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Overview

DARK ENERGY AND MODIFIED GRAVITY

Ruth Durrer’ and Roy Mm\n(ns-
" Départment de Physique Théorique, Université de Genéue, 1211 Geny
institute of Commology & Gravstation, University of Portsmonth, Portsmouth PO1 ,m ik

Explanations of the late-time cosmic acceleration within the framework of general relativity are
plagued by diffculties. General relativistic models are mostly based on & dark energy field with
fine-tuned, wnnatural propertics. There is a great variety of models, but all share one feature in
commmon - an inability 10 account fo tho gravitational propertios of he vacunum energy, and  felure
o solve the so-called coincidence problem. Two broad alternatives to dark energy have emerged as
candidate models: these typically address only the coincidence problem and not the vacuum energy
problem. The first is based on general relativity and attempts to describe the acceleration as an
effect of inhomogeneity in the universe. If this alternative could be shown to work, then it would

- provide a dramatic resolution of the coincidence problem; however, a convincing demonstration of

o I ntro d uction viability has not vet emerged. The sccond alternative is based on infra-red modifications to general
relativity, leading to a weakening of gravity on the largest scales and thus to acccleration. Most

examples investigated so far are scalar-tensor or brane-world models, and we focus on the simplest

candidates of cach type: f(R) models and DGP models respectively. Both of these provide a new

angle on the problem, but they also face serious difficulties. However, investigation of these models

does lead to valuable insights into the properties of gravity and structure formation, and it also

e Fundamental theories lends to new sirategies for tosing the valicity of Genral Relativity ftelf on conmological scales

Cuscuton Cosmology: Dark Energy meets Modified Gravity

© Cuscuton and cosmology
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In a companion paper (1] we have introduced a model of scalar field dark energy, Cuscuton, which
can be realized as the incompressible (or infi speed of sound) limit of a k-essence fluid. In this
paper, we study how Cuscuton modiics the constraimt sector of Einstcl graviy. In pasticula, we
study Cuscuton cosmology and show that, even though Cuscuton can have an arbitrary equation

e S umma ry of state, or time dependence, and is thus inhomogencous, its perturbations do not introduce any
additonal dynanial degre of o ad nly sty ' consraat cquation, amoutin (0 an
effective modification of gravity on large scales. Therefore, Cuscuton can be

minimal theory of evolving dark energy, or & minimal modification of a cosm
as it has no internal dynamics. Morcover, this is the only modification of Einstein gravity to
our knowledge, that docs not introduce any additional degrecs freedom (and is not conformally
cquivalent to the Einstein gravity). We then study two simple Cuscuton models. with quadratic and
expanenial patentials, Tho quadratic odl hae the exct sune expanson Hisiory 08 ACDM, aad
yet contains an early dark energy component with constant eners n, which is constrained to
Qg £ 2%, mainly Goeie Micrawave Background (CMB) and SDSS Lymai-ar forest
observations, xponential model has the same expansion history as the DGP sclf-accelerating
Rranaminld 54008l D Eoiorois e sl opegeated Encha ol (1) ek, onl s DIt
consistent with the CMB observations. Finally, we show that the evolution is local on super-horizon
implying that there is no gross violation of causality, despite Cuscuton’s infinite speed of
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The need for dark energy

Why A

o CMB power spectrum

o Flat universe is clearly favoured

i ? .
— What is the rest @ A cosmological constant

@ A dynamical scalar field
(quintessence, k-essence)

@ Modified gravity
(TeVeS, f(R), DGP, ...)

@ Abandonment of FRW
(Bubbles, voids,
back-reaction...)
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A dark overview
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Figure: Stolen from R. Durrer, she stole it from de Rham & Tolley (2008)
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Fundamental physical theories

How do we want them to be?
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Fundamental physical theories

How do we want them to be?

@ Allows for a mathematical description (Welcome to Physics)
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Fundamental physical theories

How do we want them to be?

@ Allows for a mathematical description (Welcome to Physics)

@ Lagrangian formulation
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Fundamental physical theories

How do we want them to be?

@ Allows for a mathematical description (Welcome to Physics)
@ Lagrangian formulation

@ Lorentz invariance
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Fundamental physical theories

How do we want them to be?

@ Allows for a mathematical description (Welcome to Physics)
@ Lagrangian formulation
@ Lorentz invariance

@ No ghosts
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Fundamental physical theories

How do we want them to be?

