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Introc_iuctiqn

A collection of results on the holography of mesons:
At T =0

@ Mesons in an A\’ = 4 background
@ Mg < Nagcp plons
@ my > Nagcep heavy light mesons

Impact of the heat bath

@ Phase transitions
@ Meson melting
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Quarks ln AdSS Bertolini, DiVecchia...; Polchinski, Grana; Karch, Katz...

A y

gtﬂmlﬁ_ Quarks can be introduced via
5 D7 branes in AdS
N

chuon N
=
R

D3

¢ 1 2 3 4 5 6 7 8 9

The brane setup is 33————-- ®eo oo

N L

Ww

fills radial dirm of AdS U(1)
S” embeddedin S

We will treat D7 as a probe - quenching in the gauge theory.
Minimize D7 world volume with DBI action

adxM dxN
Spr = —T?’/dﬂg'v/mr PlGab] = Grw dt® dib
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MGSO”S In AdSS Kruczenski, Myers, Mateos, Winters

The D7 lie flat in AdS. We can consider fluctuations that
describe R-chargeless mesons

Ws + iws = d + 0(p)e*

o satisfies a linearized EoM

I T Mz
26+ 9,0 + 0 =10
e (PP
and the mass spectrum is
2¢ 2m
M= —+/(n+1)(n+2) ~
eV D +2) ~

Tightly bound - meson masses suppressed relative to quark
mass
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Quarks Iﬂ AdSS Bertolini, DiVecchia._..; Polchinski, Grana; Karch, Katz_..

S quark Quarks can be introduced via
= D7 branes in AdS
sluon N\ / N
=N
7N
D3
0 1 2 3 45 6 78 9
The brane setup is ;}3————------
N — L
——— Y~

fills radial dirn of AdS U(1)
S embeddedin &

We will treat D7 as a probe - quenching in the gauge theory.
Minimize D7 world volume with DBI action

| 9 dxM dxN
Spr = —T?/dfag'\/ P[Gab]r P[Gab] = Gun deca d{fb
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M@SO”S In AdSS Kruczenski, Myers, Mateos, Winters

The D7 lie flat in AdS. We can consider fluctuations that
describe R-chargeless mesons

We + Iws = d + !j‘;(p)e’;k'x

5 satisfies a linearized EoM

_ 3, M?
S — e -
()pf} = = ;dp@ = (pz = 1)2 0 =0
and the mass spectrum is
2d 2m
M= —/ln+1){o1+-2) ~——
eV +2) ~

Tightly bound - meson masses suppressed relative to quark
mass
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Quarks ln AdSS Bertolini, DiVecchia_..; Polchinski, Grana; Karch, Katz_..

s v il

- gqum-k Quarks can be introduced via
= D7 branes in AdS
gluon p ~ -
< /N
7R
D3
g 1 2 3 £ 5 & F § 9
The brane setup is gi————------
B ® o
x—_—ﬂf_ﬂf\““ﬁdﬂ‘"/

fills radial dirm of AdS U(1)
S” embeddedin &

We will treat D7 as a probe - quenching in the gauge theory.
Minimize D7 world volume with DBI action

dxM dxN
Spr = —T?/dfigv’ PlGap]. PlGabl = Guv Gz G5
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MeSOHS In AdSS Kruczenski, Myers, Mateos, Winters

The D7 lie flat in AdS. We can consider fluctuations that
describe R-chargeless mesons

W + ws = d + rj‘.?(,r_})efk'x

o satisfies a linearized EoM

| 3 M?
520 + —8,8 - d =20
A (T )
and the mass spectrum is
2d 2m
M= _—+/(n+1)(n+2) ~

Tightly bound - meson masses suppressed relative to quark
mass
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MeSO n S I n Ad SS Kruczenski, Myers, Mateos, Winters

The D7 lie flat in AdS. We can consider fluctuations that
describe R-chargeless mesons

We + iws = d + r:‘.?(p)e"""”

o satisfies a linearized EoM

| 3, M?
75 + —0,8 - =g
(ﬁ(+fj{f ((JE_--I)Er
and the mass spectrum is
2d 2m
M=—_—+/(n+1)(n+2) ~ —

