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Abstract: <p>According to the Newtonian intuition, a constant gravitational field has no physical effect on a system since it can always be redefined,
and a homogeneous gradient of the gravitational field (i.e. a homogeneous gravitational force) is equivalent to an accelerated reference frame. | will
show how to extend this intuition to cosmological scales; in the presence of a single clock a constant curvature perturbation and its gradient can be
set to zero through a coordinate transformation. This allows one to connect the squeezed limit of an $n$-point correlation function of the curvature
perturbation to an (n+1)-point correlation function in the limit in which one of the momenta is very small (the so-called squeezed limit). These
consistency relations are valid from inflation to the LSS. As an example, | will use them to write down a non-perturbative relativistic relation
between galaxy number over-density correlation functions.</p>
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Introduction

A homogeneus gravitational potential has no physical meaning
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A homogeneus gravitational potential has no physical meaning

d — 0 =S — =

A homogeneus gravitational force can be set to zero by going
to a freely falling frame
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[ntroduction

A homogeneus gravitational potential has no physical meaning

d -0 =S — =3

A homogeneus gravitational force can be set to zero by going
to a freely falling frame

Vo — 0 t

V>V —tVd
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[ntroduction

We will be interested in the limit q < k. ko

\\/\/\\/
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[ntroduction

We will be interested in the limit q < k. ko

\\/\/\\/

(

(D(q)d(ky)...0(kn)) "= (®(q)(5(ky)...56(kn))L)

I

Indeed, one can use this to write consistency relations
for the large scale structure in the Newtonian limit.
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[ntroduction

We will be interested in the limit q < k. ko

\ AP
J 7 \/
<(I’((1)($(k| ) . fi(k” )} q":[] {(I)(q)(\()(kl ) . s . r)‘(k,,);}[‘}

Indeed, one can use this to write consistency relations
for the large scale structure in the Newtonian limit.
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Svmmetries of de Sitter

ds® le" } rﬂ“r/’.!"J
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Svmmetries of de Sitter

ds® f/‘fl') } rﬂ“r/’.!"J

de Sitter has |0 isometries:

- 3 spatial translations
- 3 spatial rotations

- | dilation

t >t—H 'logA, 2" =\’
- 3 special conformal

t >t —20H"'b. 7.

)

D) . . °
=zt = bi(=H?%e Mt re)+2x'b- 1
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Svmmetries of de Sitter

ds® f/‘fl') ¢ rﬂ“.‘f.f'i

de Sitter has |0 isometries:

- 3 spatial translations
- 3 spatial rotations

- | dilation

t >t—H 'logA, a' =\
- 3 special conformal

t >t —2H'b. 7.
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Svmmetries of de Sitter

ds® f/‘fl') } rﬂ“.‘f.f'i

de Sitter has |0 isometries:

- 3 spatial translations
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- | dilation
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- 3 special conformal
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Svmmetries of de Sitter

)

ds® f/‘fl') } rﬂ“.‘f.f"'

de Sitter has |0 isometries:

- 3 spatial translations
- 3 spatial rotations

- | dilation (SB)
t—>t—H Yog\, z'— \r' —_ O, 3 0, — O, H  og A

- 3 special conformal (SB)

t > 1 _2}[ Ih‘- ,f", — [ P r Dy ._)f‘J“II 1[;‘ .f"
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Svmmetries of de Sitter

»

ds® dt? + 21t g2

de Sitter has |0 isometries:

- 3 spatial translations
- 3 spatial rotations

- | dilation (SB)
t—>t—H 'logA, a' = A’
- 3 special conformal (SB)

st —20H"'b. 7.

)

) ) - v
st = b (—H?%* M 4 #2422 - 7

Qo

doH " og \

'_)r'i,,/l ly. 7
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Svmmetries of de Sitter

)

ds® dt? + 21t g2

de Sitter has |0 isometries:

- 3 spatial translations
- 3 spatial rotations

- | dilation (SB)

t >t —H Ylog\., z'— A\’
- 3 special conformal (SB)

t—>t—2H"'b. 7.

Qe

(J“[l I l()_‘,_:/\

'_)r'i,,H ly. 7
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Weinberg’s Adiabatic Modes

Let us begin by writing the unperturbed flat FLRW metric
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Weinberg’s Adiabatic Modes

Let us begin by writing the unperturbed flat FLRW metric

ds?® u"'(rjl: (1 4+ 26" + 2He)AT? + (1 + 2\ + 2He)dx?

