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(drop the time dependence)

%%(X) | 8?Ei [(1 - 5R(X))Ui (X)] = () continuity eq.
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5% (%) + Hy, (%) + ka(X)@vé(X) = =V, o(x) — J5(x) = J1(x)

Euler eq. /

short-distance effects

T5(%) = 15 o (1+ 0rx)H () _—
7100 = 1557 ({14 DV 0n(0) = (1 +00) () V()

To close the system, we must provide information on the short-distance effects

Buchert, Dominguez, '05, Pueblas Scoccimarro, ‘09, Baumann et al. 10

M.P, G. Mangano, N. Saviano, M. Viel, 1108.5203, Carrasco, Hertzberg, Senatore,1206.2976 ....



Single stream approximation

k

Set O_zj — wzj —...=V xv=0 ...+ no higher moments, no

vorticity,...

fx,p,7) =p(1+0(x,7))0p(p — amVep(x, 7))

System described by 5(X, 7‘) , H(X, 7‘) = VQQO(X, 7’) =V- V(X, 7')

00
Py +V-((140)v) continuity
0

v FHv + (v-V)v=-V¢ Euler
0T ;
Vi = 5 Qs H? 6 Poisson

warning: self-consistent ... but ultimately wrong!



Linear order solution

)

P +60=0

o0 = V2 q 5 < _ 3 2

o+ HO =~V (5+”H(5—2S2MH5

V2p = g QO H2 O linear GR equation for k> H
(1) (k

Solution : 5(1)(k, T) = / H(fﬂ-) = d(k, 7in) D+ (T) (D (7in) = 1)

growing/decaying mode

a(T) )fi

CL(Tin)

For EdS (Qu=1): Di = ( =1, f.=—3/2



Compact notation

R é(k,n) _
pa(k,n) =€ ( _0(k, 77)7@”) ) n = log D(7)/D(7o)

The continuity+Euler+Poisson system reads:

(0a60n + Qap(n)) ok, n) = €” / (;ZWC)IS (;};3 0p(k —a— P)Yave(k, a4, P)pn(a, n)pc(P; n)

linear nonlinear

k-p
1 —1 7112(k, q, p) = 121(k, p,q) = 92

p
Qab(n)( 3 Q2n(n) 3 Qm(n) ) kg p
2 f2(m) 2 f2(n) 1222(K @, P) = 55




SPT=Iterative solution

o1 (k,m) = 05 (k,m) = o (k) linear solution
3/ 2/5 _ 2/ —2/9
9an(1) = K 3§5 2§5 > e /2 < _4/5 3/5 )] ©(n)  linear propagator

"
9082)(1{,77):/ ds gap(n — s) €° [k,q,p%cd(kaqyp)épgl)( S)p (1)( P, S)
0

= 62n[k,q1,q2 F¢§2)(qh QQ)SD(l)(%)SO(l)(%) 2nd order solution

_ d3Q1 dBQn &
(Ik’qu...,qn = / (27-(-)3 . (27-(-)35D(k — Z:Zlql)

(k) = " gy qn F (@, dn)e™M (an) - o™ (an)

nth order solution



If the initial conditions are gaussian, then only correlators
involving an even number of initial fields are non-vanishing

tree-level

Power spectrum: (g, (k, )3 (K', 7)) = (o (k, 7)o" (K, 1))
HeWD (k, )y (K, m) + (08 (&, m)ept (K, 7))
one-loop

S ED (k) (K m)) + O((¢™™))

+ ...

Bispectrum: (pa(k, m)pn(k' m) e (K", 7)) = (282 (k, )y (K)ot (K )
tree-level 42 permutations + O((¢"™)°)



Computation of the Power Spectrum
IS L S @_ . Q/_F

P(k,7) = D*(1)P11(k) + D*(7) [Pa2(k) + P13(k)]

/'

linear PS: output from CAMB, CLASS, ...

12 3 3
— — 158 4 1007 — 42r* + 3 (r* —1)" (7r* +2)In

1+
1 —7r

|

(37“ + Tx — 107‘:132)2

(1+7r2— 27%)2

Py (k) = i /OO dr P11 (kr) /1 dx P11 [k (1 +r? — 27“:13) 1/2}
98 (2m)° Jo —1

Cosmology informationin P11 (%) and D(7)

Integrals to be performed numerically for ACDM...



