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Introduction: the CC and QFT

The Cosmological Constant (CC) problem arises as a clash between
classical GR and QFT (in the modern effective FT sense).

In classical GR:

G,uz/ = Ao Juv + G N T,LLV
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Introduction: the CC and QFT

The Cosmological Constant (CC) problem arises as a clash between
classical GR and QFT (in the modern effective FT sense).

In classical GR:

G,uy — AO Juv + 87TGN T/JV

QFT: the source of semiclassical gravity becomes (7),,).
In flat space QFT with unbroken Lorentz symmetry:

<TMV> — gvac 77,LW7 gvac ~ M4
For curvatures R < M the flat result gets small corrections:

(Th) = Evac gu+0 (R/M)?) = Agpr = Ao+87G nEpac

= Solution to Einstein eq. has curvature of order A/
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The problem

eFT
X In the SM there are many mass scales, and cosmo-
S e ee W . . .
N logical observations probe the largest distances, so
_ .U = w, all these massive modes are integrated out:

§

¥

'g’ F R
; %
=

Evae = 01‘7\4{l + CQM24 + ...+ CnM;lL

Moreover, any first order phase transition with la-
tent heat A;, contributes generically A7 .

R
=

All these unrelated terms, plus the bare Ay must sum up in such
a way that the observed G]_VlAeff ~ (1073 eV)?* <« any of the

scales M.
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Possible way out

Modify gravity to disconnect vacuum energy from curvature: allow
large &,,. but make it so it does not gravitate.
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solutions for generic values of &,
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Possible way out

Modify gravity to disconnect vacuum energy from curvature: allow
large &,,. but make it so it does not gravitate.

o Self-tuning: any mechanism which allows flat spcacetime
solutions for generic values of &,

e Braneworld in extra dimension: &,,. curves the bulk, but not
the brane.

Previous attempts: Arkani-Hamed et al. *00; Kachru,Schulz,Silverstein *00. They all
either lead to bad singularities, or failure to reproduce 4d gravity, or need for

fine-tuning. See also Charmousis, Gregory, Padilla *07
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Content of this talk

o Self-tuning possible in the a general framework of a dilatonic,
asymmetric braneworld with general 2-derivative induced
terms.

Brane (we

ﬁ% live here)

" . Finite
volume

Infinite
volume

Bulk (only gravity and a
scalar live here)

Previously explored around 2000: Arkani-Hamed er al. *00; Kachru,Schulz,Silverstein
"00; Csaki et al, ’00. See also Charmousis, Gregory, Padilla *07
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Content of this talk

o Self-tuning possible in the a general framework of a dilatonic,
asymmetric braneworld with general 2-derivative induced
terms.

o Model based on holographic model building: dual of
4-dimensional, strongly coupled, non-gravitational fundamental

theory.
Holography gives a guideline for consistency and a way out of
problems of earlier models.
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Content of this talk

o Self-tuning possible in the a general framework of a dilatonic,
asymmetric braneworld with general 2-derivative induced
terms.

o Model based on holographic model building: dual of
4-dimensional, strongly coupled, non-gravitational fundamental
theory.

Holography gives a guideline for consistency and a way out of
problems of earlier models.

e Outline
« AdS/CFT micro-review
. Setup

Flat vacua: self-tuning

Tensor perturbations: emergent braneworld gravity

Scalar perturbations: stability

Perspectives
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AdS/CFT detour

The AdS/CFT duality: conjecture that certain quantum field theories
are equivalent to theories of gravity in higher dimensions Maldacena *98.

4—(:; -+ RGISCQ,&
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AdS/CFT detour

o Conformal field theory in d dimension <
Anti de Sitter spacetime AdSgyq

ds® = du® + e_QU/KnMVd:z:“da:”

o z/: QFT coordinates; u dual to energy scale F oc e~ %/,
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AdS/CFT detour

o Conformal field theory in d dimension <
Anti de Sitter spacetime AdSgq

ds® = du® + 6_2“/£nuyda:“d:v”

o z/: QFT coordinates; u dual to energy scale F oc e~ %/,

o bulk scalar field p(u) < running coupling g(FE). The
corresponding holographic RG-flow geometry breaks
conformal 1nvariance (except at fixed points where ¢» = 0).

ds* = du® + eA(“)ana:“dx”, © = p(u).

