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1 Introduction

Non-perturbative dualities in quantum field theories have delivered many profound insights
over the past three or so decades. Most famous among these are the lessons that we have
learned about the very nature of spacetime via the duality between strongly coupled quan-
tum field theories and theories of gravity as manifested in the AdS/CFT correspondence [1].
Within the realm of quantum field theories alone, non-perturbative dualities rely on the
fact that the generating functions of observables include an integration over the degrees of
freedom. Consequently, the choice of degrees of freedom with which we describe the system
may result in multiple possibilities. In four dimensions, for example, the electromagnetic
duality, manifest in the Maxwell equations, allows us to describe a system in terms of
electric or magnetic fields and charges and exchanges fundamental particles for solitonic
degrees of freedom. We therefore have a choice as to how we describe the system, and at



the perturbative level, one or the other may be more appropriate depending on the problem
at hand. This electric-magnetic duality (and its extension by Witten and Olive [2]) has
had a powerful impact, not only on our understanding of the structure of gauge theories,
but also on some of the deepest mathematical puzzles of our time [3].

A 3-dimensional analogue of the 4-dimensional duality above is one which exchanges
fundamental particles with solitonic vortices but, defined only for abelian gauge theories,
this particle-vortex duality, as well as its physical implications, is much less understood
than its 4-dimensional counterparts. To set the scene for what follows, we will first give an
heuristic description of the particle-vortex duality elaborating on a discussion in the text-
book of Zee [4], before embarking on a more technical treatment in the following section.
Like many concepts commonplace in high energy theory, particle-vortex duality has its
roots in the landscape of condensed matter; in this case in the theory of anyonic supercon-
ductivity [5]. After some limited further development in condensed matter physics, it was
in the context of string theory that more development occured, starting with Intriligator
and Seiberg [6]. Following [4] then, we start with an abelian Higgs model

£= 510~ iaA)O ~ V('9), (11)

with some well-behaved potential, V(qud)) for the complex scalar ¢. We will ignore the
potential term from now on, but presume that the theory exhibits vortex solutions (and
consequently restrict our attention to three dimensions). Writing ¢ = |¢|e? and restricting
to the solution for which |¢| = v minimizes the potential gives

1
L= —57)2(8“9 —qA,)?. (1.2)
We can introduce a non-dynamical field §,, and write the Lagrangian in first order form as

1
L= +2T)2£’% —&"(0u0 — qAy) - (1.3)

The phase 6, characterizing the vortex is, in fact, singular at the origin for a vortex solution,
allowing us to split it into a smooth part, and a vortex part:

0= esmooth + gvortex 5 (14)

where the vortex monodromy Afyortex = 27. Integrating out Osmeotn gives 9,6 = 0 and
implies that we can write " as the curl of a vector field

6” = Elwpauap . (15)

Having integrated out Osmootn and substituted in the new expression for £#, we get the
following Lagrangian

1
_4702]03,/ + Ew/pauap(augvortex - un) ) (16)

where f,, is the field strength tensor for a,. A subsequent integration by parts and

L=

rewriting of the resulting term as

ap€”" 0,0, 0vortex = 2may, jf,‘ortex , (1.7)



finally gives

1 .
L= fiu + zwaﬂjfflortex - AM‘]#’ (18)

4o?
where J# = ge"P0,a,. Note that equation (1.7) is a crucial step in this derivation. Since
the derivatives are contracted with the epsilon tensor, by symmetry arguments this ex-
pression will naively vanish. The only time this will not be the case is when there are
singularities in 6. Thus, Oyortex is explicitly that part of 8 which is not smooth and whose
second derivative is related through this equation to the vortex current. If there are no
vortices then this expression will vanish and there will be no duality.

The introduction of an auxiliary vector field £, leads to the coupling of the vortex
current to the gauge field a,. We have gone from a description where the fundamental
excitations are the particles associated to the field 6 to the vortex description where the
fundamental degrees of freedom are the vortices associated to Oyortex. HoOwever, to com-
plete this description, we must have a field whose fundamental excitations themselves are
vortices. To that end, we introduce a new field ® which couples to a, precisely for this
purpose. On adding this field, we can define an action which gives a dual description, with
particle and vortex degrees of freedom swapped. The Lagrangian

1, 1
L=l s

then describes an abelian Higgs model for the vortex field ® coupled to a, as opposed to

(@ — i2ma, ) B>~V (|8%) — Au(g™dya,) (1.9)

the original field where 6 was coupled to A,. The action of the transformation
8/L9 - un = éu = e,uupayap ) (1.10)

exchanges the scalar degree of freedom 6 with the gauge field degree of freedom a,, in the
presence of the background gauge field A,. However, the necessity of introducing the new
field ® does not feel very satisfactory. We will see that there is a more complete way to for-
malise the duality.! The above transformation is also not strictly true in the presence of ®.
A supersymmetric generalization of these ideas was proposed in [8] (see also [9]),
however a path integral transformation realizing the particle-vortex duality could only
be reduced to an unproven identity. Witten [10] later defined an Si(2,Z) transforma-
tion on a conformal field theory by combining an S-transformation (which adds an e BOA
term to the Lagrangian) with a T-transformation (which adds a Chern Simons term,
€eAD0A). For example, starting with a charged scalar Lagrangian of the form ﬂ(@,A),
the T'S-transformation maps
L(®,4) L5 L(®, A B) = L(®, A) + 9% B,0; Ay, + 7% 4,0, Ay, . (1.11)
The current-current two-point function of this three-dimensional CF'T is constrained by
conformal symmetry to be of the form:

t w
(Ji(k) Jj(—k)) = (0i;k® — kik;) /i + kg (1.12)

LA more precise definition of particle-vortex duality, and an undertanding of how it arises in a path

integral formulation was given by Burgess and Dolan in [7]. For completeness, we review their formulation
in appendix A.



where ¢t and w form a complex coupling 7 = w + it. The action of the T'S-transformations
of the SI(2,Z) group on the complex parameter 7 is then 7 — (a1 + b)/(cT + d). Because
this is an action on a conformal field theory, we can ask what the action of the transforma-
tion is on the gravity dual of this theory via the AdS/CFT correspondence. In this case
the transformation acts on a U(1) gauge field with a Maxwell action plus a topological
theta term.

A while later, the constraints imposed on correlators in gauge theories by the existence
of a particle-vortex duality were analysed in [11]. Note that when the theory is changed
by the action of the duality, (i.e. the theory is not self-dual), the correlators are themselves
transformed. The authors also analyzed the AdSy x S7 gravity dual of the N’ = 8 three-
dimensional SU(N) SYM in the large N limit, and found that Maxwell duality in the
bulk leads to the same type of constraints on correlators as would be obtained from a self-
dual field theory. In abelian models a similar relation was obtained, and a correspondence
with AdS; x S” was proposed as an implicit relation coming from large N non-abelian
gauge theories.

Today, the ABJM model [12] is understood as the correct description of the field theory
living on M2-branes and is dual (in the appropriate limit) to a type ITA supergravity on
AdS, x CP3. This begs the question as to whether the results of [11] can be reinterpreted
from this point of view.?

