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A data driven subject

Cobe 1992
WMAP 2003

Planck 2013



Limits in terms of parameters of a Lagrangian

• These are contour plots of parameters of a fundamental Lagrangian
• Same as in particle accelerator Precision Electroweak Tests.
• Thanks to the EFT: A qualitatively new (and superior) way to use the cosmological data

with Smith and Zaldarriaga, JCAP 2010
Planck Collaboration 2013, 2015

see Barbieri, Giudice, Isidori, ...
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• Planck improve limits wrt WMAP by a factor of ~3.

• Since

• 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 tilt a 2.5     , 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

What has Planck done to theory?
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• 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:

• like a luminosity experiment

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

• and now what?

• I will assume we are not lucky

–no B-mode detection

• Unless we find a way to get more modes, 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

Cosmology, after Planck, has changed
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• Baryon Acoustic Oscillations in Galaxies distribution
Some things already done

CMB

Galaxies

• But we need high precision

BOSS, SDSS 2011



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

–we need to understand how many modes are available

–Need to understand short distances

–Similar as from LEP to LHC

What is next?



• Non-linearities at short scale
The EFTofLSS: A well defined perturbation theory
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Idea of the 
Effective Field Theory



• Very complicated on atomic scales

• On long distances

–we can describe atoms with their gross characteristics

• polarizability                               : 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

Consider a dielectric material
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• Very complicated on atomic scales

• On long distances

–we can describe atoms with their gross characteristics

• polarizability                               : 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

Consider a dielectric material

goes as (k/kNL)2.8 for 0.2 h Mpc�1 . k . 0.6 h Mpc�1 , while it becomes steeper at lower k’s
(k/kNL)3.6 for 0.1 h Mpc�1 . k . 0.2 h Mpc�1 , to slowly asymptote to (k/kNL)9 for k’s smaller
than the equality scale. Notice that h!i✓i and h!i�i vanish because of rotation and/or parity
invariance.

datomic (1)

d� datomic (2)

⇤2
U & ⇤2

min ⇠ 103H2 ) ⇤2
min ⌧ 105H2 (3)

vl,R(~x, t) = vl(~x, t)� e1@�(~x, t) + · · · (4)

h⌧i@2�
l

= c1@
2�l + . . . (5)

@2�l ⌧ 1 (6)

Var(⌧) = h⌧ 2i � h⌧i2 (7)

h⌧i@2�
l

= c1@
2�l + c2@

3�l + . . . + d1(@
2�l)

2 + . . . (8)

(k/kNL)4 for k . 0.1 h Mpc�1 (9)

(k/kNL)2 for k . small introduced by spurios e↵ects (10)

h!i!ji⌧ higher order ⇠ �D(~k + ~k0) �ij c4
v

H2

kNL
3

✓
k

kNL

◆7+2n

, (11)

P�⇡ (12)

P11 =
1

kNL
3

✓
k

kNL

◆�3/2

(13)

f loc
NL ⇠

1

e�ciency
& 1 (14)

⇤2
U & ⇤2

min ⇠ 103H2 (15)

) (16)

⇡̇3
c

⇤2
U

, ⇤4
U ⇠ c5

sḢM2
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sḢM2
Pl (18)

g2
2

m2
h

⇠ 1

⇤2
U

) mh ⇠ g2 ⇥ ⇤U ⌧ ⇤U (19)

) mnew degree of freedom ⇠ g ⇥ ⇤U ⌧ ⇤U (20)

⇤U ⇠ 4⇡
mW

g2

(21)

S =

Z
d4x

1

g2
3

Tr
⇥
Fµ⌫F

µ⌫ + m2
W W µWµ + m2

Z ZµZµ

⇤ ! (22)

S =

Z
d4x
p�g

h
�ḢM2
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Look at the dot
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• 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 is the system I am going to describe

The Theory of the Universe



• Just simulate the full universe (such as water molecules to simulate ocean waves)

• even though successful in the past, now numerics is showing its limitations

–and to make further progress, high precision is required

Normal Approach: numerics



Construction of the 
Effective Field Theory



–In history of universe Dark Matter moves about                                 

– it is an effective fluid-like system with mean free path ~

– it interacts with gravity so matter and momentum are conserved

• Skipping subtleties, the resulting equations are equivalent to fluid-like equations

–short distance physics appears as a non trivial stress tensor for the long-distance fluid

