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Abstract: To realize massive pions, | propose a variation of the holographic model of massless QCD using the D4/D8/D8bar-brane configuration
proposed by Sakai and Sugimoto. The deformation breaks the chira symmetry explicitly and | compute the mass of the pions and vector mesons.
The observed value of the pion mass can be obtained. | also argue a chiral perturbation corresponding to the deformation.
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1. More realistic model of
holographic QCD?

“Need of pion mass in 5SS
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Holographic QCD

Apply AdS/CFT correspondence to QCD!

Although it is In large N, it might work for
analysing strong coupling regime of QCD=----

O Meson and baryon spectra

o Chiral lagrangians, interactions

O Thermal phase transitions, QCD phase diagram
O Jet quenching, viscosity

Not just reproducing observed phenomena, but being
predictive with interesting dual gravity descriptions
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Sakai-Sugimoto model

A good holographic model of massless QCD.
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s = Sl ey e
+ N.D : 5 el o | e L B
W -E}:.{- b P e S B
Nc D4-branes wrapping S* with anti-periodic b.c.
for gauginos — pure YM at low energy Nitten

Nf D38 and Nf D38bar intersecting with the D4
— |eft- and right- handed quarks

Exact matter content of massless QCD!
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Near horizon imait

Replacing the D4s by their geometry :

r\ 3/2 3/2 2
i? = (3) " Ouwdetdz’+f(U)dr?) (1) (fg) 5 Uzdgg)
: U 3/4 27N, " Us
f=0(3) - Fa=T e SO =1-F

AdS/CFT |

—' Strong coupling of massless large Nc QCD

- Probe D8 dynamics ( Nc > Nf)— meson sector

= Bulk gravity dynamics — glueballs etc.
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Sakai-Sugimoto model

A good holographic model of massless QCD.

a > 5 't f : )
— rl ¢ =x x* x T X x° X
LF?'. k Ve DS D—l— — — S — '
V. D4 g1 Q0 Q O C
-_——— e = = - - ‘— = i i TSR D\ i £ P = -~ P Pt —
il T .H_Fr": '“q_-"l M_--”I e S .,._..-' S

Nc D4-branes wrapping S' with anti-periodic b.c.
for gauginos — pure YM at low energy Nitten
Nf D38 and Nf D38bar intersecting with the D4
— |left- and right- handed quarks

Exact matter content of massless QCD!
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Near horizon limait

Replacing the D4s by their geometry :

~ 3/ 3/2 2
e (%) (Puvdade”+F(U)dr2) (?) (ﬁg) 3 U%QE)
. U 3/4 2N, ) Uz

AdS/CFT |

———— e

% Strong coupling of massless large Nc QCD

- Probe D8 dynamics ( Nc > Nf)— meson sector

= Bulk gravity dynamics — glueballs etc.
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Sakai-Sugimoto model

A good holographic model of massless QCD.
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with anti-periodic b.c.

for gauginos — pure YM at low energy tten
Nf D38 and Nf D38bar intersecting with the D4
— |eft- and right- handed quarks

Exact matter content of massless QCD!
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Near horizon imait

Replacing the D4s by their geometry :

N\ 3/2 R 3/2 dU2
a? = (3) " (nudetdz”+f(U)dr?) (1) ( st Uzdgg)
U 3/4 27N, ) U3
e? = gds (E) . Fa = Va CE4._ f(U)=1— UFSBK

 AdS/CFT |

—J Strong coupling of massless large Nc QCD

- Probe D8 dynamics ( Nc > N¢)— meson sector

= Bulk gravity dynamics — glueballs etc.
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Spontaneous chiral S.B. 1n SS

=f % N;Ds Massless QCD
N. D4 : S ;
-. o & at weak coupling
| Ao _

......... . D8: U(Nf)L

Chiral sym. : :
Replacing D4s ﬁ D8bar:U(Nf)r
by their geometry -

Strong coupling,
\ / .~ spontaneous

~—..__ | chiral sym. breaking

D8 and D8bar are connected: U(Nf)v
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Near horizon limait

