Precision Cosmology with
Large-S cale Structure S urveys

The Effective Field Theory
of Large-Scale Structure
applied to SDSS-BOSS data

April, 26th, 2019
@2019 CCNU - cfa @USTC Junior Cosmology Symposium

Pierre Zhang
@DParticle Cosmology Group @Department of Astronomy @USTC



DES % \ ....................

....................................................................................

CMB-S4 ?
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The EFTofLSS program

Cosmology recipe
Start with vanilla: ACDM

Evolve the fields 6, v ...

Add biasing and redshift space distortions
Compute correlation functions

Compare with observations



“Cosmology in one slide”

Cosmology recipe
Start with vanilla: ACDM

Evolve the fields 6, v ...

Add biasing and redshift space distortions
Compute correlation functions

Compare with observations

Start over with your favorite ingredients: fNL, warm DM, -G+ ...
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I. EFTofLSS
Building LSS observables from first principles



EFTOfLSS and Dieletric Materials slide inspived from a talk of L. Senatore

Dielectric Materials Theory:
massless spin-1 object (light) interacting with composite objects (atoms)

EFTofLSS:

massless spin-2 object (gravity) interacting with composite objects (galaxies)

Dielectric Fluid Diclectric Fluid




One slide of equations

. 1 :
be+ ~0i((1+80)v)) =0, Dark matter

. N | :
'1);+Hv}+gv}0jv;+58.¢¢=/ dt’ [cey(t, 1) 0¢(za(Z, 8, 1), 1)

+e2(t, ') 8e(za(Z, t, 1), )% + .. ]
Energy + momentum conservation equations in Newton gravity

for the long-wavelength modes (most general parametric form)



One slide of equations Solved perturbatively with a finite number
of counterterms at each perturbative order

o 1 . “ n)/q
b+ —0((1+8))v)) =0, Dark matter ~ d(k.t)=>_&"(k.1)

. 1 . 1 :
i+ Hj + vy + ~ 0,60 = / dt’ [cor(t.8) Selaa(@.t.0). 1)

+eso(t,t) Se(a(E, 8, 1), 1) + .. ]



One slide of equations

b+ ~0u((1+ 8))e) =0, Dark matter ~ d(E.t) = Y6 (E.1

| 1 ‘ '
i + Hoj + ~vj0,v} + ~0i¢ = / At [cor(t, 1) Se(za(F,t, 1), 1)
+ego(t, t) Se(za(E, 8, 1), 1) + .. ]

O0po(T /dt [1(t 1) Op(xa(Z, t, 1), 1) Galaxies

+e(t, t') Duvj(xa(E, t,t'), ') + E5(t, ') Se(xa(Z,t,8), U')* + .. ]
Expressed as coefficient-weighted combinations of the underlying DM



One slide of equations

b+ ~0u((1+8))f) =0, Dark matter ~ d(E.t) = Y6 (E.1

. .1 .. .1 :
z}}+Hv}+gv}0jv}+;0,-¢g=/ dt’ [cey(t, ") 0e(za (T, t, 1), 1)

+ego(t, t) Se(za(E 8, 1), 1) + .. ]

O0po(T / dt’ [1(t,t") Op(xa(Z, 1, 1'), 1) Galaxies
+&(t, t'") Ouwi(xa(T, t, 1), t')? + Ea(t, ') ¢ (xa(T, 1, 1), ') +
Expressed as coefficient-weighted combn;_latlons of the underlylng Bl\/i
21X1€S

e (F.8) = 3R 1) ~ ‘Hu,,u.ru’;(f—,{) 072 07)

i3

ke \* i
=3 ( ) [vi (%, 1) ]5—1—[:“ T, t)0(Z, 1)) + ( ) (V7 o(Z.8)%004 (%, 1) hedshlft
/dt ("H) [ (tt)é“’(&)+(c (t.t') + cr5(t. 1) A2)[«51(a~,tt }+
LNI Cr1 r.2 .3 l fl Space



One slide of equations

/ A
b+ =01+ 8))) = 0. ark matter (k) =3 6" (k1)

- ; t :

vt + Hv} + %v{i)jv} + %a,-g'o, = / dt' [cey(t, ) Se(za(Z, ¢, 1), 1)
+esa(t, ') 6z, t, 1), ') + .. ]
‘ e
Guy(@it) = [ dt [t t) an( 0. 0) Galaxies
\ +&y(t, 1) Doy (wa (@, 8, t), )2 + E3(8, ") S¢(wa (&, 8, 1), )2 + .. ]
k. 2 (ko \°, . . 0

Segr(E 1) = by g(R,1) — I—Hatg(a N+ (ﬁ) vz, (7)) Galaxies

-2

8 (k) N "
- (H) 07,0 = il (2. 1)) + 2( H) LR VRN

2
/(” (L:i) [Crl(’ t)()(‘”(k-‘)'*' (Cr.2(tvt ) +(1'J(t t' 2_2) [(5((1'[] 'l t, t ].L:| +Space



One slide of equatloils/ —a

., Bogtom line:/

ey 2 L

E.Co_rrclation functions of galaxies in redshift space

\ =" Linear (bias-weighted) combination of
ot = ot - DM eorrelation functions
| — |

o () Finite nuTmbe_r of c_ouhgerterm_s )



