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large-scale description
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low energy DOF, scales

non-relativistic, sulb-horizon, fluid-like system in an expanding

universe
ds® = —(1 4 2®)dt? + a(t)2(1 — 20)dz? “—m
a
op(t, T) = p(t,Z) — p(t)
v K 1 non-relativistic
k 1 U
L ~
o H > 1 NL aH k/kNLS]_

Sub-Norizon “FT expansion param.

(Newtonian limit)



dark matter EOM

{p,v",®} 0 20%0 = gHQQmé

® Mmass conservation xi _ x’i 4 nz(t)
e momentum conservation w ;
e Galilean invariance t —t+a"n'(t)x

0; — 0 Op — Oy — 1" (t)0; p—p

d = O —a(i"(t) + 2HN (t))z" 0" — v" + an’(t)

O+ a"0;((1+0)v') =0 EFT of LSS

Baumann, Nicolis,

87;1)7“ -+ H@,ﬂﬂ + a 102(1) + a 182.(/0383,07/) — (9. Senatore, Zaldarriaga 12

Carrasco, Hertzberg,
Senatore 12




dark matter EOM
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observables

observables - correlation functions

(6(k1)0(ka)) = (2m)36p (k1 + ko) P (k1) power spectrum

— —

(5(k1)0 (k)0 (ks)) = (2m)30p (k1 + ko + k3) B(k1, ka2, k3) bispectrum

perturbative expansion

P = Plinea,r =+ Pl—loop =+ P2—loop T ..

B = Blinear =+ Bl—loop aE B2—loop T ..



perturbative expansion

ansatz: 512(&) _ Z (i) 5]%71)
aQ

n

general form of the solutions:

n 7 T > 7 1 1
50 = / (2m)3op(k — Y ki) F(ky,. ... kn)(sl%l) . 5}2”)

— —

DOWer Spectra.

(6W6) = (2m)30p (K + K')Pui(k) | linear

(2) ¢(2)\ _ 3 SO,
05 705") = (2m)°0p(k + k) Py (k) first corrections,
2<51§§1)5S)> _ (27r)35D(E+ E’)Plg(k) one-loop terms



diagrams




UV structure

61
63072

Auv
P13 (k) k2P11(k)/ dg P11(q)
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redshift-space distortions in the B[ senatore, zaidariaga 14

ML, Senatore, et. al. 18

isotropic in - Z(z) anisotropic in

>

z of the Hubble flow Tr(2) = Z(20ps(2)) = Z(2)



McDonald 06
ga‘axy bIaS McDonald, Roy 10
Senatore 15
D’Amico, Donath, ML,
Senatore, Zhang 22

D’Amico, Donath, ML,
Senatore, Zhang [to appear]

{
ety (1) = / At H () frntany (050;0(Zn, "), Oy (Za, ), e(Za, 1), .. . : )

some very complicated dependence, integrated
over past light cone

perturbation

theOry g 5ga1axy ™ bléDM = b25%)1\/[ -+ bgﬁiéDM@-éDM
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the BOSS analysis

original power spectrum

- D’Amico, Gleyzes, Kokron, Markovic, Senatore, Zhang, Beutler, Gil-Marin 19
- lvanov, Simonovic¢, Zaldarriaga 19

tree-level bispectrum

- D’Amico, Gleyzes, Kokron, Markovic, Senatore, Zhang, Beutler, Gil-Marin 19
- Philcox, lvanov 21

time for one-loop bispectrum

® data analysis D’Amico, Donath, ML, Senatore, Zhang 22
Philcox, Ivanov, Cabass, Simonovic, Zaldarriaga, Nishimichi 22

® theory mode| D’Amico, Donath, ML, Senatore, Zhang 22
Philcox, Ivanov, Cabass, Simonovi¢, Zaldarriaga, Nishimichi 22
D’Amico, Donath, ML, Senatore, Zhang [to appear]

, , Philcox, Ivanov, Cabass, Simonovic, Zaldarriaga, Nishimichi 22
® theory integration Anastasiou, Braganca, Senatore, Zheng [to appear]



Philcox, Ivanov, Cabass, Simonovic,
Zaldarriaga, Nishimichi 22

the BOSS analysis ,
D’Amico, Donath, ML,

one-loop power spectrum and bispectrum Senatore, Zhang 22

one-loop power spectrum of halos In redshift space Z is line-of-sight direction
A

function of (k,lAc - 2) Z

-

r.h r.h r.h r,h,c r.h r,h,e
P = P74+ (Pf3" + P[3") + (Pyy" + Py k.

