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7N Overview

¥Motivations - background, and the problems of modern
cosmology.

¥The meaning of cosmic acceleration

¥A tasting menu of theoretical approaches
¥The cosmological constant
¥ Dynamical dark energy
¥ModiPed gravity

¥ Theoretical progress has been slow - ref3ected here. Bul
there are some very recent nontrivial possibllities.

¥How do we distinguish between models?
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What is the nature
of dark matter?
(See Weiner, Hsu
Plenaries.
Dienes, Brooks,
Foot, Neilson, Li,
Hsu, Hill, Mahmoudi,
Ahmad, Slatyer,

+% Atoms Balazs, Morselli
Parallels)
Why is there more
matter than antimatter?
(See Petraki,Von Harling, Parallels)
Mark Trodden, University of Pennsylvania ICHEP 201

Dark Energy and Cosmology Melbourne, Australia, 11 July 2(



& Modern Cosmology

What is the nature
of dark matter?
(See Weiner, Hsu
Plenaries.
Dienes, Brooks,
Foot, Neilson, Li,
Hsu, Hill, Mahmoudi,
Ahmad, Slatyer,
Balazs, Morselli
Parallels)

4% Atoms

Why is there more _ _
matter than antimatter? rin\g\gzitalﬁlde(rjtﬁ\xanag(s)ns')
(See Petraki,Von Harling, Parallels) P P -

Mark Trodden, University of Pennsylvania ICHEP 201
Dark Energy and Cosmology Melbourne, Australia, 11 July 2(



3

Modern Cosmology

What is the nature
74% Dark Energy of dark matter?
(See Weiner, Hsu
Plenaries.
Dienes, Brooks,
Foot, Neilson, Li,
Hsu, Hill, Mahmoudi,
Ahmad, Slatyer,
4% Atoms Balazs, Morselli
Parallels)

Why is there more _ _
matter than antimatter? rin\ﬁ\i)ﬁgitalﬁldeﬂﬁ\;\(gnagznso
(See Petraki,Von Harling, Parallels) P P -

Mark Trodden, University of Pennsylvania ICHEP 201
Dark Energy and Cosmology Melbourne, Australia, 11 July 2(



3

Modern Cosmology

What is driving cosmic
acceleration?
(See Wali, MT Parallels)

What is the nature
74% Dark Energy of dark matter?
(See Weiner, Hsu
Plenaries.
Dienes, Brooks,
Foot, Neilson, Li,
Hsu, Hill, Mahmoudi,
Ahmad, Slatyer,
4% Atoms Balazs, Morselli
Parallels)

Why is there more _ _
matter than antimatter? rin\ﬁ\i)ﬁgitalﬁldeﬂﬁ\;\(gnagznso
(See Petraki,Von Harling, Parallels) P P -

Mark Trodden, University of Pennsylvania ICHEP 201
Dark Energy and Cosmology Melbourne, Australia, 11 July 2(



3

Modern Cosmology

Why is the cosmological

2 : . :
constant so small? v at is driving cosmic

acceleration?
(See Wali, MT Parallels)

What is the nature
74% Dark Energy of dark matter?
(See Weiner, Hsu
Plenaries.
Dienes, Brooks,
Foot, Neilson, Li,
Hsu, Hill, Mahmoudi,
Ahmad, Slatyer,
4% Atoms Balazs, Morselli
Parallels)

Why is there more _ _
matter than antimatter? rin\ﬁ\i)ﬁgitalﬁldeﬂﬁ\;\(gnagznso
(See Petraki,Von Harling, Parallels) P P -

Mark Trodden, University of Pennsylvania ICHEP 201
Dark Energy and Cosmology Melbourne, Australia, 11 July 2(



& Modern Cosmology

Why is the cosmological

2 : . :
constant so small? v at is driving cosmic

acceleration?
(See Wali, MT Parallels)

Is cosmic acceleration a
signal of a breakdown of GR?

