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Modifications of Gravity

We do not know any consistent renormalizable
Quantum field theory of gravity with a-finite
number of parameters (terms).

The present theory of gravity iIs renormalizable
If understood In the framework of quantum
effective field theories. JF. Donoghus, gr-qc/o405057

Gravity IS not just Einstein egquations.
A What Is the scale of guantum gravity?

A Dark Energy/Dark Matter?

A IR vs UV madifications

TAUP 2015

Jose A. R. Cembranos il




Framework

Gravitational

Standard Mode
Sector
= MPZ - hﬂV
SM scale: Gravity scale:

A, =100 GeV 107eV <A <M,

J. Cembranoes, PRLL102:141301 (2009)
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Quantum Gravity

Einstein Gravity is not consistent at high
energies:
A Non-Unitarity C? = 9W = 2(Ras R — R?/3)
A Non-renormalizable

- 1 o ] -
[y = — / dz\/=g { g "+ ey C°

(irpe.

The present theory of gravity IS
renormalizable If treated In the framework
of guantum effective field theories.

J.F=. Donoeghue, gr-gc/9405057
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Fourth Derivative Gravity

The action Is renormalizable:

M3

Mo, M3 surf .
f - }+ (surface terms)

Mp P p2
R+ R
2 12 m2 4

S (g,) _/rﬁ?\/—{—fﬁ

(2 = (:‘;I_I__;{:Hf = 2V = 2( lel,.; R _ R? / 3} + (surface terms)

The gauge fixing condition can be
Introduced within the standard Faddev-
Popov prescription: K.S. Stelle, PRD16:953,1976

K.S. Stelle, Gen.Rel.Grav.9:353,1978

/ [6hu] [de;] [EEEA] (det G‘“’I";:)_'lf ¢ S guv) +iSer +iSEp
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Graviton Spectrum

The propagator in the transverse or
physical gauge Is given by:

([P (n) =2 PY,2(p)] . ZPf?m}(p - ”n(p )|
{ o pz —m3 72 —ms }

1
- g Qw__, 9;]{.7

1, .
5(9.1;.;} gi.fcr + g;m 9!.-*;} ) T a
;r.:;z — 3}2 + 1€

The same propagator can be written as:

DJ!J:.I.!;}H (f}) -

—i { ms P{”n(p) 2m2 PO-s)(p)

0+ prpe
2 --rr')Ll 7 (p? —m3 P2 (p? —mi)
| 5) 0.

TAU P 20 1 5 Jose A. R. Cembranos 6




The Model

The gravitational action Is reduced to:

M poy

L ¢ , 2 L*
12 mj

The rest of terms in the QEFTG are necessary in
order to renormalize the divergences coming
from radiative corrections. However, their effects
will be negligible for the rest of the discussion.

Validity of the model?
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Graviton Spectrum

The propagator in the transverse or
physical gauge Is given by:

(2m)* { s

L e

1
- g g;ﬂ.f 9;]{.7
1

1, ,
E( g.u.;} gi.fcr + g;m 9;_.:;; ) - = 9 9

P’ — p® +ie
The same propagator can be written as:

—~i { — P2, (p) | 2mg Poo(p)

D, (p) = " : — —
uwpo (D) (27) o N PA(p? —mg)
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Classical Dynamic

The Einstein equations are modified:

1 1 1 1
!1 -R] Rp.t..i — !R — -HE] Huv

T g9 a D
3m= 2 6 m=<

,[ 1 T,
S If 3 11 17 x ,H : _R — j'.!‘ i 1
w3 e VOV ! Im % ] M 1_%';] ;

A. A. Starebinsky, PLB91:99,1980 Irlll'":i'p.t.-' = [grlll.-g;g‘,l_,__. — Jon s ,]'

Starobinsky and other authors studied this
action -—and: - ot her ' ext
order to generate inflation.
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Einstein Limit

In any case, we will work always at
curvatures R << m, When the EEs are a
good approximation.

