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Abstract: <span>We

will explore the role that conformal symmetries may play in cosmology. First,

we will discuss&nbsp;&nbsp;the symmetries underlying the statistics of the
primordial perturbations which seeded the temperature anisotropies of the

Cosmic Microwave Background. | will show how symmetry considerations lead us to
three broad classes of theories to explain these perturbations: single-field

inflation, multi-field inflation, and the conformal mechanism. We will discuss

the symmetries in each case and derive their model-independent consequences.
Finally, we will examine the possibility of violating the null energy condition

with a well-behaved quantum field theory.</span>
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Cosmological puzzles

On the largest scales, we observe the early universe to be
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Temperature anisotropies

R s N e Planck |303.5062

We decompose the temperature fluctuations in spherical harmonics

- (1 2m + 1 )
T (n)oT (n") \ By ( | ) Peln-n')

Measurement of the (', tells us about the primordial perturbations which
seeded the CMB
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Primordial inhomogeneities

Temperature fluctuations are related to primordial fluctuations through

"dk . 4 i
Cyp ~ /."’/L(/.‘)A,‘(/.‘]

CMB measurements indicate that the primordial perturbations are
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Primordial inhomogeneities
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Primordial inhomogeneities
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Primordial inhomogeneities
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Primordial inhomogeneities
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Flatness and homogeneity

The Friedmann equation reads

Y Y Y Y
) 2 2 ( matter ( radiation | ( i!fliﬁlltltll]\‘ (
.}// \/Iyl P~ { - ! | 5 : l ! ~ :
2 a’ (1 19 ”.;t[-ul
® For an expanding universe, curvature is the most dangerous, ~ 1/a”
but a smooth component with w - | /3 will win: this leads to

accelerated expansion
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Flatness and homogeneity

The Friedmann equation reads

'-”,1'."”‘..'.1 - j‘j L ('llm‘lll'r s ('rmlhlllull + C'mumtrum' iyt (&

a a

® For an expanding universe, curvature is the most dangerous, ~ 1 /a”

but a smooth component with w < ~1/3 will win: this leads to
accelerated expansion
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Flatness and homogeneity

The Friedmann equation reads

i

-
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® For an expanding universe, curvature is the most dangerous, ~ | /u”

buta smooth component with ' < —1/3 will win: this leads to
accelerated expansion
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Flatness and homogeneity

The Friedmann equation reads

] Y Y ||
O 2 2 /’ ( matter ( radiation i ( anisotropy (
3H2M3Z, = — + Zmatter S { f o
- a”’ a a’ a°\tTw)
® For an expanding universe, curvature is the most dangerous, ~ 1/a°
but a smooth component with w - | /3 will win: this leads to

accelerated expansion

® Another logical possibility: if the universe is contracting before the big bang,
the most dangerous term is now anisotropy ~ 1/a". However,a component
with 1w > 1 will win out: this leads to slow contraction
Gratton, Khoury, Steinhardt, Turok astro-ph/0301395

® This is the possibility utilized by ekpyrotic scenarios and the conformal
mechanism, as we will see.

® Since W is very large, the background evolves very slowly and there is
negligible production of gravitational waves.
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Inflation

Inflation explains the large-scale universe by postulating a phase of de Sitter expansion:

) )

2 2 2H 1 2
ds® = —dt® + e dx
® This is driven by a component with nearly constant energy density

V(o)

Concrete example: a scalar field rolling down a nearly flat b
potential
2
® The equation of state parameter [° = wp s given by:
| A2 £
=0 Vo)
w, T . -
a ( ! \ { ( ).)
. 1 .
e A phase with « - naturally solves the horizon and flatness problems

® Fluctuations of ¢ l|ead to temperature anisotropies
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Inflation

Inflation explains the large-scale universe by postulating a phase of de Sitter expansion:

LY -y |
ds® = —di? + 2Ht 72

® This is driven by a component with nearly constant energy density

Concrete example:a scalar field rolling down a nearly flat V(o)
potential

® The equation of state parameter P = wp s given by:

® A phase with u - naturally solves the horizon and flatness problems

® Fluctuations of @ lead to temperature anisotropies
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Symmetries of de Sitter . memswm e

de Sitzer space has 10 Killing vectors:

Ansansi, Bawrmana, Green 1204 4207
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Symmetries of de Sitter g e msicn

de Sitter space has |0 Killing vectors:

Assassi, Baumann, Green 1204.4207
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Symmetries of de Sitter wuemumy 772

de Sitter space has |0 Killing vectors:

® 3 translations and 3 rotations of a spatial slice [R”

/)f vf '/al,‘ 'llfv‘/ -"'Ijrvf

® 3 dilation and 3 SCT-like transformations:

I

D= g"0 NOp + T - Y, K; =2z;n0, — ( n°
Together, these form the isometry algebra of de Sitter space so(4, 1)
® How do these symmetries act on fields?

