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The case for modified gravity

e Alternatives to A
- Inflation again? nz #1
- ACDM tensions ————

e Interesting theoretical questions

(Adapted from Fredman '17)

- proxy for inflation/quantum gravity?
- cosmological constant problems?

~ 36% of unsolved problems in physics involve gravity

(see www.wikipedia.org/wiki/List_of_unsolved_problems_in_physics)

e Test gravity on all regimes
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Test gravity: 3 approaches
1 - Model from Lagrangian

v for

Theory (Lagrangian)

R@W4+cm}-+ G = 87GT,, — H(t), P(k,1)

Equations Solutions

e Specific, self-consistent
e Variable freedom: parameters + ICs — several free functions

e Fully predictive: expansion history, N-body, GWs...

== uBD planck + wmap(pol)
==rBD planck + wmap(pol)

Example: Brans-Dicke -~ UBD wmap

—rBD wmap

Emd%ﬂA—%@@z

(Avilez & Skordis '14)
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Test gravity: 3 approaches

® Model from Lagrangian
2 - Parameterize the solutions

V20 = 4nGa’u(a, k)pA, V(@ + ) = 81Ga®%(a, k)pA

e Fully general

e Vast functional freedom: 2 functions of 2 variables

e Only linear regime, no expansion history

Example: (Planck '15 DE paper)
p=1 110Qqe(a)

X=1+ L‘“Qde(a)
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Test gravity: 3 approaches

® Model from Lagrangian
® Parameterize the solutions

3 - Effective theory approaches
L= Z (67 (t)OZ

e Rather general: locality, covariance, d.o.f. # & type

o Large functional freedom O(few) functions, 1 variable

e Limited info from other regimes GWs (no expansion history)

Example: (Planck '15 DE paper)
a dS)
ANy = ———— = —Q
M0+ 1da B

Q(a) = exp [“'\{'“a {] -1
B
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Connecting approaches (Gubitosi+, Bloomfield+ '14)

(broadly) '

Outline:
® Tools for general theories (Horndeski in CLASS)

® EFT & Lagrangian models (Galileon)

® GW constraints on Lagrangians and EFT
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Horndeski in EFT language (Bellini & Sawicki '14)

}.Lij + 3H(1 + ()é]\,])f'bij + (1 + OéT) k‘QhZ’j =0 (tensors)
———

S(v—gM2hZ) ., GW
ax 06+3H ap ®+ (- ) =0 (scalar field)
~—~ ~—~ \ ,
diagonal mixing QUK OB, QN O

Theory-specific relations:

. G
Gy — G30¢ + G4R + Gy x [VV]? + GG ——2X

[VVe)’
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Horndeski in EFT language (Bellini & Sawicki '14)

}.Lij + 3H(1 + ()é]\/[)f'bij + (1 + OdT) thij =0 (tensors)
———

S(v—gM2hZ) ., GW
ag 6¢+3H ap &+ ( -+ ) =0  (scalar field)
~—~ ~— N
diagonal mixing QKSR QM T

Theory-specific relations:

. G
GQ - GSDQS + G4R + G47X [vvqﬂz + G5Guu¢,/lﬂ 5 , X

[VVe)’

Kineticity: ag

Standard kinetic term — ¢
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Horndeski in EFT language (Bellini & Sawicki '14)

}.Lij + 3H(1 + Oé]\/[)hij + (1 + OdT) thij =0 (tensors)
———

(FMzhfj) ., GW
ag 6¢+3H ap &+ ( - ) =0  (scalar field)
~—~— ~— N
diagonal mixing QOB QM 0T

Theory-specific relations:

. G
Gy — G30¢ + GaR + Gy x [VV]* + G5G " ——2X [V V)
Kineticity: oy Braiding: ap
Standard kinetic term — ¢ Kinetic Mixing of g, & ¢

M, running: ay
Variation rate of effective M,
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Horndeski in EFT language (Bellini & Sawicki '14)

}.Lij + 3H(1 + Oé]\/[)hij + (1 + OdT) thij =0 (tensors)
———

(FMzhfj) ., GW
ag 6¢+3H ap &+ ( - ) =0  (scalar field)
~—~— ~— N
diagonal mixing QOB QM 0T

Theory-specific relations:

G — G306 + G4R + Gy x [VVG] + G5G ¢ — G5 X Ve
Kineticity: ag Braiding: ap

Standard kinetic term — ¢ Kinetic Mixing of g, & ¢
M, running: oy Tensor speed excess: ar

Variation rate of effective M, GW at cg =1+ar

Miguel Zumalacarregui (Berkeley) GW & cosmo tests of Gravity and Dark Energy



Horndeski in the Cosmic Linear Anisotropy Solving System

* DE/MG predictions in as much detail as ACDM
Goals: : . .
* public tool, valid for a large class of theories

