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Understanding the LSS of the Universe
Inflation Pecoupling Today
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Nonlinear Evolution (Qualitative)
- Nonlinearity modifies the power spectrum

- Creates Non-Gaussianity

Growth of perturbations: gravity vs. the expansion of the universe

- underdense regions: expansion wins
- overdense regions: gravity wins
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Nonlinear Evolution (Qualitative)
- Nonlinearity modifies the power spectrum

- Creates Non-Gaussianity

Growth of perturbations: gravity vs. the expansion of the universe

- underdense regions: expansion wins

- overdense regions: gravity wins
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Why do we need to study the late
(and non-linear) evolution?

* Park Energy (Baryonic Acoustic
Oscillations)

* neutrino masses
* Non-Gaussianity
* Weak gravitational lensing

* ...



The future of precision cosmology: non-linear scales
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The future of precision cosmology: non-linear scales

matter density
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the current situation...
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Why do we need new wmethods?

Linear perturbation theory
badly fails for z¢<2-3 and k> 0.05h/Mpc

N-body simulations

In principle ok, but need large volumes/resolutions:

- practically impossible to scan over cosmological models;
- non-standard but interesting scenarios are problematic: (massive
neutrinos, non-gaussianity, VE-PM coupling...)



Outline

* From Vlasov to Feynman

* Perturbation Theory and the need for
resummartions

* gi&‘feren’r schemes. Momentum RG Time

* Beyond Vlasov. Coarse-grained PT



Cosmo-notation

* scale factor: ao(r) (redshift:z=a""'-1)
* conformal time: dr =dt/a
* COMOVING momentum: & = akpnys

dlna
* Hubble parameter: H=—-
8 8 8 3H2
* critical density: o. = ——; o (2 107 em ™ today)

* density parameter: o; = Z ’L’



Self-Gravitating Matter

The matter particle distribution function, f(x, p, 7), obeys the Vlasov equation:

dfnp
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or  am

N =am N o NS =—0

with p = ERetluErans V2 = 30 125 Sub-horizon scales, Newtonian
dr 2 gravity
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Self-Gravitating Matter

The matter particle distribution function, f(x, p, 7), obeys the Vlasov equation:
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Self-Gravitating Matter

The matter particle distribution function, f(x, p, 7), obeys the Vlasov equation:

ofrp

|
Orrran

N =am N o NS =—0

with »— am®™ and V26 = 3, 125  Sub-horizon scales, Newtonian
dt 2 gravity

Taking moments,

/ Bp f(x,p,7) = p(x,7) = 51+ 6(x, 7)

/d3p %f(x, P, T) = p(X, T)fUi(X, 7-)

/ dSP 522552 f(X, P, 7-) = p(X, T) [?)7; (Xv T)vj (Xv 7-) HiE ] (Xa T)]

and neglecting :; and higher mowments (single stream approximation),
one gets...
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Fluid equations for Cold Park Matter

V- -[(1+d)v]=0, g: Hv 4+ (v-V)v=-V¢

Vo= SQMHQcS




Fluid equations for Cold Park Matter

0o ov
oy V- -[(1+9)v]=0, e Hv + (v-V)v

—V¢

3
Vig==QuHé
In Fourier space, ( definingf(x,7) =V - v(x, 7)), ¢ FO

00(k, 1)
O

H(k, 7') /d3k1d3k2 (SD(k T kl i i kz)a(kl, kz)@(kl, T)(S(kz, 7') =()

00(k,T)

3
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Fluid equations for Cold Park Matter

0o oV
oy V- -[(1+9)v]=0, Hv + (v-V)v=-V¢

0T
> 3 5
V2p = = Qy H S

In Fourier space, ( definingd(x,7) =V - v(x,7) ),
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Fluid equations for Cold Park Matter

0T

In Fourier space, ( definingd(x,7) =V - v(x,7) ),

00(k, 1)

0T

00(k,T)
O

0k, )

