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The Universe has a beautiful structure

credit;: SDS



Physics with LSS

e evolution of perturbations

. properties of dark matter (e.g. bfth force, WDM)
and dark energy (e.g. clustering)

e paryon acoustic oscillations = standard ruler in the Univer:

s dark energy equation of state

e primordial non-gaussianity

s interactions in the inRationary sector



Challenges of non-linear dynamics

1
RMV — ig/“/R — 87TGTM,/

vV, T =0

v Newtonian approximation (< 10* Mpc )
+ [Buid description (! 10 Mpc )
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Non-perturbative method: N-body simulations

 advantage: OexactO, goes beyond Ruid description

e drawback: too costly -- cannot be used to test many
theories beyond the Standard Cosmological Model

Recallthat 3uid description appears valid
upto k ~0.5-h-Mpc*

a use perturbation theory to solve the Euler - Poisson
system



Standard perturbation theory (SP'1)
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Standard perturbation theory (SP'1)
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Standard perturbation theory (SP'1)
"1 (K)

o Tek=1 dPq%a.k! g (k! g
%+ H" (k) + g! mH?S (k) = ! | d*q%q, k! q) "(9)"(k! 09

Solve for time evolution iteratively:) = ™ + @) + G +

!(1): - 0!0

evolutlon from T to ’7'0

/ ¢(3) _




Average over the ensemble of initial conditions:

(U (ki,")! (Kg,™))= (0 W Wy 0 @y @y o (W Gy =

_ BV E—

spectrumP (k, ! o)
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Problems of SPT

OUltraviolet@oop integrals run over all momenta including
short modes where the [3uid description is not applicable.
We must introduce a UV cutoff

g EFTof LSS
Carrasco, Hertzberg, Senatore (2012)

Add counterterms into the equations of motion to account
for deviations from (3uid description



Problems of SPT

OUltraviolet@oop integrals run over all momenta including
short modes where the [3uid description is not applicable.
We must introduce a UV cutoff

g EFTof LSS
Carrasco, Hertzberg, Senatore (2012)

Add counterterms into the equations of motion to account
for deviations from (3uid description

Complicatiompunterterms must have

non-localtime-dependenceo consistently renormalize the loop
Integrals

Abolhasani, Mirbabayi, Pajer (2015)
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Olnfrared®ernels : ,1 in the e.0.m.Os behavelas

= individual loop diagrams diverge at small momenta

When summed, the divergences cancel in equal-time
correlators
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Problems ot SPT
Olnfrared®ernels : ,1 inthe e.0.m.Os behavelas

= individual loop diagrams diverge at small momenta

When summed, the divergences cancel in equal-time
correlators

> overdensity is accumulation of
moved by an almost B> the effect with
homogeneous (30w time

cancellation in
two overdensities equal-time

Q> will move identicall P> correlators;
subleading effect:

[3ow gradients




TSP1: time-sliced perturbation theory

Main idea:Evolve the whole statistical ensemble in time
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TSP1: time-sliced perturbation theory

Main idea:Evolve the whole statistical ensemble in time

Example:Consider a single variable with random initial
conditions

. LA
U=t T e (M)
m=2
' 2
SPT: dlge "eloll(m;10)? of! o] = _Ff;
| C
TSPT: d e 'lre ] = )y




Two Integrals must coincide

g equation for the OverticesO
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Two Integrals must coincide

g equation for the OverticesO

d : « 1
7 n Y] —
Ji d' e =0

| M

P U =!n" 0!l ClAR!nime + A

m=2
W

contains onlyl ' withn' < n

The same logic for Pelds in space with the substitution:
integral =!  path integral



Generating functional for cosmological correlators

Z0,00:1]= [D'Jexp ! [+ "3+ A0

—

.

| = 1- - + — I n(")! "
2 (k) -5 N
S|
1, = - K (" )#n
n!
n=1
TSPT - 3d Euclidean QFT vocabulary:
e | ---1PI effective action
e !/ --- composite source

e ! ---external parameter
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Advantages

e All ', are explicitly IR Pnite, and so are thielividualoop
diagrams

e For gaussian initial conditions the time dependence factoriz

| — : 0

. n . n
g°(!)
——_ effective coupling constant

e Simplibed diagrammatic technigue
= P(k)

<X X X




IR resummation

e Large IR contributions can be resummed. Important for the
correct calculation of BAO

IR contributions are dominated byaisy diagrams

5B

= Pgao (K)exp ! K21 (1 r," BAO wavelength

11 #
=1 ? dg P(q) 1! Jo(qrs)+2]2(qrs)
0
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IR resummed BAQ -loop, z=0
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See talk oiMikhail Ivanown Thursday



EFT of LSS reformulated

Introduce a hard cutoff:

. ) ) |

B(k) 1" B (K) = z(k)’ :: |
I |n
Wilsonian RG:

d(;:n = F, [0 1]

Boundary conditions = counterterms of EFT

NB.Counterterms depend on time time (parameter)
only locally



Summary and Outlook

7™

" time-sliced perturbation theory (TSPT) is a new approach
to LSS in the mildly non-linear regime

20 Mpc </ <100 Mpc

" TSPT is free from IR divergences, diagrammatic
resummation of IR-enhanced contributions

") TSPT provides a suitable framework for UV renormalizatic
“laWilsonian RG



Summary and Outlook

" time-sliced perturbation theory (TSPT) is a hew approach

to LSS in the mildly non-linear regime
20 Mpc </ <100 Mpc

") TSPT is free from IR divergences, diagrammatic

resummation of IR-enhanced contributions

" TSPT provides a suitable framework for UV renormalizatic

“laWilsonian RG

" inclusion of baryons

~ ) applications: primordial non-gaussianity

~ ) applications: non-standard dark matter (WDM, Pfth

force, etc.)



