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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 :13' N az' 4 n'
e momentum conservation
e Galilean invariance

8’1) — 8@ 875 — ﬁt — nz(t)@ P —7p
d = O —a(i"(t) + 2HR ()" 0" = v" + an’(t)

0+ a 10;((1+ 6)v?) =0
Baumann, Nicolis,
8'2}7; 1 Ha,vi 4 a—l@Q(I) 4 a—la.(vja.vi) _ (a9 1) Senatore, Zaldarriaga 12
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Carrasco, Hertzberg,
Senatore 12




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

Desjacques, Jeong,
Schmidt 16

Angulo, Fasiello, Senatore
Vlah 15

many more ...

{
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



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 ..
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one-loop terms E
5 (E, 2) — / KRy, R 2006

DOWEr spectrum
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Simonovic, Zaldarriaga,
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Senatore, Zhang 22
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D’Amico, Donath, ML,

b|aS expaﬂSK)n Senatore, Zhang [to appear]
to Al et P 2 9.8 o 1 - equivalence
write all contractions o i = 30, 7219 Dij = Fall orinciple
t’ 7
. . L . at” _ . non-local
integrated along the fluid element  Z3(Z,t,t') = £ + /t a(t/,)v(xﬂ(m, L") ") hme
t Galilean
on(Z, 1) :/ dt'H(t")|cs(t,t")0(Za,t") + co(t, t")0(Za,t") nvariance
+ c52(t, 16 (Za, t') + cso(t, t)00(Za, t') + co2(t,1)0%(Za, t')
+ e (t, ) (Za, t') + cop () rp(Za, t)) + cp2 (¢, 1) p* (T, t)
+ 53 (¢, )% (Za, t') + cs20(t, ')020(Zqa, ') + cspz (t, )60 (g, t') + cps(t,1)0° (Zq, )
+ cps (L, )2 (2, ) + c,2 2,,(, t Nrip(Zg, t') + Crp2 (1, t'\rp* (Zq,t) + cps (t, t"\p°(zg,t')
+ 25 (t, )2 0(Za, t) + crps (8, 1)rpd (Za, t') + cp2s(t, t)p?d(Ta, t')
+ cp2g(t, t)r zﬁ(xﬂ,t ) + crpo(t,t Nrpd(Za,t') + cp2e(t,t') 29(xﬂ, )
+ Cs54 (t7 t/)54($ﬂ7 t ) =+ C§5r3 (t t )5T (Qfﬂ, ) =+ C52 2 (t ¢ )52 Q(xﬂv t )

+ caye (6,1) (72) (Fa, t') + con (8, 1) (T, 1)] .

rp==xq(L,t,t")



D’Amico, Donath, ML,

redSh If-t Space d |StO rthnS Senatore, Zhang [to appear]

coordinate measured by redshift X, = T - ;2
a
mass conservation implies o(Z)d’x, = p(Z)d’x
A 7 3 —iE-f _ (2 . E) A > _ —
Orn(k,2) =0p(k)+ | d°ze o (Z-U(X))| — 1| (14 0n(2))
a
5137 5130 3k 5l 7 = (1 + 630"

Sppy = 0 0;, - ;05 (mfo! "

h h Ho, T 2(aH)2,5ha 0;(m,v")

H?L:l 27’0, 8 a 8 (7.‘.’64,07/5,0’&6) | HiZl 2”&@ 8 a a 8 (7_‘_25,1}7/6,0’&7,028)_'_
3'(aH)3,5h 11 1213 h | 4'(&H)4,5h 11 Y12 Y13 Y14 h




, , need up to quadratic D’Amico, Donath, ML,
reﬂ O rm a‘ |Zat | O ﬂ counterterms Senatore, Zhang [to appear]

higher-derivative halo bias and counterterms
[5h]R = Op, + Oph/ﬁh

think about smoothing fields
N a simulations, for example

in terms of v, momentum is a contact operator (01(Z)02(T)| A # [01(Z)|a]o2(F)]A

7R = prl(1+ 0n)0' |k

Braganca, ML, Sekera,

why do we need to renormalize contact operators”? Senatore, Sgier, 20
o(x) = 01(Z)o2(T) 0 (T) = 01(T + ndx)oo (X + (1 — n)dx)
1

+ (local-in-space contractions of 9;0;® and 9;v7) + . ..



D’Amico, Donath, ML,

re n O rm a‘ IZat | O r] Senatore, Zhang [to appear]

respecting Galilean invariance ML, Senatore, et. al. 18

under the transformation

vt — vt + (" = 7 4+ px*)
we want the renormalized quantities to transform correctly
V'R = [v']r + X,

V' | g = [V R+ [V RX + [V ]RX + XX
7;-

R — [0nv"]R + [0n]RX

:5hv

TR = ppv" + viC’)ph + Ofm ,
T R = ppv'v? + 0070, + 0 0L + 07 0L + 0%

which leads to

17k
TRVZ )

7 vl g = ppo'v? o + vt O, + (vivj(’)fih + 2 perms.) + (vi(’)%lzv + 2 perms.) + O

vl vRt g = prv'v v ot + vt o" l(’)ph + (v’%ﬂvk(’)fT + 3 perms.)
17kl

7-‘-,037

+ (I OF 45 perms.) + (v'O" , + 3 perms.) + O

THU ThH U2




D’Amico, Donath, ML,

Nnew momentum counterterm Senatore, Zhang [to appear]

dark matter

let’s write the DM EOM In terms of the scalar and vector parts of &

,55—|—a_171'5=0,

1 Lol
7:('S—|-4H7Ts—|—ag,5QmH2(5:— _188 ( 2 a” " (aiq)ajq)_§5ij(aq))2> | ﬂ-p
g i —1 ijk 2 2 ! ki
; 1 0; @ O L o] 0
T2 2 T 52 (]2) T(2) = kf\ILH28 Ok PO0;

- 0;0;0,0m, (8;4’9;

kf\méﬂ

only possible
because of

RSS




New momentum counterterm

blased tracers

renormalization

0L D

this means that we must include a counterterm of
the following form for the tracer momentum

0? 0?

kéy 0?

which can indeed be checked to be needed 1o

D2,5hCLHf 828]5’16 (8]5’15(1) 8Z@k5(1)>

cancel the following in the UV limit of

B o

f(k — k3)% (ki 4+ k3) (k1 + kapa)?

