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Lastheleadingl
ractions-- strong

g, electromagnetic, weak (3-decay) and
atlonal—— into a consistent quantum theory.
e have dubbed it
e Theory of Everything.’
ctually, string theory has had a more humble
beglnmng It was invented in the late 60’s to
model just’ the strong (nuclear) interactions.

® A reference for the beginning of my lectures:

" QCD . and String Theory,’ arXiv:hep-ph/0509087




950 S and 60 s

f_‘ns).
~come in two types: baryons

otons, neutrons, A, etc.) and
esons (7, p, K, etc.).
Here is a bubble chamber picture

of a charged K-meson decaying
Into three charged m-mesons.




ng interactions are short....»

gei(~ 1 fm = 10 *>m), but
cn st an the

ron}:j mteractlon analogue
YM {4a)
electromagne’tlc fine

Icture constant’ (#=1/137) is
apout 100 times bigger.

As more hadrons were discovered,
they were grouped into multiplets.
For example, the Ilghtest spin-0

mesons form an octet.” This gave

impetus to the
Gell-Mann, Zweig




Sjsheayvier mesons,
ith higher spin, have
ONDEEN diSCovered.
A180
string-like
ttire of hadrons
S fifom arranging
S0MS and baryons

to Reg%e trajectories’

1 plots of angular
momentum vS. mass-

sguared.

A leading "Regge
trajectory’ of mesons is
shown (p, a, ...)




J =a'm?* + «a(0)

String model, excited mesons are identified with
itations (rotational and vibrational) of a relativistic

1Ry of energy density ~ 1 GeV/fm, which is around 1.6
Kilo-Joules/cm.

he rest energy of a p meson is 0.78 GeV.

- ® The linear relation between angular momentum and

mass-squared is provided by a spinning relativistic string.
[ater it was understood that a quark and anti-quark are
located at the string endpoints.




gutering, sum over s-channel exchanges

equals sum over t-channel exchanges




T[—f‘l [hJ - f‘u{?‘}]l

k inear Regge trajectory

als)=al0)+a's

e Nambu, Nielsen and Susskind
iIndependently proposed its open
string interpretation




Uantum consistency of the Veneziano model requires
i€ Regge intercept is

O that the spin 1 state is massless but the spin 0 is a
- tacnyon.

e (Calculation of the string zero-point energy gives

® Hence the model has to be defined in 26 space-time
dimensions.




ng eories uie
diin 9+1 AIMERNSIORS, DU heir feilzieleis) te)
NtEraction Was Ry COmpIEEIYAUREIEAR

Most physicists gave up on strings as a description of
strong Interactions. Instead, string theory emerged as
the leading hope for unifying quantum gravity with other
forces (the graviton appears in the dosed string
spectrum). Scherk, Schwarz; Yoneya




| point particle theory O stheng
Mnispiredihystiherguarkemodel,
Sedi the Quantum

@[OS are made of spin 1/2
nts called guarks and spin 1 ones

), and each flavor comes in 3 d|fferent

color states (-, ; ¥

® The adjoint gluons come in 32- 1=8
different color states:




: B(g)=-g/16m [11/3C,— 43 T(R)] +

teractions between the quarks and
“gluons, though still quite strong,
gradually weaken. This provided a
theoretical explanation of such
effects observed in the late 60°s at
energies around 10 GeV.




g,

SALSH0
Al ST
e,

métely

ﬁﬁbic, due to the

/mptotic Freedom.

® At large distances the

~potential should be
linear (Wilson) due to
formation of confining
flux tubes.




| from lattice work by D.
i et al, Univ. of

He tubes are widely

sed, for example, in
jet hadronization
algorithms (the Lund
String Model) where
they snap through
quark-antiquark
creation.




ark potential

r)=or+pu+y/r+0(1/r?)

