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•
A nice EFT

•
Som

e G
R

•
high-energy techniques applied to a novel setting

•
w

hat the 10 year future of inflationary cosm
ology stands on

–
as I am

 now
 going to argue

A
 talk about
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•
The only observable w

e are testing from
 the background solution is 

•
A

ll the rest, com
es from

 the fluctuations

•
For the fluctuations

–
they are prim

ordial

–
they are scale invariant

–
they have a tilt

–
they are quite gaussian

–
both scalar and m

aybe tensors 

H
ow

 do w
e probe inflation
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Lim
its in term

s of param
eters of a Lagrangian

•.

• these are lim
its on the cutoff of the theory

w
ith Sm

ith and Zaldarriaga, JC
A

P2010
Planck C

ollaboration 2013

w
ith C

. C
heung, P. C

rem
inelli, L. Fitzpatrick, J. K

aplan JH
EP 2008 
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•
Planck im

prove lim
its w

rt W
M

A
P by a factor of ~3.

•
Since

•
G

iven the absence of know
n or nearby threshold, this is not m

uch.

•
Planck w

as great

•
but Planck w

as not good enough

–
not Plank’s fault, but N

ature’s faults

•Please com
plain w

ith N
ature

•
Planck w

as an opportunity for a detection, not m
uch an opportunity to change the 

theory in absence of detection (luckily W
M

A
P had a tilt a 2.5     , so w

e got to  6     )

•
O

n theory side, little changes

–
contrary for exam

ple to LH
C,  w

hich w
as crossing thresholds

•A
ny result from

 LH
C is changing the theory

W
hat has Planck done to theory?
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•
Trem

endous progress has been m
ade through observation of the prim

ordial 
fluctuations

•
In order to increase our know

ledge of Inflation, w
e need m

ore m
odes

•
Planck w

ill soon have observed all the m
odes from

 the CM
B

•
and then w

hat?

•
I w

ill assum
e w

e are not lucky

–
no B-m

ode detection

–
no signs from

 the beginning of inflation

•
U

nless w
e find a w

ay to get m
ore m

odes, the gam
e is over

•
Large Scale Structures offer the only m

edium
-term

 place for hunting for m
ore m

odes

–
but w

e are com
pelled to understand them

•I do not think, so far, w
e understand them

 w
ell enough

C
osm

ology is going to change in a few
 m

onths

W
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•
Euclid and LSST like: this is our only next chance

–
w

e need to understand how
 m

any m
odes are available

–
N

eed to understand short distances

–
Sim

ilar as from
 LEP to LH

C W
hat is next?

W
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The Effective Field Theory of 
C

osm
ological Large Scale Structures

w
ith C

arrasco, Forem
an and G

reen JC
A

P1407

w
ith B

aum
ann, N

icolis and Zaldarriaga JC
A

P 2012 
C

osm
ological N

on-linearities
as an Effective Fluid

The Effective Theory of Large 
Scale Structure (EFTofLSS)

w
ith C

arrasco and H
ertzberg JH

EP 2012 

The 2-loop pow
er spectrum

and the IR
 safe integrand

The Lagrangian-space EFTofLSS
w

ith Porto and Zaldarriaga JC
A

P1405

The EFTofLSS at 2-loops

w
ith C

arrasco, Forem
an and G

reen JC
A

P1407

The IR
-resum

m
ed EFTofLSS

w
ith Zaldarriaga 1404

The one-loop bispectrum
 in the EFTofLSS

w
ith A

ngulo, Forem
an, Schm

ittful  1406
see also B

aldauf, M
irbabayi, M

ercolli,Pajer 1406

Bias in the EFTofLSS
m

e alone 1406

R
edshift Space distortions in the EFTofLSS

w
ith Zaldarriaga 1409

W
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•
N

on-linearities at short scale

A w
ell defined perturbation theory
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•
N

on-linearities at short scale

A w
ell defined perturbation theory
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•
Standard perturbation theory is not w

ell defined

•
Standard techniques

–
perfect fluid 

–
expand in                   and solve iteratively

•
Perturbative equations break in the U

V

–
 .

–
no perfect fluid if w

e truncate

A w
ell defined perturbation theory
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Ḣ

M
2

P
l

c
2s

⇡̇
(r

⇡
)
2

)
N

G
⇠

f
N

L
⇣⇠

L
3

L
2 ����E

⇠
H

⇠
1c
2s ⇣

(4)

M
2 6=

0
)

c
s 6=

0
(5)

M
4

2 ⇠
Ḣ
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•
Very com

plicated on atom
ic scales

•
O

n long distances

–
w

e can describe atom
s w

ith their gross characteristics

•polarizability                               : average response to electric field

–
w

e are led to a uniform
, sm

ooth m
aterial, w

ith just som
e m

acroscopic properties 

•w
e sim

ply solve M
axw

ell dielectric equations, w
e do not solve for each atom

.

•
The universe looks like a dielectric

Consider a dielectric m
aterial

goes
as

(k/k
N

L
) 2.8

for
0.2

h
M

p
c

!
1

!
k

!
0.6

h
M

p
c

!
1
,
w

h
ile

it
b
ecom

es
steep

er
at

low
er

k
’s

(k/k
N

L
) 3.6

for
0.1

h
M

p
c

!
1

!
k

!
0.2

h
M

p
c

!
1
,

to
slow

ly
asym

p
tote

to
(k/k

N
L
) 9

for
k
’s

sm
aller

th
an

th
e

equ
ality

scale.
N

otice
th

at
!!

i""
an

d
!!

i#"
van

ish
b
ecau

se
of

rotation
an

d
/or

p
arity

invarian
ce.

d
atom

ic
(1)

d
#

d
atom

ic
(2)

!
2U

"
!

2m
in

$
10

3H
2

%
!

2m
in

&
10

5H
2

(3)

v
l,R

($x,t)
=

v
l ($x,t)

'
e

1 %
#($x,t)

+
á

á
á

(4)

!&"
!

