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@ 0Old” stringy phenomena in hadron physics

@ Quark/anti-quark potentials look
stringy too.
We see Regge trajectories
both in J ~ E?

TN

as well as 7 ~ EZ.

@ Should we start at strong coupling
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"t Hooft large N expansion and string worldsheet

@ Organisation of the power series
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@ The modern view of the string theory of QCD of string
hadrons is based on two novel concepts

g)/ i
/7 J

@ Maldacena correspondence between string theory on
AdSsxSs and N=4 SYM in 4d.

@ D branes




@ In reality color gauge dynamics is confining at the
strong coupling limit and not conformal

@ There Is zero supersymmetries

@ Our goal is thus to pave the road from the duality of
the conformal and maximally supersymmetric theory
to string( gravity)/gauge duality for

a theory as close as possible to the pure YM theory
and QCD and in particular to hadron physics



Holographic QCD

@ Outline-

@ Lecture I- Confinement from gravity
@ Lecture Il- Holographic quarks

@ Lecture IlI-Stringy Hadrons

@ Lecture IV- Phase diagram of HQCD



Lecture 1-

Confinement from Gravity

@ Confining Wilson loop
@ Screening ‘t Hooft loop
@ Glueball sepctra

@ Confining models



Confinement in gauge dynamics

@ It is well known that quarks and gluons are confined
and hence not asymptotic states.

@ There are several manifestations of confinement
already in the pure glue theory:

@ The Wilson loop has an area law behavior

@ The ‘t Hooft loop admits a screening nature

@ The physical states are colorless glueballs with a
discrete spectrum and a mass gap

@ Hence the free energy does not scale with N.




@ When temperature is introduced one finds that at low
temperature the theory is in a confining phase
whereas at high temperature the theory isin a
deconfining phase

@ The latter Is characterized by:

@ Wilson line which scales with the perimeter
@ The spectrum Is continuous

@ The free energy behaves like N2

@ There Is a non trivial expectation to the Polyakov
loop




Confining Wilson Loop

@ In SU(N) gauge theories ONe defines the following gauge invariant
operator

W(C) = LTrpefc Aut" (T)dr

where C is a some contour

@ The quark — antiquark potential can be extracted from a strip Wilson
line

(W(C)) = A(L)e TEL)

@ The signal for confinementis E~ T« L



Stringy Wilson loop

@ The natural stringy gravity dual of the Wilson line ( which obeys the
loop equation) is

(W(C)) ~ e

where SN is the renormalized Nambu Goto action, namely the
renormalized world sheet area




@ The basic set up is a d dimensional space-time with the metric

ds® = —Goo(s)dt* + Gy, (s)d;rﬁ + Goo(s)ds® + Gy (8)da

where x, are p space coordinates on a Dp brane and s and xr are radial
coordinate and transverse directions.

@ The corresponding Nambu Goto action is

Sne: = / dodr\/det[0nah Dy’ G )

@ Uponusing thegauge ~+ — t g = g NG action is




@ The Hamiltonian equation of motion is

ds \/f2 — [*(s0)

de g(&) f(m)

@ The separation distance between the string endpoints ( the
qguark antiquark)




 The NG action diverges. It is renormalized by

Try oL

. . e . o0 S
(i) regularizing the integral [~ — [
(ii) subtracting the quark masses

S1
My = / g(s)ds
Jo

S0 that the remormalized quark antiquark potential is

B = flso)- L+2 [ S (P = Plsa) — F)ds

S0
— 2/ g(s)ds
Jo




Theorem 1 Let Syg be the NG action defined
above, with functions f(s), g(s) such that:

1.

f(s) is analytic for 0 < s < oco. At s = 0,
( we take here that the minimum of f is at
s =0 ) its expansion is:

f(s) = f(0) + aps” + O(s"1)
with k >0, a; > 0.

g(s) 1s smooth for 0 < s < oo. At s = 0,
1ts expansion 18:

g(s) = bij + O(5j+1)
with j > —1, b; > 0.

f(s),g(s) >0 for 0 < s < .