Replacing the D4s by their geometry :

N\ 3/2 3/2 2
ds? = (2)7 Cruvdataz”+ £ (0)ar) () (fg) 5 Uzdfz%{)
. U 3/4 27N ) 7
e? = gs (E) : Fa = Va CE4._ f(U)=1-— [TBK

 AdS/CFT |

| Strong coupling of massless large Nc QCD

- Probe D8 dynamics ( Nc > N¢)— meson sector

= Bulk gravity dynamics — glueballs etc.
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Spontaneous chiral S.B. 1n SS

= ~ “.I N; DS _ Massless QCD
| 5\ t weak couplin
\_ AN\ 5.\ i at w pling
J | D8 U(Nf)L
Chiral sym. : _
Replacing D4s JTL D8bar:U(Nf)R
by their geometry <

~ Strong coupling,
\ / ' spontaneous

— chiral sym. breaking

D8 and D8bar are connected: U(Nf)v
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Sakai-Sugimoto model

A good holographic model of massless QCD.
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Nc D4-branes wrapping S* with anti-periodic b.c.
for gauginos — pure YM at low energy

Nf D38 and Nf D38bar intersecting with the D4
— |eft- and right- handed quarks

Exact matter content of massless QCD!
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Near horizon limait

Replacing the D4s by their geometry :

~ 3/2 3/2 2
ds? = (%) (n“ydir“dz""ﬂ-f([f)dﬂ'z) (g) (;l([é) % UdeE)
- U\ 3/4 27w N > U3
e? = gs (E) - Fa = Va 664._ f(b) = 1 — {;(3

AdS/CFT |

Q Strong coupling of massless large Nc QCD

- Probe D8 dynamics ( Nc > Nf)— meson sector

= Bulk gravity dynamics — glueballs etc.
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Sakai-Sugimoto model

A good holographic model of massless QCD.

. v 71 2 2 A B o I B 8
= mlo O O O

. N.D : S! e e D o S

N, DB i( 5\ e % S i s

Nc D4-branes wrapping S' with anti-periodic b.c.

for gauginos — pure YM at low energy  vviter

Nf D38 and Nf D3bar intersecting with the D4
— |left- and right- handed quarks

Exact matter content of massless QCD!
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Spontaneous chiral S.B. 1n SS

Y N;Ds Massless QCD
b \_D N E " at weak coupling
D e | - D8: U(Nf)L

Chiral sym. : _
Replacing D4s J—L D8bar:U(Nf)R
by their geometry -

i Strong coupling,
\ / spontaneous

e, i chiral sym. breaking

D8 and D8bar are connected: U(Nf)v
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Upshots of the SS model

Vector/scalar mesons = KK modes of gauge
fields on the connected probe D8.
Chiral langrangian = the probe D8-brane action.

And many more: baryon spectrum,
realization of hidden local symmetry, etc..

Results are quite consistent
' with observed experimental values.

Comparison to other holographic models:
Spontaneous chiral sym. br. is seen in geometry
= LClear understanding of weak coupling definitign




Spontaneous chiral S.B. 1n SS

“2f % N;D8 - Massless QCD
N_. D4 - Sl ‘ :

Rl Pl e = ‘at weak coupling

. ; 3 __,.‘ |

. D8: U(Nf)L

Chiral sym. : _
Replacing D4s Jl D8bar:U(Nf)R
by their geometry -

~ Strong coupling,
\ / spontaneous

e chiral sym. breaking

D8 and D8bar are connected: U(Nf)v
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And many more: baryon spectrum,
realization of hidden local symmetry, etc..

Results are quite consistent
' with observed experimental values.