2"
l
=

c
1 %

2'
l +

...
(5)

%
2'

l &
1

(6)

V
ar(&

)
=

!&
2"'!

&"
2

(7)

!&"
!

2"
l
=

c
1 %

2'
l +

c
2 %

3'
l +

...+
d

1 (%
2'

l ) 2
+

...
(8)

(k/k
N

L
) 4

for
k

!
0.1

h
M

p
c

!
1

(9)

(k/k
N

L
) 2

for
k

!
sm

all
introd

u
ced

by
sp

u
rios

e"
ects

(10)

!!
i!

j"
#

higher
order

$
#

D
( $k

+
$k

")
#

ij
c

4v
H

2

k
N

L
3

!
kk
N

L

"
7+

2
n

,
(11)

P
$

%
(12)

P
11

=
1

k
N

L
3

!
kk
N

L

"
!

3/2

(13)

f
lo

c
N

L
$

1

e#
cien

cy
"

1
(14)

!
2U

"
!

2m
in

$
10

3H
2

(15)

%
(16)

(̇
3c

!
2U

,
!

4U
$

c
5s Ḣ
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•
Very com

plicated on atom
ic scales

•
O

n long distances

–
w

e can describe atom
s w

ith their gross characteristics

•polarizability                               : average response to electric field

–
w

e are led to a uniform
, sm

ooth m
aterial, w

ith just som
e m

acroscopic properties 

•w
e sim

ply solve M
axw

ell dielectric equations, w
e do not solve for each atom

.

•
The universe looks like a dielectric

Consider a dielectric m
aterial
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•
A w

ell defined perturbation theory

•
2-loop in the EFT, w

ith IR resum
m

ation

•
D

ata go as                : naively factor of 200 m
ore m

odes than before

Bottom
 line result
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ith thisLook at the dot,

to scale
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W
ith thisLook at the dot,

to scale

If it holds, this is a revolution 
of our expectations
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•
O

n short distances, w
e have point-like particles

–
they m

ove

–
induce overdensities

–
Source gravity

Point-like Particle versus Extended O
bjects
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•
But w

e cannot describe point-like particles: w
e need to focus on long distances. 

–
W

e deal w
ith Extended objects

•they m
ove differently:

Point-like Particle versus Extended O
bjects
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•They induce num
ber over-densities and real-space m

ultipole m
om

ents 

•they source gravity w
ith the `overall’ m

ass

•These equations can be derived from
 sm

oothing the point-particle equations

–but actually these are the assum
ption-less equations

Point-like Particle versus Extended O
bjects
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•
Sim

ilar to treatm
ent of m

aterial polarizability:

•
Take m

om
ents:

•
Expectation value

•
Response (non-local in tim

e)

•
Stochastic noise

•
O

verall

•
 In sum

m
ary: w

e obtain an expression just in term
s of long-w

avelength variables

H
ow

 do w
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 term
s?

go
es

as
(k/k

N
L ) 2.8

for
0.2

h
M

p
c

!
1

!
k

!
0.6

h
M

p
c

!
1,

w
hile

it
b

ecom
es

steep
er

at
low

erkÕ
s

(k/k
N

L ) 3.6
for

0.1
h

M
p

c
!

1
!

k
!

0.2
h

M
p

c
!

1,
to

slow
ly

asym
ptote

to
(k/k

N
L ) 9

for
kÕ

s
sm

aller
than

the
equality

scale.
N

otice
that!!

i""
and

!!
i#"

vanish
b

ecause
of

rotation
and/or

parity
invariance.

!Q
S "

=
0

(1)
$d

dip
ole

#
%

$E
electric

(2)

d
atom

ic
(3)

d
$

d
atom

ic
(4)

!
2U

"
!

2m
in

#
10

3H
2

%
!

2m
in

&
10

5H
2

(5)

v
l,R

($x,t)
=

v
l ($x,t)

'
e

1 &
#($x,t)+

á
á

á
(6)

!'"
!

2"
l =

c
1 &

2(
l +

...
(7)

&
2(

l &
1

(8)

V
ar(')

=
!'

2"'!
'"

2
(9)

!'"
!

2"
l =

c
1 &

2(
l +

c
2 &

3(
l +

...+
d

1 (&
2(

l ) 2
+

...
(10)

(k/k
N

L ) 4
for

k
!

0.1
h

M
p

c
!

1
(11)

(k/k
N

L ) 2
for

k
!

sm
all

intro
duced

by
spurios

e"ects
(12)

!!
i!

j"
#

higher
order

#
#

D
( $k

+
$k

")
#

ij
c

4v
H

2

k
N

L
3

!
kk
N

L

"
7+

2
n

,
(13)

P
$

%
(14)

P
11

=
1

k
N

L
3

!
kk
N

L

"
!

3/2

(15)

f
lo

c
N

L
#

1
e#

ciency
"

1
(16)

!
2U

"
!

2m
in

#
10

3H
2

(17)

%
(18)

ú)
3c

!
2U

,
!

4U
#

c
5s

úHM
2P
l

(19)

g
22

m
2h

#
1!
2U

%
m

h
#

g
2

(
!

U
&

!
U

(20)

%
m

new
degree

of
freedom

#
g

(
!

U
&

!
U

(21)

!
U

#
4)

m
W

g
2

(22)

S
=

#
d

4x
1g
23 Tr

$F
µ

& F
µ

&
+

m
2W

W
µW

µ
+

m
2Z

Z
µZ

µ %
)

(23)

S
=

#
d

4x *
'

g
&'

úHM
2P
l (&

µ )
) 2

+
M

4ú)
2

+
øM

3H
(&

i )
) 2

+
÷M

2(&
2)

) 2 '
(24)

H
(t+

)
)

%
¬H

)
2

(25)

go
es

as
(k/k

N
L ) 2.8

for
0.2

h
M

p
c

!
1

!
k

!
0.6

h
M

p
c

!
1,

w
hile

it
b

ecom
es

steep
er

at
low

erkÕ
s

(k/k
N

L ) 3.6
for

0.1
h

M
p

c
!