. f(s) >0 for 0 < s < <.

[T g(s)/ f?(s)ds < c.



Then for (large enough) L there will be an even
geodesic line asymptoting from both sides to s =
oo, and x = +L /2. The associated potential is

1. if £(0) > 0, then

(a) if k=2(j +1),

E = f(“) - L — 2Kk + (_}((log L),-‘BE—QL)

(b) if k> 2(j + 1),

k42(i4+1)

k2041 1
k—2(j+1) k/2—j
k., o d and C, , are positive constants de-

and 0 and

where v =

termained by the string configuration.

In particular, there is

linear confinement




2. 4f f(0) =0, then if k > j + 1,

i+1

E=—d -L 7T +O(L")

/ 7+1 2k—7—1 /
where ~v' = sy S Y P Y o and d

1s a coefficient determined by the classical

configuration.

In particular,

there 1s no confinement




Sufficient conditions for confinement

@ We thus conclude that the a sufficient condition
for confinement is Iif either

(i) f has a minimum at s,,;, and [f(s,,) # 0

(ii) g diverges at sy, and f(sg4.,) # 0



Model

Nambu-Goto Lagrangian

Energy

AdSs x SO[8]

UL/ R+ (U)?

2./273/2 R2 . LL
r(1)4 |
()

non-conformal
D, brane|43, 16]
(16 susy)

JO R + (U2

—d" - L72/(5=p)
+O(1~2/6G=p)=2(6=p)/(5-p)(T—p))

Pure YM in 4d at
finite temperature

16, 15]

VWU/R)A(1 — (Up/UY) + (U7)

2

~ L Y1 —e(LTY?) for L << L.

full screening L > L,




Model

Nambu-Goto Lagrangian

Energy

AdSs x S5[8]

JUY/R 4 (U7)?

_2V2r?2R? 1
NG

non-conformal
D, brane[43, 16]
(16 susy)

J(U/R)=r 4 (U')2

—d' . -2/ 5=p)
+0O(l —2/(5—p)—2(6—p) /(5—p)(T—p) )

Pure YM in 4d at
finite temperature

(16, 15]

JUTRM(1 — (U7 04 + (U2

~ L7 Y1 = (LT for L << L.

full screening L > L.

Dual model of

Pure YM in 3d
[12, 16, 32, 31]

JUTRT+ (U2 = (Ur JU)T)

72 - f ,
%% L — 2k 4+ O((log L)? e~k

Dual model of

Pure YM in 4d

VU/R + (U)2(1 — (Up JU)3)

—T
Dar RE- f2

i
[73/2

L —2rk+ O((log L)? e=*F)




Rotating D3 [44]

\f__f\e FA_" (U )21 at) é—fizﬁ e

4/3% ¢
4/3CL+ ...

Dy + D_y [45]

VUY R+ q) + (U)2(1 + qRY/UY)

ql+...

MQCD [1§]

2\3"2\;;00511(5;?“1?11}\f"l + 52

E =22(-L -2k
+0((log L)? e=1/V2RuL)

't Hooft loop
[13, 17]

2V (U/R)P*(1 = (Ur/U)*) + (U")?

‘5‘1 M

full screening

of monopole pair




Quantum fluctuations

@ Introduce quantum fluctuations around the classical
configuration

LIT“ (Ua T) — xgl(o-v T) =+ gﬂ» (Ua T)

@ Consequently the guantum corrected Wilson loop reads

(W) = e THall) / ][ dgaexp (— / o) gaoaga)

where 5 are the fluctuations left after gauge fixing.
@ The correspondinag correction to the free enerav Is

1
Fp = —log Z9) = — Z 5 log det O,

a



Wilson loop In flat space-time

@ Consider the bosonic action of a string Iin flat space-time with
boundary conditions fixed at
x(oc=0)=0 (o =m)=1L
@ The static NG action reads

Sna = Ty / dr\/1 + (Opu)?
@ The classical quark antiquark potential is
V(L) = T4 L

@ Thus this Wilson loop associates with linear confinement



Bosonic guantum fluctuations

@ The action of the bosonic fluctuations iIs

D—-2

Seo = 3 [ dodr 3 (00607 + -7

?/7

@ The Eigenvalues of the O are

)‘nm — (_)2 (m_ﬂ-)Q

@ The free energy is given by

D2 Fp = logH)\n m = T— Zn+O(L)

@ Zeta function regularlzatlon yields the foIIowmg potential

AV(L)=—7Fp=—(D—-2)& - +

@ This is the famous Luscher term



Fermionic fluctuations

@ For the Green Schwarz superstring there are also
fermionic fluctuations.