What is the nature
74% Dark Energy of dark matter?
(See Weiner, Hsu
Plenaries.
Dienes, Brooks,
Foot, Neilson, Li,
Hsu, Hill, Mahmoudi,
Ahmad, Slatyer,
4% Atoms Balazs, Morselli
Parallels)

Why is there more _ _
matter than antimatter? rin\ﬁ\i)ﬁgitalﬁldeﬂﬁ\;\(gnagznso
(See Petraki,Von Harling, Parallels) P P -

Mark Trodden, University of Pennsylvania ICHEP 201
Dark Energy and Cosmology Melbourne, Australia, 11 July 2(



& Modern Cosmology

Why is the cosmological

2 : . :
constant so small? v at is driving cosmic

acceleration?
(See Wali, MT Parallels)

Is cosmic acceleration a
signal of a breakdown of GR?

_ What is the nature
Genesis: 74% Dark Energy of dark matter?

¥Why is the universe so Rat? (See Weiner, Hsu
Plenaries.

Dienes, Brooks,

Foot, Neilson, Li,

k Hsu, Hill, Mahmoudi,
¥Why did the universe begin Ahmad, Slatyer,

from a low entropy state? 4% Atoms Balazs, Morselli
Parallels)

¥Why is the universe so
homogeneous?

¥What resolves the big bang Why is there more _ _
sinaularity? : What laid down its
g y: matter than antimatter?

Ve s
(See Petraki,Von Harling, Parallels) Pimordial perturbations:
(See Antusch, MT Parallels)
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& Simple Cosmology - a Reminde

Evolution of the universe governed by Einstein egns
Gp! (g) = 8 GTu!

Metric Matter
Use simple metric for cosmology and model matter as a
perfect [3uid with energy densify and pressgwe
2
H2 = (g) ~p The Friedmann equation

X _(p+3p) The OaccelerationO equation

a
Parameterize different matter by equations of state:= w;

When evolution dominated by type I, obtain
a(t)! tZ30w)  p(a) eca ST (w; 1 -1)
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Expansion History of the Universe
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Expansion History of the Universe

Perlmutter, Physics Todiy (2003) . — ®+§ We n OW kn OW, partly
relative S = S o / z
: bright S s S & .
p e | through this data, that the
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What does data tell us about the expansion rate?

Expansion History of the Universe

B e We now know, partly
R through this data, that the
__—qmiverse is not only
| expanding ...
i w> 0
L P 7 21 ...butis accelerating!!
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& The Cosmic Expansion Histor

What does data tell us about the expansion rate?

Expansion History of the Universe

B e =  We now know, partly
R = through this data, that the
; _—qmiverse is not only
| expanding ...
s o (S o @> 0
L e 3 ... but is accelerating!!
00 &‘i ““““ | a> 0

Billions Years from Today

If we trust GR and recall that goc —(p+ 3p)

Thenwe infer that the universe must be dominated by some strang
stuff withp<-"/3. We call thisdark energy!
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& Cosmic Acceleration

. So, accelerating expansion means

Sri(+3p! Ll op<ti3or [w<-13]

Three Broad Possibilitiea(t) ! t#3") 1(g)" a' H*w)
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R Cosmic Acceleration

. So, accelerating expansion means

Sri(+3p! Ll op<ti3or [w<-13]

Three Broad Possibilitiea(t) ! t#3") 1(g)" a' H*w)

-1<w<-1/3 w=-1 w<-1
Evolution of Dilutes slower Stays absolutely Increases with the
Energy Density than any matter constant {\) expansion!!
Evolution of Power-law Exponential InPnite value in
Scale Factor guintessence expansion a pnite time!!
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Z1o (" + 3p) So, writing p=wW, accelerating expansion
a P} means p<-/3 or
‘ w<-1/3 ‘
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& Cosmic Acceleration
o

Z1o (" + 3p) So, writing p=wW, accelerating expansion
a P} heans p<:/3 or
‘ w<-1/3 ‘

Conley et al. 2011
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So, writing p=W, accelerating expansion
means p<-/3 or

(" + 3p)

& Cosmic Acceleration
a'l
a

‘ w<-1/3 ‘

Conley et al. 2011 Sanchez et al. 2012
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& The Cosmological Constant

¥Vacuum is full of virtual particles carrying energy.
¥ Should lead to a constant vacuum energy. How big# -

Remember Einstein? How do these quantum Buctuations
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Remember Einstein? How do these quantum Buctuations
affect the universe?