1
!

k
!

0.2
h

M
p

c
!

1,
to

slow
ly

asym
ptote

to
(k/k

N
L ) 9

for
kÕ

s
sm

aller
than

the
equality

scale.
N

otice
that!!

i""
and

!!
i#"

vanish
b

ecause
of

rotation
and/or

parity
invariance.

!Q
S Q

S
..."

#=
0

(1)
$d

dip
ole

$
%

$E
electric

(2)

d
atom

ic
(3)

d
%

d
atom

ic
(4)

!
2U

"
!

2m
in

$
10

3H
2

&
!

2m
in

'
10

5H
2

(5)

v
l,R

($x,t)
=

v
l ($x,t)

(
e

1 &
#($x,t)+

á
á

á
(6)

!'"
!

2"
l =

c
1 &

2(
l +

...
(7)

&
2(

l '
1

(8)

V
ar(')

=
!'

2"(!
'"

2
(9)

!'"
!

2"
l =

c
1 &

2(
l +

c
2 &

3(
l +

...+
d

1 (&
2(

l ) 2
+

...
(10)

(k/k
N

L ) 4
for

k
!

0.1
h

M
p

c
!

1
(11)

(k/k
N

L ) 2
for

k
!

sm
all

intro
duced

by
spurios

e"ects
(12)

!!
i!

j"
#

higher
order

$
#

D
( $k

+
$k

")
#

ij
c

4v
H

2

k
N

L
3

!
kk
N

L

"
7+

2
n

,
(13)

P
$

%
(14)

P
11

=
1

k
N

L
3

!
kk
N

L

"
!

3/2

(15)

f
lo

c
N

L
$

1
e#

ciency
"

1
(16)

!
2U

"
!

2m
in

$
10

3H
2

(17)

&
(18)

ú)
3c

!
2U

,
!

4U
$

c
5s

úHM
2P
l

(19)

g
22

m
2h

$
1!
2U

&
m

h
$

g
2

)
!

U
'

!
U

(20)

&
m

new
degree

of
freedom

$
g

)
!

U
'

!
U

(21)

!
U

$
4)

m
W

g
2

(22)

S
=

#
d

4x
1g
23 Tr

$F
µ

& F
µ

&
+

m
2W

W
µW

µ
+

m
2Z

Z
µZ

µ %
*

(23)

S
=

#
d

4x +
(

g
&(

úHM
2P
l (&

µ )
) 2

+
M

4ú)
2

+
øM

3H
(&

i )
) 2

+
÷M

2(&
2)

) 2 '
(24)

H
(t+

)
)

&
¬H

)
2

(25)

!d
dip

ole
!

!d
intrinsic

+
"

!E
(1)

"
2#

=
H

2 $
%%

(2)

&
t %

+
H

%
+

&
i (%v

i)
=

0
(3)

úv i+
H

v
i+

v
j&

j v
i=

1%
&

j '
ij

(4)

!z(!q
,t)

=
!q

+
!s(!q

,t)
(5)

#
$

$
(2)
k

$
(2)
k

%
! !

d
3k

!$$
(1)
k

"
k

! $
(1)
k

"
k

! %
$$ (1)
k

!
$

(1)
k

!
%

(6)

Q
ij

=
l 20

$
ij

+
l 21

&
i &

j !
L

+
...+

Q
ij,

S
(7)

((
&

((
(8)

F
!

(9)

#
f

lo
c.

N
L

!
1

(10)

d
cs

d"
=

dd
"

!
!

d
3k

P
13 (k)

(11)

f
equil,orthog

,
lo

c.
N

L
"

1
(12)

'
ij

=
%

0 $
ij

+
c

2s &
2$

L
$

ij
+

...
(13)

!k
á!s

L
'

1
(14)

#
(15)

"
kk
N

L

#
'

1
(16)

k
'

k
N

L
(17)

k
!

k
N

L
(18)

,
Q

electric
ij

=
c

E
i E

j
,

...
(19)

$Q
S Q

S
...%

(=0
(20)

!d
dip

ole
!

"
!E

electric
(21)

d
atom

ic
(22)

d
)

d
atom

ic
(23)

"
2U

!
"

2m
in

!
10

3H
2

#
"

2m
in

'
10

5H
2

(24)

v
l,R

(!x,t)
=

v
l (!x,t)

*
e

1 &
$(!x,t)+

á
á

á
(25)

$'%
"

2#
l =

c
1 &

2#
l +

...
(26)

&
2#

l '
1

(27)

V
ar(')

=
$'

2%
*

$'%
2

(28)

$'%
"

2#
l =

c
1 &

2#
l +

c
2 &

3#
l +

...+
d

1 (&
2#

l ) 2
+

...
(29)

(k/k
N

L ) 4
for

k
"

0.1
h

M
p

c
"

1
(30)

!Q
ij"

S
=

l 2S (!)"
ij

(1)
#d

dip
ole

#
#d

intrinsic
+

$
#E

(2)

$
2%

=
H

2 "&&
(3)

'
t &

+
H

&
+

'
i (&v

i)
=

0
(4)

úv i+
H

v
i+

v
j'

j v
i=

1&
'

j (
ij

(5)

#z(#q
,t)

=
#q

+
#s(#q

,t)
(6)

%
!"

(2)
k

"
(2)
k

"
#

!
d

3k
!!"

(1)
k

"
k

! "
(1)
k

"
k

! "
!"

(1)
k

!
"

(1)
k

!
"

(7)

Q
ij

=
l 20

"
ij

+
l 21

'
i '

j !
L

+
...+

Q
ij,

S
(8)

))
&

))
(9)

F
!

(10)

%
f

lo
c.

