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Abstract: <span>Cosmological results

from Planck, athird-generation satellite mission to measure the cosmic
microwave background, have just been announced.& nbsp; These results improve
constraints on essentially all cosmological parameters, and have implications

for several preexisting sources of tension with the standard cosmological

model, while also raising new puzzles.&nbsp; | will discuss these results and
their significance, as well as the next steps forward.</span>
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Power spectrum

Standard cosmological thodel predicts: each ay,, is an independent
Gaussian random variabje with -dependent variance

~ 2l A
(ﬂr,,,ﬂrf"l;) = C( r).r fr),,.,,,n

The power spectrum C;

depends on cosmological parameters

QA =0.71
O =0.63
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Poer spectrum

Standard cosmological odel predicts: each ay,, is an independent
Gaussian random variabje with /-dependent variance

(“ﬁu"-;'m') =2 Cr f}( f(),"m'

The power spectrum C;

depends on cosmological parameters

Qa =0.71
Qp =0.63
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Standard|cosmological model

In this talk, “standard copmological model™ means 6 parameters:

Hy = Hubble parameter at z = ()
Expansion history: 3 parjmeters ) QA = pa/prov at z =0
(since O, + Q. + Q0 k= 1) Qe =pe/pror at z=0
!lh — ﬂb/plul al — ()

[nitial perturbations: 2 parameters Amplitude A,

L\ ne=d
Pc(k) = A¢ (Ain) Spectral index n,

Reionization history: | parameter
(either redshift of reionization Zro Oroptical dg
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Standard|cosmological model

In this talk, “standard copmological model™ means 6 parameters:

Hy = Hubble parameter at z = ()
Expansion history: 3 parfjmeters ) €A = pa/pro at z =0
(since Q) + Q. + Qp k= 1) Qe = pe/por at 2=10
QO =p/por 2t 2=0

Initial perturbations: 2 parameters

Amplitude A,

L\ Ma=d
Pc(k) = A¢ (Aiu) Spectral index n,

Reionization history: | parameter
(cither redshift of reionization z,, or optical depth 7)
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Standard cosmological model

In this talk, ““standard cosmological model” means 6 parameters:

1, = Hubble parameter at
QA = pA/Pror at z = 0

St

= 1) Qe = pe/pPtot at z = 0

At

SZ(, e /)1)//)t.{)l at z — 0

Expansion history: 3 parameters

z = 0
(since €2, + 2. + 24

Initial perturbations: 2 parameters

o Amplitude A,
L T o -
./’g(;\?) — AQ (/1())

Spectral index 74

Reilonization history: 1 parameter
(cither redshift of reionization =z

o Or optical depth 7))
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Poer spectrum

Main goal of Planck] test prediction of the standard model
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Power spectrum

Main result: Planck’s measurement of the power spectrum
is fully conbistent with the standard model

WHMAPM) LCDM
b WHMAPY

ACT
rSPT

t Planck
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Standard model constraints
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d model constraints
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model constraints
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WMAP/Planck comparison

To get from WMAP cosinology to Planck cosmology:
* Decrease acoustic p

paks (not damping tail) by increasing (2, h?
* This shifts peak locfitions; compensate by decreasing /;

Primordial power spectrum P.(k) 1s nearly unchanged, but
7y 1s larger due to shifts in §2,,,. 1

There is an undiagnosed =~ 2.5% systematic difference between
WMAP/Planck measurements of (7, for ¢ < 300. Ife.g. Planck

calibration is wrong (1.25% low) then Planck P (k) would increase
by 2.5% and a5 would increase by 1.25%
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lanck comparison

To get from WMAP cosinology to Planck cosmology:
* Decrease acoustic ppaks (not damping tail) by increasing €2, 11
* This shifts peak locfitions; compensate by decreasing /;

Primordial power spectrum P, (k) is nearly unchanged, but
7y 1Is larger due to shifts in §2,,,. 1

There is an undiagnosed = 2.5% systematic difference between
WMAP/Planck measurements of € for ¢ < 300. If e.g. Planck

calibration is wrong (1.25% low) then Planck P¢(k) would increase
by 2.5% and a5 would increase by 1.25%
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lanck comparison

To get from WMAP cosmology to Planck cosmology:
* Decrease acoustic ppaks (not damping tail) by increasing €2, 112
* This shifts peak locfitions; compensate by decreasing /;

