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Abstract: <span>Recently there has been a successful non-linear covariant ghost-free generalization of Fierz-Pauli massive gravity theory, the dRGT
theory. | will explore the cosmology in the decoupling limit of this theory. Furthermore, | will construct a Proxy theory to dRGT from the
decoupling limit and study the cosmology there as well and compare the results. Finally, | will discuss the gquantum consistency of the
theory.</span>
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What is Dark Energy?

e Cosmological Constant
(Why is it so small?)
— cosmological constant
problem?

\
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IR Modification of GR

Motivations for IR Modification of GR

e a very nice alternative to the Cosmological Constant or dark
energy for explaining the recent acceleration of the Hubble
expansion

e a way of attacking the Cosmological Constant problem
(fine-tuning problem)
Aphys = Apare + AA ~ (1073eV)* with AA ~ TeV*

e it is only fair to have an alternative model to which we can
compare GR and test both theories against each other

e |earn more about GR by modifying it!

e fun!

LavinidyHeisenberg
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Dark Gravity

aybe not medifying that much! only close to the horizon scale
1Gpc/h) , corresponding to modifying gravity today.

LavinidgHeisenberg
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New degrees of freedom (dof) in the infra-red (IR)
Modifying gravity in the IR typically requires new dof
usually: scalar field

L=—32,(86m)*— im,*(0m)* — g-0nT
where these quantities Z,, m., g, depend on the field.

Density dependent mass Density dependent coupling

e Chameleon e Vainshtein(1971) .

m, depends on the Z, depends on the
environment environment

(Khoury, Weltman 2004) e Symmetron

g depends on the
environment
\ (Hinterbichler, Khoury 2010)
LaviniagHeisenberg
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Vainshtein mechanism (massive gravity, Galileons)

L = —52.(86m)* — gr67T

Screening with

o effective coupling to matter depends on the self-interactions of
these new dof

1 én

— couplinpg small for properly canonically normalized field!
(Z> 1 — coupling small)

e non-linearities dominate within Vainshtein radius

LavinialHeisenberg
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Chameleon mechanism (f(R) theories)

important ingredients: a conformal coupling between the
scalar and the matter fields g, = gWA2(7r), and a potential for
the scalar field V () which includes relevant self-interaction
terms. .

8 = [ d'oy=g ("R - 5(0r)> — V(1)) + Smatter 9,0 A%(m)
The equation of motion for 7:

Vi =V, —A3(n)A T =V, +pA,
where T ~ p/A3(r)

giving rise

to an effective potential
Vetf(m) = V(m) + pA(m)

LavinidgHeisenberg
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Symmetron mechanism

important ingredients:
4 M} 1 2 2
S = fd x\/—_g (—;—R — 5(871‘) - V(ﬂ')) + Smatter[guuA (ﬂ')]
with a symmetry-breaking potential
V(e —Tluzﬂ'z - %)\'n""
and a conforrr]zal coupling to matter of the form
A(m) =1+ 557 + O(n*/M*)

giving rise

to an effective potential
Vett = 3 (3 — 1) 7* + 3An

"..

p > p? M? — the field sits in a minimum at the origin

LavinidsHeisenberg
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Symmetron mechanism

high density low density

e perturbations couple as ;75 0mp .

* In high density symmetry-restoring environments, the scalar field
vev ~ () — fluctuations of the field do not couple to matter

» As the local density drops the symmetry of the field is
spontaneously broken and the field falls into one of the two new
minima with a non-zero vev.

e — coupling to matter depends on the enviroment (¢ small in
regions of high density)

LavinidsHeisenberg
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Symmetron mechanism

high density low density

s

N L -/r.

e perturbations couple as ;75 0mp R

* In high density symmetry-restoring environments, the scalar field
vev ~ () — fluctuations of the field do not couple to matter

* As the local density drops the symmetry of the field is
spontaneously broken and the field falls into one of the two new
minima with a non-zero vev.

e — coupling to matter depends on the enviroment (¢ small in
regions of high density)

LaviniasHeisenberg
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Massive Gravity (MG)

One of the most natural ways to modify Gravity in the IR Is
to give the graviton a mass.

