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A well defined perturbation theory
for LSS Surveys

e (Observe the correlation of Galaxies

| 1 l | 1 I 1 I |

—

Linear theory

1111

N-body

llllllllllllll

Analogous of CMB peaks o | _ \-
E Analytic model ]
: 0001 [ 1 ! | 1 g e | T Ty Y 1 TR
e Information about Dark Energy, e = T e i

Separation (h-!' Mpc) ES&W (2007)

Non-Gauss, .....
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EXplOI’ lng Inﬂ athn: with C. Cheung, P. Creminelli,

L. Fitzpatrick, J. Kaplan

the Effective Field Theory of Inflation ~ sHEPos0s:014.2008

S, — / diz /=g [Mglﬁ(ﬁ — (0im)?) + ML (72 + 7 — #(0m)?) — Mia® + }

e Inflation as the Theory of a Goldstone Boson
* Unique Lagrangian for all possible models
 New Signatures: possible large interactions

Equilateral: 4,7 (@7

— Ex: 3-point function t;

— Similar to Scattering Amplitude

e Large Scale Structure has

information than CMB
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5 / dz /=g [MBH( — (0m)?) + My (7 + 7% — (D)%) -

Our true Knowledge of Intlation

e Limitson JNL’s get translated into limits on the universal parameters

Non-interacting model (cs = 1,3 = 0)
DBI inflation (¢3 = 3(1 — ¢%)/2)

(N =0
WMAP 1o region

WMAP 20 region
WMAP 30 region
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M§7’r3+...]

With Smith and Zaldarriaga,
JCAP1001:028,2010

Very similar in spirit to
Peskin and Takeuchi
PRD46:381,1992
(Complete Connection to
Particle Physics)
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A well defined perturbation theory 1s needed

e Baryon Acoustic Oscillations scale 1s close to non-linear scale (factor of ~10)

0004 I \] 1 I I | 1 1 I 1 1 1 I 1 1 | 1

B =03 Linear theory -

E N-body =

0.002 | B

/': L 1

< I ]

0.001 m i

o | —

_0001 E 1 1 1 l | 1 1 l 1 1 1 l 1 | 1 7
60 80 100 120 140

Separation (h-!' Mpc) ES&W (2007)

e Fitted with damping and stochasticity

_172y2

Paps(K) = €™ 3% Py (k) + Pac(k)
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A well defined perturbation theory

e Baryon Acoustic Oscillations scale 1s close to non-linear scale (factor of ~10)

0.004 ET=—2

b z=0.3 Linear theory .
0.003 |- \
N ll\\kl}' :
0.002 | » ]

0.001 | B =" ; ~

Analvtic model

O (:,‘D 1 i ' ' l i A ' l A ' ' ' i '
60 80 100 120 140

Separation (h-' Mpc) ES&W (2007)

e It1s very unclear if current perturbation theory 1s well defined (at 1% level ?!)

e Standard techniques
— perfect fluid p+0; (PUZ) =0,

—expand in §p/p

e Equations break in the UV for two reasons khfgh—\\
_ op/p>1 (/ Lo
. Klow U Kiow
— no fluid Kniah
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A well defined perturbation theory

* A lucky help in our universe

Wavelength A [h™! Mpc]
1000 100 10

I I LR 2N 2R B I ]1[1"]" L)

104
los - L] IUUIUI L Ll

Tegmark et al. 2002

104 &

AL LLL

1000 ¥

, . ’ )
100 & ! e .
- = Cosmic Microwave Background & ]
B ® SDSS galaxies ) 1
i # Cluster abundance
1 é— = Weak lensing —i
E 4 Lyman Alpha Forest E
L SPEPRTTTY! BT B ETTY BT B »X—

0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

Current power spectrum P(k) [(h-! Mpc)?]

* In a only dark matter universe, all standard Perturbation theories are doomed

— Accuracy depends on 1nitial conditions. Unacceptable.

with Carrasco, Foreman, Tassev and Zaldarriaga, in progress

Sunday, September 2, 12



Idea of the
Effective Field Theory
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Our universe

e How does our universe looks like?
e Non-linear on short scales

Avz ~ 1 —10 Mpc op/p>1

e Linear on large-scales

long modes short modes
d -

- I

effective theory kNt

H™ ~ 14000 Mpc op/p <1

1 1
= [ a 2 2 (0m)? + = (0m) + ...
e Similar to QCD Chiral Lagrangian > / v [(aﬂ) " Fﬁﬂ (Om)” + [2 (Om)"+
QUD Universe
AEnergS/ AEnerdy
Quantum Classically
non-linear non-linear
non-linear scale~ 1 GeV vnon—linear scale~ 10 Mpc
Quasi-linear Quasi-linear
Y _ Y .

