18 Dpy H)2 (00 @y 602 Oy S0s® O 0s) .
This is evaluated using
P Dy H(0% @, 60%) = 0 = ih Dpy H(0V% ©, 60)
and
1 D H(GLe 0 8057) =ty = 0 Yo = —1h Dy H(EL® @, 00)

together with the fermionic Koszul sign rules discussed above.

We start from

ihABV H((sd}sl ®* 5w32 ®* 5@053 @* 5¢$4)
(wl Uiy 615 ©, 3551+ Ry Ro(tha) RO (65:7) @, RO(GLS?)
+ 2 s 5@”91 O 605 Y a Gt O 6057)
Applying i # Agy H to this expression gives the four-point function

1 _ _ _ _ _
G ooy iny (O1:22,73,20) ) = 2 (201 21 a1 Ra Ry () R (12) R (1) + o1 darha 3)

Employing the same R-matrix manipulations as in section 2.3 shows that the last two
terms are equal, and we arrive finally at

Gy Bty g (T1 7223, 20) 0 = U1 ot G s (4-11)

This also agrees with the classical free fermion four-point function.
The other non-zero four-point functions can be similarly obtained. For example

G;slvwsgvisy&s;; (xh T2, 23 $4)(0) - _¢I_§1 Ra 1;3) R (|¢2_)",Z4 * w&zél Qplﬂlzg ’

where we simplified the last term by using the fact that the R-matrix acts trivially on the
two-point functions, analogously to (2.29).
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4.4 Photon self-energy at one-loop

The two-point photon correlation function is obtained from (4.7) by settingn =2, A1 = A,
and As = A,. It is easy to see that the only non-vanishing contributions at one-loop order
are given by

G4, (21,22) D = (0]T[A <x1>*A (a2)]]0)S"
= (ihAgy H {Smt,H{Smt,H( 5Av)}}

(4.12)
+ih Ay H{Sime, H(ih Agy H {smt, H(O2 @, 020)}, 3,
=: G (21, 22) + Gy (21, 22)
We start from the non-zero inner products
(vyefe DN(6a)), = e'Fe™ D(kq) N, (ko) (4.13)

to compute the basic operation

{Sime, H(O7 @4 077) 3},
1

_1 / VA (ky ke, k) (e 1 D) R (kr) ug €82 Oy iy €8 @, 040 (4.14)
2 k1,k2,k3

+ eik1~x2 D(kl) IZI)\V(kl) 5;41/4 Oy U ekQ Oy ﬁs’ ek3) ,

where we used momentum conservation to trivialize the phase factors arising from R-matrix
insertions in the braided derivation property of the antibracket. We will now evaluate each
contribution g}w(fm, x9) and wa(xl, x9) to (4.12) separately in turn.

Evaluation of giy(wl, x2). We start with another iteration of the expression (4.14) by
applying the operator {Sint, —}« o H again, which generates pairings involving both photon
propagators on the remaining external legs and fermion propagators for the internal loops.
In this case, momentum conservation does not always trivialize R-matrix factors arising
from the braided derivation property of the antibracket. In particular, we encounter the
basic braided symmetric product relations

0 @, &M = Ro(e") 0, RY(620) = &P @, 80", o) (4.15)

in two of the antibrackets with Syt coming from the second line after applying the extended
contracting homotopy H.

Since the only non-zero pairings occur between elements in complementary degrees 1
and 2, the only non-trivial antibrackets that survive are those which come from a dual pair-
ing generated by H, which lowers the degree from 2 to 1, and so always involve propagators.
For example, a non-zero pairing involving the spinor basis elements is

(ﬁsek S(uy ko )>*_/]ng die elka /]R13 y / —ip-(z—y) (u S+( )uS/) eikby
= (2m)* 6(ka + ko) St (—ks) = —(2m)* (ko + k3) Sy (k)

(4.16)
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where we used S*(—k) = —ST (k). Similarly, the only other non-zero spinor pairing is given
by
(S(ay &), us ), = —(2m) 6 (kq + kp) ST, (Ks) - (4.17)

The first term that arises after applying H to (4.14) involves the non-zero antibracket

{vo e O,u,eP O, e, S(use?) O,y e 0,600 ),
= k = A
= —v, e’ O, u, e Oy (U eP?, S(use™)) uy e o, e