Tightly bound - meson masses suppressed relative to quark
mass
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MeS(_)nS in_ Back Reacted AdS5 NE, Threfal

The fully back reacted D3 D7 geometry exists In the literature
(Polchinski, Kirsch, Vaman)

ds® = h—Y/2dx® + h'/? {dﬁz + pzdﬂg + e¥(dr* + fzd::z)}

h=1+ (2 + 122 = e In(r= + d= — 2dr cos )

We can again embed a D7 probe (it lies flat) and look at
fluctuations. The mass spectrum is

M= (1~ M1 0)2 o

An analytic form for the quenching correction.
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Chi_ral Symmetr_y Breaking In Deformed D3 D7 System

Babington, Erdmenger, NE, Kirsch. Guralnik
Non-susy D3 geometry is repulsive

b = wg - s

mass + condensate
Cc

m _|_ f? ] F_—

s Bl

In IR the quarks acquire a dynamical mass.

Determine (qq) as function of quark mass from asymptotics

Similar stories by - Myers et al, Harvey et al, Johnson et al,
Ghoroku et al
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MGSO”S i_n_ Back Reacted AdS5 NE, Threfal

The fully back reacted D3 D7 geometry exists In the literature
(Polchinski, Kirsch, Vaman)

ds? = h1/2dx2 + p!/2 {d}cﬁ + p?dQ5 + e¥(dr* + rzdﬁz)}

h=1+ (2 + 2R il = a = In(r= + d= — 2dr cos )

We can again embed a D7 probe (it lies flat) and look at
fluctuations. The mass spectrum is

An analytic form for the quenching correction.
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Chiral Symmetr_y Breaking In Deformed D3 D7 System

Babington, Erdmenger, NE, Kirsch. Guralnik
Non-susy D3 geometry is repulsive

n=1. 5 =090 (b _ WB =k IWS

m=1.25, =1.03

il ok 13 — mass + condensaie
m={k 8 c=1.31

=06 =143 i £ —:—

=14, =160 s PE =

=2, =175

=106 L85

J_l5 L‘ 2i‘.—'~ 3 P

In IR the quarks acquire a dynamical mass.

Determine (qq) as function of quark mass from asymptotics

Similar stories by - Myers et al, Harvey et al, Johnson et al,
Ghoroku et al
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Geometrical Pions
D7s lie in xg — Xg plane with explicit U(1) 4

SUSY QCD-like

i

repulsive
geometry

Fluctuations about ring = massless pions!

e o7 ECY = e & o
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Sakai-Sugimoto Model NE, Throlfal

One must be careful here about the holographic identification

¢ — Temz — condensate -+ mass

In massive cases A, Is a phase on both mass and condensate -
a correct but spurious symmetry!

Changing the phase of the condensate alone corresponds to

(qg)m
qq)m A, qq

i

il =

LT Py (@q) +m
Changing the embedding is not a flat direction and we find a
massive pion

2
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Sakai-Sugimoto Model

Perturbative Full geometry

L D8

DS
DJO T} @111&33 sap <:
D3

Chiral symmetry is broken by the D8 D8 combining

i m
m(Z2) mcfﬁjt...
The closest approach configuration has flat D8 and the pion

has been associated with massless mode of the A on the DS8.

Other configurations appear to decribe quark mass but there is
still a massless A, mode??
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Sakai-Sugimoto Model

Perturbative Full geometry

N A D8

D8
D@ T} @mau gap <i:
D8

Chiral symmetry is broken by the D8 D8 combining

[
M) —e — 1
7P

The closest approach configuration has flat D8 and the pion
nas been associated with massless mode of the A< on the D8.

Other configurations appear to decribe quark mass but there is
still a massless A, mode??
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Sakai-Sugimoto Model

Perturbative Full geometry

L D8

D8
DJO 1')‘ umm odp <:
DS

Chiral symmetry is broken by the D8 D8 combining

x(Z) ~ C—l—?—F
The closest approach configuration has flat D8 and the pion
has been associated with massless mode of the A< on the D8.

Other configurations appear to decribe quark mass but there is
still a massless A; mode??
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Sakai-SugimotO Model NE, Threifall

One must be careful here about the holographic identification

¢ — TG‘IAZ — condensate - mass

In massive cases A, Is a phase on both mass and condensate -
a correct but spurious symmetry!

