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Gravity on large scales

Acceleration of the Universe has generated a lot
of activity in trying to extend cosmology and
gravity beyond standard LCDM model.

GR tested only on special range of scales and
masses.
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Gravity on large scales

Acceleration of the Universe has generated a lot
of activity in trying to extend cosmology and
gravity beyond standard LCDM model.

GR tested only on special range of scales and
masses.

12

Euclid TWG paper ‘16

Cosmology window for discovery of new physics.

Analogous to precision tests at LHC

1070

10-15

107

10-25

Curvature  &GM/r’c? (cm™)
= - - = = -
© o©o ©o o o o

& g S S a 8

=

S,
(2]
o

|
Psaltis ‘08

/1 AU SS tBsts
¢0

Ty

Dark Matter

z SS

\

Sgr A

I XRB

150914} IMBH

A

Over the Horizon

/-~
1Qkpc Cosmology\
/ / Dark E| -
10 107 10°

Potential

e=GM/rc?




Scalar-tensor theories

4+ Simplest models of modified gravity are base on single scalar field

4+ 0ld school theories: Quintessence, Brans-Dicke, K-essence, ... L(p,0,0)



Scalar-tensor theories

4+ Simplest models of modified gravity are base on single scalar field

4+ Old school theories: Quintessence, Brans-Dicke, K-essence, ... L(p,0,0)
1
Ex: L=R-— iguyﬁuqb(?yqb — V(o)
1
L= [()R = 59" 0u60,6 = V($)

L=R+Ga(¢,X), X=g"0,00,¢



Scalar-tensor theories

4+ Simplest models of modified gravity are base on single scalar field

4+ Old school theories: Quintessence, Brans-Dicke, K-essence, ... L(p,0,0)
4 Generalized theories: Galileons L(, 0.0, V.V.,0)
Ex: Massive gravity G O 0,0,0 longitudinal mode of 5D graviton

DGP model g5, D 0,9 brane-bending mode



Self-acceleration and fifth force

4+ Simplest models of modified gravity are base on single scalar field

4+ Old school theories: Quintessence, Brans-Dicke, K-essence, ... £(¢, (%gb)
4 Generalized theories: Galileons L(p,0,0,V ,V,0)

Can provide self-acceleration and nonlinearities (Vainshtein screening),
with controlled quantum corrections and no ghost

L= 20" 0u00,6 — V(6) + T 0T,

< scalar-tensor > « scalar-tensor >




Self-acceleration and fifth force

4+ Simplest models of modified gravity are base on single scalar field

4+ Old school theories: Quintessence, Brans-Dicke, K-essence, ... £(¢, (%gb)
4 Generalized theories: Galileons L(p,0,0,V ,V,0)

Can provide self-acceleration and nonlinearities (Vainshtein screening),
with controlled quantum corrections and no ghost

L= _% <1 + A_f> g'uya,ugbal/gb — V(gb) + —QbTm
3

<+ almost GR - > « scalar-tensor >




Scalar and gravity playing

4+ Simplest models of modified gravity are base on single scalar field

4+ 0Old school theories: Quintessence, Brans-Dicke, K-essence, ... L(o, (9qu)

4+ Generalized theories: Galileons L(p,0,0,V ,V,0)

Scalar field and gravity play through these terms:

V,V.,6 DT80

[ ¢ D i ¢

Loy~ (%)% — 3 (0kvij)?






Horndeski theories

Covariantization of the Galileons. Most general Lorentz-invariant scalar-tensor theories with

2nd-order EOM. No extra modes: 1 scalar + 2 tensor polarisations
Horndeski 73, Deffayet et al. 11

L) = Ga(¢, X) X =V,oVhe

L) = Gi(¢, X)0¢ = ¢g"'V,V,

L) = Gi(¢, X)R — 2G4 x(¢, X) [(06)? — (VuVu0)?]