@ The fermionic part of the k gauged fixed GS action is
ST = 2i | dodryT )

Weyl Majorana spinor S0O(9,1) gamma matices 1,j=1,2
@ Thus the fermionic operator is
: S éF — DF — Fi&-
and squaring it gives
(Op) =A=0;—-0;

@ The total B and F contribution to the free energy is
F=8x (—% log det A + log det DF> =0

@ No QM correction and vanishing Luscher term




Can the WL be evaluated exactly?

@ The space-time energy of a bosonic string is
E? = P+ 4(Lo—a) = (LTy)* +4(Lo — a)

@ Hence for the lowest tachyonic state L.=0 we get

(D — 2
E2 — P2+7nta,ch,2 — (Lfst)z_irst ( 12 )
@ The energy is therefore
T (D—2 1
V(L) :TstL\/l_ (12 )TstL2

@ When expanded we recover the linear and Luscher terms
(D —2) 1
24 L

|
I LI I

N/ StL - 7-{_



Comparing the exact bosonic string picture to lattice

calculations

@ The quark antiquark potential for SU(3) and SU(6) gauge
theories In 2+1 dimensions were extracted in lattice

calculations.
4

3.5
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In comparison to the NG predictions.
Lessons from the comparison

() The NG string fits nicely (i) The string “resides” in
“flat space time”



Back to the fluctuations for a confining background

@ As a prototype we take the near extremal Ads5xs5
which in the limit of small radius is the dual to 3d

pure YM theory.

@ The bosonic operators are

2

A u
. R>

Op — —- [0z + O]

O, — 2uEe 2urk [82 +32}
2 4U2T , 2 2
" 2R §8$+ 50



r -~
A

" the fluctuation in

the classical string
) S the normal gauge

' the fluctuating string

The operators of the transverse fluctuations correspond
to massless modes but the longitudinal normal mode is

a massive mode. So altogether there are 7 bosonic
massless modes



@ Had the fermionic modes been those of flat space time
then the total coefficient in front of the Luscher term
whould have been +8-7=+1.

@ This means a repulsive “Culomb” like potential. This
contradicts gauge dynamics.

@ However, in the near extremal AdSs x S° case

due to the coupling to the RR flux the square of the
fermionic operator Is

2
A2 _ YU | 52 2 Ut |9
Oy = |9z + 0 +(53)

@ Thus we get an attarctive Luscher term
m 1

7241}




Does the confining WL behave like a QCD WL?

Yes!

Effectively it behaves like a string in flat space time.
This is due to the |_| shape and the cancelation of

the vertical segments.

«» A more precise scalling argument verifies this

AdSy x S°

e .

()

confining

———————————————————————————————————————————————————————————————————————————————————————————————————————————




The ‘t Hooft |00p —monopole anti-monopole potential

@ It is well known that in a theory were the quarks are confined,
the monopoles are screened ( and wise versa).

@ Just as a Wilson loop with a fundamental string describes the
qguark anti-quark pair, the hodge dual of a string namely a D1
brane is the stringy description of a ‘t Hooft loop

@ In Witten’s model ( or its non-critical analog) we are in type lIA
so the role of the D1 brane is played by a D2 brane that
wraps the compactified cycle.



@ The action of a D2 brane iIs the DBI action. The worldvolume of
It is along (t,x,7).