V- -[(1+9)v]=0, Hv + (v-V)v

A

_V¢
Qasr H? 6

0T

3
2 L
V¢—2

/d3k1d3k2 6p(k — ki — ko)a(ky, k2)0(ky, 7)6(ke,7) =0

+ HOK, T) + 5QMH?(S(k, TR /d3k1d3k2 6p(k — ki — ko)B(kq,ko2)0(k1,7)0(ks,7) =0

mode-wmode coupling controlled by:| a(ks, k2)

(k1 + ko) - kg
kT

ki + ka|?(k; - ko)

ki, k
6( 1, 2) Qk%k%

Notice: we Fourier fransform only space, not time



linear approximation: a(kq, kz) = 8(k1, k) =0

no mode-wmode coupling
00(k, )
0T

+0(k,7) =0

00(k
(‘(97’7-) +HOk,T)+ gQMHQCS(k,T) =3(§)




linear approximation: a(ky, k2) = B(ky, k) =0
no mode-mode coupling

00(k, ) L8k, 7) =0
0T
k
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Cowmpact Perturbation Theory

Crocce, Scoccimarro 09

Consider again the continvity and Euler equations

@+v.[(1+5)v]:0, a—V+Hv+(v-V)v:—V¢,
A 0T



Compact Perturbation Theory
Consider again the continvity and Euler equations

00 Ov

Crocce, Scoccimarro 09

L - S 8)v] =10, — +Hv+(v-V)v=-Vo,

OT OT

)=o) e 2
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Compact Perturbation Theory

Crocce, Scoccimarro 09

Consider again the continuity and Euler equations

09 ov
-tV [ +8)v]=0, FysaURAA IR AL SN0 IES ATt

define ( it ) 56_"( ot oI ) Wb 3((77)) ?=( 32 )

then we can write (we assuwme an EdS wmodel):

(5a5877 i Qab) gpb(q% k) ] en’yabc(ka _k17 _k2) Spb(nv kl) Spc(ny kZ)




Compact Perturbation Theory

Crocce, Scoccimarro 09

Consider again the continuity and Euler equations

5 5
90 L V. [(1+8)v] =0, ARV (v-V)v =V,
A 0T

define ( it ) 56_"( ot oI ) Wb s((:)) ?=( 32 )

then we can write (we assuwme an EdS wmodel):

—ki1, —k2) pp(n, k1) (1, k2)

and the only non-zero components of the mode-wode coupling are
a(ks, ka)
2

Y121 (k1, ke, kg) = y112(k1, ks, k2) = dp(ks + ko + ks)

vo20 (K1, ko, kg) = dp (k1 + ko + k3) B(kz, k3)
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The field equation can be derived by varying the action

S = [ dnadns Xa 92 @0 — | AN € Yabe Xa ©b Pe

w.rt. the auxiliary field x.(n, k)
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sothat ) (1,k) = gap(n, 1) p (0, k) is the solution of the linear equation
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The field equation can be derived by varying the action

S = [dn.dny Xa 9 ©b — [ AN € Yabe Xa Pb Pe

w.rt. the avxiliary field x.(n, k)

gas(m1,72) is the retarded propagator: (0460, + Qap) goe(7,1) = ac dp(n — 1)

sothat ) (1,k) = gap(n, 1) p (0, k) is the solution of the linear equation

SSSasimiaceer
B+ Ae %2m=m) p > TTENET

Explicitly, one finds: g(n1,72) = { 0 m < 1



A“ acﬁo” pl’inciple Matarrese, M.P, 07

The field equation can be derived by varying the action

S = [dn.dny Xa 9 ©b — [ AN € Yabe Xa Pb Pe

w.rt. the avxiliary field x.(n, k)

gas(m1,72) is the retarded propagator: (0460, + Qap) goe(7,1) = ac dp(n — 1)

sothat ) (1,k) = gap(n, 1) p (0, k) is the solution of the linear equation

0 m < 12
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A“ acﬁo” pl’inciple Matarrese, M.P, 07