* In GR, Gravity has an infinite range F" = 9, (/:2Cx) «

¢ In MG, the force "shuts down” at some distance \ ~ m '
= a’r (M; M:;GN e m.?‘)

Force

LaviniayHeisenberg
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Massive Gravity

A general linear mass term for the graviton is

Lmass = —%Mg(‘m%h“"’hw + m3h?)

The only ghost-free: m? = —m3 Fierz-Pauli tuning

— VDVZ discontinuity

i

Lawni:Heisenberg
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Massive Gravity

The vDVZ discontinuity is just an artifact of the linear

approximation
— non-linear extension

The ghost we have cured by Fierz-Pauli tuning seems to come
back at non-linear level (the sixth degree of freedom is
associated to higher derivative terms)

LaviniasHeisenberg
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Ghost

challenging task: non-linear extension of FP without ghost _

LavinidsHeisenberg
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dRGT

LaviniagHeisenberg
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dRGT

Vainshtein mechanism at work in dRGT:
The effective coupling to matter depends on the
self-interactions of the helicity-0 mode =

Oér ~ — —=T
"M,z

— The non-linearities cure the vDVZ discontinuity

Conclusion
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Ghost-free extension of FP = dRGT
a 4D covariant theory of a massive spin-2 field

L="2v=g(R-"u(gH)

the most generic potential that bears no ghosts is
U(g, H) = —4 (U + a3 Us + a4 Uy) Where the covariant tensor
Hyy = hyy + 211, — n°P11,,,115, and the potentials:

= [K]* - [K?]

= [K]® - 3[K][K?] + 2[K?]
= [K]* - 6[K?][K]* + 8[K?] (K] + 3[K?)* — 6[K*]

where Ki(g, H) = 60 — /6, — H, 11, = 8,0, and [..] =trace.
(de Rham, Gabadadze, Tolley (Phys.Rev.Lett.106,231101))

LavinidsHeisenberg
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Decoupling limit (DL) of dRGT theory

DL (M, — o0, m — 0 with A3 = m?M,, — const)
gives the following scalar-tensor interactions
E N h“ugﬂvaﬁhaj -+ hHv En -1 ',\Sau“ 1) n)[ll]

where h,, =helicity-2, = =helicity- 0 field and a; = —% and ag 3
are two arbitrary constants and X ;> denote

(1)[H] = Euamevﬂpanaﬁa
X(2 M) = £,27,P7 1051,
uu [H] = Euameuﬁaanaﬁnmnvé
with IT,5 = 0, 0pm.

The structure of the interactions are very similar to the Galileon
interactions Lgar = c,mek e 11,411,511 IL....

LaviniasHeisenberg
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Diagonalized interactions

The transition to Einsteins frame is performed by the change of

variable
202

. = i_z,w — 201N + 30,
A3
one recovers Galileon interactions for the helicity-0 mode of the
graviton

L=~ h(ERYy + badmr —

22 (om)2(m]
3

ag

3
AS X )

+2A—a§(8vr)2([r1?] — (%) +
3

with the coupling
Mip (’_lm, — 2a1 7Ny + %aﬂﬂauw) THY

LaviniagHeisenberg
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Decoupling limit (DL) of dRGT theory

DL (M, — o0, m — 0 with A3 = m?M,, — const)
gives the following scalar-tensor interactions

n)

L= h“ugw-’aﬁhad + h# En -1 ﬂ\iann- 1) lW [II]
where h,, =helicity-2, = =helicity- 0 field and a; = —% and ay 3
are two arbitrary constants and X > denote

(1)[1-[] - eu_"“’"eyﬁ S
X(2 ] = £, 5110,
uu [H] = Euameuﬁaanaﬁnmnwé
with IT,5 = 0, 0pm.