‘he loops

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

the equivalence p

locality actual
and tracer co
equal

O’:;Th,(Q) ‘NLC

Ph

Pll(kl)Pll(kg) —+ 2 PETIS.

v fo

CE

INCI

ple and

the DM
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%
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D’Amico, Donath, ML,
Senatore, Zhang 22

for results of
data analysis,

see talk by
D’Amico
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the road ahead - baryons and DE
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- percent-level effects

unique challenge:
pbaryonic physics makes
using simulations difficult

fime to shine for
analytiec methods*




= | for two fluids

effective force and stress tenscrs —— e standard two-loop
" ™. counterterms
' ' 2 62 2 9 Co s NN
0;(07,)e. — 0 (7))L = —g wy aH ZUI —|— 9(27T)H { 2L (w00 + wpd0p) + —5— 070 N\
/ AL AL |

1
| 5 (6160252 —+ C 82 (50519) + 6?26255)
kNI '
2 ;
W 4+ _deg (weD*6e + wp0™*dp) - e 0%, } +.../
a? kf{]L a® kﬁ]L ]

0;(071,); — 0;(7)s = +gweaH O;v% + ...

Braganca, ML, Sekera,
Senatore, Sqgier, 20

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

_|_

ML, Perko, Senatore 14



= | for two fluids

effective force and stress tensors

2 2

e C C
) 92m) H2{ L5 (0,070 + W 026,) + 5> 076
7 kNt kN
1
— (c550°02 + 5207 (8.0p) + 120757 )
kNL

. 2 2
new linear counterterm! _ Cleg (wed* 5o + wyd5,) Clicw 6’456} L

2 1.4 57.4
a kNL a kNL

Braganca, ML, Sekera,
Senatore, Sqgier, 20

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

ML, Perko, Senatore 14



baryons in large-scale structure Comaoe S35 30

lensing potential

1.02

EFT

CMB-584
projected errors

high—k approx. error
three—loop error




paryons In large-scale structure

pbaryon simulations
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paryons In large-scale structure

massive neutrinos

ACY?(2m,) /C?(0meV)
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.~ e
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-1 of DE action - Horndeski

non-linear EFT of DE

4 M f (4) 00 m§ 00 2 N o 1 ¢ 00
S= [ dxv/—g ; R—cqg™ — A : 0Kdg™ +my | 0K; 0K, — 0K —I—§5g R
”;5 0K — 30 KOK] 6K + 26 K1, 6 K76 K" + 366" (5[(in” — 55[(}2)

+ mgdg” (5K§5K;% — 5K2) + ... }

Creminelli et al 06; Cheung et al 08; Creminelli et al 09;
Gubitosi et al 13; Silvestri et al 13; Gleyzes et al 13; Gleyzes
et al 15;



-1 of DE action - Horndeski

perturbation theory vertices o (;;1.@)2
. | | Yo (k1, k2) =1 197
Mmodified Poisson equation Lo o
’}/3(]61,]{2, kg) — k2k2]€2 (k%k%k’g + 2 (kl y kg) (k’l y kg) (k’g ¥
K o 3 < 7 17273 :
— S 5\ 2 S 5
72 () = paa == oK) —(kl-kg) kg—(kQ-kg)k
30m \ e N S
bruaa(5n) [ @0Pon(E - F) (s, F)o(R)o (R
k1,k2
30\ ° T T S e
+ ez | =5 /_, . (@m)%0p(k — k1 — ko — k3) v3(k1, ko, k3)d(k1)0(k2)0(k3)
k1,k2,k3
Sﬂm 3 6 - = = - R N - g 5 > - -
T Ue,22 T [ B (27)°0p (k — k1 — k2)op (k2 — @1 — @2) v2(k1, k2)v2(q1, §2)0(k1)0(q1)0(q2)
k1,k2,q1,q92
- Information about the DE A 1
action is contained the u kne ~ bnp (#€m) 73

parameters



beyond ACDM/dark energy

EFT of DE for EFT of LSS
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Bose, Koyama, ML, Vernizzi, Winther 18



beyond ACDM/dark energy

EFT of DE for EFT of LSS
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beyond ACDM/dark energy

violation of LSS consistency conditions

—  LCDM
— DHOST
Horndeski
----- ACDM
0.05 0.10 0.20 0.50
k [Mpc/h]™

ML 20
Crisostomi, ML, Vernizzi 19



conclusions

for more info on EFTs in cosmology,

® after many years of theoretical development, the see our Snowmass paper:
EFT of LSS has been successfully applied to real | |
. Cabass, Ilvanov, ML, Mirbabayi,
data, by multiple groups SiMoONovié 22
® going to higher orders has revealed some interesting M. Baumgart, F. Bishara, T. Brauner,

J. Brod, ML, et al.

D. Green, J. T. Ruderman, B. R.
Safdi, J. Shelton, ML, et al.

theoretical developments

® there are many directions to go in the future -
baryons, dark energy, massive neutrinos, fuzzy DM/
ALPs, more observables, higher precision, numerical
insights, computational techniques, ...

® a |ot of great physics opportunity!
Thank
You!