The field equation can be derived by varying the action

S = [dn.dny Xa 9 ©b — [ AN € Yabe Xa Pb Pe

w.rt. the avxiliary field x.(n, k)

gas(m1,72) is the retarded propagator: (0460, + Qap) goe(7,1) = ac dp(n — 1)

sothat ) (1,k) = gap(n, 1) p (0, k) is the solution of the linear equation

e

/< ) B 1(3 2)
== 2(ma=tn2 = =
Explicitly, one finds: g(n1, 72 /{ B+Ae m > 02 O

A_}( Ul
growing mode decaqu mode 5 A i 1 )

N

i
Initial conditions: %(77 k) ocup = ( 1l )



A generating functional



A generating functional

;. 1

o —1 : _
ZIJ, A] = /Dsopxexp{/dmdnz {—§xg 'Plgt Tx+ixsg 190]

—i/dn €7y xpp — Jp — Ax]}

the initial conditions are encoded
in the linear power spectrum:

S nipnar i raRe (g(W)PO(k)gT(n/))ab



A generating functional

f

1

o —1 : _
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—i/dn €7y xpp — Jp — Ax]}

the initial conditions are encoded
in the linear power spectrum:

S nipnar i raRe (g(ﬁ)PO(k)gT(”/))ab

it i.c. are non-gaussian, add higher order correlators
(bisprectrum, frispectrum...)



A generating functional

g 1

o —1 : _
ZIJ, A] = /DsoDxeXp{/dmdnz {—§xg 'Pgt x+ixeg 1s0]

—i/dn €7y xpp — Jp — Ax]}

the initial conditions are encoded
in the linear power spectrum:

Phi(m, ' k) = (g(nP°(k)g' (7)),
if i.c. are non-gavussian, add higher order correlators

(bisprectrum, frispectrum...)

Derivatives of Z w.rt. the sources J and A give all the n-point correlation
functions (power spectrum, bispectruwm, ...) and the full non-linear
propagator



Perturbation Theory: Feynman Rules

_______ > propagator (linear growth factor: —% gub(Ma, 7b)

b

m power spectrum: P (n,, np; k)

interaction vertex:  —ie” v, pc(Kka, kb, ke)



Perturbation Theory: Feynman Rules

_______ > propagator (linear growth factor: —% gub(Ma, 7b)

¢ m > power spectrum: P (Mas mo; k)

interaction vertex:  —ie” v, pc(Kka, kb, ke)

Example: 1-loop correction to the density power spectrum:

1 1 1 1 1 N1
O + () — 4+ 2 — e o

Linear Power spectrum



Perturbation Theory: Feynman Rules

_______ > propagator (linear growth factor: —% gop(Na, M)

¢ ] ; power spectrum: Pa%(nay b k)

interactionvertex:  —ie"” v,pe(Ka, ki, Ke)

Example: 1-loop correction to the density power spectrum:

1 1 1 1 1 N1
0 + () — 4+ 2 — e o

Linear Power spectrum 999~ D13

All known results in cosmological perturbation theory are expressible in terms
of diagrams in which only a trilinear fundamental interaction appears




PT in the BAQ range

1-loop propagator
@ large k:

k k k

-

Gabv (k3 Nas M) = Gab(Mas M) |1 — kZ}IQ

(677(1 — enb)Z ]

2

O(k*o™

(o 677"1)_1 ~ 0.15h Mpc™*

1 P(q
<02 = /dgq g )> in the BAO range!
q

the PT series blows up in the BAQ range



But it can be resummed!!

(Crocce-Scoccimarro “06)

e NN Ky OOk

: N <5(k777)5(k777fm)> 28 k220262n
G(k,nanzn) T <5(k,77@n)5(k,77@n)> €

physically, 1t represents the effect of multiple interactions of the k-mode

with the surrounding modes: memory loss

‘coherence momentum’ k_.;, = (O‘ 677)_1 ~HAH hMpC_l

damping in the BAO

range!