They have exactly the right properties to make the
universe accelerate (w=-1) and hence could be the
dark energy Iif they are of the right magnitude!

Given current understanding of particle physics expec
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& The Cosmological Constant

¥Vacuum is full of virtual particles carrying energy.
¥ Should lead to a constant vacuum energy. How big# -

Remember Einstein? How do these quantum Buctuations
affect the universe?

They have exactly the right properties to make the
universe accelerate (w=-1) and hence could be the
dark energy Iif they are of the right magnitude!

Given current understanding of particle physics expec
size of these to be at lead¥’too large!
(OK, we know, not something to brag about)
[Connection to SUSY though - c.f. RamanOs talk]
This describes aosmological constaftceleration could be due t
this; but if so, how to understand its absurd value?
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& The Landscape & the Multiver:

At this stage, fair to say we are almost completely stuck! - No known
dynamical mechanism, and a no-go theorem (Weinberg) to be overcome.

Anthropics provide a logical possibility to explain this, and the string
landscape, with eternal inf3ation, may provide a way to realize it.

[Bousso, Freivogel, Leichenauer, ...;Vilenkin, Guth, Linde, Salem, ...]
An important step is understanding how to
compute probabilities in such a spacetime

No currently accepted answer, but quite a bit ¢
serious work going on.

Too early to know if can make sense of this.

It a dynamical understanding of a small CC ISnage: SLim FILMS. Looking for Life in
found, it would be hard to accept this. the Multiverse A. Jenkin& G. Perez

ScientiPc American, December 2009]

If DE is time or space dependent, would be hard to explain this way.
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Basically every cosmologist you can think of ... and most particle theorists as v

Maybe thereOs some principle that sets vacuum energy to
zero.Then dark energy might be like low-scale inf3ation today.

Use scalar Pelds to source EinsteinOs equafuintessence

V(%) Difference: no minimum or reheating
1
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® 1 1
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R Dynamical Dark Energy

[Ratra, Peebles;Wetterich; Caldwell, Dave, Steinhardt; Freiman, Hill, Stebbins,Waga; Armendariz-Picon, Mukhanov; ...
Basically every cosmologist you can think of ... and most particle theorists as v

Maybe thereOs some principle that sets vacuum energy to
zero.Then dark energy might be like low-scale inf3ation today.

Use scalar Pelds to source EinsteinOs equafuintessence

V(%) Difference: no minimum or reheating

L= (3,00~ V()

° o= e V()
¢ 22
¢+3H$+ WV _o
dp
2V (9) — ¢
Small slope pgy = V() ~ constant W= — [ 40 ¢2]
2V(9)+¢
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& Issues and Advantages

¥Such an idea requires its own extreme Pne tuning to keep the potential
[3at and mass scale ridiculously low - challenge of technical naturalness

¥Can be tackled if beld respects an approximate global symmetry
(e.g. a pseudo-Goldstone boson) [Frieman, Hill, Stebbins, Waga]

¥But then there are other fascinating constraints - e.g. such a beld can
derivative couplings to the SM, and a slowly varying Peld leads to rotati
of polarized radio light from distant galaxieg 4o

¥On the other hand, some models, including those with exotic kinetic
structure (k-essence), have the possibility of addressing the coincidenc
problem, and so there are advantages.
[Armendariz-Picon, Mukhanov, Steinhardt; Caldwell. ...
¥At present there are no compelling models, although some success in
embedding some of the above ideas within string theory.
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& Are we Being Fooled by Gravity?

(Carroll, De Felice & M.TRhys.Rdv71: 023525 (2005) [astro-ph/0408081])

We donOteallymeasure w - we infer it from the Hubble

lot via .
p W — 1 1 1_|_%i
et T qQ, 3 H2
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& Are we Being Fooled by Gravity?