Changing the phase of the condensate alone corresponds to

(Gg)m
‘qq)m _ A qq

i

i =

- T T 2 (Gg) + m
Changing the embedding is not a flat direction and we find a
massive pion

2
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Sakai-Sugimoto Model

Perturbative Full geometry

L D8

D8
DJO 13, @Iﬂﬂ‘:‘\ gdp <:
E

Chiral symmetry is broken by the D8 D8 combining

i m
x(Z) "vc—}—?—F

The closest approach configuration has flat D8 and the pion
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Other configurations appear to decribe quark mass but there is
still a massless A> mode??
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Sakai-SugimotO Model NE, Threlfall

One must be careful here about the holographic identification

¢ — Te”qz — condensate + mass

In massive cases A, Is a phase on both mass and condensate -
a correct but spurious symmetry!

Changing the phase of the condensate alone corresponds to

(gqq)ym
qq,m _ A, qq,

i

il =

N 2y (aq) +m
Changing the embedding is not a flat direction and we find a
massive pion

2
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Sakai-Sugimoto Model

Perturbative Full geometry

L D8

D8
DJO T @maw gdp <::
D8

Chiral symmetry is broken by the D8 D8 combining

T zﬂp £
The closest approach configuration has flat D8 and the pion

has been associated with massless mode of the A< on the DS8.

Other configurations appear to decribe quark mass but there is
still a massless A> mode??
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gSE’.—lkir':i_i-_S_Ugil'nllf)’[() Model NE, Threlfall

One must be careful here about the holographic identification

¢ — TefAz — condensate -+ mass

In massive cases A, Is a phase on both mass and condensate -
a correct but spurious symmetry!

Changing the phase of the condensate alone corresponds to

(gg'm
qq)m _ A, qq

—

i\ =

LT Py (qq) +m

Changing the embedding is not a flat direction and we find a
massive pion

2
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Heavy L|ght MeSOHS NE, Erdmenger, Grosse

Two D7 branes correspond to quarks of different mass

D7’ r/?‘x Heavy light systems generate
light hght meso long Strlngs

heavy hight meson

/}f}_\ — semi-classical description
D7 o

Ao — 177 Holographically siring’s mass determines
operator dimensions?

Consider the static heavy light string - it lies straight in AdS

L L
g / do+/ CaGs ~ / doV/ H-1/2.H1/2
0 0

irsa: 07050070 Page;28/46




Heav_y Light Mesons

Polyakov constraint gives generalized E? — p> = m? and hence
a wave equation

f
(Vi + 5\?% + T gf)p =0

Asymptotically this equation is

p% + p*ph = 12T
w has energy dimensions in the field theory!!

At large w the siring is "massless® — o = m+ 5

It Is holographic to the mass and operator

£ =myHL+ hc
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Heavy Light Mesons

Shooting numerically with b.c. D~ e““‘xﬁ% generates
the mass spectrum... |
'_; I;IEI JIl.fs_:ect-':u:n Sor larags 'z Hoofr cotmlines

Note in the Ay — oc limit Mypeson = My - the naive
semi-classical answer.

You can compute excited state masses (within straight string
approx)
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Heav_y_ Light Mesons

Polyakov constraint gives generalized E? — p> = m? and hence
a wave equation

f
(V3 + 5 Vi + Tgf)z =0

Asymptotically this equation is

p% + p*ph = L2T?
w has energy dimensions in the field theory!!

At large w the siring is "massless™ — o = m+ 5

It Is holographic to the mass and operator

L= my HL + h.c.
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Heavy L|ght MeSOI’lS NE, Erdmenger, Grosse

Two D7 branes correspond to quarks of different mass

D7’ r/?“u Heavy light systems generate
long sirings

/Q,_\ — semi-classical description
D7 k]

M.ow = LT7? Holographically siring’s mass determines
operator dimensions?