And we make the following coordinate transformation

T T=T+¢€(T)

r— I (1 + Nz’
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Weinberg’s Adiabatic Modes

Let us begin by writing the unperturbed flat FLRW metric

ds? H"'( T]I‘I (1 4+ el 27{(]:1?2 F (1 42X + QHF)(IJ':

'4 Y

Comoving 0=¢ + He C= X+ He

And we make the following coordinate transformation
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Weinberg’s Adiabatic Modes

Let us begin by writing the unperturbed flat FLRW metric

ds® = a*(7)[ — (1 4 26" + 2He)dr* + (1 % 2\ + 2He)da”
Poisson ® = ¢ + He W A — He
Comoving 0=¢ + He C= X+ He

And we make the following coordinate transformation

T+ T T+ €(7)

' — (1 + ANz’
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Weinberg’s Adiabatic Modes

Let us begin by writing the unperturbed flat FLRW metric

ds?® u".(T]li (1 4 2¢" +2He)d2 + (1 + 2\ + 2He)dz*
Poisson O = ¢ + He 7 A — He
Comoving 0=¢ +H C= X+ He

And we make the following coordinate transformation

For inflation, out of the horizon

c=4{ A= n
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Weinberg’s Adiabatic Modes

Let us first consider inflation and study perturbations outside
of the horizon assuming scale invariance

Let us split perturbations into a long-wavelength piece which is
nearly constant and a short-wavelength piece

C(x) = CL + Cs(a) \ /\/\ (
Y \J
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Weinberg’s Adiabatic Modes

Let us first consider inflation and study perturbations outside
of the horizon assuming scale invariance

Let us split perturbations into a long-wavelength piece which is
nearly constant and a short-wavelength piece

((x) = (L + Cs(x) \ /\\//\ (
VAV,

|

We just learned that a constant is a dilation ="+ &' = (1 + (1)’

(C(x1) ... C(xn)) e, = (M +Cr)xr) ... C((1+Cr)xn))
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Weinberg’s Adiabatic Modes
Let us first consider inflation and study perturbations outside

of the horizon assuming scale invariance

Let us split perturbations into a long-wavelength piece which is
nearly constant and a short-wavelength piece

((x) = (L + Cs(x) \ /\\//\ (
VARV,

|

We just learned that a constant is a dilation ="+ &' = (1 + (1)’

(C(x1) ... C(xn)) e, = (M +Cr)xr) ... C((1+Cr)xn))
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Weinberg’s Adiabatic Modes

Let us first consider inflation and study perturbations outside
of the horizon assuming scale invariance

Let us split perturbations into a long-wavelength piece which is
nearly constant and a short-wavelength piece

C(x) = (L + (Cs(x) \ /\\//\ (
VAV,

]

We just learned that a constant is a dilation 2" — &' = (14 ()2

(C(x1) ... C(xn))¢, = (CU1+Cr)xr) ... C((1+CL)xn)) = (C(x1) ... ¢(xn))

There is no correlation between long and short modes.

q—0

(C(q)C(ky) ... C(kp)) (CrC(ky) ... C(K, ))cL) 0+ O(q/k)+ Ole.n)
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(C(x1) ... Cxn))¢,

Weinberg’s Adiabatic Modes

Let us first consider inflation and study perturbations outside
of the horizon assuming scale invariance

Let us split perturbations into a long-wavelength piece which is
nearly constant and a short-wavelength piece

C(x) = (L + Cs(x) \ /\\/\ (
VAV,

]

We just learned that a constant is a dilation 2" +— &' = (1 + ()2’

(U +Cr)xy) ... C((1 +Cr)xyn)) = (C(x1)...C (xn))

There is no correlation between long and short modes.

q—+0

(C(q)C(ky) ... Clkn)) (CL{C(k1) ... C(kn))c,) =0+ O(q/k) + Ole, )
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Additional Adiabatic Modes

Let us do the same to induce a constant gradient

And we make the following coordinate transformation
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Additional Adiabatic Modes

Let us split perturbations into a long-wavelength piece which is
nearly constant and a short-wavelength piece

e \ AL
C =1 T+ U;(] +(8
</ \j
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Additional Adiabatic Modes

Let us split perturbations into a long-wavelength piece which is
nearly constant and a short-wavelength piece

e \ AL
C=(1 T U;(] +(8
</ \j

Let’s do the derivation step by step

P .y : wogq=—=0 , . \
:,L\“[/J\l-!'.])"'L\l!'.:f,': }* :L\f.)‘\(‘f'.l,'---k(/"”),l‘f\;i

(CL(C(ky) ... Clk)))

2

l . >
= -‘)-!’(q}q’l),:_gch,').,.g:;!.»,,}g(l - O(q°/k?))

n

Di=%" (m,ﬁ___ — kiO} + 2k, -J;..‘Ui-_.)

