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Abstract

We show, by introducing purely auxiliary gluinos and scalars, that the quan-
tum path integral for a class of 3D interacting non-supersymmetric gauge theories
localises. The theories in this class all admit a ‘Manin gauge theory’ formulation,
that we introduce; it is obtained by enhancing the gauge algebra of the theory to
a Dirac structure inside a Manin pair. This machinery allows us to do localisation
computations for every theory in this class at once, including for 3D Yang-Mills
theory, and for its Third Way deformation; the latter calculation casts the Third
Way path integral into an almost 1-loop exact form.
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1 Introduction

Our elders sometimes advise, “one idea per paper”. We will disappoint our elders, for
this paper contains two ideas:

1. Manin theory: a new formulation of three-dimensional Yang-Mills-esque gauge
theories, which encodes distinct models with gauge algebra g depending on how
gis chosen as a Dirac structure inside a bigger Lie algebra 0, called its double; and

2. Evanescent localisation: the addition of purely auxiliary degrees of freedom —
auxiliary gluinos and scalar fields for this paper — such that the path integral
that calculates certain expectation values (e.g. the partition function) reduces to
an equivalent integral over a smaller space, such that the theory with the auxil-
iary degrees of freedom is completely equivalent to the original theory.

What we do in this paper is combine ideas 1. and 2. to produce a localisation calcula-
tion for large classes of Manin gauge theories at once. The motivation for this is that
these theories are interacting, non-supersymmetric, non-topological gauge theo-
ries (i.e. they possess local degrees of freedom) which are not known to be integrable
or otherwise amenable to exact quantum calculations: for instance, this class of theo-
ries contains (a theory equivalent to) ordinary 3D N = 0 Yang-Mills theory.

Although the machinery of Dirac structures, Manin pairs, and Lie quasi-bialgebras,
that we will employ, might be obscure to some physicists, it has previously made nu-
merous appearances in string theory, including: in Poisson-Lie T-duality [1, 2], in 2D
integrable [3,4] and topological [5-7] sigma models, in the realisation of symmetries
on string and brane worldvolumes [8, 9], and in the geometry of flux compactifica-
tions [10,11], to give an incomplete list. It is therefore somewhat surprising that the
same ideas are fruitful in the non-stringy context of the current paper.

The localisation technique we employ is the usual supersymmetric localisation for
gauge theories, which was introduced by Pestun [12] for 4D super Yang-Mills theory
and was subsequently employed by Kapustin, Willett, and Yaakov [13] to calculate
expectation values of supersymmetric Wilson loops in various 3D N = 2 gauge the-
ories; we largely follow the latter. (We also benefitted from the treatment in refer-
ences [14,15].) The N = 2 ‘supersymmetry’ we employ is realised via purely auxiliary
gluinos and scalar fields, and leads to evanescent localisation in the above sense. To
highlight this fact, and to distinguish between our ‘supersymmetry’ and conventional
supersymmetry, we will call the transformations we employ evanescent supersym-
metries. The key point in our argument is the construction of N = 2 evanescent-
supersymmetric Manin gauge theory which is amenable to supersymmetric localisa-
tion techniques.

It is worth pointing out early that while the evanescent supersymmetries them-
selves are just deformed versions of garden-variety supersymmetries, their algebra is
typically completely different, for the following reason: evanescent supersymmetries
are necessarily vanishing on-shell (“trivial” in the terminology of Henneaux and Teitel-
boim [16]), and their anticommutators are necessarily trivial (as we will see); however,
spacetime translations are usually nonzero on-shell, hence evanescent SUSYs are not
expected to square to translations, and indeed they do not for N = 2 evanescent-SUSY
Manin theory. An exception to this trend is pure N = 2 Chern-Simons theory which is
in fact evanescent-supersymmetric in our sense, as we review.



Moreover, we establish various basic facts about Manin theory in order to demon-
strate that the theory both passes basic consistency checks and can be localised. Among
other results, we derive its hamiltonian formulation and demonstrate that energy is
bounded below (section 2.3), we show that the theory enjoys parity invariance and re-
flection positivity (in Euclidean signature, section 3.3.2), and we demonstrate that the
theory can be supersymmetrised on curved compact backgrounds (section 3.3.1).

Finally, just to assure the reader that we are not talking about the empty set, we
take care to display examples of theories which admit a Manin theory description
(section 2.1): these include Yang-Mills theory, a deformation thereof called the “Third
Way” theory introduced a while ago by Sevrin, Townsend, and the first author [17],
and a few others. (In fact the localisation results in this paper generalise and expand
the results derived for the Third Way theory in the second author’s Master’s thesis
[18].) We also point out that solutions to the modified classical Yang-Baxter equation,
or to a generalisation thereof we introduce in this paper (2.51), always give rise to
Manin theories.

2 Manin gauge theory

Our theory — which we will call “Manin theory” for brevity and to avoid self-aggrandisement’
— is defined by the following mass deformation of a Chern-Simons action:

_ 1 a3} 412
S[A] _/Mgn[k(2AdA+3A ) + 39 A*MA}, 2.1)
The lagrangian is defined on any three-dimensional manifold M5 with Hodge star . It
is completely specified by the following data:
* a dimensionless real constant k;

* a constant ¢? with units of mass;

* a Manin pair (9, g,n), with the 1-form field A taking values in the Lie algebra o,
and where 7 is the invariant inner product for o, with g — ? being the gauge
algebra;

* and an operator M : 0 — 0 obeying identities (2.3) below.

As we will see later, whenever the theory is equivalent to Yang-Mills, ¢? is proportional
to the Yang-Mills coupling. We will also see that the operator M is often completely
specified by the Manin pair data. We now summarise what a Manin pair is and what
the identities to be satisfied by M are.

Lightning definition of Manin pairs, Lie quasibialgebras, and Dirac structures.
These notions essentially contain the same information but from different perspec-
tives.

» A Lie quasibialgebra is a real Lie algebra g with commutation relations [T,,T;] =
fa°T. which is additionally endowed with objects f%°, and ¢, such that ( f.;¢, f®.., ha*)
define the structure constants of a (2 dim g)-dimensional Lie algebra v as follows:

[Ta, Tb] = fabcTc ) [Ta’ Tb] = fabcfc + iLabcTc ; [Taa Tb] = fbcaTc - facbfc ) (22)

1And also because “Dirac theory” and “Dirac gauge theory” are very much taken!



where 7, and 7° collectively form a basis of . The f, and h®° are totally
antisymmetric in their upper indices and must obey identities amongst them-
selves implied by the Jacobi identity for ». With these structure constants for »
we find that the split-signature inner product with nonvanishing matrix entries
n(T,, T?) = §¢ is ad o-invariant (([x, y],z) = n(x, [y, z]) for x,y,z € ?).

0 is called the double of the Lie quasibialgebra g equipped with f, % as above,
following Bangoura and Kosmann-Schwarzbach [19].

* A Manin pair is defined to be the triple (9, g,7) where (d,7) is a Lie algebra with
a split-signature invariant inner product » and a subalgebra g — » where , van-
ishes: 7|y = 0.

Upon choosing any complementary isotropic vector space g to g in 9, g acquires
the structure of a Lie quasibialgebra, with commutation relations as above. There-
fore there are multiple Lie quasibialgebras corresponding to each Manin pair.
We discuss the twist equivalences between such Lie quasibialgebras later.

Note that § need not be a Lie algebra itself, i.e. we need not have 4 = 0. (In this
last case, g is called a Lie bialgebra, and (9, g, g) form a Manin triple.)

 In the above scenarios, g is a Dirac structure for the specific double d; this is a
maximal isotropic — i.e. lagrangian — subalgebra of 9, and we will also refer to
g as ‘the lagrangian subalgebra’ of 0 in this context. (The notion of Dirac structure
was introduced in a more general context in [20].)

The M operator. This is a linear map M : 0 — 0 with

Mg=0; (2.3a)
n(Mx,y) = n(x, My); (2.3b)
n(Mlz,yl,z) +n(My,[z,z]) =0, (2.30)

where x,y,z € 0 and z € g. In the basis (7,, 7*) with structure constants as in (2.2) one
can prove easily that
MT, =0, MT® = MT, , (2.4)

for a symmetric matrix M. Moreover we will assume ) is nondegenerate in the
sense that the form n(Me, o) restricted to an isotropic complement, g, of gind =g+ g
is nondegenerate; in terms of M/ this is the condition that //¢® admits an inverse. We
will denote that inverse by M,,,.

In the basis (2.2) for » we may split A = AT, + A,T° so the action reads

g % / [k (AudA + A, + it A APA° 4 P, A0 Ay A + %Bab%aﬁbﬁc>
(2.5)
LA M“bflb] .

Although this form of the action depends on the choice of complement gof gind = g+g,
we emphasise that the action does not depend on g, as is manifest from (2.1) and (2.3).
In other words, the action only depends on the Manin pair; and not on the specific Lie
quasibialgebra whose data appears in (2.5).



Gauge invariance. The action (2.1) (or equivalently (2.5)) is invariant (up to bound-
ary terms) under a subset of the gauge transformations of Chern-Simons theory with
gauge algebra 0. In fact it is gauge invariant under gauge transformations valued in
the Lagrangian subalgebra g. Explicitly, those are

SA=dA+[AA], AeC®(M;)xg, (2.6)

where the bracket is given in (2.2). The proof of gauge invariance is trivial and involves
checking the invariance of the mass term n(A x MA) using the identities (2.3). One
may similarly show gauge invariance under finite gauge transformations with gauge
parameter g : M3 — G, G being the Lie group with Lie algebra g.

In terms of the split A = A+ A into g- and g-valued 1-forms as used to arrive at (2.5),
the commutation relations (2.2) show that A transforms as a gauge field for g while
A transforms as a matter field.

Remarks

1. Any admissible M (that obeys (2.3)) may be rescaled arbitrarily, which corre-
sponds to adjusting the coupling ¢>. Moreover, if g is a simple Lie algebra then
the form n(Me,e) and M are both determined (via Schur’s lemma) up to scale in
terms of the inverse of the Killing form for g. Explicitly, we have

M b 2.7

if x denotes the Killing form on g.

2. The algebra g can be compact, however its double o is typically not compact be-
cause n has split signature. In particular » is never compact when v is simple. We
will see examples of both.

3. One might expect a quantisation condition for the dimensionless constant & since
it appears as a Chern-Simons level. Ignoring, even, the mass term that breaks
some of the gauge symmetry, there is usually no quantisation condition: n((g~'dg)?)
can be globally exact, where g : M3 — D is a finite gauge parameter, and D is a
Lie group with Lie algebra ». (It is indeed exact e.g. if the brackets (2.2) close on g
so it is a Lie algebra while at the same time D is diffeomorphic to G x G, G being
a Lie group whose Lie algebra is g, see e.g. [21, section 3.2].)

2.1 Examples

Before studying the class of Manin theories as a whole, we demonstrate that most
known 3D N = 0 gauge theories belong in this class, and point out examples of Manin
pairs that give new 3D gauge theories.

Since one needs to specify not just the gauge algebra g but the Lie group G in order
to fully determine a gauge theory, we will be denoting the Manin pairs (v, g) via their
corresponding Lie groups (D, G), where the gauge group G is a maximally isotropic
(with respect to n) subgroup of D.



