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Abstract

In this thesis, we discuss some aspects of the Aharony, Bergman, Jafferis & Maldacena
(ABJM) theory. In particular, encouraged by the recent construction of fuzzy sphere so-
lutions in the ABJM theory, we re-analyze the latter from the perspective of a Matrix-like
model. In particular, we argue that a vortex solution exhibits properties of a super-
graviton, while a kink represents a 2-brane. Other solutions are also consistent with
the Matrix-type interpretation. We study vortex scattering and compare with graviton
scattering in the massive ABJM background, however our results are inconclusive. We
speculate on how to extend our results to construct a Matrix theory of ABJM.

We also present an embedding of the 3-dimensional relativistic Landau-Ginzburg model
for condensed matter systems in an N’ = 6, U(N) x U(N) Chern-Simons-matter theory
(the ABJM model) by consistently truncating the latter to an abelian effective field theory
encoding the collective dynamics of O(N) of the O(N?) modes. In fact, depending on
the VEV on one of the ABJM scalars, a mass deformation parameter p and the Chern-
Simons level number k, our abelianization prescription allows us to interpolate between
the abelian Higgs model with its usual multi-vortex solutions and a ¢* theory. We sketch
a simple condensed matter model that reproduces all the salient features of the abelian-
ization. In this context, the abelianization can be interpreted as giving a dimensional
reduction from four dimensions.

Finally we present ansatze that reduce the mass-deformed ABJM model to gauged Abelian
scalar theories, using the fuzzy sphere matrices G*. One such reduction gives a Toda sys-
tem, for which we find a new type of nonabelian vortex. Another gives the standard
Abelian-Higgs model, thereby allowing us to embed all the usual (multi-)vortex solutions
of the latter into the ABJM model. By turning off the mass deformation at the level of the
reduced model, we can also continuously deform to the massive ¢* theory in the massless
ABJM case. In this way we can embed the Landau-Ginzburg model into the AdS/CFT
correspondence as a consistent truncation of ABJM. In this context, the mass deformation
parameter p and a field VEV (¢) act as g and g, respectively, leading to a well-motivated
AdS/CMT construction from string theory. To further this particular point, we propose
a simple model for the condensed matter field theory that leads to an approximate de-
scription for the ABJM abelianization. Finally, we also find some BPS solutions to the
mass-deformed ABJM model with a spacetime interpretation as an M2-brane ending on
a spherical Mb5-brane.
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Introduction

Since its beginnings in 1997, the AdS/CFT correspondence [1] has found application in
a variety of phenomena; not only in quantum gravity but also, increasingly in fields as
diverse as low energy QCD and condensed matter. Its original formulation described four
dimensional ' = 4 Supersymmetric Yang-Mills theory with an SU(N) gauge group in
the large N limit from the perspective of a dual gravitational theory on AdSs x S°. As
a toy model for the exploration of four dimensional QCD at strong coupling, N' = 4
SYM, with its large supersymmetry, conformal invariance, and large number of colors N
(that ensures that the dual is just a gravitational theory and not a full string theory) is
nearly ideal. By modifying this simple set-up, in particular by breaking supersymmetry
and conformal invariance, a lot was learned about QCD itself as, for instance, in the
Sakai-Sugimoto model [2]. A crucial part of this development is that the physics of gauge
theories at finite temperature shows remarkable universality, which has translated into
applications of N' = 4 SYM to the high temperature plasmas at RHIC and the ALICE
experiment at the LHC (see for example [3] for an extensive review and references).

With the discovery of the pp-wave/BMN correspondence in 2002 [4] came the realiza-
tion of the importance of operators with large R-charge to a full string theory (and not
just supergravity) description of the dual. This, in turn, led to the description of spin
chains from string theory [5] and, more generally, to an understanding of the integrable
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Introduction

structures on both sides of the correspondence. In a sense, this was the precursor to
the application of the gauge/gravity duality to condensed matter physics. More recently,
based on the earlier Bagger, Lambert & Gustavsson (BLG) construction [17, 18, 19, 20]
of an M2-brane action in terms of 3-algebras, Aharony, Bergman, Jafferis & Maldacena
(ABJM) [21] constructed an N = 6 supersymmetric action for the IR of N M2-branes
probing a C*/Z;, singularity, a U(N) x U(N), level-k Chern-Simons-matter gauge theory
whose fields transform in the bifundamentals. Not only was this the first time that an
action for an arbitrary number of M2-branes was written down but it also allowed fur-
ther insight into the structure of M-theory, as well as a new and exciting example of the
AdS/CFT with its gravity dual being the large k limit of AdS; x S7/Z, i.e. AdSyx CP3.

But while most of the work on the ABJM model concentrated either on the field theory
side, or on the AdS/CFT duality, it is worth bearing in mind that the original interest in
the multiple M2-brane system was, of course, the potential for a better understanding of
M-theory. Indeed, if we are to use the ABJM model toward this end, the most natural
possibility that comes to mind - since we are, after all, dealing with a gauge theory of
N x N matrices - is a Matrix theory-type construction. In fact, very much in the spirit
of M-theory, it was found in [23, 24] that the BPS fuzzy funnel solution of pure ABJM,
or the vacuum fuzzy sphere solution of the massive deformation of ABJM gives rise to a
D4—brane on S?, together with the correct small fluctuations action, in the classical limit.

This D4—brane appears as an M5-brane on S'/Z,, at large k, in a similar way to how
D2— and D4—branes appear in the Matrix theory of Banks et.al. (BFSS) [13, 14, 15, 16].

It seems reasonable therefore to expect that a Matrix theory-type model can be con-
structed out of the ABJM model. Following the logic of Matrix theory, we need to find
a classical solution of ABJM corresponding to a spacetime supergraviton. Since such a
solution must be localized on the worldvolume, as well as in transverse space, it must be
a particular type of vortex solution. However, since the ABJM action, unlike its BFSS
counterpart, is conformal, we will see that a better definition of its Matrix model is given
by a maximally supersymmetric deformation of ABJM [25].

The ABJM model can be considered as a prototype for strongly coupled theories in three
dimesions, in particular for planar condensed matter systems. For instance, in [6, 7] it
was used to study the relativistically invariant quantum critical phase and compressible
Fermi surfaces, respectively. These applications of the AdS/CFT correspondence to con-
densed matter hinge on the idea that, if physics in AdS is always holographic, then we




can consider simple theories in AdS, which should be dual to some strongly coupled con-
formal field theories (see e.g. [8, 9] for a review). In an overwhelming majority of cases
considered, the argument for applying the AdS/CFT duality (and trusting the answers
it provided) was universality. In other words, the variety of theories usually considered
contain a small subset of abelian operators dual to a small number of fields in AdS, usually
a gauge field, some scalars and perhaps some fermions. On the other hand, the relevant
condensed matter models one usually wants to describe is usually abelian to begin with.
It is not entirely clear then why we can either: i) focus on a small subset of abelian oper-
ators of a large N system; or ii) consider an abelian analog of the large N system, which
would not have a gravity dual. A better motivated scenario for such an “AdS/CMT ”
correspondence would be if, in a large NV field theory with a gravity dual, we could identify
a consistent truncation of the (in general, nonabelian) field theory to an abelian subset
corresponding to the collective dynamics of a large number of fields, and the resulting
abelian theory would be a relevant condensed matter model. It is toward this end that
we explore possible abelian reductions of the ABJM model in chapters 3 and 4.

The thesis is organized as follows. In chapter 1, in the interests of being self-contained, we
provide a lightning review of Supergravity, superstrings, the AdS/CFT, and the ABJM
theories focusing on those elements that carry over to our case, and then in section 2.3
we will describe in detail our set-up and what we expect to find. Section 2.4 is devoted to
an analysis of solutions of pure ABJM theory, and we argue that, while it is possible to
identify a vortex solution with a supergraviton, such a solution is practically unfeasible
due in no small part to the infinite energy of the corresponding background D2-brane.
Instead in section 2.5 we will focus on the massive deformation of ABJM and identify its
known solitonic spectrum (consisting of brane-filling, kink and vortex types) with branes
in spacetime. In the process we identify the background in which the M2-branes cor-
responding to the massive ABJM move. In section 2.6 we calculate the scattering of
supergravitons in this massive background, and in section 2.7 the corresponding scatter-
ing of vortices in massive ABJM. Finally, after noting a mismatch of the calculations of
sections 2.6 and 2.7, in section 2.8 we speculate on the possible definition of the sought-for
ABJM Matrix theory.

In chapter 3 we will take some steps towards a better understanding of AdS/CMT, by
proposing a modification of the above set-up. We consider a consistent truncation of the
3-dimensional ABJM theory (which has a known gravity dual), a truncation that corre-
sponds to the collective dynamics of O(N) fields out of the O(N?) of ABJM, and gives




Introduction

an effective theory that is easily identified as the relativistic Landau-Ginzburg model. We
also sketch a simple CMT model that has the same qualitative features as the ABJM
abelianization, allowing us to understand better in what sense can we use ABJM for con-
densed matter systems. In chapter 3 we present only the main ideas, leaving the technical
details to chapter 4.

In section 4.2 we explore general abelianization ansatze involving G, and identify two
important cases of further consistent truncations for this model. In section 4.3 we study
one of them, which, for BPS states, leads to a Toda system that possesses vortex-type
solutions with topological charge and finite energy, but with |¢| — 0 at both » — 0 and
r — oo, which we describe numerically. In section 4.4 we describe a second case, more
relevant for the AdS/CMT motivation above and find a reduction that, depending on
certain parameters, gives us either an abelian-Higgs model, or a ¢* (relativistic Landau-
Ginzburg) theory. In section 4.5 we study the relevance of this reduction for condensed
matter and AdS/CMT and sketch a simple condensed matter model that reproduces the
general features of abelianization. In section 4.6 we study some BPS solutions suggested
by the abelianizations. Finally, in section 4.7, we provide a possible spacetime interpre-
tation for these solutions in terms of M2-branes on a background spacetime.




1.1 M-theory and 11-dimensional Supergravity

1.1 M-theory and 11-dimensional Supergravity

The first evidence for the existence of M-theory in eleven dimensions was provided by
P.K Townsend [10][11] The M-theory was discovered by Witten in 1995 as a theory that
the strong coupling limit of type-ITA string theory and whose leading low-energy effective
action is 11-dimensional supergravity [12]. M-theory is not yet fully formulated, but the
evidence for its existence is very compelling. The description of M-theory in terms of an
effective action is clearly not fundamental and there mus be an alternative formulation of
the theory. One of these alternative formulations is the Matrix theory proposed by Banks,
Fischler, Shenker, and Susskind (BFSS) [13] [14][15][16]. In recent years there has been a
major breakthroughs made by Bagger-Lambert-Gustavsson (BLG theory) [17][18][19][20],
and Aharony-Bergman-Jafferis-Maldacena (ABJM theory) [21]. These theories give the
AdS/CFT description of the quantum field theories on coincident M2-branes.

The field content of the 11-dimensional Supergravity consists of the graviton g,y , a rank
3 anti-symmetric tensor field Cy np and a 32 component Majorana gravitino ¥$,. The
graviton which is a symmetric traceless tensor of SO(D —2), the little group for a massless
particle. It has 44 physical degrees of freedom, the 3-form antisymmetric tensor gauge
field has 84 physical degrees of freedom. Together with the graviton, this gives 44 + 84 =
128 propagating bosonic degrees of freedom, which matches the number of propagating
fermionic degrees of freedom of the gravitino. The 11-dimensional supergravity action
[22] is given by

1 1 1—
S = —& [d"z/=g|R— —|F\> — =¥, "’ Dy¥
22, VI o Fal = 5 NEP
1 /— —N 1
oo (DAY POT 0 4 128 TPOUS ) F = /c NFyAF
192< M T+ NPQS 122, 3Ny NIy
+terms quartic in W (1.1)

where R is the scalar curvature, Fy = dCj3 is the field strength, and ;; denotes the 11-
dimensional gravitational coupling constant. The relation between the 11-dimensional
Newton’s constant (G , the gravitational constant k;; and the 11-dimensional Planck
length ¢, is

1
K’%l = 87TG11 = 1 (27T€p)9 (12)

™

7



Introduction

The last term in (1.1), which has a ChernSimons structure, is independent of the elfbein (or
the metric). The first term does depend on the elfbein, but only in the metric combination

gMN = Napeien (1.3)

Supersymmetry transformations

The complete action of 11-dimensional supergravity is invariant under local supersymme-
try transformations under which the fields transform according to [22]

561]?4 = EFA\P]V[ (14)
0Aynp = —3elun¥p
1 /1 1
0y = Vet o (IFMFNPQSFNPQS — 5EV,NPQPNPQ) € (1.6)
Here the Dirac matrices satisfy
F]V[ = 61]?4FA, {FA,FB} = 277AB (17)
and

The covariant derivative that appears in the supersymmetry transformation rule of the
gravitino involves the spin connection w and is given by

1
VMGZwMG—i- ZWMABFABG (19)

A global supersymmetry of a given supergravity background is determined by requiring
that the gravitino variation is annihilated, W), = 0. The resulting condition on € is

1 /1 1
Ve + iD) (EFMFNPQSFNPQS - gFMNPQFNPQ) e=0 (1.10)

is known as the Killing spinor equation. The bosonic terms that have been included in
this equation determine the possible supersymmetric solutions.

1.2 Type IIA supergravity

The action of 11-dimensional supergravity is related to the actions of the various ten-
dimensional supergravity theories, which are the low-energy effective descriptions of su-
perstring theories. M-theory compactified on a circle of radius R corresponds to type

8



1.2 Type IIA supergravity

ITA superstring theory in ten dimensions with coupling constant g; = R/ Vo, Apply-
ing the dimensional reduction to the 11-dimensional 32-component Majorana gravitino

W, we get a pair of 16-component Majorana-Weyl spinors of opposite chirality. The
+

Qo

10-dimensional dilatinos AX. The fermionic degrees of freedom of the D = 10 Type I1A

first ten components give the two 10-dimensional gravitinos 7. and W;; gives the two

theory consist of

+ 112 Majorana-Weyl gravitinos
Type ITA { )\f " J ve

o

(1.11)
16p Majorana-Weyl dilatinos

Altogether, there are 128 fermionic degrees of freedom, just as in 11 dimensions. This
preservation of degrees of freedom is a general feature of dimensional reduction on circles
or tori.

Upon dimensional reduction, the 11-dimensional metric G,y gives rise to a 10-
dimensional metric g, a gauge field A, and a scalar ® as follows

Y ['m +€2¢A AV €2¢,A
Gun =e %" ( " qu)AMA:‘ ' (1.12)

where all of the fields depend on the 10-dimensional space-time coordinates z* only. The
exponential factors of the scalar field ®, which turns out to be the dilaton, are introduced
for later convenience. Equation (1.12) can be recast in the form

ds® = GyndzMdzN = e’2¢/3gwd.r“dx” + 1®/3 (dxn + Audx“)2 (1.13)

The three-form in eleven dimensions A gives rise to a three-form and a two-form in ten
dimensions

Al = A, and A1 = B (1.14)

pvp —

with the corresponding field strengths given by

FU F

uvph — L pvp)

and Fi H,,, (1.15)

prpll =

The 11-dimensional field strength is a combination of a four-form and a three-form field
strength

FO — ABFW L 28O (1.16)

9
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where
@ %FMNPQFM PQ
P % FrrnpoIMNPQ
H® = %HMNPFMNP (1.17)

Using the differential form notation, the rescaled field strength can be written as
Fy = dAs + Ay A Hj (1.18)

And hence, the Bosonic degrees of freedom of the D = 10 Type ITA theory has the
following field contents,

Juv 35p metric-graviton
1z dilton
Type ITAp " 8B graviphoton (1.19)

d
A
B, 28p NS-NS rank 2 antisymmetric tensor
A

L Apvp 56 antisymmetric rank 3 tensor

The vacuum expectation value of e® is the type IIA superstring coupling constant g,
and the relation between the 10-dimensional Newton’s constant G, the gravitational
constant kig, the string length ¢, and coupling constant g, is

1
Ky = 8TGhg = —(2ml,)%g? (1.20)
47
Since we have compactified the theory on a circle of coordinate period 27 Ry, we can

define

2
2 K11

= —— 1.21
K1 27 Ry ( )

Using ¢, = l,9:"* and equations (1.2) and (1.20), one deduces that the radius of the
circle is

1 K?
Rll = % = gsgs (122)

10



1.3 Type |IB supergravity

The action

The bosonic part of the action in the string frame for the D = 10 type ITA may be written
as a sum of three distinct types of terms [22]:

Stia = Sns + Sk + Scs, (1.23)
1

Sng = 5.7 dz/—ge ** (R+4¢u®¢“®——\]{3\3> (1.24)

Sk = —m/dl%\/—_g ‘F2‘2+|ﬁ4‘2) (1.25)
1

SCS - 4,%2 BQ/\F4/\F4 (126)

Where we have regrouped terms according to whether the fields are in the NS-NS or R-R
sector of the string theory. Note that we have defined the constant s in terms of the
10-dimensional gravitational constant xqy as

1
K: = g %K2, = yy (27,)® (1.27)

1.3 Type |IIB supergravity

The fermionic part of the spectrum of Type IIB theory consists of

=12 112p Two left-handed Majorana-Weyl gravitinos

Type 1B o (1.28)
N T=1,2 16 Two right-handed Majorana-Weyl dilatinos

The NS-NS bosons consist of the metric g,,, the two-form B, and the dilaton ®. The
R-R sector consists of form fields Ay, As and A4. The rank 4 antisymmetric tensor A4 has
self-dual field strength E which imposes a significant difficulty in writing down a classical
action for type IIB supergravity.

By constructing the supersymmetric equations of motion, and then writing down an action
that reproduces those equations when the self-duality condition is imposed by hand. The
bosonic part of the type IIB supergravity action obtained in this way takes the form [22]:

Sug = Sns + Sk + Scs, (1.29)
1
Sxs = 53 /dlox\/ ge 2® (R+4¢H®¢“®— —\H3\3) (1.30)
1 ~
SR = 4 ) dlol'\/ (‘F1|2+‘F3‘2 —‘F5‘2) (131)
SCS = 4/{2/A4/\H3AF3 (132)
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Introduction

where the field strengths are defined by

F1 = dA()

F3 - dA2

F5 - dA4
Fy = Fy— AyH; (1.33)
~ 1 1
F5 - F5—§A2/\H3+§BQ/\F3 (134)

and we have the supplementary self-duality condition

Fy =« (1.35)

1.4 Branes in Supergravity

A (p+1)-form A, naturally couples to a p-brane that is an object with (p+1)-dimensional
world-volume. The coupling takes the form

/V A (1.36)

where V' is the world volume of the p-brane. The corresponding electric charge in d-
spacetime would then be

Olee — /S o e (1.37)

magn

Each A,.; gauge field has a magnetic dual Ad_g_p which is a differential form field of a
rank D — 3 — p, whose field strength is related to that of A, by

dATE — xd A,y (1.38)

and hence the magnetically dual object to the p-brane would then be an object coupling
to a (p — 3 — p)-form, i.e. a (d — 4 — p)-brane with magnetic charge

Qe = /S B (1.39)

In the d = 11 supergravity we have a R-R 3-form Ajz, so we have a 2-brane, denoted
M2-brane and its magnetic dual is Mb5-brane.
In the d = 10 Type IIA theory we have a R-R 1-form A; and a R-R 3-form Aj, so we
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1.5 Brane Solutions in Supergravity

have a DO-brane (particle) and a 2-brane which is referred to as D2-brane, plus their
magnetic duals which are D6-brane and D4-brane respectively. On the other hand, the
NS-NS 2-form B, is coupled to a 1-brane which is nothing but the fundamental string
denoted F'1-brane, whose magnetic dual is NS5-brane.

In the d = 10 Type IIB theory the R-R sector contains n-form gauge fields with n = 0, 2, 4.
Applying the rules given above the R-R scalar should couple to a (-1)-brane, i.e. with
an object which is a point-like in space-time. It is interpreted as a D-instanton, which
makes sense in the Euclideanized theory. Its magnetic dual is a D7-brane. The 2-form A,
couples electrically to a D1-brane (also called a D-string) and magnetically to a D5-brane
this is clearly different from the Type IIB NS-NS 5-brane (which couples to the NS-NS
2-form By and which is magnetically dual to the fundamental string F1). The 4-form A4
couples both electrically and magnetically to a D3-brane. However, these are not distinct
D-branes. Since the field strength is self-dual, F5 = xF} , the D3-brane carries a self-dual
charge.

The stable D-branes (with p even in the IIA theory or odd in the IIB theory), M2-
branes and Mb5-branes preserve half of the supersymmetry (16 supersymmetries). There-
fore, they are sometimes called half-BPS D-branes. Below we present a Table of the branes
occurring for various p in the D = 11 supergravity and in the Type IIA /B supergravities
in D = 10.

Name | D(-1)-brane | DO-brane | D1-string | D2-brane | D3-brane | F1 | M2-brane

Magnetic | D7-brane | D6-brane | D5-brane | D4-brane | D3-brane | NS5 | M5-brane

D =11 - - - - - - As
Type ITA - Al - Ag - BQ -
Type I1IB AO - A2 - A4 BQ -

Table 1.1: Branes in various theories

1.5 Brane Solutions in Supergravity

The p-brane has a (p + 1)-dimensional hyperspace, with a Poincaré invariance group
RPYL x SO(1,p). The presence of the extremal p-brane in the d-dimensional spacetime
breaks the Lorentz symmetry

SO(d—1,1)=SO(1,p) x SO(d—p—1)

13
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where the group SO(1, p) describes the Lorentz symmetry along the brane, and the group
SO(d—p—1) describes the rotational symmetry transverse to the brane. The translational
symmetries along the brane RP™! enlarge the Lorentz symmetry to a Poincaré symmetry.
Thus the p-branes in supergravity are solutions with symmetry group

RPT % SO(1,p) x SO(d—p —1)

The Poincaré invariance in the p+1 dimensions forces the metric in the directions parallel
to the brane x*, u = 0,1, ---,p to be a rescaling of the Minkowski metric, while the
rotational invariance in the transverse directions y* = 2P™*, u=1,2,--- ,d — p — 1 forces
the metric on those dimensions to be a rescaling of the Euclidean metric. Denoting by
r the radial coordinate in the transverse space, that is, » = /y%y%, it turn out that the
Killing spinor equation is solved if the the rescaling factor solve the (d — p — 1) Laplace’s
equation. The solution is given by

Tp

Hy(r)=1— (7)“_3 (1.40)

The solutions may be expressed in terms of this single function H,(r), as

Dp-brane: ds* = Hy(r)™Y2datdx, + Hy(r)"dy"dy" (1.41)
NS5-brane: ds* = datdx, + Hy(r)"2dy"dy" (1.42)
M2-brane: ds* = Hy(r) " datdx, + Hy(r)"3dy"dy" (1.43)
Mb5-brane: ds* = Hy(r) Y3datdx, + Hy(r)*3dy"dy" (1.44)

1.6 The Maldacena AdS/CFT Correspondence

The Maldacena original formulation of the AdS/CFT Correspondence [1] describe four
dimensional N/ = 4 Supersymmetric Yang-Mills theory with an SU(N) gauge group in
the large N limit from the perspective of a dual ten dimensional gravitational (type 11B
superstring) theory on AdSs x S°. To illustrate the correspondence, let us consider the
system of N well separated D3-branes at low energies, energies lower than 1/l,, then
only the massless string states can be excited. The massless vector states arise from
open strings starting and ending on the same brane, there are N different massless U(1)
states given by the diagonal strings. Since the brane breaks half of the total number
of supersymmetries, these excitation modes induce a massless U(1)" gauge theory with
N = 4 supersymmetry. A massive state arises from open string with one of its endpoints
is attached to a brane while the other end is attached to a different brane (the mass of

14
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1444444

Figure 1.1: (a) single D-brane (b) 8 parallel well-separated D-branes; U(1)® gauge theory

(c) coincident D-branes; U(8) gauge theory

such string is proportional to the separation distance between the branes). There are
N? — N such possible states given by the off-diagonal strings. In the limit where the N
D3-branes all tend to be coincident, the N? — N extra off-diagonal string states becomes
massless. This enhances the gauge symmetry from U(1)Y to U(N). The U(1) subgroup
of U(N) corresponds to the overall collective motion of the stack the branes and may be
ignored. So the gauge group is really SU(N), not U(N). The difference between the two
groups is a subleading effect in the large N limit. The open string description reduces to
N = 4 super Yang-Mills theory, whereas the closed string description which describe the
excitations of empty space (give a gravity supermultiplet in ten dimensions), reduces to
string theory on AdSs x S°. Thus, the AdS/CFT duality arises as a consequence of the
duality between open and closed strings.

On the field theory side, the world-volume theory on N D3-branes is N' = 4 Supersym-
metric Yang-Mills theory with gauge group SU(N). The theory has a unique Lagrangian
which can be obtained by the dimensional reduction on 7% of the A" = 1 Supersymmetric
Yang-Mills theory in ten dimensions, whose action is given by

1 1 _
S = T / d"xTr (iFMNFMN + szrMDqu) (1.45)

The gauge field and the gaugino ¢ (a Majorana-Weyl spinor) are written in matrix no-
tation, and '™ = (I'*,T') is the 16 x 16 Dirac Matrices in ten-dimensional spacetime,
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which satisfy Tr (TMTV) = 166"". The supersymmetry transformations that leaves (7.1)
invariant are

S Ay = el y
1
Sp = 5FMNrMNe (1.46)

Let us consider the Bosonic part of the action. We have the 10-dimensional gauge vector
field Ap;. From the 4-dimensional point of view this can be viewed as a gauge field A,,,
uw=0,1,2,3 along with 6 real scalar fields A; = X, i = 4,--- 9 of a multiplet of fields
in four dimensions possessing an additional SU(4) ~ SO(6) global symmetry, which is a
direct consequence of the ten dimensional Lorentz invariance. From the point of view of
the NV = 4 theory this SU(4) global symmetry is identified with the R-symmetry group
of the N' = 4 supersymmetry algebra. Thus the Tr F'? term can be written as

Tr (Fyn FMY) = Tr (F F™) + 2Tr (D, X' D"X’) = Tr () _[X", X7]?) (1.47)
0,
where the field strength and the covariant derivative are defined as
F;w = quu - quu + i[Aua Au]
D,X" = ¢, X" +i[A,, X] (1.48)

The fermionic part has four Weyl spinors (gluinos), which can be written in terms of the
sixteen component ten-dimensional Majorana-Weyl spinor ¢ as

Tr ($TV Dagp) = Tr (G0 D) + i Tr (GT[X, ) (1.49)

Now the Lagrangian for the A/ = 4 Supersymmetric Yang-Mills theory in 4-dimensional
spacetime is unique and given by

= 1 1 v i i i i .7 o
Lo = —5 5T {QFF + (DX (DFXT) = X XIP + i) Dy — 4T [Xi,w]}
Iy m i<j
(1.50)

and the supersymmetry transformations reduces to

0A, = el

0 X' = delp

1 ) ) -
S = (5 LW T (DX %[XZ-,XJ-]F”) € (1.51)
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1.6 The Maldacena AdS/CFT Correspondence

1.6.1 The Maldacena limit

Let us look at the picture of N D3-branes from a purely gravitational point of view. Since
the number of the branes N is very large, one can allow the branes to back-react on the
geometry of the bulk spacetime. The space-time metric of N coincident D3-branes and
the self-dual five-form flux are given by

4N\ —1/2 R4 1/2
ds* = (1 + F) Nudatdx” + (1 + 7“_4) (dr? 4 r2dQ3) (1.52)
RN\
Fy = (1+*)dt/\d:1:1/\d:1:2/\d:1:3/\d(1—|—T—4) (1.53)

Here 7 is the radial distance away from the branes and R is the radius of the D3-brane
which is by

R* = 471g,0”? = \a? (1.54)

When r is very large compared to the radius of the D3-brane r» > R, we recover the flat ten
dimensional spacetime R and the closed strings will propagate freely. When r < R, the
geometry is often referred to as the throat geometry. A redefinition of the coordinate u =
R?/r and the large u limit, however, transform the metric into the following asymptotic
form

R2
ds* = ﬁ(dzﬂ + nudatds’) + R*dQZ = R*(ds%qg, + dss) (1.55)

which corresponds to a product geometry. One component is the five-sphere S° and
the other component represents five-dimensional anti-de-Sitter (AdS) space AdSs. The
five-form flux integrated over the sphere S° gives

/ Fs) = N, (1.56)
S5

which is the same as the charge of the N D3-branes in the the gauge theory side description.
Thus we have shown the original system has decoupled to the free supergravity in ten-
dimensional flat region and the superstring on the near-horizon region, that is on AdSs5 x
S5, where both components have identical radius R.