0l 1
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J ' X TE$YT ' sl Do o
| Llfflﬂg C\ L1_\thlﬂg T()gtflltl

When scale invariance is not assumed:

L. |
3(n—1)+ Zf.',, - O, + 54 D,

Ci, -+ Ci "+ O(q/k)*

|

/ YA bua > {
GalE, . —1F (q)
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J ' X TO$YT ' W g
| Llfflﬂg C\ L1}thlﬂg T()gtflltl

When scale invariance is not assumed:

“&,L.' AT '+ c)“f.'l'," )—,

|

/ ¢ 40U /
SqSie, -+ Gie ) - P(q)

Do
3(n—1)+ Y ka-0Ok, + =q'D,
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Putting every thmg t()gcthu

When scale invariance is not assumed:

R i
3(n—1)+ )Y ka0, + 54D,

‘ L, q—0 y / TP RY:
CalSE, - Sk, ;’ ! —/’[q] Ci, -G, '+ ()l,q_'/.')

D,=Y" (fsa);_ KLOR + 2K, -e)',__n;_”)

a=1]

For the three-point function this simply means

(G, G ) "= =(ny = 1)P(q) P(k) + O(q* /k?)
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) ‘ h Y T 2 4 T ‘ h Y 2 4
I thflﬂg CVC1 ) ‘(hlﬂ(&_{ T()(&_{Lthtl

When scale invariance is not assumed:

B Ll
3(n—1)+ ) ka0, + 54D,

"4 g—

) WA Emdl p / \ i Y ¢ f 2
(TSN —-P(q) (G, -G, ) +O(q/k)

eSS (fsa);_ KR+ 2K, -e)',__n;.”)

a=1]

For the three-point function this simply means

. »() \ | . ]
k’fkif}gk ] = [‘H\ I)l)(f!]1)|/|) T (){(‘(“ “fl\'-]
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D ' Y TO4YT ' \ \qe
I Llﬁlﬂg C\ L1}thlﬂg T()gttlltl

When scale invariance is not assumed:

p \ q =) , } ‘ ~ y 2
CaSi, - CEL )/ —P(q) \Cie, -Gk, ) + Olq/k)

B L1l
3(n—1)+ ) ka0, + 54D,

D= (m);_‘ kLOR + 2k, -u}_n;ﬁ,)

a=1]

For the three-point function this simply means

(e, Ci) 2= _(ny — DP(q)P(k) + O(¢*/k?)
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Physical conditions

O = +He+ 7 &+ M€ (P, —V,)=-8nGdo
L) A—He—F-b—Hi € (U, + HPL) = (H — H*)v
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Physical conditions

b, =€ +He+ 7 f\‘” + HT - {1 (P; — V¥, ) = —-87Gdo

v AN—He—F-b—Hi € (V) +HPp) = (H H? v
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Physical conditions

b, =€ +He+ T £ 4 HT - {1 (P; =V, ) = -87Gdo

5

v A—He—F-b—Hi € (V) + HPL) = (H' — H*)v

These conditions are compatible iff

(L =—-A—2% b= const
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Physical conditions

" L HE {1 (b, — V¥, ) = -8nGdo

b, = € +He+ T

I

v, A — He Zb Hr - {; ( ‘I”L FHP ) = (H H? )
These conditions are compatible iff
(L =—-A—2% b= const

This is true in matter or A domination even deep inside the horizon!
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Physical conditions

¢, = € +He+ 7T f“” + Hr - {1 (P; =V, ) = -87Gdo

v A—He—F-b—Hi € (V) + HPL) = (H H? v

These conditions are compatible iff
(L =—-A—2% b= const

This is true in matter or A domination even deep inside the horizon!