E o e
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Setup

Consider a 4d QFT with a UV conformal fixed point, made out of:

1. A strongly coupled large- N CFT, deformed by a relevant
operator;

2. The weakly coupled Standard Model fields;

3. Some heavy messangers with mass scale A, coupling the first
two.
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Consider a 4d QFT with a UV conformal fixed point, made out of:

1. A strongly coupled large- N CFT, deformed by a relevant
operator;

2. The weakly coupled Standard Model fields;

3. Some heavy messangers with mass scale A, coupling the first
two.

Integrating out the messangers leaves as an EFT the (broken) CFT,
coupled to the SM, with some effective couplings set by A.
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Setup

Consider a 4d QFT with a UV conformal fixed point, made out of:

1. A strongly coupled large- N CFT, deformed by a relevant
operator;

2. The weakly coupled Standard Model fields;

3. Some heavy messangers with mass scale A, coupling the first
two.

Integrating out the messangers leaves as an EFT the (broken) CFT,
coupled to the SM, with some effective couplings set by A.

semi-holographic description:

o Describe the strongly coupled large-/NV theory by a 5d gravity
dual with the metric g,; and some bulk scalar fields ;, dual to
the operators that drive the CFT to the IR.

o The weakly coupled SM fields have a standard field-theoretical
description, and they sit on a 4d defect in th 5d dual geometry.
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Semi-holographic setup

1 .
_ Af3 4 /- _~ _ab o 5d Gravity dual
oM /d CB/ duv/ =g [R 29 apOhp = V() |+— of 4d CFT

A — | . Weakly coupled
+/§]Odam£(¢27H7W 7"'790’7/W)°< 4d QFT

Holographic tuning of the cosmological constant —p.7


francesco nitti
UV

francesco nitti
IR

francesco nitti


francesco nitti
u

francesco nitti
5d Gravity dual
 of  4d CFT

francesco nitti
Weakly coupled
4d QFT 

francesco nitti


francesco nitti



Effective brane-world action

1
S = M?’/ d4zc/ du+/—g {R — igabaacp@bgp — Vi(p)

—I—/ d40'\/—”}/£(77b7j,H7 Waa-“?(paf}ﬂuV)
220
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Effective brane-world action

1
S = M3/ d4w/ du~/—g {R — Egabaagof?bgp — Vi(p)

—I—/ d40'\/—’}/[1(77b7j,H7 Waa-“aspaf}/,UV)
220

o Quantum effects from the localized fields generically induce
localized effective potentials for ¢ and ~,,, on the brane
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Effective brane-world action

1
S = M3/ d4w/ du~/—g {R — Egabaagof?bgp — Vi(p)

1
0308 [ oV | Wile) - 320 0t + UORD + . |
2.0

o Quantum effects from the localized fields generically induce
localized effective potentials for ¢ and ~,,, on the brane.
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Effective brane-world action

1
S = M3/ d4w/ du+/—g {R — igabaago(‘?bgp — Vi(p)

1 1%
+M? / d*o/— [—WB(sD) - §Z ()7 0,00, + U ()R + .. ]
2.0

o Quantum effects from the localized fields generically induce
localized effective potentials for ¢ and ~,,, on the brane.

o Generically expect:
Wp~AY U~ Z~A

Wp(p) includes the brane fields vacuum energy
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Effective brane-world action

1
S = M3/ d4a:/ du+/—g {R — igabaagoﬁbgp — Vi(p)

1 1%
+M? / d*o/— [—WB(sD) - §Z ()7 0,00, + U ()R + .. ]
2.0

o Quantum effects from the localized fields generically induce
localized effective potentials for ¢ and ~,,, on the brane.

o Generically expect:
Wp~AY U~ Z~A

Wp(p) includes the brane fields vacuum energy

o Action 1s the most general up to two derivates preserving 4d
diffeos.
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Effective brane-world action

1 .
S = Mg/ d4 / dur/—a | R — — ab@a O —V 5d gravity dual
v 39" OapObp = V(#) [oe— of 4d CFT

1
#38 [day= | Wile) - 32000 000+ Uo)RD)
220

|

Localized Effective action induced by quantum
effects of weakly coupled QFT

(up to two derivative in the bulk fields)

We take this class of actions as the starting
point and the definition of our model

The unknown functions appearing in the localized action can be taken as a
phenomenologicalinput or motivated by weakly coupled calculation.
work in progress with E. Kiritsis and L. Witkowski
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Field equations and matching conditions
S =M? / d*x / dur/—g [R — %gabﬁawaw - V(sﬁ)]

1
#38 [day= | Wile) - 32000 000+ UoRD)|
220

Einstein equations + Israel junction conditions (| | = jump across Xo):