The structure of the interactions are very similar to the Galileon
interactions Lgar = c,mekv e 11,411,511 IL....

LavinidyHeisenberg
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Differences to Galileon interactions

IR modification of gravity as e undiagonazable interaction
due to a light scalar field with + 94 v x%
non-linear derivative iy i"frnportant for the

Interactions self-accelerating solution

respects the symmetry e extra coupling 8,78, 77X
m(z) = w(x) +c+ bzt

_ e only 2 free-parameters
Second order equations of . ‘
motion, containing at most o observational difference

two time derivatives due to ﬁ%h“”Xﬁ) and

3
bR 0,m0, wTHY
non-renormalization theorem i

applies

iddHeisenberg
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Ghost-free extension of FP = dRGT
a 4D covariant theory of a massive spin-2 field

L= —P—\/_( 9=H))

the most generic potential that bears no ghosts is
U(g, H) = —4 (U + a3 Us + a4 Uy) Where the covariant tensor
Hyy = hyy + 211, — n°P11,,,115, and the potentials:

= [K]* - [K?]

= [K]?® - 3[K][K?] + 2[K?]
= [K]* - 6[K?][K]* + 8[K?] (K] + 3[K?)* — 6[K*]

where K(g, H) = 0 — /6, — H, 11, = 9,,0,7 and [..] =trace.
(de Rham, Gabadadze, Tolley (Phys.Rev.Lett.106,231101))
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Differences to Galileon interactions

IR modification of gravity as e undiagonazable interaction
due to a light scalar field with + 94 v >, e,
non-linear derivative L i?nportant for the

Interactions self-accelerating solution

respects the symmetry e extra coupling 8,78, 77X
m(z) = w(z) +c+ bzt

_ e only 2 free-parameters
Second order equations of . ‘
motion, containing at most e observational difference

two time derivatives due to ﬁ%h“”Xﬁ) and

3
L 0, w0, mTHY
non-renormalization theorem A e

applies
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Differences to Galileon interactions

IR modification of gravity as e undiagonazable interaction
due to a light scalar field with + 94 v x%
non-linear derivative iy i?nportant for the

Interactions self-accelerating solution

respects the symmetry e extra coupling 8,78, 7 T"%
7(z) = m(z) + c+ byz*

_ e only 2 free-parameters
Second order equations of : :
motion, containing at most e observational difference

two time derivatives due to ﬁ%h“"Xﬁf‘) and

3
gl 0, w0, T HY
non-renormalization theorem i

applies
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Self-accelerating solution

H2—ng (20,2(}2 + 2a3q® — q) and g = —

H2>0anda2+3a3q>0

stable self-acceleratlng solution:
ap <0and =22 < g3 < =2

h*¥ X oy &) plays a crucial role for the
stablllty, since a3 = 0 — ghost

there is no quadratic mixing term
between the perturbations of
helicity-2 and -0 field

cosmological evolution very similar
to ACDM

ialHeisenberg
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Self-accelerating solution

H? = m? (20,2(}2 + 2a3¢> — q) and g = —

stability

H2>0anda2+3a3q>0

stable self- acceleratlng solution:
ap <0and =22 < g3 < =2

h*¥ X v ¥, plays a crucial role for the
stablllty, since a3 = 0 — ghost

there is no quadratic mixing term
between the perturbations of
helicity-2 and -0 field

cosmological evolution very similar
to ACDM M

idlHeisenberg

o
R A S R D RGBS e R N o )

Pirsa: 13120061 Page 29/57



Pirsa: 13120061

Introduction ~ Screening MG dRGT DL  (Proxy Theory)  Quantum Consistency  Conclusion