The Effective ~Fluid

with Baumann, Nicolis and Zaldarriaga JCAP 2012 
with Carrasco and Hertzberg JHEP 2012

with Porto and Zaldarriaga JCAP1405 
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Ḣ(@
µ

⇡)2 + M
4

4

�
⇡̇4 + ⇡̇2(@

µ

⇡)2

�i
(11)

� (12)

H , or g
weak

H (13)

f
NL

& 1 (14)

� H2

M2

Pl

(15)

✏(t), c
s

(t) (16)

dE
t

d⌦d!
⇠ 1

(2⇡)3

M2

M2

Pl

(17)

dE
s

d⌦d!
⇠ 1

(2⇡)3

M2

✏M2

Pl

(18)

m ⇠ H (19)

✏
⇡

. 1 (20)

S =

Z
d4x ⇡̇O (21)

f orthog.

NL

(22)

⇡̇4 (23)

n
s

� 1 ⇠ 6✏� 4⌘ +
ċ
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• Take expectation value over short modes (integrate them out)

• We obtain equations containing only long-modes

• This is call `integrating out’ short modes

• How many terms to keep? 

• each term contributes as an extra factor of  

• we keep as many as required precision

•           manifest expansion in

Dealing with the Effective Stress Tensor
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A subtlety: non-locality 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

•         The EFT is local in space, non-local in time

This EFT is non-local in time

goes as (k/kNL)2.8 for 0.2 h Mpc�1 . k . 0.6 h Mpc�1 , while it becomes steeper at lower k’s
(k/kNL)3.6 for 0.1 h Mpc�1 . k . 0.2 h Mpc�1 , to slowly asymptote to (k/kNL)9 for k’s smaller
than the equality scale. Notice that h!i✓i and h!i�i vanish because of rotation and/or parity
invariance.
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sḢM2
Pl (24)

g2
2

m2
h

⇠ 1

⇤2
U

) mh ⇠ g2 ⇥ ⇤U ⌧ ⇤U (25)

) mnew degree of freedom ⇠ g ⇥ ⇤U ⌧ ⇤U (26)

with Carrasco, Foreman and Green 1310
Carroll, Leichenauer, Pollak 1310

Mirbabahi, Schmidt, Zaldarriaga 1412

h⌧ij(~x, t)i
long fixed

⇠
Z t

dt0 K(t, t0
) �⇢(~x

fl

, t0
) + . . . (1)

�⇢(x, t0
) = D(t0

)�⇢(~x)

(1)

(t) + D(t0
)

2�⇢(~x)

(2)

(t) + . . . (2)

) h⌧ij(~x, t)i
long fixed

⇠
Z t

dt0 K(t, t0
)

⇥
D(t0

)�⇢(~x)

(1)

+ D(t0
)

2�⇢(~x)

(2)

+ . . .
⇤
'

' c
1

(t) �⇢(~x)

(1)

(t) + c
2

(t) �⇢(~x)

(2)

(t) + . . .

Time-Local QFT: c
1

(t)
⇥
�⇢(~x)

(1)

(t) + �⇢(~x)

(2)

(t) + . . .
⇤

Non-Time-Local QFT: c
1

�⇢(~x)

(1)

(t) + c
2

(t)�⇢(~x)

(2)

(t) + . . .

ci(t) =

Z
dt0 K(t, t0

) ci(t
0
)

�
photon

� d
atomic

(3)

⌧ij (4)

h⌧ij(~x, t)i
long fixed

⇠
Z t

dt0 K(t, t0
) �⇢(x

fl

, t0
) + . . . (5)

⇡̇3 , ⇡̇(@i⇡)

2

(6)

�P (k) ⇠ c? k2 P
11

(k) (7)

h@2⌧
baryons

i�l
⇠ c2

s @2�l + c2

? @2�l (8)

h@2⌧
baryons

+ @�
baryons

i�l
⇠ c2

s @2�l + c2

? @2�l (9)

⇢L ⇠ ⇢
�
1 + v2

S/2 + �S

�
(10)

pL ⇠ ⇢
�
v2

S + �S

�
(11)

h⇢S

�
v2

S + �S

�
i
virialized

! 0 (12)

Number of modes ⇠
✓

k
max

k
min

◆
3

(13)

m
top quark

(14)

10

120

(15)

⇤ (16)

(17)



Perturbation Theory 
with the EFT



A Non-Renormalization Theorem
(for a SUSY conference)



• Can the short distance non-linearities change completely the overall expansion rate of 
the universe, possibly leading to acceleration without         ?  