1-loop tot.

one-loop bispectrum of halos In redshift space
function of (ky, ky, k3, k1 * 2, k5 * 2)

r,h r,h r.h, (11 r,h,(11),ct r,h r,h,ct
B 100p tot. = D211 T (3321( )+ 3321( ) ) + (Byiy + Baiy )
r.h r,h,e r.h,(1 r.h,(1),€
+ (Bgay + Bayy' ) + (3321( )+ 3321( ) )
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one-loop power spectrum of halos In redshift space Z is line-of-sight direction
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one-loop power spectrum of halos In redshift space Z is line-of-sight direction
A

function of (k,lAc - 2) Z

-

ke

r.h o r.h r.h
P — £ 11 T (P13

1-loop tot.

one—lpop bispectrum of haIE)sAm reAdshlft SPaCe T of LSS
function of (kl, k29 kga k1 " 4o kz - 2) counterterms

Brah _

1-loop tot.

ohe loop



the BOSS analysis Senatore, Zhang 22

Multipoles
power spectrum - £ = {0,2} bispectrum monopole
r h 2€—|—1 L h r,h o r,h
Pyt (k) = — / dp Py(p) P™" (K, ) By (k1, ko, k3) = d,ul dp B"" (k1, ko, ks, p1, pa(p1, @))
—1
bispectrum quadrupoles (tree level)
27
B(2 1)(k1,k2,k3 / dm/ do Po(p1)B™" (K1, ko, ks, pi1, pro(pi1, @)
27
B(2 2)(k1,k2,k3 / dm/ dgbpz(ﬂz(ma@)Brh(klak2vk37H1 '“2(:“17@)
27
B, 3)(761,1@2,/@3 / d,ul/ de Po(us(p1, 9))B"" (k1, ko, ks, i1, p2(p1, @) -

po(p1, @) = lefl ' /%2 T \/1 — ﬂ%\/l - (fﬁ ' /%2)2 sin ¢

ua(pr, @) = —kg ' (k1pr + kapa(p1, 0))



the BOSS analysis Senatore, Zhang 22
parameters

P{ih[bl] 9 P{éh[bhbS)bS] 9 P;éh[bl7b27b5] ’

Byt [by,bo,bs] , By Dby, b, bs, bs,bs] ,  Biii[b, ..., bii] 11 bias parameters
Bhys[b1, b2, bs) | Bg’zﬁ’(l) b1,02,03,b5, b6, bg, bio]

Pry b1, ch1s Crts Croty Cros] o Payclelt, &5, 51

BTy by bs, Cpty Crts Cow 1y Cros] 14 response counterterms
B by LeniVict 52 CotsCosi{Crnitict 1] | 10 stochastic counterterms
By by, o8t S S s, 1a] . Bhas“[ei2?, e o]

scanning 1$2m, Ho, 03} .
J 270 cosmological parameters

BN prior on £, 4%, Planck fixed 7,
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data - power spectrum BOSS DR12 LRG sample

S0SS data
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the BOSS analysis

data - bispectrum

BOSS DR12 LRG sample
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B P, + B, + BYee mm P+ B
B Planck ] PE_'_BéIoop
= i e
0.72 -
0.72 -
0.70 ,/" -
| 0.70 | -
o 0.68 | = o ;
0.66 | - 0.68 | \\.. :
0.64 | ) = 0.66 | : -
{ ! I i I l I
1.0 | -+ - 1.0 | -+ -
09 F 4 - 0.9 | —+
00 ,'/ 0 ,
s 0.8 |- (\ H © 0.8 | \ 4
0.7 F - 0.7 F & B
1 1 | | 1 | \ | | | | |
0.30 0.34 0.38 0.65 0.70 o oy SONEN o 1 . SE | )« S I o 0.28 0.30 0.32 0.34 0.7 08 09 1.0

