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Understanding the LSS of the Universe
Inflation Pecoupling To@ay
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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

\ = jk/

Small Gaussian Fluctuatons Non-Gaussian Fluctuations

)

Movie by R. Scoccimarro



Why do we need to study the late
(and non-linear) evolution?

* Park Enerqy (Baryonic Acoustic
Oscillations)

* Neutrino masses
* Primordial non-Gavssianity
* Weak gravitational lensing

* ...



The future of precision cosmology: non-linear scales
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To be dramatically

improved in the future:
BOSS, EUCLID ...
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New BOSS result: BAQ in Lya 1211.2616

Model: Open ACDM

Measurewment of Park
Energy from LSS
alone” (+ Ho)!
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Deceleration to
acceleration
transition seen!!



; ____Matter Power Spectra at z «0.1

Neutrino masses "
nonlinearities crucial to
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increase the sensitivity!!
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Now: L§S+CMPB

M, = Zmu <0.3eV

Planck+Euelid
AM, < 0.032eV

Audren et al. 1210.2194 :




The LSS mantra

7,

0

.. ahd fast

—> scan over different cosmologies



not trivial even for Nbody

* |nitial conditions, large volumes, mass resolution,
time-stepping (Heitmann et al 2010)

* hon-LCOM wodels: (massive neutrinos, coupled
quintessence, f(R), primordial NG, clustering DE,...)

* not fast!



The Eulerian way

96

20 4V [a+ov] =0,

%

—— +HV + (v V)v =~V
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Vg = §QMH25

subhorizon scales, newtonian gravity



Cowmpact Perturbation Theory

Crocce, Scoccimarro 09

9 19 [a+opm=0 O MY (v V)v =V
. SRR _ b D)
define ( 1) > =i (-9(77,k)/H> with 7 = log D+ (1;)
TausEare
s ( Y Re 1) )
then we can write:

(5aba77 g Qab) Spb(na k) i enf}/abc(ka _k17 _k2) Qpb(na kl) 906(777 k2)

linear nonlinear



Perturbation Theory: Feynman Rules

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

¢ ] : power spectrum: Pa%(nay b k)

interaction vertex:  —ie” vy pc(Kka, kb, 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~ 913

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
(UQ = g/dgq g )> in the BAO range!
q

the PT series blows up in the BAO range



But it can be resummed!!

(Crocce-Scoccimarro '06)

SO S it WYt N SUUD SVl W N S

: SEERk <5(k777)5(k7772n)> 15 k220262n
G(k,nanzn) i <5(k,77@n)5(k,77@n)> e

physically, it represents the effect of multiple interactions of the k-mode

with the surrounding modes: memory loss

‘coherence momentum’ k_.;, = (O’ 677)_1 =D hMpC_l
T damping in the BAO

range!

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

(beware of Galileian invariance!! Peloso, MP, in progress)




Partial (!) list of contributors to the
field

* “traditional” PI.: see Bernardeau et al,
Phys. Rep. 267 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-
Scoccimarro; Tassev-Zaldarriaga,...



More General Cosmologies
| (14 06)v deviation from geodesic
/le/g PM-scalar field interaction)
- H 1+)v—|—(v Viv=-Vo,
Vg = 4nG (1 —I—) i
——— deviation from Poisson

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

(8ap0n + Qap(n, k)) %(77, k) = €"vape(k, —k1, —Kk2) 0p(n, k1) pe(n, ko)

: i (n = loga)
Qab: /
( —2Qnp (14 B(n, k)) 2+ L+ A(n, k) )

[ Ex: Scalar-Tensor: A =ady/dloga B =2a? o’ =1/(2w + 3) j




Massive Neutrinos and the Power Spectrum
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Poisson equation for Cold PM + Neutrinos

limesheEn



Non-Linear effects on vmass bounds: RG vs. 1-loop approximation
Lesgourgues, Matarrese, M.P, Riotto, 09

12

Cosmological Neutrino mass
bounds should take non-linear
effects into account!
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Improving resumwmed PT methods:
2012 achievewments

* PS established at % in the BAQ range
down to z=0

* fast implementations: from O(hrs) to
O(mins) a Plk,z)

* scales smaller than BAQ’s



Exact time-evolution equations I:
fhe propag a‘l' 0 Anselmli,ol\lﬁﬁil;r;se, MP

| a) start from the exac’rsio HE

Gab(k; 7, 77/) - gab(na TI,) I Z ds dS,gac
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b) take the time derivative...