L) = Gs(6, X)GM V0 + 5 Gs x (6, X) [(06)° ~ 306(V,9,6)? + 2V, V,0)’]



Horndeski theories

Covariantization of the Galileons. Most general Lorentz-invariant scalar-tensor theories with

2nd-order EOM. No extra modes: 1 scalar + 2 tensor polarisations
Horndeski 73, Deffayet et al. 11

L) = Ga(¢, X) X =V,oVhe

L) = Gi(¢, X)0¢ = ¢g"'V,V,

L) = Gi(¢, X)R — 2G4 x(¢, X) [(06)? — (VuVu0)?]

L) = Gs(6, X)GM V0 + 5 Gs x (6, X) [(06)° ~ 306(V,9,6)? + 2V, V,0)’]

ct—1ox —2Gyx — G54 — (Hop — QB)G&X

+ Regime of interest for LSS surveys: c> — 1 ~ O(1071)-O(10™?)



Event rate (counts/s)

Frequency (Hz)

GW170817 = GRB170817
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Virgo, LIGO Scient. coll. 17; Virgo, Fermi-GBM, INTEGRAL, LIGO Scient. coll. 17




GW170817 = GRB170817

—3x 1071 < ﬂ <7x10710
VEM

4+ Previous limits on GW slower than light, Cherenkov radiation. One sided and at high energy
Moore and Nelson 01

4+ Low energy GW: A ~ 10 000 Km. Can use cosmological description

+ Over cosmological distance: 40 Mpc. Screening mechanism inefficient and anyway
(probably) negligible



Other coincident events

[2] arXiv:1710.05901 [pdf, other]

Dark Energy after GW170817

Jose Maria Ezquiaga (1 and 2), Miguel Zumalacarregui (2 and 3) ((1) Madrid IFT, (2) UC Berkeley, (3) Nordita)
Comments: 9 pages. 3 figures

Subjects: Cosmology and Nongalactic Astrophysics (astro-ph.CO). General Relativity and Quantum Cosmology (gr-qc); High Energy Physics -

[3] arXiv:1710.05893 [pdf, other]

Implications of the Neutron Star Merger GW170817 for Cosmological Scalar-Tensor Theories

Jeremy Sakstein, Bhuvnesh Jain
Comments: five pages. two figures

Subjects: Cosmology and Nongalactic Astrophysics (astro-ph.CO):; General Relativity and Quantum Cosmology (gr-gc). High Energy Physics -

[4] arXiv:1710.05877 [pdf, ps, other]

Dark Energy after GW170817

Paolo Creminelli, Filippo Vernizzi
Comments: 5 pages

Subjects: Cosmology and Nongalactic Astrophysics (astro-ph.CO): General Relativity and Quantum Cosmology (gr-qc): High Energy Physics -

see also Baker et al. 17



Consequence of cr=1 on Horndeski

Covariantization of the Galileons. Most general Lorentz-invariant scalar-tensor theories with
2nd-order EOM. No extra modes: 1 scalar + 2 tensor polarisations

L) = Ga(¢, X) X =V,oVhe

L) = Gi(¢, X)0¢ = ¢g"'V,V,

L) = Gi(¢, X)R — 2G4 x(¢, X) [(06)? — (VuVu0)?]

L) = Gs(6, X)GM V0 + 5 Gs x (6, X) [(06)° ~ 306(V,9,6)? + 2V, V,0)’]

ct—1ox —2Gyx — G54 — (Hop — @G5,X

4+ We want cr = c for any “background”, i.e.any ¢(t), o(t), H(t)



Consequence of cr=1 on Horndeski

Covariantization of the Galileons. Most general Lorentz-invariant scalar-tensor theories with
2nd-order EOM. No extra modes: 1 scalar + 2 tensor polarisations

