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Concordance ACDM model

1.6% INTERGALACTIC GAS
OL4% STARS. ETC

® Cosmology has a standard model

o Remarkably predictive
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Tomorrow Never Dies...




he end of cosmology?

IS COSMOLOGY SOLVED?
An Astrophyvsical Cosmologist's View I_li)i.l‘

P I E Pesbie

ABSTRACT]

"Does ACDM signify completion of the fundamental
physics that will be needed in the analysis of ..
future generations of observational cosmology?

Or might we only have arrived at the simplest
approximafion we can get away with at the
present level of evidence?”
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ore bluntly...

..will convergence fo Acom continue?




ore bluntly...

-.will convergence fo Acom continue?

Or are we in for a BIG surprise?




Relaxation mechanisms not possible with
4d massless graviton

"

UV modif IR modif




Gravity as a Filter

Gy (PG, — ST | — GRS

Gn(w” r.) s

—
-

b
I

Sources with wavelength > r. gravitate normally,
whereas those with wavelength < 7. (including
vacuum energy)




De-electrification analogue:

A classical analogue of the vacuum energy problem in E&M is to consider
a

—~

Jp = Oﬁf)p

Solving Maxwells equations yields

e s

Ag = 5Pt E-field grows

unbounded

W | &)




De-electrification analogue:

A classical analogue of the vacuum energy problem in E&M is to consider
a

e 6;)/)

Solving Maxwells equations yields

e N .
-"L:l — _/)f_'“ ’ ‘—l = .—‘()f - E-held grOWS
- 3 unbounded
* Give photon a mass: mj--l“*l-“

* Introduce high-pass filter: u ~H(Or= O F = J,




e
+m-A, =J,

?F

pv

Restore gauge inv. using Goldstone-Stuckelberg field

2 | &
A=A, 0.4
m

—_

where, under gauge transfn, ;-1“ —3 ;{H F 0,0 ; @—>@Q—Mw

[y

Solve for Goldstone and substitute in equation of motion:
)
I’
(1 . —) s —k%

Hence,




Adding mass solves analogue of "C.C. problem” in E&M:

O"F,, +m*A, =46p

with solution :10 — ;_; - <0 —(]

With mass term, vacuum is , and
uniform sources are

Degravitation of A is analogous fo screening
—— of uniform charge density in the Higgs
(superconducting) phase of Maxwell theory




eneralize fo gravity...

9
m=(L1)

,‘)

(ER) . +

(.h,u:.r A "f,uuh) — T,uff

1

where (Eh),, = —;-_h_“._ + ... IS the linearized Einstein tensor




eneralize fo gravity...

P

m- (L) .
~ (Rpw —Mheaet) =T,

(ER)pm +

- | : : . ; .
where (Eh),, = —;-_a‘t_”..r + ... Is the linearized Einstein tensor

this equation, and solve for Stuckelbergs:

m=(00)\ , .-
(l = )(E:.h)m,:Tm,

—> Degravitation = Massive/Resonance Graviton !




eneralize fo gravity...

2())

m-= |
2

(Rpe = Muit) =T,
where (&h),, = —T_h_“,, + ... IS the linearized Einstein tensor

this equation, and solve for Stuckelbergs:

m=()" i

—> Degravitation = Massive/Resonance Graviton !

Immediate implication:

2 2 1




llowed modifications:

Assume a power-law form

2/ 2\ _ _—2(l—a) 2a
2L (p ) P Ir.‘
IR modification: a <l
Absence of ghosts: a > 0
“decoupling limit": a<1/2

0<a<1/2

a =4y




Gravity as Filter — Massive/Resonance Graviton

> p(M?
am2 A )
p° + M*

p% + m?2(p?)

~—1 /M. 2 ~ y = OC
Gy (LD G = ?\”I—H“ l /
0




Gravity as Filter —> Massive/Resonance Graviton
Gl ([Or2)C,, = 87T, 1 /”’“ 142 p(M?)

p* + m2(p?*) p? + M?2

— Infinite-Volume extra dimensions?




Gravity as Filter —>> Massive/Resonance Graviton
(_;;lt_:f':-?)l(:;”f — STI_;“, 1 /x dl[l J()(*\‘[-)
U

p* + m?2(p?)

p? + M?=

— Infinite-Volume extra dimensions?

If it walks like extra dimensions,

talks like extra dimensions. then...