Qm h Jg Qm h Jg



the BOSS analysis

final takeaway

OG BOSS, no
sound horizon
prior

percent size of error bars

D’Amico, Donath, ML,
Senatore, Zhang 22

Planck

few percent, but
only on two
parameters, and
IN a degenerate
way [ H(z)
r_s(z_d) and
D_A(z)/r_s(z_d) ]

no tension with Planck!




the BOSS analysis Senatore, Zhang 22
analysis detalls

- scale cut and kmax values

e k.. can be determined by validation with simulations
® make sure we recover known cosmological parameters

kmax = 0.23hMpc™'  one-loop terms
kmax = 0.08 b Mpe™!  tree-level terms

® also via perturbation theory: add NNLO terms and demand Q h O

parameters shift < o/3 Aghift/Ostat | -0.03 | -0.09 | -0.03

1, , Kk 1 ¢ k*
Panvo(k, 1) = —cpabip” —5——Pi1(k) + —cr6b1pt” 57— P11(k)
4 KNL.R 4 KNL.R 4
1

Bnnvo (B, k2, ks, p, @) = 20NNLO,1K§’h(E1, ko; )K" (ko 2) f 1A Pi11(k1)Pri(k2)
NL,R

rh/7 A rh/77 A (k%_l_k%)
+ ennLo,2 K (K1 2) K7 (Ro; 2) Pri (k1) Pia(ke) fisks —=5-7
4kTk3ENL R

{ — 2ky - ko (K} + k3 po)

+ 2 f p1 popskr koks (k7 + k%)} + perms.
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- percent-level effects

unique challenge:
pbaryonic physics makes
using simulations difficult

fime to shine for
analytiec methods*




baryons in large-scale structure Comoe S 30
‘ensmg pOtentia‘ ML, Perko, Senatore 14

1.02

EFT

CMB-584
projected errors

high—k approx. error
three—loop error




paryons In large-scale structure

pbaryon simulations

—— BAHAMAS-HighAGN —-— OWLS-AGN === Tlustris-TNG100 s CMB-HD
1.6+ —_ BAHAMAS = eeeeee Horizon-AGN - == Ilustris-TNG300 T Stage 11
BAHAMAS-LowAGN BN Stage IV
1.04 1
o 144
= 1.02 1
=
&
v 1.00
<}
..\
;_g 1: 24 0.98 1
o)
g - 0.96 1
~ - ' i ' ; ' t + y ¢ .
L 500 1000 o 1500 2000 2500 3000 15000 . 20000 25000 30000 35000
1.0 - e e e T ————————
Rt T et 4 /
\,\‘ ........................ ./
\_\ e — '/
0'8 T . 1
10! 102 103 104 10°

Chung, Foreman, van Engelen 20



paryons In large-scale structure

massive neutrinos

ACY?(2m,) /C?(0meV)

0.04

0.02}

0.00
~ —0.02
= —0.04

—0.061

.~ e
N Tt 110000

\
Nkl | | | | |
0 500 1000 1500 2000 2500 3000

L

>m;, = 0meV
>m, = 30meV
>m, = 60meV
>m, = 90 meV
>m, = 120 meV

CMB-S4
CV limit

CMB-S4 science book
2016



beyond ACDM/dark energy

EFT of DE for EFT of LSS

® clustering quintessence in the EFT of LSS
ML, Maleknejad, Senatore 17

® general EFT of DE in EFT of LSS

Cusin, ML, Vernizzi 18
Cusin, ML, Vernizzi 18

® comparisons to DE simulations

Bose, Koyama, ML, Vernizzi, Winther 18

® unique LSS signatures from DE

Crisostomi, ML, Vernizzi 19
ML 20

1.10

1.08

1.06

1.04

1.02

Perr/Poora

1.00

0.98

0.05 0.10 0.15 0.20

Bose, Koyama, ML, Vernizzi, Winther 18



pbeyond ACDM/dark energy ML 20

. . . - Crisostomi, ML, Vernizzi 19
violation of LSS consistency conditions

— LCDM

— DHOST

Horndeski

0.05 0.10 0.20 0.50
k [Mpc/h]™”



CoNclusions

® after many years of theoretical development, the

data, by multiple groups
old data, the theory is powerful enough to

® cven with

original an

place strong constraints (and much bet

alysis)

® We are ge

—FT of LSS has been successfully applied to real

er than the

ting ready for new data, where

techniques will be indispensable

® there are many directions to go In the futu
baryons, dark energy, massive neutrinos,
ALPs, more olbservables, higher precision, numerical
insights, computational techniques, ...

