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Modified gravity checklist

nteresting (testable) phenomenology

...the Lorentz violating (LV) case

_earning something fundamental about gravity/Nature
mprove the short distance properties of GR (QG, BH)

Nlew 1deas for cosmic acceleration/dark matter

V' Is there a fundamental preferred frame In the universe!?
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ofava gravity as a proposal for QG Barvinski, DB, et al 15

atural dark energy and possible 5th forces/MON

D

v Consequences at all scales (massless extra polarization)



Modified gravity checklist

# Learning something fundamental about gravity/Nature
# |mprove the short distance properties of GR (QG, BH)

# New I1deas for cosmic acceleration/dark matter

# |nteresting (testable) phenomenology

...the Lorentz violating (LV) case
sweet spot in modified gravit

P o ! 3 oS
- N SN
\ ) ey




Working with a preferred frame

Space-time filled by a pre

erred time direction

assoclated to a time-|

g [ fo /}* ...... /}\TT/*

ke unit vector u,,

Generic:
Einstein-ather

Jacobson, Mattingly Ol
pwo_
u,u” =1

Scalar-vector
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Hypersurface orthogonal;

Khronometric
DB, Pujolas, Sibiryakov 09
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Scalar: khronon xpovog



Lagrangian (‘low’ energies)

Ingredients:  u,, , guv

: 0
KhronomEtrlc uu — mﬁa DB, Pujolas, Sibiryakov 09
\/@agpﬁ QY Horava 09
L.cr=Lgg + MIQD\/ —q (A (V"“uu)2 + « (uyvyuu)2 + 6V,,Ju,,V”u“)
0 | | - 2 21,2 2 1
» massless spin 2 graviton:  w? =2k%, = -
massless scalar p =t +x: =K, 2= B+ A
84

Stable Minkowski & no gravitational Cherenkov:

0<a<?2 ,C?Zl,CiZl

Einstein-zther; extra term YV,u, V*u” Jacobson, Mattingly O]
 extra vector uut =1



Lagrangian (‘low’ energies)

Ingredients:  u,, , guv

: 0
Khl"onometr'lc Uy, = py DB, Pujolas, Sibiryakov 09
\/(9@@(90‘@ Horava 09
Licr = Lpn + M3y/—g (A (VFu,)? + o (u’ Vyu,)? + wuu,,v'/uﬂ)
- - 1
% massless spin 2 graviton:  w?=c2k?, &= T
# massless scalar ¢ =t + x:  w? =2 K%, 2 = B+ A
@7

Stable Minkowski & no gravitational Cherenkov:

O<a<2 ,c¢>1c>1
Einstein-zther; extra term YV,u, V*u” Jacobson, Mattingly O]
”%f’ e)('tra VECtOI" 'U/Iu/U/'UJ — ]. Kh can be renormalized! Barvinski, DB, et al 15
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+ higher derivatives: Odxa(Ups Guvs V)
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(Toy) potential at short distances
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Matter Lagrangian
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Matter Lagrangian
Ingredients:  uy , gur + SM Fields + DM + DE

[:m — CL[(SM, DM, DE, gﬂy) + KRS M L:Lv(SM, Juv uu)
+rpv Lrv (DM, gy, uy) + 6pE Lrv(DE, g, uy)

SM: eg Yulu’y,0,0 i Wl =md + k3
1—c,,/cy| <10722 dynamical explanation!

review by Liberati |13

Kostelecky, Liberati, Mattingly, ... |n ‘the fO”OW”’]g KSN = O

DM, DE: £pwm, kpE? 1o be answered by cosmology

1412.4828 [gr-qc] (review article w/ E. Lim)



Matter Lagrangian
Ingredients:  uy , gur + SM Fields + DM + DE

Lo

" review by Liberati |3

"* oelecky, Liberati, Mattingly, ... |n ‘the fo”ov\”ng KSN = O

DM, DE: £pwm, kpE? 1o be answered by cosmology

1412.4828 [gr-qc] (review article w/ E. Lim)



Solar System Constraints (Kh)

SOIar SyStem (PN grawt)/) DB, Pujolas, Sibiryakov 10
PPN _ PPN\, 2 PPN (,..i,,0)2
P hOO — —QG‘NM (1 - (&1 a2 )U T a2 (x /02) >
g T 2 2 T
7 PPN o
? hoi = —5—Gn—0*
;" = —4(a - 28) Gy = :
8TM%E(1 — a/2)
oPPN — (v — 28)(av — A — 30)
: 2(A+ 5)

o < 10— Will 05

With respect to CMB frame ¥/ ~ 1072 {

oy "N <1077

a =28 1dentical to GR In the Solar System!



Weak field constraints summary

Solar System constraints leave 2 free parameters
-Iinstein-zthe Khronometric

Stability/Cherenkov
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B
derived from situations with weak gravitational fields

0.0

improve both aspects!



