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Abstract: After the completion of the Planck satellite, the next most important experiments in cosmology will be about mapping the Large Scale
Structures of the Universe. In order to continue to make progress in our understanding of the early universe, it is essential to develop a precise
understanding of this system. The Effective Filed Theory of Large Scale Structures provides a novel framework to analytically compute the
clustering of the Large Scale Structures in the weakly non-linear regime in a consistent and reliable way. The theory that describes the long
wavelength fluctuations is obtained after integrating out the strongly-coupled, short-distance modes, and adding suitable operators that alow us to
correctly reconstruct the effect of short distance fluctuations at long distances. By using techniques that originate in the particle physics context, a
few observables have been computed so far, and the results are extremely promising. | will discuss the formalism, the main results so far, and the
potential implications for next generation experiments.
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A data driven subject

( .\‘I.\' l‘iq.'
WMAP 2003

Planck 2013
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The usual theory of Inflation

* Inflation is usually described as a scalar field rolling on top of a flat potential

5 — / d*zv/~=g [(8.u9)” + V(9)] i

(L Ty

\\“

* When potential is flat, universe expands as quasi de Sitter space

>0

* when inflaton reaches the bottom, inflation ends
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The usual theory of Inflation

* Inflation is usually described as a scalar field rolling on top of a flat potential
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* When potential is flat, universe expands as quasi de Sitter space

[W [‘ a(t) ~ e’
,\ 3

e when inflaton reaches the bottom, inflation ends

>0
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What are we seeing?

* The only observable we are testing from the background solution is

Multipole moment, {

Qr <3x 1073
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* All the rest, comes from the fluctuations 7 i
S 1000 =

e For the fluctuations S o bl
2 2000 : ) F

—they are primordial S I TR SN
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Angular scale

—they are scale invariant
: |
—they have atilt ny—1~—-0.04~ O ( )
—they are quite gaussian (5, -
NIE -~ ",5;,"-'["‘" e
o4 3/2
(7))
* Just 2 numbers

* Is this enough to conclude it is slow-roll Inflation? Indeed, there are other models

—and in general, what is the dynamics of this inflaton?
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B etter Slgnals i Large non—GaUSSianites with Smith and Zaldarriaga,

JCAP2010
oT
(%

J'I') (ri'i‘) ! (ko kn
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)E, ( 1 I 1 T2 kv ky

altened: G (0;7) +ar [H,;r]‘

Equilateral: d,7 (0,1)

A function of two variables: like a scattering amplitude
With this, we could investigate the non-trivial dynamics
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Limits in terms of parameters of a Lagrangian
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with Cheung, Creminelli, Fitzpatrick and Kaplan, JHEP 2008
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* These are contour plots of parameters of a fundamental Lagrangian
* Same as in particle accelerator Precision Electroweak Tests. see Barbieri, Giudice, Isidori, ...

* Thanks to the EFT: A qualitatively new (and superior) way to use the cosmological data
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What has Planck done to theory?

* Planck improve limits wrt WMAP by a factor of ~3.

2
e Since NG ~ H =1 Amin,l’]um:lc e, ﬁj\111i11,\ﬂihvl;'\l’

N
* Given the absence of known or nearby threshold, this is not much.
* Planck was great

—but CMB did not have enough modes

* Planck was an opportunity for a detection, not much an opportunity to change the

theory in absence of detection
—We crossed the tilt-threshold (luckily WMAP had a tilta 2.5 o , so we got to 6 & )
* On theory side, little changes
—contrary for example to LHC, which was crossing thresholds

* Any result from LHC is changing the theory
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Cosmology, after Planck, has changed

* Tremendous progress has been made through observation of the primordial fluctuations
* We are probing a statistical distribution:

—In order to increase our knowledge of Inflation, we need more modes:

1

A((?V[‘.]'yi,llillg) X —/—
\/}Vmu(lcn

* Planck has just observed ~all the modes from the CMB

* and now what?

* [ will assume we are not lucky
—no B-mode detection

* Unless we find a way to get more modes, the cosmology as we are used to is over

* Large Scale Structures offer the only medium-term place for hunting for more modes
—but we are compelled to understand them

* I do not think, so far, we understand them well enough
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A(evervthing) x —
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Some things already done

* Baryon Acoustic Oscillations in Galaxies distribution

At
o
= CMB
: Galaxies
“““““ T T T | T
Multipole moment, / O
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* But most new information is just about low-z universe k (h Mpc-1)

* Not much about early universe
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What 1s next?

* Euclid, LSST and Chime are the next big missions: this is our only next chance

—we need to understand how many modes are available

S
/"lu;u.\'

Number of modes ~
;"luin

—Need to understand short distances

—Similar as from LEP to LHC
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The EFTofLSS: A well defined perturbation theory

* Non-linearities at short scale

op

K P(k) ~ —

P
10}
0.1¢
0.001}

1075}

0.1 1

k [h Mpc™']
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Consider a dielectric material
* Very complicated on atomic scales  d,,ic
* On long distances  d > d, i
—we can describe atoms with their gross characteristics
e polarizability ... ~ o Eueie  : @average response to electric field
—we are led to a uniform, smooth material, with just some macroscopic properties
* we simply solve dielectric Maxwell equations, we do not solve for each atom.