® a |ot of great physics opportunity!

=3

fe_

uzzy DM/

for more info on EFTs in cosmology,
See our SNoOwMmass paper:

Cabass, lvanov, ML, Mirbabayi,
Simonovic 22




CoNclusions

for more info on EFTs in cosmology,
® agfter many years of theoretical development, the see our Snowmass paper:

—FT of LSS has been successfully applied to real
data, by multiple groups

® cven with old data, the theory is powerful enough to

place strong constraints (and much better than the

original analysis)

® \we are getting ready for new data, where EFT
techniques will be indispensable

® there are many directions to go in the future -
baryons, dark energy, massive neutrinos, fuzzy DM/

ALPs, more observables, higher precision, numerical Than k
insights, computational techniques, ...

® a |ot of great physics opportunity! YO u !

Cabass, lvanov, ML, Mirbabayi,
Simonovic 22







extra slides




analytic resummation of BAO ML, Senatore 18

non-resummed baryon acoustic oscillations

D5 SN TN O S _
&(r) is Fourier L
transform | oo
15¢ =
Of P(k) | 1-loop
10} 2—loop
| 1-loop piece

N
LS ' Ll

truth

r2&£(r) [Mpc/h)?

. Ll | L) Ll .
|
|

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

70 .80 90 100 110 120 130
r [Mpc/h]




analytic resummation of BAO ML, Senatore 18

non-resummed baryon acoustic oscillations

not
g converging!
£(r) is Fourier . |
transform i 1000
of P(k) 15:— 1-loop
10} 2—loop

1-loop piece
truth

(v

r2&£(r) [Mpc/h)?

-

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

70 8090 100 110 120 1310
r [Mpc/h]




analytic resummation of BAO ML, Senatore 18

. 2
® |arge IR effects controlled by the equivalence 5:
pri’\CipIe 20: -=-= (O-loop saddle
g " ; /. -=-= 1l-loop saddle
® soft mode effect on hard modes can be | : ”
- — tru
resummed s
3 S(7,q <
fresum(r) N/d qe ( )g(Q) g_ 101
e morally similar to resumming soft emissions In ~ 5}
QED and non-abelian gauge theories Y - linear

O ------- O-loop num. int.
R 1-loop num. int.
- — 0-loop analytic

complex power- laws:  &in(g) =¢ %) cmg®™
T

. — 1-loop analytic

=10F ..
O0PS have same 80 100 120 140
iNntegrals as massless r [Mpc/h]
3D QF




analytic resummation of BAO ML, Senatore 18

- 2
® |arge IR effects controlled by the equivalence 5:
priqcip|e 20 -=-= (O-loop saddle
: . - i ---- 1-loop saddle
® soft mode effect on hard modes can be | i
resummed e Lh /”“\ G .
3, oS(7d £ M ,,
Eresum (1) ~ /d qe ") §(9) g 10\ 4
§- \\\\\::":.’//’/,"
e morally similar to resumming soft emissions in ~ 5} e
QED and non-abelian gauge theories Y - linear
= O ------- O-loop num. int.

R 1-loop num. int.

Bl |
—3 2V - O-loop analytic
— n [ ) C —
complex power- laws:  &n(g) =q¢7% ) cmg e
™m

—10¢

'gtoepsr; 2Vaessri;nses\ess Integrals over ¢ can . e . h120 140
. A
3D %_ be done analytically [Mpc/h]




the BOSS analysis Senatore, Zhang 22

analysis detalls

- IR resummation

® cxact for one-loop power spectrum (described above)
® tree-level bispectrum, wiggle/no-wiggle approximation

By = 2K (ky; 2) K" (kos 2) K5 (K, ka; 2) Poo (k1) Puo (ko) + 2 perms.