ﬁ;(HZ) = Ga(¢, X) X =V, oV'o
ES) — G3(¢7 X)D¢ — g“yvuvu

L) = Gi(¢, X)R — 2G4 x(¢, X) [(06)? — (VuVu0)?]
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D 0 S & TNV O . a2 A 'w;" b el il o G e S VT VD ~\TVELTV ""'ii"”""

ct—1ox —2Gyx — G54 — (Hop — Qg)G5,X

4+ We want cr = c for any “background”, i.e.any ¢(t), o(t), H(t)



Consequence of cr=1 on Horndeski

Covariantization of the Galileons. Most general Lorentz-invariant scalar-tensor theories with
2nd-order EOM. No extra modes: 1 scalar + 2 tensor polarisations

ﬁ;(HZ) = Ga(¢, X) X =V, oV'o
LS) — G3(¢7 X)D¢ — g/“/v/uovl/

,,,},,-.-v === SO (B2 » W

PP REF
Y]

ct—1ox —2Gyx — G54 — (Hop — QB)G@X

4+ We want cr = c for any “background”, i.e.any ¢(t), o(t), H(t)



Consequence of cr=1 on Horndeski

Covariantization of the Galileons. Most general Lorentz-invariant scalar-tensor theories with
2nd-order EOM. No extra modes: 1 scalar + 2 tensor polarisations

ﬁ;(HZ) = Ga(¢, X) X =V, oV'o
LS) — G3(¢7 X)D¢ — g/“/v/uovl/

,,,},,-.-v === SO (B2 » W

PP REF
Y]

ct—1ox —2Gyx — G54 — (Hop — QB)G@X

4+ We want cr = c for any “background”, i.e.any ¢(t), o(t), H(t)

In conclusion: Ler=1 = Gy(@)R+ Ga(¢, X) + Gs(o, X)Uop

see also Ezquiaga, Zumalacarregui 17 and Baker et al. 17
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taton- Cascading gravity Tessa Baker ___Lorenzyiohtion = Loy gravity
{Hofava-Lifsc itz

Strings & Branes

‘ r— v
Randall-Sundrum | & 11
2T gravity \

Higher dimensions Non-local General R,

. f (R) OR,etc.
Kaluza-Klein

Generalisations

ETofDE

of Sen
Gauss-| Bonnet
@
Lovelock gravity s
Emergent Scalar
Approaches | KGB

‘ Coupled Quintessence

cpT Padmanabhan Horndeski theories
thermo.

Chaplygin gases

aK(t)v aB<t)7 aM(t)v
OéT(t), OéH(t),...

Bridge models and observations in a
minimal and systematic way

Theoretically motivated: locality, causality,
unitarity, stability, etc...
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implemented in Einstein-Boltzmann codes

Observations

Galaxy clustering

. -‘.

- > . .\
' OJ v 4
il |

Weak lensing

Grav. waves



Jordan frame

baryons,
photons,
neutrinos



FLRW background

¢ = const
I = const

baryons,
photons,
neutrinos

Time reparametrisation invariance broken, gb(t) # 0



Uniform field slicing §¢ (¢, £) = 0

\/\ t = const

baryons,
photons,
neutrinos

Spatial reparametrisation invariance preserved on these hypersurfaces

Action: most general function of the metric perts, preserving spatial-diff invariance
Cheung et al. ‘07



:FT ag rang | an Gubitosi, Piazza, FV 12

Gleyzes, Langlois, Piazza, FV 13
Bloomfield et al. 12, 13

M2 .
g(2) _ / d4x\/ﬁ7 [(sK;g SK! — 6K* + OR + sNOR + Y a,(t) O/ (6N, 0K, .. .)]

ADM decomposition N
. . . . 4
ds* = —N?dt* + h;j(N'dt + dz")(N? dt + dz7) N

N ~ ¢ ) K’L] ~ h’LJ 9 (S)R ~ th hij



—FT agrang lan Gubitosi, Piazza, FV 12

Gleyzes, Langlois, Piazza, FV 13
Bloomfield et al. 12, 13

M2 .
g(2) _ / d4x\/ﬁ7 [(SK;Z SK! — 6K* + OR + sNOR + Y a,(t) O/ (6N, 0K, .. .)]