2.1.1 Yang-Mills as a Manin theory

Here we take D = T*G, the cotangent bundle of the gauge group. This is in fact a Lie
group; it is the semidirect product G x g* of G with its coadjoint representation. If 7,
denote generators of g and 7° those of g* = g, the Lie algebra o of D = T*G takes the
form (2.2) with f = h = 0. Explicitly,

[Ta, Ty] = fap'Te, [T, Th) = fo"T°, [, 7" =0, (2.8)

so that the action (after an integration by parts) reads
_ 1 .- -
S = / [k <Aa(dA“ +3 fbc“AbAC)) +3 GPAg* MPA| . (2.9)

For G a compact simple group, as we remarked above, M/ must be proportional to the
inverse Killing form x®. We then recognise the above as the first-order formulation
of Yang-Mills theory. Indeed upon elimination of A we obtain

2
S = _% /MabF“ *FY  (F=dA+ A?%), (2.10)
g

which is the Yang-Mills action with coupling proportional to g2/k2.

We observe here that & clearly need not obey a quantisation condition in this
case.

2.1.2 Freedman-Townsend theory in 3D

For the above example, since » = 0 we notice that g is in fact a Lie bialgebra. Therefore
we can swap the roles of g and its complement g* = g and consider the Manin pair of
0 = g x g* and g* (which we interpret as the abelian Lie algebra of dimension dim g).
To do this we need to replace M by a new operator M appropriate to this Manin pair;
in particular, due to (2.3), it must annihilate g*. Its nonvanishing matrix elements will
therefore be M T, = M,,T".

Therefore the action reads (after integration by parts)
- 1 -
S = / {k (Aa(dA“ +1 fbc“AbAc)> + 592/1@ *x M, A?| . (2.11)

We recognise this as the Freedman-Townsend gauge theory action, or rather a three-
dimensional version thereof [22, formula (2.9)] (at least when M is proportional to the
Killing form).

The gauge transformations (2.6) indeed reproduce the ones of Freedman-Townsend
theory: we need to replace the gauge parameter A = A*T, that takes values in g with
a gauge parameter A = A, 7 that takes values in g*, which gives

JA =0, SA =dA + [A,A], (2.12)

where on the right-hand side of the last formula we recognise the covariant derivative
with respect to A of 4, seen as a matter field in the coadjoint representation.



2.1.3 The Third Way theory

We now select D = G x G (or, equally well, any D whose Lie algebra is a direct sum
g ® g). This will give us the Third Way theory, introduced in [17]. (We refer to the
same reference for a more detailed discussion as well as to references [23, 24].) The
Third Way theory describes a sector of ABJM theory (see e.g. [25, 26]), which has a
G x G = (G x G)giag = G broken gauge symmetry, where by (G x G)4iag We denote
the diagonal subgroup. This is given a Manin pair structure as follows: We denote the
generators of the Lie algebra o = g @ g as 7" satisfying

15 T3] = far T2 N(Ta, Ty) = *hab (2.13)

a a

[T 1,71 =0 (T35 T;7) =0 (2.14)

where « an invariant form on g. With this, the diagonal subalgebra (g @ g)diag = g i
isotropic (maximally so, in fact, for dimension-counting reasons). The Manin pair is
thus given by (gaiag — 9 ® 9,7)-

To write out the action explicitly we choose the antidiagonal subspace for g, as it
is also isotropic. Accordingly, gqine and g have respective bases

~ 1
T,=T, +T, T = Ekflf@ab (T, = T,) (2.15)
satisfying relations
[Ta, Tb] = fabcTc 77(Ta7 Tb) = 0 (216)
(T3, Ty) = foc"T* (T, Ty) = k=107 (2.17)
- 1 - .
(T, 1Y) = k2, n(Tg,TE) =0 (2.18)

where indices on the g-structure constants f are raised/lowered using «.

The reason for introducing % into our basis is the observation that in the limit &£ —
oo, the algebra of G x G reduces to that of 7*G, which is mathematically analogous
to how Minkowski spacetime is the large radius limit of anti-de Sitter spacetime. This
limit is in agreement with the observation that the Third Way theory is a continuous
deformation of Yang-Mills theory, as taking D = T*G corresponds to the first order
formulation of Yang-Mills theory we described in section 2.1.1.

We now define the mass matrix M by

MT,=0, MT; = 4+2kT,, (2.19)
MT® = kx™T;, MT, = —2kT,. (2.20)

Having specified the geometric data, we can now formulate the theory. To this end we
expand the connection 1-form as

A=ATTY + AT = AT, + AT} (2.21)

where under gq.; = g We see that A* and A4 are g-connections and A is an auxiliary



matter field in the adjoint g-representation. With this, action 2.1 becomes

SIA) = KScs[A"] ~ kScslA™] + ke [ r(AF = A7) (41— A7)

(2.22)
A o abe 3 ab 1

:/[AaF 4]{:Qf A AVA, + g/@ Ag*x Apl.

where F = dA+ A2 We see that in the £ — oo limit, this theory reduces to the first order
formulation of Yang-Mills theory with coupling ¢2, as formulated by action 2.9.
A more direct way to see this is by solving for A and back-substituting it into the

action [25]. Its field equations are given and recursively solved by

1 12 2 1
~ 1

> Ay = =5 # Fo = s s (5P )+ (™) (2.24)

Back-substitution into the action now yields
1 a b 1 b c 2.9
S[A] = T KapF* * F° + 12k2 75 g Jabex F Uk FPxF + O (k™ 4 (2.25)

which indeed expands the theory in powers of k=2 around Yang-Mills theory.

Although we will not be employing this fact in this paper, the Third Way theory
is also consistent when the Chern-Simons levels in (2.22) are unequal, which may be
achieved by adding Chern-Simons actions for either factor of G or for G x G with a
different bilinear form (which we call £ much later in this paper).

2.1.4 ‘Imaginary’ Third Way

Now we move on to the complexified gauge group D = Gc. Thisgroup has a Lie algebra
gc = g @ ig and is —as we will see— similar to the Third Way case in many ways. Its
algebra has generators {7,} for g and {7, } for ig satisfying

[Taa Tb] = fabcTc [Ta, ZTb] = fabciTc [iTaa ZTb] = _fabcTc (226)

Let us further introduce an invariant non-degenerate inner product n = x¢ — g, the
imaginary part of the complexification of an invariant form over g. This is

n(Ty,Tp) =0 (T, iTy) = 2Kap n(iTy,iTy) =0 (2.27)

It is now clear that we obtain a Manin pair (g < gc, 7). Let us now derive the Manin
theory in close analogy to how we treated the Third Way case. We define a basis

s k LT, (2.28)



for ig, yielding

1o, Ty = fapTe n(T,,T,) =0, (2.29)
(T2, Ty) = foT, n(Te, Ty) = k= 16%,, (2.30)
(7o, 7] — —i/ﬁ faber, (T, ) =0, 2.31)

which completely agrees with the G x G case, up to the minus sign in equation 2.31!

Upon introducing a gauge field A = A°T, + A,T¢ and define M as

MT, =0 (2.32)
MTE = kT, (2.33)
we arrive at the action
S[A] = / A Pt pabe i A, A+ 22kt A« Ay (2.34)
a 24k2 a C 2 a

Much like the Third Way theory, this reduces to Yang-Mills theory with a coupling ¢°
in the k£ — oo limit.

2.2 Equivalences of Manin theories from “twists” of Lie quasi-bialgebras

We address the question: how many Lie quasibialgebra structures give rise to the same
gauge theory? This is relevant whenever we need or want to specify the theory by
Lie quasibialgebra data instead of just the Manin pair/Dirac structure, which will be
relevant for the Hamiltonian formulation of the theory.

Bangoura and Kosmann-Schwarzbach describe a twist operation [19] which takes
a Lie quasibialgebra (g, f, 1) to another Lie quasibialgebra (g, f’, »’) that fixes the un-
derlying Lie algebra g. This is given in terms of a skew matrix R% acting as

fabc N fabc + 2Rd[afdcb}

jiabe _, fabe | g flab peld _ g plalel phldl 7 (2.35)

The skew matrix R has a geometric interpretation: it parameterises deformations of
a fixed lagrangian complement g onto a neighbouring one g'. Explicitly, a basis of g’ is
given as 7% = T 4+ R%T, and isotropicity forces R to be skew.

Twists define an equivalence relation on Lie quasibialgebras. We will show that
equivalent Lie quasibialgebras yield equivalent field theories at the level of explicit ac-
tions (2.5).

One way to see that this twist operation leads to equivalent gauge theories is via
explicit calculation in the Hamiltonian formulation of the theory, that we will pur-
sue later. An alternative more elegant argument is via the AKSZ construction [27] for
Chern-Simons theory. To that end, and to prove that twists take the above form in our
conventions, we display an alternative “BRST-esque” formulation of Lie quasibialge-
bras.



A “BRST” version of the “big bracket” construction of [19]. Firstlyrecall the Chevalley-
Eilenberg differential defining Lie algebra cohomology: introduce anticommuting vari-
ables ¢* with abe g-valued indices. Then the CE differential may be written

fbc%bcci (2.36)

@ oc®

N | —

and @Q? = 0 is equivalent to the Jacobi identities for f;.* the g structure constants. If
the Lie algebra has an invariant nondegenerate symmetric bilinear form &, then Q is
a hamiltonian vector field for the following Poisson structure

{¢, =k = Q= {1 fu"Kaa, o}, (2.37)

and the Jacobian identity may also be written in the style of the ‘classical master equa-
tion’ {%fbcdmdacacbcc, %fbcd/{dacacbcc} =0.

We may define various kinds of (quasi-)bialgebra structures on g by introducing
alongside c” their duals ¢, along with the Poisson bracket {c*, ¢} = 05 , {c,c} = {¢,¢} =0
and permutations thereof. (This Poisson bracket captures the inner product ».) In all
cases there is a Lie algebra structure on g+ g* compatible with the split signature sym-
metric bilinear form defined by this Poisson bracket. A Lie quasibialgebra structure on
a Lie algebra g with structure constants f,.* is equivalently defined via the quantities
fas’, f*4, hot appearing in the hamiltonian function

O = Lfucct e, + L et + Lh e G = f+ f+ R (2.38)

(If we were to switch on a term ¢? this would be a “proto-Lie bialgebra”.) These quan-
tities must satisfy, by definition
{6,0} =0, (2.39)

on top of the Lie algebra Jacobi identity for g ({f, f/} = 0), and by counting powers of
¢, ¢ we find the above condition is equivalent to

Qf =0, Qfh=0, {f.f}+2Qh=0 (2.40)

where Q; = {f, o} = {5 fu°c?’, o} is the vector field with hamiltonian f. A Lie bial-
gebra is the case i = 0. The Lie algebra over g + g* defined by © is the double d of g
constructed from the (quasi)-bialgebra structure.

By twist we mean a canonical transformation generated by a function of the form
1 ab~ ~
v = §R CaCp - (2.41)
Here R* is necessarily antisymmetric. This transforms the hamiltonian function to
1
0 —elPlo=0+{v, 0} + ST {v.0}}; (2.42)

due to the form of © and ¥ it is easy to confirm that the series terminates as indi-
cated.