L/2

S 375 /d’rdmdage'?box/det.f?.illd = 3/ af;:{?u\/t,s"2 + ( - ) fu),

~ (2ral) _rj2  Rads

& Similar to the Wilson line we solve the e.0o.m
—1/2

5 4
u /2 U
U U+ U = const
(RAdS) fw) ( (RAJS) u ))

@ The separation distance is

L—/dI—Q/OO%—Z Aufb 1/2 Y -,
Up u'’ Umin 1 \/(J —1—|—E)(J —Ey—l—I—E)-



@ Again we have to substruct the masses of the monopole pair,
namely of D2 brane that strech from the boundary to the
horizon

@ The renormalized energy Is

W2 o ys — 1 1 up \*
AF ﬁumm [/ d-y-yg (\/ 53;‘ + € B 1) ! (1 B ( UA ) )]
Up 1 y> —ey — 1+ € 3 Umin

@ Since this energy is positive it means that the configuration of
two parallel D2 branes is favorable and hence the system is
screened




Glueball spectra

@ Confining gauge dynamics implies a discrete
spectrum with a mass gap.

@ In the gauge/gravity duality one measures the
the spectrum of glueballs using the spectrum of

the fluctuations of the bulk fields of the gravity
background: graviton, dilaton, NS and RR forms

@ For instance the Tr[F*2] glueball corresponds to
the dilaton ( or other scalar bulk operators)




Does the fluctuation of a bulk operator in
front of a wall yield a discrete spectrum
of glueballs with a mass gap

conformal confining
anti de-Sitter extra scale (“wall”)



@ Thus to determine the 0*".pectrum we solve the linearized e.o.m
of the dilaton 1

06 = —=0, (V=99"0, ¢) =0
@ This of course depend on the background metric.
We can take the YM3 , YM4, non-critical, KS, MN, models.
Here we use a formulation that fits the first three models

72 ) L?
ds® = 72 (f(fr*)alfr2 + Ny datdr ) + ﬁf Yr)dr?
. Rp—!—l
with f(r) = (1 — TPH)
@ We take the following ansatz
¢ = b(r)e’* 2 — _ )2
@ Substituting this into the e.o.m we get
21( NP+l _ Pr+1 A4 LY 272, .p—2
O.b(?) N (p + 2)?_ R 01.}(?) N VI _L r () = 0
72 r(rptl — Rp+l) Or r (rptl — Rp+l)



@ One way to extract the spectrum of M is to use the WKB
approximation

@ We change the coordinates
N — A N A 1_R r — -y
b(r) = B(r)x(r) B(r) = \/r(rP+1 ~ i) r= R(1l+ ¢eY)

@ The schroedinger equation we find reads

—\"(y) +V(y) x(y) =0

@ with the well potential

L e (plp+2) (14?0 _9p(p42) (14 )P 1)
y 4(1 + ey)2 ((1 + ey)p*l — 1)2

_ M2LY eV (1 4 e¥)P™?
R2 (1t+ev)™h -1 °

Viy) =




In a figure the potential looks simpler

10

10



@ We expand the potential and find its turning points
9
p+1

@ The WKB equation for a bound state Is
| 1 [ Fd
(”—5) “—[_ (v)dy

@ From which we read the spectrum of the o+ glueballs

ro = R+ ML? and r_ =R .

2
— 1y 167> (T (b5
M*(p) =n (’”'+ : 2 ) > ( (%jf ) +O(n")

I (pH)

n(n-+1)+0(mn")

56.67
3

29.36
32

K

M*(p=5) o~ n (n+2)+ O(n°)



The spectrum of the 2++ glueballs

@ The 2++ glueball associate with the fluctuations of the metric

@ The corresponding e.o.m are the linearized Einstein equations

1 1 1
VYo bt SV ha, = VoV i — L = 0
@ We parametrize the fluctuations as
2
-
Hab = Zab ?H(T)

@ We use a transverse gauge

Ho k= 0.



