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Planck is not just a standards laboratory getting the next decimal point
on cosmological parameters like Ho etc
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Planck Sateflite restits

Planck is not just a standards laboratory getting the next decimal point
on cosmological parameters like Ho etc

Even incremental advances can cross thresholds yielding new physics
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Planck Satellite results

Planck is not just a standards laboratory getting the next decimal point
on cosmological parameters like Ho etc

Even incremental advances can cross thresholds yielding new physics
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Planck Satellite results

Planck is not just a standards laboratory getting the next decimal point
on cosmological parameters like Ho etc

Even incremental advances can cross thresholds yielding new physics
Planck also crossed gualitative thresholds opening new windows:

® Gravitational lensing detected e
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- constraints on scale-invt models
- Investigations of features etc.

® 5/ clusters and cos. parameters
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Planck is not just a standards laboratory getting the next decimal point
on cosmological parameters like Ho etc

Even incremental advances can cross thresholds yielding new physics
Planck also crossed gualitative thresholds opening new windows:

® Gravitational lensing detected sl

at very high significance -
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® Non-Gaussianity 3D bispectrum
- constraints on scale-invt models
- Investigations of features etc.

® 5/ clusters and cos. parameters g
® Astrophysical insights (CIB etc) Z, N
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Discovery of Gravitational Waves?
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Primordial gravitational wave discovery

heralds 'whole new era' in physics

Gravitational waves could help unite general relativity and
quantum mechanics to reveal a ‘theory of everything'

Stuart Clark

The Guardian, Monday 17 March 2014 18.08 GMT
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"BICEP? Results

B-mode power spectrum Likellhood comparing with

shows large “excess’ with nolise + concordance model

best-fit tensor model r = 0.2 simulations - /0 deviation
0.03

Uncertainties here include
sample variance at r=0.2

- = pest fit

O
o
N

°

o
o
w—

(1+1)C /2 [uK"]
Likelihood

Multipole

_ +0.07
r=0.20_7 ¢

0 01 02 03 04 05 06
Tensor-to—scalar ratio r

Latest: BICEP2 team strongly maintains a tensor signal dominant ...

- subtracting dust yields r = 0.15 - 0.19.
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But are they right?




BICEP2 & UV Completion

BICEPZ r = 0.16 presents special challenges for inflation model-building

The tensor-to-scalar ratio
P (k) H? /H*

T = —

Pe (k) Mp/ $2°

evaluated for kj5/100 < k < kis where k;_ 1 2~ 14000 Mpc is the distance to last-scattering surface.

With r = 0.16, yields energy density & Hubble param. (during inflation)
/%t =15x%x10%GeV and H =1.0 x 10 GeV

where we have used P¢(ko)/? = 4.69 +0.02 with k; ' = 20 Mpc

Lyth relation for number of e-foldings:

o [ [ [Hin oS 80
a ¢ Mpy r Mp

So typically with N ~ 60 we have super-Planckian excursions

A(b > Mp; for r > 0.01
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Post-BICEP2 model-bui

lding?

Super-Planckian excursions A¢ > Mp; for r > 0.01 Implies

V() =Vo+ ch (@

lots of sensitivity to P
Need UV complete t
String theory Is a wel

— ¢p)"

Mp,"

anck-suppressed operators ...

neory with e.g. shift symmetry ¢ — ¢ + const.

-motivated candidate for quantum gravity ...

Recent proposal examples (with large r):

® Axion monodromy with symmetric large field range and large r

E.g McAllister, Silverstein,

~ 1264 A eos [ £
V(g) = p“¢+ A" cos ( f T 7) Westphal; Flauger et dl.

yielding oscillatory (non-Gaussian) signatures.
® Quasi-single Field Inflation - shift symmetry only protects one field

with others having masses near m ~ H (curvature significant)
again yielding NG signatures; also higher spin particles with mass

® (haotic inflation

E.g Chen & Wang, Arkani-Hamed & Maldacena (in prep.)
N supergravity Kallosh, Linde & Westphal ® Higgs Inf. etc

