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A case study in AdS/CFT phenomenology

« The AdS/CFT correspondence translates the strongly coupled
regime of four dimensional Large-N gauge theories into the
language of classical gravity.

o Inthis talk | will discuss &ottom up AdS/CFT description of
the C'P-odd sector of YM theory, controlled by the operator
TrFF.

o This is a simple and hopefully useftihse studyn how to use
iIdeas from holography in associacion with other technidaes
havequantitative resultand (possiblypredictions
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Topological charge at large#V
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AdS/CFT and The Axial Sector of large- N Yang-Mills theory — p.3



Topological charge at large#V

| 9
YM = gt T T e

- 1
TrE,F*,  F" =" F,

Large<V limit: keep\ = ¢*N finite.
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Topological charge at large4V

1 1%
Lyvy =N ETTFM,/F’LL +

- -1
TrE F* |, B = SR,

3212 N
Large<V limit: keep\ = ¢*N finite.

Ly = NL[\, 6/N]

« Quantities computed from|\, 4/N| have a well-defined
large-V limit
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Topological charge at large4V

1 14
Lyvyy =N ETTFM,/F’LL +

- -1
TrE F* |, B = SR,

3212 N
Large<V limit: keep\ = ¢*N finite.

Ly = NL[\, 6/N]

« Quantities computed from|\, 4/N| have a well-defined
large-V limit

o 0 € [0,27| = the contribution of the topological term to glue
dynamics is suppressed at larye For examplgWitten):

1
E(N,0) = N?E(N,0) + 5 X 0, x =E&"(\,0)
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AdS/CFT

The AdS/CFT duality: conjecture that certain quantum fiakebties
are equivalent to theories of gravity in higher dimensions.

4-6 + KRG scole
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AdS/CFT

The AdS/CFT duality: conjecture that certain quantum fiakebties
are equivalent to theories of gravity in higher dimensions.

4-6 + KRG scole

o Conformally invariant theory= bulk AdS spacetime
ds? = r=2(dr* + dazi)

o RG scale= radial coordinate of the extra dimension;

« Fleld theoryUV < large volume regiol- — 0);

« Deformation of AdS= breaking of conformal invariance;
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Field/Operator correspondence

An operatorO(x) with dimensionA corresponds to a bulk field
®(z,r) with massm? = A(4 — A). ® represents aourcefor O:

et T < M e TR = e T e S L Bl il T T d
R B e L R R T S e e M R e T
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Setup

Consider e&-dimensional model

Shutk = N*Spg[gpu, 1]

4

Background geometry
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Setup

Consider e&-dimensional model

2 5 (0a)?
Svutk = N"Svkglguw, @1+ [ &’z /—9Z(Pr) 5
U Y
Background geometry probe pseudoscalafz, r)

e a(z,r) = O =TrFF A=4=m2=0

a
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Setup

Consider e&-dimensional model

2 5 (0a)?
Svutk = N Svkglguw, Pr1] + /d T\ —9Z(®r) 5
Y Y
Background geometry probe pseudoscalafz, r)

e a(z,r) = O =TrFF A=4=m2=0
o Shift symmetry in the largeév limit = No potential fora.

Neglect backreaction af on the geometry.

Z(®;) to be fixed phenomenologically.

AdS/CFT and The Axial Sector of large- N Yang-Mills theory — p.6



Action and Field Equation

A vacuum background is specified by a solution of Einsetimlfiel
equations forg,,, ®r), in the form:

G = b2(r) [dr2 + nuyd:ﬁ“da}”} , O =Dy(r)
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Action and Field Equation
A vacuum background is specified by a solution of Einsetimlfiel
equations forg,,, ®r), in the form:
G = b2(r) [er - nuyd:ﬁ“da}”} , O =Dy(r)

Once this is specified, the axion action takes the univeosai.f

Sy = /d4a: dr A;T) [(8ra)* + 0" Oyadyal A(r) =6 (r)Z(®1(1))
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Action and Field Equation
A vacuum background is specified by a solution of Einsetimlfiel
equations forg,,, ®r), in the form:
G = b2(r) [er - nuyd:ﬁ“dw”} , O =Dy(r)