Primordial power spectrum P(k) is nearly unchanged, but
7x 1s larger due to shifts in §2,,,. 1

There 1s an undiagnosed ~ 2.5% systematic difference between
WMAP/Planck measurements of € for ¢ < 300. If e.g. Planck

calibration is wrong (1.25% low) then Planck P¢(k) would increase
by 2.5% and a5 would increase by 1.25%
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Deviations |from standard model

Some |-parameter extensions to the standard model

In all cases, the 95% confidence region ineludes the SM value

Curvature —0.0071 < Qe < 0.0060

Neutrino mass Z my, < 0.230 eV

No. of neutrino species 2.79 < Ny < 3.84

Primordial gravity waves r<0.111

Running spectral index =0.031 < dn,/(dlog k) < 0.002

Dark energy equation of state =138 < w < =0.90

-8.9 < fl¢ <14.3

=102'< f:\"l;‘ul < 108
—-103 < ff{l'lr'llu < 53

Primordial non-Gaussianity
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Deviations |from standard model
Some |-parameter cxtanmnx to the standard model
In all cases, the 95% confidence region includes the SM value

Curvature —0.0071 < Q¢ < 0.0060

Neutrino mass Z thy, < 0.230 eV

No. of neutrino species 2,79 < Ny < 3.84

Primordial gravity waves r<0.111

Running spectral index =0.031 < dn,/(dlog k) < 0.002

Dark energy equation of state =138 < w < —0.90

-8.9 < fS < 14.3
-192 < fadi < 108

-103 < f'{_l':'lm < 53

Primordial non-Gaussianity
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Deviations from standard model

Some l-parameter extensions to the standard model
In all cases, the 95% confidence region includes the SM value

Curvature —0.0071 < Q2 < 0.0060
Necutrino mass E m,, < 0.230 eV

No. of neutrino species 2.79 << Neaog < 3.84

Primordial gravity waves r << 0.111

Running spectral index —0.031 < dns/(dlog k) < 0.002

Dark energy equation of state —1.38 < w < —0.90
—8.9 < fR9 < 14.3

Primordial non-Gaussianity —192 < _/’:{}'}j” < 108

—103 < fR" < 53
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Gravttational lensing

Apparent locations of ¢MB hot and cold spots are deflected by
intervening large scalefstructure

p—
(exagperated) o

Deflection angles Unlensed CMB Lensed CMB
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Gra\'ﬁtational lensing

Apparent locations of ¢(MB hot and cold spots are deflected by
intervening large scalefstructure

p—
(exagperated) §

Deflection angles Unlensed CMB Lensed CMB
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Lens\ reconstruction
Consider a large (~10 ddg) overdense region

CMB appears slightly magnified: acoustic peaks move to lower |

rdense region

underdense region

[
Leads to quadratic esumator for each Fourier mode of the lenses

e ) e
dy = (.—_)W?” wr Ty Ty
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Lens| reconstruction
Consider a large (~10 dag) overdense region

CMB appears slightly magnified; acoustic peaks move to lower |

overdense region

underdense region

(
Leads to quadratic estmator for each Fourier mode of the lenses

Fi a2/ -
Q)= (Tz:_.)_:”ll'l”Tl'h_l-
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Lensed|CMB (simulated)

-10
1-1')

Typical lensing deflection: ~2 aremin
Typical lens size: ~few degrees

Duncan Hanson
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Lensing |jotential (simulated)

Lensing potential o (deflection field is d = So)
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L.ensing potential (simulated)

[Lensing potential ¢ (deflection field is d = V)

Pirsa: 13040123 Page 26/78



Pirsa: 13040123

Planck lensing: results
Statistical noise is a factpr ~few larger than the © fluctuations

|*‘”H!l

- . -
- © - Ny

Galactic Nonh Gialactic South

Linc-of-sight integral: ¢(n) = -2 [dr (M) W(rn.r)

rens r

4

peaks at z~2 Newtonian potential
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Planck lensing: results
Statistical noise is a factpr ~few larger than the o fluctuations

o"'n)

L
W
i T < ”.li
‘t‘ b A v i - N

Galacti Nonh Galactic South

Linc-of-sight integral: o(n) = -2 /ch (”—\—m—-i) W(rn.r)

rempr

7

peaks at z~2 Newtonian potential
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Planck lensing: results

Power spectrum '} (inferred from 4-point function of CMB)

Angular Ssale |dey

Lenwap Mulupole [,

250 measurement of CMB lensing! ~ 2.50
(Previous measurements: ACT ~4a, SPT ~67)
We can now do precision cosmology with CMB lensing...
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Planck lensing: results

Power spectrum '} (inferred from 4-point function of CMB)

Anpular Seale |dey
1

)
Lamsing Mulupole 1,

250 measurement of CMB lensing! ~ 2.50
(Previous measurements: ACT ~4a, SPT ~67)
We can now do precision cosmology with CMB lensing...