• In terms of the short distance perturbation, the effective stress tensor reads

• when objects virialize, induced pressure vanish

–ultraviolet modes do not contribute (like in SUSY!) 
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Perturbation Theory 
with the EFT



• In the EFT we can solve iteratively 

Perturbation Theory within the EFT
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• Since equations are non-linear, we obtain convolution integrals (loops)

Perturbation Theory within the EFT
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A subtlety: non-locality in Time



• The EFT is non-local in time

• Perturbative Structure has a decoupled structure

•   A few coefficients for each counterterm:

• where

• Difference:

• More terms, but not a disaster
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• Since equations are non-linear, we obtain convolution integrals (loops)

Perturbation Theory within the EFT
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⇠ ḢM2

Pl

c2

s

(6)

⇢̇ + @i

�
⇢vi

�
= 0 , (7)

�⇢/⇢ � 1 (8)

cs(⇤) , . . . (9)

�l ⇠ 10�5 , �l ⇠ k2

k2

NL

, vl ⇠ H k

k2

NL

(10)

[⌧ij]
⇤

=  + w = kinetic energy + potential energy (11)

a(tend)

a(th.c)
⇠ eN

c , Nc ⇠ 60 (12)

Ht (13)

) h�Ni ⇠ gh⇣2iNc (14)

hExp [⇣(x, tend)� ⇣(x, th.c.)] i ' 1 +

Z k
end

k

d3k0 h⇣k0(tend)
2 ' 1 + gh⇣2iNc (15)

k
a(th.c.)e⇣(t

h.c.

)

a(tend)e⇣(t
end

)

⇠ k
a(th.c.)

a(tend)
Exp [⇣(x, th.c.)� ⇣(x, treh)] (16)

Exp [⇣(x, tend)� ⇣(x, th.c.)] = Exp

Z k
end

k

d3k0⇣k0(th.c.)

�
(17)

P
22, stoch

⇠ (c2

stoch

)7/2

H4

k4 . (18)

�l ⇠ k2

k2

NL

(19)

 ⇠ (1 + �) v2

s , w ⇠ �s�s (20)

�NL ⇠ 1� 10 Mpc (21)

S =

Z
d4x


(@⇡)2 +

1

F 2

⇡

⇡2(@⇡)2 +
1

F̃ 2

⇡

(@⇡)4 + . . .

�
(22)

k
max

⇠ 0.5 h Mpc�1 (23)

c2

comb

⇠ c2

stoch

⇠ 10�6 (24)

δs

δs

δl δl

h
✓

�T

T

◆
2

i ⇠ H4

˙HM2

Pl

cs

, h�2i ⇠ H2

M2

Pl

(22)

a(t) ⇠ eH t
(23)

10

2

(24)

10 Mpc (25)

NG ⇠ H2

⇤

2

) ⇤

min,Planck ⇠
p

3 ⇤

min,WMAP

(26)

�M(~x, t) '
Z t

dt0 H(t0)


c̄@2�(t, t

0
)

@2�(~x
fl

, t0)

H(t0)2

(27)

+ c̄@ivi
(t, t0)

@iv
i
(~x

fl

, t0)

H(t0)
+ c̄@i@j�@i@j�(t, t

0
)

@i@j�(~x
fl

, t0)

H(t0)2

@i@j�(~x
fl

, t0)

H(t0)2

+ . . .

�
.

) �(2)

(kl) ⇠
Z

d3ks �(1)

(ks) �(1)

(kl � ks) , ) h�2

l i ⇠
Z

d3ks h�(1)

s
2i2 (28)

✏s< ⇠ e↵ect of long displacements (29)

) (30)

�⇢l

⇢
⇠ k

k
NL

(31)

⌧ij ⇠ �ij


p

0

+ cs �⇢l +O
✓

@

k
NL

, @iv
i
l , �⇢

2

l

◆�
(32)

r2

�l = H2

�⇢l

⇢
(33)

@t⇢l + H⇢l + @i

�
⇢lv

i
l

�
= 0 (34)

v̇i
l + Hvi

l + vj
l @jv

i
l =

1

⇢
@j⌧ij (35)

h⌧ijilong�fixed

⇠ �ij


p

0

+ cs �⇢l +O
✓

@

k
NL

, @iv
i
l , �⇢

2

l , . . .