N
L

!
1

(11)

d
cs

d"
=

dd
"

!
!

d
3k

P
13 (k)

(12)

f
equil,orthog

,
lo

c.
N

L
"

1
(13)

(
ij

=
&

0 "
ij

+
c

2s '
2"

L
"

ij
+

...
(14)

#k
á#s

L
'

1
(15)

%
(16)

"
kk
N

L

#
'

1
(17)

k
'

k
N

L
(18)

k
!

k
N

L
(19)

,
Q

electric
ij

=
c

E
i E

j
,

...
(20)

!Q
S Q

S
..."

(=
0

(21)
#d

dip
ole

#
$

#E
electric

(22)

d
atom

ic
(23)

d
)

d
atom

ic
(24)

"
2U

!
"

2m
in

#
10

3H
2

%
"

2m
in

'
10

5H
2

(25)

v
l,R

(#x,t)
=

v
l (#x,t)

*
e

1 '"
(#x,t)+

á
á

á
(26)

!("
"

2#
l =

c
1 '

2%
l +

...
(27)

'
2%

l '
1

(28)

V
ar(()

=
!(

2"
*

!
("

2
(29)

!("
"

2#
l =

c
1 '

2%
l +

c
2 '

3%
l +

...+
d

1 ('
2%

l ) 2
+

...
(30)

Q
ij,

R
!

l1 (!) 2
"

i "
j !

L (#z
L (#q

,!)
(1)

!
E

nergyelectrostatic
=

q
V

+
#d

á
#E

+
...

(2)

"
2!

(#x)
=

H
2$(#x)

(3)

1
+

$(#x,!)
=

!
d

3q
$

(3)(#x
"

#z(#q
,!))

(4)

n
(5)

ú%
3

"
2U

(6)

F
!

(7)

%
%

(8)

#
w

induced
!

10
!

5
(9)

&
L

=
&

s (v
2s

+
!

s )
(10)

p
L

=
&

s (2v
2s

+
!

s )
(11)

"
(12)

'
ij

=
p

0 $
ij

+
c

2s $
ij

"
2$

&
+

...
(13)

$Q
ij%

S
=

l 2S (!)$
ij

(14)
#d

dip
ole

!
#d

intrinsic
+

(
#E

(15)

&
2)

=
H

2 $
&&

(16)

"
t &

+
H

&
+

"
i (&v

i)
=

0
(17)

úv i+
H

v
i+

v
j"

j v
i=

1&
"

j '
ij

(18)

#z(#q
,t)

=
#q

+
#s(#q

,t)
(19)

#
$

$
(2)
k

$
(2)
k

%
! !

d
3k

"$$
(1)
k!

k
! $

(1)
k!

k
! %

$$ (1)
k

!
$

(1)
k

!
%

(20)

Q
ij

=
l 20

$
ij

+
l 21

"
i "

j !
L

+
...+

Q
ij,

S
(21)

%
%'

%
%

(22)

F
!

(23)

#
f

lo
c.

N
L

!
1

(24)

d
cs

d"
=

dd
"

!
!

d
3k

P
13 (k)

(25)

f
equil,orthog

,
lo

c.
N

L
"

1
(26)

'
ij

=
&

0 $
ij

+
c

2s "
2$

L
$

ij
+

...
(27)

#k
á#s

L
(

1
(28)

#
(29)

W
ednesday, Septem

ber 17, 14



•
For local EFT, w

e need hierarchy of scales.

–
In space w

e are ok

–
In tim

e w
e are not ok: all m

odes evolve w
ith tim

e-scale of order H
ubble

•           The EFT is local in space, non-local in tim
e

–
Technically it does not affect m

uch because the linear propagator is local in space

This EFT is non-local in tim
e
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•
Sim

ilar to treatm
ent for m

aterial polarizability:

•
Short distance physics is taken into account by expectation value, response, and noise

•
Poisson equation breaks w

hen

–
gravitational potential from

 quadrupole m
om

ent ~ the one from
 center of m

ass

•
By dim

ensional analysis, this happens for distances shorter than a critical length

–
the non-linear scale

–
on long distances,                 , w

rite as m
any term

s as precision requires.

•M
anifestly convergent expansion in 
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•
In the universe, finite-size particles m

ove

•
In Lagrangian space, w

e do not expand in

•
In Eulerian, w

e do: w
e describe particles from

 a fixed position

–
Expand in 

•
There are three expansion param

eters for a given w
avenum

ber

Connecting w
ith the Eulerian Treatm

ent
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•Expand in all param
eters (Eulerian treatm

ent)

•The resulting equations are equivalent to Eulerian fluid-like equations

–here it appears a non trivial stress tensor for the long-distance fluid

Connecting w
ith the Eulerian Treatm

ent
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•
Can the short distance non-linearities change com

pletely the overall expansion rate of 
the universe, possibly leading to acceleration w

ithout         ?  

•
In term

s of the short distance perturbation, the effective stress tensor reads

•
w

hen objects virialize, the induced pressure vanish

–
ultraviolet m

odes do not contribute (like in SU
SY

) 

•
The backreaction is dom

inated by m
odes at the virialization scale 

–

A non-renorm
alization theorem
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•
In the EFT w

e can solve iteratively (loop expansion) 
Perturbation Theory w

ithin the EFT
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•
H

as everything being lost?

–
to m

ake result finite, w
e need to add a counterterm

 w
ith finite part

•need to fit to data (like a coupling constant), but cannot fit the k-shape

–
the subleading finite term

 is not degenerate w
ith a counterterm

.