Effects on astrophysical objects

A o Matter 1s not modified
_ E"Oy Gravitation modified (coupling

between gravitons and u,,)

Violation of strong equivalence principle (SEP)
(Nordtvedt effect)
T =T, +T9,+TY,

L/*/

produces g, u"
Far away: point-particle description with extra coupling

Spp = —ﬁz/ds * Spp = —ﬁz/dsf(uuv“)

the orbital equations depend on  u,,v*

(analogous to the scalar-tensor case Damour Esposito-Farese 92)



Orbital effects: PN analysis
Spp = —Th/ds f(u,v)
Slowly moving v, < 1

Son =t dee [0 7401 )+ Ot~ 7

/

sensitivity: encapsulates the strong-field effects

Newtonian [imit of N-particles

i _gABmB ; Foster 07
VA = 3 "AB
B#A AB -
— _ o~
ma =ma(l+oa) Gap = (1+OA)2V1+UB>

SEP violated! P' = vl + mevl  not conserved!

dipolar radiation expected



Orbital effects: Dissipative sector

OppA = —mA/dSA (1 +oa(l —uuv") + O(u,v" — 1)7)

A hj: Yagi, DB, Barausse, Yunes |3
P, 3E 1927 (2nGym uy 1

5/3
_— Comae s () (e
O
SA = 1—|—A(;A . S =simi/m+ sama/m, m=my+my M:m;nmz
_ ) P\ dipolar term
LV:  (A) = (51 — s2) (%GW) I S

(1= 51) (1= 52)]"7 (A1 + SAy + S Ay)
Ai, C functions of the LV parameters

GR: 4=1 nodpole



Constraints from damping of binaries (EA)

2v — (3 NS/WD 27— P NS/NS

10-1 FTT1 L L T
allowed region

stability _

weak-field ------- :

P,J1141-6545 "

-2 o -

10 /
107

1073 1072 5 10°
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27TGNm

Yagi, DB, Yunes, Barausse |3

107 o

allowed region

stability
weak-field

P, J0737-3039

1073 3

2/3
) c

+ (1= s1) (1 — 52)]* (A) + SAs + S As)

Mostly dipolar

Quadrupolar + dipolar



Conservative dynamics of binaries (EA)

Strong ‘effective’ constraints on LV through ‘strong’ PPN
701 1

1 _Gymy ; 322_5—1(@1—25&2)—1@1
90i:—c—3 B, - U1+ .. 71 2 —
B,=——- — 2 1 — ...
.[.’ J | 738_|_0333 e < 10—4 AL 10_5 Damour, Esposito-Farese 92
rom 2~ a1 3 Shao Wex, Freire et al 12

source dependent and independent of weak PPN!

but we know the sensitivities If we know the masses!

Yagi, DB, Yunes, Barausse |3
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Constraints from binaries

(Solar system constraints imposed) Yagi, DB, Yunes, Barausse |3
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Combined constraints from PSR || 141-6545,
PSR ]0348+0432, PSR J0/37-3039,]1/738+0333



A glimpse of cosmological constraints

Modified Friedmann equation

a 2_87TG
o) = 37 modified BBN

G.(a, 8,\) # Gn(a) controls Newtonian dynamics (collapse)

# Modified clustering at large scales

There are extra degrees of freedom: enhanced dissipation

# Modified primordial plasma (anisotropic stress)

CMB and (linear) scale structure changes



Linear structure formation

Kobayashi, Urakawa, Yamaguchi 10

ds® = a(t)” [(1 + 2¢)dt® — §;;(1 — 2¢p)dz*da? ] - 5= _1
’ p
4 Faster Jeans instability; DM dom, subhorizon
k°¢  3H*(1+p53/24+3)\2) . 3GN 0. o , k%9
a2 2(1 — a/2) 0= QGCH(S O F2HO = a2

5 t% (—1+\/1+24%—1;’>

Audren, Blas, lvanoyv, Lesgourgues, Sibiryakov 14

# Anisotropic stress ¢ — 9 = O(B)



Cosmological Constraints (Kh)
htt'p . //montepython . net/ Audren, Blas, lvanoyv, Lesgourgues, Sibiryakov 14

(also DM)

Planck, SPT, Wiggle/
e ' —
CX —
87
2.75 | - | | 251 | -
— —~ 4
C\IQX C\IUX
— 153 —= 1.39! ]
50 o0
° <
0435 =297 158 0 153 275 0444 338 =233 0 139 25
log;o(c) logm(ci) log(c) loglo(ci)

= 2
T EA Kh

a  <1.0-1072 <18.1073
4277 91
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http://montepython.net

Conclusions

Exploring Lorentz violation yields a rich phenomenology with
strong theoretical motivations (effective or fundamental)

Lorentz violation modifies gravity at every scale
(extra massless d.o.f. ¢ =t + x and modified graviton)

Solar system tests ol PN <107 ofPN< 1077

i.
two unconstrained parameters!

SEP violated: compact objects develop a 1, charge (sensitivities)

Modified orbits and dipolar GWs emission: both constrained by

observation of pulsars in binaries
B, A< O(.01)

All parameters constrained at percent levell (~ to cosmology)



For the future...