Pro(k) = Py (k) + (14 k232 e % Tt P, (k) vanov, Sibiryakov 18
® pbispectrum loops we use

PaiLo (k) = Paw(k) + e % %ot P (k)

IN non-integrated linear spectra
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analysis details

- Alcock-Paczynski effect
® cartesian coords obtained from reference cosmology

® AP effect converts to true cosmology , _ _Da(2)Ho g = L)/ HE
D () Hgt Y H(2)/H,
kref i 1 11/2 Iuref i 1 1—1/2
k: 1 ref\2 1 — 1 ref\2 1 F:q/qJ_
0 _+(u ) (F2 ) = _+(u ) (FQ > II

® cxact on tree-level, loop Is small

- window function
® cxact for power spectrum, approx. for tree-level bispectrum Gil-Marin et. al. 14

— —

Byl = 2K 7" (ky; 2) K7 (ks 2) K57 (v, oy 2)[W # Pra) (kv )[W = Pug(k2) + 2 perms.




the BOSS analysis Senators, Zhang 22
analysis details

- binning N - number of triangles

‘ _ " '
exact for power spectrum and tree-level bispectrum V. - volume in k-space

2€+1 7
By pin (K1, ko, kg) = Z SN k(@ 5B (G T, @) Pol i) p - type of triangle

q1€k1 G2€ka q2€ k2

%B(e 0. bm(kl,kg,kg / dQ1/ dC]z/ dCISQ1Q2C]3 4q)B&}Z)(CI1 q2, q3)
kq ko ks

® cffective wavenumbers for one-loop bispectrum

- likelihood some EFT parameters
—2InP = (T, — D;)C;(Tj — D;) — 2l P, PP nearly T; = goT&, + TG,

Gaussian integrals can lbe done
analytically




the BOSS analysis

analysis details

- pipeline validation - phase space effects

useful test: generate “"data” with your model, then
‘un your pipeline to recover input parameters

we find a bias (green curves)

error In pipeline”? no, because drastically reducing
covariance we find agreement (blue curves)

need to use EFT priors centered on true values
instead of zero”? doesn’t change much (gray curves)

phase space effects, I.e. integrating out Gaussian
parameters in non-Gaussian posterior

fix with linear shift in log-posterior

b 0 h
In pPh-sp-dsky — 49 (1) 432 ( ) 448 ( ——
0 Por (2 22 031) T 063

unbiased fit (red curves)

Ah/h

0.05

0.00

D’Amico, Donath, ML,
Senatore, Zhang 22

Bl 4 skies, Viskies
Bl 4 skies, Visiies, centered EFT prior

B 4 skies, Vackies, adjust.
B 4 skies, ~ 100 Vjskies

P )N

| | | |
-0.1 0.0 0.1 -0.05 0.00 0.05 -0.2 -0.1 0.0 0.1
AQL/Q Ah/h AOg/Og



the BOSS analysis

beyond ACDM

guintessence

D’Amico, Donath, Senatore, Zhang 21
(theory paper: ML, Maleknejad, Senatore 17)

B BOSS

B BOSS+6DF/MGS+eB0OSS

B BOSS+6DF/MGS+eBQOSS+5SN

BN Planck+BOSS+6DF/MGS+eBOS5+SN

0.037

68% CL

0.45]
0.40 )

S
G 035+

0.30+

14 -12 <-10 —08 —06 -04 60 65 70 75 80 0.30 0.35 0.40
w HO Qm



EF T for two fluids

notation

Po = Po(l+0s)
fluid variables

v,
| | PA = Pc T Pb
adiabatic or
‘total’ 04 = Wc0. + Wp0p

VY = WU, + wpvy

515(50—55

ISocurvature or
‘relative’

UI:’UC_/Ub

momentum density | T, = PoU,,

o€ {c,b}

Po — WaPA



E FT fO r tWO -ﬂ u i d S Braganca, ML, Sekera,

Senatore, Sgier, 2020

constructing the EOM

iNndividual mass conservation total momentum conservation
8t/d3:6 a’py =0 6’t/d3:1; a*(r! +m) =0
Galilean invariance
0; — 0;, 0 — 0, —n'(t)0;

Po = Po T‘-(i)' — ij T Po ahi(t) :
® — & —a’(i'(t) + 2Hn'(t))x"