•it cannot be changed

•it is calculable by the EFT 

–so it predicts an observation 
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•
Each loop-order      contributed a finite, calculable term

 of order 

–
each higher-loop is sm

aller and sm
aller

•
This happens after canceling the divergencies w

ith counterterm
s

•each loop contributes the sam
e

•
U

p to 2-loops, w
e need only the 1-loop counterterm

Lesson from
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alization
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•
In Eulerian treatm

ent

The Effect of Long-m
odes on Shorter ones
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•
A

dd a long `trivial’ force (trivial by G
R)

•
This tells you that one can resum

 the IR m
odes: this is the Lagrangian treatm

ent
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•
Tw

o effects

–
Shift in coordinates

–
Shift in field

The Effect of Long-m
odes
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•
Tw

o effects

–
Shift in coordinates

–
Shift in field

•
For fields that are scalar, this naively im

plies, by G
R, that there are no IR effects in 

Fourier space at equal tim
e correlators

–
both m

odes are shifted the sam
e w

ay
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•
The universe has features!

•
Even on equal tim

e correlators, IR m
odes of order the BA

O
 scale do not cancel!

–
In Fourier space these are the w

iggles

•
To com

pute the w
idth, IR-BA

O
 m

odes are relevant

•
But they just do kinem

atics, so w
e can resum

 them
!

The Effect of Long-m
odes

!"
short

w
avelength

x
0

x
E

ulerian

x
0

t0
!"

short
w

avelength

t1

tim
e

#!
!

long
w

avelenght

x
E

ulerian

!"
/"

(1)

!(#
i $

i) 2"
(2)

k
[h/M

p
c]

(3)

!%
2k "

#
&

!
kk
N

L

"
2

+
'

!
kk
N

L

"
3

(4)

(v((x)
=

($
((x)

"((x)
(5)

k
ren

$
0.2

M
p

c
!

1
(6)

"
L

=
"

S
(1

+
v

2S
+

!
S )

(7)

p
L

=
"

S
(2v

2S
+

!
L )

(8)

k
L

!
"

k
oscillation

(9)

k
(10)

"
k

resolution
(11)

"
k

oscillation
(12)

%
(13)

1/k
L

(14)

($
((x)

&
($

inertial ( (÷x)
=

($
((x( (÷x))+

"( (÷x)
(v( (÷x)

(15)

E
M

&
G

R
(16)

P
L

!
lo

ops!
Þ

nite
#

!
kk
N

L

"
L

(17)

Q
ij,

R
#

l1 ()) 2
#

i #
j !

L ((z
L ((q

,))
(18)

#
E

nergyelectrostatic
=

q
V

+
(d

á
(E

+
...

(19)

#
2!

((x)
=

H
2!((x)

(20)

1
+

!((x,))
=

#
d

3q
!

(3)((x
'

(z((q
,)))

(21)

n
(22)

ú$
3

#
2U

(23)

F
!

(24)

$
$

(25)

%
w

induced
#

10
!

5
(26)

"
L

=
"

s (v
2s

+
!

s )
(27)

p
L

=
"

s (2v
2s

+
!

s )
(28)

#
(29)

*
ij

=
p

0 !
ij

+
c

2s !
ij

#
2!"

+
...

(30)

�⇢
/⇢

(1)

!(@
i ⇡

i) 2"
(2)

k
[h

/M
p

c]
(3)

!!
2k "

#
↵

!
kk
N

L

"
2

+
�

!
kk
N

L

"
3

(4)

~v(~x)
=

~⇡
(~x)

⇢(~x)
(5)

k
ren

$
0.2

M
pc

!
1

(6)

⇢
L

=
⇢

S
(1

+
v

2S
+

!
S )

(7)

p
L

=
⇢

S
(2

v
2S

+
!

L )
(8)

k
L

!
"

k
oscillation

(9)

k
(10)

"
k

resolution
(11)

"
k

oscillation
(12)

%
(13)

1/k
L

(14)

~⇡
(~x)

&
~⇡

inertial ( ~÷x)
=

~⇡
(~x( ~÷x))+

⇢( ~÷x)
~v( ~÷x)

(15)

E
M

&
G

R
(16)

P
L

!
lo

ops!
Þ

nite
#

!
kk
N

L

"
L

(17)

Q
ij,

R
#

l1 (⌘) 2
@

i @
j !

L (~z
L (~q,⌘)

(18)

#
E

nergyelectrostatic
=

q
V

+
~d

á
~E

+
...

(19)

@
2!

(~x)
=

H
2�(~x)

(20)

1
+

�(~x
,⌘)

=
#

d
3q

�
(3)(~x

'
~z(~q,⌘))

(21)

n
(22)

ú⇡
3

#
2U

(23)

F
!

(24)

⇡
⇡

(25)

%
w

induced
#

10
!

5
(26)

⇢
L

=
⇢

s (v
2s

+
!

s )
(27)

p
L

=
⇢

s (2
v

2s
+

!
s )

(28)

#
(29)

⌧
ij

=
p

0
�

ij
+

c
2s
�

ij
@

2�⇢
+

...
(30)

w
ith Zaldarriaga 1304

x

!!(0)!(x)"

w
idth

a!ected
by"

short

p
eak

lo
cated

at"
long

W
ednesday, Septem

ber 17, 14



Results

W
ednesday, Septem

ber 17, 14



•
W

ell defined and m
anif. converg.

•
Every perturbative order im

proves the agreem
ent as it should

•
W

e know
 w

hen w
e should fail, and w

e fail w
hen w

e should

EFT of Large Scale Structures
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and

tw
o-lo

ops
results

have
b

een
renorm

alized
atkren

=
0

.2
h

M
p

c
!

1
,

and
c

2s(1)
has

b
een

approxim
ately

Þ
tup

to
k

!
0.5

h
M

p
c

!
1

.
S

ince
the

equal-tim
e

m
atter

p
ow

er
sp

ectrum
is

IR
-safe,w

e
see

thatthe
e!ectofthe

IR
-resum

m
ation

is
just

to
a

!
ect

the
oscillations,

w
hich

are
indeed

now
correctly

taken
into

account.
W

e
see

that
the

one-lo
op

result
m

atches
to

p
ercent

levelthe
data

up
tok

!
0.3

h
M

p
c

!
1

,
w

hile
at

tw
o-lo

op
m

atches
all

the
w

ay
up

to
k

!
0.6

h
M

p
c

!
1

.
T

he
spike

at
k

!
0.05

h
M

p
c

!
1

is
due

to
the

num
erical

interp
olator,

against
w

hich
w

e
com

pare,
not

to
the

E
F

T
.