¢ am

3 - ® Flexibility:
Grriramadan * New models trivially added
- o o S * Compatible massive v's...

h i_c l a SS ® Accuracy:

* Full linear dynamics + 1Cs

%13 , T243239 * Tested to 0(0.1%) (Bellini+ '17)

wdeh T Bhe X r Gk o

i ol Lnwrirs o .  ® Speed: MCMC-able
www.hiclass—code.net (MZ, Bellini, Sawicki, Lesgourgues, Ferreira ’16)
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www.hiclass-code.net

hi_class in practice

Kineticity ag D 4(z)
G2, Gs, G4, G5 Braiding ap Cy
; —
o(to), ¢(to) M, running a g P(k)

Tensor speed ar

a) (Full theory + ICJ

b) or [Parameterize w(z), ozi(z)J

Analogy with Quintessence

V(9), do, do vs w(z)
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EFT tests (Alonso, Bellini, Ferreira, MZ '16)

Horndeski parameterization

- |0 = Cj - Qde<2)

- Current: (Bellini+ '15)
ACZ‘ ~1
CMB+BAO+RSD+PK
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EFT tests (Alonso, Bellini, Ferreira, MZ '16)

Horndeski parameterization

Q o(uwy) = [0.016,0.009, 0.004]
-Gy =G de(z) — CMB+SKAL

— CMB+LSST
- Current: (Bellini+ '15) T CMBHLSSTESIAL
ACZ‘ ~1 o(cp) = [0.407,0.058,0.023]
CMB+BAO+RSD+PK
- Future:

Ac; ~ 0.1 —0.01

e CMB S4 4 SKA

-4
-1.04-1.02-1.00-0.98-0.961.0 -0.5 0.0 0.5 1.0-4

o | LSST wp cp

e + DESI-like
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EFT tests (Alonso, Bellini, Ferreira, MZ '16)

Horndeski parameterization

|Gy =G Qde(Z) —  S4+LSST+SKA1-IM
S -1 —  S4+LSST+SKAL-IM+Spec

- Current: (Bellini+ '15)
Ac; ~ 1
CMB+BAO+RSD+PK
- Future:

Ac; ~ 0.1 —0.01

e CMB S4 + SKA
e + LSST
e + DESI-like
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Galileon gravity (Nicolis+ '08, de Rham Tolley '10...)

Horndeski's Theory, with
+ simple choice of G;(X, ¢): (recall: X = —(0¢)*/2)

Mip - X
e Related to
BEDDING
* Massive Gravity: ¢ — helicity 0 Ec?»m'lkﬁ "
* DGP/extra dim: ¢ < 1‘5 coord. 7\0 , / BRANE
¢d)

e Screening: = ~ GR on small scales

e Self-accelerating solutions (A = 0)
(de Felice Tsujikawa '10, Barreira+ '14)
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Galileon gravity (Nicolis+ '08, de Rham Tolley '10...)

Horndeski's Theory, with

A = 0] + simple choice of G;(X,¢): (recall: X = —(0¢)?/2)
2 I
%R — X — C:;%vzc‘) — Gal3 (cubic): 0 extra params
e Related to
BEPIING
* Massive Gravity: ¢ — helicity 0 %"M‘ ot
* DGP/extra dim: ¢ < 2° coord. 7\0 X ¢ Brane
o)

e Screening: = ~ GR on small scales

e Self-accelerating solutions (A = 0)
(de Felice Tsujikawa '10, Barreira+ '14)
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Galileon gravity (Nicolis+ '08, de Rham Tolley '10...)

Horndeski's Theory, with

A = 0] + simple choice of G;(X,¢): (recall: X = —(0¢)?/2)
2 I
%R — X — (fg%vzc‘) — Gal3 (cubic): 0 extra params
2 / M2 . 5
+ i([f’ (A\ép R+ % [VV()}Z > — Gal4 (quartic): 1 extra params
e Related to
. : . EMEEDDING,
* Massive Gravity: ¢ — helicity 0 GootDINATE ot
x DGP/extra dim: ¢ < 2° coord. ?0 . /520\;))(
w

e Screening: = ~ GR on small scales

e Self-accelerating solutions (A = 0)
(de Felice Tsujikawa '10, Barreira+ '14)
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Galileon gravity (Nicolis+ '08, de Rham Tolley '10...)