The aim of this article is two-fold: first we seek to provide a more precise definition of
the particle-vortex duality at the level of a path integral transformation then, using this,
we attempt to embed the duality transformation in the ABJM model.

The structure of the paper is as follows. In section 2 we revisit the formulation of
the particle-vortex duality by retaining some features of the relation of [7] (reviewed in
appendix A) and defining it as an action on the path integral of the theory. In particular
we find that, by combining it with the Mukhi-Papageorgakis Higgs mechanism for three-
dimensional Chern-Simons theories [15] (see also [16]), we can define it as a self-duality of
abelian Chern-Simons theories. In section 3 we look explicitly at vortex solutions and the
conditions under which they exist in such theories.

In section 4, we embed the particle-vortex duality in ABJM, showing that the abelian
duality is part of the (large N) non-abelian theory. Finally, in section 5, we show that
the particle-vortex duality is naturally obtained as the boundary relation corresponding to
Maxwell duality in the bulk, using the AdS/CFT prescription. Thus, as in [17, 18], we see
that by using an abelian reduction of ABJM to an interesting non-conformal theory, we
learn something about the structure of ABJM.

2 Abelian particle-vortex duality in the path integral

In this section we will extend the path-integral formulation of [7] to give a better definition
of the particle-vortex duality in abelian theories. To this end, let us consider a path integral
for an abelian Higgs model consisting of a complex scalar field ® = ®pe? coupled to a U(1)

2The ABJM theory is also known to admit a maximally supersymmetric mass deformation [13, 14],
which not only allows us to go away from the conformal limit but also contains a rich spectrum of solitonic
excitations.



gauge field a,. Any kinetic term for the gauge field will be no more than a spectator for the
transformation, as in the Burgess-Dolan formulation described in appendix A and we will
not include it in what follows. There will also be a potential term for @, V(<I>(2)), but this
will also be a spectator so we will also choose to omit it now. When we want to explicitly
discuss vortex solutions however, the potential will be important and will be included. As
long as we are never integrating over a, or ®; we do not need to consider these last terms
we have mentioned.
The partition function for the theory is

Z = /DaHDq)oDG exp {—; /d3:c|(8“ - z'ea#)(I>|2} (2.1)
= /DaMDQ)ODG exp {; /d3x [(GMQ)O)? + (Oubsmooth + Oubvortex + eau)2f1>(2)] } ,

where, as in the previous section, we have split the 6 field into a smooth part, and a
topologically non-trivial and non-smooth vortex part. We define A, = 9,0, after which we
promote it to an independent variable in a first order formulation. A\, = 9,0 follows from
the constraint e*”?9,\, = 0, which can be imposed via a Lagrange multiplier b,, giving
the path integral for the ‘master’ action

7 = /Dalﬂ)(I)onMD)\# exp {—; /d3x [(Q}Do)z + (Apsmooth + Ay vortex + eau)2<l>(2)
1
+ e”“pbuﬁ,,)\p} } | (2.2)
e

Integrating over b, returns us to the original formulation for the partition function, es-
tablishing the self-consistency of our procedure. If however we integrate over A, first, we
obtain the equation of motion

()\,u,smooth + )\u,vortex + (ZCLM) 6(1)(2) = _ewjpaubp 5 (23)

which, on substitution back into the action produces the path integral for the dual action,

, 1 y y 2m
Z = / Da, DOy Db, exp {—z / d3x [462 32 Fo, P 4 e Pb0ya, — ?jf,‘ortex(t)bu
1
+ 2@%)“’} } : (24)
where j!' . (t) is the vortex current in (A.9), i.e.,
, 1, 1, _
Fories (1) = 5-€"P 0,08 = 570,00 = zajNa va Olr — ya(B)], (2.5)

and is associated with the existence of vortex boundary conditions for € in the original
action with vortices positioned at ¢, (¢) in the two dimensional space (see equation (A.5)
for a definition of w). In the dual action, it appears as an explicit source term. Here,
the sum is over all vortex positions labeled by the index a. Also note that, as in (A.19),



Ju= e@%@,ﬁ is a scalar current, and we have then the duality relation between the vortex

current and the scalar current:

j\/jortex(t) = 27T€(I)(2) elwpaujp : (2.6)

Notice that here ®y has the interpretation of a coupling constant for the field b, dual to
0, which itself becomes a dynamical Maxwell gauge field. In this sense this duality maps
particles to vortices, justifying the name particle-vortex duality.

2.1 The Mukhi-Papageorgakis Higgs mechanism

There is a striking similarity between the particle-vortex duality described here and a
version of the Higgs mechanism for three-dimensional Chern-Simons theories discovered
by Mukhi and Papageorgakis in [15] in the context of ABJM theories, but valid more
generally (see also [16] for more details about its implementation). The statement analogous
to the usual Higgs mechanism statement that a massless gauge field eats a scalar and
becomes massive, is now that a Chern-Simons gauge field (with no dynamical degrees of
freedom) eats a scalar and becomes dynamical, i.e. of Maxwell (or Yang-Mills) form with
one dynamical degree of freedom.

The mechanism itself goes as follows. We start with an action for a complex scalar,
VU, coupled to a Chern-Simons gauge field, a,,

1
S = _/d% [;e“l’pau&,&p + 51 (9 —ieay) VPE+V (2P|, (2.7)

with a vacuum solution ¥ = b. We can then expand the scalar degrees of freedom around
the ground state
U = (b + 5¢)6_Z60§ 08 = Osmooth + Bvortex » (2-8)

and plug it back in the action to find

1

5(8u6smooth+8uevortex + eau)QbQ—i—. cel - (29)

s

k 1
S = —/d3f17 [26“1”)@“&,&,}4—2(8“(51/1)24—

Here, the omitted terms come from the 01 self-interaction in V (|¥|?) and the §6-6¢
interaction. Note that, for the purposes of making a comparison, we have allowed for the
possibility that §6 contains a vortex piece Oyortex. The mechanism by which the Chern-
Simons vector eats the scalar and becomes a dynamical Maxwell vector happens through
exactly the same redefinition as in the the usual Higgs mechanism. Here we write

ea, + 8,u05m00th + a,ugvortex = ea; ) (210)

trivially integrate out 6 and add a boundary term to the action to obtain

k v - 1 2 1 2 k . ~
S = —/dg:r [%6" Pay,0,a, + 5 (Ouo)” + 5 (eay,) b’ — gjgortexa# +...0.  (211)

Solving for aj, gives
k
- €
22

1
o+~ 060 = o = P, (2.12)



which is similar to (2.3) for the partlcle vortex duahty Defining fW = O0uay — 0y ay, we find

k .
S = /d3 [ 1672h2 (f;w) D) (QL(W)? + gj\/jortexa,u + .., (2.13)

where again some nonlinear terms in the fluctuations — specifically, the self-interactions
of §¢b coming from V' (\\11\2) and terms that would appear when replacing b in the Maxwell
coupling with |¥| = b+ 09 — are omitted with impunity, since they could be reintroduced
by simply writing |¥| instead of b and retaining V' ( |\If|2) We close this section with two
points of note. Firstly, the addition of a term —e*?a,0,b, to either (2.7) or (2.13) can
be made without changing anything since the transformations don’t act on either a or b.
Second, assuming vortex boundary conditions in the initial action gives a vortex current
coupling in the final action. Again, this is as in the case of particle-vortex duality, although
here we can assume regular boundary conditions and thus avoid the vortex current ji. .. .