Pirsa: 13040123 Page 30/78




Planck lensing: results

Power spectrum '} (inferred from 4- pmnl function of CMB)

Angular S

Lemunp

250 measurement of CMB lensing! ~ 250
(Previous measurements: ACT ~4a, SPT ~07)

We can now do precision cosmology with CMB lensing...
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Planck lensing: results

Power spectrum C')7 (inferred from 4-point function of CMB)
Angular Scale [deg.|
0.5 l)‘_' E)I]
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143G
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Lensing Multipole L

250 measurement of CMB lensing!
(Previous measurements: ACT ~4o, SPT ~60)
We can now do precision cosmology with CMB lensing...
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Planck lensing: results

Power spectrum '} (inferred from 4-point function of CMB)

Angular Svale |dey

Lenmunp Mulupole |,

250 measurement of CMB lensing!
(Previous measurements: ACT ~4a, SPT ~O7)
We can now do precision cosmology with CMB lensing...
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Planck lensing: results

Power spectrum '} (inferred from 4-point function of CMB)

Angular Svale |dey

Lemunp Mulupole [,

250 measurement of CMB lensing!
(Previous measurements: ACT ~4a, SPT ~O7)
We can now do precision cosmology with CMB lensin’g
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CMB lensing breaks theliegeneracy, allowing both €2 and €2,

to be determined .

72
Qx =0.71

Qy =063 | o4

Qi =0.016 56

40
~012 -008 -004 000 0,04
Qe
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Planck lensing: results

Example: Planck measurnement of curvature §2,

In the unlensed CMB, virying either Q or Q2 mainly changes
the angular scale of the geoustic peaks, leading to a degeneracy
CMB lensing breaks the@iegeneracy, allowing both 2 and 2,

to be determined -

= 72
Qr =0.71

Q=063 | o
D =0.016 | =
48

a0
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lensing: results

Example: Planck measurnement of curvature §2,

In the unlensed CMB, virying either Q- or €24 mainly changes
the angular scale of the deoustic peaks, leading to a degeneracy

CMB lensing breaks theliegeneracy, allowing both §2;c and €2,
to be determined

80
= 72
Qr =0.71
p = 0.63 64

O =0.016 56

40
-012 -008 004 000
Qe
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lensing: results

Correlation between lkens reconstruction o and Planck's
measurement of the epsmic infrared background 1s > 404

Y| e e e 1

153 GHz (x 100 ‘ 4 54% GHz (2 10) 2.0 || B57 GHz (x 0 1)

|
100 500 1000 1500 2000 100 500 1000 1500 2000 100 %00

i I i

1000 1500 2000
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Special|relativistic effects

Modulation: the same Doppler shift which
generates a dipole from the monopole

Ty — Ty(1 + :*(‘IJH[UJI

Tasiear 08 10 18 1 also modulates hot and cold spots

(T + AT(0 0)) — Ty(1 + :—('(Jh['()))
+(AT(h.0))(1 + = cos(f))
=15-10-0500 05 10 15
Aberration: Directions of incoming
photons are “aberrated” at order O(v/c)
_ AT(0.0) — AT + £sin6). o)
-15-10-0500 05 10 15
Combination of these two effects detected at ~37 in Planck
(Does not separate “cosmological” and “kinematic” dipoles)
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Special|relativistic effects

Modulation: the same Doppler shift which
generates a dipole from the monopole
Ty — To(l + ‘L cos())

o 0n 00 10 19 1 also modulates hot and cold spots

(T + AT(0 0)) — To(l + :—(-{J.\[U]]
+(AT(6.0))(1 + = cos(f))
-15-10-0500 05 10 15
Aberration: Directions of incoming
photons are “aberrated” at order O (/)
AT(0.0) — AT(0 + £ sin(0). o)
-1.5-10-0500 05 10 15
Combination of these two effects detected at ~3 in Planck
(Does not separate “cosmological” and “kinematic” dipoles)
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Special|relativistic effects