Since et¥*} is a canonical transformation it is trivial to check that {e{¥*}©, e{¥*} @} =
0 and also that the term ¢?¢ is invariant, so that ¢{¥:*}© defines a new Lie quasi-bialgebra.
Explicit calculation leads to the formulas (2.35) for the twist.



An AKSZ-based argument for twistinvariance. Letuspretend,in the firstinstance,
that the mass term involving M in the Manin theory action (2.5) is zero. Then we
are dealing with pure Chern-Simons theory, which admits an AKSZ sigma model con-
struction [27] via the space of supermaps Maps(T[1]Ms, g[1] @ g*[1])%. The target g[1] &
g*[1] is the purely fermionic supermanifold with coordinates ¢, ¢, that we were using
above.

The fields of the AKSZ sigma model are, as usual, the component fields of the super-
fields ¢%(0,do) and ¢,(c,do) with o coordinates on M3 and do their differentials. The
1-form component fields may be identified as the 1-forms A% A, appearing in (2.5).
Canonical transformations on the AKSZ target g[1] @ g*[1] lift to canonical transforma-
tions for the graded symplectic structure on Maps(- - - ), namely (the inverse of) the BV
antibracket. Therefore, the lift of the canonical transformation ¢{¥-*} displayed above
is necessarily an equivalence of BV theories.

On the fields of the AKSZ sigma model this transformation acts by
(o,do) = ¢*(o,do) + R*¢,(0,do), & (o,do) — éy(o,do) (2.43)

so in particular it acts as A* — A® + R*®A, and A — A on the original gauge fields
appearing in the action (2.5).

The introduction of the mass term breaks the master equation obtained via the
AKSZ construction, which is anyway expected. However, assuming that the master
equation for the BV formulation of the Manin theory can be written down using the
fields of Maps(- - - ), we observe that upon switching off all of the ghosts and antifields,
the canonical transformation leaves the mass term invariant, since the latter only de-
pends on A which does not transform.

The moral here is that the twisting of Lie quasi-bialgebras may be undone by the
field redefinitions A* — A® + R*A, and A — A applied to the action (2.5).

2.3 Hamiltonian formulation; classification in the quasi-triangular case

We now construct the Hamiltonian action for the theory. This goes through identical
steps to the calculation of the Hamiltonian for the Third Way theory [17]. As such we
will be brief. There are two outcomes of this analysis: first, that (in Lorentzian signa-
ture) the Hamiltonian is bounded below; second, that for the class of quasi-triangular
Lie quasibialgebras — which includes the perhaps more familiar quasi-triangular Lie
bialgebras, defined via a Yang-Baxter equation — Manin theories may be completely
classified.

Since the time derivatives appear as in Chern-Simons theory, the off-shell phase
space is, a priori, unaffected by the mass term in the action (2.1). Therefore we em-
ploy the usual split A = A%dt + o, where we assume spacetime is (locally) of the form
Ms = R x ¥, R being “time” ¢, and ¥ being 2-dimensional “space”. In pure Chern-
Simons theory, A become lagrange multipliers enforcing the vanishing of the Gauss
law constraint y:

% =dso+ o, (2.44)

For the Lie bialgebra case see [21] for more details, to which we also refer for QP-manifold conven-
tions.
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(Above dy, is the de Rham differential along ¥ and « is a 9-valued 1-form on X for each
value of ¢.)

For Manin theory, the difference arises from the mass term. What happens is that
half of the A° is no longer a lagrange multiplier: assuming g(dt, dt) = ¢'* # 0, we have
a*dt = dt @ = 0 whence

In(Ax MA) = in(A°MA°(dt xdt) + a* Ma). (2.45)

With the same assumption, d¢«dt is everywhere nonvanishing and proportional to the
volume form on M;. Given MA°? = M A° (due to (2.3)) we see we may integrate out A,
replacing it with part of the Gauss law constraint for pure Chern-Simons theory:

1 ~ 5 1. . - Lo~
x* =dsa® + ifbc“ocbac + fc“babac + §abachbm . (x=x"Ty + XTI ) (2.46)

Note that we have split v-valued objects into g and g parts in the usual way (y = x*7, +
XaT®, 0= aT, +a, T, A? = A%T, + AT ) To write the Hamiltonian we need to trade
x“ (a 2-form on X)) for a scalar x“, which to be concrete we define by y* = y*xdt¢ (where
* remains the 3-dimensional Hodge star).

After eliminating A° we obtain the Hamiltonian action, equivalent to (2.1):

S= [ dt(n(—g0i) + A%Xa) + 5 (Gapdon Mg — g X" M) voly (2.47)
M3
with vol, = 1 being the volume form associated to the metric g on M3 = R x 3
and
Xo = dsdq + 3 [ apa. — alac fre (2.48)

coming from the Gauss law constraint y for Chern-Simons theory. It is trivial to check
that y, generates the gauge transformations (2.6) and thus the proof of gauge invari-
ance in that subsection shows that the Hamiltonian along with these constraints form
a first-class constrained hamiltonian system.

Boundedness of the Hamiltonian. We read off the Hamiltonian function as
1
H = 5 (daudbuMabgw/ - gttXaXbMab) . (249)

This is non-negative when

1. the matrices M* and M, are positive-definite, which may always be arranged
when g is a compact Lie algebra, and

2. Ms is a Lorentzian-signature spacetime, we have chosen coordinates where g,
is block-diagonal between time and space?, and ¢ is a timelike coordinate.

Then the second term is a sum of positive squares. Moreover since &,o = 0 by defini-
tion, the first term is also a sum of squares by block-diagonality.

Classification of Manin theories in the quasi-triangular case. Quasi-triangular
Lie quasibialgebras are defined by Bangoura and Kosmann-Schwarzbach [19, Defini-
tion 1.7], in terms of a skew matrix R%, an ad g-invariant symmetric form s, and the

3This is indeed a choice of gauge for the background metric, as may be seen via a lapse function/shift
vector parameterisation of g, ADM-style.
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3-form A%, that solve a classical Yang-Baxter-type equation. In our conventions we
may derive the equation via the “BRST” approach of the previous subsection: assum-
ing f is coboundary*,

fie=2RMf, ¥ — f=-Q; (AR®G,&) (2.50)

=R

for some skew matrix R, we have a Lie quasibialgebra if and only if Q;({R,Q;R} +

2h) = 0. A triangular one is defined to be such that {R,Q;R} + 2h = 0; for a quasi-
triangular one the right-hand side is allowed, by definition, to be proportional to f,;,*s*s°¢,é,é.,
which is annihilated by @ ; when s is ad g-invariant.

To write down a concrete and index-free expression for the aforesaid equation we
invoke some nondegenerate inner product ,;, on g to define operators R : g — g from
the skew matrix R and s : g — g from the symmetric matrix s* via R(T,) = R,’T}
and via s(T,) = s,°T}, respectively; then this data must solve

[Rx, Ry] — R([Rx,y] + [z, Ry)) + [sz, sy] = h(z,y),  Vz,yeg. (2.51)

(We also defined h(z,y) = hqpz%yT,.) When h = 0 and s* = ¢« for some number c,
we recognise the usual modified Classical Yang-Baxter Equation (mCYBE), solutions of
which define Lie bialgebras®. For this reason we shall call equation (2.51) the amended
mCYBE, or amCYBE.

We will show that the Manin theory depends, in this case, only on s and g via the
3-form constructed above, or, equivalently, via the map

x,y — [sz,sy|. (2.52)

For this, it is convenient to write 9-valued objects not in terms of the basis spanned by
T, and 7 but in terms of 7, and T, = x41?, so that the double ? is a sum of two copies
of g as a vector space, and 7(T,,T,) = k. are the nonvanishing matrix elements up to
permutations. We will also rewrite & (valued in g) as the g-valued form

Il = 11°T,, = ax"T, . (2.53)
In this notation the phase space action is (up to a temporal integration by parts)

S = dt (a%abnb + A% (dgTT, + 1 £, 11,01, — aPTT, fu©) ) +vol, H
RxX

=Xa (2.54)

a
~ 1-~
Xa = dya® + @ + abHcfcab + §habchHC ]

We now recognise IT as the conjugate momentum corresponding to a.

So far this is completely general. Assuming that g is quasi-triangular, we may sim-
plify by removing all mentions of f via a canonical transformation:

a — a— R(I),II — II. (2.55)

4These are called exact in [19].
SFor an exposition of these in a physics context we refer to a work by Vicedo [4].
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Claim. Under said transformation,

Kok T, — dsIl + [, 1],

1 (2.56)
X*T, = do+ Lo, o] — R(dsII + [o, IT]) + E[SH, sII],
where all of the brackets are now ones in g and not .
Proof. Rewrite
X = XaT* (2.57)
as the following closely related g-valued 2-form
X" = Xan™T (2.58)

which immediately gives (using the fact f is coboundary)
X" = dsIl+[a, O] +2 f2 0116, = ds I+ (o, I+ 3 [I1, 1) g = dsII+[a+R(II), 0. (2.59)

which goes to dxII + [«, II] under the canonical transformation.

It remains to calculate y. This contains the following annoying term which we
write in terms of R and the original bracket [,] on g again:

oL, f* T, = [ov, RII] — Rle, 10] . (2.60)

This now makes the calculation for y straightforward:
X — (dsa + a?) — R(dsa + o, IT)) + R[RIL I — 4 [RIL, RII] + L1A(I1,11). (2.61)
The Claim then follows from the amCYBE (2.51). O

Note that we may now remove the term involving R from the action because it
is proportional to the constraint enforced by A%. (E.g. by redefining this multiplier.)
Having done this, the phase space action becomes

S = dt r(aIl + A°(ds Il + [o, ])) + volgH . (2.62)
RxX

where the Hamiltonian H takes the original form (2.49) except for the expression for
X
H = §(L;LpM g7 — "X X"My),  x=dsa+ jla,a] + 3[sILsM],  (2.63)

and where, again, y* is the scalar dual to the 2-form x“ along > (y* = x®*dt).

This is the classification result. We note that the same result could be obtained
more abstractly via twists: itis proven in [19, Proposition 1.8] that any quasi-triangular
Lie quasibialgebra is equivalent to one with f = 0 and 4 equalling the degree 3 cocycle
fae®sbdse¢é, &, that contributes to the amCYBE (2.51).
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2.3.1 Example: theories of mCYBE type and their ‘duals’

In this case by definition » = 0 and s* = ¢k, x being the inverse of a nondegenerate
inner product on g, so that the amCYBE (2.51) becomes the usual mCYBE:

[Rz, Ry] — R([Rz,y] + [z, Ry]) + *[z,y] = 0. (2.64)

Solutions of the mCYBE for a real Lie algebra g fall into three cases depending on
the sign of ¢2. This sign determines the structure of the double d of g as follows:

A>0: 0=gadyg, “factorisable bialgebra”
AA=0: 2¥gxg*r, “triangular bialgebra” (2.65)
2<0: vgc, “imaginary bialgebra”

The terminology here isnot entirely standard; in particular we do not follow Vicedo [4]
where a compact proof of the classification may be found. The associated Manin pairs
(g — 0) and Manin theories are

» factorisable case: g embeds as the diagonal subalgebra in the direct sumo = g® g
where the summands commute. The associated Manin theory is the Third Way
theory described in Sec. 2.1.3.

