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4+ Generally, higher-derivatives lead to extra instable d.o.f. (Ostrogradski ghost)
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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(o, 8M¢)

+ Generalized theories (Galileons)  L(¢, 0,6,V ,V,0)

4+ Generally, higher-derivatives lead to extra instable d.o.f. (Ostrogradski ghost)

beyond Horndeski Degenerate Higher-Order Langlois, Noui 15, "16;
Zumalacarregui, Garcia-Bellido ’13 Scalar-Tensor theories Crisostomi, Hull et al. *16;

with Gleyzes, Langlois, Piazza ’14; Crisostomi, Koyama, Tasinato '16;
Achour et al. ‘16
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Constructing the action

4+ Use metric quantities in uniform scalar field slicing  ¢(t) # 0 £

S Nnt

B> ADM decomposition ,
ds® = —N?dt* + h;;(N'dt + dz")(N? dt + da?) hi;

4+ Lagrangian contains all possible scalars under spatial diffs, ordered by number of
perturbations and derivatives Cheung et al. ‘07

S = /d4x\/—gL[t; N, K;, (3)R§-, .

B> Lapse N ~¢ (09)* = =5 (1) /N
1

B> Extrinsic curvature K ~ Ot Gi K;; = N(hz‘j — V;N; — V;N;)

DO

2 Intrinsic curvature (S)Rij ~ 8291,7'




Constructing the action

. . . . - y N*
4+ Use metric quantities in uniform scalar field slicing  ¢(t) # 0 .

> ADM decomposition ,
ds® = —N?dt* + h;;(N'dt + dz")(N? dt + da?) hi;

4+ Lagrangian contains all possible scalars under spatial diffs, ordered by number of
perturbations and derivatives Cheung et al. ‘07

S = /d4x\/—gL[t;N, K;:,(g)R;,...]

4+ Expand the action
OIN=N-—-1, oK;j = K;; — Hh;j , (S)Rz’j

i i r oL i oL i
L(N, K}, Rj,...) = L+ LNON + - 50K + —=-0R; + L + ..
J J
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M2{ 2
S = / d'aev/h— |SK]6K; — 6K +(3)R+5N(3)R+Zai(t)0§ (6N, K, . ..)

with Gleyzes, Langlois, Piazza '13 (see also Bloomfield ’13)

4+ Deviation from GR (LCDM) parameterized by time-dependent functions independent

from background evolution
Notation of Bellini, Sawicki ’14 for the alphas
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number of parameters
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Suilding blocks of linear perts
52) :/d4x hMTQ

with Gleyzes, Langlois, Piazza '13 (see also Bloomfield ’13)

SK]OK! — 6K* + OR+ SNPR+ Y 0, ()0 (0N, K, ...

4+ Deviation from GR (LCDM) parameterized by time-dependent functions independent
from background evolution

4+ Locality, diff invariance preserved. Stability:

No ghosts

No gradient instability




Higher-Order theories
2
S = / d%\/EMT [51{5’ SK! — 6K + R+ sNOR + Z a; (1) O (6N, 6K, .. )

4+ All operators up to two derivatives

with Langlois, Mancarella, Noui ‘17
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Higher-Order theories
2
S = / d4x\/EM7 [51{,{ SK! — 6K + R+ sNOR + Z a; (1) O (6N, 6K, .. )

4+ All operators up to two derivatives

with Langlois, Mancarella, Noui ‘17

01 52 b3

SN? O6NOK (0;0N)?

4+ Generic scalar dispersion relation: E1wt + Eaw?k? + Eqw? + EJRP + EK% =0

4+ Two types of degeneracy conditions lead to w? — cng =0

Ci: ap=0, B2 = fa(B1) , Bs = f3(B1)

related to Horndeski by metric redefinitions (that change the matter couplings)

Cii: b= filar,ap,arn), B2= folar,am,ar), Bz = fslar,oam,or)

2 2
C, X —Cp ruled out!
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°henomenology

e Undo unitary gauge: t = t+w(t,T) >Q<>"ZZZ§Z

 Newtonian gauge (scalar flucts): dt* = —(1 +2®)dt* + a*(t)(1 — 2W)dz”

 Quasi-static approximations — valid on scales k > aHH (38_1. Sawicki, Bellini ‘15
E.g., for surveys such as Euclid ¢ = 0.1.

