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Abstract: If Dark Energy is dynamical, it would indicate the existence of new physics beyond the standard model coupled to gravity. | will argue
that the best motivated models of this new physics are all tied to whatever resolves the cosmological constant problem, and discuss the cosmol ogical
implications of several proposals that have been put forward in thisvein.
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Standard model of
cosmology

The standard model of cosmology
rests on two remarkable assumptions:
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Standard model of
cosmology

The standard model of cosmology
rests on two remarkable assumptions:

_ ~75 % of the universe is filled with
. ' a fluid that has physical properties
; < | unlike anything we have ever
- measured




and yet it is a great success!

Figure taken from Frieman et al. (2008)




Acceleration!!!

Supernovae Cosmology Project
High-z Supernovae Team

Perimutter et al. (1999) Astrophys |.
Riess at al. (1998) Astron |.

H(z)-—---E a=14+=z
a

Pirsa: 0905 ; : .04 Figure taken from Frieman et al. (2008)




Observational Evidence

D,

iy .

Data points
tantalizingly close to

'h.-ti'

w = —1 ‘
to be precise...

w = —0.94 1 (.1

Frieman et al. (2008) Ann.Rev.Astron.Astrophys




What is dark energy?

Understanding nature of dark energy is
probably one of the most important
problems in cosmology today




Cosmological
Constant

versus Dynamical

Dark Energy

w # —1
v

Dynamical Dark Energy

existence of new d.o.f.
l.e. new particles

beyond gravity + SM (+DM)



Cosmological constant problem

Why is *\ so un(technically) naturally small?

C.C.is leading relevant operator’ in action for gravity

/ \ :Iurf ..'r.-_!; |

Despite being most relevant
operator, it is also most UV sensitive!
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Cosmological constant problem

Why is _\ so un(technically) naturally small?

Y B .Zel'dovich (1967): (1968)

Pauli (1930s) calculated vacuum
energy using Bohr radius as cutoff ...

... size of universe (de Sitter curvature scale)
=31 km !

Straumann (2002)




Gauge hierarchy versus c.c. hierarchy

® Higgs mass e CC.is sensitive to
sensitive to cutoff cutoff

® Supersymmetry at [eV scale e Supersymmetry at meV scale
can protect can protect: but already ruled
out!

only other useful symmetry: scale invariance




here are many possible models of dark energy
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DE is dvnamical
inew dofl) Birans Dicke

/' Non-minimally ee. [{R) Eternal
- ' Mmm mnflation
(raviton

is spin-1, massless
Neld ~—~gs
DE is not dvaamical — A P

{no new dof)

lunnelino
dyvnamics

Landscape

of vacua _
Anthropic
Are ume nis
Backreaction

de Rham & AJT,

ectures on Dark Energy and the Cosmological Constant Challenge,
A rerdiba IO




here are many possible models of dark energy

Minimally coupled

to maftter

DE is dvnamical

{mew dol)
{zravilon

is spin-1, massless
field —
DE is not dvaamical P A e lTunneling
"-\__‘ -._'__'

mflation

E dynami
ino new dof) =
Landscape

of vacua il
Almost all suffer \ o
£ Backreaction
from additional fine
tuning problems

my ~ Hy ~ 107°° eV

de Rham & AJT.

ectures on Dark Energy and the Cosmological Constant Challenge.
W aeAdstas YNNE




Strategy

Before understanding nature of
dark energy ...

.. we must understand what resolves
the cosmological constant problem

Look to the energy/length scales as a guide ......




Scales

There are two natural scales associated with A

1l
H? = 3 0




Scales

There are two natural scales associated with A

i

Curvature scale Only cosmology probes

| these scales
& ) I
;

B 1l

~ ‘f;'}_ —~ =

Yy |

m = 10 >3eV
R ~ 3800 Mpc




Scales

There are two natural scales associated with A

/@: 87:;@\

Curvature scale Energy scale
- | 1 3
,.‘11 ~ T ~ —p : :‘r':'ﬁ\_ — --f-'\& ~ T
f {4 | STG
| i.= 0.k

m = 0.1eV

= Submillimeter scale




Different scales = Different resolutions

New physics at mm scale

Loop calculation no longer valid

Tackle quantum problem directly




Different scales = Different resolutions

New physics at mm scale

Loop calculation no longer valid

Tackle quantum problem directly

New physics at Hubble scale

Dynamical Relaxation
Quantum intact, modify dynamics




Dynamical Relaxation

ew physics at
Hubble scale
l | st order

phase transition
Dynamical /
Relaxation
\ 2nd order

phase transition




Dynamical Relaxation

ew physics at
Hubble scale
| st order

phase transition Recently revamped by
Dynamical / l Steinhardt + Turok (2006)
ial il

Relaxation

V(o) a Abbott model (1985)

f Y \
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Dynamical Relaxation

ew physics at

Hubble scale ldea:

{ ,_I‘LL_, ::, — , : A\l - - | . ‘\}L
Dynamical Dynamics of scalars drives
Relaxation Negg — U

\ 2nd order

phase transition e.g. Dolgov (1982)

Kuled out by S.Weinberg, but ..... more on this later!