* The universe looks like a dielectric

Diclectrie Fluid
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QCD Chiral Lagrangian Reminder

* Pions are described by

' ‘ [ . ‘ l
S d*z | (01)* + =7%(0m)* + —(Om) + . ..
/ [( * + g (0m) + 5 (0m)
eFor m, < F < AnF,
* Perturbative expansion in E < 1
\mF,

Chiral Lagrangian

A Energy
Quantum
non-linear

vlunrli 1ear scale~ 1 GeV

Quasi-lineay
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With this
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['he Theory of the Universe
* Useful or not, this is the correct description of the long distance universe

* as we describe water as a fluid, and not a set of molecules hitting each other

 similarly the universe

the system I am going to describe

Pirsa: 15080019
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Normal Approach: numerics

e Just simulate the full universe (such as water molecules to simulate ocean waves)
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Why numerics are not enough

* they do not give the simple description of the system
* In principle, we can simulate the clustering of dark matter with N-body sims
* But
e simulations with dark matter are very slow
* systematic error of order 1%
A. Schneider, R, Teyssier, ... V. Springel er al. 1503
* we cannot simulate baryons: we can only “model’ them

—As a proof, SDSS stops analyzing data at low Kk
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Numerics has been great
* Do not misunderstand me:

—numerical simulations have provided some of the most
discoveries:
e dark matter is cold
—standard model neutrinos are not the dark matter

e structures form from small to big

* But I believe, after these giants, we live in hard times
—and to make further progress, precision is required

* N-body sims do not seem, to me, the only appropriate tool.
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Point-like Particle versus Extended Objects
* On short distances, we have point-like particles

—~they move

(/2:—((".;) dZ(q.n) S oty
# + H# — _().l‘(l)[:((l‘ U)]
dn= dn
—1induce overdensities

| +4(Z.n) = / d>q 8 (F — Z(G.n))

—Source gravity

02D (7) = H25(7)
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Point-like Particle versus Extended Objects
* On short distances, we have point-like particles

—~they move

d*Z(q.n) dZ(q.n) B o Ly o
# + ?{# — _()_r(l)[:((j- U)]
dn= dn
—1induce overdensities

| +4(Z.n) = / d>q 8 (¥ — Z(q,n))

—Source gravity

02D (1) = H25(7)
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Point-like Particle versus Extended Objects
* But we cannot describe point-like particles: we need to focus on long distances.
—~We deal with Extended objects
* they move differently:

d?7(F. dZ(q, AT,
1-) /) * ,}{ (([ /) — (.)_;-(I)[:((I‘ {/)]
dn? dn
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Point-like Particle versus Extended Objects
* But we cannot describe point-like particles: we need to focus on long distances.
—~We deal with Extended objects

e they move differently:

Az (q.n) . AR I . R
5 + H LY 1 = =0 [ PLIZL(G )] + =Q 'f[_fj_I[:H),f!',‘['[":f.{q.f}}] + | +as(qg.n)
dn= dn 2 '

rf"".';.{ q.1)

with Porto and Zaldarriaga JCAP1405
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Point-like Particle versus Extended Objects

with Porto and Zaldarriaga JCAP1405

* They induce number over-densities and real-space multipole moments

| + 6, (F.n) = /«/“Jd”(.?— ZL(q\m)) .

QU..J,,(J—;. ”) — / (/.’%(T(.L)i[...”.((;‘. ,/){5‘:%('1—:_ TI(‘T I/))

* they source gravity with the “overall’ mass

4

2 3,0 : L. .
r):-(['f 9 Hhszm (’\n,f‘[-"-f” t ')()J‘)JQI'I(-"- -'/)

L. . ik ) 3,9 : ,
“’)"Ifr}i“glh(-r-f,"] L = _)H.-E!m"m‘f,(-"-"/]

-

qV 4 r/'- E 4

~ [ J1C1 f“]\ electrostatic

* These equations can be derived from smoothing the point-particle equations

—but actually these are the assumption-less equations
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Point-like Particle versus Extended Objects

with Porto and Zaldarriaga JCAP1405

* They induce number over-densities and real-space multipole moments

| + 6, (F.n) = /(/‘J(s”(.?— L(q\m)) .
Qr(im) = /"“f? Q' () (& — ZL(q.m))

* they source gravity with the “overall’ mass

4

2 34,0 : L. ,
f):-(t'f 9 Hhszm (!5,,]{[,:'.[” t ')()J{)_jQ’.I(J.- -'/)

| , ] 3. .5 : )
‘5f) f.)ff.l}i.‘(_;),l‘“r‘ {J'_ f'l'] g= o ¢ » ) = _)'thz,,.,f‘m‘f‘(-". l'l]