Modulation: the same Doppler shift which
generates a dipole from the monopole
Ty — Ty(1 + = cos(f))

st ar 08 10 18 1 also modulates hot and cold spots

(Ty + AT (6, 0)) — Ty(1 + = cos(f))
+(AT(4.0))(1 + = cos(f))
-15-10-0500 05 10 15
Aberration: Directions of incoming
photons are “aberrated” at order O (/)
AT(0.0) — AT(0 + £ sin(8). o)
-15-10-0500 05 10 15
Combination of these two effects detected at ~37 in Planck
(Does not separate “cosmological” and “kinematic” dipoles)
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Special|relativistic effects

Modulauon: the same Doppler shift which
generates a dipole from the monopole
Ty — Ty(1 + = cos(h))

Tt an 08 10 18 1 also modulates hot and cold spots

(Ty + AT(0. 0)) — To(1 + & cos(6))
+(AT(0. 0) ]( | 4 :— ('{JH(()))
=15-10-0500 05 10 15
Aberration: Directions of incoming
photons are “aberrated” at order O(v/c)
| AT(0.0) — AT(0 + £ sin(0). ¢)
-15-10-0500 05 10 15
Combination of these two effects detected at ~3 in Planck
(Does not separate “cosmological” and “kinematic” dipoles)
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Single-field slow-roll inflation

Example model: scalar field & slowly rolling down potential V(o)

5 = [‘!" \_"_q( ‘"i_rfll“("}l'f)-“.(.)“rJJ -_ 'I (f)))

—
reheating

Flatness:
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Single-field slow-roll inflation

Scalar and gravity wave|perturbations at the end of inflation:

d4HE (
Pp(k) = —t (
xw () M2,

H?
}), ) = inl
<(k) 2ME, \

N——

measured

Parametrize single-field slow-roll inflation by:

('t"'(o) g
V(o) )
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Single-field slow-roll inflation

Scalar and gravity wave perturbations at the end of inflation:

AHZ, (k"7
l)wv k) — }nl
- ( ) All'z)l (A'())

H?Z

A' Tl . |
)
V(0

/

measured

_ \/’(w)) 2(
¢ (k) 2ME, V() F
"\

Parametrize single-field slow-roll inflation by:

P, (k o (VI(D)\Z
P (k) V()

5 V7' (d V7' (d 2
ne — 1 = Mg, 2(“) — 3 (())
V() V()
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Planck constraints

Many inflationary mode|s can be compared to Planck data by
simply locating them in the (n,, rr) plane

, he|\Des LR\ ERa
Pe(k) = A¢ (— 12(5) = (-L
i )= s kg

0

Planck . WP
|

1)

0x

Planck + WP . BAQ
Natural Inflavion
Power law nflation
Low Scale 558 SUSY
R Inflavon

Vo ot}

Vxao

V x of

Vel

N.-5Q

N.-60

|| Pranck WP highl,
| ===

Tensor-to Scatar Ratio (=
0os o010 o1s

0o

0596
Prmerdial Tilt (n,)
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Planck constraints

Many inflationary mode|s can be compared to Planck data by
simply locating them in the (n,, r) plane

, Hy=| \ =d=r/8
Pe(k) = A (L) Pow(k) = 1A (’i
\ l‘\|| B " \ ["IJ

Planck . WP
Planck « WP highl.
Planck + WP . BAQ
Natural Inflavion
Power law inflation
Low Scale SSB SUSY
® Inflation
Vel

Vo

Vael

Vol

N.-50

N.-60

Tensor-ta Scatar Ratie { ce7)
0os o010 o1s 020

o

096
Prmordial Tilt (a,)
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Planck constraints

Many inflationary mode|s can be compared to Planck data by
simply locating them in the (n,, r) plane

’ A
!)\(f\} — .‘L_ (j‘_“ ]Jg_«‘u.(’\J =

0

Planck - WP
Planck + WP highl.
Planck + WP . BAQ
Natural Inflavion
Power law inflation
Low Scale 558 SUSY
® Inflation
Vxeo !