_ he coefficient of the universal Luescher
term depends only on the space-time
dimension d and is proportional to the

Regge intercept: m
= . -5 (- 2)




‘Nambu string
for r>0.7 fm:

e(r) = 3r°F'(r)

0

efrl |

—0.1

—0.3




INgisting approximation, and
would incorporate ALL the

- features of gauge theory including, E

for example, the nearly Coulombic
short distance quark anti-quark
potential (lattice results by G. Bali

et al with ry ~ 0.5 fm).

[ B=60

!{zﬁ_z —
=64 —

Cornell




SsuU 3) gauge group
(SU(N) gauge group).

Make N lar e, while keeplng the 't

< oofit couplin fixed.
_ Ping P~y

The prabability of snapEmg a flux

tube by quark-antiquark creation
(meson decay) is 1/N. The string
coupling is 1/N.

® Yet, the planar diagrams needed
in the large N limit are very
difficult to sum explicitly.




alls in-2+1 SU(N)# heory

This is evidence that
the large N limit is
approached rapidly,
at least in the pure
glue theory.
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which for small r approaches EREEEs S’
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dr

and using
find LY = i Na'?




e A brief calculation gives the entropy
denSity . i Gubser, IK, Peet




= Sirhloofitrcetpling behaviorofi thier
ienpolating function is determined by Feynman
calculations in the /=4 SYM theory

yerdeduce from AdS/CFT duality that
_ fim 73 = |
The entropy density is multiplied only by _ as the

coupling changes from zero to infinity. cubser, 1k,
Tseytlin




asstimed to have a smooth monotonic
form, but so far we do not know its form
at the intermediate coupling.




by strong-coupling

'observed:in lattice
rsymmetric gauge

saeWwee field values.

Bpendence in the pure
@il theory enters largely
ugh the overall

normalization.
‘Bringoltz and Teper (hep-1at/0506034)

) A b
Mormalized &1, and =71

3 flavour
2+1 flavour
2 flavour

pure gauge

o Eu.rm-oy..'\s'-B.&.'x:
o Energy, Nef, 553

= Energy, Med, 16'53
# Entropy, Ned, 16°%5

— Entropy, N3, 326, Boyd et al. |
--— Energy, N=3, 12'x6. Boyd et al
T T T

1 IJ I 1 Iﬁ
T.-'T:

1
18



XM theory there are 6 scalar fields.
seful to combine them into 3 complex

uons. All the fields are in the adjoint
presentation of the SU(N) gauge group.

e Asymptotic Freedom is canceled by the

- extra fields; the beta function is exactly zero for

any complex coupling. The theory is invariant
under scale transformations x* -> a x* . It is also

invariant under space-time inversions. The full
super-conformal group is SU(2,2|4).




Maldacena Gubser, IK, Polyakov; Wltten =

rmal gauge theory in 4 dimensions to
it on'5~d Antde sitter space' times'a 5-
pact space. For the /=4 SYM theory this

,_50(2 4) geometrical symmetry of the AdS.
pace realizes the conformal symmetry of the
auge theory.

- The d—dimensional AdS space is a hyperboloid

* Its metric is ds? = ‘[—j (J::’ _ @R+ S




Feynman graphs instead develop a weak
coupling expansion in powers of A. At weak

coupling the dual string theory becomes difficult.




invariant operators in the CFT, arein
Fone correspondence with fields (or
ided objects) in AdS.

o srdetermined by the mass
dual field; e.g. for scalar operators ckew
- Ar=2+\4+m2L2
& BPS protected operators are dual to SUGRA
elds of m~1/L. Their dimensions are
“independent of A.
- ® [he unprotected operators (Konishi operator is
the simplest) are dual to massive string states.

AdS/CFT predicts that at strong coupling their
dimensions grow as A1/4,




gy

dependence of string theory path

0:

{Exp fff'l.l'r.‘ntjﬂ} = Znn-i].g[ﬂn]

In the large N limit the path integral is
found from the classical string action:

Z:ALJ'ilL_g[rjU] ~ F.’Xp( —Ile’_?‘]]:l




W|th"_llarge angular
sphere are dual to
operators with large R-charge (the
aber of fields Z) Berenstein, Maldacena, Nastase

I example a 2-impurity operator RS
~with p ~ 1/] is dual to a small vibrating
string circling around the equator of S-.

e \When the number of impurities W
becomes comparable to J, the string
elongates.




talto Iong operators, e.gutiie dual'or™
N=spi operator

Its metric is

ds? = R? (—u‘f‘2 cosh® P+ JpQ + sinh? el ?2{)

® The operator dimension is given by the
energy in these coordinates.




