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Outline

1. Intro: Large-scale structure as a probe of fundamental physics
2. Eulerian perturbation theory — effective field theory of LSS
3. Extension to capture time- and scale-dependence

4. Application: Structure formation in the presence of massive
neutrinos

5. Two-loop bispectrum

6. Summary
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® Baryons (+e7) 5%
® Cold dark matter (CDM) 27%

® Cosmological constant A 68% Qi = 0.02237 & 0.0001
Qemph? = 0.1197 4 0.001
® Flat FLRW geometry (SO LI
In(10'°4,) = 3.044 +0.014
1000 = 1.0411 + 0.0003
7 = 0.0544 + 0.0073

® Thermal photon+neutrino background

® Gaussian, adiabatic initial conditions

Planck collaboration 1807.06209
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Large-scale structure

SDSS-11I
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Power spectrum

Density contrast:
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p
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Two-point correlation : |+
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DES Y1 cosmic shear
SDSS DR7 LRG

eBOSS DR14 Ly-a forest

(0(x +r)d(x)) = &(r)
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Power spectrum P(k) in fourier
space
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Wavenumber k [h/Mpc]

(kMpc) * APy, (k) [(Mpc/h)’]
°

(3(K)(K)) = 35 (k — K')P(k)

S. Chabanier et. al. 1905.08103
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Power spectrum

Density contrast: Linear Non-linear
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S. Chabanier et. al. 1905.08103
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Power spectrum

Fixed wyr, wp, Qn
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P(k) (Mpcth)®

reference
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C — Ym, =021V N
- 0.825 1 —
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10 102 101 T .
. 1074 1073 1072 107! 10°
Wi & [h/Mpc]

J. Lesgourgues et. al. astro-ph/0603494

Cosmologies with non-trivial time- and scale-dependence

Petter Taule




Vlasov-Poisson system

Number of particles dN = f(x, p, 7) d*x d3p

Vlasov equation (conformal time d7 = dt/a)

1o} p 0

0
E-I-a—m&—ade)a—p f(x,p,7)=0

Poisson-equation

V2p(x,7) = gnmw(s(x, )

Solution strategies: N-body, Kinetic field theory®,
Eulerian/Lagrangian perturbation theory,...

Moments

p:ﬁ(1+5)/d3pf, pu—m/d3p—f

1 M. Bartelmann et. al. 1411.0806
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Eulerian perturbation theory
e Fluid eqgs in fourier space, § = O;u’ (neglecting vorticity)
/() + (k) = / a(a.k — a)6()3(k - q)
0/ (k) + HO() + S H25(k =~ | Bk~ app(a)itk —a) (0
e Define ¢ = (§, —0/HT); rescaled time n = log D

Byoa(K) + Qb (k) = / Yabe(a, k — a) ©p(@)tc(k — q)

0 -1
Qab = (_3Qm Qm _ 1>
2 f2 f

Y222(q1,92) =1+ (a1 + 2)? (q q2)
i 2q{43
Bernardeau et.al. astro-ph/0112551

Nlw

y21(q1. q2) =1 4+ 9
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Eulerian perturbation theory

e Perturbative solution

wa(k.n)=g/ql

5p(k — qr...n) FSM(q1, ..., qn) I do(aj. mini)
----- qn j=1

e “Feynman diagrams”

Vb
8ab
wb = wa Yabe
e
e E.g. matter power spectrum Pp, = (§9) = (1¢1) at 1-loop

P =

%+ﬂﬁ3ﬂ+++@k

9/42

Petter Taule Cosmologies with non-trivial time- and scale-dependence y



Einstein-de—Sitter approximation

e Einstein-de-Sitter (EdS) universe: Qp, =1

0 -1 EdS 0 -1
Qab = _30, 39, 1] |_2
2 f2 f2 2

— Analytic solutions

NIw
N|=

114,
112¢
1.10¢
1.08 ¢
1.06
1.04 ¢
1.02¢
1.00 |
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Standard perturbation theory (SPT)

Plin

------ 1-loop

——-—=- 2-loop E
i 3-loop kie=k

+—— 3-loop log measure

.«%W % ;"‘ﬁg@lﬁ% ]

L2

100 ¢

10

P(k,z=0) [("Mpc) ]

k [/Mpc]

D. Blas et. al. 1309.3308

® No well-defined expansion parameter

® Cutoff-dependence
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Effective field theory