= (271')4 (5(])3 + k2) g;’s(kQ) Ve el Oyu e’ Oty ek O 5:?21/ s

and similarly for the other five terms generated.
After some calculation using momentum conservation, as well as relabellings of spinor

momenta, one arrives at

{Sint, H {Sint, H(5fl“ Ox 5242")}*}
_ 1

6 Pp1,P2,P3

% [(271_)4 eikl-xl D(kl) |:|)\#(k1) (5(])3 4 kg) gT_/S(kZ) Vg epl Oy u, ep2 O ﬁs, eks

*

VT (p1, pa, p3) / VA (ky, kg, kis)

1,k2,k3

+ el Ptk P2 550 4 3} ST (pa) Vo €PF Oy T €FF B e’”) O O
+ (27r)4eik1'x2f)(/€1) ﬁ)\y(kl) 5541“
Ox (5(293 + ko) S0 (ko) vy €7 @y u, 6P O, Uy e
+ e P22 5(py + k) Sy, (p2) us €2 O vy € O Ty ep3>
+ 2eiPrertikie2 5y ), (py) D(ky) My, (K1)

X u, eP? O, 4, e”® O, us e’ O, uy ekﬂ .

(4.18)

Finally, applying the operator (ihAgy H)? to (4.18) generates free four-point functions,
which we evaluate using the braided Wick expansions (2.32) and (4.11). Many pairings
vanish in this case.

Let us start with the last line of (4.18), whose Wick expansion gives

(ihDpy H)* (1, €7 O, Gy e O, use™ O, a1y e")
= —h? ((S(u, eP*),u, eP?), (S(uy ek3) u, eh?),
+ (S(ay €M), u, eP?), (u, eP*, S(us e)),) (4.19)
= —h* (2m)° (S}, () S5, (k3) 6(p2 + p3) (k2 + k3)
+ 5., (k2) ST, (k3) 6(p2 + k3) 6(ka + p3)) -
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Figure 5. The disconnected (left) and connected (right) contributions to the photon two-point
function at one-loop order. The photon one-point functions each vanish.

Substituting into (4.18) and relabelling momenta, it is straightforward to see that the
contribution of the first term in the last line of (4.19) can be written as

% (ihe /kp (2m)* 8(p1) e P11 D(p1) Mo (p1) Tr(v° S+(k1)))

X (ihe /k (3§ (k) (21)" o) 77 Dipa) ﬁky(p2)> (4.20)
= % (ihAny H { S, HE) ), ) (15 Ay H{Sim, HE) Y, )

where Tr is the trace over spinor indices (see appendix B), and the additional delta-
functions have set all #-dependent quantities to unity, including the contributions from
the vertex (4.6). This is recognised as a disconnected contribution to the photon two-point
function from the fermion tadpoles at this order, as depicted diagrammatically in figure 5.
As in the standard noncommutative QED, the tadpole contributions coincide with their
commutative counterparts. Each one-point function is superficially divergent, but vanishes

after cutoff regularization using Tr(y*) = 0 and f| A kH/(k* —m?) = 0; this is a special

k<
case of Furry’s theorem in usual QED.
Similarly, the contribution to (4.18) from the second term in the last line of (4.19) can

be easily manipulated to the form

h2 e2

3 k,p

e P D) Mo (p) M (p) Tr(S™(p = k)7 ST(R) YY) . (4:21)

This is recognised as a contribution to the connected two-point function from the fermion
bubble at this order, as depicted diagrammatically in figure 5. We immediately realize that
there are no noncommutative contributions in this term.

For the first four terms in (4.18), we compute the braided Wick expansion

(ihApyH)? (voel Ouu,eP2 0, a, e @Jf;) =—h*(vyePr,DN (5;42“ ))x(S(u,eP?),uyser?),
=—1?(27)* 6 (p2t+ka)e? 2D (p1) o (p1)ST, (ko)

and similarly

(ih Apy H)? (v, &P Oy G 6P O, us e o, (5;?2”)
= 12 (2m)* 8(p2 + ko) e P2 D(p1) Mow(p1) Sy, (2)
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along with the corresponding expressions for the remaining terms with (53;41“ . After substi-
tution into (4.18) and resolving the delta-functions, we find that all four terms contribute
equally and give

2 h? €2 : - N - -
- /k e P D)2 L0 () A (0) Tr(S ™ (0~ W) 7757 (K) 7). (4.22)

3

Altogether, summing (4.21) and (4.22) we arrive at

Q}W(xl,xz)Z—hzeQA e P @=e)D(p)2 M, (p) My, (p) Tr(S™ (p— k)77 ST(R) 1Y) . (4.23)
P

As in (4.21), all noncommutative contributions vanish.