-

qV 4 r/'- E 4

~ [ JICTEN electrostatic

* These equations can be derived from smoothing the point-particle equations

—but actually these are the assumption-less equations
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The Effective ~Fluid
—Equivalently
—In history of universe Dark Matter moves about /Ay, ~ 10 Mpe
— it is an effective fluid-like system with mean free path ~ 1/ky;, ~ 10 Mpc
— it interacts with gravity so matter and momentum are conserved
* SKipping subtleties, the resulting equations are equivalent to fluid-like equations

. 5 0P
v«’(l)] — []J P with Baumann, Nicolis and Zaldarriaga JCAP 2012

2 with Carrasco and Hertzberg JHEP 2012

) ) i with Porto and Zaldarriaga JCAP1405
1 + Hpp + 0, (/);t',) = ()
'y y? W)t — ).
v, + Hup + v; 050 0;T;
[
—short distance physics appears as a non trivial stress tensor for the long-distance fluid

. D)
lig ™ ’)r.} short ("Hllc,,1 T (I)s]mrt)
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Dealing with the Effective Stress Tensor

* Take expectation value over short modes (integrate them out)

'::.rf,i::l"lll‘.'. h‘\tlli"vF‘J! {f}i'*f‘\f‘fi;+c)(’ _()Jl";.l'j/ﬁ}',,,,) ‘Arj{ o
VNL

* We obtain equations containing only long-modes

9 .,(')‘[)/
Ve, = H*—
P i
(.);/)] f ][/); T (.),' ([)H‘;) = U
]
0, + Huy + v 0;v] = —0;7;
. p It
Tp Dong —fixed ™~ 04 ’lu tegop + O ( ’,‘.r.\}l LDy, 0pr ) ‘ —\-"

* How many terms to keep?
r)(J‘- I\I

Iy j"\l

e cach term contributes as an extra factor of

* we Keep as many as required precision
,l'

3N

* —> manifest expansion in
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Dealing with the Effective Stress Tensor

* Take expectation value over short modes (integrate them out)

'::.ru.-::luus.'. fixed ™~ F‘Jf |}u,, - O r)m | L) ("\.I _(),i',.h/ﬁ}.",,,,) t AT} o

* We obtain equations containing only long-modes

9 .,(';[)/
Vo, = H*—
P g
Opr+ Hpr + 0; (prv]) =0
-]
0, + Huy + v/ 0v] = -0,
; Pacik

i)

i Nong —fixed ~ 03 ’,;, b ey dp L]( _,}I_a'lf.,\fjf,, ) } A‘

kxi
* How many terms to keep?

r)(l‘- f"

Iy j"\l

e cach term contributes as an extra factor of

* we keep as many as required precision
,l'

3N

* —> manifest expansion in
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A subtlety: non-locality in Time
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This EFT is non-local in time
 For local EFT, we need hierarchy of scales.

—In space we are ok

—In time we are not ok: all modes evolve with time-scale of order Hubble

with Carrasco, Foreman and Green 1310
Carroll. Leichenauer, Pollak 1310
Mirbabahi, Schmidt, Zaldarriaga 1412

* —> The EFT is local in space, non-local in time

(1ij)s, ~ [ dt' K(t,t") Pp(xq,t")
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A non-renormalization theorem

 Can the short distance non-linearities change completely the overall expansion rate of

the universe, possibly leading to acceleration without A ?

* In terms of the short distance perturbation, the effective stress tensor reads
Too ~ (mass+ Kkinetic energy + gravity potential energy)

7ii ~ (2 kinetic energy + gravity potential energy)

* when objects virialize, induced pressure vanish (;)s (2(‘5- t q’,s’)}viri;llizwl — ()
—~ultraviolet modes do not contribute (like in SUSY)

* More in detail, the backreaction 1s dominated by modes at the virialization scale

a2 {2 H? 5

T ~ Of (z°7 00) ~ 5T100 ™ LO™77, 00 > Winduced ™~ 10
J1"\|.

with Baumann, Nicolis and Zaldarriaga JCAP 2012
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Perturbation Theory within the EFT
e In the EFT we can solve iteratively o,. v, &, < |

R S0P
v-([), _ H-L
1

I+ Hp + 0; (prvy) =0

)]

. : [
v + Huy + !",’()Jf‘; : /J(') T
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Perturbation Theory within the EFT

* Since equations are non-linear, we obtain convolution integrals (loops)

O~ /(h'e'vnl-'nnc-linn < Source'™ [6V) 52 .. s l
= 03(k) ~ / kg SV (k)W (k- k), = (rﬁz) ~ / >k, <r5_i_|)2>2

04

04
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A subtlety: non-locality in Time

Pirsa: 15080019 Page 38/83



Consequences of non-locality in time
* The EFT is non-local in time = (7 (7.1)) 101 fixed ~ / dt' K(t.t) 6p(Fa.t') + ...