ADM decomposition Lg\f@'
. . . . 4
ds* = —N?dt* + h;j(N'dt + dz")(N? dt + dz7) N
N ~ ¢ ) K’LJ ~ h’LJ 9 (S)R ~ th hij

- New operators describe deviations from GR (ACDM). Ordered in number of perturbations

and derivatives

- Time-dependent couplings (functions ai(t)), due to expansion around FLRW background
- Functions aj(t) independent of background evolution H(t) = a/a

We fit to data H (t) and ozz-(t) (agnostic of their time dependence and parametrization)



=3

ag raﬂg ian Gubitosi, Piazza, FV 12

Gleyzes, Langlois, Piazza, FV 13
Bloomfield et al. 12, 13

M? . .
S = / d4a:\/57 [51{3 SK! — 6K? + OR + sNOR + Y o, (t) O (6N, 0K, ..)

Notation of Bellini, Sawicki 14 for the alphas

guintessence,

k-essence

DGP, kinetic
braiding

Brans-Dicke,
f(R)

Horndeski

ONoK

Kineticity  braiding

4 functions of time instead of 4

ar
functions of ¢, (0¢)? ; minimal

dM? 5, R number of parameters

dlna N~ Kij~hi;, DR~ 8%h

conformal tensor

coupling sound speed



:FT ag rang | an Gubitosi, Piazza, FV 12

Gleyzes, Langlois, Piazza, FV 13
Bloomfield et al. 12, 13

M? . .
S = / d4a:\/57 [51{3 SK! — 6K? + OR + sNOR + Y o, (t) O (6N, 0K, ..)

Notation of Bellini, Sawicki 14 for the alphas

4 functions of time instead of 4
functions of ¢, (0¢)? ; minimal
dM*? 5,3R number of parameters

dlna N~ Kij~hi;, DR~ 8%h

conformal tensor
coupling sound speed

aT
ON? O6NOK

Kineticity  braiding

quintessence, Scalar Tensor

k-essence
NO ghosts

DGP, Kinetic : _
braiding No gradient inst.

Brans-Dicke,
f(R)

Horndeski



:FT ag rang | an Gubitosi, Piazza, FV 12

Gleyzes, Langlois, Piazza, FV 13
Bloomfield et al. 12, 13

M? . .
S = / d4a:\/ﬁ7 [51{3 SK! — 6K? + OR + sNOR + Y o, (t) O (6N, 0K, ..)

Notation of Bellini, Sawicki 14 for the alphas

4 functions of time instead of 4
functions of ¢, (0¢)? ; minimal
dM? 5,3R number of parameters

dlna N~ , Kij~hij, OR~ 8%h

conformal tensor
coupling sound speed

SN? OSNOK

Kineticity  braiding

Scalar Tensor

Gleyzes, Langlois, Mancarella, FV ‘15

NO ghosts
.......... Galaxy Clustering
_____ Weak Lensing
—— ISW-Galaxy
—— GC+1SW-Gal+WL

No gradient inst.

Euclid-like specifications

4+ Regime of interest for LSS surveys: «; ~ 0.1 = 0.01



Uniform field slicing §¢ (¢, £) = 0

baryons,
photons,
neutrinos




Newtonian gauge ds* = —(1 + 2®)dt* + a*(t)(1 — 2V)dz"
t = t+m(t,7)

baryons,
photons,
neutrinos

¢ = const
1 = const



Phenomenology

dt* = —(1 +2®)dt* + a*(t)(1 — 2W)dz?

Quasi-static approximations

AL V(W + @) = 871G a” pybm

. R ._.\.
." 0‘ 'C.L

Wedk Iénsing CMB (ISW)

VU = AT Ga’ prbm .
U + HU,,, = =V

Om + VU, =0




Phenomenology

dt* = —(1 +2®)dt* + a*(t)(1 — 2W)dz?