In fact, we can work In the so called
Einstein frame, where the new scalar
degree of freedom Is explicitly separated
from the metric tensor, which has
assoclated the standard EinsteinHilbert
action.
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Einstein Frame

Trough a conformal transformation:
Guv = exp(y/2/3¢/Mp1)guy

the standard action for gravity IS recover in
addition to a standard action for the
scalaron with the potential given by:

. N 2
3 5 152 2
E-m.i M';] 1 —exp (— \/; ﬂ-}]_::]) }

2 L I
T 9 (TG A

o . A

Mpiv6 "~ 36 DME T
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Scalaron Couplings

The scalaron is universally coupled to

matter trough the trace of the-energy
momentum tensor:

It means that at tree level, the -coupling
with SM particles are given by:

ree level __ —1
A,

Llreejevel —
Hh— S M A '_'f-P] v/{_—.i
+ Z my P —2miy ‘H:‘ W= —m3% 2,2}

i

E;.'E' { 2 T”':l:;.:l. h? — T [ I't f-v” |'t [
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T

Radiative Scalaron Couplings

On loop generates the coupling with
photons and gluons:

(}8(.(: G(‘ C[l v
pr™a
w

rone loop __ —] {Q'E.'\ICE.-\IF i 4

Oo—SM = A ‘.[P \/6 . v ]

Contributions to the photon vertex:
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Abundance

Thermal abundance would require 7 >> \/m M,
A Beyond the validity of Einstein Equations.

Misalignment mechanism

1
Me 1% !1{]{]] T

AFOr H(T)>>my, = ¢=¢ [

A For 3H(T)<m, ——> @scillates around the
minimum of its potential. These oscillations
correspond to a zero-momentum condensate.

v/

Cold DM Abundance; Energy

. - 1
Mg 12 [ tn r [ 100 g%, ] *

Ge1

Ogh* =~ 086 |

leV 1012 GeV (Ys1941 )

J. Cembranoes, PRL102:141301 (2009)
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R2-gravity as Dark Matter

Parameter space of R2gravity as DM:

R2 abundance inside
the WMAP limits.

Constraints:
B Overproduction.
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New Force Constraints

The new scalar graviton generates a Yukawa new
Interaction among standard matter:

The University of Washington
EoOt-Wash group has tested
the strength of gravity at
distances down to 0.06 mm.

dmensions
scgnano

D. J. Kapner et. al., hep-ph/0611184 / »
T e e N

Consi stent wi g2 ia |
inverse-square law. ; f e dous

mg > 2.7 - 10 3eV at 95 % c.l

10 107
A [m]
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R2-gravity as Dark Matter

Parameter space of R2gravity as DM:

Scalaron abundance
Inside the WMAP limits.

Constraints:
B Overproduction.

EOt-Wash experiments.
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Electron-positron Decay

Depending on its abundance, the mass is
constrained from above.

The e*e” decay is the most constraining if the R2-
gravity constitutes the total non-baryonic DM.

The decay rate in a generic pair fermion-
antifermion: 3/

P f
N MM g

l" —

ATy S VES
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5 1keV g from the GC

We have had observations of 511 photons coming form
the center of the galaxy for the last 30 years with different
Instruments.

mstrument year flux centroid — width (FWHM)  references
[107° phem™ s77) [keV] [keV]
HEAO-3" 1979 — 1980 1.13£0.13 510.92 £ 0.23 L6708 Mahoney et al. 1994

GRIs 1988 and 1992 0.88 +£0.07 25+04 Leventhal et al. 1993
HEXAGONE" 1989 1.00 £0.24 511.33+£041 2001 Smith et al. 1993

TGRS 1995 — 1997 1074005  51098+0.10 1814054 Haris et al. 1098
SPI 2003 0.991047 s1.06T51, 295705

Pierre Jean et a/; astre: -ph/03094384

511 keV signal by SPectrometre Integral

Jose A. R. Cembranos 19



5 1keV g line signal

The signal comes from e*e- g g but it is difficult to find a
source of 10043 positrons per second inside the bulge with
Kinetic energies smaller than ~ 4 MeV as it is required.

2
; 1A (thick lines)

1A +IB (rhin lines)

—_
[¥) ]
T

J.E Beacom and H. Yuksel , astro-ph/0512411.