2.2 A symmetric duality

As described in the previous section, particle-vortex duality is not a self-duality, in that it
maps the original action to a manifestly different action. In particular it dualizes the scalar
angle 6 to the gauge field b,. For our purposes of embedding the duality in the ABJM
model, it will be useful to ‘symmetrize’ this duality. As we demonstrate now, this may be
acheived by adding a gauge field and a real scalar, and dualizing them to a complex scalar.
This means that the original and final action will look the same. As before, we may also
add vortex currents. We will also omit a possible kinetic term for a, and explicitly write
the self-interactions of the scalars ® and x. Our launching point, again, will be the path

integral
Z = | Da,D®yDxoDIDb —i [ d® 1|(a —iea,)® —i9\2+1(a )2
1« DPoDxo L €XP § —1 @ | 51O — iean)Poe 5 (Duxo
b b) v v 7 2mo <
+462X(2) f,L(Lll)/)f(b)lu + e paﬂa’/b/’ - ?bﬂjgortex(t) +V ((I)g) +V (X(2)):| } ’ (214)

where j* . (t) is a source term that, in the dual version, will be associated to vortex bound-
ary conditions for the dual scalar. i)ﬂ is our new gauge field and xq, the new scalar. It is the
addition of these two that will lead to a self-dual action. We again write a first order formu-
lation for A\, = 9,0 and then impose this relation as the constraint e#?9,\, = 0 through
a Lagrange multiplier b,. Conversely, we can define 5\“ via a tilde version of (2.3), namely

(S\N,smooth + 5\,LL,vortex + eap,) €X(2) = _du/payép s (215)

and then introduce /N\M in the action such that we have the above equation as its equation
of motion. Either way, we obtain the path integral for the master action

Z = / Da, DPoDxoDA, Db, DA, Db, (2.16)

1 1 1 .
exp {—i / & [2(8#%)2 + 5 (Dx0)? 4+ e (a0 + BB, )

1

1/ - N2
+§()\N + )\u,vortex + eau)Z(I)% + 5 <)‘H + )\u,vortex + eau) X(z) +V (@(2)) +V (X%)):| } .



Now repeating the same procedure for the fields with tilde replaced with untilde (or, equiv-
alently, integrating over A\, and b, to write A\, = 0,,0), we obtain the path integral for the
dual action

~ 1 " 1
7 = /DauDCI)ODXODGDbu exp {—i/dgaj [2|(8ﬂ —ieay)xoe ) + 5(8N<I>0)2

1 B +(b 2T
+74e2<1>g f;(w)f( W 4 g, Db, — ?bujf,‘ortex(t) +V(93) +V (X%)] } . (27)
Assuming that a, has no kinetic term, we can now actually integrate it out in both
the original and dual actions. Indeed, the terms containing a, in the Lagrangian

(equation (2.14)) are

1 .
£ = —§e2ai|<1>0|2 —a"(ju+ Ju), (2.18)

with j, = —%(CD(?PLC?* — $*0,®) = €00, the scalar current and topological (vortex-like)
current J# = e""?0,b,. Solving for a, we obtain
r .
o0 =~z U+ ), (219)
and substituting back into £(®), produces an extra contribution
1 ) 9 1 i \2
Lextra = "’W(Ju + JH) = _W@% ( uw equJp) : (220)
Having thus eliminated a, from the picture, we are now in a position to realize the duality
as a map from

1

7 . 1 — 17 1 7 7 v
Z = /D@oDXoDQDbM exp {z/d% [2’(9# <<I>oe 9) %+ 5(5;0(0)2 + N f;(ffj)f(b)“
1 b N\2 2ms -
462(1)3 (fl(il')/) o E.U"/P-jp) - ?buj\ﬁftortex(t) +V (q)g) +V (Xg):| } ) (221)
into
Z = | D®yDxyDIDb e | ) AL 9 )2 L) poyw
= 0’Xo p €Xp 1 X 5‘ | Xo€ | +§(u 0) +F<I>% v f
1 ~ 2 27 3
+ o (flﬁby) - Guup]p> _ ?bujffortex(t) +V(®})+V (Xg)} } : (2.22)

that furnishes a formulation of the particle-vortex duality with an explicitly self-dual action.

Of course, since our aim is to embed the particle-vortex duality into the ABJM model
and, in this case we have only scalars and a Chern-Simons gauge field at our disposal we will
need to combine the symmetric form of the duality above with the Mukhi-Papageorgakis
Higgs mechanism of the previous section. Moreover, in order for the duality to be nontrivial,
we need to retain the vortex boundary conditions only in the original scalar, not the one
that gets Higgsed. Starting from the path integral

- 1 .
7 = / Da, DPyDIDb, DxDX* DA, exp {—i / dx [2|(a# —iea,)®ge” |2

1 ; 1 - -
+51(0 = ieAu)xoe 0|2 + e <6Auaybp + aﬂa,,bp) +V () +V (Xg)] } , (2.23)



we first implement the Mukhi-Papageorgakis Higgs mechanism by shifting A, — Aj, as
in equation (2.10), absorbing ¢ and performing the (now trivial) path integral over ¢.
Subsequently, we integrate over .A;L using the equation of motion

1 -

6./4“ + 8u¢ + 8ugbvortex = 6-/4‘/[1 = wfuypaubp > (2‘24)
and get exactly the path integral in (2.14) which, as we saw previously, is dual to that
in (2.17). We now undo the Mukhi-Papageorgakis Higgs mechanism, by writing a first
order formalism for fp(f,),) in terms of a field /I;L, then introducing a trivial path integration
over a variable ¢ and shifting AL by

e-/{u + 8;%5 + 8;L(ngortex = BAL = MVpapr ) (2.25)

€
282
e=®§

so that we finally arrive at the path integral
~ - 1 1 -
— / Da, DxoDOIDb, DODP*DA,, exp {—i / 3z [2|(8u—ieau)x]2—|—2| (a# — ie.AM) P|?
1 -
v (L0, + 0,0,) +V (@) +V ()| | (220

where now y = Xge_ié and ® = <I>ge_i‘£. Naively, it would seem that (2.24) undoes the
duality transformation but it does not, since the interpretation is different. In the Higgs
mechanism, we solve for 4, and ¢, while retaining B# in the theory. In the particle-vortex
duality, we exchange Bu for A and similarly for quantities with tilde and untilde exchanged.

