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Brane Tiling model

Ead evi’sD

D3 on CY3
D — 4 Rl’?’ ° C(Y5) Y5 » AdSE, Y5
N =1
f A
Calabi-Yau Sasaki-Einstein

Flat C3 > Orbifolds > Non-orbifolds [Klebanov-Witten] [Morrison-Plesser]

c(Thh partial resolution



[Hanany-Benvenuti-Franco-Vegh-Wecht]
[Feng-He-Kennaway-Vafa] [Igbal-Uranga]

ot

W= tr(XYZ! ZYX)

Brane Tiling model

C3

c(T"h

W = tr(AlBlAng! A]_BzAzBl)

Faces = Gauge groups
Edges = Bi-fundamentals
Vertices = Super-potential
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Apply the idea of brane tiling to ...

M2 on CY4 R12
D = 3, N = 2 SUSY

- C(Y7) Y7

I AdSy" Y7

[Doubt]
Even M2-branes in [3at background not understood !



[Franco-Hanany-Kennaway-Vegh-Wecht]
[Imamura] [Feng-He-Kennaway-Vafa]

Brane Tiling from T-duality

Toric CY3 hasT?3 bPbration —> Take T-duality along T2

N D3-branes N D4-branes N D5-branes

Shrinking S fibers NS5-brane

SL(Z,Z) = B+ ‘/gT2_>_1/!
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Summary : Brane Tiling

Faces = Gauge groups

Edges = Bi-fundamentals

Vertices = Super-potentials

unit cell meson



Brane Crystals from T-duality

Toric CY4 hasT4 bPbration —— Take T-duality along T3

M2 on CY4 Brane Crystal

© Y O
| =C123+1 g3" #1!

O O 0O




T-duality and brane configuration
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T-duality and brane configuration
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like Newton polynomial! Union of all 2-fans, thickened!
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Edges & Vertices

Edge : matter belds
OM2-discO localized around M5 intersections
bipartite (two-colored) : due orientations

\ertex : super-potential
patching M2-disc to form a closed sphere
new gauge symmetry algebra?




Faces (abelian)
Face :gauge group (abelian, at least)

Open M2-brane is charged under
self-dual tensor beld B on M5 world-volume

Sy = T d3x @"‘ B
D I'D

M5 compactibed on R ! M; :

B= A%X) A! a(y)+ 48

Charge matrix of M2-discs

Qig = - Wa = '(Ci, Sa)




Moduli Space of Vacua

Cl (Zy! Zy)! C
) #, #, Ay A, B; By C; G,
Q: O 0 + - - + 0 0
. C Q 0 0 - 4+ 0 0 + -

W=(11! 12)(A1B1C ! ABG)

Gauge-invariant coordinates:

P1= P2 (= ¢) A1B1C1 = AyBCo (= w)

21 = A1A2,22 = B1Bp,z3 = GGy @23 :E




Summary : Brane Crystal

& Brane Crystal model via T-duality

& Edge = matter beld (M2-disc)
Vertex = super-potential (M2-sphere)
Face = gauge symmetry (at least in the abelian case)

& Checks & Predictions
- moduli space of vacua
- mesonic / baryonic spectrum
- partial resolution / Seiberg-like duality / RG 3ow

& Difbculities
- Special Lagrangian sub-manifold of (C*)3 (cf Newton polynomial)
- Non-abelian gauge symmetry : multiple-M2 Lagrangian ??



| 4 Chern-Simons

and M2-branes




Brane Crystal vs. Bagger-Lambert - |st encounter (winter '06~07)

& BL 3-algebra as a candidate for the OM2-discO algebra?



Brane Crystal vs. Bagger-Lambert - |st encounter (winter '06~07)

& BL 3-algebra as a candidate for the OM2-discO algebra?
© Difpculties with  f2P9A,B,CcDy
Brane Crystal Bagger-Lambert
polyhedra with 4, 5, 6,... faces «— products of 4, 6, 8, ... Pelds

two orientations for 4-hedron <«—— unique product of 4 pelds

cf) tr(ABC — CBA)



Brane Crystal vs. Bagger-Lambert - 2nd encounter (spring '08)

& BLG theory ...
- can be recast as ordinary gauge theory[Raamsdonk]
- IS the brst to escape theN = 3 bound [Lee-Kao *92][Schwarz *04]

& More theories with 4 < N < 8 must exist! (orbifolds)
& Interpretation of BLG unclear
[Lambert-Tong][Distler-Mukhi-Papageorgakis-Raamsdonk], etc.