RPT: use G, and not g, as the linear propagator




Partial (1) list of contributors to the
field

* “traditional” PI.: see Bernardeau et al,
Phys. Rep. 3267 1,(2002), and refs.
therein: Jeong-Komatsu: Saito et al:
Sefusatti....

* resummation methods: Valageas:
Crocce-Scoccimarro: McPonald:
Matarrese-M.P: Matsubara: M.P:
Taruya-Hiratamatsu: Bernardeav-
Valageas: Bernardeauv-Crocce-
Scoccimarrao....



The exact Renormalization Group s. Matarrese, M.P. 07

Inspired by applications of Wilsonian RG to field theory: the RG parameter

1S momentum

Modify the primordial (z=zin) power spectrum as: P )(\) (]‘C ) — pY (k‘ ) @()\ — k ) (step function)

then, plug it into th t1
cn pugl 1n(? egenera 1ng Z[J, A] Z)\ [J) A]
functional:
s i =7 : = .
Zx\[J, A Z/Dsopxexp{/dmdnz [—§xg SE e 19@] —@/dn[e”vxw—Jso—Ax]}

The evolution from\ = 0 to A = 00 can be described non-perturbatively by RG equations:




The propagator

62Wi[J, Al
5Ja,(k, na)éAb(_ka 77b)

G,ab(K; e, M) = —
(Wx = —tlog Z,)

0  6°W,y 1 6*W
— — [ dCad—q) P°
O\ 8.J, 5, 2,/ 8= 0 T gt 6J, OAy, 6N, OA,




The propagator

62Wi[J, Al
5Ja,(k, na)éAb(_ka 77b)

G,ab(K; e, M) = —
(Wx = —tlog Z,)

0  6°W,y 1 6*W
— — [ dCad—q) P°
O\ 8.J, 5, 2,/ 8= 0 T gt 6J, OAy, 6N, OA,

In pictures...

d/d\ =—)==- = _€>'£T%_O' +12 ,
a b a b /@
a



The propagator

62Wi[J, Al
5Ja,(k, na)éAb(_ka 77b)

G,ab(K; e, M) = —
(Wx = —tlog Z,)

0  6°W,y 1 6*W
— — [ dCad—q) P°
O\ 6.J., 5, 2,/ 8= 0 T gt 6J, OAy, 6N, OA,

In pictures...

d/d\ =—)==- = _€>'£T%_O' +12 ,
a b a b /O
a



The propagator

62Wi[J, Al
5Ja(k, 770,)5Ab(_k7 77b)

G,ab(K; e, M) = —
(Wx = —tlog Z,)

0 6°W, 1 6*W
— — [ dCad—q) P°
O\ 8.J, 5, 2,/ 8= 0 T gt 6J, OAy, 6N, OA,

In pictures...

d/d)\a_e"l.a = a—O-gj%—O-b Jr”//@,
‘\V\ a b

non-linear 1PI vertices



The propagator

62Wi[J, Al
5<]a,(k7 770,)5Ab(_k7 77b)

G b b e ) — —
(Wx = —tlog Z,)

0  6°W,y 1 0*Wy
— — [ dCad—q) P°
O\ 8.J, 5, 2,/ 8= 0 T gt 6J, OAy, 6N, OA,

\

1In pictures... RG Kernel

ST

VATTO-, = 79000 b %
‘\V\ a b

non-linear 1PI vertices



The propagator

52W>\[‘]7 A]
G)\,ab(ka Na s 775) e _5Ja(k, 77a)5Ab(_k> 776)

(Wy = —tilog Z)

0  O0°W, 1 0*Wy
— — [ dCad—q) P°
e / 8= 0 T gt 6J, OAy, 6N, OA,

\

In pictures... RG Kernel

ST

non-linear 1PI vertices

formally 1-loop, but exact
infinite tower of RGE's




Time-RG M. 0806.0971

(also for cosmologies with D~ = D=(k, 2))

(0060 + Qab) ©6(n, k) = €"Vape(k, —k1, —ka) ©p(1, k1) ©c(n, k2)

o= Rotelnpp

== Qo)+ > el {ppyp)