1.6.2 The AdS/CFT Conjecture

Maldacena conjecture states the duality between
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1. Type IIB superstring theory on AdSs; x S°, where the 5-form has integer flux N,
and the string coupling is g,.

2. N = 4 Super Yang-Mills theory in four dimensions, with a gauge group SU(N) and
Yang-Mills coupling gy in its superconformal limit.

when we identify
gs = 9\2(1\/1, R' = 477'950/2 = A" (157)

The duality between these two theories includes a precise map between the states on the
string theory side and the local gauge invariant operators on the N = 4 Super Yang-Mills
theory side, as well as a correspondence between the correlators in both theories.

1.7 N = 6 Superconformal Chern-Simons theory

The aim of this section is to give a brief review of the ABJM N = 6 Superconformal Chern-
Simons theory in three dimensions [21]. This theory is a supersymmetric U(N) x U(N)
gauge theory with four complex scalars C! and four Dirac fermions ¢, I = 1,---,4 in
the (IV, N) representation of the gauge group and their corresponding complex conjugate
fields C} and ¥!T in the (N, N) representation. The gauge fields are not dynamical, and
have a Chern-Simons action with opposite integer levels for the two gauge groups, k and
—k. Its action is given by

S = /d3$ (ECS"_EQ +£4+£6) (158)
where
Los = 4£6WT1~ (AM@,,AA + %A,A,,AA — A,0,4, — %AHA,,AA)
m
L, = —Tr <D,L(J}D“CI+Z'¢”7“DH¢I)
_ 2m P TN TR O e P e Tt it
Ly = L Tr (C1C Y "y — 7T C Crapy — 2C1C7 " p g + 297 TCTCry
+€IJKLO}¢JC;(¢L - EIJKLCJ?WTCK@/)LT)
A7
Lo = 55 (cfc}cfc}cf(c}( +ofctche’ol.cX +acichekclio’/cl.
- 601(7}0]0}01(0}()

(1.59)
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1.7 N = 6 Superconformal Chern-Simons theory

where the gauge-covariant derivative is
D,C! =, Ct +iA,CT —iCTA, (1.60)

By construction, the ABJM action is invariant under the following N/ = 6 supersymmetry
variations[26][27]

o iw”@/)J

6CT = wpltwy, (1.61)
S0 = —ytunyDuCY — 2% [wis(cRCle? — CICOR) - 2wyC ClOK]

5T = +D,Clyt? X [(COR O — OO O Yy — 200" Cl’] (162
5A, = —%(OIWH,MJ + w1 CY)

(5121# = +2% <wJTCJ’yMwU+wU’yMC}wJ> (1.63)

Classically, £ is scale invariant. This may be seen by assigning the standard mass-
dimensions to the fields

A =A)=l]=1 (=1 (1.64)

All terms in the Lagrangian are of dimension 3, from which scale invariance once follows.

1.7.1 The dual gravitational backgrounds of M-theory and type
ITA string theory

The Chern-Simons-matter theories constructed above are dual to the conformal field the-
ory living at low energies on N M2-branes probing a C*/Z,, singularity. This theory has
a dual gravitational description in terms of M-theory on AdSy x S7/Z,.

The space-time metric of N coincident M2-branes [28] is given by

, 6\ —2/3 RS\ /3 s oy
ds® = (1 + F) Nudatdx” + (1 + F) (dr* + r=dQ7) (1.65)

Here r is the radial distance away from the branes and R is the radius of the M2-brane
which is by

R® = 327°N'(; (1.66)
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A redefinition of the coordinate u = R3/r? and the large u limit, however, transform the
metric into the following asymptotic form

2
= 4—142(

which corresponds to a product geometry. One component is the seven-sphere S7 and

1
ds® du® + n,datdz”) + R*dQ; = R2(st?4ds4 + ds%q) (1.67)

the other component represents four-dimensional anti-de-Sitter (AdS) space AdS,. Thus
we have shown that the original system has decoupled to the free supergravity in eleven-
dimensional flat region and the M-theory on the near-horizon region, that is on AdSy x S7,
where the radius of the seven-sphere is R, while that of the AdS, is R/2.

If we write the transverse space to the M2-branes using four complex coordinates z;
(1=1,2,3,4), then the Z; quotient acts as:
% = eE 2 (1.68)

The gravity dual of N M2-branes in flat space is AdS, x S”, and we simply need to quotient
this by this Zj. It is natural to use the description of S7 as an S* fibration over CP?. We
can write the metric of S7 as

dsgr = (d¢' + w)* + dsips (1.69)

where

4
= - 4 ) p2 = Z ‘Zi‘Q
=1

d82 3 =
Cp p2 0

dﬁp/ +w = QLp(zdeZ — szzz)

dw = J = id (%) d (%) (1.70)

If we take ¢’ = ¢/k, with ¢ ~ ¢ + 27 and then perform the Hopf fibration, the metric
becomes

1
L2

Since the radius of S7/Z;, is smaller by a factor of k than the radius of S7, in order to

ds%UZk = —(dp + kw)® + dstps (1.71)

have a properly quantized flux on the quotient space we need that N’ = kN. The radius
of the circle ¢ is

R N\ YE
= (32”25) l, (1.72)

20



1.7 N = 6 Superconformal Chern-Simons theory

Thus, the M-theory description is valid whenever k> < N, and when k increases the circle
becomes small and we can reduce to a weakly coupled type ITA superstring theory, viz.

ds?

string

e?

Fy
Fy

R (1
? (ZdSid&l -+ dS%Pg’)

R N2 1 (NN
B (z)

3
§R3é4

kdw = k.J (1.73)

This is the type ITA string theory compactified on AdSy x CP* with N units of F, flux
on AdS, and k units of F, flux on the CP! ¢ CP? 2-cycle.
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Looking for a Matrix model of ABJM

2.1 Introduction

Based on the earlier Bagger, Lambert & Gustavsson (BLG) construction [17, 18, 19, 20]
of an M2-brane action in terms of 3-algebras, Aharony, Bergman, Jafferis & Maldacena
(ABJM) [21] constructed an N = 6 supersymmetric action for the IR of N M2-branes
probing a C*/Z; singularity, a U(N) x U(N), level-k Chern-Simons-matter gauge theory
whose fields transform in the bifundamentals. Not only was this the first time that an
action for an arbitrary number of M2-branes was written down but it also allowed fur-

ther insight into the structure of M-theory, as well as a new and exciting example of the
AdS/CFT with its gravity dual being the large k limit of AdSy x S7/Z},, i.e. AdS,x CP3.

But while most of the work on the ABJM model concentrated either on the field theory
side, or on the AdS/CFT duality, it is worth bearing in mind that the original interest in
the multiple M2-brane system was, of course, the potential for a better understanding of
M-theory. Indeed, if we are to use the ABJM model toward this end, the most natural
possibility that comes to mind - since we are, after all, dealing with a gauge theory of
N x N matrices - is a Matrix theory-type construction. In fact, very much in the spirit
of M-theory, it was found in [23, 24] that the BPS fuzzy funnel solution of pure ABJM,
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or the vacuum fuzzy sphere solution of the massive deformation of ABJM gives rise to a
D4—brane on S?, together with the correct small fluctuations action, in the classical limit.

This D4—brane appears as an M5-brane on S'/Z; at large k, in a similar way to how
D2— and D4—branes appear in the Matrix theory of Banks et.al. (BFSS) [13, 14, 15, 16].

It seems reasonable therefore to expect that a Matrix theory-type model can be con-
structed out of the ABJM model. Following the logic of Matrix theory, we need to find
a classical solution of ABJM corresponding to a spacetime supergraviton. Since such a
solution must be localized on the worldvolume, as well as in transverse space, it must be
a particular type of vortex solution. However, since the ABJM action, unlike its BFSS
counterpart, is conformal, we will see that a better definition of its Matrix model is given
by a maximally supersymmetric deformation of ABJM [25]. Consequently, after an initial
analysis of pure ABJM model. We are going to focus on the maximally supersymmetric
deformation of the ABJM theory. After identifying various spacetime branes as classical
solutions of the model, we compute supergraviton scattering and compare this with vortex
scattering in ABJM. Unfortunately, we find a mismatch between the simplest calculations
on both sides that manifests in the associated interaction potentials. We will argue that
this mismatch arises because a naive application of the BF'SS model does not identify the
correct calculations on both sides that are supposed to match. We will then speculate on
the Matrix theory rules for the correct identification of the two sides.

2.2 A short review of the BFSS matrix theory

The BFSS Matrix theory of [13] is based on a discrete light cone quantization (DLCQ)
of M-theory with a compact circle. In the heuristic derivation given by Sen and Seiberg
[29, 30], this light-like compactification of the given M-theory is related to a space-like
compactification of a different M-theory in a decoupling limit, in which the only thing
that remains is a decoupled theory of N DO-branes. Each DO-brane in this description
corresponds to a single unit of momentum in the compact (11th) M-theory direction. Its
action is given by

RMS

1 - 12 .
S = / dt Tr [ﬁDtXZDtXZ— [Xi,Xj] — 07 D,0 — RM207~; [O,XZH ,(2.1)

where the X = X* / gi/ % are nine scalars corresponding to the nine transverse directions,
Dy = 0, +iA, and A is a 0+1 dimensional U(N) gauge field. In addition R is the
compactification radius, Mp, the 11-dimensional Planck mass and the 6 are fermionic
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superpartners of the X’ that transform as spinors under the SO(9) group of transverse
rotations.
The simplest classical solution of the BFSS Lagrangian

X'(t) = (zf +v't) L (2.2)

can be understood as M < N DO-branes located at ¥y and moving with velocity ¢. In
spacetime, this corresponds to a pointlike object with M units of momentum along the
11th direction! and is interpreted as a supergraviton. Other classical solutions correspond
to other D—branes in spacetime - D2—branes and D4—branes - with different possible
geometries.

Arguably, the calculation that received most attention in Matrix theory, ostensibly
providing the first real test of the BFSS conjecture, is the matching of the interaction
potential of two spacetime supergravitons with the corresponding interaction potential
for two corresponding objects of the form (2.2) in Matrix theory. The calculation of
the supergraviton interaction potential, as described in [32], is based on the observation
of 't Hooft [33] that the tree level Rutherford scattering interaction potential in gravity
(mediated by single graviton exchange) can be calculated by scattering two gravitational
shockwaves. One of these is described by an Aichelburg-Sexl shockwave - which serves
as a heavy source graviton, while the second is a plane wave probing it. Note that the
't Hooft calculation was in a flat space background, but this procedure was also applied
successfully to the curved space case [34, 35].

The first step in determining the interaction potential in the more general case, then, is
to calculate the shockwave in the given spacetime background. This plays the role of the
graviton wavefunction and corresponds to adding an h__(dz™)? term to the background
metric. These ‘pp’ shockwaves have the remarkable property (not shared by many so-
lutions in the highly nonlinear field equations of general relativity) that the linearized
solution is exact [36], i.e. h__ is the solution of the Poisson equation

Ny (T)h-—(T) = Q0™(T), (2.3)

bgr

where the source () depends on the momentum of the wave in the 11th dimension,
p11 = Ng/R and Mp. In the BFSS case, there are nine transverse directions (and two

parallel directions - time and the 11th dimension, in which the wave propagates), so, by di-
157 N,

R )

mensional analysis, the solution must scale like 1/r7. More precisely h__ =

1Or, equivalently, carrying DO-brane charge M.
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and the source graviton is in a state of definite p_ so that averaging over x~ € (0,27 R)

gives
15N, 1

T 2REMY T

To compute the interaction potential we then scatter a probe scalar (plane wave) off the

(2.4)

shockwave background. Practically speaking, this requires considering the h__ part of
the metric as an interaction and using standard quantum mechanical perturbation theory.
Consequently, the free wave equation ((J +m?)¢ = 0 becomes?
0? 0? 9 h__
= — 55 +tm =|——(0—m)?| o=V 2.5
g o= [T @ - o= v (25)
where ¢ = e and p = im. At this stage, a few points deserve some elaboration.

e Momentum in the 11** dimension acts like a mass from the 10-dimensional point of
view.

e Even though gravitons move at the speed of light, we call a graviton moving en-
tirely in the 11** dimension a v = 0 solution. This will be an h__ gravitational
perturbation.

e The probe graviton has nonvanishing v (i.e., a relative velocity between the probe
and the source), and so will also propagate ever so slightly in the other ten dimen-
sions.

e For both gravitons, however, = plays the role of time which is as it should be seeing
as how we are in a DLCQ description.

With this prescription (and the usual relativistic normalization), the probe graviton wave-

function ]
_ ipF—iEx
¢($) = W\/ﬁep 0’ (26)
where E? = p?2 +m?, E = \/ﬁj and p = % The 1-loop interaction potential in

momentum space is computed through the S-matrix

27T5(Ezn - Eout)‘/igzlt) = S(l) = /dloy ¢out(y)*v(y)¢zn(y)
On substituting for the graviton wavefunction and the expression for V(y) above,

St —
(2m)°2v/ Eip Eout

dxg e'Fout=Ein)zo /dgx ei(ﬁin_ﬁ(’“t)fh__(f), (2.7)

2Throughout this thesis the D’Alembertian operator will always include the m? term
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so that after integrating, the interaction potential can be read off as

(1), - (E —m)? vt 6
V. =h_ _~—~m—h__+0 . 2.8
nt (l‘) 2E m 8 (U ) ( )

Finally, using m = N,,/R gives the full one-loop result

Via(T) ~ NNy . (2.9)

It is this interaction potential - in particular the coefficient of the v*/r” term - that is
then matched to the one-loop Matrix-theory of BFSS [32]. To compute the interaction
potential of two supergravitons

Xz(t) = (ZEZI + Uit)HleNl + (1'12 + Uét)HNQXJVQ, (210)

separated by r = |¥; — 22| and with relative velocity v = |0] — ¥ | in Matrix theory, we note
that since the two diagonal blocks are non-overlapping these can be interpreted as two
distinct supergravitons with correspondingly different extent in the transverse directions.
If we choose v} = —v’ and v} = +0v*, we get that

1 » (Ny + No) o2 myv?  magov?
H= —Tr|X/|?P=>"—_"~="_ —
o X R 2 2 3

from the Matrix action. This is the free nonrelativistic energy of the supergravitons.

:E1+E2, (211)

To find the interaction potential, we must go to one-loop, in which case one takes the
one-loop fluctuation determinant around

X'(t) = (b +v't)Iyen, (2.12)

where now b' = x} — 2!, and v’ = v} — v} are the relative positions and velocities respec-
tively. The calculation of one-loop determinants amounts to just the zero point fluctuation
>, wn/2. Actually, this is the same calculation that one does to compute the quantum
mass of solitons like, for example, a kink. There one calculates this sum in the background
of the kink solution (see, e.g., [37]). The result is in perfect agreement with (2.9).

To summarize then, the leading order calculation of the interaction potential on the Ma-
trix theory side matches the leading order result on the gravity side, even though the
former is at one-loop, while the latter is classical. At this point, it is only natural to ask:

Is there an analogous computation of interaction potentials that can be performed in
ABJM?
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2.3 Set-up and expectations

We saw that the BF'SS model - a (0+1)-dimensional U(N) Matrix model on the worldvol-
ume of N DO-branes - describes M-theory in discrete light cone quantization. However,
since the DO—branes are momentum modes on the compact 11th dimension, this descrip-
tion of M-theory is not a fundamental one. Instead, as shown by Sen and Seiberg in
29, 30], it appears because of the equivalence of the original M-theory with a decoupled
theory of DO-branes living in another M-theory. Any fundamental description of M-theory
must involve M2-branes instead [31], but we don’t know how to formulate it. In the large
N limit classical D—branes appear as solutions of the classical BF'SS theory. For example,
D2-brane solutions in [13] were found, wrapping a fuzzy torus defined through,

X% = RgP; X° = RyQ
P=+VNp;, Q=+VNgq
[Q, P] = 2mi (2.13)

where U = ¢® and V = €% are the “clock” and “shift” operators of the fuzzy torus
satisfying

UV =eN VU

UV =v¥=1 (2.14)

Another instructive example is Matrix theory in a pp-wave background (i.e. the BMN
Matrix model [4]). Here, 2—branes wrapping a fuzzy S? are also a solution. There are two
ways to think about this: either as another example of the same BFSS construction as
BFSS, only in a different spacetime background, or as a massive deformation of the BFSS
model since the pp-wave corresponds to a mass deformation on the brane worldvolume.
The presence of the mass deformation also serves to better define the Matrix theory as
it makes states discrete instead of continuous. If Matrix theory is to correctly describe
M-theory (and its dimensional reduction to type IIA string theory) then it should be
able to describe all D—branes in the theory and not just D2—branes. For example, a
D4—brane wrapping an S* was found in [14], following the earlier works of [15, 16], but
the solution is not without several unresolved subtleties. In general, finding the complete
spectrum of D—branes from Matrix theory remains a very difficult problem. The D2—
and D4—branes already found are reductions to ten dimensions of M2— and M5—branes,
and while they are a minimum necessary for the spectrum of M-theory, they are by no
means sufficient. Indeed, we would also need to find a D6—brane, coming from an eleven
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2.3 Set-up and expectations

dimensional KK monopole, and a D8—brane?.

Fortunately, the recent construction by Aharony et.al. [21] of an IR action for N M2—branes
at a C*/Z, singularity offers some much needed hope. Since this ABJM model is also a
theory of N x N matrices?, it is natural to ask whether one can construct a new kind
of Matrix theory from the ABJM model, perhaps one whose formulation is more fun-
damental instead of the somewhat derived one of BFSS. In support of this idea, it was
shown in [23, 24] that D4—branes wrapping a fuzzy S? appear as solutions of (a massive
deformation of) the ABJM model, in much the same way as in the BFSS Matrix theory.
In as much as the BFSS Matrix theory is related to the maximally supersymmetric BMN
Matrix model by a massive deformation of the former, the pure ABJM model can be
mass-deformed to yeild a maximally supersymmetric massive ABJM model [39]. In this
case the fuzzy funnel solution of the pure theory stabilizes to a fuzzy sphere in the massive
one. This hints then, that the massive deformation gives a better definition of a proposed
Matrix model. Nevertheless we will first begin with an analysis of the pure ABJM model
and then show how we are driven to its massive deformation. Our strategy will be as
follows:

e The presence of the D4 wrapping a fuzzy S? solution suggests that we start with a
similar set-up to BFSS.

e The first issue to be checked is whether there is a classical solution corresponding
to a supergraviton, for which we can then compute scattering.

e Thereafter, we will test whether other D-branes appear as classical solutions®.

We immediately notice a difference from BFSS; namely that the N M2—branes of ABJM
have two spatial worldvolume directions while a supergraviton needs to be pointlike in
both the transverse and parallel space directions. It also carries D0—brane charge M < N
so we must look for a vortex-type solution of ABJM, pointlike in the transverse space, and
with some D(0—brane charge M. Once we find such objects, we can then try to scatter
them, and match against scattering of supergravitons.

Even having identified which objects to scatter, the issue of matching superpotentials is

3The latter would appear in the massive type ITA string theory, for which the Matrix theory was
constructed in [38]. Its properties remain largely unexplored.

4 Albeit one with a U(N) x U(N) gauge group and bifundamental degrees of freedom.

5And reserve the right to not be surprised if, as for BFSS, it turns out to be difficult to find all of
them.

29



Looking for a Matrix model of ABJM

still a little murky since there is no a prior: guide which term should correspond to which.
This is not unique to our ABJM computations either. Indeed, in the BFSS model the
leading supergraviton scattering is a tree-level (classical) interaction, while on the Ma-
trix side the leading term is a one-loop interaction with the classical interaction vanishing.
Moreover, on the gravity side the tree-level interactions yield an infinite series that should
match various higher loop correction terms in the Matrix side but the precise matching
cannot be guessed before doing at least a computation of the Ny, N, and Mp dependences.

In our case the increased computational complexity means that even the Ny, N, depen-
dence is hard to obtain in the ABJM side while the Mp dependence cannot be guessed
before computing the r dependence, as we discuss below. Our goal therefore will be to
first compute and match the simplest, leading terms on both sides. On the gravity side,
this will be a similar tree-level term as in the BFSS case, but now in the Matrix model,
the leading classical interaction (for the vortex scattering) is no longer vanishing.

One other difference between the ABJM and BFSS models is that pure ABJM is a con-
formal theory while the BFSS Lagrangian, having M3 as coupling, is not. In the BFSS
interaction potential, the Mp dependence appears from two sources, one being as a cou-
pling dependence, and the other as giving the unit of length when translating from BFSS
to gravity. The latter is of the same kind as in AdS/CFT where the [; dependence of
gravity calculations also appears by introducing a unit of length in the conformal calcu-
lations of the field theory. Since pure ABJM is also conformal, only the latter type of
Mp dependence would be available. So the matching is a prior: more constrained than in
the BF'SS case. Of course, as we said above, the massive ABJM will be found to be more
useful for defining a Matrix model. There we will see that we have one more parameter
- the mass deformation p - potentially improving the situation. We will return to these
issues in some detail in section 8 where we describe the systematics of matching in BF'SS
and how they might apply to our case.

While on the topic of expectations, it is worth asking at this point what other D—branes
we expect to find as classical solutions of the ABJM model? Certainly, as in BFSS, we
would want at least an example of a D2—brane and a D4—brane, which would mean that
M?2— and M5—branes appear in the theory. These are already present however; for the
D2—branes there is at least the configuration of the ABJM 2—branes themselves® while
for D4—branes there is (at least) the solution corresponding to a D4—brane on a fuzzy

6See, for instance [40] for an example of how the worldvolume theory of N D2—branes arises.
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2.4 Pure ABJM solutions

S2. Of course, this is by no means satisfactory, in part because we now have the peculiar
fact that directions parallel and transverse to the ABJM worldvolume are different so we
would like to see at least one example of a “shifted” brane. For example, we would expect
to find kink solutions having a fuzzy one-dimensional transverse space and a fuzzy three-
dimensional transverse space, corresponding to D2— and D4—branes respectively, each
with only one direction parallel while transverse D2— and D4—branes with no parallel
directions should be described as vortex solutions with fuzzy two-dimensional and a fuzzy
four-dimensional transverse space. We will seek to find at least one example among these
solutions.

2.4 Pure ABJM solutions

Solutions of the pure ABJM theory and its massive deformation appear to be related,
usually in a fairly nontrivial way. For example in [23, 24], it was shown that not only does
the maximally supersymmetric fuzzy sphere ground state of massive ABJM becomes the
%—BPS fuzzy funnel solution of pure ABJM, but they also enjoy many shared properties,
like the same unrescaled bosonic action for fluctuations. Certainly then, we would not be
surprised if the vortex and kink solitons found in both pure and massive ABJM [41, 42, 43],
turn out to be similarly related. In this section we will discuss the solitons of pure ABJM,
though for technical reasons we will be forced to switch to massive ABJM in the next
section.

To this end, we begin by asking if we can find vortex solutions of pure ABJM theory that
can be interpreted as supergravitons in spacetime? A good place to start answering this
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question is with the ansatz presented in [42] for a general class of vortex solutions,

Y4 = o, for A=2,3,4,

N—-1
Yl = Zyaea+yME_M7
a=1
G(2)
Ym = =N >

[Tzt ¥a
(2.15)

. 2m\ " = G(2)|?
00 |y,|> = 4v (—) Ko (\ybIQ— - :
k ; leol2 T (el
~ s (2mv)’ 1t
F12:F12 = -3 T |:Y7Yv1i|7
2
DyY#4 = is%vA [Yl,YIT] ,

where Y4 are the four complex U(N)-valued bifundamental scalars of ABJM; A, and
A, (n = 0,1,2) are worldvolume U(N) x U(N) gauge fields and e, h* and E~ are
generators satisfying

(e =e, (EM)T = FEM [E_M,e“} =0, [e“,e‘a/] = Ogarh?, [h“,eb] = Kge’. (2.16)

K, is the Cartan matrix and we have defined

o (A —idy)
2 )
zZ=x + iz,
DYA=09,YA +iA YA —iYAA,, (2.17)

N—-1
A=A
a=1

4
v? = Z [ )2
A=2

G(z) is an arbitrary holomorphic function, ¢, is a constant and x;, x5 are the two space
worldvolume directions. The vortex solution then obtains by solving the above equations
for the scalars and the gauge fields. There are two particularly simple cases:

1. By taking the trivial value for the holomorphic function, namely G = 0, we can
obtain an approximate solution. Define K, = >, K. Then yy = 0 and the
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2.4 Pure ABJM solutions

equation for y, becomes 9d1n |y,|> = A, Ku|ys|?, with A a constant. Consider
moreover the case when K, is independent of a, in which case we can choose a
solution with g = |y,|? independent of a, so that 001Ing = AK,g. Then near z = 0,

AKql|z|?

the solution is approximately |y*|> ~ e or,

N-1
Y ) erenARell (2.18)
a=1

We will not calculate the gauge fields, since it is not clear how to interpret this
approximate solution.

. The simplest exact solution is obtained for the simplest nontrivial G. In this case,
taking

reduces the y* equation to 90 In }yM ’2 = 0 and from the y equation we get

N-1 \ YN
Yu = <G(z) 11 ca> , (2.19)

Then, if we choose the simplest holomorphic function G(z) = z — 2, the equation
001n ]yM]2 = 0 is identically satisfied and we have a complete solution. Specifically,

N N-1 \ /N
Yyl = (Z c_ + 6_M> ((Z — Zo) Ca> ,
a=1 ¢

Y4 = o, A=234.