* Perturbative Structure has a decoupled structure

dp(a,t') = D)op(Z)V(t) + D(t')?5p() 2 (t) 4

e A few coefficients for each counterterm:
of ' . ‘
= {(7i;(T, 1)) long fixed ~ / dt" K(t,t") [D(t")op(@)") + D(t')*6p(x)* + .. ]
~ c1(t) Sp(T) V() + eo(t) Sp(T) 2 (t) + ...
* where ¢;(t) = /(/l’ K(t.t") D(t")

* Difference: Time-Local QFT: ¢ (1) Trﬁ‘p(,r")"l’(l} f rﬁ'/){‘.'")"")"{f} f |
Non-Time-Local QFT: ¢ (1) rf;;(.r’)':':'{f} | r'_:('f)()‘p(.r"]'.',:'(f] S

* More terms. but not a disaster
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Perturbation Theory within the EFT

e Since equations are non-linear, we obtain convolution integrals (loops)

O~ /(Jt'wnl-'nnc-linn < Source'™ [§V 82 o' l
= (k) ~ / ke 0 (k)0 (ky — kg), = (rﬁz) ~ / A’k <r5_i_|)2>2

0

04
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Perturbation Theory within the EFT
* Regularization and renormalization of loops (no-scale universe) p,, (k) ! : : (I"' )
VNL VNI

—evaluate with cutoft:

AN [k wie (5’ b
[ A P, 4 chhite P. subleading i '
oo B (/\'.\'l.) (11'.\;1.) . X /n',\'l, 1 T subleacing in !".\'I.

— divergence (we extrapolated the equations where they were not valid anymore)
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PERIMETER

INSTITU
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Perturbation Theory within the EFT

* Regularization and renormalization of loops (no-scale universe) P (k) : ( & )

ke \ e,

evaluate with cutoff:

; A b : o ke 8
R =G (J’fu ) (ﬁ'w) el (!‘\;]) P11 + subleading in

divergence (we extrapolated the equations where they were not valid any
- we need to add effect of stress tensor T o dp
A b

92

i [3 N
Ple,=¢Cs| 7| P , choose ¢ : + Cs, Anite
ENL L

2
) 2] . j'; B 5 finite
———-> [ 1-loop I [ 125 ey Cs finite YT / 11 f (&1

kx,

we just re-derived renormalization

—after renormalization, result is finite and small
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INSTITUTE

Pirsa: 15080019 Page 44/83




Perturbation Theory within the EFT
I

* Regularization and renormalization of loops (no-scale universe) p,, (k) _ (I"' )
kxt” \ AN

—evaluate with cutoft:

)
.\ I\l - s /1' !l.
P -100p = e} Py, + ™ P, + subleading in

/".\'I. !".\']. ;".\'I. VNL

— divergence (we extrapolated the equations where they were not valid anymore)

— we need to add eftgCt of stress tensor Tij D - op

.
) k _ ) ‘ A A .
Pi1, ¢, = Cs ; Py, , choose ¢ a |z F Cs, finite
VN, 'NL

9

k\° A o
=—> Pijoop + P, c. —f\-,n:m.-( ) Py + ™ ( ) P, + subleading in

ki, N3
—we Just re-derived renormalization

—after renormalization, result 1s finite and small
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Perturbation Theory within the EFT
* Regularization and renormalization of loops (no-scale universe) g, (k) l ( & )
ks \ e,
evaluate with cutoff:

X , A k\?2 o g k
g —1G (f\-'\'i ) (f-'m ) Py + ciinit (h“ ) P11 + subleading in -

divergence (we extrapolated the equations where they were not valid anymor8
- we need to add effgtt of stress tensor Tai O o2 dp
s

)

k e A

: A

P e, Cg (ﬁ/ P, choose Cy = —C) T S o
UNL VNI,

B2 5 TENE
—>. P loop + P11, ¢, = Cs, finite (K_> Py {JI“”“' <—> P + subleading

NL fui:\:]‘
we just re-derived renormalization

—after renormalization, result is finite and small

Pirsa: 15080019 Page 46/83



Pirsa: 15080019

Perturbation Theory within the EFT

* Regularization and renormalization of loops (no-scale universe) Pry (k) = ( & )
ke \ ki,
evaluate with cutoff:

. , A k\?2 ffte N S
P loop (:‘l\ (:’ﬂm,) (f~fN|,) Py (:', : ()’.;N.,) P11 + subleading in AN]

divergence (we extrapolated the equations where they were not valid anymore)
- we need to add effgtt of stress tensor T o2 dp
H S

a

2 kK \° :
P11, e, = Cs (“I- Py , choose ¢ = —¢
UNL

ki,

9
f" i ' 1

finite

——--> l”l loop e /ll 1, ¢y Cy, finite ( ‘”II f ('I“” .

we just re-derived renormalization

—after renormalization, result is finite and
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Lesson from Renormalization
* Bach loop-order [ contributes a finite, calculable term of order
i\