U|atIOI“|S Gubser, IK, Polyakov; Frolov, Tseytlin

. At' weak coupling the expansion of the
universal function f(g) up to 3 loops is

] o2 B gy 88 4 g f B
flg) =8¢ 378t T + Og”)




2 Pari
ISP bE
]J’J‘i:a!i' o : 20rYy. Minahan, Zarembo, Beisert

U(2) sector’ operators the

5P chiains are solvable via Bethe Ansatz.

s meshes nicely with earlier findings of integrability in
certain subsectors of QCD. Lipatov; Faddeev, Korchemsky; Braun,
Derkachov, Manashov

The string theory approach indicates that in the SYM
theory the exact integrability is present at very strong
coupling (Bena, Polchinski, Roiban). Hence it is likely to exist for
all values of the coupling.




ents in f(g) are related to;the
onding coefficients inQED" through™
t each order the term Wlth the

= i'-_Usmg the spin chain symmetries, the

Bethe ansatz equations were restricted to
the fOI’m Staudacher, Beisert

~ ‘i &\i.r{'afa'ﬂ{_m..ujjj




e Of particular importance is the crossing
symmetry (Janik)

£




Wihe-Dressing Phase™™

Blug, u;) = Z Z Frrr+2el0) (@ () @rprpz (05} — g0 (205) Grar e (i)

r=2 p=i)

e d.(U) are eigenvalues of the magnon charges. It

rdetermined first in the large g expansion (Beisert,
fhandez, Lopez), and then via appropriate resummation in
e small g expansion (Beisert, Eden, Staudacher ).

_® f{(g) is determined through solving an integral equation

flg) = 16g%s(0) s(t) = K({2gt.0) — 4g° [\ dt' W (2t 2gt") s(t')
Jdo

e —1




ST (1) — T () (1) g

K™t = o

-_-séing phase in the magnon S-matrix

e N B M ) L
KO() = 46" [ 7 dl K (4. 20" ) Ko 291", 1)
Jo et —

: L3 () Jolt') — ' do(t) Ty (¢ x
Kot ¢) = L '[fi_fd”- )l j: zpn_mi 1 (£) Ty ()

I8 = B (8 :
I\-|{-||.|!l'r}| — 1) 1]':{23_rr2|.'||: ] 'l': :|= - Jn]J ”:IJ‘, “:I




EW 3 b -
16 0" + 4¢(3)

?1 | ES prediction
lid not include the dressing phase’)

Kkably, an independent 4-loop calculation
ern, Dixon, Czakon, Kosower and Smirnov

ielded a humerical value that prompted them to
zonjecture exactly the same analytical result.

“This has led the two groups to the same
conjecture for the complete structure of the
perturbative expansion of f(g): it is the one
yielded by the BES integral equation.




w7 fi
+32 (]'I:i_ E L ji 7203 + :ngr_:{;;.;.‘.]) ot
4lia

eS8 8 40,
! (3742'3i||1 T+ T )+ 7 mEIG)

+210C(3) (T) + 102 ;;.j.-,'.,sf*) 't
17 B2,
5

o qo8 (TOS0080 iy o3 4
FI05A0200 I 1

4+ 3F2C(507 & 1IT6L(3) C(9) 4+ 1092 ¢(5) {(T) + 4] 3]‘) gt

® 50 far the 4-loop answer is only known
numerically. Recently, a new method yielded
improved numerical precision and agrees with
the analytical prediction to around 0.001%.