(2.20)

For this solution can be interpreted as a supergraviton, we have to first argue that it

corresponds to a classical pointlike object in spacetime. This is not too difficult to see.

First notice that the corresponding coordinate Y4 is fixed and, according to the usual

Matrix theory definitions, a VEV proportional to the identity corresponds to a fixed
classical coordinate. Further, at the position of the vortex, z = 2, Y'! = 0 is also fixed,

so that this object is extended only in time and not in any of the parallel or transverse

coordinates.

Let’s now calculate the gauge fields for this solution. To do so, we need to compute
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Ao, flo, Aand A (or equivalently, A;, As, 1211, 1212) Since Fip = Flg, we can choose A = A.
First, note that Fio = 0; Ay — 05 A; implies that 0A = %[81141 + 0y Ay +iF5). Consequently,
in the Coulomb gauge, 9;A; = 01 A1 + 05 A5 = 0, the magnetic field takes the sussinct form
B = Fyy = 40A/i. Using the properties of the generators, [Yl, YIT] = S yal?h?, s0
that substituting into (2.16) and integrating, we get

UN Ny
27 ) |z — 20|V,
5= 5% ) <H|C|> 2 e

a=1
(2.21)
. UNT N
Avtidy Ni 200\ (Y. S Em) T E-)
2 R O R le & ; |Cal® ’

On the other hand, to solve for the Ay, we substitute the expression for the commutator
[V, Y]] into

2m

DoY* = iAoy — iy Ay =i =T [Yl Y*] (2.22)

to obtain

g (N1 N N1
AgYA — Y44y =vA— (H \c,,P) Z z—ZOP/N (2.23)

from which (after choosing Ay = 0) we can read off

9 (N1 1N N_1
A= (le \c,,P) Z yz — z[¥V. (2.24)

Note that for this vortex solution, the magnetic field B = Fj5 goes to zero at z = 2z (the
position of the vortex), but the electric field F, = —0A, diverges at that same location.

This vortex solution looks like it could stand in for the spacetime supergraviton, since
it is a pointlike object in spacetime, carrying D0—brane charge. This last property is
perhaps not obvious. However, as a massive, classical, pointlike spacetime object in
ten dimensions this vortex must carry a charge corresponding to its momentum in the
eleventh dimension and, as there is no other possible candidate, this must be identified
with a DO—brane charge. As we don’t have a dual description of this solution though, it
is not easy to check this assertion explicitly. We will see that in the related case of the
vortex of the massive deformation of ABJM that the corresponding object does indeed
carry D0O-brane charge.
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2.4 Pure ABJM solutions

However, it is also easy to see that the solution has infinite energy, since the energy
density of the magnetic field increases away from z = z;. Note also that the solution
has the complex coordinate Y oc (z — 29)"/" which, in the large N limit exhibits a step
function-like behaviour (0 at the vortex position and 1 away from it). In other words,
away from the vortex, the solution represents a two-dimensional worldvolume growing at
infinity, which could be identified with a 2-brane. As similar as they sound, this solution is
different from Blonic branes of [44, 45], where a single coordinate X ~ 1/r signals a string
extending to infinity at r = 0, as well as the self-intersecting M2—brane of [44, 46, 47],
where the two complex coordinates” s and ¢ are related by s o< ¢/t (c= constant). In
each of those cases, a new brane or string “grows” at the position of the singularity, and
represents the spacetime intersection of branes. Charge conservation then implies that
the worldvolume flux must flow through a string or brane which must either extend to
infinity, as for the Blon and self-intersecting M2, or end on yet another brane [44, 45].
This latter solution, ending at = 7 and finite X (1), is half of the D L F1 1 D brane
configuration, and provides an example of charge conservation by ending on another brane
with X (r) finite and X'(rg) = oo.

The vortex solution of pure ABJM is clearly an example of the latter. To be precise,
since Y (z) = 0 but YV'(2,) = oo, the only way to enforce spacetime charge conservation
would be to have DO-branes at the endpoint. The situation is muddied however by the
fact that Y'! grows in the direction of the original 2-brane (as z — 00).

In [48], it was demonstrated that the vortex solutions of pure ABJM described here have
the same supersymmetries as self-intersecting M2-branes. This fact alone likely means
that we can interpret the solution away from z; as a self-intersecting M2-brane, with
the caveat that DO0-branes be added to the z = 2y point to enforce charge conservation.
It seems then that the vortex solution should be thought of as a bound state of self-
interesecting 2-branes and DO0-branes at z;. This interpretation matches nicely with the
picture we will find in the massive ABJM case, where the vortex is a bound state of
dielectric D2-branes blown up into D4-branes, and DO-branes at the vortex position.
The difference of course, is that in this case the 2-branes are infinite in extent, and have
correspondingly infinite total energy.

To summarize; even though the vortex solution looks like a supergraviton, it is hard to

"One of these is a worldvolume coordinate, t = x; + izo while the other, s = X% +4iX?, is transverse.
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get actual physics from it. Essentially, this is because we will still need to have some
appropriate regularization that to render the energy finite before we can subtract the 2-
brane contribution and interpret the remainder as the supergraviton. There is no reason
why this cannot be done in principle, we just have not found a simple way to do it. By
contrast, it turns out to be much easier to work with the massive ABJM theory where
everything is wonderfully finite. To this end then, in the next section we study the finite
energy solutions of the massive ABJM theory.

2.5 ABJM and its massive deformation

2.5.1 The mass term

Since The ABJM theory a description of M2-branes in flat space, it must admit a mass-
deformation that preserve its maximal supersymmetry. The pure ABJM theory preserve
the SU(4) x U(1) subgroup of the R-symmetry group. The maximally supersymmetric
mass-deformation breaks the SO(8) group to SO(4) x SO(4) x Z,. We would expect
to have set of mass deformations that the preserve the maximal supersymmetry, but all
these deformations must be related by the SO(8) rotations. To see this let the rotation
group act on the vector V = (vy,-+- ,v4, w1, -+ ,wy), then we can define the subgroup
SO(4) x SO(4) by the SO(8) rotations that do not mix v; and w; components of V', while
the Zsy to be the transformations that swap v; and w; components.

On the other hand the group SU(4) can be defined by the complex rotations of the
complex vector (vy + ivy, vz + ivy, Wy + fwsy, ws + twy), while the U(1) is defined to be the
transformation that multiples this complex vector by an overall phase.

The group SU(2) x SU(2) x U(1) is a common subgroup of the SO(8) R-symmetry
group, SU(4) x U(1) and SO(4) x SO(4). This subgroup is generated by the independent
complex rotations (v + ivg, v3 + ivy) and (wy + iwq, wz + dwy), and the overall phase
rotation. Therefore the maximally supersymmetric mass-deformation should preserve a
manifest SU(2) x SU(2) x U(1) x Zy symmetry.

To preserve this SU(2) x SU(2) x U (1) x Zq symmetry without having any flat direction,
the mass deformation must give equal masses to all scalar fields. Therefore we must add
the following mass term

Lonass = p2 tr (cfc})

to the Lagrangian (1.58).
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2.5 ABJM and its massive deformation

2.5.2 The Lagrangian

The ABJM model [21] is an N = 6 supersymmetric U(N) x U(N) Chern-Simons gauge
theory at level (k, —k), with bifundamental scalars C! and fermions ¢;, [ = 1, ...,4 in the
fundamental of the SU(4)g symmetry group and gauge fields for the two groups A, and

~

A,. Its action is given by

™

S = / &z (feuvm (A,ﬁVAA + %ANAVAA — A,0,A, — %AHAVAA)

4 2
— Tt D,CIDCT — iTr ! Dby + %Tr (010}0@}0%;

+ cjcicic/ol.ok v actciekcic/ ol - 6010}CJ0}0K0;0K) (2.25)

271

+ T (c}cwaTwJ — IOy — 2070 Ty + 20T CTClapy
+ T Clepr — eUKLCIwJ*cKw”)> ,

where the gauge-covariant derivative is
D, = 9,01 +iA,07 —iCiA,. (2.26)

The action has an SU(4) x U(1) R-symmetry associated with the N' = 6 supersymmetries.
It admits a maximally supersymmetric (i.e., preserving all N' = 6) massive deformation
with mass parameter p [25, 27], which breaks the R-symmetry down to SU(2) x SU(2) x
U(1)a x U(1)p X Zy by splitting the scalars as

C' = (Q™, R™); a=12 (2.27)
The mass deformation changes the potential to
V =Tr (|JM*)*+ [N, (2.28)
where
M = Q™+ 2% (20°Q5Q7 + RRLQ" — Q°RLR® + 2Q°RLR" — 2R°RQ”),

2m
N = —pR+ 2 (2RORLRY + QPQLRT — ROQLQ + 2R7QLQ" — 207 QLR ).
(2.29)
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This mass-deformed theory (mABJM) has ground states of the fuzzy sphere type given
by [25, 27]
R*=¢G* Q*=0 and Q! =c¢G* R*=0 (2.30)

where ¢ = 4/ % and the matrices G*, a = 1, 2, bifundamental under U(N) x U(N), satisty
(with no summation on repeated indices)

G* = G°GLG* - GPGLGe (2.31)

This ground state corresponds to a fuzzy 2-sphere [23, 65]. An explicit solution for G¢ is
given by

(G = VM =160, (Goan = V(N =) Sppsin
(2.32)

(GJ{)m,n =vm-—1 6m,n7 (Gg)m,n =V (N - TL) 6n+1,m'

We will now use these so-called GRVV matrices to posit an ansatz that effectively abelian-
izes the ABJM model while retaining the large N limit.

2.6 Massive ABJM solitons

Following several earlier works on massive deformations of BLG theories [18, 49, 50], a
maximally supersymmetric (N = 6) massive deformation of ABJM was recently proposed
in [25]. However, it is not clear exactly what the brane interpretation of the deformed the-
ory is. One suggestion is that before the brane backreaction, the background corresponds
to the maximally supersymmetric type IIB pp-wave. In [43], a different conjecture, for the
gravity dual of massive ABJM was proposed, based on a Zj, orbifold of the LLM solution
corresponding to the massive deformation of N M2-branes in flat space.

For our purposes, we will need to understand the massive deformed background in which
the N M2-branes move (before back-reaction) i.e. the analog of the C*/Z; orbifold for
pure ABJM. Once we have computed the background dual to the deformed ABJM model,
we proceed to analyze the various solutions of massive ABJM. From the point of view
of the ABJM worldvolume, these may be classified as brane-filling, vortex or kink type,
according to their codimension (zero, two and one respectively). We will provide a brane
interpretation of these solitons.
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2.6.1 Dual of massive ABJM deformation

To begin, we will compute the spacetime background corresponding to the massive de-
formation of ABJM. Recall that in the case of pure ABJM, the spacetime background is
set up by N M2-branes living at the tip of the cone on R*! x C*/Z;. We will deal with
the Z, orbifolding at the end, but for the moment we would like to understand the back-
ground that replaces the flat eleven-dimensional R*! x C* in the presence of the massive
deformation. To this end, following the suggestion in [25] that it could be related to the
ITB maximally supersymmetric pp wave, we consider the k£ = 1 case first and notice that
the type IIB gravitational wave

ds? = —dt® +da® + (H — 1)(dz + dt)? + di? (2.33)
6¢ = Js, B = 07

is T-dual® to the fundamental string (F1) solution

ds?,, H7Y(—=dt? + dz®) + d7*,
B, = 1—-H", (2.34)
e = H/? ,

where H = 1+ @Q/r% is a harmonic function of the transverse coordinates Z and the F1
solution is such that all fields are trivial at ¥ — oco. In turn, using

ds3; = e (ds}y+ e* (Auda" + dry)?) |
Fa(é\gd) = €4¢/3 (Fabcd + 4A[aHbcd]) ) (235)
M
Fa(bcl)l = Habc )

8The easiest way to see this is to use Buscher’s T-duality rules [51, 52, 53] which, in the absence of
RR fields are the same for ITA — IIB and I1IB — IIA, namely:

.1 By . 9oigoj — BoiBoj
goo=—"5 90i=— Gij =9y — —
goo goo B 3 goo
Boi = 28 By = By, + 2020 — 20190
QO(i goo

¢»=¢— 5 In goo
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the F'1 solution lifts to the membrane (M2) solution

ds?, = H72B34i2 + Hdif?

F, = dy°Ndy* Ndy> NdH!, (2.36)
moo 142,
7“6

in M-theory. Here we define (y°,y',4?) = (t,7,y = z11). On the other hand, the
mazimally supersymmetric type 1B pp-wave ,

ds® = 2dxTdx™ — pPe? (dx+)2 +di?,
Fiiosa = Flisers = b, (2.37)
e’ = gs; B=0,
can be understood as the gravitational wave obtained in the presence of the constant flux
Fi19314 = Fys678 = p1, which also modifies H — 1 from Q/r® to —u?r?. Correspondingly,

the ITA solution T-dual to this pp-wave is found by using the full IIB — ITA Buscher
rules (including those for the RR sector):

i 8oy @ _ p© 2 9K (2) 5 Yo
A = gDijk + BO[iBjk} - Bo[z' Bji + BO[Z'B|0U 900 - Bo[z' Bio; 900
®)
7 2 @ Byj; 9510
Ay; = =BY 4207 2.38
o 39 9oo (2.38)
A = —BY +aBy; Ay =0,

to get
= H™'(—dt? + da?) + di?,
By = 1- H! )
e = H Y2, (2.39)
Fiazs = Fser8 = b,
H = 1-— %2
This can be interpreted as a fundamental string in the background of the constant flux
Fio34 = Fisg7s = p, which, again, modifies the harmonic function. Finally, this lifts to the
M-theory solution
ds3, = H72Bdi? + H 3z,
Fy = dy’ Ndy* ANdy? NdH ™+ p(dat A da? A da® A dat 4 da® A da® A da” A da®)
H = 1-— %", (2.40)

40



2.6 Massive ABJM solitons

This can again be interpreted as an M2-brane in the presence of constant transverse flux
Fiosq = Fsers = p. This flux (in particular |F|?) means that H now satisfies 0 H =
—82 so that, again, the harmonic function is modified. There are two points about this
geometry that should be noted: before the T-dualizing, we could always rescale u away
by sending xt — 2" /u and 2= — px~. After the T-duality and M-theory lift, this
is no longer possible. Now the scale p has physical meaning. Secondly, while there is
nothing particularly interesting about the point |Z| = 1/ in the type IIB metric, here it
is potentially singular.

This solution obtained can be interpreted as an M2-brane with a constant flux preserving
the same manifest R-symmetry as the massive deformation of the ABJM field theory.
Specifically, the SU(4)g is broken to SU(2) x SU(2), by the splitting of the scalars into
the 1,2,3&4 and 5, 6, 7&8 directions. This gives us confidence we are on the right track.
For this, and other reasons given in [25], we can say with some confidence that we have
found the spacetime background corresponding to the massive deformation, at least in the
k =1 case. For general k, we still have to apply the Z; action (inherited from the pure
ABJM case) on the transverse coordinates. Since it acts by Y4 — e>™/*Y4 the solution
remains intact and the background is valid at any k.

There is one slight subtlety related to the amount of symmetry preserved under T-duality
in the above construction. We started with maximal supersymmetry (32 supercharges, or
N'=16 in three-dimensions), and ended up with a solution that cannot have as much since,
in M-theory, the unique backgrounds with maximal susy are flat space, AdSy x S7, AdS7 X
S, and the maximally supersymmetric eleven-dimensional pp-wave that is their Penrose
limit. Since our solution is of the M2-brane-type, we must have that at least the constraint
I'°T''T24) = 1) hold. This reduces 32 supercharges to 16 (or N’ = 8 in three-dimensions).
In addition, the presence of the transverse flux Flo3s = Figrs = p further reduces the
number of supercharges to 12 (giving N/ = 6 in three-dimensions). Naively, this breaks
the R-symmetry to an SU(2) x SU(2) x U(1) which rotates the transverse coordinates
Y4, The problem is that in [25] it was argued that the massive deformation of the ABJM
model retains the full SO(6) R-symmetry of N=6 in three dimensions, so the same should
apply here.

On the other hand, in [49], it was argued also that in the BLG (or, equivalently, the N=2
ABJM) case, the massive deformation with M2 on R; x T? is equivalent to the IIB pp-
wave. There, the massive BLG model was observed to satisfy 32 supersymmetries, only
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16 of which are linearly realized, and the remaining 16 are nonlinear. The fuzzy sphere
background breaks the 16 nonlinear supersymmetries, giving 16 genuine supersymmetries.
These fuzzy sphere vacua correspond to D3-brane giant gravitons in the IIB pp-wave
background, which preserve the same 16 supersymmetries in addition to satisfying the
same zero energy condition.

Returning to the case at hand, it seems that the solution to the problem of supersymmetry
under T-duality is that one has to consider the full string theory (or rather Matrix theory)
and not just the supergravity background. Then one needs to consider D0-branes in I1B in
the presence of the pp-wave. This preserves a total of 16 supercharges, instead of the full
32. After T-dualizing, in the M-theory we have an M2-brane with constant transverse flux
and H = 1— p272, on top of the ABJM M2-branes. This configuration again preserves 16
of the supercharges, so there is no problem. Of course, the above argument applies just
for the k=1 & 2 ABJM model (that has no 3/4 supersymmetry reduction), otherwise we
need to take a Zj quotient of the target space.

2.6.2 Brane-filling solution: the fuzzy sphere

The first type of solutions we will analyze in some detail are brane-filling, i.e. ground
states, which can be interpreted as branes with a transverse extension. In [25] it was
shown that the maximally supersymmetric ground state of the massive deformation of
ABJM is given by an equation associated with a fuzzy sphere. In particular, the four
complex scalars of ABJM as split as Y4 = (Q, R*) and the solution is given by R% = 0

and Q% = fG* = /* with

Ar)
—G* = G°GLGY - G°GLG7 . (2.41)
The irreducible matrices that solve eq.(2.41) - that we will call the GRVV algebra - are

mn — VI — 1 5m,n 3

mmn — 'V (N - m) 5m+1,n7 (242)
mm = Vm—1 5m,n ’

= V=) i

Based partly on the fact that G*GI = N — 1 for this irrep, this solution was conjectured
to represent a fuzzy S*, but this was shown to not be the case in [23]. Tt is instead a fuzzy
52 as could be guessed by the fact that G* = G| (so that the scalar represented by the
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2.6 Massive ABJM solitons

imaginary part of G! is fixed to zero). Moreover, in [24] it was shown that if we mod out
by the U(N) gauge transformations that leave the GRVV algebra invariant, the resulting
bifundamental matrices can be viewed as fuzzy versions of Killing spinors on the S?. The
action for fluctuations around the solution is then the supersymmetric D4-brane action,
compactified on S%. The fields can be expanded in fuzzy spherical harmonics made up of
either J; or J;,

Ji = (5_i)a GﬁGL = (5’i)a Jﬁa = (Uz) aJﬂa,
A A ’ (2.43)

T o= (6)%,GLG° = (6" 3 Ta” = (1) T,
in the same way as the regular spherical harmonics are built from Euclidean coordinates
x;. In the classical limit, both the J; and J; tend to the same z;, up to a normalization

constant. The D4-brane compactified on the S? ground state then corresponds to a
D3-brane giant graviton wrapping a 3-sphere

124"+ |2" = R, (2.44)

in the maximally supersymmetric type IIB pp-wave. Here the 444 coordinates transverse
to the IIB pp-wave are Z4 = (Z%, Z%) with

7' =X"+iXx? 7= X° +iX*
+1X7, +1X", (2.45)
ZV = X5 +iX6 77 = X" +iX8.
We also have to mod out by Z; which acts on the transverse coordinates as Z4 — e*™/k 74,

and Z4 corresponds to Y4 in M-theory.

2.6.3 Vortex solutions

Moving up in co-dimension, in [41], a BPS vortex solution was found for another massive
deformation of ABJM. This time the deformation is given by the superpotential term
W = uTr[Z*W,], and admits the supersymmetric ground state

K
70 =Wt = ,/ﬁ@a. (2.46)

Here we have written Y4 = (Z W) instead of (Q%, RY), since the different mass
deformation implies a different kind of split. While this deformation manifestly preserves
an SU(2)r symmetry and N' = 2 supersymmetry, it was demonstrated in [42] that it in
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Looking for a Matrix model of ABJM

fact preserves the full N'= 6, and it matches the GRVV deformation upon a redefinition
of the fields. The BPS vortex solution is given by the ansatz

7% = W' = f(x)G*,

AM = &M(l')GaGL,

Ay = a,(2)GLG", (2.47)
k |
f(0) = y/7Egr)e,
a;i(r) = Ez‘jﬁ[a(T)—n], i=1,2,

where a(r) and g(r) are real functions satisfying
1
(Ing*)"+—(Ing*) +4p¢*(1 = ¢°) = 0,

together with the boundary conditions a(0) —n = 0, ng(0) = 0 and g(c0) = 1, a(c0) = 0.
The vortex has magnetic flux ® = —kpun/2 and zero angular momentum and, at infinity
it goes over to the GRVV ground state, i.e. the fuzzy S?. Consequently, at the position
of the vortex » = 0, and Z® = W'® = 0. It has no extension in the transverse coordinates
either (the fuzzy sphere shrinks to zero there), and so can be interpreted as a point in
both worldvolume and transverse space directions. This implies it can be identified with
an object carrying DO-brane charge® [43]. The U(1) symmetry under which the vortex
is charged was identified in the dual gravity background - the Z; reduction of the LLM
solution for N M2’s in flat space - as J = kQy+ NQ4 where )y and Q4 are the D0-brane
and D4-brane charges respectively. One interpretation of this solution is as a bound state
of an object with DO-brane charge k, the vortex, with the D4-brane wrapped on the fuzzy
S? corresponding to the ground state. This picture was confirmed through a DO-brane
probe analysis with the mass of the probe at the minimum matching the soliton mass of

k.

Evidently, the vortex truly does represent a charge k& D0-brane object which, in the large
k classical limit becomes a classical spacetime object, a supergraviton. It also follows that

9In [42] and [43], more general vortex solutions were given, based on a general discussion of the BPS
equations of the GRVV massive deformation. Because of the identification of the massive deformations up
to field redefinitions however, and the fact that vortices carry topological charge, all the vortex solutions
must represent the same object. This soliton has charge & and mass ku.
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2.6 Massive ABJM solitons

the vortex solution of the massive ABJM theory is indeed a crucial ingredient in a search
for a Matrix model of ABJM.

We note that if our proposal is correct, we should also find ABJM solutions corresponding
to branes, at least D2 and D4, that are completely transverse, i.e. that have a worldvolume
in the transverse scalar directions, but are pointlike on the worldvolume. These would
be vortex solutions with fuzzy 2- and 4-dimensional spaces respectively, at the position
of the vortices. We have, unfortunately, not succeeded in identifying such solutions.

2.6.4 Kink solutions

According to our proposed Matrix theory-type interpretation for ABJM, we also expect
to find ABJM solutions that can be interpreted as 2-branes with one spatial worldvolume
coordinate parallel to the M2-brane and one perpendicular to it. Such a solution would
be a kink soliton of ABJM model, which at the position of the kink can be interpreted as
a “fuzzy circle”. The problem however is two-fold: first, we need to find a kink solution of
the ABJM model and second, we have to understand what exactly such a “fuzzy circle”
is. Odd-dimensional fuzzy n-spheres have proven notoriously subtle to construct in the
past when n > 3 [54]. The fuzzy circle, on the other hand, appears not to even have been
constructed yet! We will see however that in a particular limit, the fuzzy sphere plays the
role of a fuzzy circle.!”

The general problem of finding a fuzzy circle can be readily described. For a fuzzy
sphere, the fuzzy spherical harmonics constitute a complete subset of the set of N x N
matrices, with a maximal angular momentum of N? — 1. This also means that the
composition of spherical harmonics, Y;Y; ~ Y CpY, is still valid in the fuzzy case as
long as k + 1 < Lyjee = N* — 1. For a fuzzy circle, the “fuzzy spherical harmonics” (or
“fuzzy Fourier modes”) would also need to satisfy similar completeness and composition
relations. These, however, appear to be quite difficult to obtain in any other way than
as a limiting case of the fuzzy sphere. For instance, completeness requires that the N2
elements of the N x N matrices need to be arranged as circle Fourier modes of increasing
order n which in turn makes composition hard to accomplish.

We now turn to studying kink solutions of the massive ABJM Lagrangian. Naively, it

10A different limit was considered in [55], where a fuzzy circle arose from a ”fuzzy cylinder” construction.
We thank Yolanda Lozano for pointing this out to us, after the first version of our paper was posted on
the electronic archives.
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Looking for a Matrix model of ABJM

might seem like a good place to start is with the construction of [41, 56] of the half
supersymmetric kink

2 = Wit = fx)G", (2.49)

k It
2 — -
f (xl) - 47T 1 + 6_21“’:1 .

However, at the location of the kink, ;7 = 0 and Z® = W* = uG?, resulting in a
degenerate fuzzy S? x S2. This is not the kind of solution we are looking for!!.

In search of the fuzzy circle kink solution, we will look for solutions with no gauge fields,
and half the scalars set to zero. In the notation of GRVV [25], this corresponds to exciting
only the Q« of Y4 = (QO‘ RO‘) The action on such a solution would be

92 2
s= [ [ o)+ w4 T (Qole - i)
2

+ [u@?ﬂ%(@@l@l—@l@l@?ﬂ ] (2.50)

—uk
We can readily check that the ansatz Q' = f(z1)G', Q* =4/ QLGQ, where G, G? are
T

matrices satisfying the GRVV fuzzy sphere algebra, results in the following quartic action

N/dxl [a )+ ( A+ ))2] : (2.51)

The resulting equations of motion are solved by the usual kink solution f(x;) = tanh ;.

for the function f,

However, we note that only half of the equations of motion of the full action eq.(2.50) are
solved by this ansatz. This “near miss” suggests another avenue: Completing the square
in the action eq.(2.50) produces the BPS equations

1 1 2_7T 12 _ 20t Nl
Q" = nQ'+ - (Q'QIQ* - *QlQY). 252

0.7 = nQ+ (@10 - Q'QleY),

10ne could perhaps interpret this solution as a 5-brane with 4 directions transverse to the ABJM
worldvolume, but this is less clear

46



2.6 Massive ABJM solitons

whose solutions will be the half supersymmetric solitons of the theory. The ansatz Q? =

fT?% Q' = gT", where the T* are matrices that satisfy the algebra
lpt2 g2l ol

TIL,T = TT,T ol | (2.53)

T*TiT —T'TiT? = —T7?