Once this is specified, the axion action takes the univeosai.f

Sy = /d4a: dr A;T) [(8ra)* + 0" Oyadyal A(r) =6 (r)Z(®1(1))

The field equations are linear:

Or [A(r) Ora(zx,r)] + A(r)0,0"a(x,r) =0
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Vacuum Topological Susceptibility

Homogeneous solutions (a = 0)

(A(r)a’)/ =0 = a(r)=ap+a; /07“ A0
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Vacuum Topological Susceptibility
Homogeneous solutions (a = 0)

(A(r)a’)’ =0 = a(r)=ap+a; /07“ Ad(:/)

o ag = source forTrFF = 6 (mod. 27).

AdS/CFT and The Axial Sector of large- N Yang-Mills theory — p.8



Vacuum Topological Susceptibility

Homogeneous solutions (a = 0)

(A(r)a’), =0 = a(r)=ap+a; /07’ A0

o ag = source forTrFF = 6 (mod. 27).

o Imposinga — 0 in the IR fixesa;. The action on shelk
vacuum energy) Is:

e ([
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Vacuum Topological Susceptibility

Homogeneous solutions (a = 0)

(A(r)a’), =0 = a(r)=ap+a; /OT A0

o ag = source forTrFF = 6 (mod. 27).

o Imposinga — 0 in the IR fixesa;. The action on shelk
vacuum energy) Is:

e ([ )

o One can computg on the lattice= fix normalization by
matching lattice result.
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Axial Glueball Spectrum

o In AdS/CFT, normalizable modes in the bulk correspond to
gauge-invariant states in the Hilbert space of the fieldrtheo

» the spectum of normalizable modes of the axion field is
identified with the spectrum of composite states assoctated

TrFFE ,i.e.0"T glueballs.

o This can be recast in searching the spectrum of bound states |
a 1-d Schrodinger equation.
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Axial Glueball Spectrum

O |A(r) Ora(x,r)] + A(r)0,0"a(z,7) =0

AdS/CFT and The Axial Sector of large- N Yang-Mills theory — p.10



Axial Glueball Spectrum

Or |A(r) Ora(z,r)] + A(r) 0,0"a(x,r) =0

« Go to a 4-d plane-wave basis with momentim

a(x,r) = ak(r)eik“x“
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Axial Glueball Spectrum
O |A(r) Ora(x,r)] + A(r)0,0"a(z,7) =0

« Go to a 4-d plane-wave basis with momentim

: A’
a(z,r) = ap(r)e®™ = o + Za;“ — k*ay, = 0,
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Axial Glueball Spectrum

Or |A(r) Ora(z,r)] + A(r) 0,0"a(x,r) =0

« Go to a 4-d plane-wave basis with momentim

— A’
a(z,r) = ap(r)e®™ = o + Za;{ — k*ay, = 0,
o Define:y(r) = /A(r)ar(r). This eliminates the first derivative

term and one is left with:

o LAY AN,
¥ 2 A 4\ A YKy =0
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Axial Glueball Spectrum

Or |A(r) Ora(z,r)] + A(r) 0,0"a(x,r) =0

« Go to a 4-d plane-wave basis with momentim

/" A// 2 .
= ak—l—zak—k ap =0,

a(x,r) = ak(fr)eik“r“

o Define:y(r) = /A(r)ar(r). This eliminates the first derivative
term and one is left with:

2

—"(r) 4V (r) =mPp, K =-m?, V(r)=A"' (Am)
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Axial Glueball Spectrum

Or |A(r) Ora(z,r)] + A(r) 0,0"a(x,r) =0

« Go to a 4-d plane-wave basis with momentim

— A’
a(z,r) = ap(r)e®™ = o + Za;c — k*ay, = 0,
o Define:y(r) = /A(r)ar(r). This eliminates the first derivative

term and one is left with:

2

—"(r)+V () =m*p, k*=-m? V(r)=A1" (A1/2)

o 071 spectrums spectrum of normalizable solutions. If the
backgroundA(r) comes from a confining geometgy infinite
tower of discrete eigenvalues,
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Field theory correlators from the gravity side