Onlppp)=—) Qlpoe)+ Y v {pppyp)

infinite tower of equations



Time-RG M. 0806.0971

(also for cosmologies with D= = D= (k, 2) )

(0060 + Qab) ©6(n, k) = €"Vape(k, —k1, —ka) ©p(1, k1) ©c(n, k2)

Onp=—QRo+elvop

=—) Q{pp)+ > eMv{ppy)
ooy == Qpop)+ ) ev{pppp)
\ can be obtained from the
+H . RG- Ilkg
infinite tower of equations ngswa' requirement

- J




Time-RG M. 0806.0971

(also for cosmologies with D= = D= (k, 2) )

(0060 + Qab) ©6(n, k) = €"Vape(k, —k1, —ka) ©p(1, k1) ©c(n, k2)

o= Rotelnpp

=—) Q{pp)+ > eMv{ppy)
ooy == Qpop)+ ) ev{pppp)
\ can be obtained from the
+H . RG- Ilkg
infinite tower of equations ngswa' requirement

- J

Resonates with Gasenzer Pawlowski ‘07 !



Approximation
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q, 1)) = op(k + q) Pap(k,7)

a4, 1)¢(P, 1)) = op(k +a+p)Bac(k, q, p; 1),
a, 17)ee(P, n)eal(r, 1)) =

Op(k +q)dp(p +r1)Pu(k,n)Pea(p,n)
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(k+1)dp(q+ p)FPaalk,n)Bel(a,n)
(k+p+q+r) Tawuk.q,p,r,n)] .

-

Only approximation: 7,,;,.q = O
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Equations to solve:
a*’i' Pab(k y '?}') — _ﬂn‘lﬂ(k y H)Pf’b(k y 3’?) o ﬂbﬂ(k ’ ﬁ)Pﬂﬂ(k ) I}')
L / P Naca(k, —q, q — k) Byea(k, —q, q — k; 7))
+Bacak, —q, q — k; 7) aa(k, —q, q — k)] ,

aﬂ Bﬂbﬂ(kﬂ —q4, 49 — k:‘ -"}') — _ﬁad(k ; T}I)Bdbc(kﬂ —q, q — k:' 3'?)
— ﬂbd(_q ; "?}')Badﬂ(k:' —4, 49— k: 3’?)

— Qea(q — k) Basa(k, —q, q — k; 7)
+ 2€" [Vade(k, —q, @ — k) Par(q, 1) Pec(k — q,7)
+ Yoae(—d, q — k, k) Pac(k — q, 1) Pea(k ;1)
+ Yeae(d — Kk, k, —q) Pya(k, 1) Pop(q,m)] -

initial conditions given at » = 0, corresponding to = = z;,



Iterative solution: step 1

O(v?) : linear PT Po o e

|
I
d
Bﬂbﬂ f<7‘h.
-7 fVe~{

P{i(k 1) = Gac(k,1,0) gra(k, 1, 0)Pea(k ,n = 0) |

BE (k, —q, q —k; 1) =
9aa(k,1,0)gpe(—q,7,0)g.5(q — k,7,0)Ba sk, —q, q — k; 7 =0)



Iterative solution: step 2

I-loop corrections O o =

torp,, :

O() corrections

for B, :

+3

Babc A + cyclic permutations



Iterative solution: step n>2

h-1-loop corrections —e(Om 2 (O

for P, but notalll!  Pa
"‘5_)'_

+ 3

O(y*"°) eorrections .

fOl’ By, bu-[‘ not a"! Babc /\ + cyclic permutations

yes no
e.g.: for n=3 /\%Z‘j /;ﬁz\




Full equation: numerical results

1.3
N-body Jeong Komatsu '06

f e eceamecems 1-loop PT

[ ————— Halo model Smith et al '02 )