’

collapses the BPS equations to two coupled differential equations for f and ¢ whose
solution is

—C C
flz1) = \/ - e 1% kexp (Mxl + —162”)(1) :

1 — 2me=2C1C2/k exp (ECie2mx 2pk
" xp (ko) a (2.54)
1 _Cl X
g(l'l) - —2C1Ca/k C1 \2ux1 S
V2m\l 1 —2mae exp(Le*1)
After fixing one of the integration constants as C} = —k*/21 we get
g g ﬁ 1 eﬂxl
2 \/1 _ M/P ex _iemml ’
& P(= 3 c™™) (2.55)
A k
f = - exp {,uxl — 4—62’LX1:| .
\/1 — 47];'2a A2 exp(—%e%xl) T

This solution has the following properties: As z; — +oo, f — 0. Moreover, f(x;) has a
maximum at

1 274 4 A%
=—In|— (L[| — 1 2.56
e [ () ) 259
of value )
472 A2 2
orp\ L <_ ke O‘)
mar — A E— B RT E— y 257
! ( ke ) (—*a) 290
where L(§) is a Lambert W function that satisfies the Lambert equation,
dL 1
1+L)— =1L ——. 2.58
TR LR (2.58)

This solution can be interpreted as a (non-topological) kink with regard to the field f,
while nothing particularly interesting happens for the field g. As for the transverse fuzzy
circle, note that the 7T* can be taken to be

T'=GY T?=aG?, (2.59)
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Looking for a Matrix model of ABJM

and hence define deformed fuzzy spheres. Up to now, the introduction of the parameter
a seems to be superfluous. However, note that if we take the @ — 0, then what we have
is a BPS solution with T = G and T? = 0, yet satisfying the nontrivial relations!?

TiriT? — it —
2 2 0, (2.60)

T>TiT" — T'T)T? = -T2,

This is ample justification for our associating them with the fuzzy spherical harmonics of
the fuzzy circle. In this limit, the solution becomes

k
= ek
g 27T€ ;
(2.61)
k 21X
[ = Aexp |pr; — —e¥ |,
A
and is still a kink, since f has the same asymptotics with a maximum now at
1 2T

=—In|— 2.62
o= gt () (2.62)

while the field g exhibits a simple monotonic increase. The interpretation of this result
is that we have taken a fuzzy sphere and shrunk one of its directions (G?) to zero, thus
obtaining a fuzzy circle'.

2.7 Graviton scattering in massive ABJM background

There are two cases of interest for the scattering of gravitons in the background given in
egs.(5.8). These correspond to the two types of vortex scattering in the massive ABJM
model that we want to match to. There, the two relevant cases are when the vortices
are separated in the directions parallel to the ABJM worldvolume, or in the transverse
(scalar) directions.

In one case the gravitons are separated only in the two directions parallel to the ABJM

120f course, if T? = 0 from the start, these equations are trivial. They are only nontrivial on taking
the limit of a — 0.

13As a final point, note that our choice of representation for the G’s is not unique. We could take for
G' and G? either the irreducible GRVV matrices (as we have), or the reducible matrices G* = 6, n /2,5
GJ{ = 0m,ntny2 and G? = §pnn with m,n < N/2.
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2.7 Graviton scattering in massive ABJM background

worldvolume, and the 11th dimension is transverse to the worldvolume. In the second,
they are separated only in the directions transverse to the ABJM worldvolume, and the
11th dimension is parallel to it. This latter case is a more direct analog of the BFSS
analysis which we reviewed previously, whereas the former case is new. As in the BFSS
model, we will employ 't Hooft’s trick of replacing the graviton-graviton scattering with
the scattering of a graviton shockwave with a probe wave, but here, it is not clear a priori
that it will give the complete result.

As in the BFSS case, the graviton shockwaves satisfy the wavefunction equation,
Npy h—— = Q6 (Z,7). (2.63)

We will content ourselves with some cursory comments about the solutions of this equation
here and leave a detailed analysis of the solutions for the Appendix. As earlier, we will
denote the worldvolume coordinates by 7 (with |¢] = y), and transverse coordinates by &
(with, correspondingly, |Z| = 7). In the transverse separation case, we find

h_(§=0,1)~ 0/97 , (2.64)
T

as in the BF'SS case, but since the result is independent of p, we could have imposed the
wrong boundary condition, so we will refrain from using this result in the following. In
the case of parallel separation on the other hand, we find that

h__(,r =0) ~ Ce ™MWl (2.65)

The next step in this computation is to scatter a scalar probe-graviton off the source-
graviton. Since it is clearer how to deal with the transverse case, we will do this first,
more as a guide than anything else.

1. Transverse separation: Expanding the D’Alembertian in the probe graviton equa-

tion
O+ o.n7v0, | o =0, (2.66)
gives
—~1/3 - 2 0 2 2 htt 2
0

As in the, perhaps more familiar, BFSS case the momentum-space interaction potential
is computed through the S-matrix

SO (pin — pout) = / 0 602V ()60 (2), (2.68)
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where ¢© solves the unperturbed equation

lH(:i:‘) (a; _ > - mQ) + a;} »0 =0. (2.69)

oxd
If we factorize th~e plane wave ¢© as ¢© = %f(f), define py = /E*+m? — p2,
7= /upoZ and E = (po)?/(2upo), we find that the function f satisfies
2 -
[ag — P+ QE} f=0, (2.70)

which is nothing but the equation of a d-dimensional harmonic oscillator. Therefore, if
we were interested in solutions that drop off at infinity, the solution would be given in
terms of Hermite polynomials as

e_y?/2Hm (yz)

f = Ufpo,i; fpo,i: 7T1/4\/QTTLZ'! )

E= YR,

with the quantization condition E; = n; + 1/2.

(2.71)

However, we have |¥] < 1/u and, as explained in the Appendix, we need to impose

Neumann boundary conditions there instead. Consequently, the “plane wave solution” of
(2.70) is

f = pro,i7

1 B 1 3 3
i 1F = - = oyl i Yi 1F - ==y
Ci;i 11 <4 5 ,2,%) +Co yi 111 <4 5 72?yz>] )

(2.72)

2p1po
Yi = A HPoZ; -

Here the relative normalization C/Cs could be defined by the Neumann boundary con-
dition at » = 1/u, but that would result in two constants for each dimension. We will
see in what follows that another relative normalization is preferred. Note that because
P2 =>;(po.i)?, Do can be called the (plane wave) momentum, and we will fix the normal-
ization by requiring that we obtain the flat space plane waves in some limit.
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2.7 Graviton scattering in massive ABJM background

Indeed, from Appendix C of [57], we know that the harmonic oscillator wavefunctions
become plane waves as, for example n — oo or mw — 0. Explicitly,

r) = Me_mwgﬂ MWI L 4m_w 1/4COS TWNX
Pn(z) = W H, (\/_)ﬁﬁ( - ) (2v/ 12.73)

where k, = v2mwn = 27n/L. This limit, together with the relations

Hon(z) = (—1)”(27:;)!15 (—n,l;ﬁ),

2

2 1)! 3
Hopii(z) = (—1)n2w9€ 1F1 (—n,—;xQ) ;

(2.74)

n!

generalize to the limit of our solutions, giving plane waves for large po,;/p. We fix the
relative constants C1;/Cy; such that we are able to sum cos(---) +isin(---) = ") after
the limit. As we will argue further on, knowledge of the precise values of these constants
is not necessary, only that the plane wave limit exists. The overall constant in front of
the solution follows from a relativistic normalization.

We now reverse the initial logic, take the pg; to be independent, and instead constrain £
by the relation E* +m® —p? = pj = 3_,(po,;)*. The interaction potential is then obtained
from

ChT(y,©)

0
2 (80 N m)2:| ¢§n?py7m7ﬁo

S(l) (Ea Pin — pout) = /d.ﬁl?o dy de ¢£?L)t5pyvmvﬁ0 |:
_2m(E — B (B —m)?

R /EinEout
= QW(S(EOUt - Em)v(l) (Eypzn - pout) .

wnt

with the understanding that we need to make a Fourier transform back to = space at
the end. However note that since fz (Z) # €%, it is not even guaranteed that we get a
function of |[dpy| = |pi* — p§“| after the Z integration. Assuming that it is nevertheless
such a function, after the Fourier transform back to position space we find that

1 - (E—m)? S _iE5p = Tout [\ in (=
V;Ezt)(ya'z) = T/d85p0 € 5p0/d8x ﬁgft(x)thJr(yar) %n(l‘)
4
= P [wo e [ er FE@T GG@E  @70)
8 pOu 9 pon
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In particular, when y = 0,

4
1 - M S iEsp = Fout () in (=
Vi =0,2) = T/dgépo e~ '#opo /de W}i(z)h**(y =0,7)f7(%) (2.77)
While it is not clear whether the integral is dominated by the low r region, what is clear is
that we cannot have a result depending on the dpy unless we are in the plane wave limit.
This is obtained in the limit of high momentum py;. It seems then that only if we probe
with sufficiently high momentum we will have a well-defined interaction potential.

In any case, the outcome is that we need to replace the functions fj with plane waves
and obtain, as in the BFSS flat space case,

mv4

1 —\
V;;t)(y =0,2) = ?hJFJr(y =0,7). (2.78)
2. Parallel separation:
To write down the equation for a probe graviton, we need to first define the coordinates
and metric more a little more carefully. We start with the metric

2 =230\ 2 o g 1/3 72
ds H™(Z)(—dt* + dy*) + H/ dz* (2.79)

de = dT'Q + 7‘2ng, T = (]717 "'7x8) )

and dimensionally reduce on x1;. Operationally, we choose x1; as the fibre direction of
the Hopf fibration of S7 over C'P? which acts on the Euclidean coordinates, Y4, on the
S7 through the overall phase Y4 = ¢#1Y 4, Since the coordinates satisfy |Y4|?/r? = 1,
this means that if we write £ = (#,21,), then r = || = |#| and d7? = |[dY4|? =
|dY A|? 4 dz?, becomes di’? + dx?,. Since the metric is translationally invariant in z;;, we
can schematically rewrite

ds® ~ H3(7) (—=dt* + H(F)da?, + dy®) + HY3(&)dz"™ . (2.80)
With this metric, the equation for the probe graviton takes a form similar to the transverse
separation case,
2 htt

HY3 [H(f) (a; — aa_%) + A (7, mQ)] ¢ = [—T(ao - m)Q} b, =Vo (2.81)

where A (2, m?) is obtained from 2 by reducing on 11, and setting ¢(z11, ...) = eP"11¢(...)
and p = im. Noting that we could rewrite —dt* + H(Z')dz;; = 2dx™dx~ only on slices
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2.7 Graviton scattering in massive ABJM background

of (nearly) constant Z’, we picked the simplest choice ©’ ~ 0 and fixed it so that we can
form the z* combination for defining h™t without problem.

Now we can proceed as with the transverse case. Specifically, the momentum-space in-
teraction potential obtains from

SV (pin = o) = [ % S V(I (2), (28)
where ¢(© satisfies the unperturbed equation associated to eq.(2.81). Here again, a plane
wave ansatz of the form ¢(® = wyy ZE%O £~ —— f(Z) will solve the equation provided

[H(2) (B* — py) +A(Z,m?*)] f(Z) =0. (2.83)

We again obtain

Lo | Rz
S(l)(Eapm_pout) = /dﬂf de d7£If ¢outpy m,po |: #

(0)
(a - m) :| ¢in:ﬁy,m,ﬁo

(2.84)

5 Eout_Ein Ezn_ 2 i
- AP =) [y e [ s i)

or, after manipulations similar to the transverse separation case,

VA (7,2 =0) ~ / 76 / d"Zf3h (D) W (y, ) %’n(f)]. (2.85)

We have, of course, already noted that equations (2.81) through (2.83) only make sense if
Z ~ 0 is implied, in order to be able to form the ™ combination. This could be alleviated
by integrating Z only in a neighbourhood of zero, in which case

VG2 =0y B ey 1) l / 47550 / 4 T i (:i‘)} . (2.86)
nt A7 AE ’ (2]~0 e
In both cases however, we still have the same problem that we observed in the transverse
separation case. Namely, in order for the momentum space result to only be a function
of 6py = pi* — po™, we need to only consider high momentum wavefunctions, which
are effectively just plane waves. In that case, the integrations disappear, irrespective of
whether or not # ~ 0, and we obtain
2
ET?M* (y,r=0), (2.87)
or, since ™ oc 7™V,
V-(l)(g], 7 =0) oc mvte ™V, (2.88)

So much for the graviton-graviton scattering.
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2.8 Vortex scattering in massive ABJM

In this section we analyze vortex scattering in the N = 2 (or equivalently, the U(2) x U(2))
massive ABJM model. The general N case is quite complicated, so we will not attempt it
here. We will employ the vortex solution in the form of [42], as it is both guaranteed to be

14

the most general solution™*, and also because the specific form of the solution will allow

the use of previous known results for the Abelian-Higgs model and its Nielsen-Olesen
vortex solution. The vacuum for the massive U(2) x U(2) ABJM model is

\/ oty y2= \/ Per, vei=vyi=o, (2.89)

so that, keeping Y2 = Y* = 0 and using Complex notation for z = x! + i2? means that in
terms of

Dzya =Y + Z'AZYQ — Z'YO‘AZ; ngya = 5Ya + iAgYa - iYaAZ > (2 90)

1 1 P 1, - A 1, - ~
Az = 5(141 — ZAQ), Ag = 5(141 + ZAQ), Az = 5(141 — ZAQ), Ag = 5(141 + iAg),
the BPS equations read
D.Y'=0; DY?’=DY*=0,
DY —i(B3' +puY') =0; DyY?+i(B2 +uY?) =0, (2.91)
k

k .
7" Fup = i(Y*(D"Y ) — DFY Y, o€y = i((D*Y )Y — YIDrY®)
™ s

where a = 1,2 and
Bt = —yleyiy”sl, (2.92)

The multi-vortex solution can then be ertten as

_v kp (0 1 kp (0 0
V' = e 2 Hy(2)y ] 22 L Y=/
e ()50 (0 0)’ o (0 1)

L [o0y 0\ ; 1/0 0, i (0 0
A°‘u(0 0)’ AO_M(O aéw)’ AZ_AZ_(O géw)‘

Here Hy(z) is an arbitrary polynomial

Hy(z) = H(z —z), (2.94)

HMgince it was not found using any specific ansatz, but rather by analyzing the energy functional on a

case-by-case basis.
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2.8 Vortex scattering in massive ABJM

and the function real v¥(z, ) is determined through the equation
00y = 1 (1 —e ¥ [Ho(2)]*) , (2.95)

with the boundary condition at |z| — oo requiring ¢ — log |Hy(2)|?, and where z; are the
position moduli for n vortices. Correspondingly, the energy of this solution is nku. Note
that this is the same equation governing the vortices in the Abelian-Higgs model, so we
expect that the same effective action governs their scattering as well. This is indeed the

case.

To obtain the effective action for vortex scattering, we let the parameters z; become
functions of ¢, so that the fields of the static solution become a function of (z, z, z;(t), z;(t)).
Of course, if we do that, the equations of motion are no longer satisfied, but we can still
solve them order-by-order in time derivatives 9; ~ 2;(t). We write

Y(z,2,t) =Yg (2,2, 2i(t), Z(1) + Y§) + Y5 + ... (2.96)

and similarly for A, Au' Because they are multiplied by the zero-th order equations of
motion, the second order fields do not contribute to the effective action, so we can stop
at the first order solution. At that level (on-shell),

Loy = / LY A, A) . (2.97)

The first order solution is found to be

, (2.98)

1 s
Az < 0 0/’ Az 0 izlaiaw.

Finally, substituting this solution into the Lagrangian, produces an effective Lagrangian
for the moduli

Lesr = %“ d*z {—a&p + %zizﬂ' (aiéjw + %(aﬁwéjw — aéwaiéjw)” ;o (2.99)

where we have used the equation of motion (2.95) and its boundary condition at infinity.
This effective Lagrangian is exactly the same as the one obtained in the Abelian Higgs
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model for the Nielsen-Olesen vortex! So both the equation of motion (2.95) and the
effective action for the nonabelian Chern-Simons ABJM model give the same result as
the ones for the Abelian Higgs model. We can then rewrite the effective Lagrangian for
large vortex separation as in the Abelian Higgs model as

Loy ~ —kpn + Z; 7“\;;«@\2 - kuq;Ko(Qu\z’ — )| = 2, (g~ 171) (2.100)
1= >]
which means that at large separation, the interaction potential becomes

T 672,U‘y 9

" (2.101)

Vine = —kpqKo(2uy)v* ~ —ky/ig

2.9 Towards a Matrix model of massive ABJM?

Since we have now computed the scattering of both supergravitons and vortices in ABJM,
we can compare them to see if they match. Assuming that they play the role of super-
gravitons'®, the effective potential for vortices was found to be oc v?e 2%, with y the
parallel separation. The v? dependence is a general characteristic of lowest order soliton
scattering, and the e 2% = ¢=™0Y arises from the presence of a lowest-mass excitation in
the “broken” phase, i.e. the fuzzy sphere background at infinity. By contrast, we have
found that the supergraviton result is proportional to v*e=™¥. Here, the v* was due to
the same calculation as in the BFSS case while m; ~ 9.1y appeared because of the neces-
sary Neumann condition at » = 1/ which, in effect compactifies the transverse direction,
with my being the lowest KK-mode. Unfortunately then, the interaction potentials for
separation in the directions parallel to the ABJM worldvolume do not seem to match.

One possible reason for this mismatch - assuming, of course, that our identification of the
vortices as supergravitons is at least correct - appears when we realize that the same v*
dependence appeared on the gravity side as in the BFSS model. Unlike in BF'SS where the
first interaction term is a one-loop effect, however, here on the matrix side we computed
a classical effect. Clearly then, we need to think a little harder about what terms are
supposed to match on both sides, and try to find a corresponding gravity term for the

vortex calculation we did, and a corresponding vortex term for the gravity calculation.

15The background of D4 on fuzzy S? is common to both vortices in the scattering problem and thus
does not contribute to the interaction
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2.9 Towards a Matrix model of massive ABJM?

There is potentially one other subtlety, though a priori, it seems to give only small cor-
rections, namely that the gravity background we took is not complete. The pure ABJM
field theory corresponds to the IR of M2-branes on C*/Z},, but we also need to consider
an appropriate vacuum. For pure ABJM, the vacua are just VEV’s which correspond
to a given position 2’ in C*/Z;. On the other hand, in the massive ABJM theory the
same VEVs, corresponding to positions 2z in the dual gravity background egs.(5.8), are
no longer solutions. Instead, the vacua are fuzzy spheres of radius r = 1/pu, giving an
M5-brane wrapped on S?/Z;., which will backreact and modify the background, maybe
smoothing out the r = 1/u potential singularity.

Before we continue trying to fix the mismatch, it will be useful to build some intuition
for the problem by looking in more detail at the matching in the BFSS model.

2.9.1 BFSS matching: details

The review of the systematics of Matrix theory matching in this section will follow closely
[58]. With the rescalings 7 = u/R and X* = y*/M3, the bosonic part of the BFSS Matrix
theory action (2.1) becomes

1 1 ; oL a2
S = @/duTr <§Duy D,y +3 d ) (2.102)

making explicit the fact that the coupling of the theory is M3 (or that the loop-counting
parameter is MP). At L loops then, the BFSS effective action takes the schematic form

Sp=Mp~° / du f1 (y', D,) = RMpF° / drfr (M}X',R'D,) , (2.103)

and, as advertised in section 3, there are two sources of Mp-dependence in the interaction
potential; one coming from the coupling constant and the other from the use of Mp to
build a unit of length. Further analysis, including keeping only Lorentz invariant terms,
gives the result

2

_ v "
SL = /dT RMI% (Mp?“)4 3L (W) (2‘104)
P
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so that, for the first few terms

Eo = C%OUQ
4 6
Ci1 VU Cig U
Ly = 0 t s T s
MPR T MP R T (2105)
4 6
Coa1 U Cog U
Lo= 0 Fymmn s T
C vt c V0
Ly = 0 n 31 32

M}DE’R?’ 13 MI%1R5 17 +

Notice that the diagonal terms in this series that contribute to the classical general relativ-
ity scattering themselves receive contributions from all Matriz theory loops. The Einstein
action has an infinite number of vertices, thus tree level scattering gives an infinite series,
but they all come with integer powers of M ~ 1/G11 ~ 1/(k11)?. On the other hand,
the off-diagonal terms in the Matrix theory loop expansion must come from quantum
correction to the effective action of gravity, since they have noninteger powers of k?;.

As an example, a source-probe approximation for the true classical general relativity
interaction potential of gravitons gives

L

. & 2 15 N1N2 /U4 225 N12N2 /06 (’US) ’ (2106)

2R T I6REMY T 64 ROME 1 2t

where the result is linear in the probe momentum Ns/R because of the approximation,
and Ni/R is the source momentum. The symmetrization of the last term matches against
a 2-loop Matrix theory result,

225 1 U6 N1N22 +N12N2
32 ROMS r14 2 '

(2.107)

In any case, we see that in BFSS, all the dependence on v, r, Mp and R could be determined
from general principles. It seems pertinent to ask if the same could not be done for ABJM?
The answer it seems is no, at least not for the pure ABJM theory which is conformal.
There, all Mp-dependence is tied to the r-dependence so we cannot take advantage of
having a dimensionful rescaled field and coupling, like 3* and M3, to use in dimensional
analysis. Perhaps in the massive ABJM that we used for calculations something can
be done since, for instance, the size of the fuzzy sphere vacuum f = \/ku/(4m) sets a
dimensionful scale. This remains an open issue. Sadly then, it appears that the intuition
of BFSS matching is not particularly applicable to our case.
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2.9 Towards a Matrix model of massive ABJM?

2.9.2 ABJM matching and effective Lagrangian

Let’s step back for a minute and take stock. Our analysis up to this point has not
succeeded in producing a concrete Matrix theory for the ABJM model. However, we have
learnt a significant amount about the structure of the problem that we are in a position
to speculate on what the sought after Matrix theory and its matching to gravity would
look like. To outline the way forward as clearly as possible, we will focus our speculations
on three specific points; the matching of parameters on both sides, what calculations can
be done on the ABJM gauge theory, and what on the gravity side.

e Parameters: The parameters available on the gravity side of the calculation (for
the background dual to the massive deformation of ABJM) are: the mass defor-
mation p, the inverse size of the 11th direction 1/R, the Planck scale Mp, the
source and probe 11th momenta m; = N;/R and m, = N,/R and m,, the effective
mass of the graviton wavefunction hA__ in the presence of the Neumann condition
at r = 1/u. In the souce-probe calculation, the source graviton had @ « m, and
the probe graviton had mass m = m,,.

Moving to the massive ABJM field theory, u is the same deformation parameter.
The integer k can be used to define the 1/R scale with respect to some other scale
(as, for instance, in the fuzzy sphere vacuum where R = R, /k, with Ry, the fuzzy
sphere radius). As we noted before, there is no Mp inherent to ABJM since pure
ABJM is of course conformal but Mp does appear as a unit of length in the same
way as in AdS/CFT. For example, the physical radius of the spacetime sphere cor-

responding to the worldvolume fuzzy sphere is B2, = <Tr (X ! X}) = 2kuNI3,.
Then my and m,, or rather Ny and N, should be obtained as sizes of the ABJM
solutions corresponding to gravitons, i.e. sizes of vortices, with Ny + N, < N. Un-
fortunately, for technical reasons we had to restrict ourselves to the case of N = 2
but we should, in principle, consider the case 1 < Ny, N, < N. It is not clear if it is
sufficient to consider Ny vortices on top of each other (i.e. an charge N; vortex), or if
we need something more sophisticated in the case 1 < Ny, < N. Finally, we should
have a corresponding object for m; and the graviton wavefunction h__ should, in
principle, match on to a vortex wavefunction. One possibility for the latter would
be to define it as a(r) —n or g(r) — g(o0) = g(r) — 1, which decays to zero with the
mass of the smallest excitation of the theory, i.e. as e ™" in the case of the Ny, =1
vortex.
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e Vortex calculations: The classical scattering of vortices for parallel separation

gave
1 v?
ELclass - Z(M + ME) - Z MQKo(Q/LTij)Uzemj s (2.108)

? )

for N = 2, i.e. in the U(2) x U(2) ABJM theory. If we wanted to parallel the
computation of BFSS, the next term to calculate would be at one-loop. Specifically,
to obtain the interaction potential we must consider the classical solution of two
vortices, one at z = 0 and one at z* = b' + v', and then calculate the one-loop
determinants ) w,/2 around it. To obtain matching with our tree-level graviton
scattering result, we would need at least that the one-loop determinants give a result
proportional to mgm,v?, but even that seems very difficult to check directly, and
we leave it for further work.

In the case of transverse vortex separation, we anticipate the same situation as
in BFSS in that, if we take two vortices in different SU(N) blocks then at the
classical level they are non-interacting, even if they have non-vanishing velocities.
Even though we will run into the problem of regulating their infinite energies, it is

instructive to see how this works in the pure ABJM case. There, for a single vortex,
Y4 =04l for A = 2,3,4. Therefore, by setting

YA(t) = (33'14 -+ Uf‘t) I[N1><N1 + (33'124 + ’U;‘lf) I[NQXNQ s (2109)

and the vortices at the same worldvolume positions in the ABJM action, we obtain
the nonrelativistic mass of the supergravitons exactly as in BFSS,

2 2
+...:E0+(N1+N2)%, (2.110)

H ~ 1Tr X!
2

where Ej is the energy of the free vortices at rest and the interaction potential comes
from the 1-loop fluctuation around the vortex solution with X(¢) = b° + v't. There
are two immediate subtleties that arise: Firstly, it is not clear whether this will work
for both X* being the four fuzzy sphere directions, as well as for the four remaining
transverse directions and, secondly we have no explicit realization of these vortices
in the massive ABJM model. Both of these are left for future work.

Gravity calculations: Even if we could match our graviton scattering result (single
graviton exchange)

4
v NN,
1 _ rel,sp 3 ++ 2 siVp 4
Vil = My 3 T oc memyvyy o) ~ R Vrelsp » (2.111)
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2.9 Towards a Matrix model of massive ABJM?

with a corresponding vortex computation like the one-loop one suggested above, it

remains to find a gravity calculation matching the classical vortex scattering poten-
2
rel,ij*

It does not necessarily need to be a classical calculation but it should certainly be

tial. For that, we need a calculation that will give a result proportional to v

something different from the leading single-graviton exchange calculated above a la
't Hooft, i.e. we want to find some term unaccounted for by that calculation.