The boundary value of(z, r) represents aourcefor TrF F(z):
a(x,r) ~_oa(z)+... & Sorr=5So+ /d4:17 a(z)TrFF(z)

Quantum generating functionah r7[a(x)] (in the largeA limit):
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Field theory correlators from the gravity side

The boundary value of(z, r) represents aourcefor TrF F(z):
a(x,r) ~_oa(z)+... & Sorr=5So+ /d4a: a(z)TrFF(z)

Quantum generating functionah r7[a(x)] (in the largeA limit):
« Solveclassicabulk field equations with b.c. specified byx)
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Field theory correlators from the gravity side

The boundary value of(z, r) represents aourcefor TrF F(z):
a(x,r) ~_oa(z)+... & Sorr=5So+ /d4a: a(z)TrFF(z)

Quantum generating functionah r7[a(x)] (in the largeA limit):
« Solveclassicabulk field equations with b.c. specified byx)
« Evaluate the bulk action on the solution

ZQFT [Oé] = exp i{Sbulk[q)cl] } ®

rA
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Field theory correlators from the gravity side

The boundary value of(z, r) represents aourcefor TrF F(z):
a(x,r) ~_oa(z)+... & Sorr=5So+ /d4a: a(z)TrFF(z)

Quantum generating functionah r7[a(x)] (in the largeA limit):
« Solveclassicabulk field equations with b.c. specified byx)
« Evaluate the bulk action on the solution

ZQFT [Oé] = exp i{Sbulk[q)cl] } ®

rA

o Compute correlators as in QFT:

0 0
da(xy)  dalxzy)
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Two-point function and decay constants

Beyond the spectrum: full two-point function frodd S/CFT. one
can show that:

~

(O(k)O(~k) ) = lim [A(r)a_y(r)a},(r)] /2

r—0
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Two-point function and decay constants

Beyond the spectrum: full two-point function frodd S/CFT. one
can show that:

~

(O(k)O(~k) ) = lim [A(r)a_y(r)a},(r)] /2

r—0

Using a spectral representation for the bulk mode functiqs),
one can write this in the form:

(600 =Y - _{ﬁm%)

n=0
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Two-point function and decay constants

Beyond the spectrum: full two-point function frodd S/CFT. one
can show that:

~

(O(k)O(~k) ) = lim [A(r)a_y(r)a},(r)] /2

r—0

Using a spectral representation for the bulk mode functiqs),
one can write this in the form:

(0O-1) =3

2+ m?)

n=0

o The eigenvalues:,, are thepoles in the two-point functions
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Two-point function and decay constants

Beyond the spectrum: full two-point function frodd S/CFT. one
can show that:

~

(O(k)O(~k) ) = lim [A(r)a_y(r)a},(r)] /2

r—0

Using a spectral representation for the bulk mode functiqs),
one can write this in the form:

(0O-1) =3

7+ m?)

n=0
o The eigenvalues:,, are thepoles in the two-point functions
o The residues (glueball decay constantsare given by:

1 A'(0)

1 (0)

6n(0)
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Deconfined phase

o Above the deconfinement transition, the relevant gravity
solution is a 5d black hole.

1T <1, T >1,
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Deconfined phase

o Above the deconfinement transition, the relevant gravity
solution is a 5d black hole.

T <1, T > 1T,
« The only solutior:(r) regular at the BH horizon is

a(r) = const.
= Xtop = 0 T > T,

This agrees with what is found numerically
(Vicari,Panagopoulos, ‘0sand with largeN arguments.
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Chern-Simons diffusion

The low frequency limit of the correlator givesiéfusion constant

Cos = lim 2o TnGror(w, b = 0)  Gyog(£) = i0(2) ([6().00)])

w—0 w

« This quantity plays an important role in the chiral magnetic
effectknarzaeev,Pisarsky, Tytgat '00
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Chern-Simons diffusion
The low frequency limit of the correlator givesiéfusion constant

Cos = lim 2o TnGror(w, b = 0)  Gyog(£) = i0(2) ([6().00)])

w—0 w

« This quantity plays an important role in the chiral magnetic
effectknarzaeev,Pisarsky, Tytgat '00

o AdS/ICFT can easily compute real-time correlators: they are

obtained by the mode solutions () which are infalling at the
black hole horizon.
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Towards the real world