Continuity: p, +3Hp, + a_lﬁmfj =0,
rind

Pc
7'('27'(‘

Pb

Momentum: 7+ 4H7' +a~'0; ( ) +a 'p0;® =+a 'y —a 0T

. . J | ’
7'(';) T 4H7T;) T a’_lﬁj ( ) + &_1,0(;82'(1) — —&_1’)/2 — a_lﬁﬂgj :
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constructing the EOM

total momentum conservation

8t/d3:(; a*(r! + 7)) =0

Continuity: py +3Hp, +a *0;m2 =0,

(]
T‘-Cﬂ-C
Pe
7717;77

Pb

Momentum: 7+ 4H7' +a~'0; ( ) +a ' p0;® =+a 'y —a 0T

J g
7y +4Hm + a_lﬁj ( ) +a tp0;® = —a 1yt — a_lﬁjTgJ .

1) (pe+pp)0i® = pa(l+04)0;® total derivative

212 3 y \ 207 1 2
a ‘0P = §Q(t)H(t) ) A 040,P = 0; | 0;P0;P — 557;]-(6’(1))

3O H(1)2




EF T for two fluids

effective force and stress ten S—

2 2

0;(07p)e — 0i(V)e = —g Wh aH sz —|— 9(27T)H2{ > (w66’25 + wb825b) - 0%, ™\
/ kNL kNL |
1
| = (50767 + ¢520° (6:6p) + €3120°67)
S Cic’g (w 06, 4+ wy0*o ) | CZC ke 845 } +
N T a2k

0i(07,)y, — 95(7)y, = +gwe aH dyvy +

) 3 Independent EFT parameters per fluid
inear counterterm g(a)

_|_

Braganca, ML, Sekera,
Senatore, Sgier, 2020



EF T for two fluids

effective force and stress tensors

2 2

0;(07p). — 0i(V)e % —gwp aH O;v7 4 9(27T)H2{ 29 (we0%8. + wpd?8p) + —— 074,
N V4 kNL kNL
1
g (CR0°0C + ¢10° (Bedy) + €10°0;)

. 2 2
new linear counterterm! | Cleg (wed* 5o + wyd5,) Clicw 8450} L

2 1.4 51.4
a kNL a kNL

) 3 Independent EFT parameters per fluid
+ linear counterterm g(a)

Braganca, ML, Sekera,
Senatore, Sgier, 2020



paryon fits

® two-loop ratio of power spectrum with baryons to
DM-only power spectrum

® very small cosmic variance in the ratio
® simple perturbative expansion

® |inear counterterm is negligible

P]gFT 2 k? 2m 2 k2 A A,(cs) 2 pA,(quad,l)
— 1 — 471/ | A 2P Pi\Cs A plauad,
PDM—only 5 n Ca(l) kl%IL Pﬁ Ca(l) k12\IL 1-loop + 1-loop + Clo 1-loop
8n° k* 2 12 2 2 2
| 17 kﬁIL (14[ACJ(1)] — 663(1)ACO'(1) —+ 17AC40.) ]

c = (CDM, baryons, total)

Braganca, ML, Sekera,
Senatore, Sgier, 2020



paryon fits

PA/PDM only

z=0: ¢y /kqy = 0.118, ¢f JKg = -0.287, ¢; fky = -0.402

Pb/PDM only

2=0: ¢}y /kqL = 0.163, cF ,/kq = -0.308, ¢ ,/ky = -0.402

1.0’ I T T T T T

1.00f :
0.08} 0.8}
__0.96} 1 08
= » g e
N 0.4} Z &”-E 0.7}
s : . K .
0_92:. oo, ] 0.6¢
0.88f 1 o al
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 45 0.2 0.4 0.6 0.8 1.0 1.2 1.4
k[h Mpc '] k[h Mpc ']
2=1: 2,y /kG =0.0312, & kG =0.127, 63 /Ky =0.0139 z=1: cf /K5 = 0.0633, ¢f /kG = 0.114, cf /Ky = 0.0138
1.00 —_—— : - 1.0 —_—— ———— ———_—_—_ -
' 0.8
0.95} . 0.8 -
= x 0.7
N ' N
3 0.90f — £ 06
0.85} ] 0
e 0.4 e .
08875 0.5 10 1.5 50 25 035 05 1.0 15 2.0 55
k [h Mpc™"] k [h Mpc™']
0.25 ' . , . , , . v . . v ; . :
- 0.168 D (2)2'9 *» g=b :
— 0.122 D4 (z)*! s Og=¢C :
QL_.;‘_—‘_.E
; Braganca, ML, Sekera,
_0-05 - - 1 1 1 - 1 )
0 1 . 3 4