Perfect fluid approximation inconsistent

Consider coarse-grained fields:
fi(x,p,7) = /d3x’ Wa(x — X)F (X', p, 7)
e EoM

5(k) + 01(k) = / dqa(a,k — q)f(a)(k — q)

00) + 1009 + 2np2a) = — [ q (@ k — a)oi(@i(k —a) — 7

Effective stress tensor 7y

o Expectation value of short scales (integrate out UV d.o.f.) +
stochastic contribution

D. Baumann et. al. 1004.2488
J. J. M. Carrasco et. al. 1206.2926
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Effective field theory

e Treat 79 as functional of smoothed fields

e Write down operators allowed by symmetry, gradient expansion

(k/kni)

79|Lo =

79|NL0

—mAd
= —’ylA(SQ - e]_A(S% - e2A52 - 638,' [Sijaj(sl]

s = tidal tensor. (Neglecting

stochastic contributions)

e Sound speed vy, =

2
Cs

PPy,

e Cutoff-dependence absorbed

by counterterms

Petter Taule

10

— lincar

== 1-loop SPT

== 2-loop SPT

— 1-loop EFT

— 2-loop EFT

k[hMpe ']

Figure: T. Baldauf
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Full-shape analysis

NGC, Zy=0.61

¢ IR resummation (impact of T T
large bulk flows) o

Py N
a o
=3 S
=3 S

k Py(k), (Mpc/h)?
>
8
S

e Biased tracers (e.g. galaxies)

500
0 h ; \ |
e Redshift space distorsions 005 010 015 020 025
k, h Mpc™
. W Planck prior on wp
e Fast evaluation for MCMC oo prron
analysis
e 2019: analysis of BOSS ‘\\
1,23 )

full-shape data

08 -
S0 @
L M. lvanov et. al. 1909.05277 056
000056055 G5 650 675 00 0550 60 305008

2 G. d’Amico et. al. 1909.05271 o o o
3 T. Troster et. al. 1909.11006 (]
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Improvements

e Two-loop correction

Relax EdS approximation

Effect of baryons

¢ Neutrinos perturbations beyond the linear order

Relativistic effects close to Hubble scale

Anisotropic stress from first principles
— decrease size of counterterms

Extended cosmological models: clustering DE, modified gravity
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Extension beyond SPT/EFTofLSS

& massive neutrinos
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Extension
Multiple fields v, = (8, —0/Hf, ... )

Byba(k) + Qap(k, 1) (k) = /q Yabe(a, k — @)n(@)e(k — q) — (k)

@ba(k.n):i/ql a p(k —ai.n) FS(ar,..ann) ] do(aj, mm)

i T j=1

— no analytic solution in general
— can describe cosmologies with generic time/scale-dependence

i = Po(k) /A &g FP(k,q, —a)FL (k) Po(a)
a b

Numerical solution for F's for every Monte Carlo integration point

M. Garny, PT 2008.00013
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Neutrinos in cosmology

e Neutrino masses are direct evidence of BSM physics

e Cosmic neutrino background Q, = 93.277:22—\/ =0.0024 (%"g{,)

e Non-relativistic transition at z,r ~ 189 (57%y)

e Free-streaming — scale-dependent suppression

18
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Neutrinos in cosmology

Fixed way, wpy, O

1.000 1.05 \ 705,10
1.04
0.975 \ ———— 103 \
\observa&ional theoretical
0.950 1.02
- \\ - \ error error
1.0.925 s 1o
2 S —— s
< 2 1
220.900 ~ 2
n \ © 099
0.875 1 0.98 ’K
— Sm, =006 eV \ - / pa NS
0.850 4 —— S m, =0.15 eV (YTl L —— O ———
Sy =021 v S 0o / [M, = 0.05 eV] / [massless]
0.825 1 — i
S, =0.30 eV
d T 0% 0.01 0.1
10~ 10-3 10-2 107! 10° ’ Ko (WMpO) :
& [h/Mpc] i

Euclid forecast B. Audren et. al. 1210.2194

Three degenerate neutrinos '

= Planck18: m, < 0.26 eV Planck 1807.06209

= Planck18+BAO: my, < 0.12 eV Planck 1807.06209

» Planck184+-BOSS P(k): my, < 0.16 eV M. Ivanov et.al. 1912.08208
= Euclid forecast: o() ,my)=0.028eV M. lvanov et.al. 1907.06666