® Sece £d Copeland’s SUSY 2014 talk ....
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low-scale supergravity inflation
M-theory inflation
mass inflation
massive chaotic inflation
moduli inflation
multi-scalar inflation
multiple inflation
multiple-field slow-rol
multiple-stage inflatio
natural inflation
itural Chaotic inflatic
itural double inflatio
itural supergravity ir
xw inflation
axt-to-minimal supel
hybrid inflation
non-commutative infl;
non-slow-roll inflation
nonminimal chaotic inflation
old inflation
open hybrid inflation
open inflation
oscillating inflation

primordial inflation

guasi-open inflation
guintessential inflation
R-invariant topological inflation
rapid asymmetric inflation
running inflation

scalar-tensor gravity inflation

supernatural inflation

superstring inflation

supersymmetric hybrid inflation
supersymmetric inflation
supersymmetric topological inflation



@ Origins of Planck

\,\

COBE WMAP PLANCK

First proposed in 1993 as two satellites COBRAS & SAMBA

COI’?C@/*.)UJC// dr C]Wlth (©Jean—Miche/le Lamarre, Observatoire de Paris)
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Selected as COBRAS/SAMBA in 1996 in ESA Horizons
- became Planck (launch planned for 2003 with Herschel):

Low Frequency Instrument - HEMT radio arrays @ 100K
High Frequency Instrument - Bolometer arrays @ 0.1 K

In 2000, tender won by Alcatel (now Thales Alenia Space)

Various hiccups and delays (e.g. |00GHz LFI channel)




The Planck High Frequency
Instrument (HFl) detects photons

using bolometers in 6 freq. bands

* 48 bolometers (thermal detectors) absorptive
elements, radiation raises their temp measured
by thermistor (32 pol. sensitive detectors, 4 freq.)

* A chain of coolers, culminating in dilution coolers

maintains a temperature of 0. K |
P ] Mirror

Bolomet
Cooling chain PO Hormns HF|

\ " LV O |
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Absorber metalization

Spiderweb
bolometer




|00 GHz 143 GHz 217 GHz

353 GHz 545 GHz 857 GHz
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Lndividual Radio emission " Dust emission Losmic Microwave
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WMAP vs Planck




-OF ound-cleaned CUIVID mdaps

Commander-Ruler (C-R) - Pixel Internal linear combination (NILC)
domain: fits parametrized model of Needlet (wavelet) domain: minimizes
CMB and foregrounds  c.r variance of CMB signal

Template fitting (SEVEM) - Pixel Spectral matching (SMICA)

domain: removes templates found BT /9rmonic domain: fits model of
by subtracting frequency channels _3qq LK 300 foregrounds and solves for CMB



min. foreground residuals and preserves non-Gaussianity

analysis -

/

Leading method for high

Ization

|

- the 3% processing mask has been filled in with a constrained rea
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Planck_Legacy_Archive

planck&page=

Key public data product from the Planck mission, refer to:
http://www.sciops.esa.int/index.php’project


http://www.sciops.esa.int/index.php?project=planck&page=Planck_Leg
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Conservative spectral analysis . Planck
100 *
® Uses small portions of the sky with oo | 143 »
minimal foreground contamination — 217+
h'd
® Uses detector cross-spectra to remove = " f ]
uncorrelated noise from power o 500
® Non-CMB spectra at small-scales are
modeled with extra parameters (dust, 200 | v
SZ, CIB etc) L
® CMB likelihoods published ... T 0 oo tsoo 2000 2000

{
100 GHz (49%) 143 GHz (31%) 217 GHz (31%)




Angular scale
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Multipole moment, /¢



Angular scale
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—— 4000 1
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Multipole moment, ¢

THE BIG OQOUESTIONS
Does standard ACDM still fit?

Does the inflationary paradigm work?
Which models are favoured?

2000

2500
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Angular scale
00° 18 I° 0.2° 0.1° 0.07°

> 10 50 500 1000 1500 2000 2500
Multipole moment, /¢

THE BIG QUESTIONS Is dark energy constant or is it dynamical?
Does standard ACDM still fit? What are neutrino masses?