Vxo

Vol

Vo

Tensor ta Scatar Ratie (& co7)
0o0s 010 01s 02
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100 | @ N.-80
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Planck constraints

Many inflationary models can be compared to Planck data by

simply locating them in the (n,. ) plane

¢ ke T | I N
!’df~“==h(—) S (;
) E Pouh) = ric (

Planck . WP

1)

Planck + WP ; highl.
Planck + WP+ BAQ
Natural Inflaven
Power law inflation
Low Scale 558 SUSY
7 Inflation

Tensor-ta Scatar Ratio (=
ao0s 010 01s

oM

056 0%
Prmordial Tilt (a,)
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Planck constraints

Many inflationary mode|s can be compared to Planck data by
simply locating them in

he (n,, r) plane

Pe(k) = A ('i ) B

\ ")

Planck . WP

1)

0x

Planck + WP highl.
Planck + WP . BAQ
Natural Inflavien
Power law inflation
Low Scale 550 SUSY
1% Inflation

Tensor-to Scatar Ratio (=
0o0s 010 015

oo

096
Prmordial Tilt (a,)
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Planck constraints

Many inflationary mode|s can be compared to Planck data by
simply locating them in the (n,. r) plane

=

| 7 e
Pe(k) = A¢ ( Pow(k) = 1A ( )

-4=r/8

=

Planck « WP
Planck + WP § hughl.
Planck + WP + BAQ
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Power law inflation
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Planck constraints

Many inflationary mode|s can be compared to Planck data by
stmply locating them in the (n,, r) plane

’ A
!)' ’\'l = 1 (— — f
(k) = Ac { 1= P (k) _:.u(

Planck . WP
Planck + WP highl.
Planck + WP . BAQ
Natural Inflavion
Power law nflation
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N.-60

Tensor to Scatar Ratio (% ce1)
005 010 01s 0x

o
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Planck constraints

Many inflationary mode|s can be compared to Planck data by
simply locating them in

he (1, r) plane
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Planck constraints

Many inflationary mode|s can be compared to Planck data by

Planck . WP
Planck + WP highl.
Planck + WP . BAQ
Natural Inflavion
Power law inflation
Low Scale 558 SUSY
1 Inflation
Vo'
Vxo
Vo
Vao!
N.-50

100 | @ N.<60

Tensar ts Scatar Ratio (& co7)
005 010 01s 0

oo

096
Prmordial Tilt (n,)
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Planck constraints

“Running” spectral inddx parametrizes deviation from power law

74150 I I+ "':"TI‘ log(h/kg)
P-(K) =, —
<(k) = Ac (“)

Single field slow roll priedicts dn, /(d log k) = 0
Planck constraint: —0.831 < dn,/(dlog k) < 0.002

(Weak) preference for negative running comes from *dip” at low |

b2 ( = 1800 dip
500 1000 T 2.5-3a
Multipole moment, ¢
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Planck constraints

“Running” spectral indé¢x parametrizes deviation from power law

1 \ | 4 ‘iI‘I‘I.J log(h/hy)
!) .\' = { (_;
(k) = Ag J_”)

Single field slow roll predicts dn, /(d log k) = 0
Planck constraint: —0.831 < dn, /(dlog k) < 0.002

(Weak) preference for negative running comes from “dip” at low |

o, { = 1800 di
S, e D e L p
500 1000 |'c‘:—“_:-m. W 29-30

501 0 5 2000 2500

Multipole moment, ¢
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Planck constraints
“Running” spectral indé¢x parametrizes deviation from power law

|! \ N 1+ ‘r.:‘.:.a log(h/hky)

Pe(k) = Ac (!-.)

Single field slow roll priedicts dn, /(d log k) = 0
Planck constraint: —0.831 < dn,/(dlog k) < 0.002

(Weak) preference for negative running comes from *dip” at low |

il

: = 1800 dlp
~ 5 0 500 1000 i  2:9-30
-2.50 ;

=L, Multipele mement, £

I
{=20dip~[
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Primordjal non-Gaussianity
Example model: DBI inflation

String-motivated model of inflation W

f. = DA brane

| 4 f.(uj('f)u)z A 1.(“; “-'. watped thioat
f{”} : .

