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Standard perturbation theory + EFT of LSS

P .

Linear Mildly nonlinear Fully nonlinear + baryonic physics
>
Nmodes ~ 106 Nmodes ~ 107 ) > 1 k[h/Mpc]|
Linear theory Perturbation theory EFT (derivative expansion)
5 =M+ +6® 456 4 +cAV2eW

Long-wavelength DM fluctuations computed perturbatively + finite number of unknown coefficients
(counterterms) parameterising the effect of short-wavelength physics on long-wavelength one, whose k-
dependence is dictated by symmetries
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Standard perturbation theory +

FT of LSS

Dark matter described by continuity and Euler egs. + Poisson eq.
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Standard perturbation theory + EFT of LSS

Dark matter described by continuity and Euler egs. + Poisson eq.

(,-—- EFT stress-energy tensor
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Scalar-tensor theories

Most general Lorentz-invariant scalar-tensor theory with 2nd-order EOM (Horndeski theory).
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Scalar-tensor theories

Most general Lorentz-invariant scalar-tensor theory with 2nd-order EOM (Horndeski theory).
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Higher derivatives = self-acceleration ( = observed acceleration explained by a modification of
gravity on large scales)

Uo ~ Hogo ~ 1
A3 A3
Higher derivatives also relevant on smaller scales (e.g. Screening). Effects on structure
formation ,
V
_¢ ~ _¢ > 1

A3 A3



—ffective approach

Space of Bridge models and observations
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aq (t)v o5 (t)v

+ ...

Gubitosi, Piazza, FV ’13; Gleyzes, Langlois, Piazza, FV 14 + many refs and authors

Theory can be expanded around a FLRW background.
Deviation from GR can be parametrized in terms of few (4 at linear order) dimensionless
parameters.
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Mildly non-linear scales

Linear scales k ~ Hj:

—
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Mildly non-linear scales k& > Hj:
Ve V20 .
R b~ wd ~ Hyd < kD

Quasi-Static limit

Focus on the case My ~ Hy = Scale-independent growth on MNL scales
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Mildly non-linear scales k& > Hj:
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Focus on the case My ~ Hy = Scale-independent growth on MNL scales

We can retain only spatial derivatives for non-linear operators  Xa = {‘I’, P, Qb}
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Perturbation theory in MG

Standard Perturbation Theory fluid equations:

Om + V [(1 4 8,n) 0] = 0

ol 4+ Ho! +v! Vol +V,® = 0

We can retain only spatial derivatives for non-linear operators  Xa = {‘I’, P, Qb}
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Perturbation theory in MG

Standard Perturbation Theory fluid equations:

Om + V [(1 4 8,n) 0] = 0

?};Ln + H?)in -+ U%Vjvfﬁ +V,® =0

Modified Poisson equation, assume § < land k < knp, < kv

2
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Hd = ,ucb(OéM,OéB,OéT) ; U 2 = Mcb,z(OéM,OéB,OéT,Oéthém) ;

Counterterms enter similarly to the GR case
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Galaxy biasing

Long-wavelength fluctuations of galaxies are described as biased tracers of the long-wavelength
fluctuations of DM + DM counterterms.

x = xq(7)
> Controlled expansion (in perturbation theory and in

derivatives)

(@, 1) Z/dtK (t,¢") On(zq, 1)
=) bum(t) Onm(2,1)

Desjacques, Jeong, Schmidt
qg=xa(0) 1611.09787

In GR, one has, up to third order

b b
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G3(®) = (V2B)° + 2V, 0V &V, ® — 3 (V;;0)2 V2,
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SS bootstrap
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Structure of PT kernels dictated by symmetries (e.g. translation, rotations, Bose)
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LSS bootstrap

A M) Par () - P, (1),

Bernardeau et al. ‘00

Structure of PT kernels dictated by symmetries (e.g. translation, rotations, Bose)

D’Amico, Marinucci, Pietroni, FV ‘21

Time-dependent translation symmetry (Equivalence Principle)

~
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Dark matter is conserved (mass and momentum conservation) Peebles ‘80
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LSS bootstrap

n 1 d*q d? qn n
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as ", aqq , are cosmology dependent



LSS bootstrap for tracers

3 3 n
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1=1

Structure of PT kernels dictated by symmetries (e.g. translation, rotations, Bose)

Time-dependent translation symmetry (Equivalence Principle)
="+ nz(t) , t=t, Qba(jjat) - gpa(xj,t) + héa(t)ii ;
o(&7,t) = 6(27, 1),
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Tracers are not conserved in general (ho mass and momentum conservation)




LSS bootstrap for tracers

(n) 1 d3q1 d qn 3 - n .

For tracers
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LSS bootstrap for tracers

(n) 1 d3q1 d qn 3 - n .

For tracers
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We can compare with other basis, e.g.
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LSS bootstrap for tracers
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Redshift-Space Distortions

Galaxies are measured in redshift space but we can relate the density
in redshift space and real space by mass conservation

—1

O .
14 0s(Zs) = |1 4+ 6(Z(Zs))] | (;;_5 Kaiser ‘87
Z(Zs)
s D
Te =T+ —32
Hy

In GR one-loop power spectrum

Py(k, p) = Z1(p)*Pra (k)

d3q
+ 2/ 2m)3 Zy(q, k — q, 1) Pi1(|k — q|)P11(q)
d3q

+621(M)P11(k)/ (23 Z3(q,—q,k, 1) P11(q)

k2 k2 k2
22, (1) Pt (k) (cctk—z et 4 Cr,2,u4k—2>
M M M

L v o 2k
— | cc Ceo= +tCesfu”— | .
ng \ 1T TP M g2

D’Amico et al. 1909.05271
(see also lvanov et al. 1909.05277)




—F T counterterms

Perturbation theory fails on small scales (and new physics appears) k > kyt,. Effects can be
accounted for by an expansion in k/knr,

Two types of counterterms: speed of sound and stochastic. Up to third order and (k/knv)4:
1 1),PT
5t (k) = ot (ke )

k* k4
57 (k,m) = 6, T (k) + €7 () + 622),@? +0 <—>
NL
2

5 (k,m) = 6 T (k,m) + [bos(m) + 0P () + cz,tm)—] o) +ePm) + P 240 (

In redshift-space
615 (kym) =010 (K, m)

]{2
Sie (k) =61 (kym) + 67 (n) + Sk e () + 67 o
NI
~ k2 k2
5&)(1{; n) :5§i)’PT(k, n) + |bos + 77153) + Cg,tkT + fM%kT (Cg,e + 7y )] ©x(n)
NL

3 3) k? k(3
+e (n) + € )kT + fuikTEE) '(n).
NL NL



Conclusions

For GR:

- Galaxy clustering can be modelled by perturbation theory + finite number of effective parameters +
bias expansion + redshift-space distorsions

Beyond GR:
* Perturbation theory in the mildly nonlinear regime constructed, in terms of a few MG parameters

- If same symmetries as GR (equivalence principle): same PT kernels, same bias and RSD expansion
as GR. We can apply same procedure as in GR

 Future |: Analyse simulations

- If not same symmetries as GR (e.g. EP violations): new structure of the kernels expected. Can be
used as signature of GR/symmetries violations.

 Future Il: systematic study of these deviations

 Future lll: We focused on scale-independent models. Scale-dependent models more complicated to
model but procedure can be extended similarly.