(Carroll, De Felice & M.TRhys.Rdv71: 023525 (2005) [astro-ph/0408081])

We donOteallymeasure w - we infer it from the Hubble

lot via .
p W — 1 1 1_|_%i
et T qQ, 3 H2

Maybe, If gravity iIs modiPed, can infer value not directly
related to energy sources (or perhaps without them!)

One example - Brans-Dicke theories
o= [[a'x /=5 |0k~ 2 0,000 -2V ()| + [ @y aLn(wi)

%>40000 (Signal timing measurements from Cassini)

We showed that (with difPculty) can measure w<-1,
even though no energy conditions are violated.
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K A Cautionary Tale

A related tale played out over 50 years over a century ag:

Annales de I’ Observatoire Impérial de Paris. FPublides par U,
J. Leverrier, Directeur de I'Observatoire, tom. v. 4to, Paris,

1850,

This volume contains the theory and tables of Mereury by
M. Leverrier; the discrepancy as regards the secular motion of
the perilhelion which is found to exist between theory and ob-
servation, led, as is well known, to the suggestion by M. Le-
verrier of the existence of a planet or group of small planets
interior to Mercury., The volume contains also & memoir by
M. Foucanlt, on the # Construetion of Telescopes with Silvered

Mercury
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& A Cautionary Tale

A related tale played out over 50 years over a century ag:

Annales de I’ Observatoire Impérial de Paris. FPublides par U,
J. Leverrier, Directeur de I'Observatoire, tom. v. 4to, Paris,

1359.

. Levarrwr, tha ﬂmnrepmw]r a3 regn.rdﬂ tha Elnmlla.r mutmn uf'
the perilhelion which is found to exist between theory and ob-
Bf.rva.uau, led, as is well known, to the suggestion by B. Le-

verrier of the existence of a planet or group of small planets
Mercury. Th-e- volume contains al by

O[General Relativity] explains ... quantitatively
.. the secular rotation of the orbit of Mercury,
discovered by Le Verrier, ... without the need

Mercury : I
Y of any special hypothesis.Q sPAw, Nov 18, 1915
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& A Cautionary Tale

A related tale played out over 50 years over a century ag:

Annales de I’ Observatoire Impérial de Paris. FPublides par U,
J. Leverrier, Directeur de I'Observatoire, tom. v. 4to, Paris,

1359

. Levarrwr, tha ﬂmnrepmw]r a3 regn.rdﬂ tha Elnmlla.r mutmn uf'
the perilhelion which is found to exist between theory and ob-
servation, led, as is well known, to the suggestion by M. Le-
verrier of the existence of & planet or group of small planets
Mercur by

. Th-e- volume contains al

‘[General Relativity] explains ... quantitatively
... the secular rotation of the orbit of Mercury,
discovered by Le Verrier, ... without the need

Mercury ) Vo
4 of any special hypothesis.”, SPAW, Nov 18, 1915

Could a similar story be unfolding today, with cosmic acceleratiof
canary in the mine, warning of the breakdown of gravity?
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& Modifying Gravity
A crucial brst question (for particle theorists) is: what

degrees of freedom does the metifiy  contain in geners
(Decompose as irreducible repns. of the PoincarZ group.)

Su!
Scalar pelds:
spin O particles

The graviton:
a spin 2 particle

Ay

|
hMV A vector beld: -
WeOre familiar a spin 1 particle
with this. These are less familiar.
Mark Trodden, University of Pennsylvania ICHEP 201
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& Modifying Gravity

A crucial brst question (for particle theorists) is: what
degrees of freedom does the meti@r  contain In genere

(Decompose as irreducible repns. of the PoincarZ group.)

Su!
l Scalar belds:

The graviton:

a spin 2 particle spin O particles

Ay

hMV A vector beld: |
WeOre familiar a spin 1 particle
with this. These are less familiar.

Almost any other action will free some of them up

Mark Trodden, University of Pennsylvania ICHEP 201
DR k-ERer ot PSSR AHOON = Melbourne, Australia, 11 July 2C
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R Issues with new d.o.f.

