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Brane Tiling model

Ead evi’sD

D3 on CY3
D=4 RI3 C(Ys) Ys » AdS Y-
N =1 y
f A
Calabi-Yau Sasaki-Einstein

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

C'(Tl’1 ) partial resolution
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Brane Tiling model

C?)

W = tI‘(AlBlAzBQ — AleAzBl)

Faces = Gauge groups
Edges = Bi-fundamentals
Vertices = Super-potential
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[SL, 0610204][SL, Sungjay Lee, Jaemo Park, 0702120]
Brane Crystal model [Seok Kim, SL, Sungiay Lee, Jaemo Park, 0705.3540]

Apply the idea of brane tiling to ...

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

. C(Y7) Y7

— AdS4 X Y7

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



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

Brane Tiling from T-duality

Toric CY3 has T? fibration —> Take T-duality along T2

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

Shrinking S' fibers NS5-brane

SL(Z,Z) . T=Byp+/gm — —1/7
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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 has T* fibration —— Take T-duality along T3

M2 on CY4 Brane Crystal

© 'Y O
T=Cip3+i/grs — —1/7

QO — OO0




T-duality and brane configuration
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T-duality and brane configuration
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No explicit description Locally R* x S
like Newton polynomial! Union of all 2-fans, thickened!
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Brane Crsytals : examples
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Edges & Vertices

Edge : matter fields
“M2-disc” localized around M5 intersections
bipartite (two-colored) : due orientations

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

tr(ABC)

v
Y



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

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

Syvo =T /d3x\/— - B
M2 M2 - g -

M5 compactified on R"* x 945 :

B=A%x)ANw,(y)+ -

Charge matrix of M2-discs

Qi = . @ =H(Ci 50)




Moduli Space of Vacua

C/(ZQXZZ) x C

4 o1 ¢2 A1 Ay By By (7 Oy
@1 0 0 + - - + 0 0
. < QG 0 0 - 4+ 0 0 + -

W = (¢1 — ¢2)(A1B1C1 — ABr(y)

Gauge-invariant coordinates:

P1 = ¢ (= ¢) A1B1Cy = AB Gy (= w)

z1 = A1Ap,2p = B1Bgp,z3 = C1(, @Zs :B




Summary : Brane Crystal

& Brane Crystal model via T-duality

& Edge = matter field (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 flow

& Difficulities
- Special Lagrangian sub-manifold of (C*)3 (cf Newton polynomial)
- Non-abelian gauge symmetry : multiple-M2 Lagrangian ?7?



N =>4 Chern-Simons

and M2-branes




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

& BL 3-algebra as a candidate for the “M2-disc” algebra?



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

& BL 3-algebra as a candidate for the “M2-disc” algebra?
© Difficulties with f****A,B,C.D,
Brane Crystal Bagger-Lambert
polyhedra with 4, 5, 6,... faces «— products of 4, 6, §, ... fields

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

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 first to escape the N = 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

(CZ /Zn)2

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.



"N = 4 multiplets

N=4 super-algebra includes SO(4) = SU(2)r x SU(2)r R-symmetry

(ordinary) | SU(2), SUQR)x  SU(2). SU(Q)g | (twisted)
Ja 2 1 1 2 e
(hyper) 4 1 2 2 1 g
A, 1 1 1 1 | A,
(vector) Xaa 2 2 2 2 Xaa
Sézﬁ 1 3 3 1 5~0z,8
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N=4 super-algebra includes SO(4) = SU(2)r x SU(2)r R-symmetry

(ordinary) | SU(2), SUQR)x  SU(2). SU(Q)g | (twisted)
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Sézﬁ 1 3 3 1 5~0z,8

* CS theories for M2-branes require both 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 !

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 fields : qﬁ,ybﬁ}, %?ﬂﬁﬁ

hyper-Kahler : Sp(2n) with wap

reality condition : = (q5)" = ¥ CUABCIﬁ

Gauge group : G C Sp(2n)
(F™"p satisfy [t", "] = f™ ', Tr(t"t") = k™"

AB = a)AC(t )CB — t

Gauge field : (A,,),



Gaiotto-Witten - Il. 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); X 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
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Classification by super-algebra [Gaiotto-Witten]

Fundamental identity is “solved” by (auxiliary) super-algebras :

(M™, M"] = f"™MP,  [M™,Qa] = Qp(t")"%, {Qa,Qp} = thzMu.

{Qa,Q8}, Qcl + (cyclic) =0 <= kunt{ygtep =0

Super-algebras classify A/ > 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 G1 i L |
form super-algebra structure. ] : SR 5

40 G2 | 1
Generically, they form quivers e e . o
with the two types of hypers - G i q i
alternating between gauge groups. oo |

The quiver can either have open S

ends or form a closed loop. @_6]_ ~@_q _ @



Enhancement to 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 sufficient, too! SU(2) x SU(2) C USp(4) ~ SO(5)
T l/Joc . ap G“IB : >
CI) / ‘Y / C T ([ )
" <61> " (¢> ( 0 e
Vs = Py Dp, wp = (") g g, T = hpP Y

© General N=5 Lagrangian :
L = wypC (—chchbg + i‘Po‘?D‘I’g) — ik C*PCT° (Ja”?yjé% - 2%”’%%’%)

g Fonp (M) (M) (MP) = (M) (M) (Mo



Enhancement to N =6

& The matter fields are in a pseudo-real representation

(Recall g% = (g = e“ﬁa)ABqﬁB )

& Further enhancement to ‘N = 6 occurs if and only if R =R+ R.

oA C..WPA 0  04°
A . o A _ ap . — A
(q)a )N:5 — (Calg@i) / (\Ija )N=5 — ( _\IjaA ) ’ (a)AB)N=5 (_6AB 0 ) .

(I)A (i)ixq TocA \TJ“ A
Gauge R R R
sO(6)x| 4 & & 4

=




Enhancement to N =6

Q USp(4) C SU(4) ~ SO(6)
(Mm)(xﬁ _ _(Mm)(xﬁ . CMC‘BW(Mm)%,
(an)aﬁ _ _(an)ocﬁ + Ca(SC‘Bry(Mnm)’Yé, C“,BC”Y‘S + szfycél[% 4+ szécﬁfy _ ezx,B"y&‘

(T™)ap (J™)ap — CaryCps(J™)7°,

© General N =6 Lagrangian :
L = -D®DdL+i¥, DY

1 2™ s = 40w )+ €8 a6 + €apns ) BT

—f—zfmnp(Mm)aﬁ(Mn)ﬁfy(MP)r& + i(an)aﬁ(Mm)ﬁW(M”)r&‘

& Super-algebras give classification of all ‘N =5, 6 theories.

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



Explicit examples

Q (N=8):BLG
@ (N=6):ABJM U(N) x U(N); O(2) x Sp(2N), etc.
Q (N=5): O(2N) x Sp(2N), etc. [HLLLP]

Q (‘N'=4) : linear U or OSp quivers, 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=— ANAANdD

2710 Jopy \

scalar on NS5 ~ X!! coordinate



Instanton etHects

ADBIM

18




Instantons in 3-dim Yang-Mills

Monopole in 4-dim Instanton in 3-dim

D3 D3 D2 D2

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



Instantons in ABJM

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

Classical instanton action DO : DBI + RR

Higgs mechanism <:::> Strings stretched between D2’s

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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Instantons in ABJM

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

[HLLLPY]

@ical instanton action DO : DBI + RR
k Higgs mechanism <::> Strings stretched between D2’s

Zero-instanton ,
Super-graviton exchange

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

One-instanton

D0 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?