One possibility suggests itself immediately. Since the graviton itself should corre-
spond to a vortex, it is not unreasonable to expect that we should also be able to
find an effective 3-dimensional Lagrangian for interacting supergravitons. Its con-
struction, however, is plagued with subtleties. The supergraviton (a D0-brane) and
the other D-branes of the theory are also solutions of the 10-dimensional supergrav-
ity action, but only after introducing explicit delta function source terms in it. So
we should, in principle, find a solution for interacting supergravitons and plug it
back in the action, exactly as we did for the corresponding vortices. But that of
course means that we now also need to do something about the extra dimensions.
The most conservative route would be to explicitly perform the integration over the
extra dimensions. Finally, one must still subtract the nonzero result for the back-
ground without supergravitons, corresponding to the ABJM field theory without
vortices. To this end we start with

/v‘ll - /v‘EH + 'Cmatter + 'Csource - (EEH + Ematter)bgr . (2112)

To arrive at the effective Lagrangian, we evaluate £q; on its supergraviton solution,
and integrate out over all the directions (parallel and transverse), obtaining '6

Leff(gl(t)) = /d7fd2g\/§£11(l~luu (?ja r; gl(t>)) ) (2113)

where
g;w = gl(f,)/) + huu(fa g; gz(t>>5(x11 - t) ) (2114)
and we drop the d(x1; —t) factor from the metric together with the integration over
x11, following [32]. Note that the §(z~) factor in A _ = h__d(x~) can be eliminated

from Lcss in this way only if it is the same for all the gravitons under consideration.
But the different velocities of different gravitons mean that they do not move in
exactly the same direction, and the delta function cannot be eliminated! So this

16Here 2~ is DLCQ time, but we rewrite in terms of usual time ¢t = xy and trivially integrating over
z11 at fixed 11th momentum of the fields.
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approximation is exact only for the first order in the expansion in v, i.e. for the
v? term we are interested in, but there will be extra terms starting at order v*. In
order to calculate such v* effects, one must consider the full interacting problem,
with differently oriented shockwaves. 't Hooft showed that in flat space this is
reproduced by the source-probe calculation used by [32], but now in our curved
background the calculation might be incomplete. Nevertheless, this proposal passes
several simple tests:

— On the background (in the absence of a supergraviton) we have, correctly
L11=0, since Lurce = 0 by definition.

— In the presence of a single (free) supergraviton, Lry — (Lgm)pgr is also zero,
since the only nonzero equation of motion is G__ — (G__)p, ox Ah__, and
g~ = 0. The only contribution to L.;s comes from the source term, the
integral of L., Which is exactly equal to the energy of the free supergraviton,

as it should be.

— In the case of interacting supergravitons however, we will have a nonzero in-
teraction energy coming from Ly — (Lgp)pgr- Again, this energy will only be
nonzero for a relative velocity. If the gravitons are parallel, it will be as if we
have a single graviton of source equal to the sum of the all sources, for which

we get no interaction. Further, Galilean invariance imples that the interaction

has to enter as integer powers of (¢; — ¢;)* = 7y 5,

v?, v, 00, .. terms.

so that we will only get

— And finally the 1-loop ABJM interaction appears from classical corrections to
the 0(x~)-factored Lagrangian as it should (although, of course, there must also
be quantum gravity corrections as well, i.e. one must consider in the general
the quantum effective Lagrangian instead of the classical Lagrangian).

2.9.3 M5 brane backreaction

As a final point in this section, we now sketch how to construct the solution for adding
the backreacted M5-brane correction to the background corresponding to massive ABJM.
As we saw in Section 5, in the type IIB theory the background corresponds to a pp-wave,
and the M5-brane corresponds to a D3-brane wrapping the S? defined by 7 = fixed,
ro = 0 inside the maximally supersymmetric pp-wave. Such a solution has been implicitly
written in Fig.1f of LLM [59]. Moreover, if the M-theory dual giant graviton is to have
size R = 1/u, so too must the D3-giant in IIB. Our strategy will therefore be to (a) use
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2.9 Towards a Matrix model of massive ABJM?

the LLM prescription to find an explicit solution, (b) T-dualize this to type IIA and (¢)
lift to M-theory. Recall that the LLM solution for any % BPS type IIB supergravity

ds® = —h73(dt + Vida')? + B3 (dy® + dur'da’) + ye®dSd; + yeOd€y;
h™? = 2ycoshG
yo,Vi = €;0;2
y(O:iV; = 9;Vi) = €0,z
z = %tanhG (2.115)
F = dB,N(dt+V)+ BdV + +dB
F = dB,A(dt+ V) + BdV +dB

1 ~ 1,5 _
Bt — _Zy2€2G; Bt:_ZyQE 2G
- 14 z+1/2 2 14 z—1/2
dB = —Z?J *3 d( 2 ); dB:—Zy *3 d( Y2 )

is completely determined by a single function z which is itself the solution of the linear
equation

00 + 0, (%) —0. (2.116)

and absence of singularities means that z(xy, o,y = 0) = £1/2, and z <> —z is particle-
hole duality. Note that the equation for ® = z/y? is the Laplace equation in 6d flat space,
with 4d spherical symmetry, with y the radial coordinate for these 4 dimensions. The
solution is

1 T

= —— | dinj—"3"—
(w1, 2, y) 21 Jop nz(:i:‘—a?/)2+y2+a (2.117)

€ij dar
CEURS IR T

where o is a contribution from infinity if z is constant outside of a circle of very large radius
(asymptotically AdSs x S5 geometries), with o = +1/2 if z = £1/2 asymptotically, D is a
droplet, and n; is the unit normal vector on it, pointing towards the region of z = +1/2.

The solution we want is a superposition of two simple solutions:

1)The pp-wave: This solution is obtained by having the boundary condition at y = 0
as a half-filled plane, i.e. z(z},x,0) = 3sgn(z}). Explicitly performing the integrals above
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gives
(02,) = 5o
A2, Y) =5 /_x%+y2’ (2.118)
Vi= g Va=0.
x5 + Y

To put the geometry into the standard pp-wave form

ds® = —2dtdxy — (r3 + r3)dt* + dis + driy (2.119)
we defined 1
y=r1ry; Ty = 5(7"% —73). (2.120)

2) The AdSs x S5 solution: Now the boundary condition at y = 0 is a large spherical
droplet, i.e. for Z = 2z — 1/2, the 6d Laplace equation for ® = Z/y* has source on a disk
of radius ry. Integrating, one obtains

2 2 2
rt—rg+y

5(7"7%7’0): B
2\/(T2 + T(2) + y2) - 4T2T(2] 2 (2121)
1 2 +y? +rd
—rsin Vi + rcos Vo = Vy(r,y;rg) = —= —1].
1 2 d)( 0) 92 \/(T2 + 7“8 4 y2)2 _ 47’27’(2)
Defining new coordinates by

y = rosinh psin
r = rocosh pcost (2.122)

o=¢—t
puts the metric into the more familiar form,
ds* =g [— cosh? pdt? + dp® + sinh? pdQ2 + db? + cos? Odg? + sin’ delg] : (2.123)

with the area of the droplet in the (z1,z2) plane A = 47T2l§13 and where [p = 91/4\/5.
This is clearly proportional to N, the number of branes. Large N therefore corresponds
to a large droplet. That the pp-wave is the Penrose limit of AdS5 x S5 translates into

the fact that near the surface of a large spherical droplet, locally the droplet looks like a
half-filled plane.
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Since the equation for the only unknown function z(z;,y) is linear, we can trivially con-
struct a solution that on the boundary give superposition of circles (and maybe half-filled
planes), by just adding up the solutions for z(z;,y). In particular, for concentric circles
we get

2= 30 (gl
i (2.124)
Vg = Z(—l)iﬂ\@ <7“, Y; r(()i)) .

i

To obtain the solution we want - a D3-brane wrapping the S® with r; = rq g, 7o = 0 and
(t,x1) fixed inside the pp-wave - we translate into LLM language which, from (2.120),

(r1,0)?
2 bl

away from the xs = 0 boundary of the half-filled plane. Specifically, we are

means that we need zo = y = 0 and (¢, x;) fixed. This is a small circle at a position

(r1,0)?
p)

interested in the circle of size 719 = 1/p (or, in the notation used here, with p = 1,

To =

r10 = 1). Thus the solution we seek is the (finite energy) solution of Fig.3f in LLM, a
distance x5 = 1/2 from the Fermi surface, and size given by how many branes we want
wrapped, in this case one.

In terms of the function z(z1,xq,y) this is just the sum of the pp-wave solution (2.119)
and a rescaled version of (2.122), of area given by N = 1 (one M5-brane), where we
replace r of (2.122) with |Z — Z|, and @, = (0,3). Unfortunately, this solution looks
rather complicated, but to obtain the backreacted M5-brane we still need to T-dualize it
to type IIA and lift up to M-theory. This, we leave as an interesting open problem.
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2.10 Appendix. Graviton wavefunction equation

In this Appendix we present some of the details of the solution of the graviton (shockwave)
wavefunction equation,

Np h—— = Q64 (Z,7). (2.125)
We begin by splitting the problem into two cases depending on whether the 11th di-
mension is parallel to the worldvolume (transverse speparation) or perpendicular to the

worldvolume directions (longitudinal separation).

e Transverse separation:
In this case, L denotes directions transverse to the wave. Among the ¢ = ¢, x,y
directions, however, only y has this property, so eq.(2.125) becomes

H™Y3(Z) [H(Z)02 + 03] h—_ (y, ) = Qo(y)6*(Z) . (2.126)

After a Fourier transform in the worldvolume direction v,

. e
h(z) = [ do S-0u(@). (2.127)
T
we get the equation
(1= p22) " [0 = P2 (1 — 2] 6,(7) = Q0%(7) (2.128)

e Parallel separation:
Now, there are two directions, ¥ = (x, y) that are transverse to the wave and parallel
to the 3-dimensional worldvolume. Expanding the Laplacian and simplifying gives

(1= p?2) 2 [02 = p*(1 — 1°2°)] ¢p(E) = Q57 (%) (2.129)
where now L
ePy

b (@) = [ 7 G on@). (2.130)

We can actually treat both cases in a unified way since, in either case, we can write the
equation that needs to be solved as

g+ = P 0,(0) = Qi) (2131)

Two points to note about this equation are (a) that it is manifestly spherically symmetric
and (b) that if we put Q = 0 and p = ip we get the isotropic harmonic oscillator in d
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2.10 Appendix. Graviton wavefunction equation

dimensions. To obtain a solution, we need to first impose boundary conditions, either at
a finite distance or at infinity. The natural one would be to impose normalizability of the
wave function at infinity, but as we will see, this is not a good condition.

To proceed, let’s first solve the equation for () = 0, using techniques for central interaction
potential. Specifically, expand ¢, in spherical harmonics as

— r ~
Op(T) = y’;:i/(Z)Yk(Q) : (2.132)
where the n-sphere spherical harmonics ka”) satisty,
Ov"(Q) = —k(k+n—1)Y,"(Q). (2.133)
Consequently
> k(k+n—1)+n(n—2)/4
i ( >7,2 =2/, 12p*r? — p* | ypi(r) = 0. (2.134)

Now note that when p = k = 0 we obtain r™/2 and r'~/2 as solutions, since then ¢, (%)
has a constant and r!~™ as solutions. Next, on setting p = ip, eq.(2.134) takes the form

" %y —br*y+cy=0. (2.135)

This we recognize as a confluent hypergeometric equation whose solutions are, of course,
(a linear combination of) confluent hypergeometric functions 1F; and o F,
1 +/1+4a c V14 4a

— + 5 ; Vbr?

J o -
Ci 1(2+ 1 4\/57

k(k+n—1)+n(n—2
4

1

i) =T |

) + Cy o F (same)

(2.136]
) b= p2%p® and ¢ = p* we get that

On substituting a =

2 — (M) (A ,—upr?/2, .k p k n+1 n+1 ~ 9
= Y. " (Q)e HP -+ — k+ —
Gp(T) . (e | C1 1( " tot ok
D kK n+1 n+1
+Cy 2F1(—ﬁ + B + 1 k4 5 ;upr2) ] . (2.137)

Since we have a spherically symmetric source and we are looking for a solution that goes
to zero at infinity, we need to choose a spherically symmetric solution, i.e. kK = 0. Also
replacing p = —ip, we finally get

7 n+1n+1 7 n+1n+1
Ci1F (_p + ; —WPT2> +C5 9 Fy (_p + ) ; —WPTQ) ] .

7l,u,p7‘2
e 2

¢p(7)

4 4 7 2 44 4 2

(2.138)
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Further, using the relation between 5 F; and 1 F},

I'(1-p) I'(1-25)
I'(1+a—f) I'(a)

we find that near r =0

oFi (o, 55 2) = 1Fi(a, B;2) + AP R (14 a—B,2-5;2) (2.139)

iupr? .
5 2 ) 3—m 3—n
6(7) = K—— 171 (—p +

- —iupr? 2.140
1 g zupr) ( )

with the constant fixed as a function of the source @ (up to now neglected) as follows.
Near r = 0, the full equation, with nonzero source ) becomes

020, (T) = —Q8*(7) (2.141)

which is solved by
Q

¢p(x) = (d _ 2)Qd—17ﬂd_2 ’
and so the dominating full solution near r» = 0 must be

S Q upr? /2 ip 3—-m 3—-n .
= tHpr Fi | — T — . 2.143
¢p(x> (n _ 1>Qnrn_1e 141 4,U + 4 ) 2 ; TLuprT ( )

(2.142)

Notice that this solution behaves like 1/7"~!. To this we can add the subleading correction
(which behaves like a constant at near zero),

= ~ . n—1 . 2 ) n+1 n+1 .
Gp2(Z) = Ky(—ipp) = ™" 2R (ﬁ—i— 1 2 ;—Z,upr2> , (2.144)

where [N(p is an arbitrary p—dependent constant and we have also kept an explicit power
of p above in order to emphasize the z = —iupr? dependence.

Now to impose boundary conditions. We first try normalizability at infinity and find that
both solutions behave in the same way as r — oo, namely

Qr () {6”"52(—2'/1297“2)%(4#29)?@"
(n— 1) T <i_1; n 37Tn>
+€wgﬂ(wp7“2)z(iup)w } 1 1

r <—i—1; + %) r

$p(7)

iupr ) 1 1 . .
ald) =+ R (T )
ipur? ip n 1
H)E T (2.145)
r2
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and correctly going to zero at infinity. But this behaviour is non-normalizable, since

[atz o~ [arr]
P ptl

We can extract more information from the solution by taking the p — oo limit of the

~InR. (2.146)

result and using the fact that the confluent hypergeometric function

1Fi(a, B 2) ~ %62/2(—042)_§ ico {2\/—042 - 7T(— - i)} : (2.147)

as |a] — oo. This, in turn means that as p — oo,

ri%sy) @
Vr(n—1)Q, !

n— - 2
(iip?“)T2 cos [i ipr + rl 1 ] . (2.148)

To continue, we need to fix l?p by imposing appropriate boundary conditions. Again, we
distinguish two cases,

Case 1. We first assume that we can put l?p = 0, thus ignoring ¢, 2(Z). Then, in the
transverse separation case where n = 7, we obtain the graviton wavefunction at y = 0 by
a simple integration of ¢,(Z) over p. Assuming also that the large p region dominates the
integral, we obtain

O~ 097
r (2.149)
C = lim ( ) (:i;')an/Jrood 22 +ir+ n—2
= T Do i . 22T cos | Fiz +m—) ,

which matches the flat space case (corresponding to the BFSS analysis). Also note that
there are no other dimensional parameters in the Q/r” behaviour, it is just multiplied by
a number (part of the number is an integral over the variable z = pr), for which we must
take a limit since I'(—2) = oo. This independence of the result from p is most likely the
result of an incorrect initial assumption about the boundary conditions.

In the case of parallel separation, n = 6 and the Fourier transform is

/ZQP ey(7) / 7’057’/27r A —/ pdp Jo(py)ép(F)  (2.150)
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Here, by contrast, we are interested in the » — 0 limit. If however, p stays finite, we find
that the solution (2.143) becomes p—independent, and then the above Fourier transform
gives zero (or rather, d(y)). So we must again consider the large p limit in (2.148). This
region of large p can still give a nontrivial contribution to the p integral, since pr is not
necessarily small. Then, also substituting n = 6, gives

4Q 1 [ : 4Q 1 [~
Oy, r —0) =~ _—15gﬁﬁ/0 dp p* Jo(py) cos(ipr + ) = _Fg(iﬁ/o dp p* Jo(py) cosh(pr)
Q 11 y?
= ——— [ (2,5/2;1;,—= ] . 2.151
150 r3 r427 7 /%L 72 ( )
To understand what the behaviour of the solution near » = 0 is, the identities
o] v 2
BT p) L vp vtptl
/0 dxat e " J,(Bx) W T (0 + 1) 211 ( 5 5 v+ 1 &2)
LB -—a), -
)n .~ — * B 1—~: 1- 3 .152
2 1(0476/7"2) F(ﬁ)l“(v—oz)( Z) 2 1(04,CK+ P)/aO‘_'_ 6??1(2 )
LI (e = B5)

1
Y S S el e o
+F(04)F(7—6)( Z) 2F1(676+]— 7)5"‘1 Oé,z)

can be used to show that as y/r — oo, the hypergeometric function oF} <2, 5;1; —f{—z) ~

80 1 1
—mw and, subsequently o(y,r — 0) ~ 500 17 (5 /)10

can actually set 7 = 0 directly and obtain ¢(r = 0) = 0, which is clearly not what we

24 near r = 0. Note then that we

wanted, so again the initial boundary condition was incorrect.

Case 2. We now look for a more physical boundary condition, and we concentrate on the
parallel separation case. In reality, the r space terminates at r = 1/u, so we must impose
a boundary condition there. This is an apparent singularity that one should be able
to continue through, thus the appropriate boundary condition at » = 1/u is Neumann,
¢,(r = 1/p) = 0. The reason is that then the point 7 = 1/u acts as the origin in
angular coordinates, for which the above condition is the only one that makes sense (see
for instance [60]). Thus imposing

d
2 0p()lr=170 =0, (2.153)
on the function
Q M Zp 3 3 i ~ . 5 iup'rg /Lp 7 7 )
¢p(r)=596r5€ > 1B @—Z,—i;ﬂwﬂ +Ky(—ipp)ze 2 1y @Jrz;a;—wm? ,
(2.154)
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and using the identity

we obtain the condition

7 3 3. ¢ 5 4 (3 3 7 1 .

2 (i) F (-5 (-s) (-0 R (B
5 p\—LUD = ;

Qu _1F1<_p+£’% 1

(2.156)
We already saw that at r = 0 the Fourier transform of the first term in (2.154) vanishes,
so we need to analyze only the second term. Then

dy,r=0) = | ——eTTK,(—ipp)*? (2.157)

and the right hand side of (2.156) gives in the large p limit

Blei (i)™ (2.158)
161 -7 \ 2z '

which means that we could close the contour of integration fj;o dp with a semicircle in
the upper half plane (since I?p(—i,up)g’/2 goes to zero as |p| — c0), and thus if the integral
above would be one-dimensional instead of two, it would be given by the residues at the
poles in the upper half p plane. [?p has poles in the upper half plane of the complex p,
given by the solutions to the equation

w7 7 —ip 4 (ip T wp 119 —ip
11(4u+4’2’u) 7(4u+4 A VR T (2.159)
We can easily see, however, that p = 0 is a solution to this equation, so half the residue

at p = 0 will contribute to the integral, giving a constant contribution (independent of y)
instead of an exponential.

The next solutions that we obtain for the poles (with Mathematica) are p = 0.£9.14066:y,
for which the residue does indeed give an exponential. So the main contribution to the
integral gives a constant, plus an exponential ~ e~"Y,

Here my the lowest imaginary part in the upper half plane among these solutions. Note
that we cannot say for certain that m; = 9.14066u, since Mathematica searches are always
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in a neighbourhood; if there is a solution of small imaginary part at large real part, we
cannot say from the numerical result. Continuing the numerical search for solutions, p,
of the root equation, we find 0. £ 13.4767¢u; 0. + 17.6461ip; 0. 4+ 21.75164u, with a rather
general starting point (even a real one). This seems to hint that all solutions are pure
imaginary? If so, we would have a chance to prove that m; = 9.14066 .

Thus if the p integral were be one-dimensional, we would get ¢(y — oo, = 0) ~ e ™Y,
We can then at least conclude that if we restrict the dependence to only one of the y
coordinates, we indeed get ¢p(y — oo,r = 0) ~ e~™¥. A similar result is expected for a
two-dimensional y, since then we would need to do the integral

olyl.r=0) = / " pdp To(py) By —ipp)*”?. (2.160)

which we cannot perform but the small y behaviour would likely be given by expanding

I?p(—iup)5/2 at large p, which gives o / dp p~*Jo(py) o< y*. It is not very clear how
0
to obtain the large y behaviour, especially since as we saw above, we are interested in a

subleading term. The leading term is indeed (rather easily) obtained as a constant, since
lpl =0,

~ Qu® 63
Ky(—ipp)®/? 0 22— 2.161
A N TE (2161)
and
o(lyl,r=0) x / — Jo(py) = const. (2.162)
o P

(the exact form of the constant we cannot be sure of, since the integral above is outside the
range of validity for formulas we could find). It is very likely then that the same massive
behaviour e™™¥ persists for the first subleading term but this needs to be checked.
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Towards a Realization of the AdS/CMT

correspondence via Consistent Abelian
Truncation

3.1 Introduction

The gauge/gravity duality, as manifest in the AdS/CFT correspondence [1] has evolved
from its humble origins in string theory into one of the most powerful tools in the arsenal
of physicists studying non-perturbative and strong-coupling phenomena in quantum field
theories today. The original and, arguably, most studied of these ”applied string theory”
phenomena was the physics of QCD. In particular, a lot of recent work was focused on
the quark-gluon plasma observed in heavy ion colliders such as the RHIC collider and the
ALICE experment at CERN (see, for example, [3] for a recent review). More recently
though, the ideas of holography have found a new, lower-dimensional hunting ground in
condensed matter physics. The pp-wave or BMN limit of AdS/CFT selects operators with
large charge [4] in A/ = 4 super Yang-Mills theory. The physics of such large operators is,
in a very concrete sense, isomorphic to the physics of certain spin chains [5]; a realization
that has led, not only to an enormous development in our understanding of integrability
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in string theory but also served as a forerunner to many of the developments in what has
now become known as the “AdS/CMT” correspondence.

In these cases however, the duality was heuristically motivated by a relation between some
system of branes and a gravitational background, in some decoupling limit. Later, it was
realized that if physics in AdS is always holographic, we can consider simple theories
in AdS, that should be related to some strongly coupled conformal field theory on the
boundary. Thus naturally AdS/CFT came to be applied to condensed matter systems,
where one encounters strongly coupled conformal field theories that cannot be dealt with in
other ways (see for instance the reviews [8, 9] for an introduction and relevant references).
In all these cases, however, the argument is mostly one of universality, that a variety of
(large N) theories have some small set of (abelian) operators dual to some finite and small
number of fields in AdS, usually a U(1) gauge field, a scalar and maybe some spinors,
representing a (sometimes consistent) truncation of some AdS/CFT pair. In other words,
either one truncates the number of operators of the system, in which case it is not entirely
clear (a) why one should focus on a subset, or how one understands from the point of
view of a condensed matter system the focus on the few operators of the large N system;
or (b) one thinks of an abelian condensed matter analog of the large N theory, in which
case it is not clear why we can use just a gravity dual, as opposed to a full string theory.
In either case, we find the argument less than persuasive.

In this chapter we will take some steps towards a better understanding of AdS/CMT, by
proposing a modification of the above set-up. We consider instead a consistent truncation
of the 3-dimensional ABJM theory (which has a known gravity dual), a truncation that
corresponds to the collective dynamics of O(N) fields out of the O(N?) of ABJM, and
gives an effective theory that is easily identified as the relativistic Landau-Ginzburg model.
We also sketch a simple CMT model that has the same qualitative features as the ABJM
abelianization, allowing us to understand better in what sense can we use ABJM for
condensed matter systems. Here we present only the main ideas, leaving the technical
details to chapter 4.

As a point of clarity, we note that the idea of a consistent truncation in string theory is
not a new one, having featured before in two primary contexts. On the gravity side of the
AdS/CFT correspondence, when one is interested in a classical limit only, a consistent
truncation means that we can safely drop the “nonzero modes”, as these will only appear
in quantum loops. In supergravity compactifications however, a consistent truncation for
a dimensional reduction means that we can drop all the nonzero (KK) modes from the low
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energy quantum theory as well, provided that the coupling to the nonzero modes can be
made arbitrarily small, or that the masses of the nonzero modes are much larger than the
mass parameters of the low energy theory. Hence quantum loops of these nonzero modes
may be ignored. We will argue below that it is this latter case that arises arises here.
To understand the collective dynamics that is crucial to our argument, consider a large
number, N, of branes in some background. A classical solution that is obtained by turning
on fields in all the N branes will curve the background space nontrivially corresponding,
via AdS/CFT, to some finite deformation of the dual theory. On the other hand, just
turning on fields on a single brane will produce a negligible deformation that will not
deform the background space nor the dual. In our case it is the former situation that
arises so that in this sense, the collective dynamics of O(N) fields really is different
from the dynamics of a single field, and it is this that allows for a dual gravitational
interpretation.

3.2 Consistent Abelian Truncation and Condensed Matter
Model

Consider the following ansatz for the Chern-Simons fields and the scalar matter in the
supermultiplet:

A, = dPG'Gl +dVG*GY

A, = aPGIG +dVGIG?

Qa = ¢aGa

R* = x.G°, (3.1)

: . . 1 2
where, again, there is no summation over the repeated «; aL) and aL) are real-valued

vector fields and ¢,, Y. are complex-valued scalar fields. This provides a consistent
truncation of the ABJM action to

N(N -1 k
g _ _ ( : )/d3:1: EEWA(@f)fV(?ﬂL@S)fﬁ))
+ [Dugil* + | Duxal* + U4, |Xz‘|)] (3.2)
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where U = 2V/N(N — 1) is a rescaling of the potential

22

Vo= SN = D[6n + hal) (bl = 16 - )
(Ipa)* + |X2|2)(‘X1‘2 — | |* — 02)2 (3.3)

Al [P dal (X
o)+ 4haPlelP(en + 192,

+ o+ o+

and where the, now abelian, gauge covariant derivatives are D, ¢; = (9, — ia,(f))gbi and
D,x; = (0, — ia,(f))xi. Different choices of scalars turned on lead to different consistent
truncations we collect below:

e x2 = ¢y = 0: This leads to a model with two massive complex scalars with no self-
interactions. This is essentially trivial and will not merit further attention.

e \; = ¢ = 0: After a minor re-labeling of yo — ¢ this choice produces

s = A [ et o 12)
+ [Dug* + U(10i]) | (3.4)
22N (N — 1
v - %[Wuwﬂ%u|¢2\2<|¢1\2+c2>2

a model which has vortex solutions with ¢, = |¢1|eM® and ¢y = |¢o|e?2®, where o
is the polar angle on the plane, and |¢; 2| go to zero at r = 0 and r = co.

e ¢ = ¢ = 0: If we also set x; = b =constant, and solve for the (now auxiliary)

gauge field a&l) we obtain the action

N(N -1 k2
5= _%/d?)x[éiﬂﬂbb(fﬁ)f*' ‘DMX2‘2+V (3.5)

where the potential is
2m 2 4 2 2 212 21712
Vo= SNV = 1) [Pl + hal (b - ) - 220?)
+c*b]*] - (3.6)
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This is the most interesting case. Indeed, we see that for |[b|> — 2| > v/2|c||b], we
obtain a regular ¢* phase, whereas for ||b|> — c?| < v/2|c||b| we obtain the abelian-
Higgs phase, i.e. this is a relativistic Landau-Ginzburg theory, with (|b]*> — ¢*)* ~ g
and 2c|b|* ~ g.. However, in order to have a consistent truncation, in the above
action we need to also satisfy the “equation of motion” for the constant |b[*. This
is indeed the case for BPS solutions of the abelian-Higgs action.