" eeesseccecacee. Linear PT 7" 5
1.2 - TRG 7=1 ",’ P

R
7’
N4
-./I I /__,,--
i 7/

1.1 | e /

- / y \.‘____/

!
- /3
7 .\“\E---’f
1 i .....
I/}

0-9 I 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1

0 0.05 0.1 0.15 0.2 0.25 0.3

k (h/Mpc)
M. Pietroni 0806.0971  (CAP)

Posde =Ptk sy

initial conditions:

Babc(k7 —q,q — k7 O) =0



0.1

Cowmparison with other methods

Carlson, White,
Padmanabhan, 0

004 I I I I | I I I I I

_-.F'
N W N N N N N N Y I
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0-1 I I I I

0.05

(F_Fref) /Prer
o

-0.05

_Dl i 1 I I 1

Cowmparison with other methods
Carlson, White,

Padmanabhan, 0

D.G‘q' I I I I

\ :::I1 r -:_-_-_-.;;H | | ' L'.._III -\\' % -7 —
, . . -,‘lll‘ . : | . - -L'.1:I‘" . |
x\ .'“.__ \.I\
| | | | xl‘ | | | -0.04 | | | | | | | | | | | kx
0.05 0.1 0.15 0 0.05 0.1 0.15
k (h/Mpc) k (h/Mpc)

26

Fractional difference w.rt. high resolution N-body
below 2% in the BAQ range down to z=0!



How far can (resumwed) PT go on
its own?

The DM particle distribution function, f(x,p,7) , obeys the Vlasov equation:

dep

|
O,

N amN o= )

with p = am® and V24 — S0, H2s Sub-horizon scales, Newtonian
2

dr gravity
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How far can (resummed) PT go on
its own?

The DM particle distribution function, f(x,p,7) , obeys the Vlasov equation:

%,
/ | s N amN o= )
Ot tam
. dx 3 b-horizon scales, Newtonian
LS bt idden Vie=gim R gravity

Taking moments,
/dgp f(x,p,7) = p(x,7) =p[1+d(x,7)]

Pi s
/ p L f(x,p,7) = p(x, T)vi(x, )

[ 0 D25 1, p.7) = ploc, ) o, T, 7) + 7 (o, )]



)

on o,
oT i (9xz(nv) i
avi I k a ; | 1 a k1
5 - Hot 4+ v 5’;1:’“ | naxk(na )
0c¥ 9, ot
] k Y ik j
5 - 2Ho" + v 6’:1:’“ + o 6’ka
Ol
- =10
oT
Vng:gQMHQ(S
No sources for o

UJ

source term

V ey
— 0 is a fixed point



neglecting o;; and higher mowments...
on o,

TRaEEREAT i =10 continvity
ov
FHv + (v V)v=-V¢ Euler
0T
3
V2p = 3 Qnr H? 6 Poisson
n =mng(l+9)]

(RESUMMED) PT IS BASED ON THE
“SINGLE STREAM APPROXIMATION”

i = 0« f(faﬁv 7-) i g(fa T)éD(ﬁ_ amﬁ(fa T))

self-consistent, but wrong!



Large scale impact of
velocity dispersion

8,5 — 0

1 = {)
il X, = -V, i7)- ’
qi(x, ) » i(poij) 0 2
_ _ 2 2
%=V-q quw=VXxq, W
3nw+? = qu-

measure the q’s from simulations

Pueblas Scoccimarro 2009



0.1

| aP(k)/P(k) |

0.01

0.001

Effect on the power spectrum

.....

divergence

k (h Mpe-)

do qw
around % at z=0 in the BAQ range

100 L eeapetanustesaanany,.

10-1 sl A A s aaal Il A J
0.01 0.1 1

k (h Mpe™)

dw only

Pueblas Scoccimarro 2009



ln’rrmsw |lWll‘l’ fhe smgle stream approx.