L M. Archidiacono et.al. 2003.03354
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Two-component fluid

e CDM+-baryons: imperfect fluid (EFT), one joint component

o Neutrinos: (Zmatch = 25 < Znr) *

0 Z > Zmatch: Full Boltzmann hierarchy

0 Z < Zmatch: Fluid description

e Fluid perturbations v, °

Och 0,
¢1:5Cbl ¢2—_,Hf w3 61/1 w4__mv
0 il 0 0
—389n(1 _f) 3% _30n g 0
(k) = |20 2R s 2
—3%0-f) 0 3Bl -Kdkn) 1% -1

with effective neutrino sound speed c2

L D. Blas et.al. 1408.2995
2 M.Garny, PT 2008.00013
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Comparison

® Comparison to simplified treatment: only linear neutrino perturbations and EdS
approx.

® Dashed lines: linear+1-loop. Solid lines: linear+1-loop+2-loop

Psanba Foo 00,
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M.Garny, PT in prep.
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Comparison to N-body
® Including EFT counterterms, fitted to Quijote! N-body results

" /
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1.02 / *{
I 1.00 =7 e
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M.Garny, PT in prep.
L F. Villaescusa-Navarro et.al. 1909.0573
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Two-loop bispectrum

23
/ a2,
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The bispectrum in LSS

<(5(k1)(5(k2)(5(k3)> = 5D(k1 + ko + k3) B(kl, ko, k3)

® | eading non-Gaussian statistic

® Shape sensitive to gravitational
instability

® Break parameter degeneracy between
galaxy bias and cosmological
parameters

® Measure initial non-Gaussianity

® Power spectrum + bispectrum analysis
of BOSS at 1-loop *

Image: V. Springel et. al. '05

folh =2+ 112
forth — 126 4+ 72
filee = 30429

1 G. d’Amico et.al. 2201.11518
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One-loop bispectrum
Effective stress tensor

7ol o = —711A01

TolyLo = —71A02 — e1A6? — ey As? — e30); [s’jajél]

B Bz

BiL = Bii1 +B3.t+ B3y +B22 B

Dominant UV sensitivity

A
k2/ dg P(q) = k03

Absorbed by EFT operators
{rn. e, e e}’

L T. Baldauf et. al. 1406.4135
R. Angulo et. al. 1406.4143
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Exact time-dependent dynamics

Can the departure from EdS be absorbed into the counterterms?

equilateral (k,k,k) squeezed (k,k,0.02h/Mpc) isosceles (k,kk/2)
o T T T T 0. T T T T T o. T T T T
Byoo(ex-EdS)/Byeo(EAS) —— Buoo(ex~EdS)/Beo(EAS) —— Buoo(X-EdS)/Bieo(EAS)
—— By 1(ex-EdS)/Bye,(EDS) By 1(ex-EGS)/Byeo(EQS) B, (ex-EdS)/Byeo(EQS)
0.061- -+ BBy (o), 1 param [ AByy(etn), 1 param 7 008~ - BB (etr), 1 param 7
<wwee- BBy (clr), 4 param <eeee BBy (ctr), 4 param <eeee ABy (ctr), 4 param
H
@ oosl L L
< 004
S
0.0z L L
P | I I o 1 0 ——uif] I 0 0
000 005 010 015 020 025 000 005 010 X 000 005 010 015 020 025

K (h/Mpc] K [Mpc]
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Two-loop bispectrum

e 11 diagrams + perm.
e Double-hard limit q1,q2 — o©

o Bgip and Bé’zl dominant k?

UV sensitivity

o Analytic limit of F(©)

o Absorbed by EFT operators

Petter Taule

{M, e e, e3}

B(k1,kz,k3) [(Mpc/h)®]

sub __ hh
B2L - B2L - B2L

equilateral (k,k,k)

102 -

k [h/Mpc]
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Two-loop bispectrum

e Single-hard limit: q; (or q2) — oo

e Numerical evaluation
A
b, (ki, ko, k3) =/ d®qo dQ, Ll“g‘m i bor(ku, ko, ks, G, G2) | P11(g2)
BY, (k1. ko, ks) o o3 b3 (ku, ko, ks)

e Subtract degenerate part

bh sub — b2L _ b

e Counterterm
Bctr x 2 bh sub

e Similar prescription for 2-loop powerspectrum:
T. Baldauf et. al. 1507.02256

28
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Results

e Realization-based GridPT
e EFT-1L: {'}’1, €1, €2, e3}
o EFT-2L: {71, e1, &2, 3,72}