Sensitivities for other objects! (including BHs)

More work on the waveform

Cosmological constraints beyond linear theory

More fundamental issues: BHs and emergence



Backup slides



How I: Horava Gravity in a Nutshell

Horava 09

oy model; Lifshrtz scalar

c=o[8-(52) & {o+ Zuan (3%) |

P o compute amplitudes
28 S

. P—V
o 1 (2-2)L42(=+1)
I ~ / dw/ d*k; — ~ AP :
CUZ kZ(]l\}_) —|—’L€ T

z+1

e - =0 (LIGR): ~ AZ* ™ grows with L |

¢.=2 (LV) ~A fixed !

# of counterterms may be finite



How |: Horava Gravity in a Nutshell

Hotava 09
Preferred foliation of space-time

~ M t=1
< f=

Absolute time and space intervals

A

ds* = g, datds” = N?dt® — ;;(dz’ + N'dt)(dz? + N7 dt)

Broken diffeomorphisms: new group of covariance
' (27, t) t — t(t)

-Dift: Foliation preserving Diff
Extra (gapless?) polarization expected




How |: Horava Gravity in a Nutshell
Blas, Pujolas, Sibiryakov 09
ds?® = g, dz*da” = N2dt? — v;;(dz" + N'dt)(dz? + N7 dt)

Covariant objects under FDIff
i) ;- 0; N
Kij ~ 22~ wy, R~ K a; = N ki

GR Lagrangian extended to

y ) . 2(3)
L= M%Nﬁ(Kin” — (1= N)(v; K9)* =1 = B)¥Y R+ a;a’... AM4R)
N —— *
9%
Low energy (IR) Renormalizability
Finite # of

(Naive) GRImit: X =5 =o' =0 counterterms



How ll: Khronometric Theory

Blas, Pujolas, Sibiryakov 09

Diff invariance restored by adding a compensator: ¢
khronon

> N 5 X POV OS
. :B“Z»LP ”
g

y : . Vﬁ
: ___— o
t — t(t) ' o fp) u = uy
' — (27, ) .* Diff T 0 00% 0
K.t e
S /C,UJ/ = (62 — uau,u) Voty
L " Lgg+ Mpv—yg ()\ (VFu,)? + a (uVyu,)? + 5VMu,,V”u“)
p =1 ‘ +0(1/M,)

Unitary gauge



Neutron Stars at O(v)

We consider an irrotational fluid for the NS
ds® = O(v°) + 20V (r, 0)dtdr + 2vrS(r,0)dtdd + O(v?), ...
In terms of Legendre polynomials

V(r,0) = ;Un(T)Pn(COS(g) yous
the different modes decouple! 3 ODE per mode!

To derive o4 remind 1 __, Gy,
goi O —— DBy (04) U1
C 1
) NS gauge

) cos Odtdr + ...

GNm

ds®* = O(v°) — 2v <1 + (B~ + BT +2)

.
n =1 is enough!

all known (depend on m)



Computing the sensitivities
Matching of real solution to the effective one

S e s [0+ 740 1)+ O 17

Slowly moving star: +* <1 (velocity wrt xther)

Far-away from the star

1 2G Ny N 1 [20?\,7%% 3GNT o

5 01(1+01)],

1 [ __ Gy GNL i 1 2G N1
goi = ——3 [31 " v + By " v, gy =— 1+ 0ij

3 1 5 _
) =25 - 2 ol 20 (14 5= )

\
LV parameters



Neutron Stars at O(v)

Static, spherically symmetric, asympt. flat, moving with  v*

A "z ds? = e dt? — e dp? — 2 (d6’2 + sin? (9d902)
Mp + 20V (r, 0)dtdr + 2vrS(r, 0)dtdd + O(v?),
_ 5 U, = e”(r)/Q(Sz + oW (r,0)d,, + O(v?)
At O(v”): regularity at the center + EoS + continuity at R,
mOd|ﬂed TO\/ Yagi, DB, Barausse, Yunes |3
— a =
— — «a=0.1
EB | a = 0.3
= - a=0.5

c— . a=0.8




Neutron Stars at O(v): Results

9
Weak field result s = <a1 - 50

Yagi, DB, Yunes, Barausse |3

> C* -+ O(Of) Foster 07

x> APR
+-+ SLy
3 c-2 Shen

10 F |eco1LS220

G © LS220
— APR weak field




Matter Power Spectrum

<5(k)5(k/)> — 5(3) (k 4 k/)P(k)kS Blas, Ivanov, Sibiryakov 12

—10° | More structure ]
B and shift Linear
= | \
= o
n”10* | ACDM
(a,B,0)=(2,1,1)*102, Y=0.2
(o,B,1)=(2,1,1)*107%, Y=0.2
(0,B,1)=(2,1,1)*107%, Y=0.02
103 - - ACDM _
OI.OO1 | - I(I).O1 | - IO.1
k (h Mpc™)

http://class-code.net
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A

Shift of the peaks, change of zero point of oscillation and amplitude
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enhanced gravity —
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