3 Vortex solutions

To summarize the story so far; we have formulated a manifest duality in the path integral
formalism and argued that such a duality should exchange particles with vortices. Obvi-
ously, in order to do so, we need to have vortex solutions in the theory. Until now we have
simply presumed the existence of such vortices in the field theories under investigation.
Clearly this will not be the case for all field theories of the form we have been discussing.
Here, therefore, we devote some time to discuss constraints on the form of the potential
which will lead to such solutions. Thus, we consider the action in the path integral (2.23).
In order to do this one first writes down the full equations of motion, and only afterwards
will sets y = lN)u = A, = 0 (which is itself a solution of these equations). The remaining
equations of motion then become

e"PO,a, =0,

®(D,®) - ®'D,® =0, (3.1)
and the equation of motion for ®, which depends on the potential is

D, D'd = — | (3.2)



Note that the first of equations (3.1) implies that a, must be pure gauge while the second
equation means that
D0 =0= 0,0 = aq, (3.3)

where « is the polar angle in the complex plane, and 6 is the argument of ®, i.e. & = |®|e'.
In particular this relation is valid at infinity. This gives the usual charge quantization
condition § daa, = § df which, in turn, implies that § = Na. From the 0-component of
equation (3.3) we get for static solutions that ag = 0.

Note however that this result would imply as usual that |®(r = 0)| = 0 for consistency
of the vortex ansatz. This in turn means that the second equation in (3.1) is already
satisfied at r = 0, hence we don’t need a, = N at r = 0. That would be good, since
substituting a, = N, requires that

6#”/’81/8/)0 X j\ljortex X 5(T) ’ (34)

so the first of equations (3.1) would be satisfied everywhere except at » = 0 which would in
turn imply a discontinuous form for a, at r = 0, necessitating some kind of regularization
at this point. In fact, as we will soon demonstrate, in order to have a solution we need
|®| # 0 at 7 = 0. Consequently, the solution as it stands will be valid everywhere except
at 7 = 0. It remains now to satisfy the |®| equation of motion in order to determine the
vortex profile. We know already from (3.2) that any vortex solution must satisfy

@ dV

@] dle)?’

where, from general considerations about vortices, the one-vortex solution should behave

(3.5)

like |®| ~ Ar as r — 0. If in addition, we consider the most general renormalizable
potential in three dimensions, namely the sextic, V = C1|®[% + \|®|* + m?|®|? for which
dv

dop = m? + 2\|®|% 4 30| ®|*, several cases of interest for the asymptotic behaviour of

these solutions present themselves. They are (in no particular order):

e m # 0 and A # 0. In this case, V = C1|®[% + A\|®|* + m?|®|2. Near the origin, we
take as an ansatz for the field

|®| ~ Ar+CrP + ... . (3.6)

This reduces the equation of motion in this region to

p(p —1)CrP—2 2

= 3.7
T e, (37)
which fixes p to be 3 and C' = Am?/6. Therefore the small—r form of the field is
2
1| ~ Ar <1—|—ﬂgr2+...> . (3.8)

Clearly we could go to any order analytically if needed. Taking the other asymptotic
limit, if we chose that as 7 — oo, |®| ~ A/r", there is an inconsistency for non-
zero n as |®|"/|®| ~ 1/r? — 0, whereas dV/d|®|> = m? +.... To avoid this, we
choose instead

B
@]~ A4 4 (3.9)
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With this ansatz, the equation of motion reduces to

B 1 . . ANAB+12C1 3B\  4\B? 18C, A?B?
T"I’L(TL—F ): (m2—|—2/\A2+301A4>+ + Cl + i 801 ’
A Tn+2 rn TQn T2n
(3.10)
and we see that we need n = 2 to satisfy the radial behaviour, along with the

constraint that the two parentheses must vanish separately. From the first of these
we find,
m? + 2)\A% + 3C1A* =0, (3.11)

which says that |®|= A is the nontrivial vacuum of the theory, satisfying dV/d|®|? =0.
The vanishing of the second parenthesis requires A + 3C1 A% = 0. Taken together,
these two constraints give that,

<9 m? 22

= Cq =33 (3.12)

Note that the latter is a constraint on the potential, allowing for only a certain class
of sixth order potentials with non-zero quadratic and quartic terms to lead to vortex
solutions. This tells us that A and thus C] need to be nonzero — i.e. the potential
must be truly sextic. We then solve to the next order in r in the equation of motion,
i.e. 1/r%, giving

B=— 5 — (3.13)
A(2>\+901A2>
so that 3
D] ~ A+ 4 (3.14)

Ar (21 + 901 42)
Clearly as m — 0 this solution vanishes.

m = 0and A # 0. In this case V = C1|®|%+\|®|*. As before we take the asymptotics
close to the vortex origin to be

|®| ~ Ar +CrP + ... . (3.15)

The equation of motion is now

pp—1)CrP—2

e ~ 20 D|? ~ 20 A%r? (3.16)

which gives p =5 and C' = /\‘f—g so that

A2
|®| ~ Ar <1+A10r4+...> . (3.17)

Far away from the vortex we take |®| ~ TA; which reduces the equation of motion to

AQ
~ 2)|Q|* = 2) (3.18)

r2n’

n(n+1)
2
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This fixes n = 1 and A = 1/\5, meaning that

1
O] ~ —— +.... (3.19)
Ar
Note that A+ B /r™ leads to a contradiction in the equations of motion and thus the
leading term must be ~ % In contrast to the first case above, there is no constraint

on the potential.

e m =0 and A = 0. In this case V = C;|®|%, a purely sextic potential). At r = 0, as
above, we find

— 1)CyP—2
M = 304 |B|* ~ 30, A%4, (3.20)
which gives p = 7 and C' = 01 A%/14, so
C A%
y<1>|~Ar<1+ 14 r6+...>. (3.21)

At infinity, with |®| ~ A/r", the equation of motion is

nn+1 A4
( - ) _ 30 (3.22)

which gives n = 1/2 and A* = 1/(4C}), so that there

1

Pl ~ —m8M——— .
@ o)Vt r

(3.23)

Evidently, in the case of a massive potential in order to find a non-trivial solution the
constraint (C; = A\?/(3m?) and m?/\ < 0) must be satisfied, whereas for the two massless
scenarios there are always solutions. A simple check that will be carried out in the next
section finds that the constraint is not satisfied in the case of the massive ABJM model.
This will mean that an embedding of the duality into massive ABJM will not be possible
and within massless ABJM, only the purely sextic potential will be relevant.

3.1 Pure sextic potential

It turns out that in the pure sextic case, V = C1|®|%, we can solve everything explicitly
using some simple considerations. The equation of motion is

1B = 3C|®), (3.24)

and we write it in terms of v = |®|’ as

dv

—— =30, |®/° 3.25

solved by
v? = 10 + Ky = |®| = £/C1|®[6 + K . (3.26)
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The general solution is then

d|®|
r+ Ky /\/Cy i/m. (3.27)
Note however that if |®| ~ Ar at 7 ~ 0 and |®| ~ A/r™ at r ~ oo (for positive n), there
must exist at least one place where d|®|/dr = 0 in the middle, or where v = 0, which
implies C1|®|% + K7 = 0, i.e. |®|miq = (—Kl/Cl)%, which in turn means that® K;/C; < 0.
For the branch connected with » = 0 however, it is clear from equation (3.26) that having
K, < 0,Cy > 0 would mean that |®| was imaginary and therefore that C; < 0 and K7 > 0.
However, this is inconsistent as we would have a runaway potential with no stable vacuum.