When canonically normalizing all the fields, the quartic coupling for the canonicalscalar xo
from (3.6) becomes ¢*, with g = 27|b|/(Nk), and the coefficient of the middle term in (3.6)
becomes N?g?/2. Then, for |b| ~ ¢, with k ~ 1 and N large, g* ~ u/(N?k) ~ u/N? < p,
and generically the mass of |¢| is ~ p. But we can tune the system to be near zero
mass, so that (for m? # 0) we have |m?| < p?. Generic modes of the ABJM model (the
“nonzero modes” dropped in our consistent truncation) have mass p, as easily checked in
(2.25), (4.6). Therefore we can drop the nonzero modes in the reduced low energy theory
even at the quantum level, as advertised in the introduction, and consistently truncate to
(4.66). Note also that substituting the reduction ansatz into the ABJM action, we find
that the (sextic) potential gives a term with bilinear coupling to the nonzero modes d¢
of the type (Y2)*(6¢)%/(k*N?) oc 1/N?, the 2-fermi-2-scalar term gives a bilinear coupling
(X2)%090%/(EN) o 1/N, and mass deformation quartic in the scalars gives a bilinear
coupling (X2)2(0¢)*u/(kN) o< u/N, which is < u, though still > p/N? ~ g2.

Now also note that for |b| = ¢, the potential (3.6) has the vacuum |¢| = |b| = ¢, which is
nothing but the fuzzy sphere vacuum of the massive ABJM, therefore classical solutions
of the reduced theory (4.66) are some type of deformations of the fuzzy sphere. Other
examples of such classical solutions will be given elsewhere [63]. These solutions, giving a
collective dynamics of O(N) modes, then correspond to finite deformations of the gravity
dual, unlike any solutions obtained by turning on a single mode. Therefore we retain the
good features of the large NV behaviour (classical gravity dual) with this abelian reduction,
as advertised in the introduction.

At this point, one might ask whether the modes in the Landau-Ginzburg action we con-
sider are the only light ones and if not, do they couple to any others? For the extra modes
in (4.22) that we dropped, the answer is simple. All canonically normalized fields couple
to the LG mode with coupling ~ u/(N%k) ~ g% Moreover, all ¢;, x; have an explicit
mass term of the order N?c*/k? ~ p? and there is also a contribution from the VEV
X1 = b of 1/k*[—420|Xa|? 4 bA(|X2|? + |42/?)]. Consequently in the region of parameter
space where our LG mode Y can be tuned to be light all the other modes stay heavy.
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For generic modes outside the action (4.22) the answer is a bit more difficult. As we have
already argued, since generic mass terms are of the order m? ~ p? > 0, the only thing
remaining to check is if they can be (almost) cancelled by the terms coming from the
Higgs VEV y; = b. We can obtain the total mass term by keeping only two C!’s in the
potential (2.28), and replacing the rest by C! = (R' = bG', R? = Q' = Q* = 0). Setting
this to zero produces a very long equation for the trace of products of two C! matrices
and up to four G! matrices being zero, which we will not reproduce here. One solution is
given by our LG light mode, CT = (R? = x»,G?, R = Q' = Q* = 0), and amounts to an
identity between the G and G? matrices (together with the condition |b|? = ¢%(2 4+ v/3)
for a massless LG field). The question is whether the solution is unique. While we don’t
know of a general mathematical proof of uniqueness, physically it is clear that there can’t
be another solution. Indeed, this solution is related to the existence of the maximally
supersymmetric fuzzy sphere vacuum characterized by G!, G?; once we have G! turned
on, there is an instability towards turning on G? also. Consequently, the mass of y, can
become negative, passing through zero. Another solution would amount to another in-
stability towards a different vacuum with the same G* turned on. As there are no vacua
connected in this way to the maximally supersymmetric one, this is impossible. Finally,
we note that there can be other light modes in other regions of parameter space, but since
all we need here is that at N large, & ~ 1 and the only VEV turned on is bG?, there are
no other light modes.

The question at this stage is how relevant are any of our effective field theories in the
condensed matter context? Following [66], we now outline an argument to suggest that an
appropriate answer is very. Beginning with the Hubbard model for spinless bosons, with a
ground state where each site in the lattice is populated by an equal number of bosons, one
can construct a discretized field ¢; ~ a;a; + ,Bihz, where a!

; creates a “particle” above the
ground state and h;-r creates a “hole”. One then obtains the relativistic Landau-Ginzburg

action

S = [ da(=100 + 199 + (9 - g0lof? + ulof). 1)

in the continuum limit. For ¢ < g. we have an abelian-Higgs system, i.e. a supercon-
ducting phase, while for ¢ > g. we have an insulator phase. At g = g. (and temperature
T = 0) the model describes a conformal field theory. The systems described by the above
model have also a quantum critical phase which opens up at nonzero temperature for a
T-dependent window around g = ¢.. This quantum critical phase is strongly coupled and
difficult to analyze using usual condensed matter methods and hence a good candidate
for a holographic description.
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Moreover, the Hubbard model is a drastic simplification of a real condensed matter sys-
tem. The model was used to describe the quantum critical phase of (bosonic) 8"Rb cold
atoms on an optical lattice, but the description is believed to hold more generally for the
quantum critical phase. For instance, high T, superconductors have a “strange metal”
phase that is believed to be of the same quantum critical phase type. In fact, a sim-
ple model for a solid with free electrons describes the qualitative features of the ABJM
abelianization. One can consider an electron at site ¢ in the model coupled to an elec-
tron at site j to form a spinless boson ¢;; = &iwj. In two spatial dimensions there are
O(N?) neighbours of maximum distance N away. It is not unreasonable to consider
that the length between the sites has a maximum value N > |i — j|. We can write this
field as @3, where i’ is at midpoint between i and j, and a, b correspond to 1,2,..., N in
spatial directions x,y. If the normalized wavefunctions for ¢% give probabilities for exis-
tence of the pair [¢%°|?, and assuming rotational invariance so only rotationally invariant
modes 1(a), thought of as eigenvalues of the matrices ¢, are nonzero, we can consider
a decaying solution [¢(a)]* o N — a. This corresponds to the ABJM matrix G?, with
(G2GH) i = (N = m)6pn. Indeed, in ABJM we have the field y2(G?)mn, corresponding
to by ~ Y Y(a)pi*. The average distance in between sites is then

_ [ 1(a)|?a(2rada) N
@) = T (@ P2reda) ~ 2 (3.8)

consistent with the fact that there is a large distance between sites that couple, as is

known to be the case.

Note that while the above fields are the only ones that are turned on, the system
has, in principle, several more possibilities. For example, we can form more than one
matrix scalar field, like the 4 C’s of ABJM, by having more electrons at each site that
can couple to form spinless bosons, as well as matrix fermions, by having two electrons at
site ¢ couple among themselves and with an electron at site 7. We can also construct two
Chern-Simons (topological) gauge fields by a generalization of the abelian CS case (see
e.g. [67]) as follows: Consider two fermions at sites 4 and i coupling to form ¢&* at their
midpoint ¢ and two fermions at sites j and j” coupling to form ¢?9/ at their midpoint j'.
Then the field

ed(iy) = Vi Y _ (i — i), (3.9)

J1#
where a(7; — ;) is the angle made by 7; — 7; with a fixed axis, corresponds to a CS gauge
field. The indices on the gauge field are the planar indices for the only variable above,
T — T35 (changing 7 by itself just gives a harmless overall translation), as well as the
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discrete choice for 7}; to belong to ¢’ or j', giving two gauge fields A and A. The scalars
¢3 act as bifundamental with respect to them. It is clear then that, qualitatively at least,
the model outlined above describes all the fields of ABJM, as well as the abelianization.

In some sense, the 3-dimensional Landau-Ginzburg model makes more sense as a dimen-
sional reduction from four dimensions; the same is true of our abelianization picture. The
matrix G, one of the two matrices G, G? that describe the fuzzy 2-sphere, is multiplied
by the constant |b|, so in a sense we have a “fuzzy circle” (limit of a fuzzy 2-sphere),
becoming classical at large N. The physical radius of a fuzzy sphere construction was
argued in the literature on brane polarizations to be (see e.g. [23])

2 2
R, = &I (X1xT] = I [C1ehan?ls, (3.10)

where (3, = [2Ry;. Assuming the same formula holds for the “fuzzy circle” case, and that
like in the pure fuzzy sphere case, the 11th direction has radius Ry = Ry, /k, we obtain

Ry, = (N —1)2 (3.11)
The pure (massless) ABJM model corresponds to the IR limit of M2-branes on R*! x
C*/Zy;, and has as a gravity dual type IIA string theory on AdSy x CP?. In the massive
case, the spacetime for M2-brane propagation is more complicated [62], and the gravity
dual even more so [43, 62], so we will not reproduce the formulas here.
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Abelian-Higgs and Vortices from ABJM:
towards a string realization of AdS/CMT

4.1 Introduction

The applications of the AdS/CFT correspondence to condensed matter hinge on the idea
that, if physics in AdS is always holographic, then we can consider simple theories in AdS,
which should be dual to some strongly coupled conformal field theories (see e.g. [8, 9] for
areview). We will explore possible abelian reductions of the ABJM model in this chapter.
Our strategy will be to look to the matrices G* that characterize the “fuzzy funnel” BPS
state of pure ABJM and the “fuzzy sphere” ground state of the massive deformation of
ABJM (mABJM) since they correspond to a collective motion of O(N) out of O(N?)
degrees of freedom. They will play a central role in our abelianization ansatz. We will
then argue that this ansatz furnishes a consistent truncation of mABJM and can be used
to identify further (phenomenologically) interesting abelianizations. We then show how
these find application in condensed matter physics and, finally, we will explore some BPS
solutions suggested by the abelian ansatze together with their spacetime interpretation.
The main ideas about the abelianization and application to AdS/CMT were outlined in
chapter 3 [64], and here we present the full details.
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At this point, it is worth elaborating on the idea of consistent truncations and the context
in which we will use them in this chapter.To this end, let’s recall previous instances
where they have been used commonly. Perhaps the most frequently encountered use
of consistent truncations is in the context of AdS/CFT. Here, one usually deals with a
classical theory on the gravity side, so the existence of a consistent truncation to some
reduced theory means that we can safely drop the other modes, since they will appear only
in quantum loops. However, another common utilization of truncations is in supergravity
compactifications. Here the relevant question is whether or not we can safely retain only
the phenomenologically interesting reduced four-dimensional theory. If there exists a
consistent truncation, one can check whether couplings to the “nonzero modes” can be
made arbitrarily small or whether, more commonly, the masses of the nonzero modes are
much larger than the mass parameters of the reduced theory. We will argue that it is the
latter usage of consistent truncations that is relevant in our case and as a result, at low
energies we can, with no loss of physics, drop the nonzero modes even from the quantum
theory.

Another issue that warrants clarification is our use of the collective dynamics of O(N)
modes. To see why this is different from the dynamics of any single field, consider a large
number, IV, of branes in some gravitational background. A classical solution obtained by
turning on fields in all N branes corresponds, in the gravity dual, to a finite deformation
of the background, in stark contrast to turning on fields on a single brane which does not
produce a finite effect in the dual background.

4.2 ABJM, massive ABJM and their Truncations

The ABJM model [21] is obtained as the IR limit of the theory of N coincident M2-branes
moving in R%! x C*/Z;,. It is a N = 6 supersymmetric U(N) x U(N) Chern-Simons gauge
theory at level (k, —k), with bifundamental scalars C and fermions ¢y, I = 1,...,4 in the

A,. Its action is given by

2 . .
SAA

s

™

fundamental of the SU(4)r symmetry group. The gauge fields are denoted by A, and
3 k IUJ/A 2/1/ I I
S = d’x ot Tr ( A0, A\ + gAuA,,A,\ — A,0,A\ — A
4 2
— Tt D,CIDCT — iTr ! Dby + 3%% (010}0J0}0K0;

+ colciche’ol.ek +actchekclio’/cl - 6CIC}CJC}CKC}(CK)
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211

+ T (c}cwwj — IOy — 2070 ey + 27T CTClapy
+ RO Clen eIJKchwJTOKw*)) (4.1)

where the gauge-covariant derivative is
D, 01 = 9,01 +iA,07 —iCiA,. (4.2)

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

There is a maximally supersymmetric (i.e., preserving all N' = 6) massive deformation
of the model with a parameter p [25, 27], which breaks the R-symmetry down to SU(2) x
SU(2) x U(1)a x U(1)p x Zy by splitting the scalars as

C'=(Q*R"); a=12 (4.3)

The Z, action swaps the matter fields Q* and R*, while the SU(2) factors act individually
on the doublets Q* and R® respectively and U(1)4 symmetry rotates Q® with a phase +1
and R® with a phase —1. The mass deformation, besides giving a mass to the fermions,
changes the potential of the theory. The bosonic part of the deformed action can be
written as

™

— Tr|D"Q°|? — Tr |DFR*)* -V (4.4)

k 21 . - 20~ . -
EBosonic = 4_€MV>\Tr (AuaVAA + éAMAVA)\ - AuaVAA - glAuAVAA)

where the potential is
V="Tr (]Ma]2+\N°‘\2), (4.5)

and where

27
MO = Qo+ (20Q}Q" + RRIQ" - Q"RLR + 2Q° RiR* — 2R RLQ7),

2
N = R+ (2RCRLRY + QPQLR" — R°QLQ7 + 2R7QLQ" — 2Q°QLRY).
(4.6)
The equations of motion of the bosonic Lagrangian (4.4) are
porgr = X ppere = aVT ,
aQa aRa
2T ~ 2 ~
ij = ?EW»\JA, EW = ?EIW)\JA, (47)
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where the field strength F), = 0,4, — 0,A, + i[A,, A,] and the two gauge currents J*
and JH, given by

Jho= i (QUDMQY)T = (D"QMQL + RY(D'R*)' — (D"R*)RY) ,
(4.8)
Jro= —i (QID'Q* — (D"Q*)'Q™ + RI(D"R* — (D"R”)'R®)

are covariantly conserved so that V,Jt = VHJA“ = (. In addition, there are two abelian
currents j* and j* corresponding to the global U (1)4 and U(1)p invariances, given by

o= T (QUDMQY) — (DPQY)QL + R (DM R — (D"R)RY),
(4.9)
= iTr (QLD*QY) — (D"Q*)'Q" + RL(D*R®) — (D*R*)'R®),

which are ordinarily conserved .e. d,7* = ,J“ — 0. By choosing the gauge Ay = Ay = 0,
the energy density (Hamiltonian) is given by!

H = Tr [(DeQ%)(DoQ") + (D;Q%)'(D;Q%)
+(DoR*)'(DoR*) 4+ (D;R*)/(D;R*) + V] . (4.10)

Since this is a Chern-Simons theory, the equations of motion must be supplemented with
the Gauss law constraints

Fa = 200 2 20 (QuDhQeyt - (0°QUQL + (PR — (DRO)RY)
(4.11)
By = 20 = 2 QUDQY) — (D)@ + RL(DURY) — (D°R)IRY).

The gauge choice is not as restrictive as it would seem. Choosing (as we do below for our
abelianization) Ay and /10 different from zero produces an extra term in the Hamiltonian
of the form e Tr[A,A, Ay — /lu/l,,fl)\]. In the abelian case this vanishes anyway since
it is proportional to e“”’\aff)a,(,j )af\k) and there are only two a,(f)’s. So in the abelian case,
the Hamiltonian is the same even away from the gauge Ag = Ag = 0. The mass deformed

theory has ground states of the fuzzy sphere type given by

R*=¢G* Q*=0 and Ql =cG* R*=0 (4.12)

INote that the terms Ay As — A3 A; cancel from pq — L, and the rest of the CS term involve Ag
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where ¢ = \/% and the matrices G*, a = 1, 2, satisfy the equations [25, 27]
G* = G°GLG* — GGG, (4.13)

It was shown in [23, 65] that this solution corresponds to a fuzzy 2-sphere.
An explicit solution of these equations is given by

(GYn m— 1 (5mn,

(G2> N — m m+1 n

(G{)mm Vm =16,

(Gg)mn = V(N =n) dnyim- (4.14)

Clearly, these matrices satisfy G! = GI also. In the case of the pure ABJM, there is a
BPS solution of the fuzzy funnel type with ¢ replaced by
k

c(s) = . (4.15)

instead, where s is one of the two spatial coordinates of the ABJM model. The matrices
G are bifundamental under U(N) x U(N), therefore G'G and G?G} are in the adjoint
of the first U(N), and GIG* and GIG? are in the adjoint of the second.

4.2.1 An Abelianization Ansatz

Given all these properties of the G* matrices, it is reasonable to choose the following
abelianization ansatz

A, = dPG'Gl+aVGGY,

A, = aPGIG" +aVGIG?

Qa = ¢aGaa

R = x.G*, (4.16)

with no summation over « in the ansatz for ¢, R%; a,(} and a,(f ) real-valued vector fields

and ¢, Yo complex-valued scalar fields.

Since G'G] commutes with G2G), and GIG' commutes with GG, the gauge fields

a,(f) are abelian and the field strengths decompose as

Fo = 0,A, — 9,4, +i[A,, A] = f2G'G] + fVG*GY
(4.17)
F = 0,A, — 9,4, +i[A,,A] = fOGIG" + fUGIG?,
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with the abelian field strengths f,SQ = (9,@9 — (9,,@9.
With this ansatz, the Chern-Simons term becomes

k N(N 1) wd [ (2)
R M2 o (a2 9 + a0 12, (413)

while the covariant derivatives D, Q% and D, R* give rise to

Dupi = (8 —ial)ei,

(4.19)
D;LXi = (au - Zafj))Xz )
and the values for M, N¢ are given by
Ml = 2m 2 2 v 2) — 9ve o
= 7 [01(¢® + |d2* = Ix2l?) — 2x1Xa002] G
27
M? = T [¢2 (02 + || — ‘X1’2) - 2%)(2%] G?,
(4.20)
27 —
Nt = 7 [Xl( -+ xof’ — ’¢2\2) - 2¢1¢2X2] G,
27 —
N? = - (= &+ xal* = |o1]?) — 2¢,00x1] G
where as before, ¢* = pk/(2m). Substituting into the potential gives
272 2
Vo= SN =10 + bal) (hel? |6l - &)
2
(Ig2l* + Ixal?) (X1 [* = [61]* = ) (4.21)

+
+ Ao Ploa*(xal® + Deal®) + 4l Ixe (1o + !¢2\2)} :
Note that the interchange of y with ¢ (which changes @Q® with R®) is equivalent to a

change in the sign of ¢?, i.e. either a change in the sign of yu, or of k. Putting everything
together then gives the final abelian effective action

N(N —1 ko
S = —% /d3$ [EE’ MaP£R +aP £R) + 1Dubil + 1Dl + Uil [xal) |

(4.22)
with a rescaled potential U = 2V/N(N — 1). Since the effective theory derives from a
Chern-Simons theory, the equations of motion need to be supplemented with the Gauss
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law constraints which, in our ansatz, reduce to

© = o (0% — (D°60)6] + (D) — (D),
(4.23)
1(;) = %[%(BO%)T - (D0¢2)¢£ + )(2(170)(2)T - (DOX2)X£] )

We see, however, that these are nothing but the (zél),a((f) equations of motion for the

action (4.22). As we will need to work away from the aél) = agf) = 0 gauge, we don’t need

to impose them.

4.2.2 Consistent Truncations

A key point to note about this abelianization ansatz is that it a consistent truncation of
the original ABJM theory in the sense that, using the facts that M* « G*, N x G¢,
D, D"(¢oG*) = (D,D"¢,)G* and D, D" (xoG*) = (D,D"x,)G", the equations of motion
that follow from the action (4.22),

k T . .
EGWAJC,%) = 1 [¢2DA¢2 — ¢ Dy + XQD)\XQ - X2D)‘X2] )
(4.24)
k = — ——
EE““f,S,Q) = i [¢1D>\¢1 — $1D ¢y + X, D X1 — X1D>\X1:| :
and
D;L2D“¢1
Amer 9 -
= —5 | (hel® = 16l* = @) +2(10af + Peol*) (161 + aal* + &) + 4l el 1.
D;L2DH¢2
dmer 9 -
= —5 | (al? =161 = @) +2(10a + ) (162 + el + &) + 4161 hal*| 62
D;LDHXI
4?1 2 -
= = _(\X2\2 —[ga* = )"+ 2(Ipa* + Ix2l?) (Ion ] + Ixa* = &) + 4\¢2\2|X2\2_ X1,
D;LDHXQ
4?1 2 -
= 2 _(\X1\2 —1o1)* = )"+ 2(lo]* + xal?) (12l + Ixal® = &) + 4\¢1\2|X1\2_ X2

(4.25)

satisfy the higher original ABJM equations of motion (4.7) and Gauss constraints (4.12).
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Since Tr[G'Gl] = Tr[GIG,] = Tr[G?GY] = Tr[GIG? = N(N — 1)/2, the energy
density (Hamiltonian) is
N(N —1)

H = ————[IDodil* + [ Doxil* + |Dail* + [ Daxal*] + V (4.26)

where a,b = 1,2. Note also that away from the gauge Ag = Ay =0 (which imply that
a(()i) = 0), we would, in principle, have a term cubic in the gauge fields in the Hamiltonian.
This however vanishes in the abelian case, so the above result is correct in general. This
abelianization, with its four complex scalar fields, is rather general. We will study further
reductions of it involving only two scalars. Looking at the scalar equations of motion

above we see that putting any two of the scalars to zero is again a consistent truncation.

e A trivial choice turns out to be o = ¢ = 0 (or equivalently x; = ¢; = 0), since in
that case, the potential reduces to a simple mass term,

At

V= 12

(Io1]* + Ixal) (4.27)

while at the same time, the only a,(f) dependence remains in the Chern-Simons term,
~ [€a® O so its equation of motion is fﬁ(bly) = 0, which means af}) is also trivial
(pure gauge). So we remain with two massive complex scalar fields coupled to one

trivial gauge field (pure gauge, with no kinetic term), an uninteresting model.

e A much more interesting choice is ¢; = ¢o = 0, which will turn out to lead (with
some modifications) to the Abelian-Higgs model. Since we will study this separately
and extensively in section 4, we will not discuss it further here.

e Finally, setting y; = ¢ = 0, and renaming ys to ¢ for simplicity, we get

N(N —1 k
s - 0= [ [Ee“”(aff’fii’ + o 12) + 1D, + (1o el
(4.28)
2m 2 2 2\2 2 2 232
Vo= S5 NIV =Dlé(al” = &) + g2 (|00 " + )]
and energy density (Hamiltonian)
N(N —1
H= %HDOQMQ + |DagiP] + V. (4.29)
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We should note that, until now, we have worked only with the massive ABJM model,
but that we can analyze the massless (or pure) ABJM model in a straightforward way
by setting ¢ = 0. Since ¢ appears only in the potential, we can check that the model
with potential (4.21) is symmetric under interchange of ¢; <+ x;. For the model with
X1 = ¢2 = 0 above, for example, we obtain a purely quartic potential,

272

V = ==N(N = 1)|¢1 22> (|o1]” + |pa]?) - (4.30)

4.3 New vortex solutions for a Toda system

We now study BPS solutions of the effective model (4.28). Before doing so, it is worth
taking a step back, and considering the more general case of the Q? = R' = 0 reduction,
with only Q' = @ and R? = R nonzero, but without the abelianization ansatz. There we
can ‘complete squares’ in the Hamiltonian density and write it, in complete analogy to
the usual Abelian-Higgs model, as

H = Tr|DeQ —iM|> + Tr|DoR + iN|? + Tr |D_Q|? + Tr | D+ R|?
+ e, Tr (QT(D,,Q) _ RT(DbR)) + o, (4.31)

where pjo = pk/(27)Tr (Fio) and Dy = Dy +iD5. Just as in the Abelian-Higgs model,
the term on the second line (with €®) is zero on the configurations of interest, since

/ d*x e, (" Dyg) = / (¢"D.9) dz, (4.32)
\%4

Voo

and D, — 0 at r — oo for ¢ = @, R in order to have finite energy configurations.
Moreover, the perfect squares on the first line are minimized by the BPS equations

D_Q=0: D,R=0; DyQ=1iM; DoR=—iN, (4.33)
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which leaves just the topological term, pjo. The BPS equations together with the Gauss
law constraints are

D.Q = 0,
D+R - 0,
2ms
DWQ = inQ——=|QR'R-RR'Q|.

(4.34)
DR = ipR+ % [RQ*Q - QQTR] ,

2
Fo = ~ T+ reY + U [QRTRQ! - RQTQRT]
o = 4”‘ Qg+ )+ ST [RIQQ R - Q'RRIG).

where, in the Gauss law constraints, we have already substituted the BPS equations
for DyQ, DgR. These equations are more general, and can be used in principle to find
nonabelian BPS solutions. In practice, they are still too difficult to solve analytically so
from now on we will go back to the abelian case Q = ¢,G!, R = ¢,G*. There, the BPS
equations for Dy() and DyR become

(ao—m(()l))@ = —@Gﬁ [‘%’2 }

(4.35)

, 2mi k

(O —iay")dr = =y [w 5 } .
For static configurations (for which dy¢; = 0) these equations can be solved for a(()i) as
2T uk

ag! = T D@\Q— g} ;

(4.36)
2 2 ,U/k
ay) = 7 [|¢1\2+ or

In other words, the a(()i) are completely specified by the scalar fields ¢; and spatial compo-

nents of the abelian gauge fields a((f), a = 1,2. Consequently, the (temporal) gauge @(()i) =0
would be inconsistent with the BPS equations. This is different from the Abelian-Higgs
model, where the one can set both ap = 0 and 9y = 0, reducing the system to a two

dimensional one (for the spatial components). Here, this would be inconsistent with the
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Gauss law constraint which, for a Chern-Simons gauge field, relates Fiy to terms with
Dy@Q and DyR so that, if Fis is nonzero, so too is Do) and DyR. Finally, the Gauss law
constraints in the BPS case reduce to

2
o 8T o | pk
12 = —?|¢2| (|¢1| +%),
(4.37)
@ _ 87 o, o pk
12 = ?W)ﬂ | P2 ~ o)

In order to facilitate the rest of the analysis of the BPS system, it will prove useful to com-
plexify the (1, o) —plane and write z = x' +ix?. As usual, this induces a complexification
of the derivatives as well as the gauge fields as,

1 . i i L - (i
8:5(@1—202), a()za():i(ag)—mg)),

z

together with their complex conjugates. This, in turn, implies that fl(;) = —2i[0a" —
0a"], so that the BPS equations D_Q = D, R = 0 become simply

o1 —iaWMepy =0, Opy —iaPpy = 0. (4.38)

Equations (4.38) together with the Gauss law constraints constitute a complete set which,
as we argue below, possess at least one simple set of finite energy, spatially localized solu-
tions of the vortex type i.e. isolated zeros of the (complex) scalar fields with nonvanishing
winding number. The analysis follows the same general logic as for the Nielsen-Olesen
vortex and we start by writing

¢1 = [01]e™; do = | o€ (4.39)
and then (4.38) become (after taking derivatives and making the combinations fl(;))
. _ 1
O = 2001 |¢,|? — 2i(00 — 90)6, = A6 + 0,081
(4.40)
. _ 1
— 12 = 2001n |6y + 2i(00 — DO)by = A |6 €0,0,05 .