Attacking the quantum

New physics at submillmeter scales:




What could lead to new physics at
submillimeter scale ?

HQ = 0 > Submillimeter

scale

SM physics well
understood at this scale

But NOT Gravity !

Newtonian gravity has only
been tested down to scales of
~50 of microns

Test Newton with Torsion Pendulum




What could lead to a modification of gravity
at submillimeter scale ?

— A

Submillimeter extra dimensions !!!




2 large extra
dimensions

Gauge
Hierarchy

Arkani-Hamed, Dimopolous, Dvali (1998)

M2 = MZ™ g"

__t—-—f]

for n=2,
/4

£ ~0.1mm = Mg ~ TeV




2 large extra
dimensions

Gauge
Hierarchy

cosmological
constant

KK scale is also of right order

-

|
PA — A ~ m

| STG

L = 0.1lmm
e —Ak1e¥




Low-scale
SUSY

Protection

Need new physics,

. against
new symmetries ....

dangerous loop
corrections




- e

Need new physics,
new symmetries ....

AJT et al. (2006)
‘Bulk singularities and the effective cosmological
constant for higher codimension branes’
AJT et al. (2006)

‘Scaling solutions to 6D gauged chiral supergravity’




2 large extra Low-scale
dimensions SUSY

Gauge COSMo. Protection \
¥ = 1)
Hierarchy § constant against loops i

Supersymmetric Large Extra Dimensions
Aghababaie et al. (2003)

Scale Invariance




Crucial questions:

|. How do loop corrections on brane,
mediate via bulk, to give brane curvature?

Scale invariance gets broken:
allow for de Sitter solutions

AJT et al. (2006)
‘Bulk singularities and the effective cosmological
constant for higher codimension branes’




Crucial questions:

2. Are the models dynamically stable?

Found classically one massless
moduli

Lifted by quantum corrections, gives
viable model of quintessence!

Burgess, de Rham, Hoover, Mason, A|T (2007)
‘Kicking the Rugby Ball’
de Rham. AlT (2005)




Crucial questions:

3. What are the implications for cosmology?
How do extra dimensions respond to phase
transitions on the brane?

AJT et al. (2006)
‘Scaling solutions to 6D gauged chiral supergravity’
AJT et al. (2006)
‘Exact wave solutions 6D gauged chiral supergravity’
AJT and Bayntun (2009)

work in progress




Highly falsifiable model

® Predicts dark energy dynamical:
quintessence of Albrecht-Skordis form

® Deviations of Newton’s law at ~ | micron

® Distinctive missing-energy signals at LHC due to
emission into KK modes into extra dimensions.

Lesson:Tying solution of C.C. with dark energy
makes for enormously predictive models!




New physics at Hubble scales:
Dynamical Relaxation




What new physics could arise at Hubble
scales?

ere are many possible models of dark energy

Lots of possibilities!

. —
il Brans-Dicke ...

tuning problems

die Mo & AST
Lscrmmes. am Dok Emewyy sond the {osmkegyenl Comamant | hailsnge.
Seomiiin s

However,
almost none of these ideas has made a dent in

the C.C. problem




Why? because Weinberg no-go theorem!

The cosmological constant problem-”

ere are many possible models of dark energy

L1

Weinberg no-go theorem forbids dynamical relaxation via Znd order
phase transition in models with graviton = massless spin two field




What new physics could arise at Hubble
scales?

How do we evade Weinberg’s no-go theorem?

The “no-go” theorem .. should not be regarded as closing off all hope in this
direction. No-go theorems have a way of relying on apparently technical
assumptions that later turn out to have exceptions of great physical interest.

S.Weinberg




What new physics could arise at Hubble
scales?

How do we evade Weinberg’s no-go theorem?

Assumption of no-go:

Graviton is 4D massless spin two field




How can you modify gravity at Hubble
scales?