Senatore, Sgier, 2020



lensing potential with baryons

EFT

CMB-54
projected errors

high—k approx. error

three—loop error

0.97 L l 1 1 1 L 1 1 1 : ) ] : : ; . |
500 1000 1500 2000
/
87'('2 X / — 2 1 da’
 _ OT BN (XX _ /
cy =" [ dxxPs (a(xm X)( - ) @ = [ o
90(a)? 1 PAla. k
Pota i) — 2O@H(@)* PA(a. k)
872 k

Braganca, ML, Sekera,
Senatore, Sqier, 2020



EF T for two fluids

inear relative velocity counterterm
Size estimation - UV model

we solve numerically the fully non-linear or

we then smooth the numerical solutions w

enough sca

th atop h
e so that they are perturbative.

e-dimensional equations.
at on a large
we can then show that

these smoothed fields satisty the linear equations with the linear

relative velocity counterterm

0.0015;

ain =107

0.0010f
0.0005¢
0.0000}

~0.0005F
~0.0010}
~0.0015}

95, 0 - og0z0}
8 8?]0- | avo' | 3 2 | 8 avo' L
aH@a 0x '%&E | QQH 04 Ox (%0:13>_O

Braganca, ML, Sekera,
Senatore, Sgier, 2020
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inear relative velocity counterterm

. . . a=0.5
size estimation - UV modgel
LSE L 0.0003°
' 8 : 5
I A /
1.0 o 0.0002- .
. SR N N L e Ha, - I Ha,
nonlinear b 0.0001 -
e i :
solutions | | 0.0000-
.0+ g _ :
: - ~0.0001"
~0.0002
RN YR SR BT T e T |
X/ o,
0'05} Oa.L 4.%1076|
| f\ _____ e
SmOOthed 000: Hoaoe | 2,)-:10‘6:—
solutions L v ol
-0.05 ' ““ ’,' ~ -2 x 10—6 B (5“_
I— — 150‘6 \\___ ______________ /" 7—_?‘0",:
-0.10} a -4.x107%}
BT T Y | e SR [ SHD B0 B 0.
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inear relative velocity counterterm
size estimation - UV model

equation for smoothed field

aH'(a
a®0r.1" (a,z) + [ 2 ) adr ' (a,x) = gla,x)adr ' (a,z)+ ...
H(a)
x=0 a=04
i 2_"“
1l 2
| | F
el RS T = 3
-3} —— 9@ax), L=L; _Q’r \ /} 4
_4;_ -------- %’C%dq,u "',.
_55_ -------- cLJCLzéA,Lz - g
""" Gf G2 60 04 b o\ g g S Yo



reminder

(BAO

N
=

-t A N
S O O

r*&(r) [Mpc/h]®

o)

L L

I
&)

-
g O O

o

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

40 60 80 100 120 140 160 180 200

0.01 0.05 0.10 050 1
k [Mpc/h]™ r [Mpc/h]

P2(E(r)-£5,(r)) [Mpc/h]?

2 > k? sink
£(r) = / P(k)eFT = /O ke~ 2 kTTP(k)

272

27T
{BAO




BAO

from the consistency conditions above

— =

. Bt(@ k1, kz) q - (E1 + Ez)
] ~ Pi1(k1) =0
40 P11(q) q° (k1)




BAO

from the consistency conditions above

— =

. Bt((f, k1, kQ) q - (E1 + 722)
] ~ Pi1(k1) =0
40 P11(q) q° (k1)

and expanding to next order in  q/k

B.(d k — /2. —k — /2 7k kOP(k
. (g, k—q/2,—k /)%O - kq-kOoPi(k)

q—0 Pi1(q) ¢ k Ok

the coefficient above is fixed, but the next one is not.
'S there a regime where this can be the leading term?