◆
+ �⌧

�
(36)

⌧ij ⇠ �ij ⇢
short

�
v2

short

+ �

short

�
(37)

S =

Z
d4x

p�g
⇥
(@µ�)

2

+ V (�)

⇤
(38)

S =

Z
d4x

p�g
⇥
(@µ⇡)

2

+

�
⇡̇4

+ ⇡̇3

(@µ⇡)

2

�⇤
(39)

k (40)

P!(k) ⇠ 1

k
NL

3

✓
k

k
NL

◆⇠2.5

(41)

cs (42)

` ⇠ 1000 (43)

k2P (k) (44)

1



• Regularization and renormalization of loops (no-scale universe)

–evaluate with cutoff:

– divergence (we extrapolated the equations where they were not valid anymore)
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• Regularization and renormalization of loops (no-scale universe)

–evaluate with cutoff:

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

– we need to add effect of stress tensor

–we just re-derived renormalization

–after renormalization, result is finite and small

Perturbation Theory within the EFT
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• Regularization and renormalization of loops (no-scale universe)

–evaluate with cutoff:

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

– we need to add effect of stress tensor

–we just re-derived renormalization

–after renormalization, result is finite and small

Perturbation Theory within the EFT
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ċ
s

Hc
s

⇠ 4⇥ 10�2 ) c
s

⇠ 1 (17)

r = 16✏c
s

= 0.2 ) c
s

& 0.2

16✏
(18)

S =

Z
d4x ḢM2
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• Each loop-order      contributes a finite, calculable term of order 

–each higher-loop is smaller and smaller

–crucial difference with all former approaches

• This happens after canceling the divergencies with counterterms

• each loop contributes the same

•                              is non-analytic, and so non-degenerate with counterterms

•  calculable within EFT

• analogous to

Lesson from Renormalization

Appendix

A One and Two-Loop Results in the Scaling Universe

In this appendix we collect some results from calculations in the scaling universe. For the n = �2
scaling universe, the 1-loop diagrams are given by13 [6]
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For the n = �3/2 scaling universe, the results are slightly more surprising. At 1-loop, one has
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We see that there will be a significant cancelation between P
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The small size of the ⇤-independent term might be surprising, given our loop counting we expected
O(2⇡), but the small number can be understood as cancellations due to the relative sizes of 2P
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and P
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, which is the combination that appears in reducible diagrams not yet heavily suppressed
at 2-loops.
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• When we solve iteratively these equations in                        , 

–this corresponds to expanding in three parameters:

Connecting with the Eulerian Treatment

Effect of Long Displacements

Effect of Long Overdensities
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• In a no-scale universe                                   , 

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

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

Perturbation Theory in our Universe
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Figure 1: Parameters measuring the amplitude of non-linear correction on a mode of wavenumber k.
They quantify the motions created by modes longer (✏

s<

) and shorter (✏
s>

) than k and the tides
from larger scales (✏

�<

).

Given the importance of resumming corrections of size ✏
s<

and that these terms will be relevant
to get an accurate power spectrum even around the non-linear scale it is useful to gain additional
intuition by studying a simple toy model. We will consider a case, analog to CMB lensing, in which
the density field is a Gaussian random field �

L

which is shifted by a displacement field  which is
also a Gaussian. The field �

L

has power spectrum P

L

(k) and the field  has power spectrum P

 

(k).
For simplicity, we will work in one spatial dimension and take � and  as uncorrelated. This is a
good model to understand the issues as the displacements are dominated by long modes and thus
are approximately uncorrelated with fluctuations on the small scales. What the toy model is lacking
in the dynamical e↵ects from the long modes, the e↵ects of the tides.
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Results for Dark Matter



• Loop contributions from non-linear modes give non-sense results: we need to correct 
for them: renormalization (make the calculation UV-insensitive)

• At 1-loop one counterterm is enough

• At 2-loops, consider

•          At two-loops, with precise data, 3 counterterms are needed, and we estimate size

• The fact that this works is another proof that the EFTofLSS is correct

EFT of Large Scale Structures

with Foreman and Perrier 1507
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Figure 3: In continuos line, we plot the ratio of the calculation of P
2-loop

with cuto↵ ⇤ = 1 and
⇤ = 2 h Mpc�1 . We clearly see that the two results are not equal. In dashed, we plot the same curves
but after adding to the calculation with ⇤ = 1 the counterterms in (13), with numerical values given
in (14). We see that the di↵erence in the two results is practically re-absorbed in a shift in the values of
the counterterms. This is an important consistency check of the EFTofLSS, which tells us that whatever
happens at short distances, can be account for by the EFT counterterms. It also tells us that the
EFTofLSS at two-loop order requires the addition of these higher-order counterterms in order for it to
become insensitive to our assumptions of the UV-behavior of the theory, and therefore consistent.