Comparison to other holographic models:
Spontaneous chiral sym. br. is seen in geometry
= LClear understanding of weak coupling definitign




Spontaneous chiral S.B. 1n SS

' Y N;Ds Massless QCD
R 0B \P o " at weak coupling
s - - D8: U(Nf)L

Chiral sym. : _
Replacing D4s Jl D8bar:U(Nf)R
by their geometry

- Strong coupling,
\ / . spontaneous

e . chiral sym. breaking

D8 and D8bar are connected: U(Nf)v
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Upshots of the SS model

Vector/scalar mesons = KK modes of gauge
fields on the connected probe DS8.
Chiral langrangian = the probe D8-brane action.

And many more: baryon spectrum,
realization of hidden local symmetry, etc..

Results are quite consistent
| with observed experimental values.

Comparison to other holographic models:
Spontaneous chiral sym. br. is seen in geometry
= LClear understanding of weak coupling definitign




Numerical results of SS

Vector meson spectrum Sk s e

p ay o (ﬂ’l)/ p”
exp.(MeV) | 776 1230 1465 (1640) 1720
| SS model [776] 1189 1607 2023 2435
| ratio [1] 1.03 0.911 (0.811) 0.706

Chiral lagrangian
1

- sTrlU19,U, U '8,U)1? = L1P;+ LoP>+ L3P3
[
S
Ly Lo L3
exp.(x10~3)|04+03 144+03 —-35+1.1
SS model 0.584 ) T —3.51

e 07030007 (Tables taken from Sugimoto’'s preseptation)




Problems! 1in the Sakai-Sugimoto

D-brane configuration severely constrains the model.

— Problems in the SS model :

1) Pion is massless.
- No explicit breaking of the chiral symmetry.
Cf) D4/D6 model Kruczenski-Mateos-Myers-Winters

2) Non-decoupling of higher dimensional DoFs.
- Single unique scale is the KK scale.

‘We give a resolution of the problem 1) \
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Why are pions massless 1in SS?

Answer : Quarks are massless in the D4DS8.
m=)> No explicit chiral symmetry breaking

Pions are exactly NG bosons

Then, why quarks are massless in SS?
Because: It's difficult to separate D8 from D4

— — — 2 : 5 i i 4
— = . 5 TN TR S U TR TR G T
e e A ! DS D A — — £\ P
¢ .\-, [} l t "}i ' s ' "‘-_..-r'| s
e N D H‘ — — _/—\_I — P P o -_,a--\_l
\ N L}"\ lhor ; s I ! | ./ " o
N e e e - e —— TG ~ ~ P ~ P P ~ e
DS } e ( U ] U] )
o e o S S o o

Co-dimension =6 — Chiral fermions

irsa: 07030007
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Importance of massive pion

1) For constructing more realistic models
2) To understand properties of the lightest hadron

(a) At low energy, pion mass is an indispensable
iIngredient in low energy effective lagrangian.

(b) Spontaneous vs. explicit breaking of the
chiral symmetry.
3) In SS, we need to consider only energy lower
than the KK scale (technical reason)

We introduce pion mass in SS,
by deforming the shape of probe D8-brane |
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2. Our idea for pion mass
in Sakai-Sugimoto

“Additional ‘D4 gives pion mass”
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Explhicit chiral sym. breaking?

Deform!

i o I
SNB

- D8s are connected not by the background geometry
- Quarks are expected to be massive
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How can we connect D8 and DS8bar
in flat spacetime (weak coupling regime)?

LY £ o L
AR A\

Introduction of different D-brane charge on D8]

Charge conservation forces D8 and D8bar to connect

— To achieve this, we introduce
a D4'-brane bound in the D8
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Throat DS configuration

There is a “throat” D8-D4" bound state conflguratson
with throat radius /L : “Blon” ~ CallanMaldacena

Toy modey Cﬁ) % . ,f\ V
VA= 4

V=Tpg(—r>+LrY)+Tps(—r+L)

Quark mass ~ [throat radius] X [string tension] ~ 1/L
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Bound D4 as YM instanton on DS

a D4’ bound in D8

The direction of the
D4’ worldvolume is
along radial direction

- Tunable parameter : instanton size n—

e

q

pll= 4

We introduce YM instanton
IN angular 4-sphere of
probe D8 worldvolume

1

[size — 0] — D4 can be separated from D8
— Reduction to the SS

Pirsa: 07030007

(O size instanton — radius 0 — massless quark)