BAO

from the consistency conditions above

— =

. Bt((f, k1, kQ) q - (E1 + 722)
] ~ Pi1(k1) =0
40 P11(q) q° (k1)

and expanding to next order in  q/k

B.(d k — /2. —k — /2 7k kOP(k
. (g, k—q/2,—k /)%O - kq-kOoPi(k)

q—0 Pi1(q) ¢ k Ok

the coefficient above is fixed, but the next one is not.
'S there a regime where this can be the leading term?

YES, for the BAO




BAO

P11(k) = Pry(k) 4 €osc Pr1 ()












Pr1(k) = Pry(k) + €osc P17 (K)

0Py (k) Ppy(F) 0P (k)

Y

ok k ok
Bt — B? T €OSCBESC T O(ECQ)SC)

Bgsc(q_;]g_ _)/27 _E_ _}/2) J

lim ~

q—0 PP (Q) q°

klgpao > 1

klpao ~ 10



Pr1(k) = Pry(k) + €osc P17 (K)

aPlsl(k) N Plsl(k) aPlOlsc('lC) N gBAO POSC(k)
Ok k Ok o

Bt — BE —+ GOSCBESC -+ O(GCQ)SC) /

O BY(qk— G2,k —q/2) _ q-kq koPge(k)
1 t ) ) ~ I O Posc k
lim P T (Pi(k))

klao > 1 klgaro ~ 10



BAO

galaxies




BAO

galaxies

clean measurement of bias

coefficient



BAO




S\ 2
d>q (q-
P 100p (k) = /q<k (27)3 (q—z) P11(q) (P11(|k7 —q]) - Pll(k))
=\ 2
~ 0 — / dgq CT_ P ( ) q2(1 _ ,LLQ) aPll(k) | q2,u2 32P11(k)
< 2 \ g2 ) T ok ok | 2 Ok?
p=k-q

the

normally this term cancels, but again, it can have a large effect on

BAO, especially because it is enhanced in the IR limit by k? / q2



our

CO

<k (2m)° \ ¢
N\ 2
~ 0 — / dgq Qf_ P (q) q2(1 — ,LL2) (?Pll(k) | q2,u2 32P11(k)
<k (2m)3 | ¢? H 2k ok 2 Ok?
p=k-q

normally this term cancels, but again, it can have a large effect on
the BAO, especially because it is enhanced in the IR limit by k* /¢

- importantly, we know this coefficient because of the consistency

Nditions



P (k)/PnL(k)

1.10y

0.95]

0.90

0.1

R resummation

DOWEr spectrum

/ " ——  1-loop analytic resum
-===  0-loop Eulerian
—  0-loop num. int. resum
-===  1-loop Eulerian

— 1-loop num. int. resum

--==  2-loop Eulerian

\\1,\ ——  2-loop num. int. resum
W 1%
“&R cosmic variance
0.2 0.3 0.4 0.5
k [Mpc/h]™

ML, Senatore 2018



the BOSS analysis

beyond ACDM

ubble tension
D’Amico, Senatore, Zhang, Zheng 21

many models try to ease tension by
making H larger before recombination

Planck has precision constraint on angular
acoustic scale
(98 (ZCMB) ™~ Ts(ﬂmh2>0.4H8'2
amplitude of acoustic peaks gives
A ~ T;O.26(th2)—0.25

so there is an r,-H(y degeneracy

but LSS constrains
(93 (ZLSS) -~ TS(th2)O'1H8'8
and breaks degeneracy

these models do not reduce H,y tension

guintessence

D’Amico, Donath, Senatore, Zhang 21
(theory paper: ML, Maleknejad, Senatore 17)

B BOSS

B BOSS+6eDF/MGS+eBOSS

B BOSS+6DF/MG5+eBQOSS+5N

BN Planck+BOSS+6DF/MGS+eBOS5+SN

0.037
68% CL

0.45}

0.40 +

‘ .

E
C 035+

0.30F

14 —12 -10 —08 -06 —04 60
w




eqguations In Fourler space

0 =0,0
. . . o H=aH
convert to time variable @ using - = aH (a) O =9 /H

EFT of LSS

“Interaction vertices” from the non-linear EOM

a(klakQ)::lI 1k%27 6(k17k2)2| 1 2‘ - =