1 1 1
Gap = 5 0 POy — 5 Yab (596d80908d90 +- V(%@)) ,

1 6Ss,

o] = [0 k] = 5[] < - LIS
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Field equations and matching conditions
S =M? / d*x / dur/—g [R — %gabﬁawabeo - V(sﬁ)]

1
#38 [day= | Wile) - 32000 000+ UoRD)|
220

Einstein equations + Israel junction conditions (| | = jump across Xo):

1 1 1
Gap = 5 0 POy — 5 Yab (59“3(;903&0 +- V(@)) ,

1 6Ss,

o] = [0 k] = 5[] < - LIS

Self tuning if 3 solutions with flat defect for generic Wp ~ A*.
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Bulk equations
S, =00 [ s [ au/=g | R a0t - V(v)

Vacuum (Poincaré invariant) solutions:

ds® = du® + eQA(u)n“Vd:cudajy, © = @(u)

) 1
6A+ p* =0, 12A% — §¢2 +V(p) = 0.
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Bulk equations
1
Ss = M3/ d4x/ dur/—g [R — §gab(9agp(9bgp — Vi(p)
Vacuum (Poincaré invariant) solutions:

ds® = du® + eQA(“)n“’/dzcude, © = @(u)

) o1
6A+ p* =0, 12A% — §¢2 +V(p) = 0.

One has to solve independently on each side of the defect (at
u = ug), and glue the solutions using Israel junction conditions:

_ _ g

4] = o] =0 4] = —gWsleo):  [¢] = T (e(uo)
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Vacuum Geometry

R,

Regar

Asyr"'r'iptofg‘ic?ln.y AdS Regu
Boundary- .. interior
Apv (u), puv(u) Arr(u), prr(u)
eV — 400, pyy — 0 eMR — 0, 0rr — Ps
UV-AdS boundary Interior of IR-Ad.S space

Holographic self-tuning of the cosmological constant — p.16
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Superpotential

Write Einstein’s equations as first order flow equations, with an
auxiliary scalar function W(y) (' = d/dy):
: 1 .
A=—Wlp)  2=Wi(p),
d 1

“waon g V)=V
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Superpotential

Write Einstein’s equations as first order flow equations, with an
auxiliary scalar function W(y) (' = d/dy):
: 1 .
A=—Wlp)  2=Wi(p),
d 1

“waon g V)=V

o Up to arescaling of the scale factor, /' completely determines
the geometry.
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Superpotential

Write Einstein’s equations as first order flow equations, with an
auxiliary scalar function W(y) (' = d/dy):
: 1 .
A=—Wlp)  2=Wi(p),
d

“waon g V)=V

o Up to arescaling of the scale factor, /' completely determines
the geometry.

) WP e) e <o
= { W p) 9> o

o On each side of the interface (¢ = ©p), W 1s determined by one
integration consntant C',
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Junction conditions for the superpotential

W) e

R L e S g e e e O
i s e T R R e

-bea(; r?\fe o

(ov)é (R

Junction conditions take a simple form:

dWUV dWIR
(o) ——
¥ ¥

W (00) =W (po) = Wa(po),

(¢0) =

Holographic self-tuning of the cosmological constant —p.18



Junction conditions for the superpotential

Ao S TRy
Bouﬂdﬂ/‘é -bee(; mfﬁ WO v

(ov) C(1R)

UV side: Solutions arrive at the AdS fixed point for all values
of the integration constant C7ry/: UV fixed point is an attractor.
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Junction conditions for the superpotential

W) o

_ A S Deep tafe ?{0 ~ !

(uv) C(1R)

UV side: Softttions arrive at the AdS fixed point for all values
of the jategration constant C7y: UV fixed point is an attractor.

IR side: Only certain IRs are acceptable (e.g. IR AdS fixed
point) This picks out a single solution W/ and fixes C;r = C,
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IR Selection

UV side: Solutions arrive at the AdS fixed point for all values
of the integration constant C7ry/: UV fixed point 1s an attractor.

IR side: Only certain IRs are acceptablef(e.g. IR AdS fixed
point) This picks out a single solution W/ and fixes C;p = C,

Holographic self-tuning of the cosmological constant —p.20
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Equilibrium solution

d”/'UV deIR d”fB
Uv _ wIR B _ * _
W= (wo) = Wi (o) —Wa(po), i (v0) Io (v0) o (v0)

Two equations for two unknowns Cpry/, og. Generically there
exist a unique (or a discrete set of) solutions with Cpry/, g
determined.
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Equilibrium solution

| | dwV} AWkt dW g
VVUV VVIR *
—_— — — —
<¢0) * (950) 4t B(SﬁO)? l (950) l (/750) l

Two equations for two unknowns Cpry/, og. Generically there
exist a unique (or a discrete set of) solutions with Cpry/, g
determined.