Summary of our 1dea

1. To connect D8 and D8bar in flat space,
we introduce another D4’ charge on D8 D8bar

2. The D4 is a YM instanton in 4-sphere.

| We re-analyze SS :
fluctuation analysis of the connected D8

| iINn the D4 near horizon geometry,

| with the instanton background

‘ Hadron spectra/interaction with massive pion}

Pirsa: 07030007
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Bound D4 as YM instanton on DS

a D4’ bound in D8

= YM instanton on D8 [ —4 /
Nittern Doualas 8

The direction of the
D4’ worldvolume is
along radial direction

- Tunable parameter : instanton size

q

=4

.................

We introduce YM instanton
INn angular 4-sphere of
probe D8 worldvolume

1

[size — 0] — D4 can be separated from D8
— Reduction to the SS
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(O size instanton — radius O — massless quark)



















Summary of our 1idea

1. To connect D8 and D8bar in flat space,
we introduce another D4’ charge on D8 D8bar

2. The D4 is a YM instanton in 4-sphere.

We re-analyze SS :
fluctuation analysis of the connected D8
| iINn the D4 near horizon geometry,
| with the instanton background

- Hadron spectra/interaction with massive pion
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3. Computation of
plon mass

“Observed value of pion mass reproduced”
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3. Computation of
plon mass

“Observed value of pion mass reproduced”
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Instanton background

We work with probe D8 action:

5 1 ,
TDS(ZEQ!}"/dgGE’_m v — detg;TrEu_\-F-”-\ =

Induced metric from D4 geometry: .

- .- N .. A BN Tt YT
dsbs - g_\f_vdo'-‘s!dgﬂ - (E'-) dxz + — (—) ;’:Ld:‘ + (ET) {';dﬂj-

9\ U-
Instanton is a classical solution in angular 4-sphere:
Ay =0, A-=0. A; = A;(67)

KK modes from A, — vector mesons

- KK modes from 4. — pion

Ve do the fluctuation analysis in the b.g. instanton




How can we connect D8 and DS8bar
in flat spacetime (weak coupling regime)?

LV o7
AR A

Introduction of different D-brane charge on D3|

Charge conservation forces D8 and D8bar to connect

— To achieve this, we introduce
a D4'-brane bound in the D8
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Explicit chiral sym. breaking?

e ——
e
-
L
.
]
L
L]
L
L]
L
e -

- D8s are connected not by the background geometry
- Quarks are expected to be massive
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Throat DS configuration

There is a “throat” D8-D4" bound state Conflguratlon
with throat radius /L : “Blon”  Callan-Maldacena

Toy modey &%4 | /\V
=

V=Tpg(—r°+Lr)+Tps(—r+L)

Quark mass ~ [throat radius] X [string tension] ~ 1/L
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Summary of our idea

1. To connect D8 and D8bar in flat space,
we introduce another D4’ charge on D8 D8bar

2. The D4 is a YM instanton in 4-sphere.

| We re-analyze SS :

fluctuation analysis of the connected D8
INn the D4 near horizon geometry,
with the instanton background

‘ Hadron spectra/interaction with massive pionI
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3. Computation of
plon mass

“Observed value of pion mass reproduced”
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Instanton background

We work with probe D8 action:

; ] _
TDS(E?T(IE}“/dQO'e_G v — detg;TrEu_\-F-m‘ U

Induced metric from D4 geometry:

. : e 4/ R\*U BN .
dspg = gundoMdo = (T‘E:) dxg + 9(—5-) {“‘d:" (Eﬂ) U-d€;.