Gravity as Filter —>> Massive/Resonance Graviton

» p( M2
dap2 A7)

p? + m?(p?)

-—]. 1 l i . i
(_]"...\- l'-. ,__l}lr. _!(T_I”j_'.’ — Hrn.fl’ 1
0 p2 + M2

— Infinite-Volume extra dimensions?

If it walks like extra dimensions,

talks like extra dimensions. then...

— Old idea of Rubakov & Saposhnikov?




elicity-0 Phenomenology:

GR

Cn =Gy’ scalar-
tensor

4 _
G = .—;'G;;”

Fe

Sun: r. ~ kpc

={veom el o Galaxy: 7. ~ Mpc
’ Cluster: r, ~ 10 Mpc

s?ronger !arger distaiices.




Evidence of stronger gravity on = 100 Mpc

scales?

® Lyman-alpha forest =

® Bulk flows

. o
CBI/ACBAR excess v .

o ISW cross-correlation



Explicit Constructions




Realizing degravitation:

M [ U g
N —]—’ 11 I/ —r} R' = B —]' til..f‘\_."—y;;f?]l
- - J bulk s brane
g -
= -
1 /r* at short distances 1/rat large distances
M:
resonance r. = 2
a=1/2

~» l / 1
’.t’fh}_‘”- T T g iy —LI(A pv — Tuv h) = THJ




Realizing degravitation:

Chk M; b
N —~—}—’- {1 Iy —f} R- = 5 —]- lll,f'\_."—]:’,’;_f?;
- =  Jbulk o= brans
riy
B ~
L,-'r"z at short distances 1/r°at large distances
e M}
resonance e —
My
a=1/2

(EN) e +7. V—ERBLG— nit) =1,

only glimmers of degravitation...
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* Weakening of gravity (from 1/r° to 1/r”) not “steep” enough

* Consistent with earlier conclusion that need a < 1/2




.

* Weakening of gravity (from 1/r° to 1/r?) not “steep” enough

* Consistent with earlier conclusion that need a < 1/2

—

* Steeper weakening (from 1/7° to 1/r")

* All higher codn DGP correspond to @ = ()




Codim-2 DGP:

L M: [ e M: ,,
S — == / d°z/—geRe + *_)_4' d*z\/—gs Ry
KTl J bulk - < brane
g issues:
* Brane-to-brane propagator in the thin-brane limit
- /\
_ dww J.‘
G(p) ~ / = - ~ log ()
Jo P*+w- p
* 2?2

—> Higher-codimension DGP was thought fo be inconsistent




ascading Gravity:

dea: Put codim-2 brane on a codim-1 brane

. - ubs M2 [ o M: [
S=— / d°z+/—geRe + = d’r/—gs5R5 + == d*z\/—gs Ry
T - ;-IliL‘ = - f‘iui—'l s l'i'lli—-'

2 .' 4 -
1/r 1/r’to 1/r larger distances




ascading Gravity:

dea: Put codim-2 brane on a codim-1 brane

M M3 [ e M2 [ |
S=— / d°rv/—geRe + — d’r/—g5R5 + _)* / d*z/—gs R,
=  Jhnlk R i—1 = ol —2
/ 3 3 J 4 -
1/r 1/r 1/r larger distances
Parent brane regular!




ascading Gravity (contd):

small tension
ghost-free

—=  Whole new family of modified gravity theories

Offers a promising framework fo realize the
screening of vacuum energy




ascading Gravity:

dea: Put codim-2 brane on a codim-1 brane

- . A Mz [
- / d”zy/—geRe + . d’r/—gsR5 + —}i d*z/—gs R,
— - :‘IIL”-C = - f‘J:li—] = = I'I'Hi—.'