We must therefore choose €1 < 0 and K7 > 0. This choice is, if anything, worse since
it implies that the potential is negative definite. In fact even if the vacuum were stable in
this case there would be a problem because the solution

@' = +/ K1 — |Ch][®]°, (3.28)
until we reach |®|niq, and thereafter

8" = —/K; — |C1]|@[F. (3.29)

This means that we would reach |®| = 0 with nonzero derivative, |®|" = —/K;. Since
|®| > 0, this results in a singularity at this point, as |®|" would jump discontinously.

In other words, there is no normal smooth solution for the vortex. This will however
not be a problem as the smoothness constraint is not required. We saw that in any case
the solution is not valid at r = 0 itself, so we can ignore the constraint that |®| = 0 there.
With a little more thought it is clear that, with C7 > 0 as it should be, the only solution
that makes sense (which goes to zero at infinity) is one with K = 0, since if K < 0, |®|’
must become imaginary before reaching r = oo, and if K7 > 0, |®|" must remain finite as
|®| = 0, which means it is again reached before r = co. Then the solution is

do| 1
\/ET + Ky = — 7|<I>‘3 = 2|<I>‘2 ) (3‘30)

(we can easily see that the + in front of the integral also doesn’t make sense), so that

1

@] = : (3.31)
VVC12r + 2K
which has
@[/(0) = — ! (3.32)

2Ky’
which is finite, but as we said, we must excise and regularize an infinitesimal region around
r = 0. To conclude this section, there is a strong constraint on the form of the sextic
potential in the massive case which leads to a vortex solution, whereas for a purely sextic
potential, there will be non-smooth solutions which, with excision of the irregular core, will
correspond to vortices.

3Note that we can (and in general should) glue different branches of the solution at the point where v = 0.
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The non-smooth solution will get smoothed out near » = 0 in a physical situation, in
such a way that the simple variable separation ansatz ® = |®|(r)e? is not valid any-
more in the vicinity of » = 0. This is very likely, since the energy of the solution,
3Cy/2 [ rdr [\/0;127“—1—2[(2]73, is finite (convergent both at » = 0 and r = o0), so it
should be related to a physical state.

4 Embedding particle-vortex duality in ABJM

In order to formulate the particle-vortex duality within ABJM we must be able to find an
abelian reduction of the ABJM model which can both be mapped to the path integral in
equation (2.23) as well as shown to fulfill the constraint which leads to vortex solutions. We
will show below that while the mass-deformed ABJM theory has the appropriate mapping
to the self-dual action with non-zero mass, the vortex constraints on the potential are not
fulfilled and thus we can only get a self-dual theory with vortices in the massless case. See
appendix A for a brief overview of the ABJM formalism.

4.1 Constructing a self-dual abelian reduction of ABJM

For the two bifundamental scalars, ® and y, of ABJM we split the N-dimensional ma-
trix space into two (block-diagonal) N/2 dimensional subspaces. In doing so we will be
able to use each of the sub-spaces to construct a self-duality under the particle-vortex
transformation. In the first subspace, we write the ansatz

Ay =aD1yjoune,
Au - d,(})lN/ZxN/Q )
1 1
Q = ¢GN/2xN/2 )
2 2
Q" =¢GN axn/2 5
R =0, (4.1)
where A, and /1# live in the two gauge groups making up the U(N) x U(N) gauge symmetry
of ABJM and Q¢ and R* with ae = 1,2 are the two (first sub-space) bifundamental scalars.
The combination of Q% and R, often labeled N® can be shown with this choice of R“
to vanish while the other combination will be non-zero. The covariant derivative on the
scalar Q¢ is given by

D,Q" = G° (am +i <a/(}) - &/gl)) ¢) , (4.2)

where the N/2 x N/2 subscript is now left off the G* for brevity. This leads to the
kinetic terms

N (N . N
Tr [|D,.Q% ] = 25 <2 — 1> 10, + (afp - agﬂ) 0|2 (4.3)

The second contribution to the mass deformed potential is

we =+ (@0l - @Qlet) =6t (wo ).
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and thus the full potential

V=T [|[M*?] = g (J;[—1> ks

2 2
=5 (5-1) 1 (w2F0R) - )

With this ansatz, the Chern-Simons terms reduce to

kN R ) kN ., . .
o — kP (a,&l)&,ag) — al(})&,af)l)> P —etPP (al(}) + a&”) 0y (agl) - agl)) , (4.6)

so we obtain the first half of the required action, with the additional identification ® — ¢,
ay, — a,(}) — dl(}) and Eu — a( ) A(l) The other half, for x and A, is obtained from the

second N/2 subspace, now with the constraint b, = a&l) + aL) = 512) &&2).

21 9
M‘F?Qs

4.2 Vortex constraints on the ABJM potential

We are now in a position to construct a duality in this constrained sector of ABJM by
mapping the action to a known self-dual action. However, to prove that this is a particle-
vortex duality, we first need to show that there is enough freedom in the sextic potential
to provide vortex solutions. In the massive case there is a constraint on the potential that
C1 = A2/3m? in order to have a vortex, which means that we must have

2 4
3 3
(o 225 22

in order to have solitons. Clearly, this is not the case for the mass-deformed ABJM model.

lel”
3m?2

2
V= :‘i’ﬂ (A2|g|* + 3m2\[g]* + 3m?) = , (4.7)

Therefore at p # 0, the mechanism doesn’t work. However at u = 0 (i.e. the purely sextic
potential), as shown in the previous section, vortex solutions do actually exist. This, along
with the field identifications in section (4.1), suffices to demonstrate that at u = 0 we can
construct a reduction of ABJM which exhibits a particle-vortex self-duality.

4.3 Toward a non-abelian extension

To close this section we speculate on a possible extension of the particle-vortex duality to
non-abelian vortices starting with the observation that with the embedding of the particle
vortex duality, we can write it on the reduction ansatz in the invariant form

1 1 - 1 “pom ~ (= < \T
1[0 D" - 0 (0rQ) | = 10, T (A, ) 5 16 QLD -0 (D).
e
(4.8)
where the trace is taken only on half the matrix space. With the caveat that we have
not been able to prove that this holds in general (i.e. not on the reduction ansatz), it is
tempting to think that one can write a nonabelian generalization of the type

1 p 1| 25 =, ~ </~ ~ A\T

ot DO — O%(DHHO™ Hrp —Z— Ot DrO>_ O KO

5 [Qiprae -~ @rwrauyT] = Levra, (a,44,) = [@LDHae-Gr (0G7) ] (a9)
for half the matrix space, and a similar one for the other half. Showing that this is indeed

that case in general would go a long way toward generalizing the (self-dual) particle-vortex
duality and we leave it as an open problem that we will return to in the future.