Horndeski's Theory, with

A = 0] + simple choice of G;(X,¢): (recall: X = —(9¢)?/2)
2 I
%R — X — (fg%vzc‘) — Gal3 (cubic): 0 extra params
. M2 G c
= (:4% (A\ép R+ % [VV()}Z > — Gal4 (quartic): 1 extra params

2 .
= 65% (le(b,;w — 3LX [VV¢]3> — Gal5 (quintic): 2 extra params

e Related to
BEDDING
* Massive Gravity: ¢ — helicity 0 %&mﬂkﬁ "
x DGP /extra dim: ¢ < 2° coord. T¢ e\4 Bm\;))f
(L}

e Screening: = ~ GR on small scales

e Self-accelerating solutions (A = 0)
(de Felice Tsujikawa '10, Barreira+ '14)
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A = 0 Galileon Gravity

(Barreira+ '14, Renk+ 17')

Planck+BAO:

)

ACDM
B Galileon 3 + v
B Galileon 5 + 1

64
000 015 030 045 060 0.75 090
> m,

e Hj compatible (ACDM 3.40!)
e if ¥m, =~ 0.6 eV

e slight tension with other data
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A = 0 Galileon Gravity — modifies GW propagation

(Barreira+ '14, Renk+ 17') . = .
hij + (1 + CYT) AV hij + 3H(1 + C\’M)hij =0
Planck+BAO: 2, GW

co/e—1 (

B Gal 5
I Gal 4
I Gal 3

ACDM
B Galileon 3 + v
B Galileon 5 + 1

=
Q
o}
a
@

=

(&)

0.00 0.06 0.12 0.18
Effective G variation: o =

64
000 015 030 045 060 0.75 090
> m,

e Hj compatible (ACDM 3.40!)
e if ¥m, ~0.6 eV
e slight tension with other data
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A = 0 Galileon Gravity — modifies GW propagation

(Barreira+ '14, Renk+ 17') . = .
hij + (1 + (17“) \Y% hij + 3H(1 + (,\’j\,{)hij‘ =0
Planck+BAO: 2, GW

Ruled out-(ISW)

)

cg/c—1 (z=0)

ACDM
B Galileon 3 + v
B Galileon 5 + 1

=
Q
o}
a
@

=

(&)

vGal 3

0.00 0.06 0.12 0.18

64
000 015 030 045 060 0.75 090 R
Effective (7 variation: ay; = °

> m,

e Hy compatible (ACDM 3.40!) & ISW effect (from Planckx WISE):
e if ¥Xm, =~ 0.6 eV — kills ¥Gal3 (8.20)
e slight tension with other data — non-standard GW propagation
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No way out from GWs

GWSs on FRW (Bellini-+Sawicki, Gleyzes+ '14)
hw—i—(l—l—aT)k:ZhUﬂ—:O
——
cZc
e Can't fine tune ar(z) =0

e Galileons with ap(z) =0 /
= ruled out by ISW (8.2 o) reite =

No waveform distortion = need EM counterpart

w? = (1 + ar)k?

Massive gravity tested with GW alone: m, < 7.7-10"*eV  (cwiro10)
. . ) m?
hij + k“hij + myhi; =0 = w=k+ 22
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GW 170817 + GRB 170817A (LIGO+Fermi+ - 1710.05834)

Mot RP

Very precise bound :

3. 107 <ar<6-10716

Lightcurve from
120000 4 (> 100 keV)

117500
11500

112500
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Conditions for variable ¢, (Bettoni, Ezquiaga, Hinterbichler & MZ '16)

Operationally:  h;; + (;362}% 4 =0

GW effective metric - any background, k* > |R,.. |

| S S
G, O"0"

1) Non-trivial ¢(x) configuration (any)
Dark Energy — ¢ ~ Hy

2) ¢-derivatives coupled to curvature
Modified Gravity: Dy, o 0,¢00,¢ - - source

(1,2) = ¢ changes the effective medium in which GWs propagate.

(2) = binary classification of theories
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DE after GW170817

(Ezquiaga & MZ, Creminelli & Vernizzi - '17 PRL)

dRGT
\ESSIV
Gravity
my > 0 Bigravity
General
Relativity Mol
Tensor gravity
Unique theor
q y S
of massless g,,,,
Proca
my >0
Additional Vector Genera
. . o
Field Vi
TeVeS
(MoND)
Break Scalar Quint-
Assumptions d' (B & essence
SRS Horndeski
Brans-
Dicke
DGP
" Gauss- f(R)
Non-Local Lorentz orava HBGYZ"dk. Bonnet
Violating orndesit Galileon kGB
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DE after GW170817

(Ezquiaga & MZ, Creminelli & Vernizzi - '17 PRL)

X dRGT
Massive
Gravity
mg > 0 Bigravity
General
Relativity Mol
Tensor gravity
Unique theor
[¢] y fuw
of massless g,,,,
Proca
my >0
Additional
Field
Break 5 Scalar Quint-
Assumptions e essence
dimensions (% .
Horndeski
Brans-
Dicke
DGP
Non-Local Beyond e ‘rmt A
Horndesk .
Galileon | KGB
D(X)
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What's left after GW1708177

Lagrangian s T
e All Simple Ths. ective 0 eory Parameterization
e 2 special Ths. *ar= e Everything goes!

e massive GR (?) e all other a's free
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Conclusions

e d Interesting Dark Energy models
* ACDM tensions?

