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nt membranes In M-theory are described
' -Slmons gauge theories coupled to
S matter.

= Il ppears 1o solve a long-standing problem
S :ﬁ* 11 Was: harder than the description of D-

' branes In string theory that i1s known explicitly at
-~ small string coupling.

“» But M-theory is inherently strongly coupled: one
can think of it as the strong coupling limit of a
10-dimensional superstring theory. What to do?




| curved packground of 10- d theory
i ed superstrings (artwork by E.Imeroni)

1 + - ) (d-'r‘“ + 72dQ7)

which for small r approaches EUSEESEE

whose radius is related to the coupling by LiiGetila

® For example, two calculations of absorption
of massless states aaree exactlv. 1.k



Ul te comblne them' inte 3 complex
, W, V) and 4 glumos mteractlng with

eu sentatlon of the SU(N) gauge group.

:_;:: Smparing with QCD, the Asymptotic Freedom is

.. fcanceled Py the extra fields; the gauge coupling
"0y, does not depend on the Energy. The theory

IS Invariant under scale transformations

xW-=>a x# . It Is also invariant under space-time

Inversions. Such a theory is called (super)

conformal.
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— Waldacena; Gubser, IK, PolyakoV':'\/\M

elaie conformal gauge theony: In 4: dimensions

IORSTHING tEOR onr5=-d Anti=de Sitter Space times
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5 compact Space. Eor the V=4 SYM theory.
SN compact space is a 5-d sphere.

E geometrlcal symmetry of the AdS; space
—= _.‘E Hlizes the conformal symmetry of the gauge
_theory

= - The AdS, (hyperbollc) space is
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SNiien a gauge theory: is strongly Wﬂae =
EOIUSToI curvattiresefithe"dual Ad d of the
SEURCOIMPACH space,becomes Iarge L* [y

AR VAASY B

Y

I J" IE@IY/ IR suchl a weakly curved

gc'": ouind| can be studied in the effective
er) grravity approximation, which allows for
:; aost Off explicit calculations. Corrections to It

.f"leoceed In powers of

® Feynman graphs instead develop a weak
coupling expansion in powers of A. At weak
coupling the dual string theory becomes difficult.



eIhE iEsearch on AdS:/CFT, has rekiﬁgle'_d'
LERESTE ‘the*m;&irgaﬂy SUPEr=syI metre

2260 alIgE theon/ and provided a oSt of
OO OULNSTSHONgY COUPIEC
INERSEE the January 2009 Physics Today
article by I.K., J.Maldacena.

if‘CC'jn1‘ormaI gauge theory Is becoming
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— —The In that it may be exactly solvable.

-® |t has served as a

approximation, for example, to some
phenomena observed in Heavy lon
Colliders.
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W particle: physics,
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Jentim Field Theory is
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= [ransitions, such as the all-
important water/vapor
transition.

e Here we are Interested In a
3-d (Euclidean) QFT.




' ——
> [rlse S|t|on IS In the 3 d Isin | —

Unie feallty Clasﬂ-..

e COMLY transitionsiare deseribedh
9 / gl QFT with O(N) symmetry.

8JCET's are also important in describing
uantum critical systems, such as
- se i the high-Tc superconductors,
Quantum Hall Effect, etc.

= Can we find a of 3-d
Conformal Field Theory ?

|,l, 1||



IR flxed point can be studied using the
~Wilson-Fisher expansion in M =4-d.

® [he model simplifies in the large N limit
since It possesses conserved currents with
all even spin
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> Af] r\(lr Ao e arae NS ama moadell
WelS r) posed I.K., Polyakov (2002)
Jltis if ie Fradkin-Vasiliev gauge theory of

e ﬂflnlte AUmber of interacting massless
= @gauge fields with all even spins.

. Large Nimakes the dual theory semi-
classical, but there is no small AdS
curvature limit. This makes the theory
difficult to study In the dual AdS
formulation.
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*-c-"" |ded Py the Weakly curved AdS, x S’
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= background in 11-dimensional M-theory
~ Wwhich is essentially described by Einstein
gravity coupled to other fields.