—
)

/ - ! »
v=—(e+x-§) U X T

So it corresponds to choosing a frame where you cancel/induce a
long-wavelength velocity.
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Physical conditions

"+ Hi - (P, — V) = —87Gdo

b, = € +He+ T

Iy

v AN—He—F-b—Hi € (V) + HPL) = (H' — H*)v
These conditions are compatible iff
b = const

This is true in matter or A domination even deep inside the horizon!

—
92

/ - ! .
v —(e4+x-E&) vy X T

So it corresponds to choosing a frame where you cancel/induce a
long-wavelength velocity.

This is Einstein’s elevator.
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[arge Scale Structure

Solving for the physical conditions gives a rather complicated
coordinate transformation. That in Einstein-de Sitter looks like

| I
] ![(I f _i<l>;, { 'ii)'(lll"r’)'

. ) D 5 o l
T’ (1 o ) ;o + -2 Py + - d'P
( 3 L) 3 JITLT g LT gl oL

One can make the same construction as before for the dark matter
overdensity

i ) , _ | . ¢
Dz0; (M) 0g (Mn))g—0 = Palq) [Iir: S+ 3 Z (-—Jk,, s O, + 11‘,('),!.1)

| . 5 5 l , 8¢ - kq . ‘
. e kans 4 ‘D; — 2 1 N O, Oy = R Or (m)- -0z (n,)
§ 20 Rt + 20 D=2 (1= gmdn, ) 70+ ¥ oy g | B, (m) -6 (o

a a
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[arge Scale Structure

Solving for the physical conditions gives a rather complicated
coordinate transformation. That in Einstein-de Sitter looks like

| I
] ![(I f _i<l>f, { 'ii)}(lll"r’)'

. ) D D 5 1,
z ' (l o ) ;o + -2 Py + - 0P
3 k)73 LT 6 LT gL

One can make the same construction as before for
overdensity

i ) , _ | o ‘
Oz, (m) -+ 05 (n))g—0 = Po(q) [;;“ 543 (A O, + Nay, )

| . 5 5 l , 8¢ - kq . ‘
: G-kon:+-=qg'D; —2 1 NaOy. | G O , —— Or (m)- -0z (n,)
3 20 Fart + 30 Di=2 Y (1= gmdn ) 70+ ¥ gy gt | B, (m)-+ 0 (o

a (4]

Note also that the small-scale modes can be non-perturbative!
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Large Scale Structure

Solving for the physical conditions gives a rather complicated
coordinate transformation. That in Einstein-de Sitter looks like

| I
] ![(I f _i<l>;, { 'ii)'(lll"r’)'

. ) 5 5 4 1,
T ! (l ¢ ) ;o + —x°d'P; + —nd'P
I IELET G L+ gl %L

One can make the same construction as before for
overdensity

) , _ _ | . .
Dz (M) 0 (Mn))g—0 = Palq) [Iir: S+ 3 Z (-—Jk,, c O, 4 11,,('),!_])

| . 5 5 l , 8¢ - kq . ‘
+ G- kon; + =q' D, 2 1 Na Oy q- . + , ,", O (m)--+07 (nn)
3 20 Fart+ 20'Di=2 Y (1= gmdn ) 70+ ¥ gy g | B, (m) -0 (o

a (4]

Note also that the small-scale modes can be non-perturbative!
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[arge Scale Structure

Solving for the physical conditions gives a rather complicated
coordinate transformation. That in Einstein-de Sitter looks like

| I
] ![(I f _i<l>f, { 'ii)’(lll"r’)'

) ) ) LI 1 ,
z ! (l ¢ ) ;o + -2 Py |+ |- 0P
[ 3 L 3 WL G L 6 / L

One can make the same construction as before for the dar
overdensity

. : , . _— X A .
(l)’l'.”f\f, ( mp)-- nL", { TIn :l q—0 “I’(‘!.) [E;” J 3 Z ("ku ) ()J«',]. ’]u()l'}'-n)

Ll

| AN l , 8¢ - kq . ‘
. q-konsl+ =q'D, 2 1 Na ), q- o + = ,", O (m)--+0z (nn)
S R3] 25 (1- 00 ) -8+ X g 6 om0

Note also that the small-scale modes can be non-perturbative!
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Galaxy Bias

But we observe galaxies, which are assumed to trace the dark matter.

Oq

= F[9]
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Galaxy Bias

But we observe galaxies. which are assumed to trace the dark matter.