Does the inflationary paradigm work? ~ Are there extra relativistic species’
Which models are favoured? Are there signatures of new physics?




ACDWI cosmological barameters

Standard 6 parameter ACDM model fits the data well ...

Cosmological parameters from joint analysis
with Planck + WMAP-P + BAO (and priors)

e Baryon density Q,h*  0.02207+0.00027
e Cold dark matter Qch2 0.1198+0.0026

® Dark energy Qn  0.685x0.017

e Hubble parameter H, 67.3+1.2

® Age of the Universe  to 13.798 £ 0.037

e Sound horizon 1000, 1.0414820.00062
® Matter fluctuation Os 0.828+0.012

e Spectral index n 0.9585%0.0070
® Optical depth T 0.091+£0.014

e Reionization redshift  z_ 1. 1x].1




Standard 6 parameter ACDM model fits the data well ...

Cosmological parameters from joint analysis

Notable shifts from

with Planck + WMAP-P + BAO (and priors) \WMAP9 results

e Baryon density
e Cold dark matter

® Dark energy
e Hubble parameter
® Age of the Universe

e Sound horizon

® Matter fluctuation
e Spectral index

® Optical depth

e Reionization redshift

Qbh2 0.02207+0.00027

Q h?
Qp

H,

to
1000,

Os

n
S

T

Z
re

0.1198+0.0026

0.685+0.017
67.3+1.2

13.798 + 0.037
1.04148+0.00062

0.828+0.012
0.9585%0.0070

0.091+£0.014
[1.1£]. 1

2.4% down
5.4% up
6.5% down
3.9% smaller
0.4% older




“Implications for Inflation

Scalar spectral index n < |
Scale-invariant HZ spectrum has insufficient power on small scales

(ruled out at 50) ns = 0.960 + 0.00/
1500 | , U ol ¥
v 5
"E 1000 .
S
~ N
. \ 500 | I\
| ACDM '
08! +running-ttensors |
£ 0300 500 1000 2000
o4 Multipole moment /
0.2
o=~ | See earlier inflationary constraints




Planck offered no compelling evidence for additions to standard ACDM

e Curvature parameter )| -0.0005+0.0066
e Neutrino masses 2. my, <0.23 eV

® Spin degrees Neff 3.30+0.54

® Helium fraction Yp 0.267+0.040

® Running Spectral index dns/dlnk -OOI4i0.0I7

® Tensor-scalar ratio r0.002 <O0.11

® Equation of state w -1.13+0.24



Planck offered no compelling evidence for additions to standard ACDM

e Curvature parameter )| -0.0005+0.0066
e Neutrino masses 2. my, <0.23 eV

® Spin degrees Neff 3.30+0.54

® Helium fraction Yp 0.267+0.040

® Running spectral index dns/dink -0.014+0.017

® TJensor-scalar ratio r0.002 <O0.11

® Equation of state w -1.13+0.24

All changed with BICEP2 results, with consistency requiring e.g. (beyond r)

® Running spectral index
® Sterile neutrino species

® Tilt of tensor modes etc ...



Gravitational lensing signal
detected at high significance
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Also ISW-lensing correlations
detected at 2.50 (see later)

Shallowing of the potential due to
expansion driven by dark energy
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Gravitational lensing signal
detected at high significance

W+1)Pe?® /2n
{
1077 1.5x1077

5x1078

AA

i

[

1

+ ]
+ |

1 I
100

1 1 I
200

1 1 I
300

400 500

Lensed - Also ISW-lensing correlations
detected at 2.50 (see later)

Shallowing of the potential due to
expansion driven by dark energy

SZ cluster science: Also promising
explorting new Planck SZ clusters —

Like lensing results remains in tension ... 7




eSd

ator or (s

ianity

Non-Gauss

A self-cons

int correl

DO

based on two

istent concordance model

the sky

langles In

1r

3pt correlator or

trum

Ispec

The CMB B



eSd

ator or (s

ianity

Non-Gauss

A self-cons

int correl

DO

based on two

/

istent concordance mode

the sky

langles In

1r

3pt correlator or

trum

Ispec

The CMB B



Allowed multipoles /1,h,/3 for the CMB bispectrum live in the domain

Resolution: l1,09,l3 < lmax, l1,02,l3 €N,
Triangle condition: [} <ly + 13 for [ > ls, I3, 4+ cyclic perms. A
Parity condition: lh+1la+1l3=2n, néeN.