Cachazo, Spradlin, Volovich




| _____,rnatic;'n of the series and the geemietic
avior of the coefficients remove all
arities from th | axis, allowi

adius of convergence is _. The closest
larities are square-root branch points at

“Ihe analytic structure of f(g) is not completely

" clear, but there appear to be an infinite number
of branch cuts along the imaginary axis. There is
an essential singularity at infinity.




e the equatlon at ﬂnlte coupllng,

ting an infinite matrix.

J(2g0)  Ji(2g0) Jon(291) J,(20t)
= + Sl — (S — — 2"-'an""'rrr :
: 2t 2qt 2gt 7 /:‘ Jo(2gt) 10 (29t)
i

.Lr, Qi t— 1)
C160(2m — 1) Zan 21 Zam 1 p sy 2290 tet —1)
24t

® Truncation to finite matrices converges
VEery ra pldly Benna, Benvenuti, IK, Scardicchio




merical large g
IMPLOLICs are in vené
—— precise agreement wit
“the AdS/CFT spinning
string predictions. The
thirdis an approximate
prediction.

. . 0.0232 + 0.0001
Flg) = (4000000 £ 0.000001)g — (1LH61007 £ 0.000002) — ———" 4
a




RECEntly, the exact analytic,solution Wasee
obtained for the leading order BES

At Kostov, Serban, Volin:
Angelis, Forini

oy (=1"2n - 1)1
e 2 (n — 1)!

=8 ':éi.nce s,=1/2, this proves that
f(g)=4g + O(1)




“For the =4 supersymmetric YM theory this 2-point
function may be computed from graviton absorption by
the 3-brane metric.

® At very strong coupling, Policastro, Son and Starinets
found




Kovtun, Son, Starinets

,e&ik coupling n/s is
—large There is evidence it

~ decreases moenotonically.
Buchel, Liu, Starinets




. |= Helmmd 1MPs
—— Nitrogen L0MPa

Ark=giuon plasma - Var 0P |
ed at RHIC is believed

e strongly coupled and to
g viscosity not far from the
NSS bound. Shuryak, Teaney, Gyulassy,
Melerran, Hirano, ...
A new term has been coined,
. to describe the state
observed at RHIC. A lot of

Viscostry bound

recent string theory research
is devoted to developing
intuition about this state.

TE




T

close to saturating the bound?

I use chiral perturbation theory; at
thermal gauge theory. Graph from

é'i', Kapusta, MclLerran

T(MeV)




st at weak cou pling, theSYMtheory
5.8l much lower result than QCD

Nevm G.174

Soym AZIn(2.36/vX)




A high-energy collision of gold ions at BNL's
Relativistic Heavy Ion Collider (RHIC) produces a
fireworks display of particle tracks, as recorded
by the STAR detector. In central collisions, about
/500 hadrons are produced.




Irection of Adsis aual

theory smali Z is the
ge z Is the IR.

e10f the 5-th dimension
String picture applies
[ L0 theories that are
formal. The quark and anti-
“guark are placed at the
‘boundary of Anti-de Sitter
space (z=0), but the string
connecting them bends into
the interior (z>0). Due to the
scaling symmetry of the AdS
space, this gives Coulomb
potential (Maldacena; Rey, Yee)




5~d metric should have a
[ped fiorm: (Polyakov):

The space ends at a maximum

value of z where the warp

factor is finite. Then the

confining string tension is
”2(:11“'):)

2ra




Ir) Aclsife
L3-nrag
GONE AV

\.Jf,
¥

r.l'm:"\- =dr® + '.I""rf.q'f-

iEhdlGie near-norizon limit of the
ground created by the N D3-branes,
“ind the space AdS: x Y, with N units
i RR 5-form flux, whose radius is given [JIRGLAl
by ' 2Vol(Y)
e This type IIB background is conjectured to
be dual to the IR limit of the gauge theory
on N D3-branes at the tip of the cone X.