==anti=0D3 brage
ar gy (1]

After a suitable change of variables, the effective action can be
approximated as a massless scalar with a " interaction

A < 4
S = %/ dT([‘!.I'ﬂ'(T)'-} [(3—:) - [r),rr)"]}fn(.—) (rj—i-)

small coupling constant
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Primordjal non-Gaussianity
Example model: DBI inflation

String-motivated model of inflation

W
(Alishahiha, Silverstein & Tong)

& f =" DA brane

I+ [ (G002 .. W= warped ot
\ V(e _
(o) 4+ 1 (.JJ) . :

=03 brane
ary W

After a suitable change of variables, the effective action can be
approximated as a massless scalar with a " interaction

UL NS et iliaoNE e da\*
S= E/d.-d!‘rn('r)" [(ﬁ) - fr},ﬂ)']}fﬂ(.—) ()—i)

small coupling constant
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Primordial non-Gaussianity

DBI example

2 L AN e e S A
.')—_E/tf.r! ra(r) (E) - (0,7) - fa(T) r)_.-)

To first order in f, non-Claussianity shows up in the 3-point function
k[ k'l

- ()
(Ciy Qi Ckey) X f dr
(da/oT)* e Mo

,',__’(,f.k Lthg4+hy)T
-‘fl J\‘zil"l,
2f
-———-
k) L‘g!u';;”\‘[ + ko 4 f‘.'-‘):i
ks
Signal-to-noise comes from equilateral triangles K
Cosmologists’ terminology: f = fy""tr!
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Primordial non-Gaussianity

DBI example

. - \ 2 <3
S = g/ drd’ra(r)? {(%{5) - {r'),rr)"] + fa(7) (:’;_:)

To first order in f, non-Claussianity shows up in the 3-point function
k[ 1':;3

.'..‘.*.’f (k | ".'J-_l"-l'. 1)T
J\‘| J‘l"_]l‘l'j{
2f

al)
(Ck, CkxCiey) X f/ dr
od =g

(a/oT)*

ks

Signal-to-noise comes from equilateral triangles I
. ~ . aLers 1
Cosmologists’ terminology: f = fyy"! !
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Primordial non-Gaussianity

DBI example:

l Do\ ° " 5,
/ dr d’x a(T)? oo — (Do) | + fa(T) ==
2 oT oT

To first order in f, non-Gaussianity shows up in the 3-point function

k ko
| 2 0 7-'-—)(.(}-‘1 o+ ks )T

kikaks

(Gier Gres i) o< f

(Do /OT)? > f

kikoks(k1 + ko + k3)?

ki
Signal-to-noise comes from cquilateral triangles L
1

. . R . . equilateral
Cosmologists’ terminology: f = fx'
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Primordial non-Gaussianity

DBI example

. /i N : 0 N 3
S = %/ drd’raf }': {(r);-:) —{f‘),ﬂ)‘] - j'u{';') (%)

To first order in f, non-Claussianity shows up in the 3-point function
kl 1\7.;3

,',_‘.!',H‘ 1 thg k)T
Ky Kok

2f

i K\'ll"“_' -':s”-‘l r f\'z -+ f-'-;):i

()
o @lnd) = [ iz

(da/oT)*

ks

Signal-to-noise comes from equilateral triangles k
. y . o M neers 1
Cosmologists’ terminology: f = fiy"" !
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Primordial non-Gaussianity

Planck: no evidence forjprimordial non-Gaussianity

o) | I e Models with sclf-interactions
f\-‘, = =42 = TH (17 L &
i of the inflaton (e.g. non-canonical
orthog 1w - +
fae RS kinetic terms)

Multifield models of inflation

Normalization: fx, ~ 1 corresponds to deviations from Gaussian
statistics of order ~(few x 10~5)
Planck sees primordial fluctuations which are Gaussian to one

partin 10® 10%, an extremely precise test of the predictions of
single-field slow roll inflation.
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Primordijal non-Gaussianity

Other models analyzed.

* Quasi single-field fflation
* Resonant / transient single-field models

* “Higher spin™ analogs of the local shape (c.g. solid inflation)

Forthcoming: four-point function
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Early universe: where do we stand?

WMAP and Planck constraints in (n., ) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
arec much better.

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single field
slow roll inflation predict detectable r?

. 2 e A, . .

. — ] AL2 V() generic’ potentials give

P SR ,\ r ~ 0.1 which is detectable
\/((I,,)) o~ ). which 1S detectable

““generic” energy scales

/]/-] — X 16 e 1/4 .
v (3 x 107" GeV) x 7 give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (11, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better.

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

- = B2 VA(D)1) S “generic” potentials give
= 8M2 [ —2L = oty
PI\ V(0) r ~ (.1 which is detectable

21/ i 3 . ' “ap oIl " enero N o5
VY4 = (3 x 10" GeV) x pl/4 = generic” energy scales
give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (11, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better.