Reduced bispectrum D12 from primordial bispectrum B(k|,k2,k3)

Pr mordia b/spectrum - /'13
[ransfer functions

Inner product:

Defined by estimator sum I
N } : /
<b7 b > — wl1l2l3 bl1l2l3 l11515
l17l27l36V’T

. . 2
with Welght Wiyl = hl1l2l3
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Hot plasma oscillations create patterns
of acoustic pedks: A

ls (0.L,L) (L,L,L)
Angular scale ¢
90°__18° I’ 0.2° 0.1° 0.07° 2

2 10 50 500 1000 1500 2000 2500
Multipole moment, /¢

Power spectrum (2pt correlator)
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Hot plasma oscillations create patterns
of acoustic peaks:

6000 [

5000 f

—— 4000

Dy[K?

2000 r

1000 |

Angular scale

3000 |

90° 18° 1° 0.2° 0.1°

0.07°

2 10 50 500 1000 1500

Multipole moment, ¢

Power spectrum (2pt correlator)

2000
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3D bispectrum
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Constant model 2000 0



Hot plasma oscillations create patterns

of acoustic pedaks: 3D bispectrum

Angular scale
00°  18° ° 0.2° 0.1° 0.07°
6000 ' ' ' ' A
5000 |
4000
N
N
= 3000 |
DO
Q
2000 |
1000 |
¢
010 =0 500 1000 1500 2000 2500
Multipole moment, ¢ 0

500

1000
1500
Power spectrum (2pt correlator) Constant model 2000 O
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Simp/e inflation models cannot generate observable non-Gaussianity:

* single scalar field

* canonical kinetic terms

* always slow roll

* ground state Inrtial vacuum

* standard kinstein gravity
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S/mp e Inflation models cannot generate observable non-Gaussianity:

* single scalar field

* canonical kinetic terms

* always slow roll

* ground state Inrtial vacuum
* standard kinstein gravity

.e. simple Inflation predicts no (observable) randomness
B ~ P32/ 1,000,000
so deviations less than | part in a million!

Non-Gaussianity arguably the most stringent test of standard picture
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Simp/e inflation models cannot generate observable non-Gaussianity:

* single scalar field

* canonical kinetic terms

* always slow roll

* ground state Inrtial vacuum
* standard kinstein gravity

.e. simple Inflation predicts no (observable) randomness
B ~ P32/ 1,000,000
so deviations less than | part in a million!

Non-Gaussianity arguably the most stringent test of standard picture

But simple inflation model-building faces rigorous challenges in
fundamental theory (e.g. eta problem and super-Planckian field values).
Many fundamental cosmology ideas/solutions violate these conditions!
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Alternative models:
Fingerprints of
the very early
Universe’

Fergusson and EPS, 2008
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Fergusson and EPS, 2008



FLAT Excited states

\\Multiﬁeld

Alternative moaels:
Fingerprints of
the very early
Universe’

2
T,

Pocked loop

Fergusson and EPS, 2008
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Alternative models: S eg stares

Fingerprints of — EQUILATERAL
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Fergusson and EPS, 2008



Alternative models:
Fingerprints of
the very early
Universe’

FLAT Excited states

l'. :

\ LOCAL

|
B2

EQUILATERAL /-
Non-canonical — -

- /

1 i | - ’
DIRECTIONAL — - /

S - veCtor ﬁelds ||‘-
Pocked loop

Fergusson and EPS, 2008



Alternative models:

Fingerprints of EQUILATERAL .~ LOCAL

Non-canonicy/J - Multifield
the very early s < i o P
Universe’ -

—

DIRECTIONAL ~ - /§

Vector fields \

—

Fergusson and EPS, 2008 NON-SCALING 6;cillatory features
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FLAT Exc:ted states