Quasi-static approximations

Wl "énSiU; CrRE) Tlens — Tlens(@i)
VU =nd
Y 7 d
VU = 47G(1 + Yv)a’ pmdm |
TT Uy, + HU,,, = —VO
Ty =Tg(a)
Om Um

Om + VU, =0




—Instein-Boltzmann solvers

* Full Einstein-Boltzmann solver: % = Ct|fr], I=~,v,b,CDM
n

5S(2)
0T

— 0 & Gg?odiﬁed — 871G Z TZSI)
1

* EFTCAMB (from CAMB) (Hu, Raveri, Frusciante, Silvestri et al.)

* hi_class (from CLASS) (Zumalacarregui, Bellini, Sawicki, Lesgourgues, Ferreira et al.)
* COOQOP (indep. code, Zhigi Huang) (with D’Amico, Huang and Mancarella)



—Instein-Boltzmann solvers

* Full Einstein-Boltzmann solver: % = Ct|fr], I=~,v,b,CDM
n
652 modified (1)

Codes agree at sub-percent level, in most cases

« EFTCAMB (from CAMB)
* hi_class (from CLASS)
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R
Mﬁl .......... B g s -“Aﬁd&u‘u—. N T
10* 102 103 1073 1072 1071 10° 101
Multipole ¢ k[h/Mpc]

— 10°
| 10*
| 103
| 10
| 10t

N

1100

0.5
0.0
0.5

P(k)[(h~ Mpc)°]

0P(k)/P(k) [%]



Nonlinear EFT of dark energy

M2 oo
S = / d4a;\/57 [51{5 K} —6K* + PR+ SNOR+3 " o, ()0 + ) ai(t)d?’)]

Cusin, Lewandokswi, FV in prep.

4+ Quasi-static regime: only two cubic and one quartic operator
cubic OzV1(5N5/C2 Oév25/C3 Oév25N5g2

Quartic 30 N3

0o = 6K* — 0KI6K!,  6G, =0K]R. - 0KR/2,
0Ks = 6K — 30KSK] K + 26 K] 0K} 6 K}

4+ Nonlinear operators are relevant for Vainshtein screening and structure formation



P/(h Mpc™)°

Beyond linear regime

nonlinear

quasilinear

10” 10°
k/h™" Mpc]




Nonlinear corrections

4+ EFT of large-scale structure: perturbative approach accounting for effect of short-scale
physics Baumann et al. ’10; Senatore et al. 12, etc...

4+ Combined with EFT of dark energy: one-loop power spectrum - one new free parameter

Cusin, Lewandowski, FV 17
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ct = 1inthe EFT of dark energy

Creminelli and FV 17

M2
S = / d4x¢ﬁ7 [(sKg SK: — 6K? + DR+ sNOR+ " a;(1)0 + 5 ai(t)a@]

2
Quadratic apoNOK N = aM CkT(B)R
dlna
cubic OéVlde’CQ CVVQ&’C:} av25N5g2
Quartic ay30NOKs
0Ky = 6K* — 0K]6K!,  6G, =0K]R.—0KR/2,

03 = 6K® — 36 KOK!SK! + 26 KIS K| 6 K}



ct = 1inthe EFT of dark energy

Creminelli and FV 17

M2
S = / d'av/h—- [51{5 SK: — 6K? + DR+ sNOR+ " a;(1)0 + 5 ai(t)0§3>]

2
Quadratic apONOK apy = aM o (S
dlna
Cubic Oév1(5N5’C2 Ckvzd’Cg ()4V25N5Q'2
Quartic ay30NOKs
0Ky = 6K* — 0K]6K!,  6G, =0K]R.—0KR/2,

0Ks = 6K® — 36 KSK) 6K + 26 KK}, 6 K}

+ We want cr = 1 for any background. Small modifications: 0 Nyxgq ~ gb , 0Kpkea ~ H



ct = 1inthe EFT of dark energy

Creminelli and FV 17

M2
S = / d'av/h—- [51{5 SK: — 6K? + DR+ sNOR+ " a;(1)0 + 5 ai(t)0§3>]