But since, if « is the polar angle in the 1,2 plane, €°0,0,a = 2762(z) (as can be checked
by integrating over a circle of vanishingly small radius), we may take the ansatz

91 = —Nloz, 02 = NQO[, (441)
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which leads to
1
b= SAInel - 2mNi(a),
(4.42)
(2 _ 1 2 2
fiy = 2Aln|¢2| 2T N6 () .

Finally, on substituting the Gauss law constraints, we obtain a continuous Toda system
with delta functions sources,

2
amla = = () leaf (1P + 5t ) + amist (o)
(4.43)
2 dm\’ 2 o 1k 2
amlas = = () tork (16aP - bt ) + amdist(a).

whose solutions we proceed to analyze.

4.3.1 Asymptotic Analysis of the Toda System

As in the case of the (much simpler) Nielsen-Olesen vortex, the Toda system of equations
does not, as far as we are aware, exhibit any closed form analytic solution. Consequently,
here too must we resort to topological, asymptotic and numerical analyses to tease out
finite energy solutions from it. The argument, fortunately, goes through in much the same
way as for the Neilsen-Olesen case: the topological term in the energy

. k kN(N -1
/ dxdy pjo = / dxdyu— Tr (Fo) = M—Q/ dzdy (f112 + f122) )
R2 R2 27T 27T 2 R2

is quantized as usual, since for an abelian gauge field

1 1 1 [
— Fodrdy=— ¢ Aydl = — Ayda,
27T R2 27'(' C 27T 0

and D,¢ — 0 at 7 — oo, with ¢ = |¢|e’, D, = 0, — ia, and 9, In || — 0, means that
0,0 — A2° = 0 and consequently

/ Fiodxdy = 27N .
RQ

The corresponding statement for our system (4.38) is that, at infinity

0a° = al)™,
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which gives the energy of the BPS state as

N(N

E(Ny, Ny) = uk%(]\h +N,). (4.44)

We are now in a position to look at the Toda equations in the asymptotic regions. To
obtain the r — 0 behaviour, we integrate each of them over a very small disk of radius
R — 0, and find that

/dxdyﬁﬁln\qﬁi\ =27N;, i=1,2,
which, after using Stokes’ theorem, gives

d
R—1In illr=R — Nz .
= 1n (il —n
This expression is easily integrated to show that as » — 0 each of the scalars exhibits the

power law behaviour,
|i| ~ A (4.45)

This is in accordance with the usual argument says that the only possibility for the vortices
with ¢ = |¢|e™® is to have |¢| — 0 at » — 0 in order that the phase is well defined at
r = 0. In fact we can do better and refine the conditions at » — 0 by using the equations
of motion away from r = 0. Taking as an ansatz for the scalars

1> = A (14 Bir?),

(4.46)
[02]* = Ayr®™@(1+ Byr?),
and substituting into the Toda equations, we find
q=2N1+2, p=2Ny+2,
B = %;AQ, (4.47)
B, = —%Al.

The constants A; are only determined from the full numerical solution.

At r — oo, we can first check that neither a constant, nor a decaying exponential,
nor a power law that blows up, ¢ ~ r? works for either of the two fields. This leaves a
decaying power law as the only plausible behaviour for either of the two scalar fields. In
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order to use the equations above, we must consider also the first subleading terms, i.e.

A B
6n]* = —1(1+—1)7
rm TP

we substitute

(4.48)
P = 22 (1+2),
into the equations above, to find
m=q+2, n=p+2,
B = — (Z—g) Ay, (4.49)

Since p,q € N,, m,n = 3,4,5, ... Again, the constants A;, As, as well as m, n are deter-
mined from the full numerical solutions.

4.3.2 Numerical Analysis of the Toda System

To determine the various parameters of the vortex-like solutions described above, we need
to solve the Toda system numerically. As in the asymptotic analysis above, our numerical
solution follows the general logic of the Abelian-Higgs model. Specifically, we will use
a modified two-parameter shooting method to numerically solve the two-point boundary
value problem described by the coupled Toda equations. To facilitate the implementation
of the shooting algorithm, we first rewrite the equations as a four-dimensional (non-
autonomous) dynamical system. To this end, we first non-dimensionalize the system by
rescaling our variables and defining

_ 2 2
g = Mk‘¢1’7
2T
= E‘%F’ (4.50)
r
R = —
2u’

with r taken to be the radial coordinate on the plane. Substituting into the system (4.44)
and assuming that the solitons that we are looking for are rotationally symmetric on the
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plane (so that the two-dimensional Laplacian is A = 1L (r4)) we find that eqs.(4.44)
reduce to

1 d (Rdf

- () —1

(4.51)

1 d (Rdg

e (el e 1).

RdR <ng) fg+1)

Finally, we reduce the order of the system by one by making the additional definitions

= % and j = j—]g% so that (denoting by a’ derivatives with respect to the dimensionless

radial variable R)

o= h
o= g,
g = 7, (4.52)
7= Lt gige)

Before directly integrating this four-dimensional non-autonomous dynamical system, it
will be instructive to extract some qualitative information from it. There are two (phys-
ical) fixed points at (f,h,g,7) = (0,0,0,0) and (1,0,0,0). A linearization of the sys-
tem near the former, shows that the origin is a saddle. Solutions of the kind that
carry nonvanishing winding number and conform to the asymptotic boundary conditions
f(0) = g(0) = 0 and f(co) = g(oo) = 0 correspond to homoclinic orbits® that begin and
end at (0,0,0,0) and that encircle the fixed point at (1,0,0,0) (see Fig.1).

Our numerical integration of the system is based on a two-parameter shooting al-
gorithm that converts the nonlinear dynamical system above into a nonlinear parameter
estimation problem. The parameters in question are precisely the undetermined constants
A; and A, above and these are chosen at R = 0 so that the constraint f(oco) = g(oco) =0
is met. In practice, the constraints at R = oo are a problem, but our asymptotic anaylsis
above can be extended to show that solutions at R ~ 10 are quite safely in the far field
for both f and g. Some results of our numerical integration are presented in Figures 2
and 3.

We also obtain from the numerics that the power law at infinity is |@1 | oc 1/r3, |¢o]? o
1/r? ie. m=3,n=2.

2This should be compared to the standard ANO vortices of the Abelian-Higgs model which correspond
to heteroclinic orbits interpolating between the two fixed points of the associated dynamical system.
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Figure 4.1: The (f, f')—subspace of the full phase space of the Toda system

As a final point, we note that in the massless ABJM case, at = 0, these vortices
vanish since their energy is proportional to p. This agrees well with known facts about
the solitonic spectrum of pure ABJM [41].

4.4 The Abelian-Higgs model from ABJM

We now look to embed the Abelian-Higgs model in ABJM, as a truncation of our general
abelianization ansatz. To find the truncation we look at the multi-vortex solution we
found previously in [62] for the N = 2 case, i.e. U(2) x U(2) ABJM. There, not only was
the ansatz written in a manner similar to the multi-vortices of the conventional Abelian-
Higgs model, but the action on the moduli space of vortices was also found to be the
same. In retrospect, this was really a telling signal that we were actually embedding the
Abelian-Higgs model into ABJM. For the reader unfamiliar with [62], we recall that the
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Figure 4.2: The N; = N, = 1 soliton profiles. Optimization of the shooting parameters
yeild A; = 30.00, A; = 30.05

static multivortex solution there was given by

kp (00 ku
cro— ke LI
0 (O 1) T
k K
2 = (el (8 (1)): Mgy (G2 P =Ct=0, (453)
T T

1 /90y 0O\ i Lo 0N , 45 (0 0
do = u(o 0)’ Ao‘u(o aéw)’ AZ‘AZ‘(O géw)’

where Hy(z) = [[;_,(z — #;) is an arbitrary polynomial and the real function t(z) is
determined through the equation

00y = p* (1 — e ¥|Ho(2)]?) (4.54)

with boundary conditions at |2| — oo requiring ¢ — log|Hy(2)|?. As usual, z; with
1 =1...n, denotes the positions of the n vortices. Treating each of these position variables
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b3
°
°
°
b3
°
e
2

e
pk
|1 \/V/ o

i 2

r/4p?
N1 =2,Ny =1
Figure 4.3: The Ny = 2, Ny = 1 soliton profiles. Optimization of the shooting parameters
yeild A; = 50.00, Ay = 100.00

as (adiabatic) functions of time, z;(t), produces the first order solution

W _ sm_ [0 0

L:igoy 0 . 0 0
A(_l) _ QNZ f A_l): -
: ( 0 o) °F 0 52000 )"

on the moduli space of the vortices. On the other hand, when N = 2, our general
abelianization ansatz gives

1)
a 0
Ay = a)G'Gl+aP GG = <g a;(f)> ’

(4.56)

A 0 0
— Vaiyal 2) 2
A, = a)GIG" +a()GIG® = (o aﬁ)+aff>> .

Comparing with the solution above (and also denoting now the first order solution for the
abelian fields with a tilde to avoid confusion with the indices (1) and (2) on the a’s) we
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find

. -
o = S0, o) = -00%, ¥ =af =0,
"

1 =
a) = ﬂya;aw, (4.57)

get
~(1) L T(ia 1 45 (0. — 58
a, = ﬂ|:<282+28£)81_Z<28%_282)82:|¢7
(4.58)
) = —[(F0-50) 0 —i (Fo+ 78) o] v,
1
This can be written more compactly, by using the fact that 1 is a real-valued field, as

In view of the above solution, and assuming that the same relation to our abelianization
holds at all N, we can now identify the truncation ansatz needed to obtain the abelian-
Higgs model as

¢1 = ¢ = 0, x1 = b = constant, (4.60)

which gives
Dyé1 = Dugr =0,
D,x1 = —ialb (4.61)
Dux2 = (D, — iaf)))@

and the potential

212
V.= 3NN - D61 (Ix2* = &) + |x2*(16]* = |e]*)?],
212
= SNV = DRl + P (—4bZe 4+ bt )+ cpP). (4.62)

We can easily arrange for the coefficient of the |x|? term to be negative, as is required for
the mexican hat potential of the abelian-Higgs model, by choosing for instance
27 |b|?

T

0] = [e| = p = (4.63)
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The action is then

S:—M/d?’x{

27 #

L 9
: —eal) £ + (af)) ‘b|2+‘DuX2‘2+V} o (469

with the auxiliary field a&l). As usual it can be eliminated through its equation of motion

k
1) — ;w)\ 4
ay, 47T|b|2 f : (4.65)
so that NN 1)

which is nothing but the action of the abehan—nggs model.

Of course, we still need to check the consistency of the truncation, i.e. to check that
the equations of motion of the full abelianization ansatz in section 2 are satisfied. We
have fixed ¢1, ¢ to zero and x; to b, so it is these three equations of motion that we need
to check. As before, the choice ¢; = ¢ = 0 is a consistent truncation. The equation for
X1 reduces, in the Lorentz gauge a“(zf) = 0, and using (4.65), to

oV
b
o[b?

(a)*p =

M

(4.67)

which is just the equation of motion we would obtain for the parameter b by varying in
the abelian-Higgs action (4.66). We find this somewhat puzzling, since it means that the
constant parameter |b| has to be effectively treated like a field in the abelian-Higgs action,
giving its own equation of motion.

It remains now to check that our multivortex solution satisfies the condition (4.65),
since it certainly matched our ansatz before we imposed the equation of motion for a,(}).
The equations (4.65) reduce for the zeroth order solution and the first order solution

respectively, to

W _ ks @
P TTE
(4.68)
S _ k €19,
% TN
We can check the first equation, since a(?) = iéqﬁ, which written in real components reads
ELZ@) = —1¢;;0;9. Then the zeroth order equation is satisfied if
27| b|?
- W]L | (4.69)
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while the first order equation is satisfied when

as expected. The appearance of the abelian-Higgs model above is somewhat non-standard
but can easily be put into canonical form by appropriately normalizing the fields as

2mh X
@ _ 2mb_@ _ X2
T NEY o T N
to obtain
S— [az|-1 <f ) —|DuRa? — V (4.71)
4 nyv ]
27r\b\

where now D, = 0, — Zga“ ) and g = In terms of the canonical fields and coupling,

the potential

2 27.2 \T4 27.2
9° | . 4 WMEN _ o2 [ ARk p2 o M k
V== + + N + . 4.72

2 |:‘X2‘ 472 |X2| ( o | | 47T2|b|2 ( 7)

As previously alluded to, the potential has a range of values of |b| for which it is sponta-
neously breaking (has negative mass squared). The central value of this domain is |b| = ¢,
and for this value of |b|, we find

2 2
g | .o pEN
V=21 — ) 4.
9 [’XQ‘ o } (4.73)

Moreover, for this value of |b|, the equation of motion for |b|? (the extra constraint on our
abelian-Higgs model), becomes

[lgal? = *)” = ! wa r : (4.74)

On the other hand, equating the kinetic (Maxwell) term for f,s,zj) with the potential term,
V', gives exactly the same equation. Further, taking the square root of this equation, and
imposing that fo; = 0, we find

1 -
Ny 1) = £[Xa| — N, (4.75)
which is part of the abelian-Higgs BPS condition. In other words, the extra condition is
satisfied on BPS solutions of the abelian-Higgs model with fy; = 0, and in particular for
vortices.
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Having established the consistent truncation to the Landau-Ginzburg model of inter-
est, as explained in the introduction, we still need to establish the conditions under which
we can decouple the nonzero modes. From the potential (4.72) we find that generically
the mass term has m ~ p (for instance for the central value |b|? = uk/(27)), whereas it
vanishes at

|b? = g—i@ +V/3), (4.76)

so, for values close to these, the mass of y, can be made much smaller than . The
coupling ¢? is generically, for instance close to the central value of [b|?,

,  Am?|b)? 27
~ N2 T RN

(4.77)
If we choose large N (as is required for the gravity dual) and k ~ 1, we see that g* < p.
The constant term is large in that case, for instance for near massless yo,

192[1,2]62]\[4 N ,U,]{}N2
2 42 T A4nm

(2 £3). (4.78)

Since we are in a non-gravitational theory here, this cannot be measured and, conse-
quently, it does not matter.

It is also possible to analyze the various terms in the ABJM action to see which of
them are quadratic in the nonzero modes since, these will be the terms responsible for the
simplest quantum loops. We find, using the ansatz for the “zero mode” fields that give
the LG action, and considering the nonvanishing d¢ as generic (ij) modes in the N x N
matrices,

42 6 1 9 1
$TI' [C ] ~ k2N2X2(5¢) X mu
ymils [A®] ~ kNa(6¢)? o< N,

7r

T [D,C1D"C1) ~ (9,80)%  Telp! P o] ~ 5v'pb,

T [CTCU] ~ (1) 00160 o .

2

ZETrQIQRIR] ~ (%) (090)” o< - (4.79)

Evidently then, the Chern-Simons term generates a term with large coupling, and the
mass term generates a term o< u/N < p, but still > p/N? ~ g% These couplings
cannot be made small; leading us to the situation that we advertised: the masses of the
nonzero modes are much larger than the mass parameters of the reduced theory, while
the couplings remain relatively large.
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Nevertheless, we still need to show that the modes of the reduced theory are the only
light ones in the theory or, if they are not, that any additional light modes do not couple
to ours. To this end, let’s start with the other modes in (4.22). Rescaling to canonically
normalized fields, }

Xi i 2mh _
_Xi, AN O RELLPTE)

Xi = ¢ = N = N—k , (4.80)

N ?
we find the following in the absence of a Higgs VEV:

e Sextic terms in the scalars go like ~ 1/N*k* — 0,

e Quartic terms go like ~ ¢2/N2k? ~ u/(N%g) ~ g%, and

e Mass terms go like ~ 2.

As claimed, they are generically heavy. All that remains then is to check what happens
in the presence of the Higgs VEV x; = b. In this case we obtain the extra terms

AP+ (P + 15:P), (1.81)
so that only the ys mode can become light; all others remain massive. What about
generic modes outside the action (4.22)7 We already saw that generic mass terms are of
order m? ~ p? > 0, so it only remains to see that the terms coming from the Higgs VEV
X1 = b cannot cancel them. Thus we search for solutions to the vanishing of the mass
term coming from the ABJM action, where we only keep two C?’s general in each term,
and the rest we write as

C'=(R'=WG'  R*=Q"'=Q*=0). (4.82)

Setting this mass term to zero produces a very long equation, for the trace of a sum of
terms with two C! matrices and up to four G' matrices being 0. One solution of this
equation is given by our light mode

Cl=(R?=\,G LR =Q'=Q*=0); v’ =2+V3), (4.83)

and is equivalent to an identity between G' and G? matrices after the ansatz has been
considered. The issue is whether or not the solution is unique. While we don’t know
a mathematical proof of uniqueness, physically it is clear it should be so. Indeed, the
solution is related to the existence of the maximally supersymmetric fuzzy sphere vacuum
characterized by G, G?%; once we turn on G*, there is an instability towards turning on G*
as well, apparent in the fact that the mass of x5 can go through zero and become negative.
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Any other solution would amount to the statement that there is another vacuum with
G' turned on (corresponding to a different instability in the presence of R' = bG'). As
there is no other vacuum connected in this way to the maximally supersymmetric one, we
conclude that there should be no other solution to the zero mass equation. Hence there
are no other light modes in the presence of the Higgs VEV x; = b. Of course, there can
be other light modes in other regions of parameter space, but all we need is that for large
N, k ~ 1 and the only VEV turned on being R' = bG! we don’t have other light modes,
and we have argued this is indeed the case.

This completes our demonstration that (i) the abelian Higgs model can be obtained
from the abelianization of the ABJM model as a quantum consistent truncation and (ii)
that both the classical zeroth order and the first order (in the moduli space approximation)
multivortex solutions of the latter at N = 2, are encoded in this model. Since this is a
bone fide embedding of the abelian-Higgs model, we say say more even. For instance, it is
natural that we obtain the same fluctuation action for vortex scattering as in the abelian
Higgs case. It also means that we can now immediately write down the multivortex
solution at general N, with the guarantee that we will recover the same fluctuation action
for vortex scattering as in the abelian Higgs case. To be concrete, the multivortex solution
at general N in ABJM

K k
R = (|26, B =[P, Q' =@ =0,
1. -~ A | -
Ay = ;aa@z)alc;{, A():;aaw{al, (4.84)
A, = %(%GQG; /1;z%5¢G£G2,

produces an effective Lagrangian on the moduli space

N(N —1)k 50+ Lsi5 (850 4+ L (8.508 90,0
L = %7“ /d% {—881/) + 527 (@@‘Qﬁ + E(aiaqﬁaja@/) - 881&@8@))} )
~ % —kpn+ Y “EIE P~ kug Y Ko(2ul2' = 27))| —zw?] . (48)
i=1 i>j

with ¢ ~ 1.71. To close this discussion on vortices of the abelian-Higgs model and their
embedding into the ABJM model, we mention briefly that in the case of the massless
ABJM model, with ¢ = 4 = 0, we obtain a non-symmetry breaking potential,

272
V= =5 NIV = 1) [IoP el + b l] (4.86)

which is just a massive gauged ¢* model.
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4.5 Towards a string construction of AdS/CMT

At this point, let’s stop and consider what it is that we have achieved. Stripping away
all the bells and whistles, essentially our truncation has produced a (2+1)-dimensional
scalar field theory with potential
272

V=5 NIV = 1) [PIg[* + [$*((1b]* = ¢*)* = 2¢*[b]”) + *[bf*] - (4.87)
It is not too difficult to see that it is just a Landau-Ginzburg model in which, at fixed |b]?,
c? o pu acts as a coupling that takes us from a |¢|* theory (the insulator phase) to an
abelian-Higgs theory (the superconducting phase). In this sense, the parameters |b|* and

¢? control the coupling ¢g and critical coupling g. of the Landau-Ginzburg model. More

2 as g and 2¢2|b|* as g. respectively. In

precisely, we identify the combinations (]b|? — ¢?)
this light, it makes sense then to think of this abelianization as a realization of the recently
proposed AdS/CMT correspondence. To see why our construction is markedly different
from any of its pre-cursors, we recall the general ideas involved. Usually, in an AdS/CMT
construction, one assumes some theory in an AdS background, usually involving gravity,
a gauge field A,,, maybe a complex (charged) scalar ¢ and some fermions ;. It is then
argued that this theory should be dual to some large N conformal field theory with a
global current J,, dual to the gauge field A,, and some other operators (in principle) dual
to the other fields. It is then argued that relevant physics in AdS corresponds to some
behaviour of the operators in the field theory which simulates the relevant physics, like
superconductivity [61] for example, to be studied. Sometimes the AdS theory is obtained
as a consistent truncation of some known AdS/CFT duality (for which there is a heuristic
derivation involving a decoupling limit of some brane constructions), so that the field
theory contains a small subset of operators that could possibly give the desired physics
8, 9].

However, even in these cases, it is not obvious how to directly relate the set of operators
in the given CFT to the condensed matter system of interest, and usually one has to invoke
some sort of universality argument. In other words, if the physics of the selected set of
operators in the large N CF'T describes the correct physics for the condensed matter
system, then perhaps the physics is general enough to appear in many different systems,
and we can try to apply our seemingly unrelated field theory to the condensed matter
system of interest. While we certainly appreciate the logic of this argument, we find it
less than satisfactory for a number of reasons. Primary among these is that it is not at
all clear why can we choose only a very small number of operators in the large N CFT
and concentrate on their physics. Secondly, if we try to write down a gravity dual of an
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abelian theory having this small number of nontrivial operators, we would fail, since the
absence of the large N would mean that we could not focus on the supergravity limit in
the dual.

However, we can now do better. We have found a consistent truncation of the large
N CFT, for which there is a well-defined duality, and not just a truncation of the grav-
ity theory. That means that this set of fields is a well defined subset at the quantum
levelP corresponding to the collective motion of the nonabelian fields in the large N case
and involving O(N) out of the O(N?) fields of ABJM, via the nontrivial matrices G*
(which have O(N) nonzero elements). It is not just a simple restriction to N = 1 of the
ABJM model, which would imply losing the supergravity limit in the dual. Therefore this
abelianization still maps to a purely gravitational theory, and not a full string theory as
for generic abelian theories.

We should note that the potential (4.62) for |b| = ¢ has a minimum (vacuum) at
X2 = |b| = ¢, which is nothing but the fuzzy sphere vacuum of the massive ABJM model,
and hence classical solutions of the reduced theory (LG) can be understood as some type of
deformations of the fuzzy sphere. We will see other examples of similar classical solutions
in the next section. Therefore all of these solutions, representing a collective motion of
O(N) fields, correspond to finite deformations of the gravity dual, unlike any solutions
that only turn on one mode. In this sense, as already explained, the property of classical
gravity dual related to large N is still preserved by our abelianization.

In our case, there already exists a well defined gravity dual of the field theory. In the
case of massless ABJM, that theory corresponds to M2-branes moving in the space R%! x
C*/Z;,, and the gravity dual (i.e. the near-horizon limit of the backreacted background)
is AdS, x CP?. In the case of the massive ABJM, the theory corresponds to M2-branes
moving in a space defined in [62, 68] with the gravity dual described in [43, 62]. Of
course, we still would need to understand to what the truncation to (x;) = b and x3 # 0
corresponds in this gravity dual in order to complete the picture, but we leave this for
further work.

Actually, as it turns out, the theory we obtain in the abelianization is also the relevant
effective theory for a CMT construction. Indeed, as reviewed for instance in [66], starting
from the Hubbard model for spinless bosons hopping on a lattice of sites ¢ with short
range repulsive interactions,

(7)

3We can consistently put the other fields to zero even at the quantum level.
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where n; = b;rbi and w is the hopping matrix between nearest-neighbour sites, one obtains
the relativistic Landau-Ginzburg theory

5= [ (~lof + o190 + (g - golof +ulof) (4.89)

The effective field ¢ is obtained as follows. The ground state contains an equal number
of bosons at each site, with the creation operators az producing extra particles at each
site, and creation operators h;r that produce extra “holes” at each site; “antiparticles”
in the QFT picture. Then, as is usual in field theory, ¢; ~ «a;a; + ﬁih;r is a discretized
version of the complex field describing both particles and antiparticles, where «;, 3; are
wavefunctions for the modes.

For ¢ < g. we have an abelian-Higgs system, i.e. a superconducting phase, while for
g > g. we have an insulator phase. The marginal case g = g. is a conformal field theory.
The systems described by the above model also have a quantum critical phase which opens
up at nonzero temperature for a T-dependent window around g = g.. This quantum
critical phase is strongly coupled and very hard to describe using conventional condensed
matter methods, which makes it an excellent choice for a holographic description. In [6] it
was shown that by considering a gauge field in the gravity dual of ABJM and introducing
a coupling for it to the Weyl curvature, v [ Cupea '’ F* one obtains a conductivity o(w)
consistent with the quantum critical phase, and from which it was concluded that ABJM
is a good primer for these systems, though the precise reason for the match was not
obvious.

While the bosonic Hubbard model leads, in the continuum limit to the action (4.89),
the model itself is a drastic simplification, of a condensed matter system. The model has
been used to describe the quantum critical phase of (bosonic) 87 Rb cold atoms on an optical
lattice, but the description is believed to hold more generally for the quantum critical
phase. For instance, high T, superconductors have a “strange metal” phase that is believed
to be of the same quantum critical type. We can consider a solid with free electrons
(fermions, perhaps several per atom) that could hop between fixed atoms, and unlike the
simple Hubbard model, we also have in principle interactions that are not restricted to
nearest neighbours. One could, for instance, generate bosons ¢;; (having the role of the
bosons b; of the Hubbard model) by coupling fermions at two sites ¢ and j. By an abuse of
notation we will call by the same ¢;; the field obtained by multiplying the corresponding
“particle creation” operator with a wavefunction, and adding a corresponding “hole” part.

In fact, we can sketch a simple model for the condensed matter system above that
generates the same qualitative picture as the abelianization of the ABJM model. Consider
spinless bosons ¢;; generated by coupling fermions of opposite spins (Cooper pairs) at sites
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i and j with a maximum distance between sites |i — j| < N, 1.e. 9;20;. The resulting ¢,
can be described by a field ¢¢°, with a,b = 1,...N. Since we are in two spatial dimensions,
every site has O(N?) neighbours a distance < N away. Now take the point i’ at which the
effective field, ¢;;, lives to be midpoint of the line between ¢ and j, and a, b to correspond
to sites j in the x and y directions away from ¢’ (so that, if i and j are fixed, so is
i). Consider that the normalized wavefunctions for the field ¢%° give probabilities for
existence of the pairing as oc [¢¢°|? for a pair (ab). In this case, any transformation on
#% must be a unitary transformation U aba't' inside U (N?), up to an overall factor. In
particular, any symmetry of the system must be of this type. The symmetry of the ABJM
model is U(N) x U(N), and would correspond to U@ = frrea’y/bt",

Since the simplest type of condensed matter system is a rotationally invariant one,
we should not have any angular dependence, and we should have ¢* = z(\/m)
= ¢%@. Tt should be then possible to diagonalize this symmetric matrix, corresponding
to considering only the constant (rotationally invariant) m = 0 modes for the ”spherical
harmonics” expansion e?™™? at fixed radius r = /a2 + b2. In this way, only O(NN) modes,
specifically those that are spherically symmetric, out of the O(N?) modes in the system
are turned on. These can be thought of as the eigenvalues of ¢2°.