20 ; ipml ‘ =2 Valageas 201 0 ‘
g E ,/IT4 :
Rgo | —— /‘,‘,7:’)7’ ;,«\ ; ‘ ey NP —-
ok [h Mpcl“] 0
2 || % | oon BiMpe] | e e | me. | Thie fluid picture starts to break down
e T oz (for k> k_se = 0.23 h/Mpe at z=0
50% 09
N ! su 1 |The higher z the higher the k_sc
50% 2.2
N (o 2 |Resumwmation methods can bring
5% 64 from k_1loop to k_sc
1% 0.07 2.2
3 || 10% 0.18 5.2 66
0% 104 How to go beyond k_s¢?




Buchert, Dominguez, ‘09
f M.P, G. Mangano, N. Saviano, M. Viel, 1108.5203
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Rederiving the flvid equations

Buchert, Dominguez, ‘09
M.P, 6. Mangano, N. Saviano, M. Viel, 1108.520%




Coarse-Grained Vlasov eq.

large scales

v

0 pt 0 ) 0
o1 " ma 01 amV,$(x, T) dp* f(x,p,7)
am y 0
:7/d3yW(L) $+y5¢(x+y7 )?5f(X+Y7paT)

N

short scales



Short-distance sources

do + Quw
s, s,

5-(X) + (A(x)7'(x)) = 0. /
9

gﬁ"(x) + HU'(x) + T (x)%‘i(x) - - (lx) 3(2.1&- (ﬁ(X)C—Tki(X))

Short-distance

I R y ) n(x+y) o, sources
o .. y o .. s B 0 . 190 g

T =i] —1] —k = =ij —itk 7 =] ~jk 7 =i I - i 1

870 + 2Ho7 + v 6:1:"0 + 0 Ba:"v + 0 Bazkv — = (nw )

- _% [y w ('% ) n(;(-)i{—)y)

X [5vj (X +y)Vi,, + 00 (x+ y)V?2 +y] dop(x+y).

57 and all higher-order moments are
dynawically generated by coarse-graining!



oarse-Graining vs. Single-Stream

log (1 + ) log),(a/(km/sec)?) logyo(a11 /7)
—] — . e ) 4 * X O o . ossw 3
z (Mpe/h)

' T ~ &l
'~-:( A0 ST -
K

L = 4Mpc/h

L = 8Mpc/h

<«—PT gets better

L = 16 Mpc/h

<«— SSA gets worse



Compact form

6
_ 0

) ~ ) kikd
Pa(k,m) =e"| LY a(k) =a%(k), (k)=

k2

7 (k)

'HJ?
T 5

(5aban + Qab) be(ka 77) —
e’ / @ q1d*q0p(k — a1 — do)Vave (K, 91, 02) P (A1, 1) Pe(d2, 1) — ha(k, )

(resumwmed) PT expansion short-distance
IN Yabc sourees: measure
i from simglaﬂons
O<k<k(R)PT—L k>_ﬂ-

L

cosmology up to wildly non 0160+ independent?

linear scales



perturbative solution for the
large scales

P9 (k,1) = g (M@ () — [ ds gas(n — $) (k)

P (k) = [ ds gas(n — 5) € Yuealk, 41, 8) P (11, ) 2 (a2, )

P2 k) = [ ds gan(n — 5) € Yoalk, 41,02) %

(2 (a1, 9)pa” (az, 8) + ¢ (ar, )P4 (a2, 9))

(" )

need (0¥ ---o@hny ---hy ) correlators!

. J




test: compute the sources in 1-loop PT

L=8 Mpc/h z=15

0.01

10 |

01k

—
-

.-
- ....I.....~
L}

——————

L=8 Mpc/h z=0

LT
.
.
-
.

0.1
k (hMpc)

10

L llnll'

T 'llllll

0.1

L lllllll

L=16 Mpc/h z=15

0.01
0.01

10

T T llllll'l

T lllllll

0.1

T lllll]

L=16 Mpc/h z=0

0.1
k (n/Mpc)

5 — o7 correlation seen in 1-loop PT!