Alternative models: / \

Fingerprints of
the very early
Universe’

Fergusson and EPS, 2008

EQUILATERAL /- | LOCAL
Non-canonlcal s, ~_ Multifield

DIRECTIONAL\ | "/LATE-TIME

Vector fields ‘f . ; &=- ./ Cosmic strings
\ TR / ISW lensing

NON-SCALING Osc:llatory features



Bii23 reconstruction =

Expand any (nonseparable) bispectrum signal strength in modes as

vllvlgvlg —~— R
b1, 1,1, = E ar Ry,
\/051052 C1,

E.g. Local fne Modal expansion:

YT O, O B

-043-  © 4014
a5 »44

_|_

OR filter the Planck data with these modes and reconstruct bispectrum
Fergusson, Liguori and EPS, 2009




| T .EORY OBSERVATION
Primordial bispectra CMB map

(k-space)

Fergusson, Liguori and EPS, 2009
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CMB bispectra

~ LHEORY (I-space) OBSERVATION
Primordial bispectra CMB map
(k-space) O.LL)
o Mode
P transfer

“ functions

N

— 0
(K,K,O)& n Y n

Fergusson, Liguori and EPS, 2009
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CMB bispectra

LHEORY (I-space) OBSERVATION
Primordial bispectra CMB map
(k-space) O.LL)
o Mode
P transfer

“ functions

N

— 0
(K,K,O)& n Y n

Expand any model with
primor dial modes Cp Fergusson, Liguori and EPS, 2009



CMB bispectra

- THEORY (I-space) OBSERVATION
Primordial bispectra . CMB map
(k-space) OLD h
" Moae |~ N
IS transfer ap
j extraction

“ functions

I /B

N

— 0
(K,K,O)& n Y n

Filter with sufficient
separable eigenmodes

Expand any model with
primor dial modes Cp Fergusson, Liguori and EPS, 2009
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Primordial bispectra
(k-space)

Expand any model with
primordial modes O,

Mode
transfer

“ functions

N

— 0
(K,K,O)& n Y n

CMB bispectra
(I-space)

(O,L,L)

(

\_

Modal

estimator

Fergusson, Liguori and EPS, 2009

OBSERVATION
CMB map

Filter with sufficient
separable eigenmodes
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Modal reconstruction of the full 3D Planck bispectrum

Fourier modes  vs  Polynomials



Modal 'S Bispectrum Reconstruction (Planck Collaboration 2013)



Modal 'S Bispectrum Reconstruction (Planck Collaboration 2013)
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Bispectrum expansion coefficients
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X2-tests for integrated
bispectrum consistent with

Gausslanity, but signal always

high.

Comparison with 200

lensed CMB Gaussian maps

with Planck noise.

Fy.2 significance

Cumulative sum vs Gaussian 2o
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Equilateral bispectra ,L\ faal = _42 475

Inflation from higher dimensions
Single-field - sound speed ¢ << ¢

Primordial B(k,k2,k3)

-

Fergusson & EPS, arXiv:1008.1730
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Equilateral bispectra / \ feq“ﬂ —

Inflation from higher dimensions
Single-field - sound speed ¢ << ¢

Orthogonal bispectra = forthe =
Single-field, complement of equilateral

Primordial B(k,k2,k3)
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Fergusson & EPS, arXiv:1008.1730 L
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anlatera/ bispectra / \ fequﬂ

Inflation from higher dimensions
Single-field - sound speed ¢s << ¢

Orthogonal bispectra = forthe =
Single-field, complement of equilateral

Local b/sbectmf\ foeal = 2.7 + 5. 8 -

Multifield inflation, curvaton etc. T

Primordial B(kj,kz,ks3) CMB By

—42 + 75 )

Fergusson & EPS, arXiv:1008.1730
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xion Monodromy

Large-field inflation predicts gravitational waves - r ~ 0.05 - but ...