2 : 4 :
1/r 1/r°to 1 /1 larger distances




ascading Gravity:

dea: Put codim-2 brane on a codim-1 brane

ME [ S M> [ e M: f
O =~ / dzy/—ggRe + —'}— d°zy/—gsRs5 + _,_{ d*z vV —ga Ry
“  Jihmlk o Jeowl— - col —2
. o T o
1/1 1/1 1/r larger distances
Parent brane regular!
- [, 1\
}(p) ~ log ( ) Le = M3/M




ascading Gravity (contd):

small tension
ghost-free

—=  Whole new family of modified gravity theories

Offers a promising framework tfo realize the
screening of vacuum energy




Cod-2 (Wedge) Solution:

ds? = dz? + (dy — Be(y)e(z))” + Nu dxdz”

® Solution non-singular everywhere

® 3-brane is flat and has 4d gravity on
relevant scales

® Crucial that extra dims have co-volume: if compactify,
need fo cancel tension against other branes or fluxes




Cod-2 (Wedge) Solution:

ds® = dz* + (dy — Be(y)e(z))” + Ntz dx”

@ Solution non-singular everywhere

® 3-brane is flat and has 4d gravity on
relevant scales

® Crucial that extra dims have co-volume: if compactify,
need fo cancel tension against other branes or fluxes

® Wedge angle is bounded —> A\ < _\[(“jl

® Degravitation or usual cosmic string?




What about codimension N > 372:

.\1- T

N

M -
: o e +N
5 e — pe / ¢ {11 .-"-\ _'_’_;1- _\_f{la_\_ Ll
- o DK

static 4d flat

)

: ) : ST 2
ds® = A°(r)nu.dx"dxz” + B

Dvali et al.:

Bl a [ :

+/‘|_u1

(r)dr” + C*(r)r*dQ% _,

ﬂll-f'x —ga Ry

N




Singularity-free Cod-3 solution:

— § = 'ED- Y. zZ.w))j {lir‘i': -+ Il:: = = (i‘f;‘:)

Ow)
— f}lrtbhllf_;,;!{l,i'”ilff‘

-__)N.i'l—

. D Y.z, W) ==
4 (l — : ) N dz” dx’

.‘A‘” q_’,‘ J

5M2

L -.
(2) o y,

w2 + .ﬁ - me, Jw? -—r;.-:
finite and perturbative everywhere!

requires numerical analysis

- g ., I



What about codimension N > 372:

N+2 ; 2 -

e s M . —

@ = = d" v/ —gaNnRarn + - d "z —qgs R4
g 3 T'H-h + l'l_.lli \n

static 4d flat

9. 7. 2

ds® = A°(r)nu.dxz"dz” + B°

>

(r)dr® + C*( r)r'de‘_"\- &

\(r)=f"348 B(r)=f¥%; Clr)=f>" /o
> I';
f(r) =1+ —
>
e
Dvali et al.:
U__{.k

; SR i [ :




Singularity-free Cod-3 solution:

;i_'-.'_! — - J_ — (I)' Y, 2, W)) {l’ir‘..{'j = = '.[:: = = fif;l)
N w)
- b JaP®oly, z)dx“"dw
jfhl—
“ D(y.z.w) e
1 ( | s : ) I;L.[;_.[LI.'J[‘{_LI"

b y,2,w

”rl fl”.-' |

SA / dwdg, e "' WGy, iz 1q, Y
SMZ

3
ijl‘ . g 9 )
' B F -1 '{‘, - H’if' s T ffr_r

— finite and perturbative everywhere!

requires numerical analysis

5 ff 4]
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What about codimension N > 372:

i \1- T

R i R MZ o
e B~ 13 o ‘/}'“:r-l‘il N .."'\ '-:'J)‘L._\'H;._\,' = 3 21 / E \:[i.l.!'\_. —f‘lel
static 4d flat

9 ) ; 9 .

ds? = A%(r)nu.dz*dz” + B*(r)dr® + C*(r)r*dQ%y _;

' iy
Jir) =5% —
>
=
Dvali et al.:
H ~ Mo [ 2aA I) =
s Mg s 1 L =




Singularity-free Cod-3 solution:

ds® = (1 + Py, z.w)) (dw® +dz* + ‘-1!}2}

O(w) .
— f).:‘bull_n'_,f',:“l.f' “].l'['
2”:"—

P(y. z. w) e
- (l - ’ : r ) N dz” dx’

”fl fl’:_’_.' '

RA / {-L-'df{.-; e Iy Ty WZ 19, Y
SM?

- ]
(2)= o 9

w® + gy +mzy [ + gy
—— finite and perturbative everywhere!

requires numerical analysis

3

2q2 — g(q,)



Conclusions

® C.C. problem requires giving up something: here 4d GR
not recovered in IR.

® Filter gravity => Massive/Resonance Graviton => Extra dimns

® Cascading gravity offers explicit framework fo realize
degravitation

® Has testable observational consequences