= dmg,Na?
g N O oy




= 1672
IL ]

! (Rl — 4R + R?)

o (R — 2R + 1)

'a'r:'ll _"\'r.'j

T IVol(Y)

ningson, Skenderis; Gubser

| super-conformal theories the
anomalies are related to the
spectrum of R-charges of the
Chiral fermionS' Anselmi, Freedman,

Grisaru, Johansen
}}2[51"1}?3 TeR) o«

= %{E}Tr}?'“‘ —5TrR)



~ ® On the gravity side, the volume of S° is =3
(the radius of Y is fixed so that EEE=Us )

® For large N the two calculations of
anomaly coefficients agree.




__blfold '_"'ones

gnl orbifolds, all group elements
rought to the form

. orbifolds, the n-th group element

" ecaﬁed 5)% three integers m, defined
dk: x=nm/k .
~If none of the eigenvalues of the
enerator = 1, then all SUSY is broken;

one of the eigenvalues = 1, then A=1
SUSY is preserved; if two of the
eigenvalues = 1, then 2=2 SUSY is
preserved.



. = e

6f these phases = 1, then the orbifold acts

en S°/T. (The tip of the cone is a fixed point that
noved in the basic near-horizon limit.)

AWell-known example of a freely-acting orbifold is Z,
“With-m=1. Since one of the eigenvalues of the
generator = 1, i.e. , this orbifold preserves

N=1 SUSY. » /D\
DSy




ruction of the quiver gauge,..
theorles Douglas, Moore

nes at the tip of
s found by applying projections to
U(NK) gauge theory on the covering

_hder the orbifold action combined with
conjugation by a U(Nk) matrix y acting on

. Dk Ak —2rijk
- = lllilj.’,(j—.'\,r.t _..r..-’x}'h___ "lm"ilr_.\'. . 2“*-""[‘.,..-)




metric examples such as C3,/Z
rane duailtaes have.__ _

orbifold T breaks all SUSY and is not freely
eni the weakly curved background AdS: x S°/T

#<=4 and therefore violate the BF bound.

| o) freeiy acting orbifolds, the negative zero-point
nergy is compensated by the large stretching of the

twisted sector closed strings in the compact space.

Hence, at large radius, there are no " bad tachyons.” This

makes freely acting orbifolds particularly interesting from
AdS/CFT point of view.

Before the formal decoupling limit, the non-SUSY freely
acting orbifolds have closed-string tachyons localized at
the tip of the cone. These problems seem related to flow
of double-trace couplings.




Problem 1

] a) Derive the Zo quiver gange theory obtained by the projection

| oonthe U(2N) A = 4 SYM where the Zo is generated by —1 in SU{4)

~ accompanied by conjugation with v = diag(fy, =Iy). What is the
gange group and feld content? Is this a freely acting orbifold?

by) In this gange theory, caleulate the one-loop Coleman-Weinberg
potential as a function of the eigenvalues of the adjoint scalars.
What are the operators that pick up one-loop beta functions?




) The Sasaki- Elnstem metric on T is
fl*;l.t = —((]n’ +Z:n ﬁ':t;‘)j 4= ! i(riﬁi + sin”® Hilrﬁ )

8, € [0, 7], ¢ € [0, 27], 4 € [0, 4n]

® The topology of T'!is S§% x S°.




lve' the conifold constraint =
0 we introduce another set of

(i ) = () = (e
ction of global symmetries is

SU2) = SU(2) symmetry - ) — L (nl) . (

flo

&
R-svimetry (i, by} — €T (ag, by)

= e fh'ere IS a redundancy under

g — Aa; e'JJ—-l\fAj (AeC)

which Is partly fixed by imposing

lag|* + |aa]® = | |* = |ba|* = 0




apex of the conifold, the coordinates

=2y, d,, by, b, are replaced by chiral
superﬂelds For a single D3-brane it is
necessary to introduce gauge group

U(1) x U(1).




j —charge of each fleld . ThIS insures
anomaly cancellation.

‘unigue SU(2) ,xSU(2)g invariant, exactly

arginal guartic superpotential is added:

W = eet tr A; B A, By

- This theory also has a baryonic U(1)
symmetry under which A, -> e@ A,; B, -> e®a B, ,
and a Z, symmetry which interchanges the A’s
with the B's and implements charge conjugation.