¥GR is very well tested in the solar system.
The new Pelds can change the paths of lig
¥Some of the best tests from Shapiro time M
delay from the Cassini spacecratft '

Another problem is that they can lead to
iInstablilities because they are ghost-like
(have the wrong sign kinetic terms.)

If we were to take these seriously,

theyOd have negative energy!!
¥Ordinary particles could decay .
into heavier particles plus ghosts - - - - - - -
(Carroll, Hoffman & M.TPhys.ReD68: 023509 (2003) [astro-ph/0301273]) .

¥Vacuum could fragment ‘o
(Cline, Jeon & Moore. (2004)) N N
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¥As a result, successful models exhibit one of several Oscreening
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are rendered irrelevant in the UV, and only become free at large distanc
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¥Two general remarks about attempts to modify gravity (apply also to
some extent to quintessence models)

¥Effective beld theory suggests a theory breaks down in the UV (this we
true with the perihelion of Mercury example. Here we would be
requiring a breakdown in the IR.

¥New forces (scalar, for example) of gravitational strength, are extremely
tightly constrained by Solar System (and other) tests of gravity.

¥As a result, successful models exhibit one of several Oscreening
mechanismsO. Through these, the dynamics of the new degrees of free
are rendered irrelevant in the UV, and only become free at large distanc
(or in regions of low density, more precisely).

¥Chameleon & Vainshtein.

¥Should OresumO the theory about the relevant background, and the EF
excitations around a nontrivial background is not the naive one.
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& General Comment - Screenin

¥Two general remarks about attempts to modify gravity (apply also to
some extent to quintessence models)

¥Effective beld theory suggests a theory breaks down in the UV (this we
true with the perihelion of Mercury example. Here we would be
requiring a breakdown in the IR.

¥New forces (scalar, for example) of gravitational strength, are extremely
tightly constrained by Solar System (and other) tests of gravity.

¥As a result, successful models exhibit one of several Oscreening
mechanismsO. Through these, the dynamics of the new degrees of free
are rendered irrelevant in the UV, and only become free at large distanc
(or in regions of low density, more precisely).

¥Chameleon & Vainshtein.

¥Should OresumO the theory about the relevant background, and the EF
excitations around a nontrivial background is not the naive one.

¥Also protects against local tests of gravity.

Mark Trodden, University of Pennsylvania ICHEP 201
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L — I 3('" )2 I i I|| )2' 11} + 1 ||T
Mp)
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R e.g.The Vainshtein Effect

Consider, for example, the ODGP cubic termO, coupled to matter
1 1

L — I 3('" )2 I - Ill )2! 1 + IIT
Mp)
Now look at spherical solutions around a point mass
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& e.g.The Vainshtein Effect

Consider, for example, the ODGP cubic termO, coupled to matter

L — I 3('" )2' i III )2' 1 + 1 IIT
Mbp)
Now look at spherical solutions around a point mass
(1 ~ ARY?F + const. r < Ry
T —
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& e.g.The Vainshtein Effect

Consider, for example, the ODGP cubic termO, coupled to matter

L — I 3('" )2' i III )2' 1 + 1 IIT
Mbp)
Now look at spherical solutions around a point mass
1/3
M= "~ A3RY/2\F + const. r < Ry oL ( M ) /

1 = Vv=7x\|77

~ ARy L r >Ry A\ Mp
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& e.g.The Vainshtein Effect

Consider, for example, the ODGP cubic termO, coupled to matter

1 1
L — I 3 |II 2 I Ill 2' 1 + 1 T
(") R Vi
Now look at spherical solutions around a point mass
~ A3R:€/2\/F+ const. r < Ry 1/ M 1/3
m(r) = Ry =—|-—
~ ARy L r >Ry A\ Mp

Looking at a test particle, strength of this force, compared to gravity, is then
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& e.g.The Vainshtein Effect

Consider, for example, the ODGP cubic termO, coupled to matter

L =13(")%! i 1" )21+ i"T
Mp)
Now look at spherical solutions around a point mass
(r) = ~A3R?‘>//2\/F+ const. r < Ry Ry = 1 <£>1/3
~ ARy L r >Ry A\ Mp
Looking at a test particle, strength of this force, compared to gravity, is then
R _ V() /Mer _ " | :DF{—V/%/Q R" Ry
FNewton ~ M/(Mg,r?) # 4 R# Ry
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& e.g.The Vainshtein Effect