9,

—
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| AGay(k; n,7) = / ds' Laa(k; 1, 8') Gap(k; ',1')

¢) compute 2 ...



Sab(k; s, s")
AAR

e S e —f:} - —\/L) + higher loops...

small k:  =.(k;s,8') 2 1P (k; 5, 8') — Gap — Gy °H

1-loop evaluation of Z glves the propgafor a’rall Ioops



Exact time-evolution equations ll:
the power spectrum  aum,we

1205.223%

al exact expression | s
a,b(lc .1 ) % ac(k 1, nzn)de(k 77 Thn)Pcd(k nznanzn) :

—|—/ds ds' G (k n,8)Gra(k; 7', 3,)(I)cd(k S 3')

b) time derivative

8, Pay(k; ) = =g Pcb(k;h) — Qe Ppc(k; 77)1
' + Ha(k; 1,min) Pas(k;n) + Ho(k; 0, 7in) Pab(k; )

+ / ds (Daa(k; n, 8)Gra(k; 1, 8) + Gaa(k; 1, 5)@as(k; 5, 7))

e )= / " 4" SO(k; n, 5" u. Already computed for the propagator



ﬁq)ab(kj_@

small k: @..(k; s, 8') ~ q)cllb_lwp(k; SRCORH it o

k-q

n 2 ace 2% 2% 5] (3} ix 28 2
A .S LR

1-loop evaluation of 2 and Phi reproduces the BAQ's at
the % level at all z



1.4
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The large k regime for the PS /i M

for the nonlinear propagator, the relevant variable .
in the large k regimeis: y = ko(e” — ™) G(k;n,m;) ~ exp (—5

Pnl(y;z)/Plin(y,z)

UV scaling!

The non-linear PS is y-dependent too. resummation possible !!



uq)ab(k; S, S *'

= SIS

large k

leading contributions to Phi: . 66} \%

&
. A k
———

1 “hard” loop momentum, n-1 soft” ones

22

n O (p8__p8 ! B
Don(k; s,8") — e T —e")? [@g)(k;s,s') + (k20,2, e”s) P(k‘)uaub]

Can be obtained in eRPT: tree-level=UV limit






BAQ scales




Practical lmplementation
* |inear PS at zin

* compute & momentum integrals:

k3
9T

dr[lg ur? 49t — L2 qy3pg

2r

147

Hl(k’ 1, _OO) =
1—r

] P°(kr)

k+ 2 2 2 21212
U sy s en+n dq/_T [K*(p? +<J) (p T poypo(p)

% infegra’re the evolution equa’rion from
zin to z: get Pdd, Pdt, Pt

* public code available soon

' O(1 min) for PS at all z '




The intrinsic limit of
(resummed) PT

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

Shy e o

|
Amttttam

VAR S VA v T e =

with p = am® and v2¢ = 5, K2 Sub-horizon scales, Newtonian
T 2 gravity

Taking moments,
/dSp e = nied A=t lESE0 s )]

Pi 4
/ p L f(x,p,7) = p(x, T)vi(x, )

[ %0 2L 1,3, 1) = ploc, ) o, Yo, 7) + (o, )]
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neglecting o;; and higher mowments...
on o,

Iage Gams ==t continvity
ov
FHv + (v-V)v=-V¢ Euler
0T
3
V3p = : Qnr H? 6 Poisson
n =mng(l+9)]

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

0ij =0 < f(faﬁv T) B g(fa 7')5D(Z7— amﬁ(fa T))

self-consistent, but wrong!



Rederiving the flvid equations

Buchert, Dominguez, ‘09 Pueblas Scoccimarro, ‘09, Baumann et al. ‘10
M.P, 6. Mangano, N. Saviano, M. Viel, 1108.520%




Coarse-Grained Vlasov eq.

/ large scales

e gl =
am\_/_f,:cf)(x, T)B_p' f(X,p,T)

a8 . p 0

or " ma Ot
; s,
) Vz+y5¢(x o & ¥ T) 8_p,5f(x & Y. b, T)

W bl BT Y
7 /dyw(lL

0p = — ¢ short scales

51 = Frmic = I

Vlasov in the L — 0 limit!