Proxy theory

We had the following Lagrangian in the decoupling limit

1 a2 v 2 as v 3 .1 v
u At Xﬁ)+Fh“ Xﬁ)+mh‘f T,

fo: —%h“"c‘,‘gfhag+h““)(

lets integrate by part the first interaction h** X))

XD = B (O — 0,0,m) = A (000 — 0,0,

= (Oh-08,0,h*")m
= —Rm

so covariantization of the first interaction: h# X ) «— —Rr

LavinidgHeisenberg
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Proxy theory

Instead of focusing on the entire complicated model, study a_
proxy theory:

an
A3

az , \
0,70, 3 [HavB)

L =+/—gM,(M,R—7R — 169

‘ ‘ v
0,70, TGH —

e in4D G, and L**¥# are the only divergenceless tensors
— V,G¥ =0and V, L+¥E =

e All eom are 2" order — No instabilities

» Reproduces the decoupling limit — Exhibits the Vainsthein
mechanism

LH & de Rham, (PRD84 (2011) 043503)

LavinidgHeisenberg
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Self-accelerating solution

e self-acceleration solution: H =const and H = 0.
o make the ansatz 7 = g%,

e assume that we are in a regime where Hr < 7
The Friedmann and field equations can be recast in
2
H? = " (69 — 9a2¢” — 30azq’)
H?(18a2q + 54a3q® — 12) =0

Assuming H # 0, the field equation then imposes,

—ag + \/ag + 8as
60.3

— similar to DL our proxy theory admits a self-accelerated
solution, with the Hubble parameter set by the graviton mass.

q:

LavinidgHeisenberg
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Proxy theory

e We recover some decoupling limit results:

e stable self-accelerating solutions within the same parametér space

e During the radiation domination the energy density for = goes as
prq ~ a~*/2 and during matter dominations as p7.,,, ~ a~*/% and
is constant for later times p} = const

At early time, interactions for scalar mode are important —» |
cosmological screening effect

e Below a critical energy density, screening stop being efficient — '
scalar contribute significantly to the cosmological evolution

e But still the cosmological evolution different than in ACDM
LH & de Rham, (PRD84 (2011) 043503)

LavinidsHeisenberg
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Densities

fluid densities e,

LavinidsHeisenberg
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Quantum Corrections in Massive Gravity

large quantum detuning of
corrections? parameters’?

St N

M1 HDR2, — (1 +{c)h?)

k

overall scaling relative scaling \

e does the small mass e does the relative
of the graviton receive tuning of the
large quantum parameters change?
corrections? ¢ # ¢
dm > 1

LaviniagHeisenberg
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Self-accelerating solution

¢ self-acceleration solution: H =const and H = 0.
o make the ansatz 7 = ¢%;.

e assume that we are in a regime where Hr < 7
The Friedmann and field equations can be recast in
2
H? = " (6g — 9a2¢” — 30agq’)
H?(18a2q + 54a3q® — 12) =0

Assuming H # 0, the field equation then imposes,

—ag \/ag + 8as
60.3

— similar to DL our proxy theory admits a self-accelerated
solution, with the Hubble parameter set by the graviton mass.

q:

LavinidgHeisenberg
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Quantum Corrections in Massive Gravity

large quantum detuning of
corrections? parameters’?

St N

M) HDRE, — (1 +{c)h?)

k

overall scaling relative scaling \

e does the small mass e does the relative
of the graviton receive tuning of the
large quantum parameters change?
corrections? ¢ # ¢
dm > 1

LavinidsHeisenberg
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Quantum Corrections in the DL

-

22 x@ 4 28 x( )) + by TH

L= h#Va2h“V + hHV (X( ) + A6

A

Are as, a3, A stable against quantum corrections?

