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[ ] INSTITUTO DE
Motivation 1: massive neutrinos @ E'IES’:E'E

Power spectrum suppression
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Motivation 2: modified gravity

Power spectrum enhancement
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@ INSTITUTO DE
Lagrangian perturbation theory @ s

Initial to final coordinates map x(q,t) = q + ¥(q,1).

Geodesic equation:

A d? d
TI’(Q) t) (@ + 2HE) ‘I’(q9t) = qu)(wvt)

z=q+¥

Modified Poisson equation:
Vid(x,t) = 4rGpmd(x,t) + S(x,t)

R,[ -

Neutrinos : 0 = fardes, S = 47Gpm fL 0, fe= 3_”, foo = gd’

Modified Gravity : 8 = O, 3 = —#Vf OMG- e.g. DGP, f(R),..., Horndeski



o INSTITUTO DE
Scale dependent source: neutrinos @ HICAS

FISICAS

B 00) = 476 ferbea () + £,5,(8)) = A(k, )60n(k)

Tl

51/("7) ~ ch(k)
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[ ] INSTITUTO DE
Scale dependent source: MG @ EIIESr:Elf\\g

_Z_zq)(k) = AT GpmOm (k) + S(k,t) = A(k,t)0m (k)
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The equation of motion becomes

[vx : ’7'\Il(q)] (k) = —47Gpmd (k) — S(k).
[( x )] (k) indicates the Fourier transform of (---)(q): [d’qe " 9(---)

A tilde means the g-Fourier Transform of a function that takes arguments in Eulerian space:
S(k) = /dsq e FI18(x) = /dsq e *95(q + )
<kl 1
= [dae 1 (S(a) + Li@)S:(@) + ;B @V (@S (@) + )

= S(k) + / ik1S (k1) Wi(ka) — %/ kik]S (k1) Wi(k2) W (ks) + - - -

ki2=k ki123=k

, d3kq - d3kn o
Notation: / / (Zm)3n (2m)°op(k1 + -+ + kn — k)

k1. .n=k



- £ - 3 CIENCIAS
Equation of motion O rLS
[vx : f‘r\y(q)] (k) = —4nGpmd(k) — S(k) = —A(k)3(k) + FL.

FL (Frame Lagging) terms appear when transforming from g-FT to x-FT

LCDM/‘AO = 4nGp

28 w2100

(7 — AK)) i d(k) = (w5 75,:00k) - 22
~ [ T30 + A (0,021 08) + A 1,14, 05,0108) + A (00505, R)
= / Kis (K1, ko)W (k1) Wi (k2) — / Ky (k1 ko, k3) Wy (k1) (k2) ¥ (k3)

ki2=k ki23=k

[V, ¥5,:](k) —

with K o« A(k) — A(ky)



@ INSTITUTO DE
LPT kernels v (k1) = - / LM (1, o kns )00 (k1) -+ 60 (K, 1) @ EllEsTEIf\\g

n!
ki..n=k

Lz(.l) (hid) = %, AA & A.Banerjee 2020

(2) _ 3k (2) (2) (k1 ‘k2)2>
LP k1, bz, t) = 2 2 ~ a1
(k) = 20 (A k2kZ )’

(3) K5 3 3) (k2 - k3)? (k1 - k23)?
LY (k1 ka2, k3) = g{; (A( )-8 )W YRR,

= (c<3> ap® (k2 k3)? (s (k- Ka) (Ko - ks) (ks - k) )
’ ks kk3k3 ’

with 4, B,... scale and time dependent function.


https://arxiv.org/abs/2007.06508

@ INSTITUTO DE

From LPT to EPT  L™,L™  —  F,,G, @ ) i

FISICAS
Fn,Gn(kl,...,kn) # Fn,Gn(Akl,...,Akn)
~ Rl
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locitv field : CIENCIAS

At linear order: o) (k) = @5(1)(19).
0

where f(k,2) is the scale dependent growth function, and £ is its large scales value (k£ << £ )

_dlnD+(k,t)
Ft) = = st !

fo(t) = f(k —0,1).
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®
The dipole in the second order density kernel F, arises from expanding &(x + ¥) to lowest order @

5P (x) 3 M (x4 ¥) - 6W(z) = 8;[V 26" (2)] ;6 (x)

In Fourier space

Using 0 (k) = &5(1)(16)
0

ki - ke (f(k2)@+Lkl)ﬁ

fo ki Jo k2>€G2(kl’k2)'
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Growth rate

f(R)/ fo

Massive Neutrinos

1.000
0.995 -
o990\ \

— M, =0.1eV

— M,=0.2eV
0985 )  — M, =04ev

107 107 107 0.1 1
ko [hMpc]

f(k)/ fo

145

1.10

1.05

Modified Gravity

INSTITUTO DE

CIENCIAS
FISICAS

1.00

k

13



© INSTITUTO DE

CIENCIAS

Full PT model @ FISICAS
e.@) m

Plk,w) = 3 S b2 8 Lum(K)

m=0 n=0

With functions )
Imn(k):/ Zran(k,p, k- D)
p

For each volume element of the integration we need to solve a system of differential
equations to find the second and third order functions 4, B, . . . .