@ The equation of motion for H(r) is identical to that

of b(7) and hence
j\-"fg—!——!—

=1
J[ O++

@ There are glueballs states associated with the fluctuations
of all the bulk fields

@ Alltogether there are 6 different type of glueball states
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Figure 2: The AdS glueball spectrum for QC' Dy in strong coupling (left) compared with
the lattice spectrum [5] for pure SU(3) QCD (right). The AdS cut-off scale is adjusted
to set the lowest 277 tensor state to the lattice results in units of the hadronic scale
1/rg = 410 Mev.
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@ There is a remarkable correspondence of the overall mass
and spin structure between the gravity models and lattice
calculations.

@ Nevertheless it does not make sense to claim that there is an
agreement to few percent for isolated mass ratios.

@ One has to device a mechanism to get rid of many “spurious”
states from gravity that do not show up in QCD due KK and
other modes.

@ One obvious shortcoming of the gravity models is the
absence of glueballs of spin higher than 2.



Witten's model-

a prototype of confining model

@ We have seen that a way to get a confining background is to cut the
radial direction and introduce a scale.

@ One approach is indeed to cut by hand an Ads space. This is not a
solution of the SUGRA equations of motion. People use it to examine
phenomenological properties (AdsQCD)

L
—

@ The apparoch of Witten was to compactify one coordinate and find a
“cigar-like” solution.




@ One imposes anti-periodic boundary conditions on fermions.
This kills supersymmetry.

@ In the dual gauge theory the gauginos and the scalars
acquire a mass ~T and hence in the large T limit they
decouple and we are left only with the gauge fields.

@ Since inlarge T [ goes to zero so that we loose one space
dimension and we end up with a pure gauge theory in p-1
space dimensions.

@ The gravity theory associated with D3 branes namely the
Adsbxsb5 case compactified on a circle is dual to pure
YM theory in 3d

@ The same mechanism for D4 branes yields
a dual theory of Pure YM in 4d.



U\ *? R\*? [ dU?2
2 _ [ = nd XV 2 -t 2
ds (R) [T}pde dX” + f(U)do } + (U) [f(U) + U dQ,f_l}
world-volume flU)y=1—{—/— U: radial direction
our 3+ 1 world v bounded from

f is a compact
Kaluza-Klein circle

’ A
I7  (energy scale)
H-

below U = Uy




*The gauge theory and sugra parametrs are related via

gstp\ Y3
g — (QW)ZQSE‘S.«. gg — — 3\/_ ( - ﬁ) )
2?1' Nl
| 1 1 wa O\ 5/2 2 giN,
%t - Qﬂ'fg AV gtt.g;v;v‘u:uﬁ - 2?1_!2 (RD_1) — 2771_ R_Q —
5d\coupling 4d coupling glueball mass

String tension

*The gravity picture is valid only provided that As >>R

*At energies E<< 1/R the theory is effectively 4d.

However it is not really QCD since Mgb ~Mkk

*In the opposite limit of As << R we approach QCD




@ Other confining backgrounds like the Maldacena
Nunez (MN) and Klebanov Strassler (KS) will be
discussed by Bertolini

@ | would like now to introduce the notion of non-critical
string backgrounds and in particular nonciritical
confining backgrounds.



Summary of lecture 1.

@ Wilson loop as a basic guiding line in constructing
confining backgrounds

@ Discrete spectrum with a mass gap for glueballs
@ Witten’s model dual to contaminated pure YM theory
@ Finding non-critical string/sugra models



Lecture 2: FUNdamental quarks

@ So far we have discussed the gravity duals of gauge
dynamics without fundamental quarks

@ ‘t Hooft taught us that the Feynmann diagrams of SU(N.) YM

theory in the large N. limit reorganize themselves into a genus
expansion of closed string theory.

@ Adding fundamental quarks is described by adding

boundaries to the Reimann surfaces,namely one adds an
open string sector.



Lets go for a moment from the SUGRA background back to the brane
configuration.

If we add to the original stack of Nc D3 ( or D4 ) branes another set of Nf
Dp branes there will be strings connecting the original D3 and Dp branes.

These strings map in the dual field theory to bifundamental “quarks” that
transform as the(Nc, Nf) representation of the U(Nc)xU(Nf) gauge
symmetry.