Short-distance sources

do + Quw

5 . i TR
En(x) + oy (n(x)'v (x)) =) /

d'-y ' k 9 .y L 0 e i .
ar? X) +HU() + T () 570(x) + 25 e (RX)a7 () Short-distance

) nx+y) sources

Vi 1 00(x+¥])

r+y

R v/ _1 3 Yy
=—V3e(x) V/dyWOL
0 0 0 o

N > " . : : N b
Rrsios ™ | 9 ~1j =k =~ =ij -zk_z-)] =jk = =i = 7 s ijk
ar’ T L o’ T g T 5EY T Rogk (nw )

- —% fEvw (l%l) n(;(—;)y)

X [&'j (x+y)Vi. +6v'(x+ y)V.{.w] dd(x+Yy).

n(x)

I+y

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



Coarse-Graining vs. Single-Stream

wll + &) b5 (@ /(km fsec) ) bogyo(a10 /v7)

-1 2 4 b {0

4

Ve N

s uat.‘X'

<«— PT gets better

<«— SSA gets worse

L =16Mpec/h

[ Well-behaved PT calls for dropping the single stream approximation j




Compact form
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7% (k)

(5aban g Qab) be(ka 77) =
e’ / B qa0p(k — a1 — Q) Vase(k, @1, @2)Po(aA1, 1) Pe(d2, 1) — ha(k, 7)

(resumwmed) PT expansion short-distance
IN Yabc sourees: measure
i from simglaﬂons
0<k<k<R)pT—L HEsaeiE

L

cosmology up to wildly non 0100 independent?

linear scales



perturbative solution for the
large scales

a’ (k1) = gan(1) " (k) — / " ds gas( — 5) ho(k; 5) .

g (k,n) = / ds gap(n — $) € Voea(k, @1, 02) P (1, 8) Py

(0) (

25 (k,7) —/ ds gan(1 — ) €° Yoea(k, 41, g2) X
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Sources: cosmology dependence

¢ <h3h3>
l k*P (k) P
"‘".‘ . .“v.
L 8
215
2
R =8Mpch!
a5 N et}

1.95-107% < A, < 3.0-107° 0.932 < n, < 1



Sources: cosmology dependence

o | (hshs) Ff,;;
- k*P(k)I[P(k); R] =
i
R =8Mpch!
— g

1.95-107% < A, < 3.0-107° 0.932 < n, < 1

PT RECOVERS MOST OF THE COSMOLOGY PEPENDENCE !!



Propagator: 1-loop + sources
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Mangano, Manzotti, MP Saviano, Viel, in progress
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Propagator: RPT+sources

1 L=8 Mpc, z=0
- Sources
0.8 B — — — No Sources
a N-Body
0.6 I~
(D =
04 -
L A
o2+ N Raa,~
B AA
n KAKAE
O I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 AEAM
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k (h/Mpc)
Mangano, Manzotti, MP Saviano, Viel, in progress

PT RESUMMATIONS STILL NEEPEP ON THE SMOOTH FIELDS!!



Redshif{-space
distorsions




real-space
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RSP wmodeling

NLKaner « AD « FoG IOAN)
L-aner (SPT) 2205

LEalser ISFT, 4 «-22)

- e LAalper (SPT, Y, w8 1AV}
,L} ML Kaser (SPT)

3 N Kaser (CLA)
- N Kaser = Fol (CLA)

(b, =227 b, =1.02, N=223)

ANPrN

. 'ffifnlilll;:.:-.cl|‘=T"=-ii|

Zhao et al
1211.3741




IR-UV wixing in redshift space

microscopic level:

(plane parallel approx.)

sp () + 6.(F) = | s 2 [1+8()] exp [ik-0. (@)/H]

see Scoccimarro ‘04

(6,(Z) 6, (7)) 415 ComrBUEOns 5.3 5(02())) ~ (5(Z) 6(§)) (v2)

Large scales feel short onest!

Problewms for PT even at very large scales:
Desjacques, Baldauf, McPonald, Okumura, Seljak, Viah, °11-12
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Integrate
out the FoG!
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Coarse-grained redshift space
smoothed fields:

5D(E) 3 SS(E) =

/ (gﬂfg 67;12-5:’[1 + 5(5)] exp [Zk Ui )kg/(QHQ) 10

better behavior of the expanded exponential

D)=~ “tree-level” corrections to Kayser’s formula

o~ 0=z (D)k;/(2H) Fo6 resummation!



Sumwmary

* Future surveys demand a lot of effort on non-
linear effects: real space, redshift space, bias;

* |mproved PT methods OK for BAOs and beyond
(up to O(1 h/Mpe));

* Agreewment between independent approaches;
* Good: speed, flexibility:
* Common limit: the single stream approximation;

* PT and N-body are complementary tools: let’s
exploit it! Coarse-grained PT