Instanton is a classical solution in angular 4-sphere:
Ay =0, A4A-=0. A; = A;(6/)

KK modes from A, — vector mesons

. KK modes from 4. — pion

YVe do the fluctuation analysis in the b.g. instanion




S 1 KK reduction

Action In components . Sps = f’(*ftﬂf’ﬁ/d*rﬂ’

dQy R 9 U3
= [d‘ ﬁh{T”m”ng“”F‘“ ST Fuckv:
¢ )

n“‘hUD, 1uDjdv + oo W’ D;A-D;A-+( terms with 4; )
KK

Pion in A- obtains mass from [A"St, A.]°

Decompose: 4, (x,z,X) =A4,(x,2){(p), A(x,z,X)=A(x,2){(p)

Eigen eq: —a,(p*4(p> +1)729,¢) +3Lm:‘ip: 2L =p°L7e%
Then we obtain mass terms,
= RS uv pﬂ'j}ﬂ F{? _2 L-:j ,uri_:-fr }_l-a +l£2 uv _1(]' _‘icr 2 {':4 E':-ia:l”
- 4L-_n n HPp™ VO SL'KKH ¥ et 2 r’ = v SR_-‘.L'KK el S
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Instanton background

We work with probe D8 action:
Tpg(zﬂa;}:ﬁ/dg()'é?_m \/— detgl TI'F'L[_\'F'U'T U=0

E T N
Induced metric from D4 geometry: 1o

’ F t'- = 5 —I' R - :(‘:.'*' - R = & . ")
dstg = gundoMdo® = (1—121) d«'\ﬂ“f'zj‘(i-:) {}f}“d:‘+ (—{"—) Uzdely.

Instanton is a classical solution in angular 4-sphere:
-‘:{H = 0. -'.’[_- = O‘ :.{; — :.’[;( e'} )

“ﬁ.
. -
o *ﬁ-#-

KK modes from A, — vector mesons

s KK modes from 4. — pion

Ve do the fluctuation analysis in the b.g. instapion




S t KK reduction

Action In components . Sps = f’(zfra’)zfdJ'.rf

d€y . o U3 .
._(Zp == /\d:TjTr{_l[_-n”‘npﬁFpvaﬂ-— g[*E;K n“JlF‘“:F‘_-:
e o T . _ )
L :”,ut hUD-"-'IﬂDj-{V g 3RS l: o frf-‘er.{:Dj;I: +( terms with 4; ) |

Pion in A- obtains mass from [A"St, A.]°

Decompose: 4,(x.z.X) =4, (x.2){(p), A-(x.z.X)=A-(x.2){(p)

Eigen eq: —a9,(p*4(p> +1)729,8) + 8L—sb - = p*I%e%
Then we obtain mass terms,

d- R Hv PO -a rpda 9 L':J uv —a r-a 1 2__Rmv ;a a - ['_.4 2~aa
/ z 4{_:11 n F#me—gl,KKn Fp_.ﬁ._.-t-EE n A*“A"—gR-‘L'KRE A.A.
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Radial KK reduction

Vector mesons come from decomposition

~(mr)

-‘ip(:\*--—-] — zm“ilfiy (x)Ym(Z)

for which mass eigen equation is
U-

, " . TR - =\ 3
[ f‘)_-(ﬂ(): u"ﬁ”) i 6‘?-{'}{5—: Ym = AmU E’B:A e Win (ﬂ = (E_—) )

Pion 4” = ¢ is included in the decomposition
s - 1
A-(x.Z) = 2;1:304-11-””{1'}0”;[:} Om=0-Ym (m=>1). Qg =< E

We need a field redefinition to absorb cross terms

~a.(m) __ ~a.(m) Evﬁ}; - ~a.(n) — - & .
B,U = -4;1 i 1 Z RmnayA: Anm = /c?’:.& OmOn
m ”il -
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Pion/vector meson spectrum

Final lagrangian: Ky = K — za,,ﬂ Bk My = [ A=K 0,6,
=) 3

== _9181.1}{ [A}:Jm @) + g-E:J!f;H.UmHP“ l:] = [ih mzl I: (F;tlm) A lA,,,\fm,. (Bu™)" ]