)
P ,
UNL

loops ™

cach higher-loop is smaller and smaller

—crucial difference with all former approaches

* This happens after canceling the divergencies with counterterms

A\ K
Pl loops; without counterterms (f ) l: P(!‘)
VINL VNL

e cach loop contributes the same

finite 1.3 : : e
" kPP (k) is non-analytic, and so calculable within

* analogous to [ log(F /)
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[ .esson from Renormalization

 Each loop-order L contributes a finite, calculable term of order

o\ L

!".\'L

P[‘ |(lu|l>\' ~

—each higher-loop 1s smaller and smaller
—crucial difference with all former approaches
* This happens alter canceling the divergencies with counterterms

-

L 9
-\ I\'-
) — (.
[I, loops: without counterterms — - f’2 I (/‘)
"NL "NL

* cach loop contributes the same

finite 7.3 . : ithi
R P(K) is non-analytic, and so calculable within EFT

* analogous to Jlog(F /)
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Connecting with the Eulerian Treatment
* When we solve iteratively these equations in §,, v,, &, < 1,

—this corresponds to expanding in three parameters:

k
| , 3 L »
(li(ln](l‘) ~ / d”q 1)((/) Effect of Long Overdensities
k
. I |2 73 P(q) Effect of Long Displacements
€long (“S})]il('('llll‘]lt( ) o g (/2

X,

(x, ’)gp (/

e
X,

(x, + A.r:_! + Al
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Connecting with the Eulerian Treatment
* When we solve iteratively these equations in §,, v,, &, < 1,

—this corresponds to expanding in three parameters:

k
| , 3 L »
(li(ln](l‘) ~ / d”q 1)((/) Effect of Long Overdensities
b
. I .2 3 P(q) Effect of Long Displacements
(I(JIIf_’,'(“Hl)]il('('ll]l‘]lt( ) . g (12

X,

N —— ..a"
X,

(x, + z\x‘:_! + Al
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Connecting with the Eulerian Treatment
* When we solve iteratively these equations in §,, v,, &, < 1,

—this corresponds to expanding in three parameters:

k
| , 3 L »
(li(ln](l‘) ~ / d”q 1)((/) Effect of Long Overdensities
b
. I |2 73 P(q) Effect of Long Displacements
€long (lisp];u'vnu'nt( ) dhd o (12

X,

N —— ..-"
X,

(x, + A.r:_! + Al
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Pululhalmn Theory in our Unive

f' 41
lal ™ Clong dis splacement. ™ Cshort displacement ™ ( ) )
‘,‘\l.

* But our universe has features. It has more than one scale.

* In a no-scale universe p, (1) ( )
' ki

f

(lung_g displacement 1s of order one
for low A s, but being IR dominated,
Its contribution can be treated
non-perturbatively

’ Since displacements displace
‘ (they do not deform)
” S " effect is kinematical and not dynamical

k [WMpe]
(so conceilvable to resum)
with Zaldarriaga JCAP1502

* After IR-resummation, and after renormalization, each loop goes as power of

((lidal)L
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Putmhalmn ThC()l 7 1n our Unive

* In a no-scale universe p, (1) ( .
" NI f 41
Ctidal ™ Clong displacement ™~ Cghort displacement ~ (}, )
'NL

* But our universe has features. It has more than one scale.

f

(lung_: displacement 1s of order one
for low A s, but being IR dominated,
Its contribution can be treated
non-perturbatively

’ Since displacements displace
‘ (they do not deform)
” S " effect is kinematical and not dynamical

k [WMpe]
(so conceilvable to resum)
with Zaldarriaga JCAP1502

* After IR-resummation, and after renormalization, each loop goes as power of

((tidal)L
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Results for Dark Matter
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EFT of Laree Scale Structures

“
* Loop contributions from non-linear modes give non-sense results: we need to correct

for them: renormalization (make the calculation UV-insensitive)
' 0 D~
* At I-loop one counterterm is enough 7, ~ ¢, k“0(k)

* At 2-loops, consider  )°7,; ~ ¢ k*[0°](k) + ¢y ko (k)

Estimate size of counterterms
by requiring cutoff independent result

HUV=safe, A=2)

2 loop

(!)ll‘\' safe, A=cw0)

2 loop

+ counterterms)/F

1.6
1.4

] 2

(UV) _ (U (U

NacdMacld=0

===c stoch
. L (UV)(UV) (V)
= best—fit values forc¢,” "', ¢, :

[
* Fstoch

1.0
0.8
0.6

4
0.0 0.2 04 0.6 0.8 1.0

k [h Mpe " with Foreman and Perrier 1507
« —> At two-loops, with precise data, 3 counterterms are needed, and we estimate size

* The fact that this works 1s another proof that the EFTofLLSS is correct
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EFT of Large Scale Structures
with Foreman and Perrier 1507

* At 2-loops, we need

O°Ti;i ~ s k*0(k) + c1 k*[0°](k) + ¢4 k*0(k)

* How to choose for them?

e it them to data
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EFT of Large Scale Structures at Two Loops

O°Tii ~ cs k20(k) + c1 K*[0°](k) + cq k'O (k)

* - As data increase, the —rr— GuG=0 tha/Mpe !
. 07k ' wee 2=loop EFT wath ¢ |
improved measurement i \ -loop EFT with .