Quadratic

@{0] o] e

Quartic

0Ky = 6K* — 0K]6K!,  6G, =0K]R.—0KR/2,
0Ks = 6K® — 36 KSK) 6K + 26 KK}, 6 K}

+ We want cr = 1 for any background. Small modifications: 0 Nyxgq ~ gb , 0Kpkea ~ H

Dramatic simplification: a7 = ay] = ays = ayz =0



Seyond Horndeski

Not the end of the story: (invertible) metric redefinitions do not change number of d.o.f.

OLD SCHOOL
SCALAR TENSOR

HORNDESKI

OPERATORS aK, B, &M\, AT

Guv = C(Gb)gwf"
D(¢)0,90, ¢

COUPLING Guw = C(0) g




Seyond Horndeski

Not the end of the story: (invertible) metric redefinitions do not change number of d.o.f.

OLD SCHOOL
SCALAR TENSOR

HORNDESKI BEYOND HORNDESKI

aK, @B, &M, T, OH,
OPERATORS K, OB, M K, aB, &M, XT K, B, &M, XT, OH 8
1
~1/:C v+ NV:C vt ~I/:C 7X v+
COUPLING guv — C((b)g,w Ju (¢)gu Ju (¢)gu Ju (q§ )gu
D(¢)0,$0,¢ D(¢, X)0,¢0, ¢ D(¢, X)0,¢0, ¢
Higher-order EOM but degenerate theories:
4+ Beyond Horndeski (GLPV) theories: Gleyzes, Langlois, Piazza, FV 14
Guv — C(@) g + D(¢, X)0, 90, ¢ Effective parameter: oy (t)
4+ Degenerate higher-order scalar-tensor (DHOST) theories: Langlois, Noui 15; Crisostomi et al. 16

Gy — C(¢, X)gu + D(¢, X)0,,¢0, ¢ Effective parameter: 51 (t)



Conseqguence of ct=1 - Beyond Horndeski

4+ Beyond Horndeski (GLPV) theories with ¢t = 1:

Lerm1 = Ga(6,X) OR — £:Cax (6, X)(66" 006 — 6 602 6™)

+ DHOST theories withcr=1: g — C(0, X) g

4
Lepe1 = CGyWR — Cfg"x

4CG 6G4C x?
+ ( X4’X + 4C’X + 8C,XG4,X)¢M¢MV¢>\¢>\V

- 80 xGyx
X

" P" g

(9™ )° + Gald, X) + G3(¢, X)Oo




Conseqguence of ct=1 - Beyond Horndeski

4+ Beyond Horndeski (GLPV) theories with ¢t = 1:

Lerm1 = Ga(6,X) OR — £:Cax (6, X)(66" 006 — 6 602 6™)

+ DHOST theories withcr=1: g — C(0, X) g

4
Lepe1 = CGyWR — Cfg"x

4CG 6G4C x?
+ ( X4’X + 4C’X + 8C,XG4,X)¢M¢MV¢>\¢>\V

- 80 xGyx
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2
In terms of EFT parameters S = /d4$\/EM7 [ — 6Ky + PR+ 4a5HSNSK

+ (1 +ag)SN®R+48,0NSK + B20N? + 3(0;0N)? — apd NOKs
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Conclusion

4+ Testing GR: one of the main targets of future LSS surveys. EFT approach, useful on
cosmological, linear and mildly nonlinear, scales.

4+ Measurement of speed of GW: dramatic cut in the available models: Higher-derivatives in
Horndeski theories are ruled out. Higher derivatives survive only in beyond Horndeski
theories.

4+ Beyond Horndeski theories are constrained by stellar physics and H-T pulsar

4+ GW observations competitive/complementary to what future LSS survey will do