9{851 b Iii;,,,,dp-i‘:””"!a“_i‘_f“”" Tgs{uﬁﬂj e AT | — U Mg Y Mo AT

m.nz=1 m=1

u~! 0 [ 002 005 |[/I30] 01 02 1.0

£ 0 [0.0488 0120 |0.180 | 0230 0423 141

m.: 0 (140,135)] O | 364 887 | 132 | 167 285 624

mpy (776) (776) | (776) (776) | (776) | (776) (776) (776)

May (1230) | 1189 | 1188 1186 | 1183 | 1179 1162 1046

m (1465) | 1607 | 1607 1603 | 1596 | 1589 1550 1308

Meson spectrum of SS is not much modified.
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4. Corresponding chiral
perturbation

“Four Fermi? Higher dimensional?”
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Ingredients of chiral perturbation

Chiral symmetry is asymptotic gauge symmetries:
g+r=lm-_.,..g(x,2,0) (g8+.8-) € SU(Nr)L xSU(Ny)r

Building blocks of chiral lagrangian:

; =
U(x.0) Pexp{ / dzA-(x.z 9)} U—g, Ug_

SS: D8 action in terms of U = Chiral lagrangian

Instanton = External source in chiral perturbation
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“U” and 9 dim. YM fields

We move to 4. =0 gauge.
Ay (x,2,0) — EL(x,0)uEL  (x,0)
FON s foo A,,-{_r,:,ﬂ)—»'::h 9)(4*l91+8h—— (x.0)

i g1
{:’:_1{:1'. 8) =Pexp {— / d:".-I:{I.:’,E}]} + — h(x.0)g
Jo

S+ &
_ — h(x.0)C_g_
We further use residual gauge sym /(x.0) =g(x.z=0.0)
toput £ =1 andthus v =¢,¢6' 5 ¢,

AT AT

G'q

So the expansion of the gauge fields is

Ay(x.z.0)=U (.0 )du U (x. 8)y.(z) + higher modes.
Ai(x,z,0) =U(x,0)(4} {B}ﬂ—&f}{s(,\-.e}l}h{:} +A-(8)y_(z) + higher modes

I C_i(2) _ l C_ss(z /
) = o e 3 E +{=) = 1 - : - alZ) = 1=K"
il 3( i'_nml) IS 1‘-( C_y tm*) = ) ¢
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Ingredients of chiral perturbation

Chiral symmetry is asymptotic gauge symmetries:

gr=lm-_...g(x.2.0) (g+.8-) € SU(Ny)r xSU(Nyf)r
Building blocks of chiral lagrangian:
oo . r—1
U(x.0) = Pexp{ — / dzA-(x,=. 9)} & —ger Bl
) ; 47 — g Af g
A7(0) = A (x,z = £==.0) = 4/™(0) 4 —g A—g~!

SS: D8 action in terms of U = Chiral lagrangian

Instanton = External source in chiral perturbation
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“U” and 9 dim. YM fields

We move to 4.=0 gauge.
.‘:[‘u {.T. > 4 9}

For z— dee, Ai(x.z.0) —

Lx, 6 (3““_1{1 9}

c;.,‘::(x.ﬂ)lA,- (0) +3)EZ (x.0)
L — h(x.0)C. g_l

Erl(x, 0) EPexp{—/‘ d:"_-i:{:r.:’.el} % =
JO S — h(x.0)5_g_
We further use residual gauge sym /4(x.0) = g(x.z=10.0)
toput & —1 andthus v =¢,¢6"1 ¢,

So the expansion of the gauge fields is

Ay(x.z2,0) =U _1{1 0)dyU(x.0)y.(z) + higher modes.

Ai(x.2.0) =U"'(x.0)(4(0) + 3)U(x.0)y. (z) + 4. (0) y_(z) + higher modes
__l ___(_1{} _l ('_43{- N .