@ Allows for a mathematical description (Welcome to Physics)

Lagrangian formulation

Lorentz invariance

No ghosts

No tachyons
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Fundamental physical theories

How do we want them to be?

@ Allows for a mathematical description (Welcome to Physics)

Lagrangian formulation

Lorentz invariance

No ghosts

No tachyons

Non-superluminal motion and causality
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Some examples

Electrodynamics (spin 1)

Scalar fields (spin 0) 1_,,
L= _ZF“ Fu + JHA,

1
= 2900, 0 + V(p
L= 28 POuY () QED (spin 1/2 and spin 1)

1 =
L= F"Fu + iV

QCD (spin 1/2 and spin 1) WV 4 T UA,
L=iVyP;Vy —mW,V,
1 General relativity (spin 2
— ZTR(F™F,,) y (spin 2)

. 1

25 167rGR €
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Different possibilities

After having constructed a "well-behaving” Lagrangian, one can construct:

@ Variational principle delivers

EOM's
@ Very elegant formalism

@ No particle creation

@ Examples: Maxwell's theory,

general relativity

@ Canonical quantisation or
path-integral formalism
delivers Feynman rules for
the theory

@ Mathematically difficult
@ Allows particle creation
(infinite degrees of freedom)

@ Examples: The standard
model, BCS theory

Full theory - straight line = quantum corrections

Julian Merten (ZAH/ITA)
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Different possibilities

After having constructed a "well-behaving” Lagrangian, one can construct:

e xor
«OOe o(ye

AL,
oo LGP
G vt
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Dark energy and scalar fields
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Dark energy and scalar fields

o Low energy effective field theories (QC protection)
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Dark energy and scalar fields

o Low energy effective field theories (QC protection)
@ Described by Lagrangian:

1
L, =F(¢,X)— V() where X= —§g’“’6#<p&,<p
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Dark energy and scalar fields

o Low energy effective field theories (QC protection)
@ Described by Lagrangian:

1
L, =F(¢,X)— V() where X= —§g’“’6#<p&,<p

o Field fluctuation propagate with the sound speed :

2 - Fx
* Fx+2XFxx
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Dark energy and scalar fields

o Low energy effective field theories (QC protection)
@ Described by Lagrangian:

1
L, =F(¢,X)— V() where X= —§g’“’6#<p&,<p

o Field fluctuation propagate with the sound speed :
2 - Fx
° F,X + 2XF,XX

@ Quintessence, standard Lagrangian:

F(o,X)=X with ¢

S

=1
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Dark energy and scalar fields

o Low energy effective field theories (QC protection)
@ Described by Lagrangian:

1
L, =F(¢,X)— V() where X= —§g’“’6#<p&,<p

o Field fluctuation propagate with the sound speed :
2 - Fx
° F,X + 2XF,XX

@ Quintessence, standard Lagrangian:

F(o,X)=X with ¢

S

=1
@ k-essence with non-standard kinetic term:
e.g. F(p,X) = ¢ 2f(X) with an epoch during which ¢? > 1

S
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Dark energy and scalar fields

Low energy effective field theories (QC protection)
Described by Lagrangian:

1
L, =F(¢,X)— V() where X= —§g’“’6#<p&,<p

Field fluctuation propagate with the sound speed :
2 - Fx
° F,X + 2XF,XX
Quintessence, standard Lagrangian:

F(o,X)=X with ¢

S

=1

k-essence with non-standard kinetic term:

e.g. F(p,X) = ¢ 2f(X) with an epoch during which ¢? > 1

S

o These theories are meant to solve the coincidence problem but allow
for superluminal motion and therefor violate causality
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Defining an action
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Defining an action

@ One starts with a general k-essence Lagrangian

5= [ v | 3Fixe) - viv)]
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Defining an action

@ One starts with a general k-essence Lagrangian
1
Sp = /d4Xv —8 [ZF(X»SD) - V(SO)]

@ In the homogeneous limit F(X, p(x)) — F($?, ¢(t))
we want the field to lose its dynamics (kinetic term can be written as
total derivative with ¢ # 0)

5(20m0g~ — _/d4X \/% V(SO)
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Defining an action

@ One starts with a general k-essence Lagrangian
1
Sp = /d4Xv —8 [ZF(X»SD) - V(SO)]

@ In the homogeneous limit F(X, p(x)) — F($?, ¢(t))
we want the field to lose its dynamics (kinetic term can be written as

total derivative with ¢ # 0)
homog. __ 4
S8 ——/dx\/—g V(p)

@ When coupled to another field we have not added an additional
dynamical degree of freedom, but obtain only a constraint equation

Sx = / d*x [Ly(x. ) — V(#)]

oV Lo(x,p)
= a¢+ Pe =0
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Cuscuton action

(Obviously)

S, = / d*xv/—g [uzx/lg“”auso@wp\ - V(sO)]

does the job.