EFTofLLSS observables

Galaxies power spectrum in redshift space:

Py (k. 11) = Zy(11)* Pry (k)

+2/t13q Zo(q. k —q.pn)° Py (Ik—QI)I 1(‘!) (1) *)/ d’q Z3(a, —a, k, 1) Pu(q)

<t 1.2 2 .2
A.\l ,‘.\I I‘

M

+6Z
A.z k2 2,\.2
+2Z,(p) Pia(k) | cais +(’r,|lf +ﬁ-2/' Ty Cet tC275 HC3fIW 7 )-



EFTofLLSS observables

Galaxies power spectrum in redshift space:

P,(k,pn) = Zy (1) Py ( l—loop
+ 2 /d:‘q Zo(g, k — q, 1) Pri(|k — q|) P (q) + 62, (p) Piy (k) [ d’q Z3(q, —q, k, 1) P11 (q)
o J
k2 , k? k2 1 A2 I\°
+‘_)Z|(I1)P||(I\‘) Cey > +(rlll o +(r2ll +__ rl+(02 ) r{fll 1.9 i
" ,‘ I‘.\: Ny L \l
Galaxies kernels in redshift space: Zi(qy) = Ky(q)) + f15G\(qy) = by + fu, (¢

- . 2 ‘ 1 2 .
. . .l'[ 2 ) = l\.’( . .)) "" -.,("‘:{ . .)) '+" -~ i (_.(l' ( .')l < ) 'I* ) ""l) .
composed of den51ty and Veloc1ty kernefs T F 0:92) + fiiaGala. @) + 51 g BT

Zs(ay. g2, 93, 11) = Kilay, q2.93) + f11123Gs(ay. a2. )
functions of 4 bias parameters at the =
fl"l( (-l(q‘)/ (‘ll 9. 12 v ) + = (.';.(q_,.q,‘)z, ('ql) + ('}'(‘.) x
.f 23

1-loop

where here u = q-z/q,. q=q, + - - +q,, and p;, ;. = Dirin 2 Uiy Uiy =Gy +° "+ q;,



EFTofLLSS observables

Galaxies power spectrum in redshift space:

1) (I' ,’) - (I’) ill(;‘ 1 loop
+2 /d:‘q Zo(q, k — q,p1)° Py (|k — Q|)1n(‘!) + 62, () P (k) [ d’q Zs(q, —q. k, ;1) P11 (q)
k* k? , k2
+ 27, (p) Py (k) ('«1,‘_—2 + "r,|I’ +ﬁ-2/' Ty Ce1 +(',,2k, + e 3 f 1’ 2 )"
M M

counterterms



EFTofLSS observables

Galaxies power spectrum in redshift space:

linear power spectrum
I)g(k'l") = Z,(,I.)EP“(}:)

1-loop
+2 /‘13‘1 Z(a, k — g, )" Pu(|k — ) Pii(q) + 621 (1) Pua (k) [ d’q Zs(a, —q. k. ;1) Pu(g)

1 k? - k2
— ((-'.J + Ceo75 + C.,:;fllz_) .

g k3, k3
counterterms
1 dark matter counterterm: 2 redshift-space counterterms:
Renormalization the 1-loop Renormalization of velocity operators

~

Higher derivative term:
Encloses spatial extension of galaxies



EFTofLLSS observables

Galaxies power spectrum in redshift space:

FPy(k,p) = Zl(ﬂjgi}ll“") 1—100p

+ 2 /(1 q Za(q. k — q, pt)° ’”(|k—q| hlg) +6Z,(p) P (k) /(f‘(/ Z3(q, —q. k, 1) P (q)

I

k2 k? ak
+2ZI(II)PII(A‘) ((".'k, +(rl’l + ,_'2/’ _) " ( €. [+(,2,\, +(',‘:{fll~k—2).
g

M

counterterms

Function of 10 free ‘EFT” parameters:
- 4 galaxies biases
- 3 counterterms
- 3 stochastic terms



II. Redshift Surveys Data Analysis

Extracting cosmological information from LSS



A 1 ° . 1.
na YSIS plpe 1INE {A$ : Qm: h}
Decomposition in bias- independent parts:

Pyl 2) = D u J(e b (2, () DY Palh)



Analysis pipeline

Decomposition in bias—independent parts:
Pk, 2) = 32 12 b ) ()P D Palh)

Decompos1t10n in multlpoles with Alock-Paszynski effect:
, 20+ 1
Pri(le'ef) _ +2 / (l/_l,ref /L(/_l.ref)Qa" P (’\ (Llef ref)) rpi(’uref) ?
2(1”(1_1_ 1

krl'f ¥ TP l 11/2
k = 1+ (p )'(F—l) :
a | : Da(zer)H(z = 0) H"(

ref [ 1-1/2 q q
u=t 1+<,n~*)2(%—1) o T Dy e HY (= = 0)°

where F = ¢ /q..