,15,



5 Particle vortex duality from Maxwell duality in the bulk, via AdS/CFT

Having established a framework to understand particle-vortex duality in (at least a reduc-
tion of) the ABJM model, we now relate the duality with Maxwell duality in the bulk, via
the AdS/CFT correspondence. The partition function in a three-dimensional conformal
field theory for a gauge field with a source is generically (in Euclidean signature)

ZCFT[aZ'] _ /D¢e—5[¢]+fd3zJiai’ (51)

(i = 1,2,3), where ¢ represents all of the fields in the gauge theory, J¢ the U(1) current
that couples to the source a; which is itself the boundary value for the bulk gauge field A,,.
The corresponding supergravity partition function in the bulk (in Euclidean signature)
is given by the bulk Maxwell action in an AdS geometry
o4
Zsugra[ai] = /e CEF[ 197 W/] s (52)
where F),, = 0,A, — 0, A, is the bulk gauge field field strength and ® corresponds to all

dynamical fields in the bulk. We work in the radial gauge A, = 0, so A; — a; on the
boundary. We define the four-dimensional Maxwell duality,

~ 1
F,LLZ/ = ﬁEMVpGFpU 5 (53)

in terms of which we can rewrite the partition function as

Zsugra[ai] = Zsugra[az] = _fd%F[ 492 W] . (5.4)

The question is how to relate this to the particle-vortex duality we have already found, in
a theory with a known gravity dual. The field theory dual to the self-dual Maxwell theory
in the bulk can itself be rewritten, defining a particle-vortex type duality for currents
similar to (2.6)

i L oiikg 7
Ji= §eﬂkajjk, (5.5)
as
Zovrlas] = /D(beS[¢]+fd3g;§€ijk(ajfk)ai _ /D¢eS[¢}+fd3g;ji(%eijkajak) : (5.6)
so that, if
1
i = §ewkajak, (5.7)

it would be written in exactly the form to match Zgugrali], thus relating the particle-vortex
duality (5.5) in the CFT with the Maxwell duality (5.3) in the bulk.
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5.1 Maxwell duality in AdSy

Having identified a link between a generic d + 1-dimensional Maxwell duality and a d-
dimensional particle-vortex-like duality we turn specifically to the Maxwell duality in AdSy.

In Poincaré coordinates,
—dt® + dz® + dy? + dz?

2 _
ds? = - : (5.8)

the Maxwell duality (5.3) becomes
For = —Fg;  Fhz = —Fpy, ... (5.9)

i.e. exchanging electric and magnetic components, including in the radial direction. In the
radial gauge A3 = A3 =0 now, we have Fy3 = —03A4- and Fyy = —83A2, SO

F()l (Z == O) == BZAQ(Z - 0), F01 (Z - O) == 62/12(2 == 0) 5 (510)

where z = 0 is the boundary of AdS. Expanding near the boundary

2
z
Ai:aiJrzdiJr?a( ) 4 3'a2(3)+...
2
1 ~ =~ A ~
Ai:ai+zai+5a£2)—l— 5 53)+..., (5.11)
the above Maxwell duality relations give
1
fzg = ez]kaka fzy = ez]kaky (512)

where f;; corresponds to the field strength coming only from the leading term in the
expansion on the boundary (i.e. fi; = 0;a; — 0ja;) as well as

1 1 2
fzg Ewkal ap = 2€Z'jka§€ ) s
_ B 1 (2
fij = —§6z'jk:312ak = 56@%@;& s (5.13)

etc. Again ﬁj = 0;a; — 0;a;. This result is obtained from two applications of the duality
transformations. For the first equality, we first write the duality for @; in terms of f;; and
then take a derivative. For the second, we look at the order z term in the duality for Fj;

vs. Ap. Equating the two results gives 812% = —ag)

. We will see shortly that this appears
from the Maxwell equations.

Normally, in d # 4, one should be able to give only the a; as boundary condition,
but not a;, the subleading term in the z expansion. In d = 4 however, as a result of the
Maxwell duality, we can specify both a; and a;, or equivalently, both the source a; and the

source for the Maxwell dual, @;. In Poincaré coordinates the Maxwell equations

0y (V99" 97" Ou) Av — 0, [\/99™ g7 O] A,y =0, (5.14)

and since g, = 1 / zzém,, this reduces to

0,6P18,, A, 87 — 0,6M° 577D, A, = 0. (5.15)

,17,



Notice that all explicit factors of z have disappeared from the equation! This happens only
in four dimensions. More generally there will be an extra contribution of (4 — d)/z0,A,,
which means that in particular, the leading term in this equation is of order 1/z, namely,
for o = i, it is (d—4)a;/z, implying that a; = 0. In the gauge A, = 0, we obtain 0;0,4; =0
for 0 = z. This constrains 0;a; = 0, 8iain) = 0 for n > 2, leaving only 0;a; possibly nonzero.
However, since it is perfectly consistent to set it to zero, we will do so. This is equivalent
to the usual radiation gauge with time replaced by z, a, = 0 and 9d;a; = 0. For o = 3
we obtain

8J2Al + 8Z2Az — (‘L(E)JAJ) =0, (516)

which when expanded in z (and taking into account the conditions above for o = z), results
in the system of equations

8]2-ai + al(-Q) — 8i(6jaj)
2 (3)
Bj a; + a,

8]2%(”) + a§n+2)

0,
0,
0.

(5.17)

Note that the first relation also implies 8@-&52) = 0, as it should. Thus, in the radiation
(142) _ _gz,n)
it

gauge for a; we have a; Specifying a; and a; (or equivalently, a;) then
completely fixes the solution to the Maxwell equation in AdSy.

Returning to the gauge theory side of the correspondence, we need to specify a; and
a; as sources for the path integral (5.1), or exchange a; with a; and a; with a;. As claimed
earlier, this exchange of a; with a; corresponds to a particle-vortex duality exchanging
dual currents as in (5.5). These currents however, need to be currents of global symmetries
that can couple to the gravity dual gauge fields. We need to have two currents, one for
particles and one for vortices, that can be replaced by their corresponding particle-vortex
dual currents. According to our embedding of particle-vortex duality in ABJM (4.1), the
scalar ¢ appears in half of the U(N) space and x in the other half. With this ansatz
j* = j* from (B.4) but splits into two currents (for each of the two N/2 subspaces) of .J

type in (5.5), JY and J? that couple to a; and ay respectively.

K 7

6 Conclusions

This article details our exploration of holographic particle-vortex duality. In particular we
have foccused on its realization in the ABJM model and a possible relation to Maxwell
duality in AdS, via the AdS/CFT correspondence. By combining a path integral version
of particle-vortex duality with the Mukhi-Papageorgakis Higgs mechanism we have for-
mulated a symmetric version of the transformation that acts as a self-duality. We then
proceeded to show how to embed it as an abelian duality in the (2+ 1)-dimensional, N' = 6
super Chern-Simons-matter theory that is the ABJM model and speculated on a possible
non-abelian extension. Going to the gravity side of the correspondence, Maxwell duality
in AdSy is found to reduce on the boundary to a particle-vortex duality acting on two
independent gauge field sources @ and @ and their associated currents J&) and J®.
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Our primary motivation for this work was two-fold; first we simply wanted to under-
stand if particle-vortex duality is realized in the (mass-deformed) ABJM model with its
rich solitonic spectrum and second, we wanted to see if the phenomenological work of [11]
could be embedded in the concrete setting of the AdSy x CP3/ABJM correspondence. This
work paves the way for both these directions but there remains much to be done. Among
the possible extensions of this work are

e the development of our speculations on a non-abelian version of the particle-vortex
duality. To the best of our knowledge the duality has thus far been formulated only
of vortices of the conventional Nielsen-Olesen type exhibited by the abelian Higgs
model and variants thereof. Vortices, however, come in many different forms and

4

flavors® such as non-abelian as well as semi-local kinds. It would be of great interest

to understand if and how the duality applies to these.

e An understanding of the manifestation of the full particle-vortex duality on the
gravity side of the correspondence. In particular, having established, in this arti-
cle, that the duality can actually be embedded into (at least some reduction of) the
ABJM model, an important development would be to establish precisely how it acts
on states of the type ITA superstring on AdS, x CP3.

e The extraction of the phenomenological results for quantum critical transport uncov-
ered in [11].

e A more complete understanding of how the particle-vortex duality of this article
relates to level-rank duality and its generalizations discovered by Kutasov and col-
laborators in recent years.