Sifindamentals Ay B;, there is one adjoint

liral superfield for each gauge group
with superpotential GgTr®( A, By — AoBy) + gTrd(By Ay — By Ay)

- ® Adding a Z, odd mass term Flassie
and integrating out the adjoints, we obtain
the superpotential of the conifold theory,

g [Tr(A; By Ay By) — Tr(By Ay BaAs)|

m




Problem 2

In a supersymmetric field theory, the trace anomaly coefficients

a and e are given by the formulae

3 L o3 ar,. I 1 . =T
a:ﬁ(STIR —STIR) . r —E{GTIW—.)TIR} )

where R refers to the U(1)g charges, and the trace is over all the
chiral fermion fields.

a) Calculate a and ¢ in the following two gauge theories: the
N = 2 supersymmetric Zs orbifold quiver, and in the A" =1 SCFT
on N D3-branes at the conifold.

b) For AdS; = Y with N units of RR 5-form flux. it was found
at leading order in N that

;'\-"2?1'3
T Tol(y)

where the radius of Y is normalized so that R;; = 4g;; on Y. Com-
pare this formmula with the gauge theory results of part a).




iiRinal 3-cycle is located at constant

Ad55 iS m = 11ﬁ o

® The correspodin operator dimension
agrees with the gauge theory




IS O RERN U find spherical”
nics on S2 In presence of a charge N
Jetic monopole.

transform in | of HiIBEEHE)

1e correspondmg multlplet of baryomc

° is the completely symmetric SU(2)
Clebsch-Gordon coefficient.




solution. and Deformation «s

. wowell=known I-Yau blow-ups, of
old singularity.

fiormation’ replaces the constraint on the z-

2% +2,° 42,2 +2,2=¢€
1S replaces the singularity by a finite 3-sphere.

= Inithe “small resolution’ the singularity is replaced

Dy a finite 2-sphere. This is implemented by
modifying the constraint on the a and b variables

|h,|2 + 1ba]® — |ul§1 - |r.l-_.|E = u*




sii@a@ests that in the gauge. the’dr'y thew
Fe 'Iutlon IS achleved by glvmg VEVs to

f the four superfields:
i 1€ dual of such a gauge theory is a
solved conifold, which is warped by a

stack of N D3-branes placed at the north
pole of the blown up 2-sphere.

ds?, = /H-! (y)dx"dx, + / H(y)ds?




H(r.0;) = LY (20 + 1) H*(r)P(cos 65)

=0

Oy
-.!F:I (1" 1+ a3:1 + 93 _#)

re

(3u)*T(1 + 3)°

=14+ (324 1)
(1 +23) vi+E+ 1




et an expllut Iocallzed solutlon

~® A previously known 'smeared’ solution
corresponds to taking just the =0
harmonic. This solution is singular rando zayas,

Tseytlin ) 32
—_— Inr +O(1 —
Ou?r? 8] u4 (1)




® NO mesonic operators, e.g. Tr (A; By), have
VEV's. This is a baryonic branch’ of the
gauge theory.




1;.2[”{ _ [Ej_?_n]-z o [ﬂr-l".'}zj o Iijl.’"zlzf}rf,\:ﬁ

s M is the metric of the deformed
conifold, a simple Calabi-Yau
space defined by the following
constraint on 4 complex variables:




helwarp factor is finite at the ‘end of
“t=0, as req_mred fortRems"

I{t) = ] (f.rm#(ﬁinlﬂ.r —2x)1/3 = 21973 (g Ma')2e—8/3
] i

sinh” »

Istandard warp factor a2 , which
easures the string tension, |s identified
“with h(t) 12 and is mlnlmlzed at t=0. It
blows up at large t (near the boundary).