It
is

also
im

p
ortant

to
notice

that
the

m
atch

stops
exactly

the
three-lo

op
term

is
estim

ated
to

b
ecom

e
relevant.B

ottom
:

W
e

com
pare

the
predictions

of
the

IR
-resum

m
ed

E
F

T
w

ith
the

ones
of

S
P

T
.

In
thick

m
agenta,

red
and

blue
w

e
plot

resp
ectively

the
IR

-resum
m

ed
linear,

one-
lo

op
and

tw
o-lo

ops
predictions

of
the

E
F

T
.

W
ith

the
sam

e
colors,

but
sim

ply
dashed,

the
sam

e
quantities

in
S

P
T

.
A

s
w

e
go

to
higher

orders,
S

P
T

do
es

not
increase

the
agreem

ent
w

ith
the

data.
Furtherm

ore,
w

e
notice

that
S

P
T

has
the

sam
e

oscillatory
features

as
the

E
ulerian

E
F

T
.

In
contrast,

the
IR

-resum
m

ed
E

F
TofLS

S
correctly

predicts
the

size
of

the
oscillations,

and,
at

each
order

in
p

erturbation
theory,

it
im

proves
the

U
V

m
atch

to
the

data.
Im

p
ortantly,

in
the

E
F

TofLS
S

,
order

by
order

in
p

erturbation
theory,

it
is

p
ossible

to
estim

ate
up

to
w

here
the

theory
should

m
atch

the
data.
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•
The lines w

ith oscillations are obtained w
ithout resum

m
ation in the IR

–
G

etting the BA
O

 peak w
rong

EFT of Large Scale Structures
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4:
Top:

T
he

prediction
of

the
IR

-resum
m

ed
E

F
T

at
one-lo

op
(in

thick
red)

and
tw

o-lo
ops

(in
thick

blue).
In

thin
dashed

are
the

predictions
from

the
E

ulerian
E

F
T

,
that

is
w

ithout
IR

-resum
m

ation,
w

ith
the

sam
e

colors
resp

ectively.
T

he
green

band
represents

the
estim

ated
theoretical

error
from

three-lo
ops.

T
he

one-
and

tw
o-lo

ops
results

have
b

een
renorm

alized
atkren

=
0

.2
h

M
p

c
!

1
,

and
c

2s(1)
has

b
een

approxim
ately

Þ
tup

to
k

!
0.5

h
M

p
c

!
1

.
S

ince
the

equal-tim
e

m
atter

p
ow

er
sp

ectrum
is

IR
-safe,w

e
see

thatthe
e!ectofthe

IR
-resum

m
ation

is
just

to
a

!
ect

the
oscillations,

w
hich

are
indeed

now
correctly

taken
into

account.
W

e
see

that
the

one-lo
op

result
m

atches
to

p
ercent

levelthe
data

up
tok

!
0.3

h
M

p
c

!
1

,
w

hile
at

tw
o-lo

op
m

atches
all

the
w

ay
up

to
k

!
0.6

h
M

p
c

!
1

.
T

he
spike

at
k

!
0.05

h
M

p
c

!
1

is
due

to
the

num
erical

interp
olator,

against
w

hich
w

e
com

pare,
not

to
the

E
F

T
.

It
is

also
im

p
ortant

to
notice

that
the

m
atch

stops
exactly

the
three-lo

op
term

is
estim

ated
to

b
ecom

e
relevant.B

ottom
:

W
e

com
pare

the
predictions

of
the

IR
-resum

m
ed

E
F

T
w

ith
the

ones
of

S
P

T
.

In
thick

m
agenta,

red
and

blue
w

e
plot

resp
ectively

the
IR

-resum
m

ed
linear,

one-
lo

op
and

tw
o-lo

ops
predictions

of
the

E
F

T
.

W
ith

the
sam

e
colors,

but
sim

ply
dashed,

the
sam

e
quantities

in
S

P
T

.
A

s
w

e
go

to
higher

orders,
S

P
T

do
es

not
increase

the
agreem

ent
w

ith
the

data.
Furtherm

ore,
w

e
notice

that
S

P
T

has
the

sam
e

oscillatory
features

as
the

E
ulerian

E
F

T
.

In
contrast,

the
IR

-resum
m

ed
E

F
TofLS

S
correctly

predicts
the

size
of

the
oscillations,

and,
at

each
order

in
p

erturbation
theory,

it
im

proves
the

U
V

m
atch

to
the

data.
Im

p
ortantly,

in
the

E
F

TofLS
S

,
order

by
order

in
p

erturbation
theory,

it
is

p
ossible

to
estim

ate
up

to
w

here
the

theory
should

m
atch

the
data.
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•
w

e fit until                                           , as w
here w

e should stop fitting

–
there are 200 m

ore quasi linear m
odes than previously believed!

EFT of Large Scale Structures
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•
Com

parison w
ith Standard Treatm

ent (feel free to ask about RPT)

•
For the EFT, change from

 1-loop to 2-loop predicted

–
the other new

 term
s are clearly im

portant

–
they `conspire’ to the right answ

er

EFT of Large Scale Structures

p
erform

ed
using

M
onte

C
arlo

integration
routines

from
the

C
U

B
A

library
[18],to

com
pute

P
1-lo

op

and
P

2-lo
op .

F
irst,

let
us

outline
the

pro
cedure

schem
atically:

in
order

to
determ

inec
2s(1) ,

w
e

consider
the

1-lo
op

E
F

T
prediction,

P
E

F
T

-1-lo
op

=
P

11
+

P
1-lo

op
!

2
(2!

)c
2s(1)

k
2

k
2N

L
P

11
.

