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Large Scale Structure people’s mantra

Connect the properties of
the distribution of mass on large scales

to the physics and the constituents of the universe
(PNG, DM/gravity properties, neutrino masses, DE,...)

correlation functions are particularly important

on(@,t) = P (t)(1 + 6, (2, 1)) —— dENSity
contrast

(0o ) = (2m)36B3) (K" + k) P(k)
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CMB vs. LSS

ve already learned a lot thanks to CMB
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Non-linearities come into play

P(k) = (6b_1) 6 < 1 01 0 2> 1
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Large Scale Structures: basics

|) Initial distribution 5 random stochastic
(Bo(k)do () = Po(k)5) (K + k) e
|I) Time evolution: Eulerian pressureless perfect fluid description
C LY e=0 (= plp =1
gﬁ CHG+ (7 V)F = —VD 7 pecular velocity
-

Poisson equation:

H Hubble param.
V2P = drGa2po @

Newton’s potential

l1l) Fluctuations are small on large scales § < 1



Standard Perturbation Theory

95 (k)
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Perturbative Ansatz: 0 — Vv
H(q) — Z/Gn(qla 7qn)5L(q1)6L(qn) [ = lOg a(T)

0(q) = Z/Fn(qla---,qn)%(ql)--.%(qn)

Loop corrections:
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Performance of SPT loop expansion: UV

P/PLin,Z=O
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Performance of SPT loop expansion: IR
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What went wrong!?

PL(k) — Psmooth(k) —|—Pw7;ggly(k - —
| T &(r) = (5(x)d(x + 1))
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What went wrong! IR story |

* Uniform motion -

= / [dk] P (k)e™Otoxs)
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What went wrong! IR story 2

'BAO

_(r—=rpa0p)?
f’wiggly ~ € 207

5CEJ_

N—N]_

5XJ_V

IR resummation
nheeded !



What went wrong?! UV story |

V' SPT integrals are UV sensitive
- large contribution from short modes,
where fluid approx. breaks down

' Halos are not taken into account



What went wrong? UV story 2

o(k) = /d% o(x)e™* — /d3x 5(x)y/+ z}l/ — %(k-X)2 + ) x (k Rvir)2
0 O

Rvir ~ 1 MpC
P(k) D k*RZ,. Pr(k)

V1r

= 1% Q k ~ 0.1Mpc™*

\ EFT to rescue!

describe dynamics of
long-wavelength dofs
through effective operators

Baumann, Nicolis, Senatore, Zaldarriaga’ 2010
Carrasco, Hertzberg, Senatore’ 201 2



Recap: UV and IR issues have to be fixed

IR - egs are OK, perturb. theory is wrong

UV - complicated physics: nhon-linear back reaction

¢ Can we fix these issues while working directly with
correlation functions (only they are of interest)?

Can there be a true QFT description!?



Time - sliced perturbation theory (TSPT)
Time evolution of fields €= Time evolution of PDF

SPT, EFT,... Blas, Garny, M, Sibiryakov, 1512.05807
0o - d
E+V°(1—|—5)U—O —(D5P[5,T]):O
dr
ov S .
5 + Ho+ (- V)= -Vo +...

V20 = 41Ga’pé

Gaussian ICs:

(60(k)do (k")) = Py (k)6 (K + k) Liouville eqgn.
4 52 N
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6: = G(t)0g + G2 () Fo65 + ...



Time - sliced perturbation theory (TSPT)

Perturbative solution for Gaussian i.c.

P (80, to) =N~ exp {_% / 50%()2?;)_)]{) }

q P(6,t) = N texp <(— Z % /[dq]”Fn(t, {q;}) 5”\>
\ )

vertices

EOM (§k(t) =T (6,t) = Z % /[dQ]n[n(kv {Qj}) 0"

0
8(5(

Ot P

SP) =0 [iot = —pllet — N " Om L, Tt + / Inyi
m=2

Consistent hierarchical equations (compare to BBGKY):
Tt from TF with m <n



TSPT diagrams

e anQ # f[dki]rn (takn)Hézn

N
and perturbatively for 7174 = / D] P[5, t]e 1Ak ko

We solve exactly for  p(s,¢) =

Gaussian integral: Wick theorem + Feynman rules as in QFT

1

Propagator = P* = AT — QFT: I, - IPIn-pf.