- String/M theory derivation of CS theories desirable.

& Any clues on CS theories from the Brane Crystal? YES!



Brane Crystals for orbifolds

(C? Z)?

W = Z (ijzzY;?z — Xijfz'Y%H?z'H)
i=1

Qi +
Qiv1 | —

XiXi— Xi1Xi1=0, Yi¥;—Yi1Yip1 =0.

Symmetric under exchange of X and Y .
Both X and Y should be hyper-multiplets ... of opposite type.



' =4 multiplets

| = 4 super-algebra includesSO(4) = SU(2). x SU(2)r R-symmetry
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o] 2 1 1 2 6o
(hyper) | 1 2 2 1|
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(vector) Flu 2 2 2 2 1 16
S 1 3 3 1 S
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| = 4 super-algebra includesSO(4) = SU(2). x SU(2)r R-symmetry

(ordinary) | SU(2). SU(2)r SU(2). SU(2) | (twisted)
o] 2 1 1 2 6o
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* CS theories for M2-branes requireboth types of hypers !

- Brane Crystal on orbifolds
- BLG N =8 written in N = 4 notation
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T-dual, T-dual, T-dual !

M2 on (C2/Z,)?
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|

D2-Dé on (C/Zy)
(hyper)x(vector)
[Porrati-Zaffaroni ’99]

Brane Crystal
M5-M5’

|
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T-dual, T-dual, T-dual !

Brane Crystal
M2 on (C%/Z,)? M5-M5’

| |
© O O

D2-Dé6 on (C¥Z.,) D3-D5-NS5

(hyper)x(vector) (hyper)x(hyper)

[Porrati-Zaffaroni "99] [(Gaiotto-Witten 0804] — —>» One type of hypers
[HLLLP 0805] » Both types of hypers

[ABJM 0806]



Gaiotto-Witten - l. field content

Matter belds : Cﬁ,gbg, Eﬁyﬁﬁ
hyper-Kahler : Sp(2n) with | ag
reality condition :  Ox = (&) = € wasdj

Gauge group : G! Sp(2n)
(t™"~g satisfy [t™,t"]= f™tP, Tr(tMt") = K™

t,TB || Ac(tm)CB — tg,]A

Gauge Peld : (A,



Gaiotto-Witten - ll. condition for N = 4 SUSY

& Begin with N =1 SUSY theory with
SU(2)diag C SU(2)L X SU(2)r global symmetry.

& Adjust the N =1 super-potential to restore SU(2). ! SU(2)r

& The SO(4)R-symmetry together with N =1 SUSY
generate a full N = 4 structure.

L kmnt’(nABt’é)D =0 (“fundamental identity”) J

& Adding twisted hypers :
more terms in Lagrangian, but no more constraints. [HLLLP]



General N = 4 Lagrangian : Summary

oy 1
L = % L, Alns Al + 3 FmnpAjL A AL
o $ #o |
+%up | &L D' Dgf + i8%) D) ¢ + %ap ! &CDa D+ i&L YD)

ik & &1 ik &G+ ik & &G,

! ’U;(_’_’j
oo | $
+iky &TRHED Gthp) B+ & & V)T

2 P (Y () (B () (9)°

L, i,y Loy, ()06
+ ) ) () + S () i)

My ! tABCL S, oy ! o tAc ¥

Mo =m <A B Arm B (moment map multiplets)
i 1 Tagi G, loartagd



Classification by super-algebra [Gaiotto-Witten]

Fundamental identity is OsolvedO by (auxiliary) super-algebras :

[(MT, M= fMIMP, [M™,Qal = Qp(t™ ., {Qa,Qg} = tNgMnm.

{Qa,0Qg},Qc] + (cyclic) =0 I kmnt{pgte)p = C

Super-algebras classifyN ! 4 theories completely!