Properties (Afshordi, Chung and Geshnizjani 2006):
0 cs =00 |
@ Still, the Cuscuton field is causal.
(phase space volume of linear perturbations vanishes in the
homogeneous limit)

@ Hypersurfaces of constant ¢ have constant mean curvature
(spacetime soap bubbles)

@ Cuscuton field is protected against quantum corrections at low
energies.
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@ Cuscuta, dodder

@ German: Seide, Teufelszwirn
oder Kletterhur

@ 100-170 species of parasitic
plants

@ wraps around host and connects m

to vascular system

@ roots only exist in seed-phase
but die when host is found
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Why Cuscuton?
More "natural” than quintessence:
Minimal model for evolving dark energy
@ No additional, dynamical degree of freedom

@ Just adds a constraint-equation, but still affects other fields
= Might be observable

Could provide a viable low energy effective theory

@ The cosmological constant for example is protected very bad against
quantum corrections
= fine-tuning problem

@ Also many quintessence models suffer under this problem
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Cuscuton cosmology

@ Constraints

e Homogeneous Universe
e Inhomogeneous Universe

© A quadratic potential
(~ ACDM)

© An exponential potential
(~ DGP) Figure: Stolen from N. Afshordi
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Expansion history

We will use the reduced Planck mass M, = (87G) 1/
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Expansion history

We will use the reduced Planck mass M, = (87G) 1/

@ Starting with a FRW metric and an homogeneous field configuration
ds? = dt? — a(t)?dx'dx’" and = ¢(t),

the Cuscuton action becomes

N ECIGEROR
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Expansion history

We will use the reduced Planck mass M, = (87G) 1/

@ Starting with a FRW metric and an homogeneous field configuration
ds? = dt? — a(t)?dx'dx’" and = ¢(t),
the Cuscuton action becomes
N ECIGEROR
@ Varying this with respect to ¢ gives the field equation

(3u°H) sgn(¢) + V() =0
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Expansion history

We will use the reduced Planck mass M, = (87G) 1/

@ Starting with a FRW metric and an homogeneous field configuration
ds? = dt? — a(t)?dx'dx’" and = ¢(t),
the Cuscuton action becomes
N ECIGEROR
@ Varying this with respect to ¢ gives the field equation
(3u°H) sgn(¢) + V() =0

o Remember the ° Einstein equation in an homogeneous fluid

H2 _ Ptot
3M2
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What about p?
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What about p?

@ Most general form of the energy momentum tensor for scalar fields a
0L(x)

I CRER %)

9" pa(x) + " L(x)
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What about p?

@ Most general form of the energy momentum tensor for scalar fields a

0L(x)
TH = —o=——50"pa(x) + g""L(x)
0(9upalx))”
@ Fortunately we look at an homogeneous universe and only at the

Oocomponent of a single field

p=§<‘c’;f)2+ V(p) .

Julian Merten (ZAH/ITA) Cuscuton DE December 4°



What about p?

@ Most general form of the energy momentum tensor for scalar fields a

0L(x)
TH = —o=——50"pa(x) + g""L(x)
0(9upalx))”
@ Fortunately we look at an homogeneous universe and only at the

Oocomponent of a single field

p=§<‘c’;f)2+ V(p) .

@ And remember how Cuscuton was constructed

p=V(p)
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What about p?

@ Most general form of the energy momentum tensor for scalar fields a

0L(x)
TH = —o=——50"pa(x) + g""L(x)
0(9upalx))”
@ Fortunately we look at an homogeneous universe and only at the

Oocomponent of a single field

p=§<‘c’;f)2+ V(p) .