* triangular case: g is as indicated in the semidirect product g x g*, and the associ-
ated Manin theory is Yang-Mills theory (see Sec. 2.1.1).

» imaginary case: g embeds as the indicated real form of the complexification g¢.
The Manin theory is described in Sec. 2.1.4.

‘Duals’ to mCYBE type theories. Solutionstothe mCYBE (2.64) define Lie bialgebras,
not just Lie quasibialgebras. This means that g = g* is a Lie algebra. If we use x,;, to
identify g = g we find a second Lie algebra structure on g given by

(This is the coboundary equation (2.50) up to index gymnastics.)

In these cases we therefore have a Manin triple structure (9, g, g) instead of just
a Manin pair. In particular (g — 9) is a Manin pair — in some sense dual to the
original pair (g — ) — and thus every solution to the mCYBE gives rise to a pair
of Manin theories. We have already seen an example of a ‘dual’ Manin theory: for
R = 0 we have a triangular solution to the mCYBE where g is abelian; this gives rise
to the Freedman-Townsend theory of Sec. 2.1.2. We emphasise however that these
‘duals’ are not unique.

As an example of this phenomenon, we exhibit a different triangular structure. In
general, triangular bialgebra structures on a Lie algebra g correspond to subalgebras
with an invariant nondegenerate 2-form on them; in that case such g are called quasi-
Frobenius®. Triangular structures are classified explicitly for s((3,C) in the Chari-
Pressley book [28, Example 3.1.8]. Of those, example (v)(a) descends to the compact
real form g = su(3). The subalgebra in question is that of diagonal matrices in su(3).

6See again Vicedo [4, section 2.3] for a quick proof.
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This is the 2-dimensional abelian subalgebra spanned by
H, = idiag(1,—1,0),  H, =iV/3/3diag(1,1,-2) (2.67)

where k(z,y) = Tr(zy). If we pick w(H;, Hy) = —w(Hy, H;) = 1 for the 2-form, we
calculate the corresponding R as

R(non-diagonal) =0, R(H,) = 2H,, R(Hy) = —2H, . (2.68)

It is easy to verify this solves the mCYBE (2.64) (with ¢ = 0). This example furnishes
a ‘dual’ to g = su(2) Yang-Mills in its Manin theory formulation which has nonabelian
gauge algebra g as given by (2.66).

It is tempting to conjecture that these ‘dual’ Manin theories are honestly dual to
each other in the physical sense. We leave this question for the future.

3 Evanescent supersymmetry

Generalities. Saywe are studying a theory with action S, which admits a supersymmetric(-
esque) generalisation to a theory Ssysy. (Parenthetical to be explained shortly.) We

will say Ssysy has evanescent supersymmetry when Ssysy and S are equivalent ac-
tions, in the sense that integrating out fields from Ssysy yields S. (One way to for-
malise this is that S and Ssysy define homotopy-equivalent L..-algebras in the sense

of [29,30].)

An immediate corollary of this definition is that Ssysy describes exactly the same
number of on-shell degrees of freedom as S does; in other words, Ssysy does not assign
superpartners to the degrees of freedom described by S. The point of an evanescent-
supersymmetric formulation is that it lends itself well to exact quantum calculations
via localisation arguments.

We will see that for Manin gauge theory the symmetry transformations are par-
tially deformed relative to conventional N = 2 SUSY in 3D; in particular, the algebra
is deformed by terms proportional to the Manin mass operator M. This is the “price
to pay” for introducing SUSY in a theory without introducing superpartners to the
on-shell degrees of freedom, and is why we expect in general the evanescent super-
symmetry transformations to be “supersymmetry-esque”.

3.1 Duistermaat-Heckman formula as evanescent localisation

Before moving to discuss path integrals, we first take a look at the familiar example
of the Duistermaat-Heckman formula and interpret it from the viewpoint of evanes-
cent supersymmetry. This subsection closely follows Pestun and Zabzine’s exposi-
tion [31].

We consider a compact symplectic manifold (M,w) of dimension 2¢ and on this
manifold a Morse function H € C*°(M) (which we think of as an ‘action’) such that
the orbits generated by a Hamiltonian vector field K (characterised by (xw = dH) are
compact (a circle or a point). We then consider the ‘partition function’ given by the
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oscillatory integral Z; which by the Duistermaat-Heckman formula is given by

gy = w—ge 2m Z

| v
m aH o \/deta K

Now, what we want to do in the context of evanescent supersymmetry is to view this
as a partition function where we have integrated out auxiliary fermionic degrees of
freedom. We reintroduce these simply by viewing it through the lens of integration
on supermanifolds:

(3.1)

Zx :/ [d%x] Pfw el = (—i)é/ [d%x‘d%w] (@:9) (3.2)
M IITM

where we integrate over the parity-reversed tangent bundle 117 M with coordinates
(zH ") (* being the odd fibre coordinates) a ‘supersymmetrised’ action given by

L (@) (3.3)

S, ) = H(@) + 5

It is supersymmetric in the sense that it is left invariant by the odd vector field

0

Q= WL@ — K”a—w (3.4)

ie. Qr* = ¢ and Qy* = —K*. We take Q to act as an odd left-derivative.

The localisation procedure can then be reformulated as follows: We pick an ar-
bitrary metric g,, of which K* is a Killing vector (this is always possible since the
orbits of K are assumed compact) and note that we can deform the partition function
as

ZH(t) — / [d2fx|d2€¢] eiSJritSloc (35)
n7TM
by a @-exact localisation term S, given by
Sloc = QFjpc = KHK;L - auKu¢u1/1V7 Foc = QWK”W/- (3.6)
without changing it. Indeed, one finds that

QZH( ) / [dQZCE‘dQeT,Z)] isloceis-i-itsloc — / [dQECE‘dQZTIZ)] Q{Z-Floc 6iS+itSIOC } —0
IIrm Irm

ot
(3.7)
where we used the fact that [, ,[d*z|d*¢]Q(e) = 0”. Taking the limit ¢ — co we then
find that the integral localises to

Sloclpos = 0 ~ K=0 = dH =0 (3.8)

which is to say, the same locus as what the Duistermaat-Heckman formula states.

In the usual fashion oflocalisation arguments we then introduce coordinates around
saddle points z, of H as

n
xﬂ:xg+y_ 'I,Z)'LL:X_

w

vt Vi

"There exist pure supergeometric proofs of this invariance of the measure under odd vector fields [32].
Here it is easily seen by rewriting @ in terms of the de Rham derivative and contraction-with-K operators.

= [d*z|d*y] = [d*y[d*y].  (B.9)
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With this we can expand

S(x, w) + tS10c(, ) = H(x0) + %(97 X) [Hess Sioc(o, 0)] (v, X)T + O(t_l/Q) (3.10)

where by Hess we denote the Hessian matrix of a given function. With this we find
that the partition function is given by
is

e
Zy = Q@2ri) Y ee— (3.11)
Sloc|bos($0):0 \/WSSSIOC ($7¢)=(on0)

Upon evaluating the Hessian one finds that this reduces to the Duistermaat-Heckman
formula. This just formulates it in a way which is more easily related to localisation
in supersymmetric quantum field theory. To relate it to the Duistermaat-Heckman
formula given in equation 3.1 we expand

(y,X) [ Hess Sioc(20,0)] (¥, X) " = Buy"y” + Fu X" (3.12)

and by invariance of 3.12 under the linearised supersymmetry

Qiin = 1/}“6;:“ + 0, K" () y" 5?(” (3.13)
(with 0, = 0/02*) we find that
By = F,,0,K° () (3.14)
yielding
Ber Hess Sioc(20) = S — det 9, K¥ (). (3.15)

det F,,,

Using this we arrive at the original Duistermaat-Heckman formula 3.1.

We revisited this well-known result in order to, on the one hand, remind the reader
of some basics of localisation, and on the other hand as a prototype of evanescent
supersymmetry. We started with a purely bosonic theory which we rewrote using
auxiliary fermionic degrees of freedom: indeed in (3.3) the ¢)* may be integrated out
since wy,, isinvertible. This in turn allowed us to make us of the methods of localisation
to solve these integrals. This is exactly what we will do in the context of the quantum
field theory: starting off with a partition function which only includes bosonic field
content, by adding auxiliary degrees of freedom we allow ourselves to use the method
of localisation through evanescent supersymmetry.

3.2 Chern-Simons as an evanescent SUSY gauge theory

Supersymmmetric Chern-Simons theory was originally written down in [33]. We write
down the action for N = 2 Euclidean supersymmetry on flat space M3 = R3 and ar-
bitrary gauge algebra g with invariant inner product . The fields are 4,0, D, A, A, of
which A4 is a g-valued 1-form and o, D are g-valued scalars, and ), \ are g-valued com-
plex 2-component anticommuting spinor fields. The action reads, in Cartesian coordi-
nates,

SN=2[A, o, \, A, D] = / n(%AdA + éA?’ Fx(MA — JD)) (3.16)

and we are using Northwest-Southeast conventions for the spinors so A\ = A%\,
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This lagrangian is supersymmetric under the usual N = 2 Euclidean supersymme-
try transformations, where ¢ and ¢ are 2-component complex bosonic spinors:

6A, = —Cyuh + My (3.17a)
b0 = —iCA +iXC (3.17b)
SA = iC (D Ty . iZDa) (3.17¢)
5h = z’(D + P+ ma)i (3.17d)
§D =D, (gfm + Awf) +i [a, A+ Aé} (3.17e)

with D the covariant derivative w.r.t. G. Since the supersymmetry multiplet is given
in Wess-Zumino gauge, the algebra closes on translations along with compensating
gauge transformations: for any field ¢,

{0c,0c e = 2iLcp — 2005 "0,  K'=(y"{, A=KA, +i((o, (3.18)
and the anticommutators of two hatted or two unhatted supersymmetries vanish:
{6¢, 00} = {05,051 =0. (3.19)

We display the full algebra in appendix.

We emphasise two points that will be relevant for supersymmetric Manin the-
ory:

1. We have 5? = SC? = 0. This enables supersymmetric localisation.

2. This N = 2 theory is equivalent to N = 2 Chern-Simons theory: o, D, A\, and A may
be integrated out, leaving only Scs[A]. Therefore the supersymmetry is evanes-
cent. Note, however, that this theory is an exceptional case where evanescent
supersymmetry is identical to conventional supersymmetry! The reason is that
the field equation is 7' = 0, which makes §\ and 5 vanish on-shell.

3. An important corollary of this last point is that the anticommutators of super-
symmetry transformations must vanish on-shell, up to gauge transformations,
so that the corresponding bosonic symmetries are trivial on A. This is indeed
the case: for example, anticommutators on A involve its field strength 7 which
vanishes on-shell.

Irrespective of the fact the symmetry is trivial in the above sense, this supersymmetry
yielded well-known exact results for certain observables via supersymmetric localisa-
tion [13], and moreover the equivalence between N = 2 and N = 0 Chern-Simons the-
ory has been confirmed exactly, at least for supersymmetric observables [15].

