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The future of precision cosmology: non-linear scales

matter density

p(x, 7) = p(7)[1 +0(x, 7),

power spectrum

(6(k, 7)6(K, 7)) = P(k, 7)6® (k + k)
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Theoretical tools

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...)



Fluid equations for Cold Park Matter
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In Fourier space, ( definingd(x,7) =V - v(x,7) ),
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linear approximation: a(ky, k2) = B(ky, k) =0
no mode-mode coupling
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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)



Perturbation Theory: Feynman Rules

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

& u > power spectrum: P (Mas mo; k)

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

Example: 1-loop correction to the density power spectrum:
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Linear Power spectrum 999~ D13

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




Problems with PT

1-loop propagator
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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 k220'2€277
G(k,nanzn) T <5(k,77@n)5(k,77@n)> €

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

with the surrounding modes: memory loss

‘coherence momentum’ k_.;, = (O’ 6?7)_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: Taruya-
Hiratamatsu: M.P: Bernardeau-
Valageas: Bernardeauv-Crocce-
Scoccimarro....



Time-RG P08

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

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

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

(A | ) e.g. massive neutrinos,

not only for Q. = ( 372 3/2 Scalar-tensor theories

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

Systematic approximation schewe straightforward



Equations to solve:
aﬁ Pﬂb(k ;! -‘?) — _ﬂﬂ:ﬂ(k 3 T?)be(k 1 3"?) T ﬂbﬂ(k 1 ﬁ)Pﬂﬂ(k ? n)
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initial conditions given at » = 0, corresponding to = = z;,

Only approximation: 7,;,.; = O



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



From M flvid to PM haloes

Cole & Kaiser ‘88
Background Peak-background split J Mo & White ‘96
emvimmnent Porciani (PhD thesis) 99

Catelan et al, 98

Haloes collapse and move,
background evolves

protohalo
dynamically

Eulerian world
(evolved distribution)

Lagrangian world
(initial conditions)

Exact solution: /
1+ 6h(x z) = [1+8,(q)] [1 +8(x,2)]

the bias of M haloes is stocastic, non-linear, and non-local



The dynawics of proto-haloes

0 op,

FV - [(1+0p)vn| =0, proto-haloes are
oT conserved!
OVh | Hvhp + (v - V)vp = =V
Z)faass 1 . & " gravitational
potential
) 2 5 w— determined by the
V ¢—§QMH M fluid
\Vh — V\ ~ 1/a 3-fluid system: o, v, 0y

alternative approach: follow the peak distribution (Pesjacques et al “10)



Compact notation

¥1 (ka 77) 6m(k= 77)
n=In(D+/Dyin), ( p2(k,n) ) =e’ ( ~0(k,n)/(Hf+) )

(’

w3 (k,n) on(k,n)
‘\
Oy pa(k,n) = —Qar(n)ps(k,n)
+en7abc(k: _p’ —Q)(Pb(p, 77) SOC(Q: 77)’ )

Vertex with non-vanishing components:

1
m21(k, p, q) = 5 bp(k+p+q)alp,q),

\
0
9(7])= _3& Egm 0 ’7222(1(’ P, q) =6D(k+p+Q)ﬂ(paQ)a
2 f+2 2 f+2 ’7112(1(’ q, p) - ’7121(ka P, Q), )
\ 0 -1 1’ v323(k, P, Q) = 7332(k, q, p) = ma1(k, p, q)

Matrix containing cosmology information



Initial conditions

PM haloes identified at z=0 and traced back to zin=%0

Two possibilities: 1) assume/fit the functional relation: 65 (k, z;n) = F |0, ]
2) assume/fit all the n-point (crosslcorrelators:

P’m(kv Zin)a th(ky Zin), Ph(k, Zzn)
Bmmm(kl, k2’ kg, Zi”)? Bmmh(kla k27 k37 Zin)a I

D (e D

—-% )-— ~D’
B coe — ] 8 L [ ]
™.~ D? initial valves for By, .. areirrelevant!



Initial conditions: lagrangian halo bias

70 : 1 T l

- M > 1.24- 10" Mg

60

- 50

PM haloes identified at z=0
and traced back to zin=%0 A

40

initial (lagrangian) bias well 5E
reproduced by the non-local relation: P, (k) = (b1 + by k%) Py, (k)e * /2

(Matsubara “99, Desjacques ‘08)



Linear approximation: debiasing

“/ 3/5 2/5 0
wa(k;n) = gav(n)r(k;0),  gar(n) = (3/5 2/5 0) Growing mogie
\3/5 2/5 0
2/5 -=2/5 0
Std. decaying mode +e—5/2"( -3/5 3/5 0)
2/5 -=2/5 0

0 0 0\
New decaying mode 4~ " 0O 0 0 é(n),
-1 0 1 /.

o (k) p(k)
soa(k;0)=( w(k) ) (pa(k;n)=( w(k) )
¢n(k) (k) + e "(on(k) — o(k))

Initial coNditioNs  s————  Evolved fields: “debiasing”, the initial
Time bias is progressively erased (see also
Fry 1996)




Beyond linear order:
Large-k resummation for the propagator

Gas(k;1) = (gan(n) + Sas fo AP ga1 (k; n)) exp[—k2o2 1)

N (el e

The exact result of Crocce and Scoccimarro
generalizes to the protohalo propagator



Cross-correlation at different times
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Power spectrum
Unlike the propagator;, it cannot be resumwmed analytically.

Use the TRG

[ "bin3/max3dat"ui4 —
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Independence from the initial mixed bispectra
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Cross spectrum
between the
evolved 6, and

the evolved &,
both at z=0

Comparison with simulations
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Conclusions

* Mildly non-linear scales are an unique
opportunity to look for deviations from
“vanilla” ACOM (w#-1, massive v,
NonGaussianity, PE-PM interactions,
exotic IM,...)

* Sewi-analytic methods are needed to go
beyond linear PT in a more fransparent,
flexible, and fast (1) way than NBody’s

* First step towards bias. Open issues:
velocity bias, from protohaloes to real
haloes



Time as the flow parameter

7)

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

,'7/

”’: . ‘- B N

exact evolution equation for the propagator

K K ! k K
AL S A PR S
n’

1 S

large-momentum factorization

k i _/D\ k
.------/ 1 ——> k [/ dS ] ——
s n arge R A /

k2 o2 2n

reproduce the Crocee-Scoccimarro resummation:G — ¢= "= ©
and allows to qo beyond 0S ... (Anselmi, MP in preparation)




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