@ And remember how Cuscuton was constructed

p=V(p)

o This gives us
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Constraints on the potential

Now we can put constraints
through ppm:

o Weak energy condition: p,, >0

M? )
V(p) < <”> V™ ()

3ut
@ Null energy condition:
Pm + pm >0
12 4
VH((P) _ ld\/ (¢) 3p
2 dV(y) 2M2

December 4°

Cuscuton DE
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Scalar metric perturbations

We now look at a linearly perturbed FRW metric in the presence of dust

@ The field equation becomes:
3p(® 4+ H®) + a2V20¢p — 2| V" ()dp =0
giving for the field perturbations in Fourier space:

3p(d + HO)
b=
T

@ For the metric perturbations you find the Poisson equation:

k2 9H(2H + 3H?*Q,,) | /.
<2> o |31 4 2H2H 1 3H ) (d> + ch) +(2M2) " 5pm =0
a k2

2 (%5 - 3H)

@ Jy drops out and Cuscuton acts as a modification of gravity
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Another thing on modified gravity

Using the homogeneous field equations, we find:
1
H?> = —— {pm+ V[V (3uPH
gl + VIV,

where V/~1 is the inverse function of V.

This again shows, that Cuscuton can be interpreted as a modification of
gravity.
Look at a quadratic potential:

V = 1 2 2

Inserting this, we obtain again a Friedmann equation with a modified
Planck mass: .
3p
2 2
Mo = Mo~ 5
In contrast to other models, we have not introduced an additional degree
of freedom.
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CMB anisotropies

In addition to the change to the matter power spectrum, we have an
induced CMB anisotropy due to the Fourier mode ®y:

O = /0 " dn g(n)(©o + di) Jilk(no — ]+
L™y v g(n);7 k(o — m)l+

"o b o
2 dn —K e~ [ k(na —
/0 " o © Jilk(no —n)]

The ISW contribution to the CMB anisotropies can be computed
perturbatively:

9®(1) x t(n)\ 2 /t(”) e e a5 ;
—=a; | — dat' | — Sk (t N L 3
By %) . % k(') s = {3‘ + o ey

9 % o\ 4k, 4
V.V (V)sete
t 2 2t %Jrr-’_.
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A quadratic potential |

1
V(p) = Vo + §m2<,02

@ V4 is nothing else but a cosmological constant, but for the quadratic
term we have:

%m2¢2 B 3lu4

Q = =
? Ptot 2I\/I§m2

= const.

@ This kind of tracking behaviour is identical to quintessence (EDE).

@ Since the number of rel. neutrinos during radiation domination also
does not change H(z) there is a degeneracy.
= QQ 5 10%

@ Large scale structure and CMB are putting much tighter constraints:
= Q@ < 1.6% (best constraint on EDE to the authors’ knowledge)
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A quadratic potential I

105 E T TTTIT T TTTTTT T TTTTIT TT T TTITT T TTTTTT J:glllllll =

104 — 6000 |- -

2 5 [ ] ]
S 1000 = I ]
8 - % 4000 - -
2 100 = [ g 4s ]
= - = i 1
T 10F ¥ 2000 [ j -
L E i ]

E 1 |||||||| ||||||||| ||||||||| 11 Coiinn 1 |||||||I 1 ||||||||
0.001 001 0.1 1 10 100 1000
k(h/Mpe) 1

Figure: Qo= 0, 0.05, 0.1; solid, dotted, dashed
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An exponential potential |

V(o) = Voo |- (“Mg) ¢l

@ Substituting into the homogeneous equations yields:

1 1 Pm
H=_— — + —
2rc + 4r2  3M3
which is exactly the DGP expansion history.

@ As a result it is not possible to distinguish exponential Cuscuton from
DGP with geometrical tests.

@ Distinction is possible through e.g. ISW

Julian Merten (ZAH/ITA) Cuscuton DE December 4°



An exponential potential Il

104 E| T T | T T T1 | T T T 1 | T T T |E
™ B ]
C\\]/ L -
> u
&

3 1000 £
153 -
¥ [
s ’
100 1 1 | 111 | | I | | |
5 10 15 20
1
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@ Successful theories seem to and should have a common foundation
and justification.

@ Cuscuton DE is a minimal extension to a cosmological constant.

© The effect of the Cuscuton field can be tested with cosmological
experiments.

@ Cuscuton blurs the line between dark energy and modified gravity
models. (argument stolen from N. Afshordi)

© A quadratic potential mimics the tracking behaviour of quintessence
models.

@ An exponential potential gives the expansion history of DGP, but a
distinction is possible. B
H

O
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