® [he dilaton is exactly constant due to the
self-duality of the 3-form background

- i
x5 Gy = i1l G3=F3_EH3



_-Squared oft 'e S? at t=0)

e details of the solution are reviewed in
“C. Herzog, IK, P. Ouyang,
hep-th/0205100




unning of couplings,if UV

arge radlus asymptotlc solution is

mic deviations

1 . - 1 _ . :
W = E{_g] NGt 4 gt A gt) = 5.{,L,-iu dfy A odoy — sinfadfy A dog)

1 5 oy : A
wa= 54" ANg' ANgP+ g Mg




d___870  — (N + M) —2N(1—~)

dlog(A /) ?I'-

ds _gN _o(N 4 M)~ )

dlog{A/p) g5

S7t B@? i
— —— = Mh(A/p)[3+2(1-7)]

i

e In the UV the anomalous
dimension of operators

ISy~ -1/2




3P factor deviates from the:M=0.
on' logarithmically. oo

B 27?.’(0’]2[_:},.._-\’ + alg,M)? In(r/ro) + r'.'{gﬁ_'\f}g,“'-l]
4yt

AUmMber of colors, also changes

garithmically with the RG scale.

Fr = 2Tfn_l’j?fc,”[1'_}‘.'01[1"1'[J

r AT 3 LW T O
J\FII{IJ = :\\ + E_{j_q.‘hlr lIl‘\IJn'i"ﬂl]




WWhat explanation in the dual®
SSURM)XSU((k=1)M). SYM theory: coupled”
perfields A, A,,
N0 n, calleda
, takes place: k repeatedly

-
SUGEMY x SU-1]M) #7
E<<g, 2-g,

n==1

-
% @ SUMY x SLk- 1M —
E=<E,

) SUE=2M) = SO 1M 0 8T
n<<l - ey
L g-g, ge<g,
J. SU =210 x STV =1 ]M0 <
- ge==g, g-g

SUE-2IM) x SUH-37M =
L | -

E<<Eg £~E,



)erg duality to SU(N+N c)—Sb((k-Z)M).

e resulting SU((k-1)M)xSU((k-2)M)
f:stheory has the same structure as the
original one, but k is reduced by 1.

® The flow proceeds in a quasi-periodic
fashion until k becomes O(1) in the IR.




emparison of warp factors in the AdS,

arped conifold, and warped deformed
conifold cases. The warped conifold (KT)
solution, which has a naked singularity,
should be interpreted as asymptotic (UV)
approximation to the correct solution.
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ential'is

Qur Sol.
Cornell

e 11 Camparizon to the Cornall model

eent Senior Thesis of V.
Vicek shows the string
— theory result for the
“Warped deformed conifold.

The lower graph shows
lattice QCD results by G.
Bali et al with ry ~ 0.5 fm.
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v In the supergrawty limit (at large g. M) their
Ies are

Mglueball ™ MK K ™ —3- Ty o~ 5".%—'1'-{{?i'ig!<:rim|'.!‘-|2

rder to eliminate the anomalously light bound states,

veémneed a small g. M, which requires a departure from
" the SUGRA limit.

o As g. M -> 0 should recover pure =1 SU(M) theory.
® Even for small ﬂs M, SUGRA becomes reliable in the UV
e

description of the duality cascade (at large t).




the solution smooth, and explains the IR
jics of the gauge theory.

in the IR. The
mamically generated confinement scale is

BV
=2 3
)

The pattern of Is the same
as in the SU(M) SYM theory: Z,y -> Z,

® Yet, for large g.M the IR gauge theory is
somewhat more complicated.




) R the gauge theory cascades down to.
il QM) x SU(M). TheSU(2M) gauge group

_jary n and anti-baryon operators Seiberg

A_f rr\ __1:11_ ‘_l\'

ayry” NN

B= e iy B, ..BY

LA SR TR £ - Y

--qmre expectation values and break the U(1)
“symmetry under which A, -> e2 A.; B, -> e'2 B,
Hence, we observe confinement without a mass
gap: due to

there exist a Goldstone boson and its massless
scalar superpartner. There exists a baryonic

branch of the moduli space
A =i B =i\




--SOIUt'On IS part of a modull Space of
ing SUGRA backgrounds; " -=+1% pe

tti, Grana, Minasian,

k for them we need to use the PT ansatz:
: “r""‘fll = H_]"”'erf.rr,,r.l'.rm —+ "ﬁrli'.-s;'?,

2
ff_lfrr + e _”}[t'f-f— %}-i—: ‘Z(r"—"’ﬁ £ }-|—."_I'"2+ff-‘21

=¢ g, a, v, and the dilaton are functions of the
_ adlal variable t.