® We will see that de Sitter symmetry naturally leads to the observed
statistics of the CMB
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Antoniadis, Mazur, Mottola astro-ph/961 1208

Scalar fields living on de Sitter Maldacens, Pimentel 11042846

Creminelli 1108.0874
Bzowski, McFadden, Skenderis 1112,1967

Consider a massive scalar

. ’ I : HJ'"‘. ; - 2 : nm '
S5 Ellf'\ ( f_r')vﬁl' * - on P /', | ‘I - ), ()
/ 2 2 ’ 1 H =1~

In the late time limit, the time dependence of the field is given by its mass for 0 < m; < 9H" /1
; " ”"):JJ
b ~ 0>t with Ay E A 5
_') / | //_
Then, we can trade ), A A and the isometries act on the future boundary as
'\J’! (A i -f"‘T)“ hl‘ (-).;v} -].va)(J
r‘\",'\ ( 2A 1 '_’J"JJ‘{\—! | IJT) 0 r\‘/-. v’,{)
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. v . Arsonisdi, Mazur, Mettola ssiro-ph/9811208
Scalar fields living on de Sitter Py Pl 104354

Maowski, McFadden, Skenders 11121947

Consider a massive scalar

‘ 1 = 1 g ] ”‘TI- ] " :-I ’ 3 “'-‘-
o = [ d Ty =g —E(rln'l' - —_.,-gn' = O, - ';"'J. o [ k=4 m o =

In the late time limit, the time dependence of the field is given by its mass for 0 < m? < 01- /4

3
O~ with Ay = = \

Then,we cantrade 0, — A_ = A and the isometries act on the future boundary as

A

Jij

= (24 Vy = 2, V) &

2 .l - 2"“"""‘,] -+ j""v,] O ﬁ"" =y —Vr(j
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Antoniadis, Mazur, Mottola astro-ph/961 1208

Scalar fields living on de Sitter Maldacens, Pimentel 11042846

Creminelli 1108.0874
Bzowski, McFadden, Skenderis 1112,1967

Consider a massive scalar

A | | : m"“. . = D ; c nm :. b
l‘! :I ' f'\ (/ f(’); J:I- : Hh~ o ( if. { /. ! ‘I — (2}, ()
/ - - “ N H =1~

In the late time limit, the time dependence of the field is given by its mass for 0 < m; < 9H" /1
3 .-';‘} m-
v | D
b ~ 0~ with Ay E A/ o
_') / | //_
Then, we can trade ), v A A and the isometries act on the future boundary as
'\fﬁ (A 1 .i’"'T>“ ‘F\f (-).;v; '].f\—f)("
O 1 (—2Az"' — 222’V ; 4 7°V,) ¢ Op, V.o

The de Sitter isometries act as conformal transformations on the fields at late times!

® The isometry algebra of de Sitter space, so(1, 1) ,is identical to the
conformal algebra on Euclidean 3-space
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

® 2-point function of a spectator in real space

o [ ¢ 2
(O, )p(7',n)) ~ |7 — 2| 2a A - J.-‘"; ) W,_:
2 \ l v
® Or,in Fourier space
Op (OO )/ (_’_\. 3 /-"- T‘; ) \DrDy )/ - (OO} )/ [
Fields with m;{ < H* acquire a scale invariant spectrum (includes gravitons)
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary

operators of weight A
® 2-point function of a spectator in real space
(AT )T ) ~ [T = |72

® Orin Fourier space

{ ' ‘ ’ =\, ; 1
Oplopo) = (.].) -3 = k- v;\) ill'llrrl)' =1 ‘\f"z,l"j‘,‘" < [I.-'l-..'...\'