Y (z) _(l (_“m})- wzt_}—z(u( 4_@}). S f-:r’.
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Chiral Lagrangian

Substituting the expression gives 9-dim. action

_ " ! 7
Sps =T(2ra’)” /d*ui-{fh 2Tr [R U9, U.U ' UPyi(ys —1)°

P AU
Q73 E - oIt - L
+ = (U .0V (dws )"+ ——= (U '"2U¥ (I )"
ST~ M dh e

e ('{'—'a U.U'gU|y. . +U'DF (,UU U, —D;({:—‘au{.-')w_)'

r—J eI (= __ P T S 2
JR(E PU.U~' DUl (W — 1) + U 'F U, F;_:_lpr_)]_

Expanding U(x.6) = exp (2in(x)/ fx +higher S* KK modes)
and defining U(x) = exp(2in(x /f,r . we obtain 4-d. action

dQ
L= jTr( U '9yU)*H-C / 4Tr(U—lA UA7 )+ o(u™)
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Ingredients of chiral perturbation

Chiral symmetry is asymptotic gauge symmetries:
gr=lm-_...g(x.z.0) (g+.2-) € SU(Ny)r xSU(Nyf)r

Building blocks of chiral lagrangian:
U(x,0) Pe\p{ / dzA-(x.z } U— S’*‘-U":l

A47(0) = A (x =

|
H
3
e
|
W
4
6

SS: D8 action in terms of U = Chiral lagrangian

Instanton = External source in chiral perturbation
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Chiral Lagrangian

Substituting the expression gives 9-dim. action

. - ” /
Sps = T(2ra')” /-cf'i"t'cf'(fh 2Tr |:R U190, U.U 9, UPyi(yy —1)°

4 40U~
W n2 > out e
o S{_};K[{t ‘lt.'],uE- ]_|f'}:w_._l'_ - SR}'ITKK"{ _IE:./;'[ |_1&:{P'_-_]—

.- (:f'-'aur'.f-'-lw'jw_u?_ LU D} (3 UU YU — Dy (U™ ,U) )

r—1 ¢« el el 2 ¥V ptrrsE LB i
+ 45 (U™ 90U~ 9,019 (% — 1) + U'F U F;_;W—)]-

Expanding U(x.8) = exp(2in(x)/fr +higher S* KK modes)
and defining U(x) = exp(2in(x)/fz) , we obtain 4-d. action

2 dQ
f:%nw-laﬂ(f) +C /—4Tr (U404 )|+ o0(u™)
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Possible perturbation in QCD?

Usual pion mass term in chiral lagrangian is
tr(UMT + MUT) while oursis tr(U AU A)

From the chiral charge of the external fields
A7 —g. A g7 A7 —g A7g”!

1

possible perturbations are :
(1) Four-Fermi term?
£ = ZLocp HG,, 9129z’ qrpar” |+ h.c.

(11) Higher orders in quark mass term?
AT ~MMT, A7~ MM cf) Stern phase
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Possible perturbation in QCD?

Usual pion mass term in chiral lagrangian is
tr(UMT + MU") while oursis tr(U1ATUA)

From the chiral charge of the external fields
A — g Afgy 4 g ALg
possible perturbations are :
(1) Four-Fermi term?
= EQCD - quq;_aqR quC]I_ + h.c.
(11) Higher orders in quark mass term?
AT ~MMT, A7~ MM cf) Stern phase
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Chiral Lagrangian

Substituting the expression gives 9-dim. action

: — > f -
Sps = T{Jrrr;’:—/tf*ui-‘?* 2Tr [R U119, U. U3, Ul yi(y. —1)?

P AT
QU /3 E . ort . =
+ = (U ' (dwi )+ —= (U ' RU¥ (I )"
S Uk )WL) + =¥+)

| I - JER N - e e s o . -
L (13,00 A1 5o+ 0D U D 1))

*L(;{T_lf”"r_l-‘? Ul (9. — 1) + U Er UG, +F5 9 ):
_1R_'-'. | < i) L L 2 ._w_ w_ y ij © w+ ij w_ :

Expanding U(x.8) = exp (2in(x)/ fr +higher S* KK modes)
and defining U(x) = exp(2in(x)/ fz), we obtain 4-d. action

ATUA )+ o(un )

? dQ
f:%n(c-‘au(f) +(/ -
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Possible perturbation in QCD?