Take a background generated by a single scaldual to7r £, and
representing the running t’'Hooft couplingrsoy, Kiritsis, Mazzanti, FN 08-09

4 2
Sbkg — N2/ d5£lf\/ —g [R — § (5;\)\2) + V()\)
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Towards the real world

Take a background generated by a single scaldual to7r £, and
representing the running t’'Hooft couplingrsoy, Kiritsis, Mazzanti, FN 08-09

4 2
Sbkg — N2/ d5ZC\/ —g [R — g (6;\);) + V()\)

« UV asymptotic freedom, confinement, ™ and2™" glueball
spectrum and thermodynamics in agreement with latticebean
achieved by an appropriate choicelof)).
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Towards the real world

Take a background generated by a single scaldual to7r £, and
representing the running t’'Hooft couplingrsoy, Kiritsis, Mazzanti, FN 08-09

4 2
Sbkg — N2/ d5ZC\/ —g [R — § (6;\);) + V()\)

« UV asymptotic freedom, confinement, ™ and2™" glueball
spectrum and thermodynamics in agreement with latticebean

achieved by an appropriate choicelof)).
« The solution has asymptotics:

( 62 ( 1 O
6_2 60 Inr e
Gab == Mab A(r) = <
o~ 20%r? re3A°T? /2 T — 0OQ

\ \
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Parametrizing the axion Lagrangian

Su= 5 / V=9Z(N)(0a)?

Z(\) = Zo (14 1A + eg)?)
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Parametrizing the axion Lagrangian

S.= 5 [ V=920)(@a)’
Z(\) = Zo (14 1A + eg)?)

l l

Finite yop Universal Regge slopes
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Parametrizing the axion Lagrangian

S.= 5 [ V=920)(@a)’
Z(\) = Zo (14 1A + eg)?)

l l l

Free parameters to fix by matching lattice/experiment
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Parametrizing the axion Lagrangian

Su= 5 / V=9Z(N)(0a)?

Z(\) = Zo (14 1A + eg)?)

Discrete0~ " spectrum with asymptotics (from WKB method)

~ T, Jn~n

AdS/CFT and The Axial Sector of large- N Yang-Mills theory — p.19



Parametrizing the axion Lagrangian

S0= / V=9Z(N)(0a)?

Z(\) = Zo (14 1A + eg)?)
Discrete0~ " spectrum with asymptotics (from WKB method)
~n, fn~n

Forc, = 0, ¢4 = 0.26 one finds a good match with Lattice result for
the lowest lying)~ " states.

5d model| lattice hep-lat/9901004
mo—+ /m0++ 1.50 150(4)
mo*_+/m0++ 210 211(6)

AdS/CFT and The Axial Sector of large- N Yang-Mills theory — p.19



Matching the lattice 0" spectrum

The spectrum is rather insensitive to the detailg 0f).

m0+—
mO++

339+ o
321+
3.02 - °
2.81 - ]
2.59 - ]
233 -
2.11
.
1.5
I I I ! x \ \ |
1 2 3 4 5 6 7 8 n

Changing:; between zero anth0 (with ¢4 conditioned to keep,-— +

fixed) only affects the first excited state in the tower.
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Diffusion constant

On the other hand, the diffusion constant changes signtficenve
move in(cy, cy) Space

Tcs/(k* Zo/2 )
(sT/N?)
8.

: \%

TR

Increasing:; enhances the effect close’ip
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Full Correlator

The best shot at fixing (1) (and possibly predidt (7)) is to
compute the full correlator. We can do it in position spacel a
compare directly with a lattice computation (in progress)

(O()0(0)) = O (,x, > o K1<mn\a:\>>

m5
n=0

AG(N/G
3.0

(O —Y 06 08 7o Mor 0 2 Z 6 8 10 Mof

the plots correspond to the two point function with= 0 ande; = 5.
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Conclusion

o AdS/CFT is a great tool to get qualitative picture of strongly
coupled dynamics.

o To get results at a quantitative level, it is inevitable teart to a
phenomenological approach.

o The most efficient approach is to use AAS/CFT in combination
with other methods, with information flowing both ways.
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