Evaluation of gfw(ml, x2). Now we start by applying the operator is Agy H to (4.14)
using

. ke 2, =

ihApy H(us e 0, 0y et 0, 02) = 3 ih(2m)* §(ko + ks) ST, (k3) o2

and the corresponding expression for the terms with 5;?1“. Upon further application of
the operator i/ Agy H o {Sint, —}« o H, it is easy to see that these expressions contribute
to (4.12) with the same momentum and spinor index structure as that which led to the
disconnected contribution (4.20). Hence

Go,(z1,m9) = 0. (4.24)

Vacuum polarization. From (4.23) and (4.24) it follows that the one-loop photon two-
point function (4.12) is given by

Gy, (@1, 22) V) = —h2¢? / P @B ()2 A (p) Al (p)
kop (4.25)

x Tr(S™(p— k)77 ST(k) 7).

As before, we relate the all orders photon two-point function to the dressed photon prop-
agator through the self-energy IT;"” (p) by

4
d’p e~ ip(z1—22) <

AM’Au(xl’xQ) = —ih (R1,3)* (27T)4

At order €2, the result (4.25) leads to

P d'k Tr((p — K —m)* (F+m)~")
ﬁ H52 (p) = 62 /(Rl,ii)* (271‘)4 ((p o k:)2 _ m2) (k2 _ m2)

(4.26)

The vacuum polarization tensor (4.26) is identical to the result of the photon self-
energy calculation in the standard commutative electrodynamics, with precisely the same
sign and overall combinatorial factor. As in the scalar field theory of section 2.4, the braided
Wick theorem contributes phase factors which cancel the noncommutative contributions
of the interaction vertex (4.6).
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This result is different from the result of [32], which was based on a naive application
of the conventional Feynman rules following from the action functional (4.1). There the
noncommutative contribution of the form cos? (% p-0 k) appears and in this way introduces
the UV/IR mixing. The result (4.26) suggests that the algebraic quantization using the
braided BV formalism is the correct way to quantize braided field theories.

The result (4.26) further agrees from the corresponding contribution to the one-loop
vacuum polarization in standard noncommutative QED, which coincides with that found
in ordinary QED [43]: in that case each photon-fermion vertex contributes a phase factor
which cancel each other in the diagram. Non-trivial corrections in the standard approach
come from three more contributing diagrams due to the non-abelian nature of the star-
gauge symmetry: the photon bubble, the photon tadpole and the ghost bubble. These
involve non-planar diagrams which result in UV/IR mixing [43, 47].

4.5 Fermion self-energy at one-loop

The two-point fermion correlation function is obtained from (4.7) by setting n = 2,
A1 = s, and Ay = 1)5,. Again the only non-vanishing contributions at one-loop order
are given by

G, g, @) = (01T [, (21) * Gy (22)]] )1
= (1h Dpy H)? {Sint, H {Simt, HEL @, 6552) 1},
+ ihABV H {Sinty H (i ﬁABV H){Sint7 H<5;b151 Ox 53;2)}*}

= g51182 (1‘1,332) + 952152(931»902) :

(4.27)

*

The computation proceeds in a completely analogous way to that of section 4.4. We
start from the non-zero inner products

<S(5gfl),u,« ek“>* = ek G (k) and (a, e*, 5(6;{);2»* = elkam2 G (L)

ST rS9

to get the basic operation

{Simt, H(0E @, 6052},
1

— = VAT (ky, ko Ks) (= e P92 S5 (kg) 6t @4 vy e O, upef? (4.28)
2 Jki ko oks

T'82

+eth @0k S (1) v, &M 0, fy e @, 5is?) .
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Figure 6. The fermion tadpole (left) and one-particle irreducible (right) contributions to the
fermion two-point function at one-loop order. The tadpole contribution vanishes.

Evaluation of g;l 8o (x1,x2). After some algebraic manipulations, the operator
{Sint, — }x o H applied to (4.28) yields

{Sintu H{Sint’ H<5;p161 Ox 53;2)}*}*

1 gyt
V'U"t’t (plap27p3)/

Vy;r’rl(k’l, k‘g, k‘g) [(27‘&')4 5(]91 + k‘l)
k1,k2,ks

B 6 P1,p2,P3
X (D(pl) ﬁuu(pl) u ef? O, g eP? O, ( - eik:3~a:2 g;SQ (k3) Uy ek2 Ox 5:5181_9@

telkrre 0k 8o (k) eh @, b12)