1) Quantum corrections

o A3=m2M,

» the mass needs to be tuned m < H,
same tunlng as Cosmological Constant

H? - e
My ~ i ~ iy ~ 1071
P

But the graviton mass is expected to remain stable against
quantum corrections

dm? ~ m? — the theory would be tuned but technically natural

LavinidsHeisenberg
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Quantum Corrections in the DL

't Hooft’s naturalness argument -

e any physical parameter c¢; at any energy scale £ can remain
small if the limit ¢; — 0 increases the symmetry of the system

e Example: electron mass m. < electroweak scale, BUT the
electron mass is technically natural — quantum corrections only
give rise to dm, ~ m,

* m. — 0 implies an additional chiral symmetry representing the,
conservation of left- and right-handed leptons — So in the
massless limit, the electron mass receives no quantum
corrections

CC: there is no symmetry recovered in the limit A — 0 and any
massive particle of mass M contributes to the vacuum energy
proportional to M4,

LavinidgHeisenberg
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Quantum Corrections in the DL

't Hooft’s naturalness argument |

e any physical parameter ¢; at any energy scale £ can remain
small if the limit ¢; — 0 increases the symmetry of the system

o Example: electron mass m. < electroweak scale, BUT the
electron mass is technically natural — quantum corrections only
give rise to dm, ~ m,

e m. — 0 implies an additional chiral symmetry representing the,
conservation of left- and right-handed leptons — So in the
massless limit, the electron mass receives no quantum
corrections

CC: there is no symmetry recovered in the limit A — 0 and any
massive particle of mass M contributes to the vacuum energy
proportional to M*.

LavinidsHeisenberg
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Tuning versus Fine-tuning in massive gravity

e 't Hooft's naturalness argument applies

¢ in the massless limit, the graviton mass receives no quantum
corrections since we recover a symmetry in the m — 0 limit

k

e in the full theory the quantum correction give rise to
counterterms which are proportional to the mass itself
— dm ~ m?

LaviniagHeisenberg
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Quantum Corrections in the DL

larg ntum
corpédsions’?

B )

TMAmA((1He)hs, — (1 He)h?)

We will show that the

overall scaling relative scaling |

e mass of the graviton e relative tuning of the
receives NO quantum parameters does NOT
corrections! — dm =0 change! = ¢; =¢cp =0

LavinidsHeisenberg
e A G NN M
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Non-renormalization theorem in Galileons

Galileon interactions

EGal —_ Cnﬂ'E“UEGHHpQHUB et H].—.[

counter terms arising in the 1-loop effective action:

e come with at least one extra derivative as compared to the
original interactions

e don’t take Galileon form at all N

Galileon coupling constants are technically natural tunedto =
any value and remain radiatively stable.

LavinidsHeisenberg
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Non-renormalization theorem in Galileons

Any external particle comes with at least two derivatives
applied on it in the 1-Pl action.
Example: consider the following vertex:

11,

wapo ovf3
TEFPTE {[)(TH]LUH()ﬁ

LaviniasHeisenberg
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Non-renormalization theorem in Galileons

this vertex give a contribution to the transition amplitude

d*k ¢
iM > i / (2ys 940k € ' 87 kaka(q+ k)p(q + K)o -

with the Feynman propagator Gy, =

k< —ie"®
* terms linear in momentum ¢ and independent of it, cancel due

to antisymmetric structure of the vertex

k
e only term which can be contracted with the antisymmetric tensor

is 4pQco o
3 : d4k
iIMD ic @ ao',)qu,oqg/ om)t

— any loop that involves a vertex V = me"” ;e 11,,,11,,5 Wil
lead to at least two derivatives on the external leg

LavinidgHeisenberg
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Non-renormalization theorem in the DL

The same non-renormalization theorem applies in the
decoupling limit of massive gravity:

The only difference is that we now have the helicity-2 field
appearing in the interactions.