‘ " \_‘. . w2 loop EF withep . e
of parameters should be C T e e i | 2-loop EFT with 2, . 1., and ¢4
. " 5 05k ‘...‘.._‘_.»--3-_.‘_.‘_‘....... <l =G
compatible with \o7~aran
' 04f b~
measurement with less JE 3 _
005 0.10 015 020 025 ! 01 04
data w8
(2 =0) (/|28 Mpe™'
TS T NI\ - -kopEFTwith el 0
)~loop EFT wathe;, |, ¢;, and ¢y
. : : ¥
o . If we fituntil % ~ (.32 h Mpc
we are not overfitting C1 -
1=|:| il .U.11. — .“.l ..... . ‘\“ PR .I ........... - et -HE —
Aepa of it

.............. =0 hg/2hMpe 1

\ )~loop EFT wathe;, . e
.‘\ )~loop EFT wath ¢, . 1, and ¢y

C4 b NP By oS5 A

with Foreman and Perrier 1507 v v

) ( 0.1¢ 115 0.X 1 1
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EFT of Large Scale

Structures at Two Loops

()27-” ~ (Cgq /\_2()"(!1.,) + ('l i],'.f[()".l](l‘_) —|_ Cy !1'1(5(;\')

N
3 free counterterms

103,
1.02F
- 101
z
& N
e 1O0OF -~ -
& 099 ===+ linear theory
! —— | —=loop EFT
08 /
098 | — 7—loop EFT with A’JP 4P quad 1
. vy - P = 11 1 loop
097 Lo A ot 4, : : '

0.1 0.2

0.0 \

All Former Theories
fail at k~0.03

e k-reach pushed to & ~ (.34 h Mpc™
L

. 1
* Order by order improvement (,-_\] )
e Huge gain wrt former theories

e Theory error estimated

03 0.6

k |h Mpe™!|

iy

Estimated Theory
Crror
, cosmic variance ~ 10 °
with Carrasco, Foreman and Green JCAP1407
with Zaldarriaga JCAP1502
with Foreman and Perrier 1507
see also Baldauf, Shaan, Mercolli and Zaldarriaga 1507 , 1507
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EFT of Large Scale Structures at Two Loops

103 —— —— 1 ‘
1 (PE \ Hild !
2 ot WM o
SN 3 free
-) I U' [ A
o . ! counterterms
z 100! :
& 099 ==+ linear theory
0.98 _. L ' ~—— | =loop EF1 -
| 9 = 2~loop EFT with k* Py, + !’;'I:‘:p
097 L L L L P — i L L s L s " L . " B : : : + L + + +
0.0 0.1 0.2 0.3 0.4 0.5 0.6

All Former Theories

- . k |h Mpc b
[il]l al ]\*“,[]\

* All former theories, RPT, LPT,.... differ from SPT just by the IR-resummation
* —> by GR, IR-modes cancel in P(k), so cannot change broad k-reach of the theory
* they just change the BAO, which are 2% oscillations in k-space

* if you doubt this, please ask me questions
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1.03.
1(125
1011

1.00}

) D
}lhcui) i\i

099!

098!

0.0

Pirsa: 15080019

097L

e All former thec

e = by GR.II

* they just ch:

EFT of Large Scale Structures at Two Loops

T w T T

> .
3 free

/ counterterms

0.6

Linear

1

theory

2-loop
fails at k~0.03 Carlson er al PRD 2009

« if you do 08 L , (worst thag 1-lgop) | | | |

0 0.1 0.2
k (h/Mpc)
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Precision at low k’s

103 oy S . — oy
= 101 A-P- ,
A/ f . YL .
- v J
= 1.00 A-'\,M :
L 099
linear theory

= | —~loop EF1

0.98 .
— 2-loop EFT with £* Py, + P\ .
0.97 — v
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

k1 Mpe™'|

* Precision at low k’s is also important and great
* Look where linear theory fails by 1% at &k ~ 0.03 7 Mpe ™!
e we can see that order by order, at low ks, the EFT converges!

* former techniques and N-body sims do not converge to this accuracy
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Precision at low k’s

101 . Sl :
0.99

linear theory
= | —~loop EF1

0.98 9
— 2-loop EFT with £* Py, + P\ .
0.97 : / .
0.00 0.02 0.04 .06 .08 0.10 0.12 0.14

k1 Mpe™'|

* Precision at low k’s is also important and great
* Look where linear theory fails by 1% at &k ~ 0.03 7 Mpe ™!
e we can see that order by order, at low ks, the EFT converges!