+ v epg Oy ¥y ek:g O (eik2~x1 e—ik3.9p2 gs_lr(kQ) Sr_/t(pl) ﬁt’ ep3 Oy 61;);2
. T ~ ~ Wb
_ olk2ar o —iksOp 5;582(;{2) S;r(pl) u; &P O, 5x110k2))

_ 9 eliksmatipaar iko0 (k1—ps3) St (k3) gs_t(pQ)
T892 1

x u, e’ O, uy e” o, v, el Oy v, ekl} . (4.29)

Next we apply the operator (ihAgy H)? to each term, and use the braided Wick expan-
sions (2.32) and (4.11).
Looking at the first term of (4.29), we find two contributions

(1 hABV H)Q(ut eP2 O ﬁt/ eP3 (O™ ek2 (O™ 5?5151_0 kg) (430)

=12 (2m)* ("7 5(pa + p3) S} (p3) Si,p (K2) + P2 @1 70K2) (g 1+ ko) ST (K2) S5, (p2)) -

Upon substitution into (4.29), the spinor index structure of the first term in (4.30) is easily
seen to give a factor

Tr(v* 5% (p3)) D(p1) N (p1) (S (k2) 7" ST (ks)) (4.31)

8182 °

This is recognised as a contribution to the spinor two-point function from the fermion
tadpole, which vanishes by an argument similar to that which led to the vanishing of the
photon one-point function in section 4.4. The second term in (4.30) instead contributes to
the 1PI two-point function. These are depicted diagrammatically in figure 6.

Similary, the second term of (4.29) splits into a tadpole contribution (which vanishes)
and a 1PI contribution. The remaining terms in (4.29) all yield spinor index structures
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that contribute only to the 1PI correlator. For example, the braided Wick expansion of
the third term is given by

(ihAgy H)Q(vu e”? O, v, eM O, uy e O, 52;2)
= h? (2m)* 6(p2 + k3) 'P* 72 D(k3) Ny (k3) S, (p3)

and similarly for the remaining terms.
After some tedious algebraic manipulations and resolution of all delta-functions, one
finds that all non-vanishing contributions are equal and result in

Gl (anma) = —h2e [ OBk, (k) (5 (9) 1S (k — p) 7" §* (9)

s189 °
k,p

(4.32)

Evaluation of 9521 so

(z1,x2). Now we start by applying i i Agy H to (4.28) using

2 . . ~
ihABV H((;;flsl Oy Vy ek1 Oy Uy ekz) — giheﬂcz-m eﬂkl-ekz S;T

and similarly for the second term in (4.28). Applying the operator i i Agy Ho{Sint, —}«oH

(kQ) Vy ekl )

to these expressions, it is easy to see that the momentum and spinor index structures of
their contributions to (4.28) are of the same form as that in (4.31), and so lead to vanishing
fermion tadpole contributions. It therefore follows as in section 4.4 that

G2 sy (1, 22) = 0. (4.33)
Self-energy. From (4.32) and (4.33) it follows that the fermion two-point function (4.27)

is given by

G;‘gl’i’% ($1’ 1’2)(1) - _hQ 62 / e_ip'(xl_m) D(k') ﬁ,ul/(k')
" (4.34)

x (ST(p)¥*S™ (k- )+ ST (p))

The exact two-point function defines the dressed fermion propagator through the Fourier
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transformation

G5 - (r1,x2) = fih/ dp e P (z1—w2) <1) )
'(/)sl ’1/)32 (R1,3)* (27T)4 p —m — Z*(p) S189

where ¥, (p) is the fermion self-energy. At order e?, the result (4.34) in Feynman gauge

gives
i _ d'k A" (Pp—F—m)y
& Sap) = /(RLB)* o =R m;) .

As with the braided correction to the photon self-energy, the fermion self-energy (4.35)

(4.35)

agrees with the standard result in the commutative electrodynamics: it has no noncommu-
tative contributions and no UV/IR mixing. It also agrees with the calculation in standard
noncommutative QED, where the phases cancel between the two vertices and there is no
difference from the fermion self-energy in ordinary QED [43]. In fact, also in the standard
approach the fermion self-energy does not receive any noncommutative corrections and so
does not display UV/IR mixing.
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5 Conclusions and outlook

Braided noncommutative field theories are defined by deforming the L.-structure of a field
theory to a braided Loo-algebra [23]. Given that in the standard noncommutative quantum
field theories the problem of UV/IR mixing arises, and that as a result these field theories
cannot be renormalized, in this paper we started looking at the quantum properties of
braided noncommutative field theories. Lacking any other currently available quantization
scheme for braided fields, we exploited a braided deformation of the BV formalism [11]
and homological perturbation theory to calculate quantum correlation functions. This
framework is what we call braided quantum field theory.