< H~ acquire a scale invariant spectrum (includes gravitons)

Fields with m:",
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

® 2-point function of a spectator in real space
(T 0T ) ~ |7 = 7|72

® Or in Fourier space

l"ll‘:f 'U'L)’ = (2_\ - 3= kA3 ;\) (l_‘l; r,rl.}' B8 {|_‘r;.r‘|;‘}' ~

P —

" " / r
Fields with 17, < H= acgfligh a scale invariant spectrum (includes gravitons)

Page 29/112




Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

e 2-point function of a spectator in real space

3 s s
/ o' N i " ; 9 ) [ h
(o(x,t )m[,i"]. 1)) ~ ‘_r _r"‘ 28 A / -
2 | 4 I1.4
® Or,in Fourier space
N / / ‘ o 3 - / / / / l
OD\Pk Pk} (—’—\- 3—k-Vj ) PLPk) > \QkPk) - oA
Fields with % < H “ acquire a scale invariant spectrum (includes gravitons)
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

® 2-point function of a spectator in real space

n [ 2
(p(a, 1 Voo (T 1)) ~ ‘r .r‘"" 2a A = .‘";; ) m'_;
2 \ l v
® Or,in Fourier space
t'\‘/)i"tﬂii; :", (_}_\. ! /- Y;/ ) '.rl;ri/ Ff > Jf';-t’/ }f [
Pk P, : ) \PrPk Pk Pk 1324
Fields with m;{ < H* acquire a scale invariant spectrum (includes gravitons)
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

e 2-point function of a spectator in real space

a [ ¢ 2
(p(a, 1 Voo (T n)) !r .r‘"" 2a A - .‘";; ) m'_;
2 \ l F1e
® Or,in Fourier space
‘.}‘/)‘:""'f 3-" (_’A 3 /."- T‘; ) Jr';rw 3-" ‘ "'ruw; }f l
Fields with m;{ < H* acquire a scale invariant spectrum (includes gravitons)
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary

operators of weight A
® 2-point function of a spectator in real space
(O(F, (T ) ~ |T = &)~

® Onin Fourier space

dp (o) = (‘.3_". 3=k ‘11) (Oud) = (dpdy) ~

=33
Fields with 7717, < H* acquire a scale invariant spectrum (includes gravitons)

® this is how multi-field inflation works
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

e 2-point function of a spectator in real space

- [ 2
(ST 1) ,(,,-"’, ) ~ ‘! .!‘,,‘ 9A & 9 9] m:;
p \ | I1“
® Or,in Fourier space
t'\‘/)i:wwi; }-', (_}A 3 / Y;/ ) ",;’,;s; ﬁi'f ; "'H;H; }f l
Fields with m;{ < H* acquire a scale invariant spectrum (includes gravitons)

® this is how multi-field inflation works
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

e 2-point function of a spectator in real space

2 [ i

/ ST M ‘ ; 9 ) [ h

(o, t)ol T, 1)) ‘.r' .r"'\ 28 A / -

2 | 4 1<

® Or,in Fourier space
- / Y, : a ) 2 J /) y \ / l

OD\PkPk ) (—’—\- 3—Fk-Vj ) \PrPk) " \PLPk) oA

j k3—2.

Fields with % << H ~ acquire a scale invariant spectrum (includes gravitons)

® this is how multi-field inflation works
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are
constrained by the conformal symmetries: fields transform as primary
operators of weight A

e 2-point function of a spectator in real space

9 [ 2
(p(a, t Voo (T 1)) ~ ‘r .r‘"" 2a A :} .‘"‘:‘ ) m'_;
2 \ | I1<
® Or,in Fourier space
l_‘,wi,‘_””[ :1", (_}A 3 /-"' Y;/ ) :r';rw ﬁi'f . "'ri;w; }f |
Fields with m;{ < H* acquire a scale invariant spectrum (includes gravitons)

® this is how multi-field inflation works

® Some constraints on higher point functions as well, for example the shape of
the 3-pt function is fixed, but not its normalization

( :\:_;'>| . ;f]f ;\:,;'__., ;f]: ) | ,r' 1. 1] ].
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Spectator correlation functions

In cosmology, we are interested in late time correlation functions; these are

constrained by the conformal symmetries: fields transform as primary
operators of weight A