Consider the static heavy light string - it lies straight in AdS

L L
S ey / d[T \/ fo G{T{J' s / d{‘}' \/H_1 /2 . H1 /2
0 0
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hermal Transitions

Deconfinement: AdS Black hole forms

-
— The black hole cuts off scales below
the temperature scale
Energy ~ N° — N?
Novel Transition when T > myq (BEEKG, Kirsch, Myers et al)

2(y)

Pirsa: 07050070 : Page:33/46




Termal Trans_itions

Deconfinement: AdS Black hole forms

The black hole cuts off scales below

the temperature scale

Energy ~ N° — N2

Novel Transition when T > Mg (BEEKG, Kirsch, Myers et al)

2(y)

=25

me=E 0 .
=192
=" 0091

m={.8
m={L6
ek
=2
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Heavy Light Mesons

Shooting numerically with b.c.

the mass spectrum...

e I L generates

-

o

Biap,
TR Semetrnn Tor large "t Hoedt ooood Trag
¥ _h
: G o
A 2 AL TR
E i
L I ;
F AR Y
B A
- = ey AR
I FLgA e !
2 ety
om = B
\ i .
i 5 L u
- [ SR Wt 3
Lo T
: e .
L L3 L3 L] oy
< - :
L L3 s
L-:: e . e
h Pt W ":..:\-.:'-..
s e o
o Zhi n ‘x__h'._\..___ e
ad - oS & b, S e
o ol i :
e s e
-, y L 3 - v
- * w.-n,;--.,:'. e
318} R e e, S R e
e e
- C e e
. - F
28 18

Note in the Ay — oc limit Myeson = My - the naive

semi-classical answer.

You can compute excited state masses (within straight string

approx)
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er_mal Transition_s

Deconfinement: AdS Black hole forms

.
— The black hole cuts off scales below
the temperature scale
Energy ~ N° — N2
Novel Transition when T > mj (BEEKG, Kirsch, Myers et a)
ziv) =
3 ?E%
.::: =}
m=[.25
me=l0 _neo
—
=6
me=h 4
m=.2
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Scal a.r POte ntl al Guralnik, Apreda, NE, Erdmenger

In models with susy origin need to check a deformation does
not destabilize the scalar moduli space

In D3/D7 system scalar vev corresponds to an instanton
D3

>
D7 -/

[ / dBcC A THE A F) + / Bee—®\/_GTF2

2 Q2C?nmyn
yir+a)

In AdS terms cancel for any size instanton, A, =

Eg add chemical potential (A%) = /.

V ~ —,uZQz
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Scalar Potential - Finite T

AdS Schwarzchild deformation governed by parameter T* -
Asympitotically the leading non-cancelling term is
T8
4 _ o~
V~T (2‘04 + ...
Computing ¢ (+ve) shows bounded potential.

Action of the basic instanton configuration (“lifting” the moduli
space... but deformed solutions with lower energy?)

|
|
BEEEER B

, — : ' i
1

Vo) 0.9125 G.915 0.9175 0.92 0.9225 0.925

ggggg

s Scalar vev is an order parameter for the transition. S




Meson _Meltin_g_

Hoyos, Lansteiner and Montero have argued that for D7 branes
that fall in to the black hole of thermal D3 geometry there is no
discrete meson spectrum.

=f=
4 S

Waves on the D7 fall into the black hole — quasi-normal modes

This Is light quark mesons meliing into the thermal bath

Currently investigating the Heavy Light mesons melting to a
wod@avy quark...




Towards a. Perl:ECt GraVIty Dual NE, Shock, Waterson

All our descriptions lack asymptotic freedom - we need a UV
cut off - we need higher dimension operators

GTrF*, Gy, ...

adjusting couplings here
changes effective UV

Ne.

In principle can fix couplings by QCD data.
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Lessons()

Published:

@ Quenched mesons are tightly bound

@ Susy breaking triggers chiral symmetry breaking
@ Heavy Light meson holography

@ First order finite T transition & scalar stability

To come:

@ Unguenched meson masses
@ Quark mass in Sakal Sugimoto
@ Heavy Light melting to a heavy quark
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Scalar Potential - Finite T

AdS Schwarzchild deformation governed by parameter T* -
Asympitotically the leading non-cancelling term is
TS
4
V~T c(34 + ...
Computing ¢ (+ve) shows bounded potential.

Action of the basic instanton configuration (“lifting” the moduli
space... but deformed solutions with lower energy?)
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