Since N is the effective maximal radius for coupling of the two fermions at different
sites, it makes sense for the wavefunction in the ground state to decrease from a maximum
value at a = 1 (neighbouring sites) to zero at a = N (sites at distance N). For instance,
if the wavefunction (a) is such that [¢)(a)|* o< N — a, then the average distance between
sites is )

(a) = [ [¥(a)Pa(2rada) _ E) (4.90)

[ 1¢(a)]?(2rada) 2
which is consistent with having a large average distance between the electrons that cou-
ple. This form of the wavefunction, v(a) oc v/N — a, here just a consistent choice, is
exactly what we obtain in the ABJM model. Of course, in principle, if we would be able

to correctly describe the interactions between various 1%, as in the ABJM model, the
dynamics would select the form of ¥(a). Finally, the Hubbard model field b; must be the
linear combination of the spherical modes, i.e. b; ~ > 1 (a)@?®.

We have already seen that to obtain the Landau-Ginzburg model from ABJM, we have
only one field, Yo, turned on corresponding to turning on the matrix G = N — md,, 410,
with (GQGE)mn = (N —m)dny,. As in the simple model above, there are two independent
rotations, in this case U(IN) x U(N) rotations, acting on the indices, so the most general
solution for the matrix G? is in fact U(v/N — md,,,,)V~!. We can use these to diagonalize
the matrix, thus reducing the degrees of freedom turned on, from O(N?) to O(N), as

in the above condensed matter model. The ABJM field that is turned on is x2(G?)mn,
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corresponding to by ~ Y 5.

While this field is the only one turned on in our simple toy condensed matter model,
there are, in principle, many more fields. We could, for instance, have more free electrons
at each site, thus having more matrix scalars, transforming in some R-symmetry group (in
ABJM we have 4 complex scalars, corresponding to ¢1, ¢, X1, X2, that transform under the
SU(2) x SU(2) of the mass deformed ABJM). Then , we could also have matrix fermions,
corresponding for instance to two electrons at site ¢ coupling with one electron at site j,
although such modes are, of course, not turned on in the Hubbard model description. To
complete the field content of the ABJM model we need also the Chern-Simons gauge
fields, but since those are topological and have no dynamics, we don’t need to introduce
any new degrees of freedom.

Chern-Simons gauge fields are, of course, no strangers to condensed matter systems,
showing up, for instance, in the fractional quantum Hall effect (see for instance the review
[67]). An abelian Chern-Simons field can be obtained as follows. Consider a multi-electron
wavefunction W.(7, ..., 7) with a generic Hamiltonian

H, = Z‘pﬂ +Z 7 — ) (4.91)
1<J

such that H.W, = EV,.. We can redefine the wavefunction through the transformation

D(7, ooy Th) = UU(F, .., T) = [H eI | (7 LT (4.92)

1<j

—

where a(7; — ;) is the angle made by 7j; = 7; — 7; with a fixed axis. Since

U™ (5 — eA(R)U = p; — eA(7%) — ed(7), (4.93)
where
=6 Vil — 7)), (4.94)
J#i

the new Hamiltonian reads

\ﬁ»—eg(r ) — ed(T;)]
H:Z J o +Z i — 7) (4.95)
j

1<J

so that H® = E®. Therefore after the transformation, @(7) describes a gauge field with
no dynamics which, one can show is of Chern-Simons type. Such a Chern-Simons gauge
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field, coupled to the fermions and to the electromagnetic gauge field, plays a central role
in the fractional quantum Hall effect, see e.g. [70].

A generalization of this construction to the nonabelian case is straightforward. If two
fermions at sites ¢ and " couple to form a boson ¢?,“', at site 7" at the midpoint, and two
b/

7 at site j' at their midpoint,

other fermions at sites j and j” couple to form a boson ;

we can consider the field

ed (7y) = Vi Y a (i —7) (4.96)

J1#

where we have not yet specified the nonabelian indices on the gauge field. It is not hard to
see that the only variable in this object is the vector 75, — ;s (by changing the vector 7}
we just produce a harmless global spatial translation in the value of the right hand side of
(4.96)), as well as the discrete choice of 7 to belong to the fixed point ¢’ or the summed
point j’. Since the two vectors 7 subtracted correspond to matrix indices (aa’) and (bV'),
we can think of this construction as giving us two nonabelian gauge fields @ and g?“'b/, like
the A and A of ABJM. Moreover, the scalars gb;-l/“' are bifundamental with respect to the
two resulting gauge fields. There remain many open problems to understand about this
model, not the least of which is the symmetry group acting on the matrix Chern-Simons
fields but we leave these to the interested reader. This concludes our description of the
field content of ABJM and qualitative undestanding of abelianization. Suffice it to say
that the ABJM abelianization gives a well motivated model of AdS/CMT.

Finally, a few comments on a four dimensional picture for the Landau-Ginzburg model
(4.87). The Landau-Ginzburg model makes more sense from a theoretical viewpoint as a
reduction of the corresponding four dimensional theory. But here as well, the abelianiza-
tion presented has in particular an ansatz with the scalar VEV b multiplying the matrix
G'. If we had the same VEV multiplying both G! and G2, that would lead to a description
of the fuzzy two-sphere, a finite N approximation of the clasical two-sphere [23, 65]. As it
is, we can think of the abelianization as generating a single direction, or a ”fuzzy circle”,
therefore the resulting Landau-Ginzburg theory must also be thought of as coming from
a circle reduction of a similar theory in 4 dimensions. The physical radius obtained from
a fuzzy space construction was argued to be (see for instance [23])

R, = %Tr [XIX}} - %Tr [010}] A3, (4.97)

where (3, = [?Ry;. Assuming this same formula holds for the less defined “fuzzy circle”
case, from Tr [G'GI] = N(N —1)/2, we get

Ry, = (N —1)[b]*47°I2Ry; . (4.98)
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If, as in the pure fuzzy sphere case, the 11th direction has radius Ry; = R, /k, we obtain

in the “maximally Higgs” case |b|? = ¢?

Ry = (N — 1)ul?. (4.99)

4.6 Some BPS solutions with spacetime interpretation

We now return to the more general abelianization ansatz, and consider the system with
¢1 = ¢ = 0 and gauge fields put to zero, but y; # 0 still a field (unlike in the abelian
Higgs case previously described). This ansatz gives the reduced action

N(N -1
g = M2 )/d% (18,012 + (8,000
472 2 2
+p<\xl\2(|ml2 — )+ el (al* =) )} (4.100)

which we now proceed to study.

4.6.1 Single Profile Solution

As a first pass, let’s consider solutions with a single profile

x1=xz2= f(z1), (4.101)

with x; as one of the spatial coordinates. The equation of motion for the reduced action
(4.100) for this ansatz become

s AT Y (o sk
aﬂ}lf_ k2 o 3f 27 ) (4102)

from which we distill two cases:

1. Zero mass: In the massless case, u = 0, the ground state solution is simply f(z1) =0
with no other constant solutions. This is, however, not the only solution and a
straightforward integration of the equation of motion yeilds

f(x1) =4/ 4:3:1 : (4.103)

This is a fuzzy funnel solution which we can check is, in fact, BPS. Indeed, the

energy of solutions satisfying the above ansatz is

H,o=-N(N-1) /dxldxg {(amf)2 + %fﬁ} : (4.104)
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which, by the usual procedure of completion of squares, can be expressed as

9 2
H,y=—-N(N-1) /dxldxg ((8,31]” — %f?’) + surface term) , (4.105)
from which we can simply read off the BPS equation

2m
Our f (1) = 7= f(@1)* (4.106)
It is clear that this equation is solved by the fuzzy funnel solution above.

Nonzero mass: In this case, the constant solutions to the equations of motion are

_ _ R ek
f=0, f—\/;, f—\/;. (4.107)

Of these, only the first two are ground states. Indeed, completing squares again, we
find the BPS equation

2T pk
Ourf +— 1 (fQ—%) =0, (4.108)

from which see that indeed f = 0 is a trivial ground state, while the second solution
(f* = pk/2m) is again the fuzzy sphere ground state. The third solution of the
equations of motion (f? = pk/67) doesn’t satisfy the BPS equation, so is a non-
ground state fuzzy sphere. The BPS equation has nontrivial solutions

k
(@) = \/%. (4.109)

The first solution, f_, describes a fuzzy funnel with z; € (0,+00), so f_ varies
between an infinite size at x; = 0 and the fuzzy sphere ground state at 1 — 400,
wk

f-(0) = +o0,  f-(+o0)=/5 . (4.110)

The second solution, f,, describes a fuzzy funnel with z; € (—oo, +00), varying in
size between zero at r1 — —oo and the fuzzy sphere at x; — 400,
wk

fi(=00) =0, fi(+o0) = o (4.111)

This fuzzy funnel solution will be elaborated on in the next section, where we argue
that it is a generalization of the Basu-Harvey solution that describes an M2 ending
on a spherical M5. These solutions are plotted in figure 4. below.
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4.6 Some BPS solutions with spacetime interpretation

0.8

| f+(21)

Figure 4.4: The normalized single-profile solutions f_(z1) and fi(x;)

4.6.2 Two-Profile Solution

The above single profile solution is also fairly easily generalized to a two-profile one with

x1 = f(@1), x2=g(x). (4.112)
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With this ansatz, the equations of motion reduce to

i = o[- 5) (- ),

(4.113)

ho = el =) )]

Again, we can complete squares in the Hamiltonian and read off the BPS equations

01+ (2 E5) < 0,

(4.114)
amg+ <f ——) — 0.

As in the single profile case above, there are again two separate cases that need to be
solved separately.

1. Massless case: For = 0, we have the solutions

B k Ce ™
flan) = e
(4.115)

[k 1
g(l'l) = gmu

that solve both the first order BPS equations of motion as well as the general second
order equations. This solution blows up at = log C', and goes to a constant in g

and zero in f, corresponding to a fuzzy circle. These solutions are plotted in figure
5. below.

2. Nonzero mass: For p # 0, we have the solutions (see figure 6)

k Cexp [/w — l 2“"1]
\/1 — (2 exp(—e2“"1) ’

Y
9(361) = \/1—C2exp e2ﬂx1)'

flz1) =

(4.116)
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Figure 4.5: The normalized two-profile solutions f(z1) and f(z;)

4.7 Funnel solutions as M2-M5 brane systems

In this section we will try to find a spacetime interpretation for the fuzzy funnel solutions

in eq. (4.111). The fuzzy funnel solution (4.103), interpolating between a sphere of infinite

size and a sphere of zero size, is known to have the spacetime interpretation of a flat M2-
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Figure 4.6: The normalized two-profile solutions f(x1) and g(x;) for u # 0.

brane ending on a flat M5-brane. From the point of view of the M2-brane theory given
by the massless ABJM, the M5-brane appears as a spherical funnel solution, a M5-brane
that grows from zero size at x; = oo to infinite size at x1 = 0. We will review this case,
reduced to string theory, i.e. a D2-brane ending on a D4-brane, later. Also, from the
point of view of the Mb5-brane theory, we can write a Blon type solution, corresponding to
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an M2-brane growing out of the M5-brane (directions 0 and 5 are trivial, and in directions
1-4 the M2-brane appears as a Blon). From the point of view of the spacetime theory, we
have an M2-M5 system preserving 1/4 supersymmetry in flat space, and we also have an
Mb5-brane solution in the (backreacted) background of M2-branes. This picture matches
nicely with the two worldvolume descriptions.

With this in mind, we expect that the fuzzy funnel solution of (4.111) should have a
similar interpretation. The solution interpolating between zero and a fuzzy sphere vacuum
was found in [56, 41], and we would guess that it can only match with a spacetime solution
corresponding to an M2-brane ending on an Mb5-brane. We will see however that there is
some ambiguity, related to the existence of two solutions, the one from zero to the fuzzy
sphere, and one from the fuzzy sphere to infinity.

4.7.1 Massless case: A Fuzzy Funnel Review

The solution (4.103) corresponds in spacetime to a flat M2-brane ending on a flat M5-
brane, a solution which preserves 1/4 supersymmetry as follows. In a flat background,
the leleven dimensional gravitino transformation law,

0thy = Dpe + #7770, = 86T Fypon | (4.117)

must be set to zero in order to obtain a BPS solution. The M2-brane solution extended in
the (0,1,2)-directions corresponds to a nonzero 3-form Agj2, with a nonzero field strength
component Fyio, (here r is the radial part of all the coordinates transverse to the M2).
The solution is given by a local supersymmetry parameter €(r) which is a scalar function
of r times a constant susy parameter € satisfying

%€y = Le() - (4.118)

The M5-brane solution extended in the (0, 1,3, 4,5, 6) directions similarly gives a nonzero
field strength Fj, g,, where 6y, ..., 0, are the four angles obtained for the transverse direc-
tions (2,7,8,9,10). Again, the solution for the local supersymmetry parameter €(r) is a
function of r times a constant susy parameter €) satisfying

[O13456¢ o) = e g - (4.119)

We can then have a solution for an M2-brane ending on an Mb5-brane preserving 1/4
supersymmetry by imposing both conditions (which are now compatible). We can then
reduce this system to 10-dimensional string theory, thereby considering a D2-brane ending
on a D4-brane.
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From the point of view of the D4-brane theory in a flat background spacetime, the fuzzy
funnel solution looks like a Blon-type solution. For a spacetime D2-brane in the (0,1,2)-
directions, called t,z, z, and a D4-brane in the (0,1,3,4,5)-directions, with polar coordi-
nates r, 0, ¢ for the directions (3,4,5), the worldvolume gauge field flux on the D4-brane
is

F = (2na)nsin 0dOdg . (4.120)

Because the solution is of the Blon type, with the D2-brane growing out of the D4-brane,
we consider z = z(r) on the worldvolume, leading to DBI D4-brane Lagrangian

L= T4\/(1 + 2/(r)?)(r* 4+ (An)?), (4.121)

where A = 27a/. Since L is independent of z, it follows that L£/0z is a constant, which
we can put equal to An, in which case we obtain

gt A (4.122)

This corresponds to a funnel solution for a semi-infinite D2-brane ending on the D4-brane.

A similar story takes place for the case where there is a background created by other D2-
branes (parallel with the first). It is however easier to describe what happens in the case
of the type IIB solution for D3-branes ending on D5-branes (instead of D2-D4), since in
that case the spacetime background is easier (there is no M theory reduction). Consider
the background generated by other D3-branes, with harmonic function f(r),

ds* = f(r)"V3(—dt* + da® + dy® + d2?) + f(r) T (dr? + r?dQ3 + d5°)
(4.123)
Cuy = (f'=DdtAdzNdyndz

The DBI Lagrangean for the D5-brane reads

L=T, [¢(1 P2+ F)A2) — An(f(r)"t — 1)5(@] L (4124)

and the same calculation leads to the same solution z(r) = An/r, with the function f(r)
dropping out completely. One can also take the near-horizon limit and consider the usual
scaling r = /U, leading to a finite funnel solution that can be interpreted from the point
of view of the D3-brane theory as

U(z) = —. (4.125)
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4.7 Funnel solutions as M2-M5 brane systems

Note that if we consider a spherical D5-brane ansatz, oriented in the (¢, z,y, z, Q)-
directions, we obtain the Lagrangian

L=Ts/f2r)(r*+ gt (Mn)2) — An (F 7 (r) — 1) . (4.126)

If we take the full harmonic function f(r) =1+ 7%, there is no fixed sphere solution with

r = R =constant, but if we drop the 1 in f, i.e. at very large r, we obtain an identity
by varying with respect to r, namely An/Q — An/Q = 0. Therefore in flat space, we have
asymptotically a solution for very large radius sphere, but at small radius we only have
the funnel solution; a fixed sphere is not a solution.

4.7.2 Massive case: Supersymmetry and a Fluctuation Solution
on the Mb5-brane

The mass deformation changes the 11 dimensional background spacetime from flat to
(62, 68]

ds? = H73(—dt® + da? + da) + HY3(da? + ...d2?,)
(4.127)
Fy = 2u(dz® Adx* Ada® A da® + dx” Ada® A da® A dz'®) +da® Adat Ade? AdHT!

where H(r) = 1—2pr?. A naive guess is that the M5-brane has to live in the (0,1, 2,6, ¢, §)-
directions, where 6, ¢ and¢ are the angular directions of (3,4,5,6), with r their radial
direction, giving

F0126¢§€(0) = :|:€(0) s (4.128)

so that the transverse M2-brane would have to be in the (0, 1, r)-directions, giving
ey = Le() - (4.129)

However we observe that the 4-form in (4.128) has nonzero Fyo, as wanted, but since
Fo1o, = 0,(Ap12) and not 05(Apy,), there must be a nontrivial Maxwell transformation
that brings the gauge field A into the desired form.

How would this M2-Mb-brane solution look from the point of view of the D4-brane
theory (i.e., reducing to 10d string theory and focusing on the worlvolume theory)?

From the fuzzy S? picture in the ABJM theory an action was found for the fluctuation
modes around the ground state [23]. For the scalar ® corresponding to the fluctuations
of the radius of the S? (transverse direction) the action reduces to just a massive mode,

i.e. with potential

Vo = % [@% + (Vs2®)?] , (4.130)
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Later, in [68] the same fluctuation action was found from the DBI action of a D4-brane
in the background (4.128).

For such a potential, a solution was found in [69], and was called the BIGGon (in analogy
with the Blon), representing, in spacetime, an S® giant graviton in type IIB on the
maximally supersymmetric pp wave background with F-string spikes attached at the
poles. Since the pp-wave background is T-dual to (4.128) (see, for example, [62] for the
explicit construction), the same solution should apply in our case. The BIGGon was
found by similarly taking a single scalar field ® on the 3-sphere (a fluctuation of the
radial coordinate), with the same potential, but on S® instead of S?, i.e.

1
Vo =5 [@% 4+ (Vs:D)?] . (4.131)
The solution is
o= _Q , (4.132)
sin ¢
giving the full radial coordinate (background plus fluctuation)
X=R (1 n Qg.ﬂ) , (4.133)
sin

where we have taken the S* parametrization to be

X* = Recost,

X3 = Rsint cosf,

X? = Rsin¢sinfsing,
X! = Rsinysinfcoso.

Therefore in our case we have the BIGGon solution

Q
= 4.134
sin ( )
where the parametrization of the S? is
X3 = Rsiné,

X* = Recosfsing,
X% = Rcosfcosg.
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This solution indeed corresponds with our naive expectation of a D2-brane extending out
perpendicularly from the spherical D4-brane. But the action that it extremizes corre-
sponds to small fluctuations of the field ®. However, in [68] it was shown how to write
the full DBI action for D4-branes in the mass-deformed spacetime.

Massive case: full funnel solution

In the background (4.128) it was shown that the DBI action for the D4-brane has a
fixed sphere solution, corresponding to the fuzzy sphere solution of the massive ABJM.
Now we want to see if we can also find funnel solutions corresponding to the ABJM
solutions (4.111) and extending the perturbative BIGGon solution above.

To this end, we consider again an M2-brane in the (0,1,2)-directions and an M5-brane
in the (0,1,3,4,5,6)-directions, with (3,4,5,6) in polar coordinates r, 6, ¢, and . We reduce
M-theory to type ITA on ¢ and look for a D4-brane extending along 0,1,r, 6, ¢, with
z = z(r,0,¢) in order to have a Blon-type solution corresponding to a perpendicular
D2-brane as above.

Dimensionally reducing the background (4.128) to type ITA string theory, and writing
only the terms in directions parallel to the D4-brane, we find [68]

H'+1
Ci = —%“R*< 5 )dmdm,z’dmr4d92+...
Cay = (H ' =1)dt Ndx A 2'dr+ (4.135)
o By
B = QkR*T dQQ+

N
1) — H1/4
“ = (i)

and a worldvolume flux F' = 2ANd(),, giving

_ _np_ g
F =AF—B=2\N QkR*T' (4.136)

Substituting this ansatz into the action

S =T, U d°ze™?\/—det(g + F) + /(0(5) +CO A f)} , (4.137)
gives
271 B2 RE pr ’
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H1+1
+ /dt/\dx/\dr/\dﬁg (2)\N,z'(H_1 —-1)— QkMR 2 2+ r4)} : (4.138)

Evidently, the Lagrangian £ is independent of z, which means that 0L/Jz' is a constant,
which we can put equal to —T42AN, in which case

3,3 2,.2
i e A
J—+ (4.139)
1 pir2 b6 pirt pBkRGAN
4 44 42 8

Here we need to have 2z’ < 0, since the equation is obtained by squaring an equation whose
left hand side is linear in 2’ and has a positive coefficient, and whose right hand side is
negative, after which we take the square root of 2”2, Since R2 = 2ANukR,, after defining

x =y’ y=pz  a=phR, (4.140)

we obtain the equation
2 1
a_ (E-1+5) Vi3
% o 3 2 '
Vi-i-nrE-g
However, as explained in [68], we are in the approximation a = uRy < 1, and the fixed

sphere ground state solution is r = Ry, or z = a®> < 1. That means that we can assume
x small in the above equation, thus

(4.141)

dy a? 1
B I 4.142
dz 22 * 4 ( )
which gives finally
R:  pr?
—. 4.143
2pur? * 4 ( )

This z(r) has a minimum at

1/2
ANNER,\ Y4 9R
r.= (T) = (C °> > Ry, (4.144)

and at r,, the minimum value of z is

Zmin = V MANER, = % ) (4.145)

Note that here Ry is written in physical spacetime variables, th = 872NI% f%, where
[ = +/pk/(2m) is the radius in the M2-brane worldvolume theory.
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4.7 Funnel solutions as M2-M5 brane systems

To compare with the fuzzy funnel solutions (4.111), we note that z is the equivalent of
the M2-brane worldvolume direction x; and r is the equivalent of the transverse direction
f(z1). Therefore we must consider r(z) but, since it has two branches, we must choose
only one. The two branches are: r(z) going from 0 to 7. (for z going from oo to zmin),
and 7(z) going from r, to infinity. That would naively match the two solutions in (4.111),
except for the fact that r, > Ry, and r, — oo at p — 0 (with N very large), whereas
Ry = 2uAN — 0 as g — 0. In fact, for u — 0, we obtain from (4.143)

R
r(z) = ———. (4.146)
21z
This can be compared with the fuzzy funnel solution (4.103), written as
_f
f(z1) = (4.147)

\/2/,633'1 ’

so the spacetime solution is a deformation of the u = 0 case. It also matches with the first
solution in (4.111) in the g — 0 limit. However if 4 is fixed, the solution becomes (4.147)
in the z; — 0 limit, corresponding to z — 0, which is not even reachable by (4.143).

It is therefore unclear to us how to relate the two branches of (4.143) to the two
solutions of (4.111) precisely, other than through the general qualitative behaviour. We
will leave a precise understanding of the matching to future work.
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Conclusion

In chapter 2 we have looked for a Matrix theory-type construction from ABJM model.
We have identified a BPS vortex solution of ABJM as corresponding to a spacetime su-
pergraviton (a pointlike object carrying D0-brane charge). In the case of the pure ABJM
model, the identification is problematic since, in addition to the supergraviton, we also
have also an infinite energy 2-brane to worry about. We find that this is resolved in the
case of the massive maximally supersymmetric deformation of ABJM since, here, the so-
lution has finite energy. We have also found a BPS kink solution of ABJM, using a certain
limiting procedure. This solution can be identified with a D2-brane with one direction
parallel to the ABJM worldvolume, and one direction transverse. The vacuum supersym-
metric fuzzy sphere solution had already been identified with the D4-brane wrapped on
S2.

In the latter half of the chapter, we identified the spacetime background corresponding to
the massive ABJM deformation, and computed the leading graviton scattering interac-
tion potential using a shockwave-probe method previously developed for the BFSS Matrix
theory. We then computed the classical interaction potential of two vortices in the N = 2
ABJM model, and found that it differs from the supergraviton potential calculated by
scattering two shockwaves a la 't Hooft. We then speculated on how one could fix this
mismatch, noting that there are many differences with respect to the BFSS computation.
Chief among these is the fact that now, the two spatial worldvolume directions are special.
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Conclusion

We argued that perhaps one needs to find an effective Lagrangian for supergravitons that
would match with the effective Lagrangian for vortex interaction, and that our gravity
calculation could be matched by a one-loop calculation in the vortex background, similar
to the BFSS case. Ultimately, though, it is clear that much more work is needed to find
a concrete Matrix theory construction for ABJM.

In chapter 3, we have presented a consistent truncation of the ABJM model to a collec-
tive model of O(N) modes out of the O(N?), reducing to an abelian Landau-Ginzburg
model. We have also seen that we can map this process to a simple condensed matter
model that reproduces the same general features. This provides a concrete step towards a
well-defined AdS/CMT model, where there is a large N theory for the condensed matter
system, with a gravity dual, and yet the relevant physics is encoded in a simple abelian
model.

In chapter 4, we have studied various ansétze for abelian reductions of the ABJM model,
in the general case of nonzero mass, and used them to build a better defined AdS/CMT
model. We have found a general abelianization ansatz (4.22, 4.21), using the matrices
G* that describe the fuzzy funnel BPS state and fuzzy sphere ground state, and that
represent a consistent truncation. A further consistent truncation led to a model with
topological vortex BPS solutions, but with |¢| — 0 at both » = 0 and r = oo while yet
another further consistent truncation led to a relativistic Landau-Ginzburg model which,
depending on the parameter ¢* = pk/(2m) and on the scalar vev b, extrapolates between
between the abelian-Higgs model, and a scalar ¢* theory.

The second abelianization was used to take steps towards a better defined AdS/CMT
model, since the ABJM model has a gravity dual, and the abelianization corresponds
to the collective dynamics of O(N) out of the O(N?) fields. We also sketched a simple
condensed matter model for a solid with free electrons that exhibits the same general
features as the abelianization and leads to a bosonic Hubbard model, which in the con-
tinuum limit gives the relativistic Landau-Ginzburg system. It will be interesting to see
if we can make more the model more concrete and elaborate further on its relation to
ABJM. If successful, our construction provides, in our opinion, a concrete embedding of
the AdS/CMT correspondence in string theory.

In the last two sections, we studied various BPS solutions suggested by the abelianization,
finding some generalizations of known solutions. We tried to find a spacetime interpreta-
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tion for the BPS solutions in (4.111) as M2-M5 systems, with partial success. For small
fluctuations we succeeded in matching this with the BIGGon solution for an M2 ending
on a spherical M5, but for the full system we could only match only general qualitative
behaviour and not the particular solution. It goes without saying that more work is
needed to understand these solutions.
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