FFTLog approach

Simonovic et al 1708.08130

Fourier Transform the PS (with respect to log k)

m=N/2

Plin(kn) — Z Cm qu_'_inm

m=—N/2

c)?]

P(k,2=0) [(Mp

( V is a parameter)

k [h/Mpc]

2mTm — ] Log k
oy = Pm k I/k 1Mm —27szl/N
' log(kmax/kmin) Z ! l min
P (k) =2 / F5(gq,k — q)Pin(q) Pin(|k — q|)
q
5  3k? 3k? 5q° 5|k — ql? Kk

Fy(q, k — — 4 — - -
2(q,k — q) = 147282  WEk_q? 28k—qP 28¢2 | 14k — q°¢°



- ' 1
The 1-loop integral / : _ 212y )
becomes a combination of q 71k — q|*>

1 (3 —v)T(5 —)(vi2 —3) (+ symetries and
873/2 ['(v)T(2)'(3 — v12) recursion relations ...)

with [(v1,10) =

Por(k) = K Z Cmny k™2 - Moo (v1,12) - ey k™2

mi,ma2

Cosmology dependence
(PS shape)

(2 — 112)(5 — v12) [1v2(98v3y — 14112 + 36) — 91, + 3v42 + 58]

Moo (v1,19) =
22(v1,v2) 196 1 (14 1) (3 = v1) va(1 + 1) (3 — 1)

|(V1,V2)

Loop integral —> FFT+matrix multiplication: Very Fast!!



Performance of Standard PT
P(k,7) = D(2)*PV(k) + D(2)*F1(k) + D(2)°F“*D (k) +
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IR effects on
Baryonic Acoustic Oscillations

Galaxy map 3.8 billion years ago Galaxy map 5.5 billion years ago CMB 13.7 billion years ago

Credit: Eric Huff, the SDSS-III team, and the South Pole Telescope team



1 A c
— d 5 ~ 110Mpc h~ !
’ HOQ%Q /O a(a‘|‘aeq)1/2 pe

comoving sound horizon at recombination

same comoving scale seen in CMB anisotropies 120——— ——
and in LSS at different redshifts. 1:3;& — Besm;
Map from comoving to (angular and diameter) distances & 23 _
is cosmology-dependent: STANDARD RULER h 28:
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< 2 % error!!

sound horizon from LSS vs. Planck
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1% error on kpao translates in ~5% error on wge




nonlinear effects on BAO’s
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random displacements

O(6 Mpc/h)

O(10 Mpc/h)ff
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Soft dressing of hard fields

crucial factorization property:

A 33
ir d 1 k- d1
S (I ) = g / U0 (O —q) A<k

k k—a; k-q—q, k_E q
mn A d3 A d3
h,ir(m) k _ € q1 / dm
¥ (kin) = ta m! / (2m)3




effect on 1-loop PS

for a featureless PS: PO (k) ~ k™

;lj’;;g (kq-2q>2p(o)(q) (P(O)(k) — POk — q|)) N
L02PO(E) o = (L
k T oF (A)>

> PH 0 (ki) ~ O(PO (k) 62 (A))

typical 1-loop correction,
no enhancement w.r.t. other contributions



effect on oscillating component

PO (k) = PO (L) 4 PO (L)

rq =~ 110 Mpc/h
PO (k) = POYY(B)A(x) sin(krg + ¢(k)) (PO k), A(k), 6(k) “smooth”)

02 PO (k w
k2 e ( )gg(A) =%, (/.c?rg PO (k)ag(A))

kQT?Z > 1 enhancement factor on other 1-loop effects

explicit result:

IRw,(1) /7. \ (0),w 2n A d’q (k-q : (0)
Pab (kv 77) = —UqUpl’ (k)@ (271_)3 q2 P (Q)(l _ COS(QTd,u>)

k2e2n

67 / AP (q) (1 = jolara) + 2j2(ara))

= —k*Z(rq, A ) PO (k)

= —uaup POV (k)




two-loops

kA k2
(ki) = 5 Era, M) PO (R)uguy = == E(ra, Asm) Py ™ (ki)
n+1-loops
k2 _ w.(n —k2 n+1
) = ———=E(ra, ;) By " () = | =(ra, A )" PO (R)uguy

n+1 n + 1!



