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Excitations near the boundary of AdSs < high energy modes in
the FT.

Radial Evolution away from the boundary < RG flow to the IR
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Holographic correspondence:
5D theory with gravity in Asymptotically AdSs spacetime (times
some compact factor)

)

4D field theory without gravity as a fundamental ingredient.

Excitations near the boundary of AdSs < high energy modes in
the FT.

Radial Evolution away from the boundary < RG flow to the IR
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Spectrum of 4D field theory particles = spectrum of normalizable

states 1 the 5D geometry. witten. *97
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Can we add oravity to the mixture?
In RSII we « 4D gravity:

bulk is a slice of AdS

AdS5 1s cut-off before reaching the boundary
<> dual 4D Field Theory has a UV cut-off

= there exists one normalizable 4D massless spin-2
However:

the graviton wave- functlon 1s peaked at the UV cut-off
<> graviton 1s a fundamental degree of freedom coupled to the
4D FT at the cut-oﬁ

(this
would be emergent, rather than fundamental, in the dual FT).
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Conclusion and Perspectives
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Consider asymptotically AdSs spacetime,
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ds® ~ (ky) " (dy” +dzx;)

It supports various fluctuations of the fields living in 5D, e.g. 5D
metric h 4p(z, y), bulk scalar fields ®;(z, y) ...
Modes of these 5D fields such that:

they have a fixed 4D mass: (14 ®(z, y) = m?®(z, y)

are normalizable w.r.t. to the radial direction y, 1.€. they have a
1ite 41 kinetic term
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correspond to 4D fields with mass m? in the dual FT.
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Take a mode ®(x, y) that solves the corresponding bulk wave
equation.
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Take a mode ®(x, y) that solves the corresponding bulk wave
equation.
Close to the boundary 1t has an expansion:

B(z,y) ~y>D_(z)+ v+ @ (2)+... A_ <A,

Typically ®_-modes are not y-normalizable, and correspond to
external sources in the 4D dual FT, while &, -modes are
normalizable (around y = 0) and correspond to IR modifications of
the theory.

For tensor spin-2,

hy,(x,y) ~ h ) () + ’f”’hf{z + ...
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In AdS: fztj 1s not normalizable = not a state m the 4D FT,
rather an external source added to the UV theory.




a(y)

(0 2
Sﬁf’irl[hl\o)] = | dy— /dﬂr ((_’-}h(ﬂ.’) <

In RSII it becomes normalizable = the source gets a kinetic
term and becomes dynamical. it is promoted to a fundamental
d.o.f of the UV theory.
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excitation (“glueball™) rather than a fundamental one.

. { —L
A normalizable £, (z) would correspond to a low-energy




a(y)
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Stenlh @] = [ dy——— / #z (0h®) <

. (4},
A normalizable /;,; (z) would correspond to a low-energy
excitation (“‘clueball™) rather than a fundamental one. Can we
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pure gravity in a slice of AdSs with both UV and IR cut-oif
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add a bulk Pauli-Fierz mass for the metric fluctuations h 4 p

gAB = 77— 5 (MAB + haB)
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First artempt: Gherghetta, Peloso. Poppitz, 05

pure gravity in a slice of AdSs with both UV and IR cut-oif

1"‘\

add a bulk Pauli-Fierz mass for the metric fluctuations h 45

add boundary “massess” to change boundary conditions

gAB = > (naB + haB) )<y <y
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fundamental d.o.f but a low enerov effect
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1s the massless 4D graviton. In the dual picture it is not a
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Features:

IR massless gravitons

no extra massless vectors or scalars (but see below!)

However...

general covariance explicitly broken by mass terms

unclear how to include nonlinearities (+ usual problems of
massive gravity)

scalar sector: one mode has vanishing kinetic term at quadratic
level

in generally covariant theory it 1s a gauge mode = expected
to decouple to all orders

here it could become strongly interacting at nonlinear level
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Try to remedy some of those drawbacks keepmg the good ieautures.
Instead of putting mass terms on pure: AdS, modify the backeground
ceometry turning on a | scalar field
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take as background solutions:
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Try to remedy some of those drawbacks keepmg the good ieautures.
Instead of putting mass terms on pure AdS odify the background
gcometry turning on a bulk scalar field

S = 11’3/ \-'—_j(ﬁ — 9P D — m@)).