Hence, these integrals are computationally expensive, precluding the use of efficient
8 p y €Xp p g
parameter sampling algorithms for estimation of cosmological parameters.
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3 CIENCIAS
fkPT ® FISICAS

However, the primary zew contributions to the loop corrections stem from the growth

rates £ (k) , instead of the computationally expensive 4, B... functions.

Define the f k-kernels

Ff*(ky, k2) = Fa(ks, k)|

A—B—_AACDM’

G (K, k) = G2(k1,k2)jA

—B—AACDM’

and similar for higher orders.

A.A A+ 2021, Noriegat+ 2022 & Rodriguez-Meza++ 2023

15


https://arxiv.org/abs/2106.13771
https://arxiv.org/abs/2208.02791
https://arxiv.org/abs/2312.10510

fkPT

For example, one of the I (k) functions is

P22 (k) = 2 / (Ga2(p, k — p)|2Pr(p) PL.(k — p),
p

3[f(k1) + f(k2)] A+3A/H o ki - ko (f(kz) k2 I f(k1) ﬁ)
14 fo 2 fo k1 fo ko
.o \2 [ f(k1)+ f(k2) 3 [f(k1)+ f(k2)] B+ 3B/H
+(k1'k2) ( 2fo B 14, >

with Gz(kl,kg) —

fk-kernels: Replace 4(k ,k,) by its large scale value A%~1.01. Also for B.
For EdS A=B=1

3 CIENCIAS
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@ INSTITUTO DE

H. Noriega, AA,.. 2022 @ ) CIENOAS

FISICAS
github.com/henoriega/FOLPS-nu <0.2s _
github.com/cosmodesi/folpsax ~ <0.02s «— Arnaud de Mattia

= DESIY1 — fk ==== DESIY5 — fk
== DESIY1 — EdS ==== DESIY5 — EdS
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https://arxiv.org/abs/2404.07272
https://arxiv.org/abs/2404.07269
https://arxiv.org/abs/2208.02791
https://github.com/henoriega/FOLPS-nu
https://github.com/cosmodesi/folpsax
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DR 12 BOSS LRGs and eBOSS QSOs @ ) (s

— BOSS z —— BOSS 23 e

—— Synth.BOSS z —— Synth.BOSS z3
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DESI 2024: cosmo params LSS + BBN —— Planck ‘ F|S|CAS
1.0 — oMB (no CMB lensing) === LSS+BBN+6, =—— Planck +BAO
; i —— CMB

—— CMB + DESI BAO
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Modified gravity

DR12 BOSS LRGs and eBOSS QSO

github.com/alejandroaviles/fkpt

BOSS DR12 z1,z3
+ eBOSS DR16 QSOs

| fro| < 3.29 x 107°
|fro| < 3.13 x107°

o INSTITUTO DE
@ ) UGS
FISICAS
Il BOSS DRI12 21,23

Il BOSS DR12 21,23+ eBOSS DR16 QSO

kmax = 0.16 AMpc ™t & £=0,2
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Hy [kms™' Mpc™] Q, log(1004;) fro
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Modified gravity

Bl R free
- fm =0
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CIENCIAS
‘ FISICAS

The power spectrum is enhanced on

scales above k &€ fRO—l'

fRO doesn’t affect the background
expansion.

Notice the degeneracy between _Qm
and fRO
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. CIENCIAS
rinos 1
Neut ® FISICAS
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We may search for other methods to constrain the neutrino mass.

An alternative would be to probe the suppression of the power spectrum,

as was initially proposed.

Despite the significantly reduced constraining power, it can be more

robust.
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. CIENCIAS

Broadband vs nggles @ CENCAS
Construct P, =P, + B,w for M, =0.0eV and M, =0.5eV

Decompose the two linear power spectra into broadband + wiggles and mix the pieces to obtain four models.
Then, we evolve them non linearly and generate four synthetic data:

BB0OOWOO - Broadband of the model with mass M, = 0.0 eV, wiggles of the model with mass M, = 0.0 eV

BB0OOWOS - Broadband of the model with mass M,, = 0.0 eV, wiggles of the model with mass M, = 0.5 eV

BB05WO0O0 - Broadband of the model with mass M,, = 0.5 eV, wiggles of the model with mass M,, = 0.0 eV

BBO05WOS - Broadband of the model with mass M,, = 0.5 eV, wiggles of the model with mass M,, = 0.5eV

24
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: CIENCIAS
Broadband vs wiggles @ FISICAS
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Most of the information about neutrino mass comes from the suppression of

wiggles, rather than from the suppression of broadband.
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Thank you!

See Hernan’s talk in Neutrinos from Home 2024 in youtube:

Hernan
Noriega

NEUTRINOS FROM
HOME 2024

Large scale
structure
formation in the
presence of
massive neutrinos

17:21
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https://www.youtube.com/watch?v=PLCdT-91nEE&t=4s&pp=ygUTbmV1dHJpbm9zIGZyb20gaG9tZQ%3D%3D