e EFT is the best, historical time
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A well defined perturbation theory

 We will define a manifestly convergent perturbation theory

long modes short modes I
*
effective theory kNt

A

— where the ingredient 1s

an imperfect stochastic fluid with

5g, Uy, (I)g K 1

T I./] A

long modes short modes

T - }\'
kNL A

effective theory
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Bottom line result

e 1.5 loops in EFT perturbation theory
1.1

nonlinear (Coyote)

linear

SPT

1 05 . EFT with Ccomb
EFT with ¢, and coopy

lllllllll

k/h (Mpc'l)
e Percent agreement up to k~0.55 (data go as }° )

S 0.6
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Construction of the
Effective Field Theory:
from UV to IR
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From Dark Matter Particles to Cosmic Fluid

e UV
e Dark Matter described by distribution f ( T ;1_') Z 6(3 )

e Boltzmann equation Df  Of p Of
= | . m

Dt 0t ma® OF

n,nn

* and Newtonian gravity 9%¢ = 47 Ga® (p — py)
e Smoothing the fields Wi (7) = ( A )36_%1\%2

O[(f, t) = [O]A (—»

* Smooth Boltzmann equation

Df|  9f P Of
[Dt]‘,\_ ot u ma? OF m Z

n,n.n#n

e and take moments

. [Df
d’ppt...p" [—] (Z,p) =0
/ Dt A

k

e Boltzmann hierarchy perturbative by powers of -

#n

b

7 — )0 (p — maw,

dd)v‘z afn_o
o  op

t) = /de' Wi (Z — 7)O(T)

O, Ofx
(@)

HL

Br'Wy (7 —

kNL ~ UDMH_l ~ 10_3[’[_1

ap

)
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From Dark Matter Particles to Cosmic Fluid
e We get a fluid!

L I, ;
e First two moments: / + 3Hp; + _()i(/)l v) =0,
1
0 + Hup + —l’J()Jl, + ()Ol = ——() d

ap|
e [t is really the momentum that counts m
p(Z,t) = / &’p f(Z

A
7
m

SIS
'Uli = E . 1 3 q 1 i 5(3)
R(E0) = o [ @R = 53 e 7 - 7,)

n

e Short distance fluctuations appear as enhanced stress tensor for long modes

7] =k + @7 ~kinetic + potential : £ ~ pvs . O~

» S0 far, this theory still contains short distance fluctuations:

» this 1s not yet a long wavelength, well defined, EFT.
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Integrate out
UV modes
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Integrating out UV modes

* Integrate out short modes: 1.e. solve equations of motion
e This 1s true realization by realization
* Good approximation:
— For effect on large scales A < ky; , take first two moments:
o . ([7]A)¢, space-dependence from background long-mode

o . Var([rw]a) = ([m]i) — ([ru]a)” : random statistical fluctuations (check later)

* Taylor expand: ([r7] ), = ([7],)0 + ‘0([7;;]*,\)5, O+ ... .
l 0

e (Obtain generic fluid stress tensor + stochastic piece (could have been guessed)

¢ .. . 3,
v 59 O
Ha 4 Ha

([Tij]A)(h = ppd + pp 2507 — (C)”ll + 0’1, — §OIJC)A11 )] + AT 4.

* Now effective theory has only long-wavelength modes. We made it!

e Similar to Chiral Lagrangian F_ : UV physics in higher derivative terms
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A peculiar fluid: 1ts Chocolate!
3¢,

2
v 51]01‘,',1-:__ 8
Ha' '~ 1Ha

e What allows truncation of Boltzmann hierarchy?

* . <[TU]A>5¢ = pp0™ + pp cﬁbldu — (éﬂvl‘ 4 621:{ — §O’Jé‘7k'z!;‘)] + ATV 4+ ... .

e In a standard fluid, higher moments are suppressed by kv,7.

— fluid valid for Fkv,7. < 1
. ok
 Here scalingis kv, H™' < o =
UNL

— there 1s a finite time for the particles to travel,

— and since they are non-relativistic, we have a derivative expansion inside the

horizon.
— Qravitational fluid!