Vertex  (03) ~ 'y = >_ or, = D4
D2 — 92
D2
f ) N~ Cs
Pl—loop — + + - - + %




TSPT in a nutshell

\

[ 52 .1 [T,0"
Z p— D — - I
J, Jo] / 0 exp 4 /ZQQP()(]C) Z y / Jo + JgB®ld] ¢

/

I'[6;7]

3d Euclidean QFT: - counterterms
* T[0;7] [Pl effective action

% g¢>=D> coupling constant

* T external parameter (~temperature)

= » K,5"  composite source (only one
statistically independent variable!)



BAO IR - resummation

Step |:smooth + wiggly decomposition

PL(k) — Psmooth(k) + Pwiggly(k)

.

__ Tsmooth wiggly
I, = [smeoth 4 pu

Step ll: identify enhanced diagrams

F;Szvnooth(k7 —k, AQqiy .- qn—2) — (’)(1) qg; — 0

| L n—2
F;lelggly(k’ _k7 q17 se qn—2> — 0(1) ' (k‘ ) > 1 k— ™ 10
0ScC OSC

Step lll: resumm them at a desired order of precision

NB.Valid for any correlation function



IR - resummation in TSPT

Iy
PJ)Rres,LO(n;k) — AANAANANNNNY
Iy Iy
+ + + + ...

k2 ks
= exp { — = 47T/O dgPy (q)(1 — jo(qreao) + 2j2(q7“BAo))}Pw(k)
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BAO scale
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DM correlation function in TSPT
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Short scales in TSPT

path integral formulation allows for Wilsonian
Renormalization and fixes the RG flow

02 =1
Z[J]:/D5 exp{/ _ Z/rn5”+J5}
2P — n!

Step 1 Coarse grain fluctuations at scales smaller than AY

Step 2 Renormalize interaction vertices to ensure that
physical observables are independent of A

r, — Il
, , o d
Wilsonian/Polchinski RG: [y = F(Ta)
dlog A
Step 3 “Integration constants’: finite counterterms C,(ky, ... k,)

encapsulating effects of short scales



Fit or not to fit!

Counterterms are unknown: match or measure (fit from data)

EFT parameters are not fundamental: have to be marginalized over

In this case, the “cheapest” prescription is to introduce them
at the level of correlation functions, which TSPT does

How many parameters do we need in practice! Degeneracies!?

to be understood in future...

TSPT with only 1 parameter (at 1 loop)
TAKES’;\%’EYS ~ 1% fit to N-body up to
~0.15 h/Mpc both PS and BS
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TSPT Bispectrum: 0 parameter fit

K
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Summary

{} LSS - key observable for future cosmology

{} TSPT: QFT way to deal with mildly non-linear effects

{} IR effects are accounted for by systematic IR resummation

I:> percent accuracy for the BAO

{} UV effects are accounted for by Wilsonian EFT

:> k-reach at first order ~ 0.15 h/Mpc
~ 8 x more modes than SPT



Thank you for your attention !




Backup slides



TSPT vertices
[t = =it = 37 O LT+ [ T
m=2

A\ 4

Consistent hierarchical equations (compare to BBGKY):
rtet from 'Y with m <n

time dependence factorizes for t independent [,

DIt {kn}) =gz Tn({kn}) + Co({kn})

- \

m=2

Perfect fluid equations as in SPT + EDs (dev. are small)

Adiabatic IC: only one statistically independent variable



relative error

Examples
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Short scales in TSPT

path integral formulation allows for Wilsonian
Renormalization and fixes the RG flow

02 1
ZlJ = | D — [ = — [ T,.6"+ J6
] / 5exp{ /zp ;n'/ +J}

IR
- P(k]), k<A
Step 1 PNz k) = P(|k|)O(A — k) = { <(|) ) e A
Step 2 'y, — Fﬁ UV
L o d A\
Wilsonian/Polchinski RG: dlogAF” = F(Ta)

Step 3 “Integration constants”: finite counterterms C,, (kq, ..., k,,)
encapsulating effects of short scales

d

_ g2 _
dlogAa_ ba a(me) = 1/137

Analogy: QED




TSPT Bispectrum: minimal models
(01, 01, O, ) = (27)36) (kq + ko + k3)B(kq, k2, k3)
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TSPT Bispectrum: O parameter fit
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TSPT Bispectrum: 0 parameter fit
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TSPT vs EFT Bispectrum
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TSPT vs EFT Bispectrum

BIC (kyax) for B ratio fits, 2 =0
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