(61)

W
e

determ
ine

c
2s(1)

by
Þ

tting
P

E
F

T
-1-lo

op
to

the
non-linear

p
ow

er
sp

ectrum
at

lowk,
w

here
P

1-lo
op

is
exp

ected
to

b
e

reliable.
A

fter
determ

iningc
2s(1) ,

the
tw

o-lo
op

p
ow

er
sp

ectrum
is

given
by

P
E

F
T

-2-lo
op

=
P

11 +
P

1-lo
op +

P
2-lo

op !
2

(2!
)(c

2s(1) +
c

2s(2) )
k

2

k
2N

L
P

11 +
(2

!
)c

2s(1) P
(c

s ,p)
1-lo

op +
(2

!
) 2c

4s(1)
k

4

k
4N

L
P

11
.

(62)
T

he
purp

ose
ofc

2s(2)
is

to
cancelthe

(
k

k
N

L
) 2P

11
dep

endence
ofP

2-lo
op

thatarises
from

lo
op

m
om

enta
w

ith
q

"
k.

B
ecause

this
contribution

is
larger

thanP
Þ

nite
2-lo

op ,
w

e
can

determ
ine

it
by

com
paring

to
P

E
F

T
-1-lo

op
in

the
region

w
here

P
Þ

nite
2-lo

op
is

negligible.
B

y
doing

so,
w

e
can

determ
ine

all
the

param
eters

in
P

E
F

T
-2-lo

op
w

ithout
ever

Þ
tting

the
2-lo

op
p

ow
er

sp
ectrum

to
the

nonlinear
data

directly!
H

ow
ever,

im
plem

enting
the

ab
ove

pro
cedure

is
challenging.

It
is

easy
to

m
easure

c
2s(1)

and
c

2s(2)
w

hen
they

contribute
signiÞ

cantly
to

the
p

ow
er

sp
ectrum

,
nam

ely
ab

ovek
#

0.1
h

M
p

c
!

1.
H

ow
ever,

in
this

regim
e,

it
is

di!
cult

to
determ

ine,
a

priori,
at

w
hich

range
ofk

the
contribution

from
P

Þ
nite

2-lo
op

can
b

e
ignored

(w
hich

is
required

for
b

oth
m

easurem
ents

to
b

e
valid).

If
one

w
orks

at
k

$
0.1

h
M

p
c

!
1,

one
can

safely
use

2(2!)(c
2s(1)

+
c

2s(2) )(
k

k
N

L
) 2P

11
"

P
Þ

nite
2-lo

op .
H

ow
ever,

b
ecause

2(2!
)(c

2s(1)
+

c
2s(2) )(

k
k

N
L

) 2P
11

$
P

11 ,
one

requires
very

high
precision

nonlinear
data

to
m

ake
the

m
easurem

ent
ofc

2s(1) .
In

practice,
it

app
ears

that
the

real
universe

is
m

uch
b

etter
b

ehaved
than

one
w

ould
have

naively
exp

ected.
A

s
w

e
discussed

in
S

ection3.1,
in

the
regim

e
0.1

h
M

p
c

!
1

<
k

<
0.3

h
M

p
c

!
1,

the
universe

b
ehaves

m
uch

like
a

scaling
universe

w
ithn

=
!

1.7
#

!
3/2.

A
s

w
e

show
in

A
pp

endix
A

,
in

the
n

=
!

3/2
universeP

Þ
nite

2-lo
op

is
sm

aller
than

our
lo

op
counting

w
ould

suggest
by

a
factor

of
10 !

2.
A

s
a

result,
w

e
can

trustP
E

F
T

-1-lo
op

up
to

k
#

k
tr ,

w
hich

is
a

m
uch

higher
scale

than
our

naive
counting

w
ould

suggest.
T

herefore,
in

the
range

0
.1

h
M

p
c

!
1

<
k

<
0.25

h
M

p
c

!
1,

w
e

can
safely

m
easurec 2s(1)

and
c

2s(2)
by

im
plem

enting
the

ab
ove

pro
cedure.

T
his

is
very

fortunate
b

ecause
the

error
on

available
non-linear

data
is

to
o

large
to

apply
to

ab
ove

pro
cedure

at
k

$
0.1

h
M

p
c

!
1.

W
e

determ
ine

c
2s(1)

from
a

least-"
2

Þ
tof

the
P

E
F

T
-1-lo

op
to

the
C

oyote
p

ow
er

sp
ectrum

over
the
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4:
Top:

T
he

prediction
of

the
IR

-resum
m

ed
E

F
T

at
one-lo

op
(in

thick
red)

and
tw

o-lo
ops

(in
thick

blue).
In

thin
dashed

are
the

predictions
from

the
E

ulerian
E

F
T

,
that

is
w

ithout
IR

-resum
m

ation,
w

ith
the

sam
e

colors
resp

ectively.
T

he
green

band
represents

the
estim

ated
theoretical

error
from

three-lo
ops.

T
he

one-
and

tw
o-lo

ops
results

have
b

een
renorm

alized
atkren

=
0

.2
h

M
p

c
!

1
,

and
c

2s(1)
has

b
een

approxim
ately

Þ
tup

to
k

!
0.5

h
M

p
c

!
1

.
S

ince
the

equal-tim
e

m
atter

p
ow

er
sp

ectrum
is

IR
-safe,w

e
see

thatthe
e!ectofthe

IR
-resum

m
ation

is
just

to
a

!
ect

the
oscillations,

w
hich

are
indeed

now
correctly

taken
into

account.
W

e
see

that
the

one-lo
op

result
m

atches
to

p
ercent

levelthe
data

up
tok

!
0.3

h
M

p
c

!
1

,
w

hile
at

tw
o-lo

op
m

atches
all

the
w

ay
up

to
k

!
0.6

h
M

p
c

!
1

.
T

he
spike

at
k

!
0.05

h
M

p
c

!
1

is
due

to
the

num
erical

interp
olator,

against
w

hich
w

e
com

pare,
not

to
the

E
F

T
.