* Itturns outthat (2. 2 ~ (12) ~ 10

S Vis

— very unusual fluid (it needs to damp oscillations)

— similar to melted Chocolate!
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A peculiar fluid: 1ts Chocolate!

o i _ i 2 i bv i k SU
) <[T J] A>‘sl —pb57 +pb 63556-7 _ Hadjakvl o ZHQ

e What allows truncation of Boltzmann hierarchy?

(aﬂ'v;' + 0 — %5”&1},"’)] + AT+

e In a standard fluid, higher moments are suppressed by kuv,7e.

— fluid valid for kv, < 1

e Here scalingis kv, H™' < -
'NL

— there 1s a finite time for the particles to travel,

— and since they are non-relativistic, we have a derivative expansion inside the

horizon.
— Qravitational fluid!

o Itturnsoutthat 2.2 ~ (v?) 1976

S V1S

— very unusual fluid (it needs to damp oscillations)

— similar to melted Chocolate!
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Homogeneous mode EFT
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No Large Backreaction

* Look at homogeneous mode ([4v),

Tijl» = K + w = kinetic energy -+ potential energy
JIn

ke~ (1+0)v? w ~ 5P,

* Renormalized density and pressure

ﬁ*?ﬁ — ljm (]- + K + w‘)
Pe 1 |

Weff = ]i—ﬂ = (2K + w)
pDH 3

e Vinalized objects decouple! (each term 1s large... huge)

e —> No large backreaction.

— Small difference in equation of state ;. — L (50} ~ +O(® ~ 1079)

Peft
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EFT for fluctuations
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e Extract parameters Cs = @

Extracting the UV coefficients

v CSZJ(-)LU;‘ -

ij i) 25 rij
([77] Vo = P60 + po | 200" — Ta 1Ha

EFT: UV physics 1s encoded 1n coefficients of higher-derivative operators
Can extract them from the UV physics (N-body simulations)

Look at particular correlation functions (not the usual stuff)

@- UZ’

Pas(z) = (A& + Z)o(2")) . A ~ 0;0,[7]; , O ~ i

])_4(3(;1?) = <A1(?, - ?)@,(i")) ,
Paon(z) = (AN(F + DOw(@))

PB(_)(;’I,-') = <B1(l_', + F) (‘)1(1—”» . B, = ”,_,]/) (('),(‘)J- — (S,AJ-U")) [TU]‘\
Pss(x) = (0(2" + Z)6, ("))
Pso(x) = (6(Z" + 7)0y(Z")) |

2 a-sze)(lf)azP(se(f) — Py5(7)9°Pee (1)
(0*Pso(r))* — 02 Pss(2)0? Pos(z)
2 Pas(x)9* Pso(z) — Pao(z)0” Pss(x)

"7 (02Pso())? — 0Pys(2)0? Poo ()

e (Very!) similar to measuring F.. from lattice QCD
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Perturbation Theory
with the EFT
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Perturbation Theory within the EFT

e In the EFT we can solve iteratively (loop expansion) 5. 0. B, < 1

9 3.5 ag
\% Q= §H09mz5l +

0 = _Eai ((1+ 51)17) ,

1 1 3 c 4ci + 2

11+Hll+—11011+ 0'@1 —5020’0 +ZH2202U;+ 4H02“00v —AJ +
e Organization
— estimates _ k? HEk
¢l ~ 10 5) : 6l ~U kQ— : v~ kQ—
NL NL

. < . . .
Loop corrections: non — linear terms 5lvl ;v H 07!

- L~ 7
Hubble friction Hv! Huvy l
* max §; within theory
. . Pressure , Viscosity — c20§; 0201 cz
— ~ e 501
* Pressure and viscosity terms Hubble friction Huy “H 2()1 10—

* weexpect 2 o §(kyp)b(knr) ~ 107 from virialization decoupling
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Perturbation Theory within the EFT

e Stochastic terms

0? 9% At
0 non—lin. ™~ 0 in CZ J in >ro
l,non—li 1,li +SH2 i +H2pb

2 2\ 2
— Power spectrum contribution  (§,5,)1_1,0p ~ 2 K (52 +< k ) (A7)

— Poisson like on pixels ~ ky}

‘ 5) A‘ 3 A’ - kNL
o)~ ) () ~ @) (; O
knr knr

— . Stochastic k Stochastic k 3/2
L i VLY K
Pressure knr, Friction knr,
— 1.5 loops
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Perturbation Theory within the EFT

e Higher derivative terms
_ /kXr ~d& = higher loops
— k%/A? for finite A

e Cutoff (in)dependence and effective expansion parameter
— Naive §(k ~ A) ~ A*/k3p