® 2-point function of a spectator in real space

r;. 'lj". f)u(’F'. ”)) ~ 1? - J_'.II-:A

Or, in Fourier space

|'l;|-!:r'llr'|g}’

= (J_\n - J - ‘: . ":'A) l:(.‘u,lflg.)’ =i I:L'l“‘l;.)' ~ j-'_-_l- s

Fields with m? < H* acquire a scale invariant spectrum (includes gravitons)

® this is how multi-fleld inflation works

Some constraints on higher point functions as well, for example the shape of
the 3-pt function is fixed, but not its normalization

Ll 5 T 1
Lo (Fad( Py~ ———
I ‘.l'] J‘_ll"‘}.lv| .i'.\“ll |'_| .J'-.J:‘\
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Slow roll inflation S /}[',-\- f,('”"'/; L 00)? \m)

We have a scalar field rolling down V(o)
a nearly flat potential 4 V2, H?

(?|..,)I/.'i[ \_ [)

® Slow-roll conditions: ¢ = ¢*/2M3H?> <1 ; ¢ < Ho

S 4

® The rolling field is the clock, inflation ends when it starts rolling too fast
® Fluctuations of this field are responsible for anisotropies:
Work in  (-gauge: 0 =0; hij = a®(t)e* g,
® The quadratic action is then , o [ 43 5 ) 2 N2
g o, -'”I_'I /(l".:'(l!/ (1" ¢ (gf“ (Tg)“)

® This leads to the power spectrum

Il_ | 34(n [ )

(Chi)’ M€ k3 X k ng — 1 (Sf)@frwf),
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Slow roll inflation S /}[u-\.‘- ,q(‘”""/; _i)(nu)" \'w)

We have a scalar field rolling down V(o)
a nearly flat potential /2 ;52 _ 12
y P '\lll‘// () | ‘l (_'J

d+3HO+V,, =0

® Slow-roll conditions: ¢ = ¢?/2M3H?> <1 ;: ¢ < Ho >

® The rolling field is the clock, inflation ends when it starts rolling too fast

® Fluctuations of this field are responsible for anisotropies:

Work in  (-gauge: pp =1 ; hij = a®(t)e* g,
® The quadratic action is then 2 [ 43 5 2 2 19
9 § _'\/|“.| /(l".:'(li; (17 ¢ (g!“ (Tg)“)
® This leads to the power spectrum
H= 1 3 :
(CrCr)’ — — o kot (el ns — 1 = 0p{Cklk)’
Mg e k°
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The inflaton as a Goldstone

Inflation ends so the spacetime cannot be exact de Sitter

° EFT of inflation: Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 0709.0293

Assassi, Baumann, Green 1204.4207
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The inflaton as a Goldstone

Inflation ends so the spacetime cannot be exact de Sitter

° EFT of inflation: Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 0709.0293
Assassi, Baumann, Green 1204.4207
® There must be a “clock” telling inflation when to end - the inflaton
is this clock.This picks out a preferred foliation of de Sitter

. ¢ o & Creminelli, Norena, Simonovic 1203,4595
SPOHIGHGOUS Symmetry bre&‘klng' H()(‘l- -2) 7 ih‘”(";) Hinterbichler, Hui, Khoury 1203.6351

Goldberger, Hui, Nicolis 1303.1193

broken dilation and special conformal transformations
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The inflaton as a Goldstone

Inflation ends so the spacetime cannot be exact de Sitter

EFT of inflation; Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 0709.0293

Assassi, Baumann, Green 1204.4207

® There must be a “clock” telling inflation when to end - the inflaton
is this clock.This picks out a preferred foliation of de Sitter
y ¢ . r Creminelli, Norena, Simonovic 1203.4595
SPOHIGHGOUS Symmetry breleng' ."\'()(‘1. -2) ? ih‘”(";) Hinterbichler, Hui, Khoury 1203.6351
Goldberger, Hui, Nicolis 1303.1193
broken dilation and special conformal transformations
B

The corresponding Goldstone mode is the co-moving curvature
perturbation ¢

only one Goldstone even though many symmetries broken
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The inflaton as a Goldstone