8, = Fl0]
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Galaxy Bias

But we observe galaxies, which are assumed to trace the dark matter.

r).,‘, = _F[ri_ ’
Ve want to figure out what the “unphysicality” of a constant gravitational
field and a constant gradient tell us about the bias.

¢ v~ Vo V.V,
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Galaxy Bias

But we observe galaxies, which are assumed to trace the dark matter.
0',‘, = _F[ri_ ’

Ve want to figure out what the “unphysicality” of a constant gravitational
field and a constant gradient tell us about the bias.

& LarTD V.V,d
Thus we can write generally

fs‘f — hl" T h_,{)" | (-T:T—Jd L f'H.N".’,\"“, Lo

F P n.,l’l ) -
8 = 0;0;P ‘) Q,,HO

-
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Test ot the liqui\'alcncc
Principlc

Assume now that different objects have a different large-scale
velocity. For example due to a 5th force + screening.
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Test ot the liqui\'alcncc
Principlc

Assume now that different objects have a different large-scale
velocity. For example due to a 5th force + screening.

You won't be able to N A

cancel the velocity of h \
both with a coordinate

transformation.
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Test of the liqui\'alcncc
Principlc

Assume now that different objects have a different large-scale
velocity. For example due to a 5th force + screening.

You won't be able to N A

cancel the velocity of ) \
both with a coordinate

transformation. NN

N

r‘J,l FHUA + (U4 - V)0 Vo :
‘ a s 107

Uy + Hig + (Up - V)ig = =V& —aVyp
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Large Scale Structure

observables

We observe the number density of galaxies in a direction 7
and a redshift z

Ny(z.n) = Ny(2)(1 + Ay(z,n))
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arge Scale Structure

observables

We observe the number density of galaxies in a direction 7
and a redshift z

Ny(z.n) = Ny(2)(1 + Ay(z,n))

Redshift space distortions

w,
= 2z —(1+ :l['l';, -F '.2/ (17‘[*’,_]
n e n +E/ d7r o; ‘ln}

N
Lensing
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Large Scale Structure

observables

Thus we can compute the galaxy number over-density in the
presence of the long-wavelength mode

A,,I: n,z)p = A_.J,{H. 2)+ (1 + A_,j,( . ) ) (¢ 0z + fc';'p,r, -+ 01\

0 _ ) V2P
|- f\:-.;---_\,,( n,z)+on- -_-(—--A,,(n. 2) + (')( I A,,)

)z an
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Large Scale Structure

observables

Thus we can compute the galaxy number over-density in the
presence of the long-wavelength mode

Ay(n,2)|L =A48,0,2)+ (1 +A4(2,n)) (edz + 0Dy, + V)

.0 _ )

)z an
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Large Scale Structure

observables

Thus we can compute the galaxy number over-density in the
presence of the long-wavelength mode

A,,I: n,z)p = A_.J,{H. 2)+ (1 + A_,j,{ Z. M) ) (e Oz + I(S-D[f -+ 01\

0 - (.. 0 . [V,
+ E\:(‘)?A,,l“. :J"+"EH . {);’A,,(H J T ()(;{—:—A,,)

Redshift space distortions ¥

b Lensing
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Large Scale Structure

observables

Thus we can compute the galaxy number over-density in the
presence of the long-wavelength mode

Contains relativistic corrections that look like fnp ~ 1
A

A,,I: n,z)p = A_.}{H. )+ (1 -!*-[A”( z.n)) (edz + h';'D,r, t ¢')1]

0 . (.. 0 [V,
+-E\‘_{-}--;A,,|,FJ. :J"PE:U : {)—”A,i(ﬁ J T ()( ,L{_-'_ A,,)

Redshift space distortions ¥

&l \ o A8 9]
1 2 LR UPIUE y&gd o v g /. N
Al vy Ao gy : E’Ir]‘.',:: {(r (21, 22) + ( 1 <1, 22)

Page 64/66



Pirsa: 14110185

Conclusions

The curvature perturbation is endowed with a conformal
symmetry that allows one to write consistency relations
similar to Ward identities.

The same argument can be made for scales out of the
sound horizon but inside the Hubble horizon. This implies
that one can write a consistency relation for the LSS.

This consistency relation is valid at the non-perturbative
level in the short modes.

It can be written in terms of the galaxy number over-
density.
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