* former techniques and N-body sims do not converge to this accuracy
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[n the EFTofLLSS we need parameters.
et us measure them from
small N-body Simulations!

with Carrasco and Hertzberg JHEP 2012
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Measuring parameters from N-body sims.
* The EFT parameters can be measured from small N-body simulations, using UV theory
—similar to what happens in QCD: lattice sims

* We measure ¢ using the dark matter particles:

. s |
- 5 _ Running of ¢“comp(A) at kexe=01, a=1 '
lig ™ § : m; (’ i T “') | e kru = .1 hMpe~! (CAMB
i —— 14x%107° e kg = 18 h Mpe™! (CAMB)
¢ ‘V ’ - running from Consuelo
= t A = 1/6(h/Mpc) from Consuclo atA=1/3 (h/Mpe)
I 9 -6 )
o 1.2X1077
S l X 10_6 | A= 1/3(h/Mpc) from Consuelo
o’ 8.x1077
-
6.x 10~ 7L— . b — el
0.2 04 0.6 0.8 1.0
A (h/Mpc)
e Lattice running .
dc. d B B Pl
* Agreement with fitting from Power Spectrum directly dA d A @’k Pz (k)

with Carrasco and Hertzberg JHEP 2012
see also McQuinn and White 1502
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Measuring parameters from N-body sims.
* The EFT parameters can be measured from small N-body simulations, using UV theory
—similar to what happens in QCD: lattice sims

* We measure ¢ using the dark matter particles:

. “
E : 2 _ Running of ¢“comb(A) at kex=01,2=1
jf‘} ~ {})I (!i -T— ()’) | —k,.“ lh.\’l.l‘lch.\{B
i —— 14x%107° e Ky = 18 h Mpe™! (CAMB)
¢ ‘V ’ - running from Consuelo
= t A = 1/6(h/Mpc) from Consuclo atA=1/3 (h/Mpc)
I B -6 |
o 12X1077
E l X 10_6 | A =1/3(h/Mpe) from Consuelo
o’ 8.x1077
St
6.x 10~ 7L— — —— — —
0.2 04 0.6 0.8 1.0
A (WMpc)
e Lattice running \
dc. d & B Pl
* Agreement with fitting from Power Spectrum directly dA dA a’n Prs(k)

with Carrasco and Hertzberg JHEP 2012
see also McQuinn and White 1502
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Measuring parameters from N-body sims.
* The EFT parameters can be measured from small N-body simulations, using UV theory

—similar to what happens in QCD: lattice sims

P——
1.0
e Aoreement with fitting f .+ Spec —Z= [ &k Piy(k)
Agreement with fitting from Power Spectrum directly AN dA

with Carrasco and Hertzberg JHEP 2012
see also McQuinn and White 1502
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Other Observables
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Other Observables

—Since this is a theory and not a model

—prediction for other observables from same parameters

—very non-trivial function of three variables!

with Angulo, Foreman and Schmittful 1406
see also Baldauf et al. 1406 ' LA 4

~They all work as they should

with Carrasco, Foreman and Green JCAP 1407
Baldauf, Mercolli and Zaldarriaga 1507

with Carrasco, Foreman and Green JCAP1407
—agrees with most accurate measurements in simulations

Pueblas and Scoccimarro 0809
Hahn, Angulo, Abel 1404
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Analytic Prediction of Baryon Effects

with Lewandowski and Perko JCAP1502
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Baryonic effects

* When stars explode, baryons behave differently than dark matter

-

* They cannot be reliably simulated due to large range of scales
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Baryons

* Main idea for EFT for dark matter:
— since in history of universe Dark Matter moves about 1 /Ay, ~ 10 Mpc
* —> itisan effective fluid-like system with mean free path ~ L/ kN,
* Baryons heat due to star formation, but they do not move much:
— indeed, from observations in clusters, we know that they move
L/knLsy ~ 1/knt ~ 10 Mpe
* —> itis an effective fluid with similar mean free path
—Universe with CDM+Baryons —> EFTofLSS with 2 species

* The effective force on baryons: expand force in long-wavelength fields:

) ‘ D ) A =
0Ty + 0V ~c.0%0 +c, 00 + ...

gravity-induced pressure star formation-induced pressure
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Baryons

100/ ey,
-—— ; - 5 " " .
2| = 098 N
2| 2 096
|~
I 0.94
_
0.92

Simulation data from

J. Schaye et al. 02 0.4 0.6 0.8
'k [h Mpc™']
ok
—Analytic form of effect known:  AF(F) = ¢ (,.\I ) Pii (k)

—and it seems to work as expected
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Galaxies Power and Bispectrum
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Galaxies 1in the EFTofLLSS
 Similar considerations apply to biased tracers:

* Galaxy density depends on all long fields evaluated on past history on past path

y R t) Senatore 1406
. J oLy,
Oas Tot) ~ / At H { ! ) | co2(t. f’) 7”] Mirbabahi, Schmidt, Zaldarriaga 1412
j ’ H (12
/

v (Zg. 1)
H(t")

00,0y, t"Y D'V o(ry. t')
H{(t")? H{(t)?