All (Lorentz perserving) modifications of gravity
corre5pond to giving the graviton a mass,
or a resonance of masses

Massive graviton has 5 degrees of freedom
2 helicity-2 & 2 helicity-1 & | helicity-0




New particles mediating New physics!
gravitational force Fifth forces

m — () limitis equivalentto 1m = ()

van Dam& Veltman, Nucl. Phys B 22 (1970), Zakharov JETP Lett 12 (1970) x
Vamshtemn, PL 39 (1972) v/




New particles mediating New physics!
gravitational force Fifth forces

m — () limitis equivalentto 11 = ()

van Dam& Veltman, Nucl. Phys B 22 (1970), Zakharov JETP Lett 12 (1970) x

Vainshtemn, PL. 39 (1972) J

... decoupling of the extra states
occurs in a very nonlinear way!

but ...

Decoupling absent at linear level,
occurs dfter resumming tree
diagrams from external interactions
with nearby matter




Additional fifth force from scalar mode

1 E—TTI.T
Yan— gmamﬂ(}' =

at first sight such theories are ruled out!




Force now
vanishes as

% 1 —mTr 1
Vh={) ~ —mamgGe

3 ' 3 1+H;LM2;




What has graviton mass to do
with c.c.?




What has graviton mass to do
with the cc? |

A massive theory of gravity can
support C.C. without curvature!

m- Rl

G + — (B — b)) = —Agye + ——T,

l[lil aa L E Ll:.{
s _l- E | -} J
_.) e)

1
(1 — 32)

. 7
S3m= .,

.{];f L/ —

i

In specific case of fixed mass gravity this exhibits a ghost, but ...
.. not necessarily true in all models of resonance massive gravity

A|T work in progress




What has graviton mass to do
with the cc? |

But this is not enough!
Physics should be causal!

If such solutions exist,
we need to understand how
to dynamically relax to them




What has graviton mass to do
with c.c.? |

The cosmological constant problem is a problem
because of the eqwm ence principle

“r ho anath?”’

~— i J -r-l-
“rer?“L IY"I‘j' \.::I[.-r_f.lu-s L/ Ll

If the graviton has a mass/resonance,
the equivalence principle would no longer hold !!!




What has graviton mass to do
with c.c.? |

is, after some shenanigans, equivalent to

N

o) 8TGeg(L])
n(’;u.f == ‘; T;:.f..f

Geg(Od) =G (1 = ’”;’f)

more generally ... m° = m”(I])



What has graviton mass to do
with the cc? |l

This leads us to the idea of DEGRAVITATION

!




What has graviton mass to do
with the cc!?

Mechanism must be causal:

:-\.._,o,. T FW . -—"I ..l"'-". i 'I"". gl -r- ) .': I = " | -l'-"‘.;v-'a'tﬂa.- = T | -"‘--
Lynamicai reiaxauon wnose umescaie Is se€t Dy graviton mass

'Y

Gn(—k*L?)




Can we construct an explicit model of
degravitation?




..e. Can we construct a model of gravity in which effective
C.C. dynamically relaxes (via a 2nd order phase transition)
from its natural value to small value we see today?




What is measure of success’

Consistent Low Energy Effective Field Theory
No ghosts (Unitarity)
(within regime of validity of EFT)

Preserves notion of causality/locality

(avoid closed timelike curves etc)

No nonperturbative instability

(unless lifetime longer than age of universe)



First question: how can we construct an
explicit model of massive/resonance gravity?




Known problem ...

Interacting theories of massive gravitons pathological - extra
ghostly non-pert. d.o.f., unbounded energy, causality violations

Two known solutions ....

Extra dimensions Strings




Gravity in Higher Dimensions

In 4+n dimensional spacetime, gravitational potential
scales as

Vir) ~ —— weaker gravity




Gravity in Higher Dimensions

In 4+n dimensional spacetime, gravitational potential
scales as

T Bre—— weaker gravity

Bt

we want to achieve this in the IR

—— 1 : |
!-'* !-I__.-'{

UV, small r IR, large r




Gravity in Higher Dimensions

Form of potential () - | 42,2

corresponds to propagator

=




Gravity in Higher Dimensions

Form of potential - | ds2o(s)

corresponds to Feynman propagator

| 9
[ - -
= = | 5 e
= . = .
J L —am § - | ¥ e
I A : o ]

de Rham, Hofmann, Khoury, AJT (2008)

m2(k) ~ m2(—k2L?)° «=1/2 5d
a ~ () éd
ied o 6 or higher dim’s to tackle C.C. a=0 >6d




How can we achieve 4D to 6D transition?