3.3 N =2 evanescent-supersymmetric Manin gauge theory

Without further ado we display the action for N = 2 evanescent-supersymmetric
Manin theory:

SNn=2 =

1 ) (3.20)

« 1
—/ n(k(AdA+§A3)+g2A*MA>+k/ *77<M—®ID)>+—/ 77<g2®*M®
2 Ms Ms 2 Ms
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This action may be seen as a mass deformation of the N = 2 Chern-Simons theory
described above, where now the fields A, ¢, D, \, \ take values in o.

One may convince oneself that the supersymmetry écs of N = 2 Chern-Simons
theory may be deformed into an invariance of the SUSY Manin theory action Sy-;:
indeed dcsSn-=2 = [ n(AxMdcsA + oxMdcso) which islinear in ), A so it may be cancelled
using a new variation ¢ satisfying M &\ = M#'\ = 0. In fact, if & annihilates all bosons,
it is determined uniquely this way. The complete transformations (on flat Euclidean
space, with supersymmetry parameters ¢, ¢ as before) are

5A, = —Cy A +\,¢, (3.21a)
6o = —iC\ + ¢, (3.21b)
2
0\ = iC (]D - z‘zbo+%M(zA - o)) , (3.21c)
2
S\ = @'(D FF 4+ z’ZDo+%M(z’A& - 0)) ¢, (3.21d)
D =D, (gw& + wf) ti [o, A+ xq : (3.21e)

Since M2 = 0 the new terms relative to the Chern-Simons SUSY are indeed annihilated
by M.

Much like in N = 2 Chern-Simons theory, the SUSY here is indeed evanescent:
0,D,\,\ may all be integrated out at the same time, leaving only the original Manin
theory action.

Algebra. The anticommutators of the above transformations are

2

{6¢,6:}A, = 2K" <Fw+%eprAp) +2¢(D,o, (3.22a)
{é¢, 55}0 = 2K"D,o, (3.22b)

2
{0¢, 630 = 2(iK"D, — ({ad o)x+%2m(gc ®Ce), (3.220)

2
{0, 0:4 = 2(iK" D, — (Cado)A-2-2(e @ () MR, (3.22d)

2 2

{6¢,6:}D = 2(iK"D, — ({ado) <D—%Mo) —%2(@@” +iK,ado)MA”,  (3.22€)
(6)* = (8:)* = 0. (3.22f)

where ¢, and ¢, 7 are pairs of constant bosonic spinors of the same R-charge.

For M = 0 we recognise the usual N = 2 SUSY algebra given in (3.18): the M = 0
terms are organised into infinitesimal translations by K* = (¢ and gauge transfor-
mations with parameter K“A, + i¢(o, which is valued in a. The latter compensate for
the gauge choice (Wess-Zumino gauge). Ignoring these gauge transformations we thus
see that the supersymmetries square to translations, as expected.

What happens when M # 0? Recall that the gauge symmetry under o is explicitly
broken to the subalgebra g < d. Therefore the gauge parameter K”A,, +i¢{o includes
not just g-valued gauge transformations, which should be ignored as before, but also g-
valued transformations which are nolonger gauge symmetries, but trivial symmetries
(on-shell vanishing). The new M-dependent contributions to the algebra also ensure
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that these anticommutators vanish on-shell, which is required for consistency. The
price to pay is that the transformations (3.21) no longer square to translations, and the
complete algebra of anticommutators has not been determined yet.

Remarks.

1. The supersymmetric action (3.20) provides a supersymmetrisation for all 3D gauge
theories that admit a Manin theory formulation. This includes Yang-Mills theory
as shown in section 2.1. We emphasise that the action (3.20) — which enjoys
evanescent N = 2 supersymmetry — is inequivalent to the usual N = 2 super
Yang-Mills action; this is another reason why it is convenient to have the ad-
jective ‘evanescent’ to distinguish the two situations. (In fact one could likely
introduce an evanescent supersymmetry on top of conventional N = 2 super-
symmetry! We choose not to, though.)

2. For the Third Way (see section 2.1.3) the action and supersymmetry transforma-
tions were originally found in the second author’s Master’s thesis [18] (they were
not derived from Manin theory).

3.3.1 SUSY on curved space; the round 3-sphere

For the purposes of localisation we will generalise the evanescent supersymmetry
transformations (3.21) to curved space. (The action remains (3.20).) For this, we will
no longer assume that the supersymmetry parameters ¢,  are constant.

We will in fact assume that ¢, ¢ are conformal Killing spinors®, i.e.

"Vl = 3¢ =CY C(Yu +37,Y) =0
N, = S & ) (3.23)
3" V¢ =7, 3¢ = V¢ (7Y +3¥7,)¢ =0

If ¢, ¢ are conformal Killing, the transformations below are invariances of the action

(3.20) and satisfy (6:)% = (4 5)2 = 0; the coefficients of the extra terms relative to (3.21)

are fixed uniquely by these requirements:

5A, = —Cy A+ M, (3.24a)
6o = —iC\ + ¢ (3.24b)
. . 2 g?
O\ = z(<D+F—Z¢®— §Y7®+ ?M(M\S—o)> (3.24¢)
; 2
S = ¢<D+m‘+izpo+ %oyu ‘%M(M&—o))é (3.24d)
5D = Dy (¢ + M) +ifo, CR+2¢] — gg%i _ %Wf (3.24¢)

These transformations are similar to those of reference [34], except in the presence of
the M terms in the variations of the fermions. (Also our conventions do not exactly
match theirs.)

8Their spinor bilinears are indeed conformal Killing vectors: V(, Ky = V(.(76)¢ + (v V¢ = (¢'C +
Cé,)nab .
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Supersymmetric Wilsonloops. A Wilson loop in the representation R is written
W = Trr Pexp 7{ dT[ —aFA, + z'|:i3|®} (3.25)
Y

where the factor of i ensures that the supersymmetry preservation conditions
C(My, +12)) =0, & (i, +|#])C=0 (3.26)

are such that they admit non-zero solutions for at least one of ¢, (. (We address reality
issues later.) Note that the metric g,, makes its appearance via the curved gamma
matrix and via || = /g, @#i". These conditions are identical to those for undeformed
N = 2 supersymmetry, owing to how the transformations for A and o are not affected
by the deformation involving M.

Fixing a specific spinor ¢ with conjugate ¢f leads to the usual solution of the super-
symmetry conditions, with the loop defined by the spinor bilinear K:

P=—-K, K'=(y(T. (3.27)

The corresponding Wilson loop is invariant under 4.

Theround S3. For the round 3-sphere of radius 4, the covariant derivatives of spinors
take the form (see appendix A.3)

VC=d¢- o0y, Vi=dl gl (3.28)

Constant spinors are therefore conformal Killing; in fact, they are Killing spinors. and
the spinor bilinear K is a Killing vector. In that case the transformations (3.24) spe-
cialise to

5A, = —Cy A+ My, (3.29a)
60 = —iC\ + ¢ (3.29b)
N =i [(]D —o/l) +F —iPo + %M(uﬁg — o)} (3.29¢)
o\ = z‘[(]D —o/l) + T+ iPo + %M(ZA - 0)}6 (3.294)
D = Dy, (¢ + MHE) +ifo, A+ ] +i(Ch —NE)/e. (3.29¢)

3.3.2 Parity and Euclidean unitarity (reflection-positivity)

Parity/reflectioninvariance. Chern-Simons theories generically break parity invari-
ance. However, we have already seen that Manin theory can give rise to familiar
parity-invariant gauge theories, like Yang-Mills. There is a way to see parity-invariance
a priori, however. This is essentially the same as the parity-preservation mechanism
of the Third Way theory [17]: we augment the action of a space(time) orientation-
reversing diffeomorphism with a transformation of colour indices.

21



Specifically: given a parity involution J : o — d which by definition satisfies
J2=1, n(Jx,Jy)=-n(xy), and J[x y]=[Jx, Jy], (3.30)

we may combine it with some orientation-reversing diffeomorphism r : M3 — Mj
with r2 = 1 to obtain a parity transformation P

A — PA=Jr*A (3.31)

(with r* the pullback by r) which preserves the sign of the Chern-Simons action:
/ n(AdA) — — [ n(JAdJA) = / n(AdA),
. Ms . Ms Ms (3.32)
[ onwd =3 [ naisan -3 [ noaaay =+ [ o).
Mg Ms M3 M3
(We note here that J also maps solutions of the Chern-Simons field equations to them-
selves, since F — r*(dJA + 1[JA, JA]) = r*JF.)

A parity involution exists for all Manin pairs coming from Lie quasi-bialgebras of
coboundary type (2.50). This involution is given by

JT, =T, , JT® = —T* 4+ 2R™T}, . (3.33)

It can be verified via direct calculation using the explicit expressions for the brack-
ets in 9 (2.2) that this J satisfies all conditions (3.30). Moreover it is trivial to check
that

JM =-MJ=M (3.34)

for this J so that the bosonic Manin theory action (2.1) is parity even under the trans-
formation (3.31) for any orientation reversing isometry r of Ms.

The supersymmetric Manin theory defined by the action (3.20) is also parity-invariant.
For this we specialise to Euclidean space M3 = R? with the flat metric in Cartesian
coordinates for the purposes of illustration. Under the reflection e.g. r(z!, 22, 2%) =
(z!, 2%, —23), the transformations of all fields are defined as

PA=r*JA, Po=-r"Jo, PD=r"JD,

R R (3.35)
PN = —J\3, PA = Jy3N.

These may be determined uniquely by demanding that the SUSY transformations (3.21)
are such that

Pice = dpcPe (3.36)

for all fields, where ¢ and ¢ transform analogously to A and \. (The transformation
of the spinors may be motivated as follows: given a vector V in R? and a unit vector
u defining a reflection along «’s perpendicular plane, the transformation of V' may
be written via ¥V as V — —y#Vy. Therefore expressions like MMf transform as vec-
tors under e.g. reflections about the 12-plane when the spinors transform as stated
above.)

Finally, we remark that it appears to be impossible to arrange that the Manin action
is odd under parity (instead of even) at least for simple gauge algebras, because of the
difficulty of constructing a suitable involution on d.
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Euclidean unitarity: reflection positivity. We will consider unitarity at the level of
the path integral. The brief discussion by Witten [35, section 2] for reality conditions
in complex Chern-Simons theory is relevant to us.

In both Lorentzian and Euclidean signatures unitarity entails probabilities, parti-
tion functions, ..., calculated in the quantum theory are non-negative. For Lorentzian
signature the requirement is that the integrand e** of the path integral lies in U(1),
which implies the Lorentzian action S must be real.