/1. Supernovas Type Il, la and Ic
2. Wolf-Rayet Stars
3. Neutron stars, pulsars
E Mev] 4. Cosmic rays
Proposed sources of positrons < > Blackholes
6. Dark Matter:

6.1. Annihilating DM

\_ 6.2. Decaying DM
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5 1keV g from Decaying DM

Several authors have studied this signal within
different decaying Dark Matter models:

" 1. Sterile neutrinos C. Picciotterand M. Pospelov , hep-ph/04021.78
2. AXINOS D. Hoeper and L.T. Wang, hep-ph/0402220
3. Moduli S, Kasuya and M. Kawasaki, astro-ph/0602296
S 4. WIMPs M. Pospelov and A. Ritz, hep-ph/0703128
. 5. Branons J. Cembranos and L. Strigari, 0801.0630[astro-ph]

To account for the signal, all of them find the
conditions (supposing atotal DM abundance):

M (or DM) ~ 1 MeV
t ~10"26 sec / M (MeV)
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Decaying DM, source of5 1keV g

Decaying DM could account for the 511 keV line
with cuspy dark halos ( ¥ >1.5).

o

|:.f o :I ! [1 _|_ |: .f To :I-]- Tire

The preferred life-time iIs
dominated by high

uncertainties in the halo
profile and substructure:

Qppu h? Topw -~ s 1
" ~ [(0.2—4) x 10°" s MeV]
Mppwm '

J. Cembranoes, PRL102:141301 (2009)
Jose A. R. Cembranos 22




Decaying DM, source of5 1keV g

Decaying DM could account for the 511 keV line
with cuspy dark halos ( ¥ >1.5).

po = 0.12 GeV cm ™2, g = 10 1{1){,-:":"

‘ J. Cembranos and L. Strigari, PRD77:123519 (2008)

The preferred life-time iIs
dominated by high

uncertainties in the halo
profile and substructure:

- 2
Oppmh” Ippwm

511 keV photon rate (events/s)

; L B
~ [(0.2—4) x 10°" s MeV

J. Cembranoes, PRL102:141301 (2009)
TAUP 2ZUu1l> Jose A. R. Cembranos
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R2-gravity as Dark Matter

Parameter space for R2gravity as DM.:

Abundance inside the
WMAP limits.

Constraints:
B Overproduction.

EOt-Wash experiments.
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Gamma rays.

511 keV line from the
GC (INTEGRAL data). ™ 107 18 1o

m (eV)
J. Cembranoes, PRL102:141301 (2009)
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Conclusions

New degrees of freedom In the gravitational
sector are viable candidates for DM.

We have studied R2-gravity, as a particular
example.

Other signatures:
1.- Observations of g lines from the GC:

Potentially able to test the heavy part of the allowed

spectrum.
1 h-Iev] "‘] -

Mg

r, .. — 121 (.I?E"-‘L-f'rr!-ig N [2_5 % 1029 s. !

P T 13824 ME,

J. Cembranos, PRL102:141301 (2009)
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The Model

The self-couplings of the gravitational degrees of
freedom are given by a series In:

A The number of fields suppressed by m |
A The number of derivatives suppressed by m,

The interesting case Is m, << M,
The leading order at high
energies would be given by the
Interaction with highest-number
of derivatives (4) and lower
number of fields (3).
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Four Scalar Amplitude
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Four Scalar Amplitude

p6 P4 P2
A Pya|— —| +b +c +...
{4>03V4,3}( ) LW " 2 J [m02MP2 J [MPZ J
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Four Scalar Amplitude

The leading order at high energies:

p6 P4 P2
A{4,0,V4,3}(P) ~d L; v —2J +b L; jJ‘l‘C [M 2} +...
N L p
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Osclllating Expansion

For long times,

Scalar mode evolution

o ~ sin(mgt)
ot) = oo

a3/2 I.'I‘J'

Relation between scale factors:
o(t)

a(t) = alt) {1 +

Dark Energy Dominated

Matter Dominated

mg ¢y cos(mgt)

H(t) +

V6Mp a2 (t)

mg ¢y cos(mgt)

VB Mp a2 (t)

A. Vilenkin, PRD32:2511,1985

S. Kalara, N. Kaleper, K. Olive, Nuc.Phys.B341:252,1990
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Other Signatures

If m_ < 2m, the only observable decay channel
IS In two photons. 02 3 ,

. . = Lﬂr‘ |JF\;'F{,{;!:,T:!EE |-I
It IS loop suppressed: 153673 M2, |

7 a1 —1

o,

13824 M2,

1.- Observations of g lines from the GC:
Potentially able to test heavy part of the spectrum.

2.- Modifications In the CMB through injection of
energy in baryons
WMAP is able to test life-times around 10725 s.
PLANCK wont improve enough to be sensitive to R2gravity.
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