As a first example, in section 2.4 we discussed braided ¢* scalar field theory. In
the free field theory, correlation functions follow from the braided Wick theorem. In the
commutative limit they reduce to the free correlation functions for the undeformed theory.
The interaction vertex (2.48) is the same as in the standard noncommutative ¢*-theory.
However, the combination of the noncommutative interaction vertex with the braided Wick
theorem conspire to render the interacting two-point function at one-loop order (2.57)
free of noncommutative corrections, and in that way also free of UV/IR mixing. We
also notice that, contrary to the standard noncommutative field theories, no non-planar
diagrams appear. In order to decide whether or not braided scalar quantum field theories
are renormalizable, one needs to extend our analysis beyond one-loop order and also to
include higher-point correlation functions. In future work we plan to investigate these
problems in more detail.

As a first step towards understanding gauge theories, in section 4 we studied an exam-
ple of a braided U(1) gauge theory coupled to a Dirac fermion. We call this model braided
QED. Unlike the standard noncommutative U(1) gauge theory [43, 47] where the photon is
self-interacting and non-planar diagrams appear, braided QED is an abelian gauge theory.
The photon does not interact with itself and the only interaction vertex is the photon-
fermion vertex. As a consequence, no non-planar diagrams appear and the noncommuta-
tive contributions come from the interaction vertex (4.6) and the braided Wick theorem.
Similarly to braided scalar field theory, the photon two-point function at one-loop (4.26)
has no noncommutative contribution and it is free of the UV/IR mixing. The fermion
two-point function at one-loop (4.35) also has no noncommutative contribution and shows
no UV/IR mixing. We discussed these two-point functions in detail in sections 4.4 and 4.5,
respectively. To gain some further insight into the ultraviolet behaviour of braided QED,
the 3-point function at one-loop (vertex correction) and the corresponding beta-function
at one-loop should be calculated. This is also slated into our future work plans.

The present paper clearly shows that braided noncommutative quantum field theories
have better ultraviolet behaviour than the corresponding standard noncommutative field
theories. We plan to extend our analysis to non-abelian gauge theories. Besides correlation
functions, we also plan to discuss scattering amplitudes, following the approach of [4,
5] but using the braided Ls-algebra structure of our theories and braided homological
perturbation theory.
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A Drinfel’d twist deformation theory

In this appendix we briefly summarise the basic theory of Drinfel’d twists as needed in this
paper, more details can be found in [34, 35].

We start from the Lie algebra of vector fields v := I'(T'M) on a manifold M, which
generate infinitesimal diffeomorphisms of M. The enveloping algebra Uv is naturally a
cocommutative Hopf algebra with coproduct A : Uv — Uv ® Uv, counit € : Uv — C and
antipode S : Ubv — Uv defined on generators by

A =¢@1+1®E and Al)=1®1,
e(€) =0 and e(l) =1,
S(€) =—¢ and Sy =1,

for all £ € v. The maps A and ¢ are extended as algebra homomorphisms, and S as
an algebra antihomomorphism to all of Uv. We adopt the standard Sweedler notation
A(X) =: X1, ® Xy (with summations understood) to abbreviate the coproduct of X € Uv.

A Drinfel’d twist is a normalized two-cocycle of the Hopf algebra Uv|[v]], the formal
power series in a deformation parameter v with coefficients valued in Uv. By this we mean
an invertible element F € Uv[[v]] ® Uv[[v]] satisfying the cocycle condition

Fi2 (A ®id)F = Fo3 (id ® A)F,
where F12 = F ® 1 and Fo3 = 1 ® F, together with the normalization condition
(e®id)F=1=(1d®e)F.

We write the power series expansion of the twist as F =: f* ® f, € Uv[[v]] ® Uv][v]],
with the sum over o understood. Then the cocycle condition may be written in Sweedler
notation as
B B —
fOF) @ fo fly) @ s = 7 @ F* 5 @ Fa g, , (A1)

and the normalization condition as

c(fY)fa =1 = f(fa). (A.2)
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As a consequence, the inverse twist ! =: f* @ f, € Ub[[v]] ® Uv][[v]] satisfies similar
conditions.