- » Additional radial functions enter into the ansatz
for the 3-form field strengths. The PT ansatz
preserves the SO(4) but breaks a Z, charge
conjugation symetry, except at the KS point.




factor and the dilaton are related:

a(t) = =2 4+ U3t 4 1) +...

l)r (25613 — 86412 + 1752 — 84T)e— f-*‘~'1+w(f-—1”’f:*)
.]




d volume gauge fields turned on (they are

termined by the supersymmetry conditions).
“The behavior of the D5-brane action as a
function of the large radius cut-off is in complete
agreement with the expectations in the
cascading gauge theory.




mieter U is proportlona!

rge U the IR part of the solution
'thes that of the CVMN soiutu:m But

. Here are plots of the string tension (a
string at the bottom of the
throat is an chromo-
electric flux tube) and of the dilaton
profiles as a function of the modulus U=In
1~:{ . Dymarsky, IK, Seiberg




led gauge theory.

ome; results on glueball spectra are
already available, and further calculations

dlé OngO|ng. Krasnitz; Caceres, Hernandez; Dymarsky, Melnikov; Berg,
Haack; Muck

Could there be applications of these
models to new physics?




Applications to D-brane Inflation

oll .’[nﬂatmnary Universe
. stemnhardt) 1S @ VEry
dea for generating the

dels with very flat

as proven to be difficult.
g theory constructions
D-branes. Dvali, Tye, ...

KLT{‘KKLMMT model, the
rped deformed conifold i is

_embedded into a string
compactification. An anti-D3-brane is

- added at the bottom to break SUSY
and generate a potential. A D3-brane
rolls in the throat. Its radial
coordinate plays the role of an
inflaton. Calabi- Yan
Kachru, Kallosh, Linde, Maldacena, McAlister, Trivedi

A




deiiermed! conifiold.

Obe D3-brane potential
' spa::e IS a 1};rru:ltt:\ti::r:iII‘}!
If ects of
; pactiﬂcatlon and D7/-branes.

The plots:are for two different
-values of U~E,

No anti-D3 needed: in presence
of the D3-brane, SUSY is broken
by the D-term E. Related to the

' D-term Inflation’ Binetruy, Dvali:
Halyo




bulkCy

ts introduce the KKLT-

tWpe superpotential
_where X denotes the D3-

brane position. In any warped
throat D-brane inflation model,

it is important to calculate
A(X).




e calculated and integrated over a 4-

Ie expliCitly. Baumann, Dymarsky, IK, Maldacena, McAllister,
—Murugan.

e If the D7-brane emedding is specified by o)

=0




e F-term potential is found to be

- Burgess, Cline, Dasgupta, Firouzjahi; Baumann, Dymarsky, IK, McAllister,
Steinhardt

Vi = (p+ WP = 3(TTW, + e.c)

302

+éLTT'I-.“ W+ ce) + %L—“'EII'1‘.,T{":




Iy gives Hubble-scale «
3ctions torthe inflaton petential, so
“ hing is needed.

2 A0
Vip = Dl ™=, Dir) Eﬂ(l d ! )

1672 (T4r2)2

I the KKLMMT model with anti-D3 brane,
where hEEEEvarp factor at the bottom
of the throat.

~® We have studied a simple and symmetric
Kuperstein embedding
® The stable trajectory for positive u is

=z = — ==
' N




:'ar the mflectlon
‘produce enough
5 of mﬂatlon

L L
04 0.6

P/

M

n,— 1= (2n — 6¢)|
Thesign of JIEE¥R) depends

on its position relative to

inflection point. This is a

b '] - {
Delicate Universe. Baumann,
Dymarsky, 1K, McAllister, Steinhardt

e

=~ 2n({odcme)