¥ (Mpc/h)

y (Mpc/h)

density

CG-induced vel. dispersion

0 IDO 203 330 400

z (Mpc/h)
log (6 — Omic)/ (km/sec)?]



cut-off dependence alleviated in ratios

P13/P11

P13/P11

10

0.1

0.01

0.001

10

0.1

0.01

0.001

L=8 Mpch z=15

L=8 Mpc/h z=0

0.01

P13/P11

P13/P11

T lllul‘l'l

0.1

T llllll"l'l

0.01

T lul‘l‘l'l

0.001

L=16 Mpc/h z=15

10

0.1

0.01

L=16 Mpc/h z=0




non-perturbative content of sources
is leading

next: read the sources from N-body simulations.
How cosmology-independent is short distance physics?



Sumwmary

* (resummed) PT is an essential tool to
explore cosmological models in the
mildly non-linear regime

* the Z level accuracy (for the PM PS!) is
at reach in the BAQ region

* to progress, PT must take conscience of
its limits: the coarse graining scale can
be exploited as a computational tool

* next: be Wilsonian, let L flow!



Time as the flow parawmeter

7)

OpGlk;mn) = —Q°G(k;nm’)+/ ds ¥(k;n,s) - G(k;s,n')

Ui

exact evolution equation for the propagator

K K ! k K
AL S A PR S
n’

1 S




Time as the flow parameter

7)

OpGlk;mn) = —Q-G(k;n,n’)+/ ds ¥(k;n,s) - G(k;s,n')

Ui

exact evolution equation for the propagator
k k

k k i
O, ——mmmmemn) = (). m——naeen ds -—4)— P E—
M

/ T S

large-momentum factorization




Time as the flow parameter

7)

OpGlk;mn) = —Q-G(k;n,n’)+/ ds ¥(k;n,s) - G(k;s,n')

,'7/

exact evolution equation for the propagator
k k

k k o
Oy ———smmemm; = — () e, ds -—4)— —
n’

1 S

large-momentum factorization




Time as the flow parameter

7)

OpGlk;mn) = —Q-G(k;n,n’)+/ ds ¥(k;n,s) - G(k;s,n')

,'7/

exact evolution equation for the propagator

K K ! k K
AL S A PR S
n’

1 S

large-momentum factorization

reproduce the Crocee-Scoccimarro resummation:G — ¢= "= ©

Bevond 0S: Anselmi Matarrese, MP. 10114477
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Advantages

Works also for cosmologies with Q., = Q. (k, 1)

not only for Q. = ( _31 /2 3_/12 )

Power spectrum ( (v +)) and bispectrum ((v¢~) ) from a
single run!

Systematic approximation schewe straightforward



More General Cosmologies

00
0T

ov
OT

FV - [(14+6)v] =0,

FH(1+ A(Z, 7)) v+ (v-V)v=—-Vo,

St An G B r o rato



More General Cosmologies

00 deviation from geodesic

E=Vamslia e R dm==n =
0T Y /le/.g. PM-scalar field interaction)
0
8: L —I—)V +(v-V)v=-Vo,

V?¢ = 4rG (1 + B(Z, 7)) pa” d




More General Cosmologies

FV - [(14+0)v deviation from geodesic
/le/g PM-scalar field interaction)

- H 1+)v—|—(v Viv=-Vo¢,
V24 = 4rG (1 +) a2 §
“——— deviation from Poisson

(e.g. scale-dep. growth factor)




More General Cosmologies
FV - [(14+6)v deviation from geodesic
A/le/g PM-scalar field interaction)
- H 1+)v—|—(v Viv=-Vo,
V¢ = 47 G (1 —I—) af
“——— deviation from Poisson

(e.g. scale-dep. growth factor)

(8ap0n + Qap(n, k)) %(77, k) = €"vape(k, —k1, —k2) 0p(n, k1) pe(n, ko)

1 ] (n = loga)
Qa — /
b ( —sQum(1+ B(n, k) 2+ % + A(n, k) )
Ex: Scalar-Tensor: A= adp/dloga B =2a” o’ =1/(2w + 3)

see Saracco, MP, Tetradis, Pettorino, Robbers 09