We add only P (quad, 1)

1-loop

and not P (quad, 2)

1-loop

or P (quad, 3)

1-loop

because the shape of these three counterterms is

quite similar. We show in Fig. 3 the ratio of P (UV-improved)

2-loop

���
⇤=1

with the addition or not of the additional

counterterms over P (UV-improved)

2-loop

���
⇤=2 h Mpc

�1

.

We can see that without the addition of the new counterterms, PUV�improved

2-loop

���
⇤=2 h Mpc

�1

is signifi-

cantly di↵erent that PUV�improved

2-loop

���
⇤=1

. However, after the addition of the counterterms, the result is

insensitive to the contribution of the integral from ⇤ = 2h Mpc�1 to 1. The fact that that the coun-
terterms of the EFTofLSS are able to absorb this UV-sensitivity is a nice demonstration of the internal
consistency of the theory 11.

We therefore conclude that in order to have a sensible two-loop computation, we need to add the
additional countertems. Furthermore, the coe�cients c(UV)

1

, c(UV)

4

, and c(UV)

stoch

give us a sense of the
numerical value of the coe�cients that we expect to be generated by the uncontrolled UV physics. We
find the following fitting values:

c(UV)

1

= �0.42
�
k

NL

/(2 h Mpc�1 )
�
2

, (14)

c(UV)

4

= �1.40
�
k

NL

/(2 h Mpc�1 )
�
4

,

c(UV)

stoch

= �100
�
k

NL

/(2 h Mpc�1 )
�
7

.

We therefore proceed to add these additional counterterms to the two-loop computation, and test the
e↵ect they have at z = 0. We expect to add these additional counterterms with coe�cients comparable

11From a field theoretical point of view, one can argue that the correctness of the EFTofLSS is manifest already
from its construction.
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• .

• k-reach pushed to                                , cosmic variance

• Order by order improvement

• Huge gain wrt former theories

• Theory error estimated, high precision

EFT of Large Scale Structures at Two Loops

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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Figure 4: Prediction of the EFT at two loops after the inclusion of the quadratic counterterms. We can
see that if we add just one of the counterterms, the k

reach

is pushed to k
reach

' 0.28 � 0.34 h Mpc�1 ,
depending on the counterterm that is chosen, where the cosmic variance is about ⇠ 10�3. An estimate of
the theoretical error is shaded in pink, showing the possibility of the decrease of the k

reach

all the way to
k

reach

' 0.24 h Mpc�1 . When we fit contemporarily for two or even three of the quadratic counterterms,
we do not notice a significant improvement.

to the ones in (14).

4 Additional Counterterms

4.1 Quadratic counterterms: ⇠ k2P
1-loop

We start by adding to the prediction of the theory the counterterms in (10). It turns out that the
functional form of each of these terms are quite similar. Therefore we study how much the match of the
theory to the data is improved by first adding one term at the time, then two terms and then three terms.
The results are presented in Fig. 4.

When we add just one of the counterterms, we see that the EFTofLSS matches the data up to
k

reach

' 0.29 � 0.33 h Mpc�1 , depending on the counterterm we use, where the cosmic variance of the
data is as small as 2 ⇥ 10�3 (we notice that this is a remarkable level of precision). The sizes of the
numerical prefactors when each term is included separately are given respectively by
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Figure 7: Comparisons between 1-loop EFT (solid red), 2-loop EFT (solid blue) and SPT at tree
level (dotted green), one loop (dashed red), and two loops (dashed blue). The left plot shows the results
normalized to non-linear data (solid black) while dotted and dashed black lines are the 2-� limits associated
with 1 and 2 percent agreement (1-�) with the non-linear data. The red and blue bands show the 2-�
errors on the 1 and 2 loop EFT parameters respectively. The right plot is the same information without
the normalization to the non-linear data, and with the low-k region omitted for readability.