For Nc >> Nf the U(Nf) can be treated as a global symmetry and hence
we got fundamental quarks.



@ Coming back to the SUGRA background, in the case of Nc >>
Nt we can safely neglect the backreaction of the additional
branes on the background. Thus we have introduced infact
flavor probe branes into a background gravity model dual of a
YM (SYM) theory. This is the gravity analog of using a
guenched approximation in lattice gauge theories.

@ Karch and Katz introduced Nf D7 probe branes to the
Ads5xs5 background in such a way that the D7 branes wrap
an S3 inside the S5. This system is stable since in spite of the
fact that the slipping has a negative m”2 it is higher than the
BF bound.



In addition to the closed strings that
associate with the glueballs we have now
also open strings associated with mesons

N D3

0123

)_“ 4367

80

conventional
open/closed string duality

flavour open/open
string duality

N probe D7




In the brane picture the original D3 and flavor
D7 branes are along

0112314567 |89
D3 X [|X[|X | X
DT X [ X | X | X[ X |X|X]|X

The D7 brane wraps an S3 in S5

([,

D7 brane 3
ﬁmppmgs \ /

Mass can be introduced by letting the D7
span only part of the Ads5xs5

transverse
fluctuations

D7 s 7 g 3

AdsS

r=L




This can also be viewed as

flavour D-brane

equal-mass quarks different mass quarks

The meaning of this mass will be
addressed below



@ We would like to introduce probe flavor branes to a
non-supersymmetric confining background. A natural
candidate Is therefore Witten’s model.

@ What type of Dp branes should we add D4, D6 or D8
branes?

@ How do we incorporate a full chiral flavor global

symmetry of the form U(Nf)xU(NTf), with left and right
handed chiral quarks?



@ We place the two endpoints of the probe branes on the
compactified circle. If there are additional transverse
directions to the probe branes then one can move them
along those directions and by that the strings will aquire
length and the corresponding fields mass. Thus this will
contradict the chiral symmetry which prevents a mass term.

@ Thus we are forced to use D8 branes that do not have
additional transverse directions.

@ The fact that the strings are indeed chiral follows also from
analyzing the representation of the strings under the Lorentz

group



@ U(NP)xU(Nf) global flavor symmetry in the UV calls for two
separate stacks of branes.

@ To have a breakdown of this chiral symmetry to the diagonal
U(Nf)D we need the two stacks of branes to merge one into
the other.

@ This requires a U shape profile of the probe branes.

@ The opposite orientations of the probe brane at their two ends
Implies that infact these are stacks of Nf D8 branes and a
stack of Nf anti D8 branes. ( Thus there is no net D8 brane
charge)

@ This is the Sakai Sugimoto model.



A picture Is better than 1000 words. We
“see” that the model admits chiral symmetry
U(Nf)xXU(Nf) in the UV which is broken to a
diagonal one U(Nf)D in the IR.




Incorporating the probe branes In
Witten’s model yields the following
congiguration

[/ (energy scale)

suppressing everything but UV
and our 3+ 1d world:




The Sakal Sugimoto model

@ Let us now zoom in and study in detalls the properties of
this model.
7 R\*? [ du?
)|

@ Thebe 32 ‘
€ 4= (E) (7 dXHAXY + £(U)dO?] + ((—J )

branes /_ﬁ‘ ,\ %

N
world-volume fiuy=1- (%) U: radial direction
our 3+1 world bounded from
below U > Ux
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+ U2d941

6 is a compact
Kaluza-Klein circle

7 (energy scale)




*The gauge theory and sugra parametrs are related via
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5d\coupling 4d coupling glueball mass
String tension

*The gravity picture is valid only provided that As >>R

*At energies E<< 1/R the theory is

However it is not really QCD since Mgb ~Mkk

In the opposite limit of As << R we approach QCD




@ The profile of the D8 probe branes is determined by the
solution of the e.o.m derived from the DBI action ( note that
the CS term does not contribute)

| | ) o R 3 [/
Spg X / d*zdT ey {:?_¢-\/ —det(gpg) ™ / {!4:I'JT(’4\/*]{((’)+ ((_) fU)

@ Just for the Wilson loop we use the Hamiltonian e.o.m

@ The solution of this equation Is i ( ‘ [“"'—4'}"({;)_ ) =0.