It is quite clear that particle-vortex duality should of great interest to both the holographic
condensed matter as well as more formal string theoretic communities and we hope that
this article will stimulate further work in this area.
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A Particle-vortex duality a la Burgess and Dolan

In this appendix we review the duality of [7], ignoring some terms that are not essential to
our argument.

A.1 First derivation

The starting point is (1.2), the action of an abelian Higgs system of constant modulus,
with an external gauge field A,. One also introduces a statistical (Chern-Simons) gauge
field® a,,:

s

£(9.a,4) = =7 [0u6 — a0 (0 + A 6 = ;e a,dya,
+L,(&a+ A), (A1)
where _— '
Ly(&at A) =D |5 + aif (a+ A)u] ol — & (1) (A.2)
k

is the particle Lagrangian. Here, # = 27n for bosons and # = (2n + 1)7 for fermions, and
¢ is the phase angle of ® = |®|e~?.

As is usual for dualities in the path integral formulation, we lift this action to a master
action through the coupling of ¢ to a new gauge field A, constrained by a Lagrange-
multiplier field b, to be pure gauge:

m

L= _g[au¢ —qglay + Ay + Au)¢]2 29
+L,(&a+A)+ €upbu0, A, + ... (A.3)

Indeed, integrating over by, we find 9.4, = 0, and then integrating over A, is equivalent

pp
e"?a,0,a,

to putting it to zero.® On the other hand, integrating first over ¢ instead, and then over
A, will lead to a dual action in terms of the Lagrange multiplier b,,.

To do that, care must be taken about the periodicity of ¢ in the presence of vortices
for the original complex scalar field ®. We have

¢(0+27m) = ¢(0) + 27 > N, , (A.4)

where N, is the worticity or winding number of vortex a. We then write ¢ = w + ¢,
where ¢ satisfies periodic boundary conditions, ¢ (6 + 27) = ¢(0), and w(z) is an explicit

11
w(z) = ZNa arctan (; - Zy/‘21> = Z Naba , (A.5)

vortex solution,

where . .
r—y
o 5 = tand, (A.6)

defines the angle of rotation around a particular vortex. In the notation of [4] described in
the introduction, w corresponds to Oyortex, and ¢ t0 Gsmooth-

®This field, which arises from the combinatorics of the charged particles, has no dynamical degrees of
freedom.

Performing the integration over b, produces a functional delta function which enforces the constraint
"0, A, = 0; this, together with the gauge fixing condition, implies that integrating over A, is equivalent
to setting A, = 0.
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We then define v, = 0,w, obtaining

1
Uy = ;Na]mmau tan@a = ;Naauea y (A?)

which means that
b0y = by Y Na 770,000 = 2mby > Na G4 Sl — ya(t)] = 2wb,j (), (A.8)

where
F(1) = Fhorex(t) =D Na 9t 8]z — ya(t)] (A.9)

is the vortex current. Note that €79,0;0, = 2w§?(z), so we can indeed verify the above
formula for static y’ (t) = 3%, when §° = 1 and the rest are 0, giving

P00, = 0"0€0;0,0, = 215" 5* (2 — ya) (A.10)
Note now that (A.3) has a gauge invariance
0A, =0y, 8¢ =g, (A.11)

which we can gauge-fix by putting ¢ = 0 (i.e. ¢ = w), thus making the path integration
over ¢ trivial. We are thus left with only the path integral over A, to do, and since
0u¢ = O,w = vy, the path integral we need to determine is

/D.A# exp {z/ [—g(vu —qelay + A, + A+ e"”paub,,flp] } , (A.12)

and of course, we still have the particle action and the statistical gauge field part of the
action outside the path integral. Then, defining

JP = e"Po,b, | (A.13)

we get the path integral
2

K v J, J?

DA, exp z/ — ¢ | A+a,+A, — £ — £ J<a~l—A >+ -

/ 12 9 (o) 12 1 1 q¢ qu H Q¢ 2,{(]35

JZ
= Nexp z/ —Jy | au+ A, ) £
q¢ 2/£q¢

Given
i 1 1 2
/J“U :/ —e"Pobv, = | —€e"Pb, 0,0, = ibu] (t) (A.14)
dg 4y dg de
and 1
J2 =200 0" b’ 0pby = 3 o2 (A.15)

where f,(fL) = Oub, — 8,,bu, we have as the dual action

Lavar(a, b, A) = 4/-@ o ®)2 — 0,0, (a, + Ap) +Z Na Jab 5(z — ya(t))
- 2—96‘“’ a,O0pa, + Ly(&,a, A) . (A.16)
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Note that, besides the dualization from the field ¢ to the field b, we have also obtained an
explicit action for moving vortices, with positions yf(t), namely 27b, g tex(t). Therefore
we explicitly see that the dualization of ¢ to b, also exchanges particles with vortices,
deserving the name of particle-vortex duality.

A.2 Second derivation

We now review a second derivation from [7], which is closer to what we use in the bulk of
the paper. We start with an abelian Higgs action where the complex scalar field is coupled
to a Chern-Simons gauge field a and an external gauge field A, with an arbitrary scalar

potential depending only on |®|,

7T€2
S=-3 / [[(i@u — e, ) ®]'[(i0" — ea)®] + eewaﬂayap] + S (|27, (A7)

where @ = a + A. We rewrite it as
1 (o 2P(25 Al _ 97 Al me? pwp 2 A
S = 5 (0,®)"(0"®) + e*|®|“a,a" — 2a,5" + 76 a,0pa,| + Sint Ufbl ] , (A.18)
where the scalar current is
Ju= 210,@ — (9,01) @] = |20 (A.19)
Then we split ® as before into a vortex part v and a smooth part,
B(F) = Bo(F)e Du(7) (A.20)

where

(7) = exp [27” 3" N, arctan (xl — y;)] . (A.21)

4y = x? — yg

Then we have

S9[Dp, 0,0, A] = —% / [(0,®0)? + (0,6 — iv*Byv — edy)?®2] + Seslal + S [|21%]
1 2 252~ ~ [ ~ me? v
= _2/ [(8“<I>0) + e“®gagal + E]MH - 26‘#]“} Y /GM Paudvay,
+ Sint[®F] , (A.22)

where the current is
g = e®F(0,0 + iv*9v) . (A.23)

Now we define A\, = 8M0.7 We substitute the integration over ¢ with integration over A,
subject to the constraint e**?9,\, = 0 imposed with a Lagrange multiplier b,, i.e.