⇣

k

k

NL

⌘

L

(69)

By Fourier-transforming this equation, we find that
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and we can use the perturbative solutions for �(~k, a) (see App. C) to expand the right-hand side
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We further apply the ansatz (58) about the time-dependent kernel K(a, a0), so that c̄
1

= (2⇡)c2

s(1)

/k2

NL

.
Before we proceed, we should emphasize that the momentum power spectrum depends sen-

sitively on the assumptions made about the time-dependence of the c
n

(a) functions defined in
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In the EFTofLSS we need parameters.
Let us measure them from 
small N-body Simulations!

with Carrasco and Hertzberg JHEP 2012 



• 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:

• Lattice running

• Agreement with fitting from Power Spectrum directly

Measuring parameters from N-body sims.
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(k/kNL)3.6 for 0.1 h Mpc�1 . k . 0.2 h Mpc�1 , to slowly asymptote to (k/kNL)9 for k’s smaller
than the equality scale. Notice that h!i✓i and h!i�i vanish because of rotation and/or parity
invariance.
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Other Observables



–Since this is a theory and not a model

–prediction for other observables from same parameters

–3point function

–very non-trivial function of three variables!

–Momentum

–They all work as they should

–Vorticity Spectrum

–agrees with most accurate measurements in simulations

Other Observables

Pueblas and Scoccimarro  0809
Hahn, Angulo, Abel 1404

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

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

with Carrasco, Foreman and Green JCAP1407



Analytic Prediction of Baryon Effects
with Lewandowski and Perko JCAP1502



• When stars explode, baryons behave differently than dark matter 

• They cannot be reliably simulated due to large range of scales

Baryonic effects



• Main idea for EFT for dark matter:

– since in history of universe Dark Matter moves about                                 

•             it is an effective fluid-like system with mean free path ~

•   Baryons heat due to star formation, but they do not move much: 

– indeed, from observations in clusters, we know that they move

•             it is 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: 

Baryons
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–Analytic form of effect known:

–and it seems to work as expected

Baryons
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Figure 6: We fit to the simulations that include various baryonic e↵ects by comparing the quantity R =
PA

with baryon

/PA
DM only

as calculated in the EFT to the same quantity calculated from the data. Each simulation
has a di↵erent best-fit value of �c̄2

A. Here, we obtain a range of �c̄2

A: �c̄2

A ' 0.5 (hMpc�1)�2 is the blue curve,
which is the AGN data, while �c̄2

A ' 0.07 (hMpc�1)�2 is the yellow curve, which is the NOSN NOZCOOL
simulation. The rest of the curves are DMBLIMFV 1618 (dark red), NOSN (dark green), NOZCOOL
(cyan), REF (dark yellow), WDENS (purple), WML1V 848 (red), WML4 (green). The green region is the
size of the theoretical error, which we have calculated by estimating the size of the two loop corrections that
we have not included, using Eqs. (5.10) and (5.11). The dashed line is the same theoretical error after adding
in quadrature a 1% error for unknown systematics. This has only been plotted for the AGN simulation to
avoid clutter.
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Galaxies Power and Bispectrum





• Similar considerations apply to biased tracers:

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

• all terms allowed by symmetries

• this generalizes and completes 

• this correctly parametrizes assembly bias

• Obtain only 7 parameters  for

• at 1-loop power spectrum

• tree level bispectrum

Galaxies in the EFTofLSS
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• We compare                                                                       using 7 bias parameters

• Fit works up to                               for 1-loop and                              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

Halos in the EFTofLSS with Angulo, Fasiello, Vlah 1503
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• A manifestly well-defined perturbation theory              

• we match until                                  , as where we should stop fitting

–there are ~       more quasi linear modes than previously believed!

–huge impact on possibilities, for ex:                           , neutrinos, dark energy.

• This is an huge opportunity and a challenge for us. 

The EFT of Large Scale Structures
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Figure 7: Comparisons between 1-loop EFT (solid red), 2-loop EFT (solid blue) and SPT at tree
level (dotted green), one loop (dashed red), and two loops (dashed blue). The left plot shows the results
normalized to non-linear data (solid black) while dotted and dashed black lines are the 2-� limits associated
with 1 and 2 percent agreement (1-�) with the non-linear data. The red and blue bands show the 2-�
errors on the 1 and 2 loop EFT parameters respectively. The right plot is the same information without
the normalization to the non-linear data, and with the low-k region omitted for readability.
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• The EFTofLSS: a novel and powerful way to analytically describe Large Scale Structures 

–It describes something true, 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 

• Many calculations and verifications to do (huge opportunity for particle physicists)

• Huge opportunity for complementarity with simulations

–Maybe do simulations focused to convey the EFT parameters?! 