— Cutoff dependence in parameters cs(A) , ..., plus loops cutoff

— Sum of all must be A -independent: thanks to the 1-loop counterterms ¢s(A) , ...

e at finite A need also higher-derivative counterterms k /A
— To resolve with least effort, take imit A — oo by keeping result finite
e with counterterms
» Effective Expansion parameter (counting with the counterterms):
— .0~ k2 / k'.;z\, 7 atscale of external mode

 Similar to Chiral Lagrangian E'/F, and E/A
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Perturbation Theory within the EFT

e Higher derivative terms
. [k ~d = higher loops
— k%/A? for finite A

e Cutoff (in)dependence and effective expansion parameter
— Naive §(k ~ A) ~ A*/k3p

— Cutoff dependence in parameters cs(A) , ..., plus loops cutoff

— Sum of all must be A -independent: thanks to the 1-loop counterterms ¢s(A) , ...

e at finite A need also higher-derivative counterterms k /A
— To resolve with least effort, take limit A — oo by keeping result finite

e with counterterms

e EffectiveExnansion parameter (counting with the counterterms):

at scale of external mode

e Similar to Chiral Lagrangian E'/F, and E/A
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1.5-1oop Calculation
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Perturbation Theory within the EFT

* Non-linear equations

&g - .
a?—l5'+91=—/ Lo,k — Dok — Do) |

(27)3
3 Ho 2 021”2 / d’q (7 I L.
(IH@I + 7-(6’1 - = 9 a 5 — Cg k Y - = (271_)3.‘3((12 k — @01(}‘ o @el(q_)
e [terative solutions 5(2)( i a) = 1

1673 D (ag)?
[( /0 " da G(a, d)d2H2(d)D'(a)2> (2 / dPqB(7, k — §)ds1(k — @531@’))

) ( /Oada,G(a{d) (2&27{2(&) "(@)? + 3H2Q mD(a)QD

X ( / dPqa(q, k — §)5s1(k — @581(@>] .

@z

D(a)
D(ay)

— and —a*H?*(a)92G(a,a) — a (2H?*(a) + aH(a)H (a)) 8,G(a,a) + 3
G(a,a) =0 for a<a

— where 5 (k,a) = s, (F)

77?, H
2a

’"Gla,a) = 6(a — a)

e This part similar to SPT done right, but with cutoff.
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Perturbation Theory within the EFT

e Counterterm

— k’z @ ‘ —
5O (F,a) = - / di G(a,d) 2, (@) D(@) 51 (F) |
com D((lo) 0

* One-loop power spectrum

(61(k, a)01(q, a)) =
(275 (F + ) (Pn(k, a) + Pos(k,a) + Pis(k,a) + Pig 2 (k,a) + Pas, stoen(k, a,))

e with . .
Pll(ka a’O) — (5(ka a’O)Cs(qyaO)), )

P2'2(k'a a’O) — <5(2)(Ea 0’0)5(2) (‘j'a ao))' 3
P13(k'a (Lo) — 2<5(3)(E3 (1’0)5(1) ((j: a0)>, 9
Py 2 (k,a0) = 2(6®) (k,a0)0™ (g, a0))’ .

comb Ccomb

67

P22, stoch(ka CL) ~ ];7 k4
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Perturbation Theory within the EFT

* One-loop power spectrum

(01(k, a)oi(q, a)) =
3¢03) /1
2m)*89 (K + @) (Pui(k, 0) + Poa(k, 0) + Pia(k,0) + Pis 2 (k,) + Pa, soen(k, ) )
X1 X9 t= tﬁnalA t X1 % = tﬁnalA t
> T >
X E X
§3) : 56
52)
5 N o) —is) 5
! s RRRIILE u‘t‘,,,,, ! ,,,,/::
X X 2 X X X
L1 %) t = tﬁnal‘ t
> 21 9 t = tanak 1
52) 5 T
52 52
( gtoch)7/2
5 L0 5 5
X XX %
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Perturbation Theory within the EFT

 Renormalization
comb(a’ A) comb ;ren. (a’ klen ) + Ccomb -ctr. (a’ A)

¢ Choose c?__.(a,A) tofit observation at k& = kren. , and then extrapolate to A — oo

Comb

e Runningof ¢*_ . (a,A)

comb

Running of ¢”comp(A) at kex=01,a=1

— k=1 hMpc"l (CAMB) :