Holographic self-tuning of the cosmological constant —p.22



Equilibrium solution

- | d”/'UV d”/*IR dWIB
WY (o) = W/ (o) -W =— ———
(¢0) « (p0)—Wg(vo), I (¢0) Io (¢0) i

For generic brane vacuum energy ~ A*, geometry and brane
position adjust so that the brane is flat and the UV glues to the
regular IR (self-tuning).
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Emergent gravity on the brane

In the model considered, solutions with flat 4d brane are generic. Do
gravitational interactions between brane sources look 4d?
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Emergent gravity on the brane

In the model considered, solutions with flat 4d brane are generic. Do
gravitational interactions between brane sources look 4d?
Recall Randall-Sundrum type braneworld

eA (u)

Uo

o Volume is finite on both sides = Normalizable 4d graviton zero
mode mediates 4d gravity at large distances
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Emergent gravity on the brane

In the model considered, solutions with flat 4d brane are generic. Do
gravitational interactions between brane sources look 4d?
Recall Randall-Sundrum type braneworld

eA (u)

Uo

o Volume is finite on both sides = Normalizable 4d graviton zero
mode mediates 4d gravity at large distances

o Brane connects two “IR” special solutions = Need fine-tuning
of the brane tension for the brane to stay flat.
= self-tuning impossible

Holographic self-tuning of the cosmological constant —p.27



Emergent gravity on the brane

“Holographic” asymmetric braneworld:

AW
\\

Up

o Can choose generic “UV” solutions =- self-tuning possible
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Emergent gravity on the brane

“Holographic” asymmetric braneworld:

AW
\\

Uo

o Can choose generic “UV” solutions =- self-tuning possible

o Volume is infinite on the UV side = No Normalizable 4d
graviton zero mode.

Holographic self-tuning of the cosmological constant —p.28



Emergent gravity on the brane

“Holographic” asymmetric braneworld:

AW
\\
Uo

S = M3/dud4:1; VIRs + ...+ M3/ d*z /73U (po) R4
U=UQ

Holographic self-tuning of the cosmological constant — p.29
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Emergent gravity on the brane

“Holographic” asymmetric braneworld:

€A (u)
\\
Uo

S = MS/dud4:p VIRs + ...+ M3/ d*z /73U (po) R4

uU=ug

u

o Localized Einstein-Hilbert term on the brane = 4d-like
graviton resonance (Dvali,Gabadadze Porrati, "00): gravity 1s effectively
4d at short distances.

o Bulk curvature = 4d massive graviton at very large distances.
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Scales of braneworld gravity

Two competing scales:
1. “DGP” transition length: r. ~ U ()
2. Bulk curvature length r; = (e9Rg) ™!, Ro ~ Wyv(vo)
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Scales of braneworld gravity

Two competing scales:

1. “DGP” transition length: . ~ U(¢yp)

2. Bulk curvature length r; = (e9Rg) ™!, Ro ~ Wy (o)
[ ] Tt > TC
4d massive b 5d »> 4d massless — q

|
|
|
. ' >
|
my |
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Scales of braneworld gravity

Two competing scales:

1. “DGP” transition length: . ~ U(¢yp)

2. Bulk curvature length 7, = (e9Rg) 1, Ro ~ Wy (o)
[ ] 7"15 > Ir‘c
4d massive b : 5d *r: 4d massless — q
i ' ' >
my : 1/I't : l/rc
[ ] Tt < /rc
« 4d massive A,: — 4d massless —— q
1 1 I: »
: 1/rC : l/I't my
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Scales of braneworld gravity

Two competing scales:

1. “DGP” transition length: . ~ U(¢yp)

2. Bulk curvature length r; = (e9Rg) ™!, Ro ~ Wy (o)
[ ] 7"15 > TC
4d massive b : 5d *r: 4d massless — q
i ' ' >
my : 1/I't : l/rc
[ ] Tt < /rc
« 4d massive A,: — 4d massless —— q
1 1 I: »
: 1/rC : l/I't my

> _ Ro

My ~ MUy,  m;