We are more interested in Euclidean unitarity. The requirement is the following:
whenever we reverse spacetime orientation, the integrand should be complex conju-
gated. When this is the case, we may formally see that e.g. the partition function on
R? is non-negative via a cutting and gluing argument®. To see this, cut R? along the
2-plane D defined by 23 = 0, so R* = R3 Up R3. Then if we define the wavefunction-
als ¥ on each half-space R} defined by the boundary conditions ¢|p = = of all fields

o,
U (7) = /¢ Do ew(-Sky). (3.37)

(SRi being the action integrated over the respective half-space) we may express the
partition function as their overlap by integrating over all possible boundary values:

Z = /Dqﬁ e Sr3 — /D(b e_SRi e_SR?i = /Dﬂ' U, (m)W_(m). (3.38)

Since the reflection that sends 2* — —z* maps R* — R3, if Sps goes to Si;, — the
complex conjugate of Sgs — Wwe see the right-hand side is, insofar as the path {ntegral
over 7 is defined, non-negative. (This argument may be viewed as inserting 1 in the
matrix element Z = (0/0).)

The reality condition on fields and a subtlety involving Wilson loops. As estab-
lished previously, the supersymmetric Manin action (3.20) is reflection-invariant. There-
fore the simplest reality condition is one where the action is real. Let us discuss the
real case. The obvious choice is to take A, o, D to be real v-valued fields, and to assume
the constants k and ¢° are real. However, there arises a reality issue with Wilson loops,
which to our knowledge has not been discussed before. Given the transformations
(3.21), SUSY Wilson loops take the form (3.25) whose integrand is —&#A, + i|Z|o with
|z| = \/gwirav. If o is real-valued, the integrand takes values in the complexification
of the Lie algebra 0. This may be cured if we assume that ¢ is pure imaginary, instead;
reflection positivity then demands that D is also pure imaginary. We then have two
possible reality conditions: one where ¢, D are both 9 ® iR-valued, and one where they
are both v-valued. (A must be d-valued in both cases.) Unfortunately the boundary
condition where ¢ is imaginary-valued is incompatible with the localisation argument
given later (it breaks the calculation leading to (4.10)). We thus employ the reality
condition where A, ¢ and D are all v-valued.

We were not able to find any other unitary branches, since we have not found a
prescription for reflection such that the action is odd. This is in contrast to G¢ Chern-
Simons theory, where there is a second unitary branch, which in our conventions
would entail pure imaginary & [35]; this branch is not compatible with the Manin
mass term.

For more on cutting and gluing for non-topological QFTs we refer to work by Dedushenko [36].
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Finally, we point out that while the parity involution J of (3.33) exists for cobound-
ary Lie quasi-bialgebras, it may also exist under more general circumstances. For
example, when g may (and is chosen to) be such that (g — ?,7) is another Manin
pair, the Lie quasibialgebra structure on g need not be coboundary, but the involution
J of (3.33) that is defined relative to its ‘dual’ Lie quasibialgebra g still works. An ex-
plicit example is given by the Lie quasibialgebra defining Freedman-Townsend theory
(sec. 2.1.2).

4 Localisation of Manin gauge theory

4.1 BRST gauge fixing

Manin theory is gauge invariant under G-valued gauge transformations — the Lie
group integrating g. Therefore the whole gang of ghosts, antighosts, and friends will
be valued in g (as opposed to the bigger algebra ?):

c=c*"T,, c=2a"T,, b=b"T,. 4.1)

The BRST transformations dggst take the standard form, keeping into account that this
is a right differential like the supersymmetry is:

oprsTA, = =Dy, SpRsTC = —C° (4.2a)
OBRSTO = [c, 0], OBRsTC = 1b, (4.2b)
BrsTN = —{C, A}, oprsTb = 0, (4.20)
dprsTA = —{c, A}, (4.2d)
SarstD = [c, D] . 4.2¢)

The BRST differential dppst anticommutes with the supersymmetries'® §- and 3< (as-
suming ogrst annihilates the ghost sector); it is also nilpotent: 5§RST =0.

For the gauge-fixing action we need to pick a g complementary to g in ?. In the basis
adapted to this split (used already in (2.2)) the gauge-fixing action for Lorentz gauge
reads (where V is the Levi-Civita derivative and Dy = d + [4,e] =D — [4, o))

SBRST[A, b, C, 5] = —6BRST/*5abvuAZEb = — /*Iiab (z’b“V“AZ + OHE“D“cb>
4.3)
=— /*nab <z’b“V“AZ + 8McﬂD’jlcb—bedflg8Mcacd> )

The difference with conventional (formulations of) gauge theory lies only in the last
term that depends on f. We may select § such that f = 0 whenever g is of coboundary
type as a Lie quasibialgebra, see (2.50) and discussion in that section. In particular
we may choose this for the Manin formulations of Yang-Mills theory and Third Way
theory. Since coboundary-type quasibialgebras are the ones for which we have es-
tablished reflection-positivity (see (3.33)), we will henceforth specialise to f*, =
0.

In this situation we see explicitly, given the splitd = g+ g, that the field A splits into

This requires a short calculation analogous to the one for conventional N = 2 supersymmetry. A key
point in the present case is the identity M|x,y] = [z, My] valid for all y € » and all = € g whenever M
satisfies (2.3).
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a gauge field A for g and a matter field A:

5BRSTAM = — MC — [Al“ C] s 5BRSTA = —[A, C] . (44)

4.2 Localisation on S3

We will localise the gauge-fixed theory with respect to the (right-)differential

Q = 5BRST + 5C (4.5)

for é, the supersymmetry transformation given in (3.29) for the round 3-sphere with

~

¢ = 0 and ¢ some fixed constant nonzero spinor. The action of the gauge-fixed theory
ought to be @-invariant, which motivates changing the gauge fixing action from its
conventional form Sggst above to

QVg_f_ = Q( — /*/{abV“AZEb) = SBRST + 5(( — /*IiabvﬂAZEb) , (4.6)
so that the e.g. partition function is the integral
Z = / DA DADA Do DD DeDeDb exp(Sy—2 + QVg) 4.7)

for Sy—» the evanescent supersymmetric Manin theory action (3.20). Localisation will,
of course, work for the correlation functions of any collection of Q-closed observables;
in particular, for any observables which are SUSY- and BRST-invariant.

We will assume there are no supersymmetry or BRST anomalies, so that we may
integrate by parts in the path integral with respect to Q. We may then freely subtract
from the action the following @-exact term

QU = Q/*EAB(XA((SCXB)U (4.8)
where £ : 0 x 0 — R is some positive semidefinite and ad g invariant symmetric form;

such £ always exist by an averaging argument as long as G is compact. If f = 0 we
may verify directly, for example, that £(7,,,T}) = kap , E(T, T") = £ works.

Since @ is a right differential, we have
QU = / € [(M)(a@\)f + X(SC((SCX)T] (4.9)
which evaluates to
2 2 1 2 2
— (cct _ g (=T
QW = (¢¢ )/*5[”*15‘ Do + kMAH + <ID> (5+ kM)o)
2

. g 1\~
+2X<—22D+ado+?M+ 27)5\} (4.10)
This is positive-definite: the first term is the norm squared of the vector field xF — Do +
M A with respect to the 3-sphere metric, while the second term is manifestly a square.

(Here we have employed the reality condition on fields that establishes reflection pos-
itivity, namely that the fields all be real-valued.)
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We then modify the action to
Sn=2+ QVgs. — 1°QV (4.11)

inside the path integral, in standard localisation argument fashion; in the limit ¢ — oo
the only configurations which contribute to the path integral must solve the equations

2

«F — Do + %MA —0, (4.12a)
1 92 _
D— (Z+ ?M>o_0. (4.12D)

We have thus shown that all Manin theories localise onto (4.12) subject only to the
assumptions that

 the group G integrating the gauge algebra g is compact; and

+ the differential @ is an invariance of the path integral measure (i.e. there are no
supersymmetry or BRST anomalies).

The 1-loop determinant. It is straightforward to write down an expression for the
fluctuation determinants around the localisation locus. We expand the fields {A, o, D, \, \}
onto ‘moduli’ {A, &, ...} and fluctuations {A’, ¢, ...} as follows:

A=A+t1A, (4.13)
o=0+tlo, (4.14)

where ¢ is the same constant appearing in the total action (4.11) (which includes gauge-
fixing and localisation terms). The bosonic moduli are constrained to satisfy the local-
isation conditions (4.12) and the fermionic ones \, \ are set to zero: therefore

_ 1 g2 B _ =

D=(=+ZM)z, A=iN=0. (4.15)
¢k

We do nothing to the gauge sector fields {c, ¢, b}; in particular ¢ remains the antighost.

We should also think of ¢, ¢ as “fluctuation’ fields.

We perform the path integral [ Db before taking the limit ¢ — oo, as we should.
Then the term bV - A from Spgsy inside the gauge-fixing term V; ¢ in the total action
(4.11) enforces the gauge V- A+t~1V- A’ = 0 for any value of #; thus both the modulus 4
and fluctuation A’ are gauge-fixed.'! The total action (4.11) has a smooth limit t — oo
which is the sum

Sn—o + 51-1001) (4.16)

where Sy is (3.20) evaluated on the moduli and Sj.40p is calculated easily via ¢-

This procedure is thus slightly different from that of e.g. Kapustin et al. [13]. Our approach has the
advantage that the localising functional is positive-definite, whereas including a gauge-fixing term in ¥
would produce a contribution iV - A.
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power-counting to be

S1d00p = — /*I{(VHGDZC)
2

g (0 - e g—M)o’>2

_(CCT)/*5<H*75A’—750'+[0,A’] + ‘%QMA’ >+ 2

+2>V< D+ ad 6 ﬁM T i))&’ 4.17)
—1 ado + A 27 . .
Barred quantities are evaluated with the moduli fields, so e.g. D; = d + [4,e],D =
d + [A, ], and (¢¢") is an arbitrary positive normalisation constant that may be set to
1 by rescaling the spinor.

The localised expression for the partition function 7 is, therefore,
7= / DA D& 6(Y - A) Z1.100p exp(Sy—2) 4.18)
M

for M the locus of solutions to the localisation equation (4.12a), where Zy o4, is the
1-loop determinant

Z1100p = / DA’ Do’ DI’ DN DY’ DeDed(V - A') exp S1100p - (4.19)

The same argument works to localise any @Q-invariant observable, e.g. a SUSY Wilson
loop.

We will not attempt to evaluate Z;4,p in this work, but we have more to say about
the integral over the moduli space M.

4.3 Resolving the localisation locus M

Henceforth we remove the bars over the moduli fields A,,... since we no longer
discuss the fluctuation fields A’, ¢’ in the 1-loop determinant.

The integration over the field D is eliminated due to (4.12b) in all cases. However
at this stage the localisation is more complicated than for Chern-Simons theory: the
presence of the M A term in (4.12a) would appear to suggest, a priori, that the integra-
tion over o is infinite-dimensional. This would be problematic insofar as it means that
we have replaced the infinite-dimensional integral — over A, for the N = 0 theory —
with an equivalent, yet even more infinite-dimensional integral.

That may well be the case for arbitrary Manin pairs. Nevertheless, we may try to
integrate out ¢ in favour of a finite-dimensional zeromode integral in specific cases
of physical interest, including the Third Way theory and Yang-Mills theory. We treat
each case separately.