® This dual description is tractable and
makes many non-trivial predictions.
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SYANGENEralTprediction offthe AdS/CHE)
eIzl inval hat-‘tljﬂ'm‘ber@fob

EEEemI 6N a Iare numioer N of
romrJ(l WIZE1lcine 8825 NPz

oK., A, T ytlln (1996)

- mr much smaller than the N2 scaling

= nd in the 4-d SYM theory on N

_ coincident D3-branes (as described by the
~ dual gravity). The normalization of

entropy Is %4 of that in the free theory.
Gubser, |.K., Peet (1996)
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s rne dirarediimreRrthe De
LIEONY the N 3/ slipersymmetric Yang-
VIS ih eory N 2+1 dimensions, I.e. It
rle% |bes the degrees of freedom at
_ argy: much lower than (gy,,)?

The Aumber of such degrees of freedom
~— N*2 is much lower than the number of
UV degrees of freedom — N2.

* |s there a more direct way to characterize
the Infrared Scale-Invariant Theory?
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Jn 2l | emarkable recent development
DF'JJ AP ERS e G UStaVsSen .

;'Iated an SO(4) Chern-Simons Gauge
IMEGIY With manifest N=8 superconformal
| 9;: gertneory. In Van Raamsdonk’s
SUI formulation,

s = / sm[ (XD, XT 4+ il D,
II*F”H X7 4+ XIwtXT L wXTXT) ST 4 XU X1 KK x T ]

+ _irf A AL, Ay + 7_31 A Ay — _iff M AL, A, + - 4 A Ay)
F) b .i-‘ b

are the 8 fields transforming in (2,2),
Wthh |S the 4 Of 80(4) X! = %[Ijr]l—i—nfﬁl
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NWEssugges thauhlsw

JESEIINES tWO CO ent M2-branes; but

SOINE QJ‘ rr 2 claizlls nere foliio) 0]
rlovvm 3

- '—rr-_
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> S]r te the M. matrix makes sense only for

=he SU(2) gauge group, It was also not
=ci,lear how to generalize this construction
0 more than two M2-branes.
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SVAIEORY, BEergnian, Jaifens, and Vialdacena
IEUEC GFbiIat the correct description of a

ellf if W2=lranes Is slightly different. It
mvc ves U(2) x U(2) gauge theory.

S form unconstrained complex

—— 72 = X*+iX°, Wy = X4 i X

® This breaks the manifest global symmetry
to SU(2)xSU(2), but in fact the symmetry.
IS higher.



SEGRIN V2-branes ABIM! theory eas| ‘;_,
JENENIIZES to FOIINDEX U(N) group.
Trig r‘- VAWVIECHEMESIMBRS coekiicient
ISELAEN ‘conjectured to'be dual to AdS, x
S ///.( supported! by N units of flux. ThIS
soliesponds to N M2-branes placed at the
,_1_old C4/Z, which multiplies each of the
Tro'mplex coordinates by e2Hik -

. For k=2 this theory has N=6
supersymmetry, in agreement with this
conjecture. In particular, the theory has
manifest SO(6)—SU(4) R-symmetry.
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os _ = tr [} A Y ‘;r By E1- y© LT LY f{ yA };} v B Y, 1- y©

YA = {7, 72wl w2

® Since L=80/k, the gauge theory Is
perturbative when N/k i1s small. The dual
gravity Is reliable when it is large.



— 'enhance to SO(8) according to the ABJM
conjecture. In order to write the 12
additional currents we have to employ the
“monopole operators’ such as [EXEeH

AB _ \ g2 [14 D, yvB _ DY Ay B 4 jptAyn _E.;TE}

L= 'LII
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e With Chern-Simons level k, these operators
transform under U(N) as a representation with a
Young tableaux with rOWS.