V= XD ~ he, e, Ta511 0

[1
hr’”ff””f‘"':ﬂl/'id_r“n.i”{m -
./ Fu
qﬂ k,u + ql’“
H(xﬁ

LH & de Rham, Gabadadze, Pirtskhalava (PRD87 (2013) 085017)

LavinidgHeisenberg
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Quantum corrections beyond decoupling limit

We consider the massive gravity interactions and the coupling
to the matter sector

S = [doyg (“F V=9 (R~ U9, H)) + Lumasser)

with the propagator of the graviton giving as

. d4k ez’k-(a:l——:rg)
GHa™™ = (has(anhes(z2)) = £50 [ i T

with fé?c()j N (Sa(csbd) - ;lggabgcd)-

Consider for simplicity a massive scalar field

1 1
Lmatter=_+/9 (§gab3ax8bx + §M2X2)

LaviniagHeisenberg
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Quantum corrections beyond decoupling limit

e at one-loop either gravitons or matter field are running in the “
loops, but not both simultaneously

» only at higher loops the mixing has to be taken into account

[at one-Loop]

~ N

only gravitons only matter

_‘ »— _.: - 5;.—

LavinidgHeisenberg
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Coupling to matter fields

perform it in your favorite method
e perturbatively Feynman diagram by Feynman diagram

* one loop effective action

At one loop

matter fields are unaware of the graviton mass.
— the only covariant potential term they can give rise is a
cosmological constant!

LavinidsHeisenberg
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One-loop matter contribution

_.: - "‘._

2-point function A(2I)t )

-

N ol

3-point function mt )

\\\\/L\ \\+

4-point function A( 4pt)

LavinidgHeisenberg
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One-loop matter contribution

\

—q‘.——(—

- -

1 pt (Zl)l (3pt
Tadpole ./1( pt) 2-point function A 3-point function pt)

ﬁ,rk. \\/L\ \\Jr

\.

—+ e

4pt
4—ponntfunctson -A( pt)

— so they give rise to a cosmological constant, but leaves the
potential interactions unchanged.

LavinidsHeisenberg
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Graviton Contributions in the Loops

e one-loop correction to the mass from gravitons do not preserve
the nice structure of the potential

LavinidgHeisenberg
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Graviton Contributions in the Loops

but the one loop effective action is itself redressed

the detuning of the potential is never a problem since

2 2
Mgy = Mp)

even if the background is large

LaviniagHeisenberg
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Impact of Massive Gravity on cosmological
observations!
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cosmological observations

two categories:

*

geometrical probes structure formation probes

measurement of the Hubble measurement of the Growth
function function

o distance-redshift relation of e homogeneous growth of the
supernovae cosmic structure .
— integrated Sachs-Wolfe

e measurements of the angular
9 effects

diameter distance as a

function of redshift non-linear growth

(CMB+BAO) — gravitational lensing
— formation of galaxies
— clusters of galaxies by
gravitational collapse
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cosmological observations

two categories:

-

geometrical probes structure formation probes

measurement of the Hubble measurement of the Growth
function function

o distance-redshift relation of e homogeneous growth of the
supernovae cosmic structure "
— integrated Sachs-Wolfe

e measurements of the angular
9 effects

diameter distance as a

function of redshift non-linear growth

(CMB+BAQ) — gravitational lensing
— formation of galaxies
— clusters of galaxies by
gravitational collapse
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Conclusion

e decoupling limit of dRGT
o stable self-accelerating solution similar to ACDM

e Proxy theory

» stable self accelerating solution

» the scalar mode does not decouple around the self-accelerating -
background and leads to an extra force during the history of the
Universe

e would influence the time sequence of gravitational clustering and
the evolution of peculiar velocities, as well as the number density
of collapsed objects.

e gquantum corrections

e _in the decoupling limit the non-renormalization theorem guaranties
the stability under quantum corrections
e beyond the decoupling limit the effect of external matter at 1-loop
is harmless on the potential and gives only rise to a CC
e 1-loop graviton contributions detune the structure of the potential
e nevertheless the mass associated to the ghost is never below the
LavinidHeisenberg Planck scale
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