It
is

also
im

p
ortant

to
notice

that
the

m
atch

stops
exactly

the
three-lo

op
term

is
estim

ated
to

b
ecom

e
relevant.B

ottom
:

W
e

com
pare

the
predictions

of
the

IR
-resum

m
ed

E
F

T
w

ith
the

ones
of

S
P

T
.

In
thick

m
agenta,

red
and

blue
w

e
plot

resp
ectively

the
IR

-resum
m

ed
linear,

one-
lo

op
and

tw
o-lo

ops
predictions

of
the

E
F

T
.

W
ith

the
sam

e
colors,

but
sim

ply
dashed,

the
sam

e
quantities

in
S

P
T

.
A

s
w

e
go

to
higher

orders,
S

P
T

do
es

not
increase

the
agreem

ent
w

ith
the

data.
Furtherm

ore,
w

e
notice

that
S

P
T

has
the

sam
e

oscillatory
features

as
the

E
ulerian

E
F

T
.

In
contrast,

the
IR

-resum
m

ed
E

F
TofLS

S
correctly

predicts
the

size
of

the
oscillations,

and,
at

each
order

in
p

erturbation
theory,

it
im

proves
the

U
V

m
atch

to
the

data.
Im

p
ortantly,

in
the

E
F

TofLS
S

,
order

by
order

in
p

erturbation
theory,

it
is

p
ossible

to
estim

ate
up

to
w

here
the

theory
should

m
atch

the
data.
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•
The IR-resum

m
ation is crucial to get the BA

O
 peak right.

–
w

e can do this very quickly.

The BA
O

 peak in `5 m
inutes’

w
ith Zaldarriaga 1404

W
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M
easuring Param

eters from
sm

all N
-body Sim

ulations
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•
The EFT param

eters can be m
easured from

 sm
all N

-body sim
ulations

–
sim

ilar to w
hat happens in Q

CD
: lattice sim

s

•
A

s you change sm
oothing scale, the result changes

•
Perfect agreem

ent w
ith fitting at low

 energies

–
like m

easuring       from
 lattice sim

s and          scattering

M
easuring param

eters from
 N

-body sim
s.

go
es

as
(k/k

N
L ) 2.8

for
0.2

h
M

p
c

!
1

!
k

!
0.6

h
M

p
c

!
1,

w
hile

it
b

ecom
es

steep
er

at
low

erkÕ
s

(k/k
N

L ) 3.6
for

0.1
h

M
p

c
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•
The EFT param

eters can be m
easured from

 sm
all N

-body sim
ulations

–
sim

ilar to w
hat happens in Q

CD
: lattice sim

s

•
A

s you change sm
oothing scale, the result changes

•
Perfect agreem

ent w
ith fitting at low

 energies

–
like m

easuring       from
 lattice sim

s and          scattering

–
U

V
 dof M

easuring param
eters from

 N
-body sim

s.
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•
A

t one-loop, sim
ilarly great results

–
w

ith no additional param
eter

–
as good as they should

–
very non-trivial functional form

s

•
Sim

ilar form
ulas just w

orked out for Bias

•and Redshfit space distortions

M
om

entum
 and Bispectrum

w
ith A

ngulo, Forem
an and Schm

ittful 1406
w

ith Zaldarriaga 1404

Senatore 1406 See also (M
cD

oland and R
oy 0902)

w
ith Zaldarriaga 1409 
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•
M

om
entum

 is a natural quantity, as connected to density by conservation law
 

•
Velocity is not a natural quantity

•
It is a local com

posite operator: needs its ow
n new

 counterterm
s:

–
no new

 counterterm
 for the equations

•
Because of this, and because it is a viscous fluid, w

e generate vorticity

–
from

 local counterterm

–
from

 viscosity

•
Predicted result seem

s to be verified in sim
s
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•
M

om
entum

 is a natural quantity, as connected to density by conservation law
 

•
Velocity is not a natural quantity

•
It is a local com

posite operator: needs its ow
n new

 counterterm
s:

–
no new

 counterterm
 for the equations

•
Because of this, and because it is a viscous fluid, w

e generate vorticity

–
from

 local counterterm

–
from

 viscosity

•
Predicted result seem

s to be verified in sim
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•
M

om
entum

 is a natural quantity, as connected to density by conservation law
 

•
Velocity is not a natural quantity

•
It is a local com

posite operator: needs its ow
n new

 counterterm
s:

–
no new

 counterterm
 for the equations

•
Because of this, and because it is a viscous fluid, w

e generate vorticity

–
from

 local counterterm

–
from

 viscosity

•
Predicted result seem

s to be verified in sim
s
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•
A m

anifestly convergent perturbation theory

•
w

e fit until                                           , as w
here w

e should stop fitting

–
there are 200 m

ore quasi linear m
odes than previously believed!

–
huge im

pact on possibilities, for ex:

•
Can all of us handle it?! This is an huge opportunity and a challenge for us 

EFT of Large Scale Structures
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•
M

any (m
ost?) of the features of Q

FT appear in the EFT of LSS:

–
Loops, divergencies, counterterm

s and renorm
alization

–
non-renorm

alization theorem
s

–
Calculable and non-calculable term

s

–
M

easurem
ents in lattice and lattice-running 

–
IR-divergencies

•
Results seem

 to be am
azing, m

any calculations and verifications to do:

–
like if w

e just learned perturbative Q
CD

, and LH
C w

as soon turning on

•higher      -point functions

•Validation w
ith sim

ulation

–
W

ith a grow
ing num

ber of groups (Caltech, Princeton, IA
S, Cam

bridge, CEA
, 

Zurich..., just after 2-loop result, a w
orkshop w

as organized by Princeton)

•
If this w

orks, the 10-yr future of Early Cosm
ology is good, even w

ith no luck
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