NEcent paper, Benna, lglgg‘eénéﬂ".a‘——
the monopole eperators in the

\_ '_ NDﬂﬁMﬂmgmMa—H———-

il

-- e have shown that the monopole
_"~_ msertlon does not alter the naive’ global
charges and dimensions of these currents.
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e V2-brane theory may be perturbed by
rae) /r_lr operators that cause It to flow to
IEWH] xed! points with reduced

== J,L,Eﬁ rsymmetry Benna, IK, Klose, Smedback; IK,
__ '*é - Murugan; Ahn

.‘-’:‘ 'Fer example, a quadratic superpotential
deformation, allowed for k=1, 2, may
preserve SU(3) flavor symmetry while

making one of the 4 superfields massive.
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Squashed, Stretcne '*'l!!!ﬂj‘#

S
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SNENdUal AdS, background of M-theory
shiplIdralso preserve N=2 SUSY and SU(3)
Jrrvf vsymmetry Such an extremum of
= ged 4-d supergravity was found 25
ears ago by Warner. Upon uplifting to
-"'-:;f “11-d we find a warped product of AdS,
and of a “stretched and squashed’ 7-

sphere.

e Spectrum of multiplets in gauged SUGRA
mav be combpared with the cgauae theorv.




Scenario [ Scenario [I

Hyper | [n+2,0las, [0,n+2] s | [0 42,0]_20ea, [0,72 + 2] 200

[n—|—11] 1, n—|—1] [

Gravitino | [n 4 1, 0]r41 ntl, 0,n+1]_=x [n+1,0]_ 2nct, [0, 7 + 1]¥
9, 9,

][]— Olo, [0, 0lo

SWVENind that Scenario I gives SU(3)xU(L)x
- gu. ARtlIm numbers in agreement with the
mposed gauge theory dual where they

-

Vector n+1,1]_z, [1,n 41|20

3

Graviton

-l

= -~ are schematically given by

SU(3)

IDimension

—_
Bo| e =t

—_ v
Bo e =t

L

|

R-charge
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Ruisitheory, we find fo%h
ERMIONIC oper'a:‘a#@f R-charge -1/3 and

rl]meruon /Gyieyaaresdualitorfenmionic:

HEIBSHN tﬁe AdS WhHeSE masses and

(mrrry S, Seem to fiall in the " Interesting

relglef=s ‘pointed out in the work by

— Faul kner Liu, McGreevy and Vegh; Schalm

-;.; and' Zaanen.
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the (p q) irrep of SU(B) we find the
= angular dependence IK, Pufu, Rocha

. : g 5
L = g
'z.p H z" H “i w
Jh=1 ) A=1 :

oF 1 (—j,3+p+q+j+n;3+p+¢l—ww) ifn, >0
oF i (—j+n,,3+p+aq+53+p+q¢1—ww) ifn, <0.




L SHErearethe low lyingreperators

e

A : Operator
3 Tos
! 024,792
30+ VIE) Tog 24 Tag 2
g Tap (2, T3 (Za)’
1 (3+vaD) TO (1 - 4a22*2,)
(9 + v/337) Tog 2424, T.5 242"
(9 + v/313) T,:fgj 2424, ?jﬁj ZaZy
(9+ V217 Tos ZaZp), Tog 2425
4 T (2425 — L542°2,)
(3 + /65) - T (2 - 5a2242,) 24 c.c.
6 75 (29°, 79 (2.)°
(9 + v/553) T524(2))", Tg 24 (2%
(9 + v/505) TH24 (1 - 5422,2*
(9 + /601) 7924 (2% THZ24 (24)
5 TS (2425 — 168202,) 24 cc.
(9 + \/400) Tos 24252, T 2125 2!
(9+ V457) Tos 242824 T 2425 24
(9++/313) T8 (g(AZBI'ZC — %EEZB:',ZDZ’D) , C.C.
1(3 + v/33) T 242820 TVZ 252,
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[p.q
0,0
0,0
0,1
0,0
0,0
0,1
0,1
0,2
1,1
0,0
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1,0
1,0
1,0
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MOLHET exalr mples oft AdS,/CET, dualities
Wi J\ ”2 3),... supersymmetry are being
Jzurhee many groups.

ULE afe Physics Goal: to find a simple’

= .--_._ ——

._e of a 3-d strongly interacting fixed

_._’_-

T

,ﬂ0|nt realized in Nature.
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