Typical examples : U(N|M), OSp(N|M) |




Classification and linear quiver theories [Gaiotto-Witten][HLLLP]

Hypers and twisted hypers o
should independently G| 1
form super-algebra structure. T e e ;

1 G2 g
Generically, they form quivers S — i
with the two types of hypers 4 | G: i q i
alternating between gauge groups. Sttt |

The quiver can either have open ———-

ends or form a closed loop. @_q_ q@_q— @



Enhancementto N =5

& A necessary condition
two types of hypers form a single N > 4 multiplet :
same representation under the gauge group

& For N =5, this is sufbcient, too! Su(2)! su(2) " Usp(4) # SO(5)
,IAZIQ!A --IA:'"N!A . C!#:-$!# 0
. qia\ / I " A / O $!#
ML tRgt 812, MM (tMN)ae! P, I R R

& GeneralN =5 Lagrangian :

L = 1 ,gC* 1 DI ADI B4 AD"

1

g 3 "
+ 2 fmnp(M ™) (M ") '5(M P)% + —2(M ™) 5(M m) (M n)",

H+ 0o

| ikmnC#CS% J0I 1 23030,



Enhancementto N =6

& The matter belds are in a pseudo-real representation
(Recall: q!A = (") = "% $ as0; )

& Further enhancementto N = 6 occurs ifand only if R = R+ R .

| A LA B
(" Pw=s = (C.I-- !,g") o ("= = (? "B, 5 ) , (#aB)N=5 = (! $?AB $g ) :
. " A .

N .

A A
Gauge R R R R
SO6)z| 4 & & 4
A _ thg 0 m A C m A c _
(t"B)N=5= 0 1B, (t) s(tm) p + () p(tm) 5 = 0.



Enhancementto N =6

©Q USp(4)! SU(4) " SO(6)
(M™% = 1 (M™% C¥Cg (MM,
(an)aﬁ = (an)(xﬁ + C“(SC[;,Y(Mnm ’y5, Cl Y + a8 = o #S

(TMap = (IMap! CayCps(IM,

& General N = 6 Lagrangian :

L = | D®,D! +i9,D"'"A
|

b2 () L A () + () (ot Hhogan ()" (8)

= frnp(M™ (M) s (MP)S + Z(M™)'s (M) (M)

& Super-algebras give classibcation of allN =5, 6 theories.

Alternative approaches : [Bagger-Lambert][Schnabl-Tachikawa][Bergshoeff et al]



Explicit examples

=4

(

2 (N =6):ABIMU(N)! U(N) O(2)! Sp(2N)  etc.

 (

s

@ (N =5):0(2N)! Sp(2N) , eteiLLLp

& (N =4) : linear U or OSpquivers, etc.
[HLLLP][Benna-Klebanov-Klose-Smedback][Imamura-Kimura][ Terashima-Yagi]



Back to Brane Tiling
Brane Crystal

M2 on CY4 M5-M5’

Chern-Simons
I clearly visible

AR
o D O

D4-NS5
lIA Brane Tiling

[Martelli-Sparks]
[Hanany-Zaffaroni]
[Imamura-Kimura]



lIA Brane TI|Ing [Martelli-Sparks][Hanany-Zaffaroni][Imamura-Kimura]

O

=N

NS5

S=i A AN dA A O#

2 wpg \

scalar on NS5 ~ X!! coordinate



Instanton effects
in ABJM




Instantons in 3-dim Yang-Mills

Monopole in 4-dim Instanton in 3-dim

D3 D3 D2 D2

ldea : compare world-volume theory and bulk theory
* A non-perturbative test of the ABJM proposal!



Instantons in ABJM

[ ABJM model j [ 11/10-dim bulk j

Classical instanton action DO : DBI + RR

Higgs mechanism <::> Strings stretched between D20s

Zero-instanton .
Super-graviton exchange
one-loop

One-instanton

DO exchange
one-loop

subtleties due to imaginary value of
Chern-Simons action, etc.
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[HLLLPY]

ﬁssical Instanton action DO : DBI + RR
k Higgs mechanism <:::> Strings stretched between D28
Zero-instanton

Super-graviton exchange

one-loop

One-instanton

DO exchange
one-loop

subtleties due to imaginary value of
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Instantons in ABJM

[ ABJM model J [ 11/10-dim bulk J

[HLLLPY]

ﬁssical Instanton action DO : DBI + RR
k Higgs mechanism <:::> Strings stretched between D28
Zero-instanton

Super-graviton exchange

one-loop [Baek-Hyun-Jang-Yi]

One-instanton

DO exchange
one-loop

subtleties due to imaginary value of
Chern-Simons action, etc.
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Summary

& Brane Crystals

& Superconformal Chern-Simons theories

& Instanton effects in ABJM theory



Discussions

& Beyond ordinary gauge symmetry? (connection to M5)
& More on instantons.

& Vortex solitons and relation to NR AdS/CFT?

& Beta deformation and fuzzy three-torus

& Topological twisting of CS-matter theories :
relation to pure-CS and Rozansky-Witten theories?