VZ(\I! + &) =81G(1 + Tlens)azpmdm
Tlens — Tlens(@i)

U =nd
v ! o

V20 = 47G(1 4+ Y)a® prmbm

T ?.7m + Hv,, = -V
Ty = VTo(ay)

Om + VU, =0



Fisher matrix analysis

with Gleyzes, Langlois, Mancarella 15 Euclid specifications (LCDM fiducial)
" ‘ Quasi-static approximation

Galaxy Clustering

Weak Lensing 4+ Background parametrization:
ISW-Galaxy

GC+ISW-Gal+WL  f72 _ Hg [Qm()a_g + (1 _ QmO)a—B(ler)}

4+ Free functions parametrization:
1— QO (t)
1 —mo

Piazza et al. ’13, Bellini, Sawicki '14
see also Alonso et al. ‘16

Oq(t) — Oé[,()
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Fisher matrix analysis

with Gleyzes, Langlois, Mancarella ‘15 Euclid specifications (LCDM fiducial)
" ‘ Quasi-static approximation

Galaxy Clustering

Weak Lensing 4+ Background parametrization:
ISW-Galaxy

GC+ISW-Gal+WL  f72 _ Hg [Qm()a_g + (1 _ QmO)a—S(ler)}

4+ Free functions parametrization:

87 (t) — Oz[,()
1— Qm,O
Piazza et al. 13, Bellini, Sawicki ’14
_ N see also Alonso et al. ‘16
3 -2-10 1 2 3-2 -1 0 1 2
10%x (1+w) 10°% ap o

4+ Time dependence of free functions a’s still critical issue

see e.g. Linder ’16, Gleyzes ’17, Kennedy et al. ‘17
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4+ We want to go beyond the quasi-static approximation:

* Full Boltzmann solver: ? =Ctlfr], I=~,v,b,CDM
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s EFTCAMB (Hu, Raveri, Frusciante, Silvestri et al.)
* hi_class (Zumalacarregui, Bellini, Sawicki, Lesgourgues et al.)

« COOP (Zhigi Huang)  (with D’Amico, Huang and Mancarella)



Boltzmann codes

4+ We want to go beyond the quasi-static approximation:

e Full Boltzmann solver:

« EFTCAMB
* hi_class
* COOP (Zhigi Huang)

6000

DT [uK?]

2000 |

5D /D] [%)

coo
1O 01 O

d

di; = Crlf1],
652

o 0

&

I =~,v,b,CDM

(Hu, Raveri, Frusciante, Silvestri et al.)

(Zumalacarregui, Bellini, Sawicki, Lesgourgues et al.)

Bellini, Zumalacarregui, et multi alii, in prep.

(with D’Amico, Huang and Mancarella)
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Nonlinear ET of DE

M2
S = / d'av/h—- [51{5 SK! —0K* + PR+ SNOR+ 3" a;()0 + ) @i(t)0§3)]

4+ In the Newtonian limit, a finite number of operators dominate

Example: Horndeski has only 3 cubic operators and nothing more  Bellini, Jimenez, Verde ‘15



Nonlinear ET of DE

M2 .
S = / d%ﬁT [51{5 SK! —0K* + PR+ SNOR+ 3" a;()0 + ) oz@-(t)OgS)]

4+ In the Newtonian limit, a finite number of operators dominate

Example: Horndeski has only 3 cubic operators and nothing more  Bellini, Jimenez, Verde ‘15

4+ Standard Perturbation Theory

S &V [(1 4 6,,)F] = 0
U+ HO,, + Ty - VT, = —VP

4+ Modifications of gravity encoded in Poisson-like equation

3 9 L ﬁ ,
2P = —§a2H2Qmu¢,15m — ZaQHQanM@,Q(kl, ko )Om (k1) % 6m (ko) + ...

mildly NL scales
r

O ~ 1 H;!




—FT of DE and LSS combined

4+ Naturally incorporated into the Effective Field Theory of Large Scale Structures

2
. - - - : 1 . C : Baumann et al. '10
) H 1/ J V. ? vz _ ), TS vz : ’
Um + Um, + Um ViUm T o = Do (9]7' k12\IL 5m Senatore et al. '12, etc...

4+ Example: 1-loop Power Spectrum with IR resummation. Comparison with Fabian
Schmidt ’09 simulations of nDGP, 3 realizations, from 400 to 128 Mpc/h box size:

r. = 500 Mpc
1.1 ——————
| linear
I 1-loop, SPT
1.0 ]
I 1-loop, EFT
E 09 1-loop, SPT, usp=psn=Hs3=0 )
Q =l ]
f [ e 1-loop, EFT, pgp=pgn=ps3=0
| E 7777777 1-loop, EFT, non—resum
Q Q O 8 B ]
§ <
=
&
07 ]
~
A
O -6 [ === ]
0.5 | ‘ ‘

0.10  0.15 020 030 050
k [h Mpc™]



Conclusions

#¥  Unifying description for scalar-tensor theories, including higher-order ones
(and more)

¥ Analysis of (degenerate higher-order) theories highly simplified
*¥ Linear regime worked out! Issue of time dependence of a’s

¥ Straightforward connection to mildly nonlinear and fully nonlinear regime