Consider, for example, the ODGP cubic termO, coupled to matter

L — I 3('" )2' 1 Ill )2' 1 + 1 IIT
Mbp)
Now look at spherical solutions around a point mass
= A3R:€/2\/F+ const. r<Ry  , _1 ( M )1/3
1 = V=7%\| 35,
~ ARy L r >Ry A\ Mp
Looking at a test particle, strength of this force, compared to gravity, is then
" P 782
R _ V(n)/Mer _ 1 = R" Ry
FNewton ~ M/(Mgr%)  #, 4 R# Ry

So forces much smaller than gravitational strength within the Vainshtein
radius - hence safe from 5th force tests.
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(Carroll, Duvvuri, M.T. & TurnePhys.Reb70: 043528 (2004) [astro-ph/0306438])

Can modify the Einstein-Hilbert action
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&  Example Model: f(R) Gravity

(Carroll, Duvvuri, M.T. & TurnePhys.Reb70: 043528 (2004) [astro-ph/0306438])

Can modify the Einstein-Hilbert action

Mi (o, P -
SZT/dX "8f(R)—|—/dx "ng

The action is for the experts, but the physics is in the new d.o.
This frees up precisely one of those new degrees of freedom \
talked about!

V(&1 Potential determined by the
function f(R). Opens up the
possibility of cosmologically

— Interesting evolution.

> 9
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There exists an intriguing class of actions that yield late-time
cosmic acceleration!

In fact: 4th order nature provides enough freedom to reproduce an
cosmological evolution by appropriate choice of function f(R)

We bx the expansion history

H? .. 4 P
o = Q..a 3—|—Qra 4—|—p 1/

H{ Pe

and solve the Friedmann eq. as a second order differential
equation for f(R)
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& A Fascinating Possibility

There exists an intriguing class of actions that yield late-time
cosmic acceleration!

In fact: 4th order nature provides enough freedom to reproduce an
cosmological evolution by appropriate choice of function f(R)

We bx the expansion history

H? .. 4 P
o = Q..a 3—|—Qra 4—|—p 1/

H{ Pe

and solve the Friedmann eq. as a second order differential
equation for f(R)

Thus, we can Pnd a family of f(R) for eac
expansion history!

BUT : Disastrous disagreement with solar system constraints
unless chameleon mechanism works - strongly restricts mode
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& Truly Modifying Gravity

It would be very interesting to directly modify the dynamic:
of the graviton itself. This might help the cosmic accelerati

guestion In two ways
¥May exist new self-accelerating solution
¥May be able to OdegravitateO cosmological constar
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of the graviton itself. This might help the cosmic accelerati

guestion in two ways
¥May exist new self-accelerating solution
¥May be able to OdegravitateO cosmological constar

INGG,,, =1, >8I G(! )G, =T,

Long-wavelength modes (CC?) do not gravitate.

[Dvali, Hofmann & Khoury]
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& Truly Modifying Gravity

It would be very interesting to directly modify the dynamic:
of the graviton itself. This might help the cosmic accelerati

guestion in two ways
¥May exist new self-accelerating solution
¥May be able to OdegravitateO cosmological constar

INGG,,, =1, >8I G(! )G, =T,

Long-wavelength modes (CC?) do not gravitate.

[Dvali, Hofmann & Khoury]
/////// =
-
s

O Bulk graviton

SM ﬁeV _
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& Truly Modifying Gravity

It would be very interesting to directly modify the dynamic:
of the graviton itself. This might help the cosmic accelerati

guestion in two ways
¥May exist new self-accelerating solution
¥May be able to OdegravitateO cosmological constar

SHGG'LW = 1y > 3] G(I )G,uy — T,LLV

Long-wavelength modes (CC?) do not gravitate.