) U U aUu
(U) = Uy f(Uo) /Uo (%)3/2f(U)\/U8f(U)—U§f(UO



@ For the special case of uo= ukk or (uo=uA) the configuration is
anti-podal. In general we find a family of solutions which is
characterized by uO or the separation distance L.

@ The SS model deals only with the anti-podal case. We will see
below the physical meaning of uO.

@ It is useful to introduce a new set of coordinates (y,z) where
the classical trajectory is along y=0

y=rcosf, z=rsinf,

UBZUIS(K_FUKKTQ, QE—T:—
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Fluctuations of the branes and mesons

@ The branes can fluctuate both in the embedding, namely
along y(x,z) ( recall y=0 is the classical configuration) as well
as with the U(Nf) gauge fields that reside on the branes.

@ Strings that start and end on the flavor branes correspond
obviously to mesons ( in the adjoint representation of the
flavor group)

@ Such mesons will carry the spin struture of the fluctuations of
their enepoints and their spectra are determined by the
fluctuations.

Fluctuations of gauge fields —— vector mesons
Fluctuations of the embedding — scalar mesons



Flavor gauge fields and vector mesons

@ The gauge fields have in principle legs on nine directions
(x0....x3,z, X5,...x8). Since we are intersted only in the fields
which are singlets of the KK SO(5) svmmetrv we take only

Z B ()
Z 51 (") (2) .

@ Expanding the DBI action we flnd

Spg = —T/ dg;IT E_(’ﬁ \/— det (QMN —+ QWQ’IFA,L.\.-') + SC’S

— Tra)? [ dad Ui O o U; W"E,.F,.| + O(F?)
- e e YO S Uk



@ Upon substituting the mode expansion the action reads

Sps = —T(2ra) / d*wvdz ) [ o P ) ey b

LT

—|—9 U3
8 Ukk

(auip(rrn)aﬂ-@(n) qz)m (,bn + B ‘[(Lm) B'u’(n)lz’i’m,lg’i’.n _ 28‘uip(m) B,U(n)g#)mrgian>:|

@ Thep(» sector takes the form

9 U?
4 (m) ppv(n) m (n)
SD8 —T 27'{-(1’ /d (ld/v Z [ ,u.’/ 'L qf mqf D, —|— g UKK B‘[ BF 1# m'l# n]

Tr. 1.

using the
3
U.

Uk

Z=_"_ K(Z)=1+2°=
Uk




@ We take,, as an eigenfuction satisfying
— K20, (K 0z0,) = Mty
@ With the normalization condition
T(2ra’)? R? / AZ K3 01l = Onm -
@ We obtain

T(2ra')* R? / dZ K Oz, Oz, = A\0nm

¢ So that the 4d action Is

LA T l T AT
qu—/ Z[_lFﬁEE)FM( )+ I-B,-'.(L ) pH(n)

n=1



@ Thus we have found that the B{” are 4d massive vector fields
with masses that are determined by the eigenvalue equation

o Next we consider the ™ fileds. Impose the normalization
9 ~

(P, On) = 1 T(2ma’)* Uiy / dZ K Gm¢n = Omn

& We can choose
O, = -m,,gl P, (n>1) ¢pg=C/K
@ For ¢o which should be orthonormal to ¥, we take so that



@ Then we get

Fr = 0,0 Vb0 + Y (m,' 9, — B 4y,

n=1

@ We can absorb into by using the
gauge transformation

n n —1 n
B,&.) B()er Dipt™

@ Then the action is

Spg = /dJ‘

@ Thus the () are massless. They are the Pions or
Goldstone bosons associated with the spontaneous
chiral symmetry breaking.