take as background solutions:
ds® = a?( (y)napdx ‘dzP ®(y, ") = Po(y)
Take solution asvmptotically AdSs in the UV (y — 0):
1

al(y) ~ = bg(y) ~ const; V(Po(y)) ~ 2A
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Rewrite ds* = dr- + e *°\")/°q,, dxtdx”, (B = —3/2log a):
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Rewrite ds* = dr- + e

d5(r) = 2B(r),

given an arbitran

'??Ju;,; di"u' dJ_.’U = e = —
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given an arbitrary B(r) such that ®y £ 0 we can invert r = r(®, )
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aslong as B > 0, i.e. B'exp(2B(y)/3) is monotonically T.
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Look for normalizable fluctuations around this background. Classify
perturbations according to 4D Lorentz group:

ds® = a’(y) (1 +2¢) dy® + 24, dydz" + (D + Py ) dx¥ d.;rl'r: ;

under linearized diffeomorphisms (dy = £, 0z = &¢
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Look for normalizable fluctuations around this background. Classify
perturbations according to 4D [orentz group:

—

ds® = a’(y) [(1 + 20) dy? + 2A, dydx* + (D + A ) dxFdz” | |

under linearized diffeomorphisms (dy = £, 6z = £F

(100+4+1)+1=16 components

-5 (gauge) - 5 (G4 constraints)




Decompose fluctuations in 4D modes with given mass:
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Decompose fluctuations in 4D modes with given mass:

Clf(y, =) = mgf (y,x).

To classify fluctuations in terms of irreducible representations of
SO(1, 3), we need to treat separately the two cases:

m? # 0
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To classify fluctuations in terms of irreducible representations of
SO(1,3), we need to treat separately the two cases:

m? # 0

m? =0

Thais 1s important for the scalar sector.
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Constraints: ¢ = —2¢, V; =0.

Field equations:
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If m? = 0, choose longitudinal “Coulomb” gauge:

Ay = 4 h‘_ﬁib‘ — 2 Nuv =i
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Constraints: ¢ = —2, a'g_:{’; — |

Field Equations:
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If m? = 0. choose longitudinal “Coulomb” gauge:
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If m” = 0, choose longitudinal “Coulomb” gauge:

..41! — _. f]pp — ) -IFJ?IIL L/ —|_

L\'..l

W —Ph,, — 8 h, — A, — 0. -} =0
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Field Equations:
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Define a Wave-Function ¥(

RIT = h(y)hiD(z); ¥(y) = e P@h(y) B(y)=-=

: loga(y :i-

. foie L S — f - —
—U" + V(y)¥ = m*Y / = (D )" — Db

4D Kinetic term for /,,,, from EH action:

= 7 / —2Bira 132
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normalizability:
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two independent solutions:
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two independent solutions:
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In an asymptotically AdSs spacetime, B(y) ~ % logyasy ~ 0
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Schrédinger equation for the massless spin-2:

two independent solutions:

et S

Y

1'.-__,?'1;:' F . . 3 3 1-:—;. ; - { \ : ; Q :.._

v (y)=e By) OB () = e B / dy’ e B(y’)
0

In an asymptotically AdSs spacetime, B(y) ~ % logyasy ~0

x WOV —3/9 R, 5/2
=4 v (y) =y T, AR (y) ~ o>

¥ N

NS g

1 § 1 r F v .
iormalizable, ¥V (y) 1s not.

(Notice: both are normalizable in RS, where y > 1/A)
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We have one candidate Zero-Mode, normalizable around y = 0:

y |

B, . — B 5 -

EIILL(EJJ . B[ylf dyfe_B[y}
0

answer depends on what B(y) does away from the boundary or in
the dual language, on the infrared dynamics of the model.
Two distinct cases:

What happens at large y? cither it is normalizable, or it is not! The

y range extends to +oc = ¥y — oo as y — oq,
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spacetime ends at y = yg (boundary or singularity)



We have one candidate Zero-Mode:

Yy

F 2 — By 2By

v (y) =€ B“‘-’/ dy' e*BY)
0

example with a singularity:
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B(y) ~ —alog(yo — y) a(y) ~ (yo — y)“*°
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We have one candidate Zero-Mode:
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0

example with a singularity:

B(y) ~ —alog(yo — y) a(y) ~ (yo —y)™'" ¥~ Y50

a > 0 from positivity constraint




We have one candidate Zero-Mode:

=77

FI2 _ (TR = IRy
U (y) =e Ehb{/ dy’ e*BW)
0

example with a singularity:

[ R

‘] j{__."-_' 5

B(y) ~ —alog(yo —y)  a(y) ~ (yo —y) y ~ Yo

a > 0 from positivity constraint

close to yy:

¥

Vg ~ (yo — y)* (const + (yo —y) °"")
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= U/ 2(y) is obviously normalizable
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if there 1s a boundary at y = yy:
I,IR

(v) 1s obviously normalizable

need to impose boundary conditions that leave the zero-modein
the spectrum

there might be vetor and scalar zero modes as well (more about
those later)

IR is reached suddenly: boundary location 1s independent of
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if there 1s a boundary at y = yjy:
I,IR

(v) 1s obviously normalizable

need to impose boundary conditions that leave the zero-modein
the spectrum

there might be vetor and scalar zero modes as well (more about
those later)

IR is reached suddenly: boundary location is independent of
UV data.