FCg (1)

t ‘}i_,u,..,l-,;-,,”-f

e all terms allowed by symmetries
e this generalizes and completes McDonald and Roy 0902
* this correctly parametrizes bias
e Obtain only 7 parameters for
e at 1-loop power spectrum
* tree level bispectrum

e tree level trispectrum
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H lll()k\ ll] th El-—:rl—‘() I‘LS S with Angulo, Fasiello, Vlah 1503

e We compare p!l-loop 1 —loop tree tree tree . using 7 bias parameters
l ) lhh 3 Ihnr l ,rhh 1 / frfam ? /ff.'.urm b y p( ¢

e Fit works up to & ~ 0.3 hMpc~" for I-loop and & ~ 0.15hMpc ! at tree-level

(for low bins, with large theory uncertainties): as it should

* the 3pt function measures very well the bias coefficients (there is a lot of data)

* Similar formulas just worked out for redshift space distortions
with Zaldarriaga 1409
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H a l 0OS ln th EI-JT() ILS S with Angulo, Fasiello, Vlah 1503

e We compare p!l-loop 1 —loop tree tree tree  using 7 bias parameters
l ¢ lhh I Ihnr l hhh 1 / frfam ? lff.'.rum - ¢ p( y

e Fit works up to & ~ 0.3 hMpc~" for I-loop and & ~ 0.15hMpc ! at tree-level

(for low bins, with large theory uncertainties): as it should

* the 3pt function measures very well the bias coefficients (there is a lot of data)

* Similar formulas just worked out for redshift space distortions
with Zaldarriaga 1409
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The EFT of Laree Scale Structures

L -
1-“}_' T T T T T T W T T T T T T T T T T T T T
1025 A K t'J
f : . Wr
L 101 H
4 i
o ‘ !
& 1.00¢
& 099 ) ==+ linear theory
U‘J“: el | -]nn]ll‘.["l'
O F
; — 2-loop EFT with k*Py; + P!
0.0 0.1 0.2 0.3 04 05 0.6

k |h Mpc ™!

L.
. g ~ . A
* A manifestly well-defined perturbation theory (m )
e we match until & ~ 0.34 2 Mpc~" , as where we should stop fitting
—there are ~] () more quasi linear modes than previously believed!
"l|||i1 ,nlli:ut',. »

—huge impact on possibilities, for ex: /xr < 1, neutrinos, dark energy.

* This 1s an huge opportunity and a challenge for us.
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The EFT of Large Scale Structures

103, T
102
= 1OI1¢
Z [
Q. [
e 1.00]
& 099 ) ==+ linear theory
U‘)“: —_ -]nn]ll‘.["l'
SOT - T e ip y(quad.1
’ d = 2-loop EFT with A" Py, + P’} 0
0.0 0.1 0.2 0.3 04 05 0.6

k |h Mpc™!)

L.
. g v . A
* A manifestly well-defined perturbation theory (m )
e we match until % ~ 0.34 h Mpc™"' , as where we should stop fitting
—there are ~] () more quasi linear modes than previously believed!
"l|||i1 ,nlli:ut; &

—huge impact on possibilities, for ex: /xi = 1, neutrinos, dark energy.

e This 1s an huge opportunity and a challenge for us.
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Conclusions
* The EFTofLLSS: a novel and powerful way to analytically describe Large Scale Structures
- , the real universe: many application for astrophysics
—It uses novel techniques that come from particle physics
* Loops, divergencies, counterterms, renormalization & non-ren., IR divergencies
* Measurements in Simulations (lattice) and lattice-running
e Many calculations and verifications to do
» Huge opportunity for complementarity with simulations
—~Maybe do simulations focused to convey the EFT parameters?!
e [f success continues, revolution in our expectations for next generation experiments

—on primordial cosmology

[ =

/

S, /:/l:' V=9 ‘U|".|f'l:.'7" (m)%) 4 .‘I!_," (72 + 7 = 7(O7)%) _\!_::.'T:
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Measuring parameters from N-body sims.
* The EFT parameters can be measured from small N-body simulations, using UV theory
—similar to what happens in QCD: lattice sims

* We measure ¢ using the dark matter particles:

. s
E : 2 _ Running of ¢“comp(A) at kex=01,a=1
Jf‘} ~ ,})I (!i -T- ()’) | _km“ lh.\’l.x'lch!\{B
i — 14x%107° s ke = 18 1 Mpc~! (CAMB)
¢ ‘v ’ - running from Consuelo
O ¢t A = 1/6(h/Mpc) from Consuclo atA=1/3 (h/Mpc)
I B -6 }
o 12Xx1077
S l X 10_6 | A =1/3(h/Mpe) from Consuelo
o’ 8.x1077
-
6.x10° 7 —
0.2 04 0.6 0.8 1.0
A (h/Mpc)
* Lattice running .
dc. d o B Pl
* Agreement with fitting from Power Spectrum directly AN~ dA a’k FPiz(k)

with Carrasco and Hertzberg JHEP 2012
see also McQuinn and White 1502
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