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

r = 8M2 V'(0)\~ A “generic” potentials give
s bl V(o) m r ~ (.1 which 1s detectable

’1/: ; , / “generic” energy scales
VYA = (3 x 1019 GeV) x 14 = generic” energy scales
give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (71, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better.

In the near future, Plangk and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

- = SAL2 ey “generic” potentials give
= 0l 3 ——— — . B
PL\ V(o) r ~ (.1 which is detectable

r . ¥ 1 r “gene "ene Y 8 CS
VYA = (3 % 1010 GeV) x rl/A = generic” energy scales
give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (11, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better,

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

- = M2 O *generic” potentials give
B AT 7 r~0.1 which is detectable

<\ . a “generic” energy scales
vi/s = (3 x 10" GeV) x pl/A o g ergy scales
give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (71, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better,

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

r = 8M32 Vi(o) : - “generic” potentials give
ety V(o) R r ~ (.1 which is detectable

’1/ ; 3 s / “generic” energy scales
VY4 = (3x10" GeV) x r1/4 = & nergy scales
give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (71, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better,

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

- = 802 Vi@)\* “generic” potentials give
Rt NT() 7 ~0.1 which is detectable

<V - - / “generic” energy scales
IV 1/4 - (.{ v “.]“I (;(‘\} w rl/l — E- nergy scales
give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (11, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better.

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

Fif 2 “aenerie” & . »
» = 8M2, | .(uJ i generic” potentials give
V(o) r ~ (.1 which 1s detectable

r1/: ‘ , / “generic” energy scales
V=3 x10"° GeV) x r'/4 = B SRycaics
give undetectably small r
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Early universe: where do we stand?

WMAP and Planck constraints in (11, /) plane are qualitatively
similar, but Planck constraints on primordial non-Gaussianity
are much better.

In the near future, Planck and other experiments will improve
constraints on r by at least a factor of 10. Does single ficld
slow roll inflation predict detectable r?

> = 8M2, ‘l'.’(r.v) : o “generic” potentials give
V(o) r ~ (.1 which i1s detectable

/ ; ] / “generic” energy scales
=3 x10'%GeV)x !/t = & pRrsylecles
give undetectably small r
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Early universe: where do we stand?

The Planck non-Gaussiginity constraints “put pressure” on certain

models, but it's hard to pule out qualitative classes of models
without getting to fn 1.

E.g. variable reheating odel or “new” ekpyrosis are not
rult.d out by Planck measurement j"" M =974+58

There are interesting exceptions, ¢.g. DBI
j-(llllﬂ / O l”!) ¥ (l i “ )

15 consistent with Planck constraints, but if we get to r ~ 0(1072)
without a detection, it would presumably be ruled out

Can we ever getto far ~ 17
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n - T . - - r - I o) ‘)
Early universe: where do we stand?
Can we ever getto [z~ 1?7  Notin the CMB
Large-scale structure mpy eventually get to j"{","" ~ |, but the
Planck constraints on f{{"' 21" may be the ultimate constraints

More generally, large-s®ale structure is very powerful for
'squeezed” and “collapsed” N-point functions

constraining *

fl‘] ;l"_!
A'_! k-l
“Collapsed” (2+2)-point function
“Squeezed” 4-point function

(Baumann, Green, Ferraro & Smith 2012)
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Early universe: where do we stand?
Can we ever getto [z~ 1?7  Notin the CMB
Large-scale structure mpy eventually get to j'l{",_'" ~ 1, but the
Planck constraints on f{{"' f2'1" may be the ultimate constraints

More generally, large-s®ale structure is very powerful for

‘squeezed” and “collapsed” N-point functions

constraining *

"‘-l I\'z
;‘"l ’{"l
“Collapsed” (2+2)-point function

‘Squeezed” 4-point function

(Bawmann, Green, Ferraro & Smith 201 2)

Page 77/78



Early universe: where do we stand?

Summary:
* Planck significantly improved WMAP constraints on

primordial NG, but this observational *window” did not show
evidence for new ph

* The qualitative picture from WMAP is unchanged (single-field
slow-roll inflation 15 OK, ckpyrosis is OK, ete.)

* Next step: rapid improvement in rin the next few years

* After that: slow process of *“chipping away” on some (not
all) types of primordial NG in large-scale structure

Pirsa: 13040123
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