Inflation ends so the spacetime cannot be exact de Sitter

EFT of inflation: Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 0709.0293

Assassi, Baumann, Green 1204.4207
® There must be a “clock” telling inflation when to end - the inflaton
is this clock.This picks out a preferred foliation of de Sitter
y ¢ . P Creminelli, Norena, Simonovic 1203.4595
SPOHIGHGOUS Symmetry breleng' -""'()(‘1- -2) ? ’H”(";) Hinterbichler, Hui, Khoury 1203.6351
Goldberger, Hui, Nicolis 1303.1193
broken dilation and special conformal transformations
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The corresponding Goldstone mode is the co-moving curvature
perturbation ¢

only one Goldstone even though many symmetries broken
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The inflaton as a Goldstone

Inflation ends so the spacetime cannot be exact de Sitter

EFT of inflation: Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 0709.0293

Assassi, Baumann, Green 1204.4207

® There must be a “clock” telling inflation when to end - the inflaton
is this clock.This picks out a preferred foliation of de Sitter
‘ ¢ . ’ Creminelli, Norena, Simonovic 1203.4595
SPOHIGHGOUS Symmetry bre(}'klng' ."‘\'()(‘1. -2) 7 ,H”(";) Hinterbichler, Hui, Khoury 1203.6351
Goldberger, Hui, Nicolis 1303.1193
broken dilation and special conformal transformations
D

The corresponding Goldstone mode is the co-moving curvature
perturbation ¢

only one Goldstone even though many symmetries broken
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Symmetries of the inflaton

( -gauge doesn’t comple{ely fix the gauge freedom  Hinterbichler, Hui, Khoury 1203.6351

® There are residual “large gauge transformations,” which preserve the
form of the spatial metric /,; = a®¢**4;;  but act non-linearly on ¢
(SI)L' - 1 } ,J'" . Vg
- . » '. ') i
O, =2z 4 (2.!'I.i' -V .r‘v,) C
® The spatial translations and rotations act linearly on ( .The
commutators of these |0 symmetries give so(4,1)

The symmetry breaking patternis so(4, 1) — iso(3)
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Symmetries of the inflaton

(-gauge doesn't completely fix the gauge freedom  Heersebiee Hu kioury 12024351
There are residual “large gauge transformations,” which preserve the.
form of the spatial metric /i, = a*¢*§,;  but act non-linearly on ¢

SpC =1+ -V(
8k, = 22" + (2.r'.1"'- /= .r—’-‘v,) ¢

The spatial translations and rotations act linearly on  .The
commutators of these 10 symmetries give so(4, 1)

The symmetry breaking patternis s0(4,1) — 1s50(3)
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Symmetries of the inflaton

( -gauge doesn’t completely fix the gauge freedom  Hinterbichier. Hui Khoury 1203635

® There are residual “large gauge transformations,” which preserve the
form of the spatial metric 7 a‘ess but act non-linearly on §

L] L)
(S!)C' - 1 } ,J'" . VL,
. , . " . ) = "
0. C 22" (2.1".:' -V .:--\T) C
® The spatial translations and rotations act linearly on ( .The
commutators of these |0 symmetries give so(4,1)

The symmetry breaking patternis so(4, 1) — iso(3)
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Symmetries of the inflaton

Q-gauge doesn’t colnpletely fix the gauge freedom  Hinterbichler, Hui, Khoury 1203.6351
® There are residual “large gauge transformations,” which preserve the
form of the spatial metric h,; = a®¢**4;;  but act non-linearly on Q

Sp.C = 22 (2.:-’,:-’-?" .;-"-’v,-)g

® The spatial translations and rotations act linearly on ( .The
commutators of these 10 symmetries give so(4,1)

The symmetry breaking patternis so(4, 1) — iso(3)

® Notice that if { has a shift symmetry ). = 1 , the diagonal combination

(0p — 0,)C = & -V islinearly realized

In Fourier space: (0p 55 ) {CrCr)’ 3—Kk- T:!.-<Lf‘-ki.->f

flat potentials —— scale invariance
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Symmetries of the inflaton

(-gauge doesn't completely fix the gauge freedom  Heerbeies Hut Khoury 12034151
® There are residual “large gauge transformations,” which preserve the
form of the spatial metric #,, = a*¢*§,, butact non-linearly on ¢
6pC =1+&-V¢
0, C= 21" + (‘.’..r'.i"- V - .FQV,) ¢