1
— 9 m(U)(),u »(0) 4 Z ( F(n)pw(n) + 5" B(H)Bﬂ(n))]

n=>1




aHow comes we found a massless GB
associated with the breaking of the
ableina part of the global symmetry. This
Is the which Is massive due to the
U(1)A anomaly. However in the large Nc

limit there is no anomaly and it should be
masless

alt is important to note that the GB mode
IS massless also for the non antipotal
case where u0 is not uL



Determining the spectrum

@ We now solve the eigenvalue problem

— K20, (K 0z4,) = A\ib,,

@ The asymptotic behavior of
n(2) ~0O(1) or O(z71)  (for z — o)
@ We redefine the wave function

bl Z) = Z thu(Ur Z)

@ In term of which the equation is

~ 2~ 2 . ” -
f{f}%.{_,-f!n — EHZ Uy, + (ﬁ + A\ K IKS) 0, =0



@ We solve for the eigenvalues using the shooting method.

@ Rewrite the equation as 924, + A0yt + Bi, = 0

Where AN
@ Then we expand 14321 &
A=— = Z Aye 37
1+ e2m
1=0
2e—2n 2, —4/3 2,
B:m—l—/\n(? 3?(1 f ZBI( 3?.

@ We get the following recursion relation

412
—ng — 3 Z mA;_,y + Z By, =

=0



@ This yields 9 81 1 27
(v{ — —m/\n . (ko — 28[]/\n , (¥3 — —E — 56[]/\”

@ We use these data to shoot to z=0

@ Since the equation is invariant under z<-->-z we impose even
or odd boundary conditions

@ These translate to even and odd values of charge conjugation
and parity

Ozn(0) =0 or n(0) =0

@ The values of the eigenvalues found are

AP = 067 . 1.6%F, 29 45T
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m?(a1(1260))
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experiment
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supergravity
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The puzzle of the quark mass

@ We can also compute the spectrum for uo not equal to uA . In
fact we define the following mass parameter

@ As observed above even in this case the pions are massless.

a It is known from the GOR relation that

2mg < qq >

M? = 7

@ Hence this parameter cannot be the QCD mass



Scalar mesons from the fluctuations of
the embedding

@ Fluctuations of the embedding in the general case of wp > ua
yields the spectra of scalars.

@ The only non singular formulation is in terms of the fluctuations
of the u coordinate

w(wy, 2") = wg(wy) + §(ay, a)

@ The corresponding e.o.m s

» 1 9 2 _
B~ ()i - [ (38)
| uf g
(221{“‘ + 36ag + Gut! — 24u® — Sdag(u?® + u®) — 4u®)
16 £3 &n =0

dou="J-




@ Using again the shooting method the spectra of scalars is
computed as a function of both the radial excitation

n and the mass parameter

1

U0 \/ d 1
my = —JttJuun AU =
¢ 2ma’ Juy 2ma’

/H i” FY2 () du

@ From the dependence of the meson masses constituent
guark mass on mg and form the fact that the pions are
massless we deduce that mq is related to the and to the
QCD mass.
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The first symmetric mode n vs m,

The firstantisymmetric mode m2 vs m,
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Parity and charge conjugation of the
scalar mesons

@ The holographic operation of parity and charge conjugations are
(;,2) — (—x;, —2).

@ From the demand that the CS is invariant under these discrete
operations one finds

@ Hence 5(3/ Z) = D fn(x“)gn(z)

O—l——l—

symmetric &, — mesons

antisymmetic &, — 0 mesons

@ However Iin nature there are no mesons!



@ In the context of the Sakal Sugimoto model one can
address several other characteristics of Hadron
physics. In particular the chiral anomaly,

decay of vector mesons to pions, baryons and more.

@ We will come back to the model to describe the
thermal phase diagram of QCD Iin lecture 4.



Summary of lecture 2.

@ To summarize the Sakai Sugimoto model
admits

@ Flavor chiral symmetry and a geometrical
spontaneous breaking of this symmetry

@ It yields resonable spectra of mesons and other
hadronic states

@ On the other hand it incorporate a zoo of undesired
KK particles in the same mass scale as the Hadrons

@ It has string coupling divergence in the UV