[’ 0 Holographic tuning of the cosmological constant — p.24



Effective 4d Green’s function

Introuce tensor perturbations:
0y = eQA(T)hW(r, ), h’; = 0"h,, =0

Solve classical linearized equation for tensor fluctuations with
localized source:

huu(fbﬂ“) - /d4$Gﬁwpa($ — 'y, TO)Tp0($/>T0)>

Tree-level interaction described in purely 4d terms by an effective
Green’s function:

1

Sint(T) = / (;iﬁ];@l(p) [TMV(P)TW(Z?) = 3T()T(~p)

Ga(x) = G(x,r0,70).
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Brane-to-brane propagator

Solution in terms of Green’s function:
h(x,r) = /d4CCG(CE‘ — ' To)T(.CU/,TQ),

1 D(p,r)
G(r,p, 7“0) — M3 1 + [UO D(p, To)]p2

[87“€3A(T)ar — €3A(T)p2} D(p, T) — _5(T _ TO)

Holographic tuning of the cosmological constant — p.26



Brane-to-brane propagator

Solution in terms of Green’s function:
h(x,r) = /d4xG(az — ' TO)T(:U’,TO),

o D(p,r)
G(r,p;ro) = M3 1+ [Uy D(p, 70)]p?

[07~63A(T)07~ — eSA(T)pQ} D(p,r) = —d(r —rp)

D(p, r) is the bulk-to-bulk propagator, and depends only on
properties of bulk modes.

Holographic tuning of the cosmological constant — p.26



Brane-to-brane propagator

r 1
a p>> RO)
2p
D(T())p) r:<
\do—l—dgpz—l—... p <K Ry,

Ro = bulk curvature around the brane position ~ ¥

D(rg.p)
04

03+
0.2+

0.1+
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DGP-like behavior

r 1
YR p > RO)
2p
D(ro,p) ~ 4
\d0—|—d2p2—|—... p < Ro,

1 1
M3 2p + U0p2

= G(ro,p;7m0) =
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DGP-like behavior

a p>> RO?
2p
D(rg,p) ~ <

\do—l—dgp2—|—... p <K Ro,

1 1
M3 2p + Ugp?

— G(r()vp; TO) ~

1
- 2M3U0p2

—1
p>U,

« Four dimensional interaction at distances < r. = Uy/2

o Effective four-dimensional Planck scale

M, = UgM”
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Massive gravity

r 1
AR p > RO)
2p
D(ro,p) ~ 4
\d0—|—d2p2—|—... p < Ro,

1 1

= G(ro,p;10) = —=
(Op 0) Mgp2+mg
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Massive gravity

r 1
AR p > RO)
2p
D(ro,p) > 4
Cdo+dop* ... p < Ry,
1 1
= G(ro,p;70) = M2 D2 + m2
P g
o Massive gravity at large distances,
2 1 r2 377
mg ~ ~, Mp =M U()
doUo

. ds
Uy=Up (1 — .
’ O( Uod%)
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4d-5d transition

r. < r¢: DGP-like transition, at intermediate distances.

10 - |

i \

- 4d \

i : 5d —> 4d massless ——»

massiye
0.8 - :

L ‘ 1

: : 2rc P2
1

2
: 2 (p +1c P )
|
\ 1 1
|
\ 21 p2 +mg) 2
|
|
\ G4 (P)
|
|
:
| p
25
m2 ~ —RO
0o~ )
Uo
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Massless/Massive gravity transition

r. > r; massive graviton propagator all the way.

1.0

0.8

- 1

i 21 P2
0.6 7 |

2 (p + 1 p2)

04 1 1

i 210 p2+m02

— G4(p)

0.2

‘A‘fl/‘rtT s 6

2 _ 13 s _ Ro
MpNM UO, mON_,
Uo
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Scalar perturbations

o Determine whether vacuum solution (flat brane at » = rg) 1s
stable.

o Possible light scalar mediated interactions (fifth force,
violations of equivalence principle) = pheno constraints.

o Analysis of linear flucutations show that there exist conditions
on the background solution which guarantee stability.

1.
dU 2
70>0, Zy>0, ZOT()>36<B )
dp |y
B Wpg _
T0 = 6 (6WIRWUV - U) o y ZO = Z(QD())

= No ghost instabilities
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Scalar perturbations

o Determine whether vacuum solution (flat brane at » = rg) 1s
stable.

o Possible light scalar mediated interactions (fifth force,
violations of equivalence principle) = pheno constraints.

o Analysis of linear flucutations show that there exist conditions
on the background solution which guarantee stability.

= No tachyonic instabilities.