® The spatial translations and rotations act linearly on ( .The
commutators of these 10 symmetries give so(4,1)

The symmetry breaking patternis so(4, 1) — iso(3)

® Notice that if  has a shift symmetry §,( = 1 ,the diagonal combination

(0p = 6,)C = 7 V¢ s linearly realized

In Fourier space:  (0p — 6.)(CiCy) = —3 — & - Vi (Cri)’

flat potentials == scale invariance
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Consisten cy relations

Creminelli, Zaldarriaga astro-ph/0407059
Cheung, Fitzpatrick, Kaplan, Senatore 0709.0295

The non-linearly realized symmetries can also tell us something about correlation
functions

® They constrain correlators in the limit
where one of the external momenta is soft

® Originally derived using background wave arguments, but can also be seen as VWard

identities (operator formalism, effective action, wavefunctionals) = cremineii.Noren, Simonovic 1203.4595
Hinterbichler, Hui, Khoury 1203.6351
Assassi, Baumann, Green );,’l)-i 4207
Goldberger, Hui, Nicolis 1303.1193
Pimentel 1309.1793
Berezhiani, Khoury 13094461
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Senatore, Zaldarriaga 1203.6884

M O re S Oft I egs ? AJ, Khoury, Simonovic, to appear

A reasonable question to ask is: what happens if we take more legs soft?

® |[nspired by Pion physics, where the single-soft relation is trivial, but taking multiple
soft legs is very interesting

_ ‘ , ; l «— (qu — @) - k; ) .
lim (7 (q, ) 7" (qp) 7" (ky) - - ' (k) 5 L d LeWCmi(ky) - Tom (k) ' (k)

ol o) D L (:r/“, { |‘fl|.‘|J . f.‘ﬁ /
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Senatore, Zaldarriaga 1203.6884

M O re S Oft I egs ? AJ, Khoury, Simonovic, to appear

A reasonable question to ask is: what happens if we take more legs soft?

® |[nspired by Pion physics, where the single-soft relation is trivial, but taking multiple
soft legs is very interesting

) A / ; I -, an) -k ‘
lim (7" (g, ) 7" (qp) 7" (ky) - i (k) N\ i L L 40 ( (ky)---T.m (k;)---m' (k)

o g —0 24~ (¢, + qp) - k;
/

® Diagrammatically, we expect two types of contribution
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Senatore, Zaldarriaga 1203.6884

M O re S Oft, I egs ? AJ, Khoury, Simonovic, to appear

A reasonable question to ask is: what happens if we take more legs soft?

® |[nspired by Pion physics, where the single-soft relation is trivial, but taking multiple
soft legs is very interesting

. I
[ :',';"{n/,,_),.“[r/;.);;l'[/.q]---..‘"t_/v,,]l- !
ot —0 24~ (¢, + q) - k;
/

® Diagrammatically, we expect two types of contribution

"
® |ndeed, this ends up being the case
4 \/ / \ & \/ d \/
|IIII /{',Ln“gl,'_ggiluj t L.‘w N _-“ :"‘L.r“gl,'_ggr‘{;'nl"ﬁl:'.gi.j e .L'f.\_r; I {i(f{|)/:‘(i!:)f)l‘|j'g[| n 'g.‘l.\;3
g1 .42 \

® Offers many more consistency checks for inflation

-, fg,)-f.‘ ki ; . d
N e AT cabe iy (o Yo T (kY e i (k)
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Senatore, Zaldarriaga 120,6884

MOI‘E SOft |egs? AJ. Khoury, Simanovic. to appear

A reasonable question to ask is: what happens if we take more legs soft?

® Inspired by Pion physics, where the single-soft relation is trivial, but taking multiple
soft legs is very interesting
1 v (ta = ) - K,

7

2 & (qu -t ) < K

lim ,r:"m_,\"'[q..l:"{_l.} x (k) = = —~————|"'“-[:"[A.| sTem e (Ky) oo™ (ki ))
Haeipptl)

® Diagrammatically, we expect two types of contribution

—

® Indeed, this ends up being the case

v f - ~ ~ -~ ’
i (o GGy oo i) =
e

(o )Gy )+ Pla) PG,

® Offers many more consistency checks for inflation
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