* Very predictive!
e GW propagation — critical test of gravity : =i 3 1

I Galileon 5 + &

. 64
* either ¢4 = c or not 5 5 00 075 0w

* Dead ends after GW170817

e Complementarity is essential:

* Cosmology
Cross-correlations (e.g. ISW)

* Gravitational Waves

redshift 2

e Need to go back to our blackboards... i hiclass—code . net
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Back up Slides

Q@ Vit ap ¥ p P @ @ VG Lw ag ¥ p i Ry G 6w M
G ® ay 6 P ax h G G ® ay & P ax 6 ¥ h ar
i Ry & 6w h o X n, 0 Ry G 6w b H % ow W ag G
o6 ¥ b oo % g W 6 ¥ o o * A |
& ® & o o b oow W d P X G B Gl
¢ IO o, £y o, m o4 £ 1y ¢ X e d
X G tw Gy g : v G o8 ® R
o v X G Lw 4 X s »
o B X § bw g - - B i G & Ly . G
Ve G D6 y R v=e @ G “ ax D06 6w " W
@ & g & ™ BV G v G O @G @ % o ¢
3 B , -
o O b g v G & b ® g & i@ : x
G G g 0 G ax Do 4 g Bw aw G & M
§ > 8 am Gy w . ap B
ap G " 5 ¥ 4
e 4 ar
4 ”
h 1
T—
h v
x ™
H ™ ¥ hy
Gy a  Op Ry x P
ag 3s ay /=5 s 0 em owm pp
Ve Ly 5 O X 0 G Ly ar G g ap
aw ¥ g Mo v he @ ax &
i P ax G ® R & G Ly ax M Ly ar Gy ¥
Ry & 6w h M Q Ry 6 X o 0 @ G 6w oy R, @ T}
6 ¥ h oar Q@ & Ly © K @ Op P 5 W ¥ G he o
ay H oax G P 9 5 ag 0 & ¥ R, & 0o B € @
r, W ¢ & T, @& X P Ly ® X G y=5 ® G R X ¢
Gy Ly & Gy he 6 Op M R € o Ly 6w 6 ¥ =5 £
B X H bw ok o G Ly X @ b M h @ G Ly & G

www.hiclass-code.net
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Scalar-Tensor gravity

; {gﬁ)é% — %(8@%))2 — V(¢) D Quintessence/Inflation,

D Brans-Dicke, f(R) (Jordan '59, Brans & Dicke '61)

* Old-School

* Horndeski's Theory (1974)

guv + [0] + Local + 4-D + Lorentz theory with (2" order Egs.

4x functions G;(X, ¢) of ¢, X = —(064)?/2
Lg=Gy— G;3V2O+G4R—|—G,1_X [VV()]Q P G5le¢;/¢u GzX [VV(;S]

D GR, quint/k-essence, Brans-Dicke, f(R), chameleons...

kinetic gravity braiding, covariant Galileon, Gauss-Bonnet...

* Beyond Horndeski —  discovered by accident!
(MZ & Garcia-Bellido '13,  Gleyzes et al. '14,  Langlois & Noui '15)
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WISE dN/dzdQ

0.50 0.75 1.00 1.2

1.50  1.75  2.00

—— ACDM vGals
- vGal3 WISE Data
vGald from Ref. [30]
20 40 60 80 100
/

20

2

r 10

—— Galileon 3 + v
0.21 —_— Gz\l?h‘on % +v
—— Galileon 5 + v
0.14
0.0
701 4
15 20 25 3.0

fEC:)H/H(%




d co dld Cerdted d OITE €11€ Re
S
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1.2
JAY 4
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s 1.0
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® 09 [Fmmm==n .\
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Galileon: Tracker solution (Barreira+ '14)

Symmetry ¢ — ¢+ C = conserved J* = J%xa?—=0

p(t)H(t) = & - HEMp = constant

Base Cubic (PLB)

e Evolution to tracker: no fine tuning e Inviable if out of tracker late
e Tracker by 2z ~ oo (i.e. while Qg significant)
e Indistinguishable if reached earlier
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