A Drinfel’d twist F defines a new Hopf algebra structure on the universal enveloping
algebra Uv|[[v]], which we denote by Urv. As algebras, Urv = Uv|[v]] and also the counit
of Urv is the same as the counit € of Uv[[v]]. The new coproduct Az and antipode Sz of
Urv are given by

Ar(X):=FAX)F ' and  Sr(X):=f*S(f,)S(X)S(f’) fs,

for all X € Uv|[[v]]. For X € Urv, we adopt the Sweedler notation Ax(X) =: X5, ® X3, to
distinguish the twisted and untwisted coproducts. The invertible R-matrix R € Uv[[v]] ®
Uv[[v]] is induced by the twist as

R=FuF 1= R*®R,, (A.3)

where Fo; = 7(F) = f, ® f* is the twist with its legs swapped. It is easy to see that the
R-matrix is triangular, that is

Ra1 =R ' =R, ®R?,
and moreover that
(Ar ®id)R = Ri3 Ras and (id® Ar)R = Riz Riz,
where R13 = R* ® 1 ® Ry, or in Sweedler notation

R% ®RY @R, = RP@R*®R3R. and  R*®Rag ®Rag = RPR*®R.®R;. (A.4)

The R-matrix also satisfies the Yang-Baxter equation

Ri2 R13 Raz = Ra3 R13 Ri2 - (A.5)

Drinfel’d twist deformation quantization consists in twisting the enveloping Hopf alge-
bra Uv to a non-cocommutative Hopf algebra Urv, while simultaneously twisting all of its
modules [35]. A Uv-module algebra is an algebra (A, u) with a Uv-action>: Uv @ A — A
which is compatible with the algebra multiplication via the coproduct A, that is

Xpula®b) = p(AX)(a®b))

for all X € Uv and a,b € A, where 1 : A® A — A is the product on A. We will usually
drop the symbol > to simplify the notation. This condition means in particular that vector
fields € € v act on (A, u) as:

E(ula®b)) = p(Ela) @b) + p(a@E(D)) .

If (A, p) is a (left) Uv-module algebra, then we can deform the product p on A by
precomposing it with the inverse of the twist F to get a new product

pla®b) = po F(a®b) = u(f(a) 2 ald)) , (A.6)

— 49 —



for a,b € A, where on the right-hand side we extend p to A[[v]] ® A[[v]] = (A& A)[[v]]
by applying it term by term to the coefficients of a formal power series. The cocycle
condition on F guarantees that this produces an associative star-product p, on A[[v]], and
it generally defines a noncommutative Uzv-module algebra (A[[V]], . ):

X(pela®b)) = pe(Ar(X)(a® b)),

for all X € Uv and a,b € A. We denote (A, ) by A and (A[[v]], i) by A, for brevity.
If the algebra A is commutative, then A, is braided commutative: the noncommuta-
tivity of A, is controlled by the R-matrix as

f1x(a ® b) = i (Ra(b) ® R*(a)),

which is easily proven by recalling that R = Fo; F L.

B Dirac matrices in four dimensions

Let . denote the complex spinor representation of Spin(1,3). The 16-dimensional C-
algebra End(.%) can be identified with the complex Clifford algebra CI(R!?)® C. For this,
we construct complex 4x4 matrices y* with u = 0, 1, 2, 3 which satisfy the anticommutation
relations

77"} = 20" 1y
Then a basis of the complex vector space End(.%’) consists of the matrices 14, Y, Yu 7w
with p < v and 7,7, v\ with g < v < A, together with the chirality matrix
. i v
V=177 = e, 1
which satisfies {7°,7#} = 0, where ¢#*? is the Levi-Civita symbol with the convention
0123 — 41,

For any covector k& € (R!'3)*, we use the Feynman slash notation to write the cor-
responding element of End(.%) as f := k,v* = nu, k*~". The Dirac operator can be
expressed as i@ :=iy" 9.

The Dirac representation of End(.%) is defined by

_(]12 0> and i_(o ai)
70_ 0_12 7_ —O'iO )

where ¢ for i = 1,2,3 are the standard 2x2 Pauli spin matrices

(o) = () e =)
10 i0 0-1

satisfying 0?0 = 6915 + ie"9% 5;,. In this basis the Dirac matrices have the reality
properties

=777 and A =45=9"=95".
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One also easily derives the product formula

Yu WYX= (mw Mo = M Mvp T Nup Mwa) ¥* + Leunp Y5 - (B.1)

Let Tr denote the trace in the Dirac representation. Then one easily derives the trace

identities
Tr(y") = 0= Tr(v* "),
Tr(y#~") = 4n, (B.2)
Tr(y# 7" Y 9P) = 4 (" ™ — P 4 )

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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