• If success continues, revolution in our expectations for next generation experiments 

–on primordial cosmology

Conclusions
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• Let us not fight between Simulations and Perturbation Theory

Make Peace and no War



• There is room for everybody: the two approaches are complementary

• Hopefully, in this way, we can make LSS interesting for the Big Bang!

Perturbation Theory and Simulations

Long Wavelengths:
Perturbation Theory

Short Wavelengths:
Simulations



IR-resummation
with Zaldarriaga 1404



• In Eulerian treatment

The Effect of Long-modes on Shorter ones

xEulerian

x0

t0
δρshort wavelength



• Add a long `trivial’ force (trivial by GR)

• This tells you that one can resum the IR modes: this is the Lagrangian treatment

The Effect of Long-modes

δρshort wavelength

x0

xEulerian

x0

t0
δρshort wavelength

t1

time

∇⃗Φlong wavelenght

xEulerian

Big `trivial’ Perturbation



• Two effects

–Shift in coordinates

–Shift in field

The Effect of Long-modes
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• Two effects

–Shift in coordinates

–Shift in field

The Effect of Long-modes
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• Two effects

–Shift in coordinates

–Shift in field

• For fields that are scalar, this naively implies, by GR, that there are no IR effects in 
Fourier space at equal time correlators

–both modes are shifted the same way

The Effect of Long-modes
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with Carrasco, Foreman and Green 1304
used to find the so-called consistency conditions in GR

Creminelli, Norena, Simonovic 1309

with Frieman and Scoccimarro 1996

δρshort wavelength
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δρshort wavelength
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time

∇⃗Φlong wavelenght

xEulerian



• The universe has features!

• Even on equal time correlators, IR modes of order the BAO scale do not cancel!

–There is no Fermi Frame with BAO and no displacements shorter than peak

• To compute the width, IR modes up to the peak are relevant

• But they just do kinematics, so we can resum them!

The Effect of Long-modes

δρshort wavelength

x0

xEulerian

x0

t0
δρshort wavelength

t1

time

∇⃗Φlong wavelenght

xEulerian

with Zaldarriaga 1304

x

⟨δ(0)δ(x)⟩

width affected by λshort

peak located at λlong

BAO peak



• All former theories, RPT, LPT,…. differ from SPT just by the IR-resummation

•          by GR, IR-modes cancel in        , 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

EFT of Large Scale Structures at Two Loops

3 free
counterterms

All Former Theories
fail at k~0.03
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• Precision at low k’s is also important and great

• Look where linear theory fails by 1% at                           !

• we can see that order by order, at low k’s, the EFT converges!

• former techniques and N-body sims do not converge to this accuracy

Precision at low    ’s
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Comments on Precise Power Spectrum



• Are we overfitting?

• Fitting procedure constructed in order not to overfit

• Size of counterterms compatible with expectations from UV-insensitivity

• Theory error estimated by imposing        compatibility of measurement of 
parameters as we increase 

• If we set                   , then fit to data is very bad

EFT of Large Scale Structures at Two Loops
with Foreman and Perrier  1507
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• In former two-loop EFT calculation, the k-reach had been estimated to potentially 
reach                                    with only the       parameter. 

• Using Coyote-emulator data, 2% sys. error bars

• More precise data show that the       parameter is 30% different than from Coyote

• reduces the k-reach a bit more than expected (not by much though)

• It is compulsory that with more precise data (0.1%), the k-reach is decreased (look 
linear theory failing at                          !) and more counterterms are needed:

• k-reach makes sense as concept only after specifying the precision of the data

• The story has not been changing apart for better measurement of the parameters
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The EFTofLSS at high-z
with Foreman 1503

with Foreman and Perrier 1507



• .

• Time dependence of         is measured (only one additional parameter)

•         we can do CMB lensing a

All redshifts

Linear

2-loop SPT 1-loop EFT

2-loop EFT



• UV reach improves at high-z

• Theory error gets smaller

• The gain wrt former techniques is huge

• Time dependence of                            is measured (only 12 parameters for all z’s)

• size compatible with UV expectations

•          we can do CMB lensing analytically up to high ell.

• and similarly galaxy lensing

•        detected detected with high sensitivity by upcoming CMB experiments

Results 2-loop IR-resummed
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