[Dvali, Hofmann & Khoury]

/ - Old example: DGP model. - Can get some
7 Bulk graviton degravitation, and some acceleration. But
O comes with some problems
[Dvali, Gabadadze & Porrati]
P ﬁeV ) S = gig / Pav =G RO 1 Mi / d*zv/—g R

ICHEP 201
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& Massive gravity

Very recent concrete suggestion - consider massive gravit
¥Fierz and Pauli showed how to write down a
linearized version of this, but...
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¥Fierz and Pauli showed how to write down a
linearized version of this, but...! m2(h2 " huyhuu)

¥... thought all nonlinear completions exhibited the
OBoulware-Deser ghostO.

Within last two years a counterexample has been found.
This is a very new, and potentially exciting development!

[de Rham, Gabadadze,Tolley (2011]

Mark Trodden, University of Pennsylvania ICHEP 201
Dark Energy and Cosmology Melbourne, Australia, 11 July 2(



& Massive gravity

Very recent concrete suggestion - consider massive gravit
¥Fierz and Pauli showed how to write down a
linearized version of this, but...! m2(h2 "y, hHY)

¥... thought all nonlinear completions exhibited the
OBoulware-Deser ghostO.

Within last two years a counterexample has been found.
This is a very new, and potentially exciting development!

[de Rham, Gabadadze,Tolley (2011]

L=M23y/—0g(R +2m°U(g,f)) + L,
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& Massive gravity

Very recent concrete suggestion - consider massive gravit
¥Fierz and Pauli showed how to write down a
linearized version of this, but...! m2(h2 "y, hHY)

¥... thought all nonlinear completions exhibited the
OBoulware-Deser ghostO.

Within last two years a counterexample has been found.
This is a very new, and potentially exciting development!

[de Rham, Gabadadze,Tolley (2011]

L=M23y/—0g(R +2m°U(g,f)) + L,

Now proven to be ghost free, and investigations of the
resulting cosmology - acceleration, degravitation, ... are
underway, both as a gravity theory and as . & Rosenotd
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& ... Galileons

In a limit yields novel and fascinating 4d EFT that many of
have been studying. Symmetry(z) — ! (z) + c+ b,x*
Relevant Peld referred to as tl{ealileon

(Nicolis, Rattazzi, & Trincherini 2009
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7N ... Gallleons

In a limit yields novel and fascinating 4d EFT that many of
have been studying. Symmetry(z) — ! (z) + c+ b,x*
Relevant beld referred to as ti{galileon

(Nicolis, Rattazzi, & Trincherini 2009
Lo=(1")* L3=(0n)*0r

L1 = npttithzizrmlinin (8H17Ta! 17T8H28! o T 8“?18! nﬂ-)

,Cl:!
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7N ... Gallleons

In a limit yields novel and fascinating 4d EFT that many of
have been studying. Symmetry(z) — ! (z) + c+ b,x*
Relevant beld referred to as ti{galileon

(Nicolis, Rattazzi, & Trincherini 2009

Li=1  Lo=(")* L3=(0n)*Or
Lns1 = nn“l! 127 2"Hntn ((‘9u17r8! 17'('(9“2(9! T (9un(9! nﬂ')
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K In a Little More Detall

Generic differences between dark energy & modibPed gra
Write perturbed FRW metric as

ds* = —(1+2W)dt* + a(t)*(1 — 2®)(dr? + r2dQ?)

Assuming weOve achieved the correct cosmic expansion
history then:
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V20 = 471G p,na°d V20 # 471G p,na°d

[Lue, Scoccimarro & Starkman (2004); Bertschinger (2006); Bean, Bernat, Pogosian, Silvestri & MT (2006); Hu & Sa
(2007); Jain & Zhang (2007); Zhang, Liguori, Bean, & Dodelson (2007,8); Reyes et al. (2010)]
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(GR: &=0.4. Data: E=0.39+-0.96). Expect a lot more of this from
DES, LSST, ...
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Clearly, there is room for contributions to this Peld from many
different aspects of the experimental and observational program.
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Thank You!
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Thus, if we canonically normalize the kinetic term of the perturbations, we
raise the effective strong coupling scale, and, more importantly, heavily
suppress the coupling to matter!
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