- large excursions with a flat potential not natural (corrections)
- slow-roll inflation requires an effective shift symmetry @ —> ®+c
Ingredients: UV completion - string theory

Shift SYymmetry - axions a —> a+2Tl e.g. Silverstein & Westphal 2008

Axion potential recycled - monodromy ~ Flaugeretal 2009

Predictions: fensor modes r>0.07/ //,,,—\
Power spectrum periodicity

Bispectrum oscillations sin[log (k)+c]

2000
1600 -
1200 |

800




Feature mode

bispectrum

Inflaton potential can have a feature which disturbs slow-roll:

1000 1500

500

6A° I . [ 2kt + ko + k3)
B (k1. ky, k3) = N gin LA
o (8= Gk 7 T
S
©f p
P AR X o M@ e
G s D)
b 9: -

\ ey
X N
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N |
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1500 . 5
g 00 - =00 1000 ! 00p ™ 500 1000 1500
4 /s
Width Ak = 0.015 Ak = 0.03 Ak = 0.045 Full
Model L £ AN (o) L £ Afne (o) e £ Afne (o) e £ A (o)

ke = 0.01125; ¢ = 0
ke = 0.01750; ¢ = 0

k. = 0.01750; ¢ = 3r/4
k. = 0.01875; ¢ = 0

k. = 0.01875; ¢ = n/4
ke = 0.02000; ¢ = 7r/4

765 £275 ( 2.8)
~661 + 234 (-2.8)
399 £207 ( 1.9)
~562 +211 (=2.7)
~646 + 240 (=2.7)
~665 + 229 (=2.9)

703 + 241

438 + 183

—494 + 192 (-2.6)

~559 + 180 (=3.1)
~525 + 189 (-2.8)
~593 + 185 (-3.2)

( 29 648218 ( 3.0)
—425 £ 171 (-2.5)
442 £ 165 ( 2.7)
~515+ 159 (-3.2)
—468 + 164 (—2.9)

-500 + 160 (=3.1)

( 2.4)

434 +170 ( 2.6)
~335 + 137 (-2.4)

366 + 126 ( 2.9)
~348 + 118 (-3.0)
~323+ 120 (-2.7)
~298 + 119 (-2.5)




Feature mode

bispectrum

Inflaton potential can have a feature which disturbs slow-roll:
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ke = 0.01125; ¢ = 0
ke = 0.01750; ¢ = 0

ke = 0.01750; ¢ = 3r/4
k. = 0.01875; ¢ = 0

k. = 0.01875; ¢ = n/4
ke = 0.02000; ¢ = 7r/4

765 £275 ( 2.8)
~661 + 234 (-2.8)
399 £207 ( 1.9)
~562 +211 (=2.7)
—646 + 240 (=2.7)
~665 + 229 (=2.9)

703 + 241

438 + 183

—494 + 192 (-2.6)

~559 + 180 (=3.1)
~525+ 189 (-2.8)
~593 + 185 (-3.2)

( 29 648218 ( 3.0)
—425 £ 171 (-2.5)
442 + 165 ( 2.7)
~515+ 159 (=3.2)
—468 + 164 (—2.9)

-500 + 160 (=3.1)

( 2.4)

434 +170 ( 2.6)
~335 + 137 (-2.4)

366 + 126 ( 2.9)
~348 + 118 (-3.0)
~323+ 120 (-2.7)
~298 + 119 (-2.5)




Spectrum

Inflaton potential can have a feature which disturbs slow-roll:

1000 1500

500
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o
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fo00 1500 100 500 1000 1500
A 0 0,
Width Ak = 0.015 Ak = 0.03 Ak = 0.045 Full
Model e £ Afae (0) e £ Afae (0) £ Afae (0) e £ Afae (0)

k. =0.01125; ¢ =0
k. = 0.01750; ¢ = 0

k. = 0.01750; ¢ =3x/4 399+ 207 ( 1.9)
k. =0.01875; ¢ =0 =562 + 211 (=2.7)
k. =0.01875; ¢ = /4 —646 + 240 (=2.7)

k. = 0.02000; ¢ = /4

765+ 275 ( 2.8)
—661 + 234 (-2.8)

—665 + 229 (-2.9)