/DH exp [—; /(OHH + v Ouv — ed#)Qég}

= /D)\,ﬂ)i)u exp [—; / (Ap +iv 0,0 — edu)2 P2+ el“’f"(}u&/)\p . (A.24)

"This is the 8, from the last subsection, whereas —iv*d,v is the d,w from there.
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Then doing the integral over A, first, we obtain

$* oo 4,00 = | [_421(1% FDFOW 1 b, — 03,0, — T 00,0,
- % / 0, 00" g + Sty [F] (A.25)
where as usual, f,ﬁ‘,’) = 8ul~)l, — 8,,?)”, and
"= é6””p€9y1)"C‘9,ﬂ) (A.26)

(&

is the vortex current.

The duality between the actions S¢ and S is exactly the same from last subsection,
with the kinetic term for @y and the interaction term being spectators, but here it was
derived from an abelian Higgs action by path integration.

Note that the classical solution for A\, is

O =\, = —iv*0yv + eaq, + ée“w’@yi)p , (A.27)
€%

which matches with the duality transform of Zee (from the introduction) with v = constant,
a=0.

B Review of ABJM and its massive deformation

The ABJM model [12] is obtained as the low-energy limit of the theory of N coincident
M2-branes in a C*/Z; background. It is a supersymmetric N' = 6 U(N) x U(N) (or
SU(N) x SU(N)) Chern-Simons (CS) gauge theory, with bifundamental scalars Y/ and
fermions ¢y, I = 1,...,4 in the fundamental of the SU(4)r symmetry group, and the two
CS gauge fields, A, and Aw have equal and opposite levels k and —k. Its action is

k 2i 2
5 / P [MGW Tr (AMBVAA + gAHAVAA — A,0,A, — ;AMAVAA>

4 2
T (DY} DY + i Dy ) + o T (vIyiy vy Ry
1 J K 1 K~y tyJ 1 J K K
Y IYIYIYIvivE fayly [y Ry vy vl — ey vy v v EY Ly )

211
+ = T (VY T My — o Y Y ey - 2vY ety 4+ 207 Y Yy
+el TELY T vy, — GIJKLYI¢JTYK¢LT) ] : (B.1)

Here the covariant derivative acts like
DY =0,y +i (AT -YTA,).

The action (B.1) has SU(4) x U(1) R-symmetry associated with the A'=6 supersymmetries.
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B.1 Massive ABJM

There exists a unique supersymmetry-preserving massive deformation of the model [19],
parametrised by p, that breaks the R-symmetry down to SU(2) xSU(2) xU(1) 4 xU(1) g xZ2
as a consequence of splitting the scalars as

Y1 =(Q% R%), a=1,2.

The Zy action interchanges Q% and R®, the SU(2) factors act each only on one of the
doublets Q% and R%, and the U(1)4 symmetry rotates Q% with a charge +1 and R* with
a charge —1. The mass deformation gives mass to the fermions and changes the potential
of the theory. The bosonic part of the action in the mass deformed case is

Lbosonic = ﬁeuvk Tr [A,0, Ay — A,0,A + % (AuAyA,\ - A,uAIJA)\):|
—Tr|D,Q%)? — Tr|D,R*> -V . (B.2)
The sextic scalar potential in (B.2) is
Vo=Te (|MP + [N“P)
where
MY = uQ% + 2% (2@“@}3@5] + RPREQ® — Q"RLRP 4 2Q° R, R" — 2R"RTBQ5> ,
N® = —puR® + 2% (2R[aRgRﬁl +Q%QLR — R*QLQP +2RPQLQ™ - 2@(1@}335) .

The equations of motion of the bosonic fields are

D, D*Q™ = 87‘/;, D, D'R* = LVT,
aQa aRa
27 r 27 3
Fu = ?ﬁuw\y‘? Fuv = ?GW/\J/\? (B.3)

where F),, = 0, A, + i[A,, Ay], and the two gauge currents J* and JH, expressed as
it =i [QUDHQM) — (D"Q)Ql + R (D! R*) — (D'R*)RY] |
It = =i [QL(D"Q) — (D"Q)' Q" + RL(D"R*) — (D"R*) R° |,
are covariantly conserved, i.e. V,JV = V“JA“ = 0. The trace parts of those gauge cur-

rents yields two abelian currents j* and j# corresponding to the global U(1)4 and U(1)p
invariances

P=TeJr, P =TrJH, (B.4)

which are ordinarily conserved, i.e. d,j" = uj" = 0. The gauge choice 4y = Ay = 0
implies that the energy density is given by

H=Tr [(aOQa)T(aOQa) + (D;QNN(D;QY) + (ByR*)T (8 R) + (D;R™)T(D;RY) + V
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Since this is a Chern-Simons theory, varying with respect to Ag and Ay gives the Gauss

law constraints

Fo= 00 = 2 [0 (0°Q) - (0°Q) QL+ B (0°R") — (0°R") R
Frp = %jﬂ = —% [QL (0°Q) — (8°Q*)" Q* + R}, (3°R™) — (0°R™)" Ra} . (B.5)

Note as an aside that the gauge choice does not uniquely specify the Hamiltonian.
Choosing Ay and Ay different from zero introduces an extra term in the Hamiltonian,
A Ty [AuAl,A,\ — AHA,,AA}. In the abelianisation ansatz of [18], this vanishes anyway

since it is proportional to e*” )‘a,(f)a(j )ag\k) and there are only two aﬁ)

’s. So in the abelian
case, the Hamiltonian is the same even away from the gauge Ay = Ay = 0.

The mass deformed theory has fuzzy sphere ground states given by®
R*=c¢G% Q“=0 and Qf =¢G% R*=0 (B.6)
where ¢ = \/5—7’: and the matrices G%, o = 1, 2, satisfy the equations [13, 14]
G =G°GLG" - GPalGe. (B.7)

In [20, 21], it was shown that this solution corresponds to a fuzzy 2-sphere, not a 3-sphere
as originally thought.

An explicit solution of these equations, which is the unique irreducible one up to a
U(N) x U(N) gauge transformation, is given by
G! =vVm —16mn,

s

(
(G2)m,n =V (N o m) 5m+1,n,
(G{) = Vm =1 6,

m,n

(GE)m’n = /(N = 1) Snrim. (B.8)

3

In particular, G' = GJ{. In the case of pure ABJM, instead of a fuzzy sphere ground state,
there is a fuzzy funnel BPS solution with c replaced by

c(s) = \/Z . (B.9)

Here s is one of the two spatial coordinates of the ABJM model. The matrices G* are
bifundamental under U(N) x U(N), implying that GIGI and G2G£ are in the adjoint of
the first U(N), and that GIG1 and GEG2 are in the adjoint of the second U(N).

8General vacuum configurations could also be direct sums of these irreducible solutions.
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