Holographic self-tuning of the cosmological constant —p.35



Conclusion and outlook

We constructed a framework where Self-tuning of the CC 1s
generically realized. Challenge now 1s model-building: construct
phenomenologically viable model.

o Acceptable values of M), r., m, given large UV cutoff;
o Compliance with stability requirements;

o Deal with vDVZ discontinuity (Role of non-linearities,
Veinshtein mechanism);

o Avoidance of fifth force constraints;
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Conclusion and outlook

We constructed a framework where Self-tuning of the CC 1s
generically realized. Challenge now 1s model-building: construct
phenomenologically viable model.

o Acceptable values of M), r., m, given large UV cutoff;
o Compliance with stability requirements;

o Deal with vDVZ discontinuity (Role of non-linearities,
Veinshtein mechanism);

o Avoidance of fifth force constraints;
If this all goes through, one can do more phenomenology:
o Add SM and nggS field (ongoing work with Lukas Witkowski)

o Study the space of solutions: non-flat brane, time-dependent
solutions (COSIIlOlO gy) (ongoing work with Lukas Witkowski and Jewel Ghosh)

o Understand self-tuning from a dinamical perspective
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What about Weinberg?

Weinberg’s no-go theorem (’89): no self-tuning possible with
scalars.
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What about Weinberg?

Weinberg’s no-go theorem (’89): no self-tuning possible with
scalars.

Take generic S|v,., ¢| and assume existence of a Poincaré
invariant solution:

= Sy ] = / o7V (p)
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What about Weinberg?

Weinberg’s no-go theorem (’89): no self-tuning possible with
scalars.

Take generic S|v,., ¢| and assume existence of a Poincaré
invariant solution:

= Sy ] = / o7V (p)

05 _ 05 _
oy op

0 = V(p)=V'(¢)=0

System 1s over-constraint and will generically have no solution,
unless V' (¢) is fine-tuned.
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What about Weinberg?

In the holographic brane-world we can “integrate out the bulk’ and
get an effective 4d theory for the induced metric and scalar:
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What about Weinberg?

In the holographic brane-world we can “integrate out the bulk’ and
get an effective 4d theory for the induced metric and scalar:

SefflVuws @l = / d*z\/AVers(0)

Verr(wo) = Wir(vo) — Wuv(vo; Cov) — Wg(¥o)

Cyy 1s a free parameter and it 1s not fixed by extremization nor
by the UV boundary conditions.
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What about Weinberg?

In the holographic brane-world we can “integrate out the bulk’ and
get an effective 4d theory for the induced metric and scalar:

SefflVuws @l = / d*z\/AVers(0)

Verr(wo) = Wir(vo) — Wuv(vo; Cov) — Wg(¥o)

Cyy 1s a free parameter and it 1s not fixed by extremization nor
by the UV boundary conditions.

Veff = 0, e/ff —

Two equations for two unknowns (Cpry/, ©q).
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Scalar perturbations

o Determine whether vacuum solution (flat brane at » = rg) 1s
stable.

o Possible light scalar mediated interactions (fifth force,
violations of equivalence principle) = pheno constraints.
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Scalar perturbations

o Determine whether vacuum solution (flat brane at » = rg) 1s
stable.

o Possible light scalar mediated interactions (fifth force,
violations of equivalence principle) = pheno constraints.

o Bulk:
0Grr = 62A¢7 597“,u = €2AauBa

5guy = €2A (277MV¢ -+ 26,ual/E) P = @(T) + X
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Scalar perturbations

o Determine whether vacuum solution (flat brane at » = rg) 1s
stable.

o Possible light scalar mediated interactions (fifth force,
violations of equivalence principle) = pheno constraints.

o Bulk:
0Grr = 62A¢7 597“,u = €2AauBa

5guy = €2A (277MV¢ -+ 26,ual/E) P = @(T) + X

o Brane:
r =1+ p(x)
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Scalar perturbations

Gauge fixing, constraints

4

Reduce to the single bulk variable ) (x, r)
Linearized equation in the bulk:

/
v+ <3A’+2Z) Y+ =0

'\
Il
|6
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Scalar perturbations

Gauge fixing, constraints

4

Reduce to the single bulk variable ) (x, r)
Linearized equation in the bulk:

/
v+ <3A’+2Z;) Y+ =0

(X] = X1r(ro) — Xuv(ro)
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Scalar perturbations

Linearized matching conditions:

0] = - (%% soo) D[T;D] - alo (%00 = M) [iw]l]
1) (32 o

Holographic tuning of the cosmological cons
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Scalar perturbations

Linearized matching conditions:

)D[ZM 1 (Zo0) — a3 M?) )

ap dy leo z]  ao (271
- ) (5ot

~ d2W d2W IR
M2:< @B(%)_{ 2} . Zo=Z(v0), Uo=U(po), ag=el"0
uv

] = - (252

both v/ and /" must be discontinous at the brane.
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Scalar perturbations

Recast as a 2-component Sturm-Liouville problem:

U(r,x) = ( Yo (r,z) )
| ¢1R(7“7 CIZ)

(B(r)\ll’)/ + B(r)0,,0"V¥ = 0, r#£T0

T (rg) = (F1 T, aﬂau) U(ro).