703 + 241 ( 2.9)
—494 + 192 (=2.6)
438 + 183 ( 2.4)
~559 + 180 (=3.1)
~525+ 189 (=2.8)
~593 + 185 (=3.2)

648 + 218 ( 3.0)
—425 + 171 (=2.5)
442 + 165 ( 2.7)
~515+ 159 (=3.2)
—468 + 164 (=2.9)
~500 + 160 (=3.1)

434 + 170 ( 2.6)
~335+ 137 (=2.4)

366 + 126 ( 2.9)
~348 + 118 (=3.0)
~323 + 120 (=2.7)
~208 + 119 (=2.5)

Extra parameters reduce significance through the “look elsewhere effect” ...
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Scale-invariant primordial non-Gaussianity is strongly constrained
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* Local, equilateral and orthogonal shapes, e.g. g™ = 2.7+ 5.8

* Constrains many models (in combination with Cl's):

0

* Effective field theory sound speed ¢s > 0.02

 For DBI inflation sound speed ¢ > 0.0/

* Power law K-inflation ruled out (cf power spectrum)
e Curvaton model constraint on “decay fraction” o e Essere——
* Ekpyrotic/cyclic “conversion mechanism’ ruled out

s(cs? — 1)
—10000

—20000

Planck bispectrum reconstruction - large NG signal

Alternative bispectrum paradigms investigated:
squeezed, equil, non-Bunch Davies, osclllatory

Oscillatory “patterns’: further investigation ongoing

Also first results for trispectrum Tne < 2600 (weak)

-100 =50 0 50 10C
QSF
NL



Gravitational bispectra |

from galaxy surveys &
N-body simulations

Schmittfull, Regan & EPS,
arXiv:1207.5678

Higher density of states

fne = | attainable?

Dark Energy Survey

ESA Euclid satellite
(construction began July 201 3)

—0.5

(e) Dark matter, z =0

log density

log density

k,[hMpc]

k,[hMpc]

(f) Bispectrum signal, z = 0
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Planck Local - Gu < 1.3x107 (f10<0.010)
& Global - Gu < 3.2x107 (f10<0.024)
No significant evidence for string NG ... yet
Modal bispectrum constraints Gu/c” < 8.8 X 107} M +
Minkowski functionals etc. Gu/c? < 7.8 x 1077 =

1500

1000

Key NG issues are to eliminate systematics

Prospects for Planck non-Gaussianity

AGu <2 x 107 y»

Brane (DBI) inflation o N ” Multifield inflation
(EQUILATERAL) ‘ . - Lo R (LOCAL)
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e Planck Local - Gpu < |.3x107 (f10<0.010)

o & Global - Gu < 3.2x107 (f10<0.024) .
* No significant evidence for string NG ... yet ‘
e Modal bispectrum constraints Gu/c* <88 x 107
e Minkowski functionals etc. Gu/c* <7.8x 1077 = \

1000

Key NG issues are to eliminate systematics

Trans-Planckian vacua

* Prospects for Planck non-Gaussianity

AGu <2 x 107

Constraints on Non-Gaussianity
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e Planck Local - Gpu < |.3x107 (f10<0.010)
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* No significant evidence for string NG ... yet ‘
e Modal bispectrum constraints Gu/c* <88 x 107
e Minkowski functionals etc. Gu/c* <7.8x 1077 = \

1000

Key NG issues are to eliminate systematics

Trans-Planckian vacua

* Prospects for Planck non-Gaussianity
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Constraints on Non-Gaussianity

1500

Planck Local - Gp < |.3x10” (f10<0.010)

& Global - Gu < 3.2x107 (f10<0.024)
No significant evidence for string NG ... yet e
Modal bispectrum constraints Gu/c” < 8.8 X 1071 ";f
Minkowski functionals etc. Gu/c? < 7.8 x 1077 =~ % ’

1000

Key NG issues are to eliminate systematics

Trans-Planckian vacua

Prospects for Planck non-Gaussianity

AGu <2 x 107 oy

COBE  few partsin 100

igl “
Brane (DBI) inflation i . y.
(EQUILATERAL) , - ,
>

Multifield inflation
(LOCAL)