IR-resummed Power Spectrum

PILO (k) = e FECadim) pOW (B0, + PO (k) uguy

Py N0 (k) = Ply(ks ) + e F=0arm PR ()
+ kQE(”“d, A; U)P(O)’W(k)uaub — Ph(l (/C 77) (avoid double counting)
Different ways to include displacements lead to equivalent results.

Well understood theoretically.
Not a nuisance, but a calculable physical effect!!
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Extended “Galilean” invariance (EP)
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Extended “Galilean” invariance (EP)

X + d(T).
p+amd(r)
Vo —Hd—d pa
it S
o k -
P @ @

:O"O

- Valid for the Vlasov eqg. (no single-stream approx)
- Valid for matter and biased tracers
- Valid in redshift space




Almost uniform displacement

/ d’ze™d(r) = d(r)(2m)°ép(q) — d(q,7)

then study the g->0 limit:

d(q,7) = / dr'v(q, ') = ngf) :i%dm(q, r)

linear theory



Conseqguence of EP: constraints on mode-coupling

ex: continuity equation

0.8(x,7) + V((1+ 8(z,7))d(z, 7)) =0

[ )
—

effect of the (almost uniform) displacement: ﬁ(m, 7‘) =5 ﬁ(x, 7‘) e (:C, T)

[ ]
— —

V(14 6(z, )0z, 7)) = V(A +6(z,7)d(z, 7)) +d(@,7)- Vé(x,7)+ -

the new term is canceled by  §(x,7) — 6(x — d(x, 7), T)

— — —



Long mode can be absorbed in a coordinate shift

— — —

O(x —d(x,7),7) 2 d(x,7) —d(z,7) - Vi(z, T)

Fourier Space:




CONSISTENCY RELATIONS for the LSS

infinite set of Ward Identities (Peloso, MP, ’13)

this induces a contribution to the bispectrum
in the sgeezed limit (k>>Q):

BCXB’Y(Q? k—I—a k—;TaaTﬁaT’y) —

~5 Pom (@ Ta o) ggzipﬂw(k—;mﬁv) - gE:Z;PB’Y(kJr?TB»Tv)} +0 ((%)O>

Peloso, MP, ’13; Kehagias, Riotto, ’13;....



Constkank d&splo\&emem& Lf’/q conkributions

angular d@;yev\d@.mae: X [ n=k-q
Oﬂtv txf dﬁ - dfy

- umequai Eimes

~ wnon adiabatic inikial conditions
- Large scale velocity bias

- BT violatiown




Constant gradient dispta&emem&: 0(q°)
contributions
also for dz =d, '

angular dependence:  p

- equat Finmmes OK
= depesr\cls on the derivakive
of the corr. function

,dlog&(r)
dlog r

X

see also Baldauf ek al. ‘18



Equal-time sqeezed limit (real space)

(i Baaa(Q7k+7k—) e :uz legPozoz(k) ) (g)o
0/E=0" Poo(q) Panlk) B0/ dlosk = k

oscillations krsA(k) cos (krs) 4 dlog P11 (k)
enhanced by krs 1 4+ A(k)sin (kr;) dlog k

unchanged by nonlinearities:
Compare measured PS with measured BS



Test on simulations

Dark Matter z=1, Qgmax =0.02h/Mpc

—— —CdInP/dInk (mon.)
—— —CdInP/dInk (quad.)
-+{--~ B/PP-p(k) (mon.)
--{--~ B/PP-p(k) (quad.)

Dark Matter

0.15 0.20
k (h/Mpc)

—— —CdInP/dInk (mon.)
—— —CdInP/dInk (quad.)
-4~ B/PP-p(k) (mon.)
=4~ B/PP-p(k) (quad.)

Halos

0.15
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forecast on b from a Euclid-like survey

15,000deg?, 0.65 <z<1.25
n:=1.586 x 1073 (h~tMpc)~3

(from top to bottom)
Qmax = 0.01 to 0.04 h Mpc~!

0.1 0.2 0.3
Kmax [h Mpc~1]

better that 10% determination of b and f

constraint independent on SPT, EFT, ... Nbody
constraint independent on the cosmological model!
main limitation: survey volume