T T T T 100

004l h N 4 [y H & . n
—o— EFT-11 —— SPT-11 -+ tree ™ » -
—=— EFT-2l — spT-2 10 . D
0.02 - +H . . . 5 : 0
4 & :
< 000 A= a4 L) . . N
o * -
< -
-0.02 —H
0.10
(k) ® EFT-1l o 1l-{y1} v 2-{y1=y2i}
-o04r 1 © EFT-2L L =l © 2-{yimramcd
: : : : 001 , , i
0.00 0.05 0.10 0.15 0.20 0.10 0.15 0.20
Kk [h Mpc™'] kKmax [n Mpc™']
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Summary

e Large-scale structure is a leading probe in precision cosmology

e EFTofLSS systematically parametrizes the effect of small-scales on
perturbative scales

e Extension that can capture general time/scale-dependence
o Scrutinize approximations

o Extended cosmological models

e Presence of massive neutrinos in structure formation

e Bispectrum

o Adding the two-loop extends wavenumbers with 1o agreement to
k ~0.15 h Mpc !

o Departure from EdS can largely be absorbed in counterterms
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Linear two-fluid evolution

107!

1072

5100

1073 1072
Kmax [h/Mpc]
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Order/parameter comparison

I /4 i

o A\ A
AERpNS SIS S

7

Ja
kv

100 ;:;tq‘ i

0981 —— Linear \./\ ‘\W. y H.H“
~+= NLO ITI
—— NLO, 7, = 5Nl

0964 —— NNLO, s =% | N
—+— NNLO \‘ l‘ IJ

I i i
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 030 0.00 0.05 0.10 0.15 0.20 0.25 0.30
K [n/Mpe] k [/Mpc] k [h/Mpe]

Petter Taule Cosmologies with non-trivial time- and scale-dependence



Two-loop subtraction

Pz—loop/kQ/le stfxloop/k2/ain
1.00 T T 1.00 T
—— 1F \ —+ IF
0754 —— My=01ev | 075 —— M, =01eV |
—— M, =02eV
—— M, =04¢eV |

L
0.00 [T 0.00
) \
—0.25 —0.25
—0.50 “ —0.50 / \\

—0.75 —0.75 // / \
—1.00 T —1.00

10°% 1072 10 10 102 10!
Fmas [l/Mpc] Fmasx [h/Mpc]
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EFT parameters

5 [Mpc?/h?]

11— nwosy ~—_ 7
| — NNLOF =% =%
— NNLO
—— NNLO %,

0.06 0.1 0.2 0.3
Kumax [h/Mpc]
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EFT parameters

NNLO 7,

NLO %, NNLO 7,

7 [Mpe? /1]

0.3

0.

01 1
Fmax [h/Mpe] Fmax [/ Mpe]

Cosmologies with non-trivial time- and scale-dependence

Petter Taule



All two-loop diagrams

Ben
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Cutoff dependence

equilateral (k k) squeezed (kk,0.02h/Mpc) isosceles (k k,k/2)
T T T T T T
B2.(0.6)
g = kN B5P(06)
£ g H B51(06)
b b b
3 > = —— B5l(06)
2 4 2
3 3 3 weves By(10)
< s £ BP(10)
& & & BEi(10)
/\)K BEL(10)
, I I I I I N il I I o I | I I I
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 025 0.30 0.00 0.05 0.10 0.15 0.20 025 0.30
k [hMpc] k [hMpc] k [h"Mpc]
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Squeezed and isosceles configurations

0.04- 1 0.04 - b
—o— EFT-11 ——JSPT-11 —+ tree
—=— EFT-2| SPT-21
0.02 0.02- 1
= 000 T 000
o o
< <
-0.02 -0.02 B
(k) (ki2, kK
-0.04 1 -0.04 b
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Kk [h Mpc™'] K [h Mpc™']
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EFT parameters

5 T T T 6 T T T
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— ° . e °
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fof S | i
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e ]
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1 1
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Z 0 I i ) : :
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& 1§ .
b 1
L
o EFT-1I -1t o EFT-1I 4
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x? for fixed /running parameter constraints

Petter Taule

X/DOF

0.5

L]
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(c2k?)? terms
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