4.3.1 Third Way theory

This is the case of the Manin pair whose double 0 is the (commuting) direct sum of Lie
algebraso = gadg, with the maximally isotropic subalgebra g embedded as the diagonal
as summarised in section 2.1.3. The key feature of this Manin pair is that the double 2
integrates to a compact Lie group D, which is (a cover of) G x G. (Since the scalar field
D has already been integrated out there is no notational clash.) Therefore the form &
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employed above may be chosen to be invariant not just under the G subgroup of D —
which would be the diagonal G for D = G x G — but also under the full group D; we
commit to such a choice of £ in this subsection.

Hitting the localisation equation (4.12a) with xDx leads to

2
*DxDo = %*DM *A | (4.20)

where again D = d + ad A. We will solve this for ¢ in terms of A up to zeromodes, and
establish that the space of zeromodes is finite-dimensional. (This is nontrivial because
A is not a flat connection.) The key to this is establishing that

AA = xDxD : Coo(Mg) R0 — COO(M3) ®0

is both elliptic and selfadjoint; then one may use standard theorems (e.g. Theorem
4.12 of [37]) to get a handle on the space of zeromodes and the existence of Green’s
functions.

Ellipticity is in fact trivial: the principal symbol of A, is independent of A, and for
A = 0 this operator reduces to the Laplacian. For self-adjointness we invoke £ : o —
as above and define an L? inner product

(o,1) = E(o,*T) 4.21)
S3

such that an operator O is selfadjoint if and only if
(Oo, 1) = (0,01). (4.22)

If D satisfies a standard integration by parts identity inside the integral, then A, is
selfadjoint by a small calculation. That identity is indeed satisfied whenever £ is ad o-
invariant, which is true by construction of £.

Since A, is elliptic and selfadjoint, Theorem 4.12 of [37] implies a Hodge decompo-
sition:

1. there exists a projector ITy onto H = ker A, (“harmonic scalars”) and an operator
G (“Green’s function”) such that

GAp + 1y = ApG+1Ig =1 4.23)

with 1 being the identity on C*°(M3) ® 0.
2. H and im(GA,) are orthogonal with respect to the L? inner product;
3. the dimension of H is finite.

For us H is the space of o zeromodes and Ny = im(GA,) is the space of non-zero modes.
To solve (4.20) using the Green’s function we thus need to confirm that the source term
%*DM xA actually lies in N,. Indeed it is trivial to check that it is orthogonal to any
zeromode oy:

E(X*DM*A, xog) = / E(og, DM*A) =0 (4.24)
53 53

where the last equality uses integration by parts and the implication Ayop = 0 <~
Doy = 0.
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Therefore we have established that solutions ¢ to (4.20) take the form ¢ = o9 + ¢’
where o lies in a finite-dimensional space of zeromodes and the non-zero mode ¢’ is
uniquely determined in terms of A, M, and the Green’s function G (which also depends
on A) as

2
o = %G*D*MA. (4.25)

(o’ here not to be confused with the fluctuation field from the previous subsection.)

The space of zeromodes and the localised path integral. The zeromodes o, at
fixed A,
Doy = dog + [A,Oo] =0, (4.26)

form the space of d-valued infinitesimal gauge transformations that leave A invari-
ant. This is the tangent space to the stabiliser of A, namely the group of finite gauge
transformations leaving A invariant,

Sa={g: 3D | A=-—dgg '+ gAgfl} , (4.27)

where D = G x G indicates the group integrating o.

Although D gauge transformations are not a symmetry of Manin theory — indeed
we have been emphasising that A is the data of a gauge field for G along with a mat-
ter field — we may use gauge theory results to study the zeromodes for this specific
Manin theory'?, which are conveniently collected for us in reference [38]. It is known
in particular that S4 may be identified with the centraliser of the holonomy group
of A, which is a subgroup of D. Therefore the dimension of the space of zeromodes
Ny, which is the dimension dim Sy, is bounded above by 2dim G and depends on the
specific A.

We return to the localisation equation (4.12a), xF — Do + %M A = 0. Since it is only
the nonzero modes of ¢ that appear therein, we may eliminate ¢ in favour of A using
the Green’s function G and rewrite (4.12a) as

2
WF + LA =3, (4.28)

k
for a source term J, = Do = (¢ /k)DG«DxM A that depends on A nonlinearly (via MA,
D and G).

Upon using the above results, the localised path integral (4.18) for the partition
function Z becomes

Z = / DAS(V - A) / dog Z1100p €XP(Sn=2) (4.29)
MThirdWay Ny

This is an integral over the a priori infinite-dimensional moduli space Mrpirq way Of
solutions A to equation (4.28), along with an integral over the finite-dimensional space
of zeromodes oy € N associated to each such solution. Note that Mrpirq way is nON-
empty: it includes e.g. A = 0 which trivially solves (4.28).

12Note that when D is simply-connected, since S* is 3-dimensional all principal bundles atop S* with
fibre D are trivial, so there are no subtleties in identifying A with a D-connection for the purposes of the
argument in this paragraph. D may be arranged to be simply-connected if e.g. we take D = G x G for
simply connected G.
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Therefore the path integral of the Third Way theory localises to the classical equa-
tions of motion with a source J, generated by self-interactions, alongside a finite inte-
gral over zeromodes oy.

4.3.2 Yang-Mills theory

As explained in section 2.1.1, this is the case where the double 0 is the semidirect sum
of g and its coadjoint representation: » = g x g*. We expand everything in the basis
{T,, T} of (2.8) exhibiting this semidirect sum structure immediately:

Do =Dao+ Dad +[A 0], F=F+D4A, (4.30)

with F = dA+ A%, and D4 = d + [A4, ] the covariant derivative, where the bracket is in
0. Since [T, T] o T and the bracket restricted to g closes, all quantities with tildes lie in
g = g*. The localisation equation (4.12a) splits into two components, each valued in g
and g respectively:

2
%MA = Dpo —+F, (4.31)
*DAA = Djo + [121, O’] . (4.32)

These two equations are respectively the A equation of motion of the first-order Yang-
Mills action (2.9) sourced by D 40, and the A equation of motion of the same sourced
by Daé + [A, o].

Since M A = M A, T, with M nondegenerate (see discussion around (2.3)), (4.31)
may be solved for A. If we also simplify the notation using 1/ to identify the coadjoint
representation g* = g with g everywhere, (4.32) becomes

2
«DxF = 2x[F, 0] — <%DA& + [Dao, a]) (4.33)

which is the second-order Yang-Mills equation of motion with sources. Note that these
are not the equations of motion one obtains from Sy_, (3.20) with A backsubstituted
in, because in that case Sy—» takes the form

k‘2
92

/{(%DAJ*DAJ — %F*F> — <g2—2 + %) /m(%~ *&) + (fermions) (4.34)

We can solve equation (4.33) for the nonzero modes of 5 using a propagator, as
was done in the previous subsection. Thus we split & = 5 + &' (A, o) with &, satisfying
Djcg = 0. The upshot is the following formula for the Yang-Mills partition function
4.7):

7= / DADo §(V - A) / dGo Z1-100p €XP Sn=2 , (4.35)
M Ny,o

where Nnow Myang.mins is the moduli space of solutions to (4.33), while Zj44p is the
usual localisation-induced 1-loop determinant.

In contrast to the Third Way case, and, perhaps, predictably, we have not replaced
the usual N = 0 path integral with something that is obviously simpler: we have inte-
grals over A and o, both of which are a priori infinite-dimensional even though these
fields are related via (4.33). We note however that this result does imply that the path
integral is 1-loop exact for abelian G: using a Hodge decomposition, formula (4.33) im-

30



plies immediately that both F and ¢ are harmonic, so the integral has localised onto
dF = dxF = 0; the other fields contribute normalisation factors.

5 Discussion

For the convenience of the reader we recapitulate the main results of this paper as
well as the specific technical conditions invoked:

1. For any Manin gauge theory where the gauge algebra g is associated to a com-
pact gauge group G, and assuming that there are no BRST or supersymmetry
anomalies, expectation values of Q-invariant observables (see (4.5)) on the round
3-sphere 3 localise onto (4.12). The resulting path integral takes the form (4.18)
(for the partition function) where the integral measure acquires the 1-loop deter-
minant factor (4.19). (These results were obtained when the Lie quasibialgebra
associated to the Manin pair has f = 0, which may be arranged to be the case for
the large class of Lie quasibialgebras of coboundary type (2.50); however, this
restriction can be lifted.)

2. We proved the Hamiltonian (2.49) is positive-definite in Lorentzian signature (in
nice enough coordinate systems).

3. We also showed that Manin gauge theories whose Lie quasibialgebras are of
coboundary type — including the case f = 0 — are all parity-invariant and
reflection-positive.

4. For the Manin theory formulations of Yang-Mills and Third Way theories (which
fulfil all assumptions used above) we further analysed the localisation locus,
yielding the path integrals (4.35) and (4.29) respectively.

One should in principle check carefully for anomalies in the realisation of evanes-
cent supersymmetry in Manin theory, since it differs by terms depending on the mass
matrix M from conventional 3D N = 2 supersymmetry. In fact such anomalies could
also afflict conventional localisation calculations, as has been pointed out multiple
times in the literature (see e.g. [39] and references therein). Although it is reassuring
that R-symmetry anomalies are forbidden on dimensionality grounds, the current ab-
sence of a superspace formulation, as well as the fact that the complete algebra of
evanescent supersymmetries is unknown, signals, perhaps, a need to revisit and gen-
eralise the literature on supersymmetry anomalies.

Itis worth discussing our results on localised partition functions for Yang-Mills and
Third Way theories. Even though the Third Way theory is a deformation of Yang-Mills
theory, the localised path integrals look qualitatively different. In the Yang-Mills case,
the locus (4.33) looks like a nonlinear duality relation between the gauge connection
A and the scalar field o that appear in the localised path integral, while in the Third
Way case the localised path integral is over the original fields A, A, constained by the
Third Way equations of motion with a nonlocal self-interaction term (4.28) (along with
a finite-dimensional path integral, which we ignore).

In other words, the Third Way theory is unreasonably close to being 1-loop exact!
Clearly, more work ought to be done to extract explicit results from Third Way path
integrals of the form (4.29), including a calculation of the 1-loop determinant therein.
We hope our work paves a new viable path forward for non-perturbative calculations
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in gauge theory.
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A Notation and conventions

Some notation:

* ¢*, ¢, for the two bosonic spinors for each SUSY, with this index placement by
default. We may also use 7,7 for the same.

» Spinor bilinears are always written (¢ and ¢~,,(, both of which obey NorthWest/SouthEast
conventions for the spinor indices. If we need to switch the roles, we will write
¢, so for example (¢ = —(c(c when both are bosonic.

* uvp--- as curved M; indices
* mnpqr--- as flat M3 indices
o Y = Lyliavl similarly for ™

* M,7isthe index placement for any 2 x2 matrix M acting on spinors. This includes
(< & é)aﬁ = (aéﬂ-

» For ggenerators,write7,, a=1,2,---dimg,and commutationrelations [7,,7T;] =
fa¢T.. The structure constants f,,¢ are real in our convention, so that 7, are all
represented by antihermitian matrices for compact g.

« In the context of a Manin pair (9, g,7), we let the set {7,, 7%} generate d and im-
pose n(T,,T?) = §¢ as the only nonvanishing » matrix element up to symmetry,
where {7,} have the same commutation relations in » as they do in g.