Instead, singularity is a consequence of the dynamics: location yg
where space-time ends 1s where the ©q(y) — oo, Whlch is
determined by the dynamics (Einstein’s Equatlons) and by “mnitial
conditions” in the UV.
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Also with the singularity, we still need boundary conditions:

" + (B? — B") & = m*¥

close to y ~ yp:

o —
B ~ —alog(ye — y), Y — —¥ ~ 0,

(o —y)°

the two independent solutions behave asymptotically as

W ~ c1(yo — y)* +ca(yo —y ‘=

For 0 < a < 3/2 they are both normalizable, = spectral problem
not fully determined (a solution exists with any m~).
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0" + (B? —B") ¥ = m*¥

close to y ~ yp: .
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the two independent solutions behave asymptotically as
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Also with the singularity, we still need boundary conditions:

¥ L (B — B & —m ¥

close to y ~ yp:

B ~ —alog(yo — v), U 4 - —U ~ 0,

the two independent solutions behave asymptotically as

U~ E“l{y[} == U) —+ (ﬂ g — Y| e
For 0 < a < 3/2 they are both normalizable, = Spectral problem
not fully determmed (a solutlon exists ‘ﬂrlth )
= still need for b.c: fix ratio ¢; /co. For a special value g of this ratio

zero mode exists in the spectrum.
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B(y) = 5

()

log ky — alog(1 — y/yo),
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B(y) = 5 logky — alog(1l —y/yo), 0<a<3/2

, : A4
oy ( __]_ — ? :f‘jr[} ] 3 & o N e o
ds = — — (ffy“ + Ny dxtdz”)

(ky)? |

Normalizable zero-mode:

o v3/2 1y i X
V(y) = yo(kyo) 32 \Y/Yo0)
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) (L —y/w0)3"

NG

ds" — .
(ky)-

Normalizable zero-mode:

¥(y) = yo(kyo) S y/y0)

log ky — alog(1 — y/yo),

O<a<3d/2
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Concrete Example:
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g

B(y) = = logky — alog(1 — y/yo), 0<a

b |

(1 —y/yo)3” 2
fz"‘ = - = \j-') ’ (!-.-fy T T drri”& 4 )
(kY)~ |

Normalizable zero-mode:

i/ "'-1" =
= 7, N O B 2
¥ (y) = yo(kyo)**F(y/w) F(z)=-—3 / & 1 2’
& | it 1 L it £ J' i s
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what boundary conditions at the singularity?

¥(y) = yo(kyo)" “F(y/yo) F(z)=-"—7F% / dz - ')
2 ) __

Asymptotic behavior:
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what boundary conditions at the singularity?
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U (y) = yo(kyo)*°F(y/w) F(z)="—5= / dz’
0

Asymptotic behavior:

F(z) ~
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U(y) = yol(kyo) L (¥/Yo)

Asymptotic behavior:
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what boundary conditions at the singularity?

| . ==} F 2
¥ (y) = yo(kyo)* °F(y/w) F(z)=- 3/2 j = (1 — 2%)2’

o

Asymptotic behavior:

=L =
: ez~
F(z) ~ . .
cill —z)" +e2(l —2z) % 2z~
with:
5
+) -
Cl1 = 3{1 = ij{ 2 —r;, 2 — E(L‘f’w

= this 1s the boundary conditions we need to impose on the fluctua-

tions to keep zero-mode is in the spectrum
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perturbative treatment around rg b.c.)
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Boundary conditions are tuned, but stable:

for ¢; /es = 1y
= at most 4 d.o.f ( 1 massless spin-2, sometimes 1 massless
spin-1, NO scalars)

deform shightly: c1/co = ro + €

= lowest modes acquire masses m~ ~ ¢ (can be checked doing
perturbative treatment around rg b.c.)

= 6 d.o.f. ( 1 massive spin-2 , 1 scalar )

—

2 d.o.f. missing to lift m = 0 to m # 0. same argument for which

setting PF mass term = 0 in 4D is not considered tuning.




Suppose SM fields live on a probe brane at y =




Suppose SM fields liveon a | e brane at y = y;. Zero-mode
action including brane source
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action including brane source:
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Suppose SM fields live on a probe brane at y = ;. Zero-mode

action including brane source
1 a’(y) :
S = 523 d1 () /?Ulyu wo(Up) IT™
Ll fi E?,fb| =1




Suppose SM fields live on a p:

action including brane source:

' £ oy 2 =

Zero-mode
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