More irrelevant More relevant

- -

Dominates in UV Dominates in IR




How can we achieve 4D to 6D transition?

More irrelevant More relevant

———

r-..

% d
-

- -

Dominates in UV Dominates in IR

Two problems:

I. UV divergences associated with singular nature of codimension two branes
_ Geroch and Traschen (1987)
2. Scalar mode is a ghost

Dubovsky and Rubakov (2003)




How can we achieve 4D to 6D transition?

More irrelevant More relevant

Dominates in UV Dominates in IR

Newtonian potential transits from
4D to 5D to 6D
Solves UV divergence problem

de Rham, Dvali, Hofmann, Khoury, Pujolas, Redi, A]T (2007)
de Rham, Hofmann, Khoury, AJT (2008)




How can we achieve 4D to 6D transition?

More irrelevant More relevant
Dominates in UV Dominates in IR
Minimum C.C. on our 3-brane
2 Mz M;

Solves ghost problem A4 > 3 M

de Rham, Dvali, Hofmann, Khoury, Pujolas, Redi,A]T (2007)
de Rham, Hofmann, Khoury, AJT (2008)

de Rham Khourv AlT to anpear
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How can we achieve 4D to 6D transition?

More irrelevant More relevant

- i
Dominates in UV Dominates in IR

Newtonian potential transits from
4D to 5D to 6D
Solves UV divergence problem

de Rham, Dvali, Hofmann, Khoury, Pujolas, Redi,A|T (2007)
de Rham, Hofmann, Khoury, AJT (2008)




How can we achieve 4D to 6D transition?

More irrelevant More relevant

= e

Dominates in UV Dominates in IR

Minimum C.C. on our 3-brane
2 M2ME
Solves ghost problem Ay > -——2°
s ‘=3
de Rham, Dvali, Hofmann, Khoury, Pujolas, Redi,A]T (2007)
de Rham, Hofmann, Khoury, AJT (2008)

de Rham Khourv AlT to appear




Does cascading model realize dynamical
relaxation?

Criterion |:

Existence of a Minkowski vacuum solution in the presence of a
cosmological constant on the 3-brane




Does cascading model realize dynamical
relaxation?

Criterion |:

Existence of a Minkowski vacuum solution in the presence of a
cosmological constant on the 3-brane

Tension creates deficit pr
angle in bulk ;

similar properties found in 7 dimensions
de Rham, Khoury, AJT, to appear



Does cascading model realize dynamical
relaxation?

Criterion 2:

Dynamical and causal process by which we can relax to this solution




Does cascading model realize dynamical
relaxation?

Criterion 2:

Dynamical and causal process by which we can relax to this solution

At linearized Ieve:/

Nonlinearly: much work in progress!

harder to check! de Rham, Khoury, AT, to appear
de Rham,AlT, to appear




What is measure of success’

Consistent Low Energy Effective Field Theory/
No ghosts (Unitarity)J

Preserves notion of causality/locality \/

(inherited from higher dimensions)

No nonperturbative instability

(unless lifetime longer than age of universe)



Observational
Consequences




Modification of
Friedmann equation

de Rham, A|T, work in progress

Khoury and VWyman (2009)

in certain regime...

s o+ — —m*

[

9 5
) )

| STl A -_. ( 2, )_

\ 771 |

an~Q0—H**~1InH

Afshordi. Geshniziani. Khoury (2008)
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Lue and 2@arkman { LUV

Modification of dynamics of dark energy Khoury andWyman (2009)
from two additional scalar modes
de Rham,A|T, work in progress

de Rham, AJT, Wesley

Afshordi. Geshniziani. Khoury (2008)



Conclusions

Tackling C.C. problem, requires giving up something
cherished!

Two natural scales for new physics (Hubble and mm)

If mm - Attack quantum problem (SLED)
If Hubble - Dynamical relaxation:

Ist order: e.g. Abbot model and extensions
Znd order: Degravitation, Cascading gravity

Lead to extra dimensions, large or extra large!!

Both classes of models are enormously predictive!



DE is dvnamical

/" (new dof) SO = Brans Dicke
i . eg. fiR)
Graviton er :
is spin-2. massless _ F
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. Landscape
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— Anthropid
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Graviton has Infinite extra
mass (resonance) dimensions

o \, '

is not spin-1, massless —a -

field : "_\.’ Consistent |R
Lorentz invariance moedificatien of A
is broken gravity 4 Self-
2r— \. \ acceleration
| Ghost
Nonlocality condensate
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