Usual pion mass term in chiral lagrangian is
tr(UMT + MUT) while oursis tr(U"1ATUA;)

From the chiral charge of the external fields
Af — g 4f gy A7 —>g A7 g”
possible perturbations are :
(1) Four-Fermi term?
. — EQCD - Gbqu[ﬂqR quqL + h.c.
(11) Higher orders in quark mass term?
AT ~MMT, A7~ MM cf) Stern phase
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5. Summary and
discussions

“There can be no question, my dear Watson”
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Summary

O Sakai-Sugimoto + additional D4’ charge
— Local deformation of the D8 shape
= explicit chiral symmetry breaking
— massive pion
o Arbitrarily small pion mass : as a perturbation
o Meson spectrum not altered much
O Throat picture suggests quark mass term

o Chiral lagrangian shows four-Fermi term or
higher order in quark mass




Discussions

O Pion mass for the axial U(1) part?
— Non-commutative instanton on 4 sphere

O u -dependence of the throat radius :
One can see that for large g the string length
INn the throat is shorter — consistent

o0 Quark mass from Tachyons on D8 D8bar?

0 6 dependence — oo # of external source

o Derivation of nuclear force?




Possible perturbation in QCD?

Usual pion mass term in chiral lagrangian is
tr(UMT + MU") while oursis tr(U"1ATUA;)

From the chiral charge of the external fields
AT?— i g—i—A; e::—l— A; — 8- A—g:l

I

possible perturbations are :
(1) Four-Fermi term?
& = Locp HG3k aradr’arpar |+ h-c.

(11) Higher orders in quark mass term?
AT ~MMT, A7~ MM cf) Stern phase
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Discussions

O Pion mass for the axial U(1) part?
— Non-commutative instanton on 4 sphere

O u -dependence of the throat radius :
One can see that for large y the string length
INn the throat is shorter — consistent

o0 Quark mass from Tachyons on D8 D8bar?

O 6 dependence — oo # of external source

o Derivation of nuclear force?




“U” and 9 dim. YM fields

We move to 4.=0 gauge.
Ay (x,z,0) — E+(x,0)u&EL " (x,0)
FOr z — oo, 41(x.2,0) — Ev(x.0)(4E(0) +3)ED (x.0)

;:_1{1'-9)51)'3313{—/ d:".-I:{x.:’.Q]} +—*f‘:‘(’c' 0)c.g
Jo

_ — h(x. 9}::_D_l
We further use residual gauge sym /(x.0) = g(x.z=10.6)
toput £ =1 andthus v =¢,¢6" 5 ¢,

—1

AT

VAT

So the expansion of the gauge fields is

Ay(x,z,68)=U —1(x.0 )du U (x. 8)y.(z) + higher modes.
Ai(x,z,0) =U(x,0)(4} {91+a,-}£s(,1-.9}1}}+<:} +A-(0)y_(z) +higher modes

1 C_i(2) - 1 C_45(z
() — 1+ — ). b f=)— | 8 = N s 1=K"
— :( ('_n.m}) G ( C 4_rm1) i &
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Why are pions massless 1in SS?

Answer : Quarks are massless in the D4D8.
m=)> No explicit chiral symmetry breaking

Pions are exactly NG bosons

Then, why quarks are massless in SS?
Because: It's difficult to separate D8 from D4

5 3 3 - L)
o s « ol " v o i =

fer
I

[

—
e

—_— - I | 3

T “l- '\_-r D.\ D 4 o f"-a . P

\_I [} 1 : "-1;[ § _— S’ '\q_.-fl I'\-_.!'
. - — — o~ P P P P P
. — Dh £ ] | i : [ ) { )
. _\ : D;\ il S e B T o T S S
e o D — — ﬁ = et P ~— ~ P ~ P
© it L ‘\-._:‘J j I‘--._.-r" ."‘-_.-r"'l ."—._,-/I

Co-dimension =6 — Chiral fermions
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