For g, write 7%, a =1,2,---dim g, and commutation relations [7, T?] = fo, T +
hebeT, (¢°b¢ vanishes when g is a Lie algebra).

We have » = g @ g as vector spaces (not as Lie algebras) in the Manin pair/triple
case.

« P is the projector onto g in the situation just above; P = (1 — P) is the projector
onto g.

 For a generic basis of 9 we may use T4 for the generators. Similarly, the matrix
coefficients of n are (T4, Tg) = nap.

» We write z, 7, x for elements of g, g, 0.
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« We write A for a g gauge field, A for a 0 gauge field, A for a § gauge field or else
for the components of A valued in g in the Manin pair case.

 Derivatives — such are the exterior derivative d — act from the left: d(ab) =
dab+(—1)%adb. Variations, however, act from the right. (This is to accord with [13]
and to eliminate some minus signs when obtaining equations of motion and the
like.)

» We write D = d + [A, o] for the covariant derivative associated to A, and D4 =
d + [A, e] for the covariant derivative associated to A.

« Wewrite A, o, )\, \, Dfor the N = 2o-valued multiplet,and 4, o, A\, A, D forthe N = 2
g-valued multiplet. The o, D are bosonic scalars and ), A are fermionic spinors
(resp. for the doublestruck versions).

» M for the linear map M : » — 0 defining the Manin pair mass term which has
Mg = 0; M for the “dual one” with Mg = 0. The nonvanishing components of A/
in the basis {7,,, 7%} are M,

A.1 Differential form conventions for possibly fermion-valued forms

Here we assume any signature of the metric along with any Grassmann parity of the
forms: namely, given we define the components of a p-form by

dzh ... dx“pam...up (A1)

we may allow o, ..., to be grassmann-odd. This implies that the components depend
on the ordering, above. We assume this ordering is the canoncal ordering. Further-
more we may define another set of coefficients a,, .., via
e dzH .- datr A2

a:ﬁam...wx <o dat? (A.2)
which for consistency satisfy (where F(«) is the fermion number which is 1 when
Qpyy -, 18 fETMioNic)

Aoy = (1P F ()0t coopy, - (A.3)

We may then define a C'*-bilinear form (e, ), mapping into (possibly fermionic-
valued) scalars

<a7 6>p = @Ml “Hp /8“1 B (A4)

1
!
where the index gymnastics are via any metric. If we declare

T(a) = F(a) + pa (A.5)

to be the total degree of a possibly fermionic p-form o, we then calculate
<Oé, ﬁ>p = (_1)T(Q)T(5)+p <ﬁ> a>p (AG)

whence this form is graded-(anti)symmetric depending on the value of p. We may then
define the Hodge star x, (Where we retain the subscript p for clarity for now) via

axpB = (=) (a, B) ko1 (A7)
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which entails

axp = (= 1) TEOTEHAT@IT@N D g, o — (L) T+ DTG 4ptdg, o (A.8)

Note that the definition of the star above is consistent in the sense that it is well-
defined as a map of p-forms 8 to d — p-forms x3 (if implicitly so). To determine this
map explicitly we parameterise

dxljl . dxydfp 1
*p/B = W(*p)ul 'LLPVI"'Vd—pIT!/BHI"'PLP (A.9)

for tensors (x, )" *r,, ...,  tobe determined.

Then we calculate o,/ for which it is convenient to use .. immediately. We
get

1 dz*! ... dgVd-r 1
e L s s D P Le (A.10)
_ 1. dopipizpipV1va— pLp 1
= ]?!O‘ul"-up(dx) ghiH2ppVi-Vd p(d_p)!(*p) 1 ple"'l’dfpaﬁpl"'l’p (All)
1 11 b
:(_1)dF<f”—!%---upmﬁﬁpl...pp(dx)demm oV Vi (x )PV, (A12)

Since (where the epsilons are the SL-invariant tensor densities whose values are
+1)

8#1~..upu1---Vd—pgpl...ppyl...yd_p = p!(d — p)!(giﬁl R 5;;7] (A.13)
and by definition
1
*01 = Ed:ﬂul s dzﬂud*oul,,,ud = dxldCCQ s dZCd(*())lQ...d s (A14)
' (do)
if we enforce ax,3 = (—1)¥®)(a, 8),%1 we obtain
)PV gy = (%0) o opn gy 97 gPPP (A.15)
or, more compactly
dxyl e dxyd—p 1 10
*p/B = W(*O)O—l...o—pyl...yd_paﬂ 1 P (A.16)
where the indices on 3 are raised with the metric g.
For the square of the Hodge star we need the identity
11 v v
detg™" = Eeﬂl“'ﬂdeyl"'l’dgul L... ghavd (A.17)
whence the index-raised %y has
*xoH1Hd = det g7 ((%g)12...q)e"t M (A.18)
and then the last formula for the Hodge star yields
(*a—p*pB) oy = det g1 (%0)12.-a) (= D)PC P B (A.19)
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Thus

(%0)12.-q = /| det g| = |#* = (=1)P@ P signdet ¢ (A.20)

which is exactly the same formula as for bosonic-valued forms.

In summary,

dxyl . dxyd—p 1 P
o3 = —a \/mgal...m...yd_paﬁ 10 (A.21)
axpB = (=) (a, B) 1 (A.22)
1_
(a, B)p = Hozm...upﬁ“l Hr (A.23)

with the following signs under permutations (of p-forms)

axpf = (~1)TEOHOTB DD, o (A.24)

(@, B)p = (—1)T@TEP(3 q), . (A.25)

A.1.1 Integration

We define the integral of a d-form « in a local coordinate patch of some Jd-fold as the

map o — [«
) L k2 ta
a= [ dz'da? p O g (A.26)

where the components of the form are defined via (A.1). (The domain of the integral
has been omitted.) The ordering in that formula is important in the case where the
components are fermionic-valued (F(«) = 1). This expression is manifestly invariant
under orientation-preserving diffeomorphisms (since ¢ is).

If § is a right graded differential, as in the main text, then

1
oo = de‘“ ~dxF o, gy (A.27)

and thus there are no funny signsin ¢ [ « = | da. However, (now for a p-form)

(B gy = (=188 sy = (—1)POTF @50, (A.28)

where § in the exponent is the total parity of 4.

Moreover since

() g g = (‘DdF(C)CO‘m---ud ’ () pr g = Qg€ (A.29)

(the signs are reversed for the barred components), whenever cis constant we have

/ ca = (—1)4F @) / o (A.30)
/ac: (/a)c. (A.31)
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Put briefly, we may pull things out of integrals from the right.

Finally for the variation of terms like ax3 where «, 8 are p-forms, we calculate
a* f = (—1)¥ (@41 (a, 8) whence via (A.28) (for ¢ a right derivative again)

5(axpB) = axdf + (—1) @B (ph)y =18, ..y, B 1 (A.32)

which gives
§(axfB) = axdf + (—=1)PHFFBEN 503 (A.33)

or equivalently (in terms of the total degree)

5(axf) = axdf + (=1)TD50xp3 . (A.34)

A.2 Spinors and Gamma Matrices
A.2.1 Gamma matrices

In this part of the appendix we list our conventions regarding the gamma matrices
7™ = (y,P), as well as some useful identities. We choose the represent the gamma
matrices simply by the Pauli matrices,

O , (0 —i , (10
K _<1 o) ! _<i o) ! _<0 —1)’ (A.35)

though, for most of our discussion the specific representation isn’t relevant. However,
we will assume they are Hermitian, i.e. () = ~4™. It follows that they satisfy the
algebra

AT = FT 4 ey, (A.36)

with 1 = (§,”) denoting the 2 x 2 unit matrix in spinor space.

A.2.2 Spinors

Spinors will either be vectors ¢ = ({,) or their conjugates ¢ = (¢*) of the fundamental
representation of SU(2). As such, under local Lorentz transformations these trans-
form as

R 1 N ) N
6)\{ = +Z)\mn7mn< = +£5mné)\mn7£< (A37a)
1 )
(5)\C = _Z)‘mnCan = _ngng)\mnc,yf (A.37b)

since Lorentz generators are represented as p(M,,) = 3¥mn. One should note that
Hermitian conjugation maps between vectors and their conjugates. Therefore, we
write

= (¢ta) = ((¢*)") (A.38a)

=" = () (A.38D)

not to be confused with the antisymmetric Northwest-Southeast contraction by the
charge conjugation matrix in the following:
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A.2.3 Charge conjugation
Now, to move on to charge conjugation: we define the charge conjugation matrix C to
be

C = (%) = (_01 ;) = iy e (e =—C=C'  (A39)

We use ¢,5 and *” to raise and lower spinorial indices in the Northwest-Southeast
convention, i.e.

(e =) =(e"Cg) = (C™) (A.40a)
(e =C¢" = (Pega) = (Ca) (A.40b)

t denoting the transpose, as per the column/row vector interpretation. Following this
convention it further also follows that

5o = e, = =P, (A.41a)
ymab = ymbe (A.41b)
Y"ap =" Ba (A.41c)

This affects spinor bilinears in the following way:

¢¢ = —C(ee (v = L™ e (A.42)

for bosonic spinors, with a straightforward fermionic generalisation.
A.2.4 Fierzidentity and more on spinor bilinears
Finally, let us comment on the Fierz identity. The Fierz identity reads
1 1
M = S1Tr M + pm Tr(ymM) (A.43)

for some spinor space matrix M = (M,"”). Particularly, for spinor bilinears (@ (¢ =
(¢,¢P) this reads

(®(= %(Cf)l + %K K™ = (y"C. (A.44)

again assuming ¢, ¢ bosonic. This leads to useful identities such as

(®C¢—Ce®Ce= ()1 (A.45a)
(@C+Cole=K (A.45b)
Furthermore, noting that
PE@C = SKM 4 S (CE™ 2 K (A462)
E ¢y = SKML+ S(C" - 2 K (A46b)
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we arrive at even more identities

YCRC + e®l™=K"1 (A.47a)
(O +9™ e ®(, =K™1 (A.47b)

and so on, by taking the appropriate linear combinations. The reason for listing these
identities is that they make for very efficient tools in computing things such as the
algebra {4, Sé}, or verifying the nilpotence of evanescent supersymmetry 62 = 62 =
0.

A.3 Geometry of the round 3-sphere and spinor derivatives
We normalise the su(2) algebra of left-invariant vector fields on S® as
2
[ Xom, Xn] = —ZamnPXp (A.48)
where / is the 3-sphere radius, ¢!?® = 1 is totally antisymmetric, and flat abc. .. indices
are lowered with §,,,,. The dual basis of dreibeins ¢™ then solves the Maurer-Cartan
equation de™ — ¢™"epe, /¢ = 0, whence the torsion-free spin connection is
mn 1 mnp
Wt = Zs ep- (A.49)
This enters into the expression for the spinorial derivatives
1 mn - - 1 mn -
VE=d0 = Cow™ymn,  VE=d0+ 2w ymnl (A.50)

which are covariant under §¢ = —¢ %)\mnymn, and leads to the formulas (3.28) used in
the main text. For more details we refer to e.g. [15, section 6.3.1].
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