B(r),T'1, 'y are 2 x 2 matrices:

Holographic tuning of the cosmological constant — p.36



Scalar perturbations

Recast as a 2-component Sturm-Liouville problem:

U(r,x) = ( Yo (r,z) )
| ¢1R(7“7 CIZ)

(B(r)\ll’)/ + B(r)0,,0"V¥ = 0, r#£T0

T (rg) = (F1 T, aﬂau) U(ro).

3 B e3Avv z%v 0
(T) o O 63A1R22
IR

Holographic tuning of the cosmological constant — p.37



Scalar perturbations

Recast as a 2-component Sturm-Liouville problem:

U(r,x) = ( Yo (r,z) )
| ¢1R(7“7 CIZ)

(B(r)\ll’)/ + B(r)0,,0"V¥ = 0, r#£T0

T (rg) = (F1 T, aﬂau) U(ro).

2 2 2
T, — apM TAIR “IR
1 [2]2 22
Uv AUV
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Scalar perturbations

Recast as a 2-component Sturm-Liouville problem:

U(r,x) = ( Yo (r,z) )
| ¢1R(7“7 ZIZ)

(B(r)\lf’)/ + B(r)0,,0"V¥ = 0, r#£T0

T (rg) = (F1 T, aﬂau) U(ro).

~122;r &WB + 79 + Zoz? 6 (a4 2R ) B — 1o 2R — Zoz
. 1 dep IR ZUV dep ZUV
2
> 2
[2]%a0 | _ 2uv dUp 2UV 2 alp _ 2
6 < Py + zZuv do + 70 T h + ZOZUV 1227 do T0 ZOZUV
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Scalar perturbations

Recast as a 2-component Sturm-Liouville problem:
\Ij(’r'7 :C) — wUV(T7 x)
¢IR (7“, CC)

(B(T)\If,)/ + B(r)0,,0"V¥ = 0, r#£T0

T (ry) = (n Ty aﬂau) U(ro),

Solve with normalizable boundary conditions in the UV for
Yy and in the IR for ¢;R.
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Action for scalar fluctuations

3
¢ = ]\g / d'a

+UT(rg) 2T U(rg) — 0, %7 (ro) T2 64 (1)

_e3Auv 2z, 0 o = O(ro — 1) 0
0 e3AIR 22 . 7 N 0 O(r —rp)

/dr [&AIJT B(r)O(r)0,¥ + 9,9 B(r)O(r) oMV |

b3
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Action for scalar fluctuations

3
¢ = ]\g / d'a

+UT(rg) 2T U(rg) — 0, %7 (ro) T2 64 (1)

_e3Auv 2z, 0 o = O(ro — 1) 0
0 e3AIR 22 . 7 N 0 O(r —rp)

Bulk kinetic term

/dr [&AIJT B(r)O(r)0,¥ + 9,9 B(r)O(r) oMV |

b3
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Action for scalar fluctuations

M3
Sl = - / d*z / dr [0,51 B(r)©(r) 8,% + 0,¥! B(r)©(r) 9" v]
+UT(rg) 2T U(rg) — 0, %7 (ro) T2 64 (1)
Localized mass term Localized kinetic term

b3

_e3Auv 2z, 0 o = O(ro — 1) 0
0 e3AIR 22 . 7 N 0 O(r —ro)

Holographic tuning of the cosmological constant — p.43


francesco nitti
Localized mass term

francesco nitti
Localized kinetic term


Action for scalar fluctuations

3
¢ = ]\g / d'a

+UT(rg) 2T U(rg) — 0, %7 (ro) T2 64 (1)

A
5 —e34uv ZIQJV 0 o= O(ro — 1) 0
0 eSAIRz%R 0 O(r —ro)
70

Decompose into radial eigenmodes with fixed “energy” m?:

U(r, zt) = W(r)o(z),

—B~ 1;1 (B(r)d\gy)> = m2U(r), V'(rg) =T1+ m?To¥(rg)

Holographic tuning of the cosmological cons

[ dr .91 BrIOC) 9w + 5,91 BrIO) 9]
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Positivity (no ghosts)

— Effective 4-d action for massive scalar modes:

SiY) = —%N / 'z (9"¢8,6 + m?¢?)