)/ H™ (2 = 0)
D)/H(z=0)



Analysis pipeline
Decomposition in bias-independent parts:

P (kiz)= ¥ 4% f izt (2 =by, ()= D) B, [E) ,

Decompos1tlon in multlpoles with Alock-Paszynski effect:
20 + 1

P, (k™) =

2997
Application of the window functions (in Fourier space):
PEFDW) (k) = Wop(k, k) - PYTO(K) |

)

Wk, K)o = =(—i)i“ k" /ds.s"' Ge(ks) Qe e(s)

- / (ll,l,l'et /L(/lwt)“a" I)n (A'(l{ret. /[ret)) P{(/me) ’
-1

Je(K's)



II1. Results
SDSS-BOSS data analysis results



Tests against simulations

SDSS ‘challenge’ boxes

~ 4 times the effective volume of

SDSS-BOSS CMASS sample

No theory-systematics detected
within 1-sigma statistical fluctuations
of the simulation

Error bars shrinking with kmax

In(10" 3.13 }) 0. h)=0.6
" 9 ({(‘)l()% & 812 gé?fz g‘ 024 ("5:?3':3’)
:t() +0.00 A +0.000 b
In(10"4.)) =3.14 = h)=0.671
0.9 (il io 0?11( 305 ;tj% (Fdoas)

A

Ko = 0.25

-0.13

:l:l) ()()

ln 10“‘:5 )% 3.20

io (213 : %ﬂ{:

A

S['(?(m :?:,’&

+0.00( ) —

Ol Pl

2.5 3.0.
In(10'°A4,)

35

025 0.30
‘21"

+0.00 |I

0.35

h
g’- 838 (’noz )




Application of CMB sound horizon prior
d = / Cs(z) dz, | €(2) = = [l + §”°(:)]_l

S — _ 3 4 py(2)

- T R B T ) "i""'b‘é‘;”‘“%'f'“"._, ¢ Hiz) —

A R eduction of statistical errors

: —— ~ 0,

S (W EEte | | [\ i3%200e2%

A 0.1 Theory—systematic errors decreased
s e T (OF T o
L 4 4 L 3 A\lm -7
T B P T O

25 20 35 0.2% 0.3 035 07.6 o’ os
(10" A,) Q. 3



Tests against simulations - o A
Challenge l":

l

h

b
o & O 0O 0.0 0.0 _ & 0
v o ¢ 9% % % %% %3 %N %9e%%

by

Contour plot

Different HOD models differ -

on linear bias bl

Ve s gD




SDSS-BOSS NGC CMASS

10°

—
-
-

.-

Prik) v Mpe?

'

AR/a
we
a#
.

0.06 010 0.15 0.20

min x?/d.o.f.

~ 106/ 100

p-value: 0.32



SDSS-BOSS NGC CMASS

{Ag, Qp, h} measured ~ 15%, 5%, 5%  with CMB sound horizon prior:
14%, 3.8% and 1.9%

(ln(10" A )') 267 (n,.)=0.304 (h) = 0.734 (In(10'°4,)) = 2.52 (1n,,) =0.293 (h) = 0.696
£0.10 ('3 £0,014 (3510 0,043 (‘000 £0.13 (‘313 +0.011 (*2511 £0.012 (‘5m3)

; ' | 11 Foee = 0.25

t : \ ¢
(ln(ll)"’A )‘) = 2.61 (1) =0.300 (h) =0.733 (n,,) =027 (h) =060
£0.21 ('S5) £0, ono( by - £0.040 (00 +£0.17 ':'> £0.012 ('301%) £0,004 (550D
. . Y 9k Woee = 0.2

(h.uo‘u.b)‘) 2.70 (N,.) =0.302 (h) = 0.668 (In(10'°A4,)) = 2.69 (f1.) = 0304 (h) =0681 _
£0.32 ('8 £0.024 (1954) 40,058 (10972 £0.21 (*41%) £0.015 (T2 +0.017 (1881

| : | : ks = 010

25 10 38 06 07 o8 28 30 38 0.2% 3 06 07 08
In(10"4,) h (10" 4,) . h
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l);lln 4
Diday vy with isp

Inclusion of the bispectrum D

.

& %% % %% % %%,

h

2 : :
® :
@@®
10% increase in constraints &8 @ = \

P PP IIOTIVNT RER P ERND

In(10'°4,) 0. I by by by




Last two-decades approach: BAO extraction and RSD

BAQO extraction: ‘Wiggle’ - ‘non—wiggle’ separation
> broad-band signal not analyzed
> non-smooth features in the primordial spectrum missed

> degeneracy Hy — §2,,
RSD > degeneracy fog

> Input from either CMB (cinverse-cosmic ladder’) or SNe (ccosmic ladder,)
necessary to break degeneracies



Last two-decades approach: BAO extraction and RSD

BAQO extraction: ‘Wiggle’ - ‘non—wiggle’ separation
> broad-band signal not analyzed
> non-smooth features in the primordial spectrum missed

> degeneracy Hy — §2,,
RSD > degeneracy fog

> Input from either CMB (cinverse-cosmic ladder’) or SNe (ccosmic ladder,)
necessary to break degeneracies

Can we do better with the EF Tof.SS?