—— keen = .18 hMpc™! (CAMB) _

— running from Consuelo
atA=1/3(h/Mpc)

A =1/3 (h/Mpc) from Consuelo

;__/___\»= 1/3 (h/Mpc) from Consuelo

02 04 06 08 10
A (h/Mpc)
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Perturbation Theory within the EFT

 Renormalization .
comb(a A) C2comb;ren.(a’? kren.) + Ciomb;ctr. (a’? A)

e Choose ¢, (a,\) tofit observation at k = kren. , and then extrapolate to A — oo

comb

e Doitatlow kext toreduce higher derivative terms

2 2
(oml)(a() A 76 OO) = Ccomb

(ag, A = o0) + lim

kfext —> n

(Pl3(l‘70xt » Ay, A= OO) — pll}(l‘.'cxts g, */\)) X

1
o Kew ™ 4 Ga. @) 2Em ™ by Pk A 62
- D(a(,)A da G(ag, a) D. (@) Pr1(Kexe, A) . (62)

-0
u)mh(lo C

0.9} .

0.8}

0002 0005 0010 0020 0050 0.100
kext (h MPC—I)
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Parameters from

small N-body simulations
(our UV theory, our QCD lattice)
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Extract correlation functions

C2 QQPA@(iP)aQPa@(x) — Pas5(2)0” Poo ()

S 2 V)2 2 ) 92 o
(0°FPso(x))” — 0% Pss(x)0* Poo(x)
1.2 ~r - A=1/6 measurement of ;g
: | 15
4 |
_ l.l: ! IR AL 14f,
L [ ar | =1
: 4 4 ! 9 ] *O"J
* Plot Té 1.0: ‘ H IRRANEE 1 | '9. 13
ﬂ09~ 11414 tl. 0‘1 11111 1 ." 12
0 X ’ .
R f L1
0.8f
: 10
07 ey P I O v O R
7 8 9 10 13 14 15 16 17 18
r (Mpe) r (Mpe)
. 2 _ _
e This is melted chocolate viscosity! Running of ¢ conp(A) at kex=01,a=1__
— kya = .1 hMpc™* (CAMB)
1.4%10°6-, — kiea= 18 hMpc™ (CAMB) .
 Agrees with fitting to power spectrum \ T

— notice value and running
* Amazing agreement!!!

— with values obtained by fitting to obs.

A = 1/3 (h/Mpc) from Consuelo

‘l
\

= 12x107°

<
2 -6
g I.X 10 A = 1/3 (h/Mpc) from Consuelo
a2
~ -7
8.%x10
__ - e —
6.x 10774 P——
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Results
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Power Spectrum: z=0

nonlinear (Coyote)
linear ——a—

SPT

comb
b and ¢

EFT with ¢
EFT with ¢

stoch

com

0.5 0.6
k/h (Mpc_l)
 Much better than SPT, RPT. Most importantly, it is well defined and manif. converg.
N
 More and more steep as higher order corrections added (%) : ok!
NL

. 2 2 —6
e Values of parameters is both  Ceomb ™ Cston ~ 1077 = ok

 Adding Cgtoch does not change relevantly Comb - OK!
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Power Spectrum: z=0

—a— SPT
—ma— Linear
—a— Non-linear (CAMB)

—+— EFT (K an=.16 h Mpc~t)

e Large corrections in UV

e (thisis only 1-loop)
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1.1

vvvvvvvvv

Power Spectrum: z=1

nonlinear (Coyote)
linear

SPT

EFT withe_ o
EFT with ¢ ., and ¢,

k/h (Mpc 1)

* Once we fix two parameters at two k’s, all the rest 1s predicted

e with consistently 2% dependence on renormalization scale.
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Momentum Power Spectrum: z=0

1.10

105

1.00 |

095

0.90 -

0.85 -

0.80h"'11111"-11111
00 0.1 0.2 0.3

* Preliminary
e Totally fixed by the matter power spectrum

e Cutoff dependence cancels only for momentum
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Applications & Summary

e A convergent perturbation theory long modes short modes

— L el

: : : effective theor :
_ an effective fluid with y ANL

e pressure, anisotropic stress, and random fluctuations

— coeff. measured from simulation

o Extremely good results in PT  Amax ~ 0.57 Mpc™

nonlinear (Coyote) =

linear ——e—

EFT with ¢

EFT with ¢

comb

comb and ¢

stoch

Ps 5/ Pos.NL

-
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