70 - dc(ljch Wg
K = a2 JU o |, 10=6 (6
—6L B Z0 WirWuv
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Positivity (no ghosts)

— Effective 4-d action for massive scalar modes:

-t e )

24
_ i IR ]
N—/dr\l! Bow + (1 [1/Z])IC< L >

«——Positive — [1/2]
dUp
70 —6°% W
K = a2 JU Tleo | =6 (6 & — U())
—64B Zo WirWuv leo
©0

« Absence of ghost instabilities 1s guaranteed if:

AU
70>0, Zog>0. Zoto> 36 (d—B
©

2
@0)
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Stability (no tachyons)

The mass eigenvalues satisty the relation:

E 1 —1
m2N — Ul (rg)ST1 U (rg) >0, %I = af M ( )
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Stability (no tachyons)

The mass eigenvalues satisty the relation:

M? 1 -1
20r it < _ 4
m*N — Ul (rg)XT1¥(rg) >0, XT'1 =aqg 1/ ( P )

v
Eigenvalues: 0, 2
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Stability (no tachyons)

The mass eigenvalues satisty the relation:

E 1 —1
m2N — Ul (rg)ST1 U (rg) >0, %I = af M ( )

 Sufficient condition for absence of tachyonic instabilities
(m? > 0):
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Scalar-mediated interaction

Define metric and dilaton sources:

2 0S5y, 0Sm
— , 0= ——.
VY 0

Interaction between brane-localized sources:

Ty =

4
St =5 | T OC@T (=), T= (T4 O)

1 !
p— FIRZUV IR po— .
2] 1 1

o Modes coupling to O can be parametrically heavy, m ~ M .

o Modes coupling to 7' remain light.
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Scalar-mediated interaction

Define metric and dilaton sources:

2 5Sn 5Smm
T, — -2 %m 595

VR 5o

Interaction between brane-localized sources:

4
St =5 [ T @C@T(-0),

T = (Tﬁ, O)

Localized term Bulk contribution

1 5 < — > ;
Gs(q) = 575 P [ (T1 4+ ¢°T2) + D' (ro;q)] P

- 2M3

1 1
p— FIRZUV P P -
2] 1 1

o Modes coupling to O can be parametrically heavy, m ~ M .

o Modes coupling to 7' remain light.
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Scalar-mediated interaction

Define metric and dilaton sources:

2 05, 0.S,,
TNV — e — T < -
Valela 0
Interaction between brane-localized sources:
1 d*q
Sint = — = "(q)Gs —q), = (T", O
=5 [ AT WG WT0, T = (14 0)
1 _ 1
Gs(q) = WP [Z (Fl -|—C]2F2) + D 1@“0%])} P!
localized mass localized kinetic term
p = _FIRZUV -

1
ZIR
1

]

1
ZUV _
1

o Modes coupling to O can be parametrically heavy, m ~ M .

o Modes coupling to 7' remain light.

Holographic tuning of the cos

mological constant —


francesco nitti

francesco nitti

francesco nitti
localized mass

francesco nitti
localized kinetic term

francesco nitti

francesco nitti


Example

A(d—A) b b
V(gp)——12—< ( ) )gp — Vj sinh? ;0,

2 4

o supports an AdS fixed point at o = 0 ({7 = 1)

o good IR solution:

2 b
Wir(p) ~ \/( exp —¢ © — 4-00.

32/3) — b2
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How large can A be?

S S
b ! A=3 Vi=1
:—’ :’ 1_
V6

log oA

30 -

25

20 -

15+

solutions exist —p

10

v
| | | | | |
500 1000 1500 2000 2500 3000

»

Yo~ p~16s
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Consistent self-tuining

Two possibilities:

AW AW

uv IR / IR,
u

Wiy > 0 Wiy <0
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Consistent self-tuining

Two possibilities:

A (1)

\ h

uv IR IR, IR,

e A (u)

Wuy >0 / Wuv %

Needs fine tuning of the brane potential to
join two “‘special” solutions

Cfr. Randall-Sundrum setup
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Needs fine tuning of the brane potential to 
join two “special” solutions
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Cfr. Randall-Sundrum setup
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