Strin
Planck Local - Gu < I.3x107 (f10<0.010)
. & Global - Gu < 3.2x1077 (f10<0.024)
* No significant evidence for string NG ... yet

» Modal bispectrum constraints Gu/c® < 8.8 107 AST™
¢ Minkowski functionals etc. Gu/c* < 7.8 x 107" =~

1500

1000

Key NG issues are to eliminate systematics 0 )
* Prospects for Planck non-Gaussianity e =
AGp <2 x 107 omitan | ;ﬂ W
Constraints on Non-Gaussianity R G 4P

COBE  few partsin 100
WMAP  2-3 parts in 10,000




String constraints -~ €Sa
E’Ianck Local - Gp < .3x107 (f10<0.010)

& Global - Gu < 3.2x107 (f10<0.024)

* No significant evidence for string NG ... yet .
 Modal bispectrum constraints Gu/c* < 8.8 x 10 '\ sl

1500

1000

e Minkowski functionals etc. Gu/c* <7.8x 107" = - —
Key NG issues are to eliminate systematics T
* Prospects for Planck non-Gaussianity v i
AGp <2x 107 " EQUNTERAL) ‘ &: R e
Constraints on Non-Gaussianity | " -4 X ,

COBE  few partsin 100
WMAP  2-3 parts in 10,000
Planck  few parts in 100,000




CVIB Po

larisation

CMB becomes polarised through
Thomson scattering off electrons.

o obtain a net signal we must
have a guadrupole anisotropy

Quadrupole
Anisotropy

Thomson

N Do RS cattering

[.inear
Polarization

_—— ~ensor

m=4

/’/

__— Tensors
(Gravity Waves)

Courtesy Wayne Hu
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CMB Po

/

CMB becomes polarised through
Thomson scattering off electrons.

o obtain a net signal we must
have a guadrupole anisotropy

Quadrupole
Anisotropy

Thomson

Ny ) Scattening

[.inear
Polarization

E-modes
‘oradient”

B-modes
“curl”

- m=

N\

Vectors
(Vorticity)

2

. Jensor

__—"_ Tensors
(Gravity Waves)

Courtesy Wayrx{éﬁl_—/u



CMB becomes polarised through
Thomson scattering off electrons. ~ E-modes

Vectors
(Vorticity)

. Jensor

| | ‘gradient”
o obtain a net signal we must
have a guadrupole anisotropy N : /.
Quadrupole N =
Anisotropy / : N
Thomson B-modes
Ny s L Scattering “curl”
: R -
" "
Line:
| m.car s I -
Polarization e N\

__—"_ Tensors
(Gravity Waves)

Courtesy Wayrx{éﬁl_—/u
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CMB becomes polarised through
Thomson scattering off electrons.

o obtain a net signal we must
have a guadrupole anisotropy
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CMB becomes polarised through
Thomson scattering off electrons.

o obtain a net signal we must
have a guadrupole anisotropy
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Planck E-mode polarisation

The CMB is polarised at about the 10% level (~0.1pK)

Series of acoustic peaks from plasma motions (out-of-phase with T)
Additional reionisation ‘bump’ at small | (associated with first stars)

7 Planck will observe
and report this series
of E-mode peaks at
high precision in 2014

= [xtra information about cosmological parameters (Ho etc to move)
= |[nsisht into the ionisation history of the Universe.



Planck B-mode polarisation

Primordial gravitational waves will induce a B-mode signal

[((i+1)c,"/2n] / pK®

[i(i+1)C, /2m] [/ pKE

=000 4000 6000

0.150

0.1

0.05

0

1T

e —

Decay to zero

sub-horizon

BB

I reionization

10

Lensing

1000

A. Lewis, 2014

Planck alone: original BlueBook forecast r ~ 0.1 from reionization signal

- but T2 detection dependence drops to 20 (because of fall in T)

- full-sky recombination bump 2.50 possible,, but many systematics
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Primordial GWs should have a blackbody spectrum
Distinguish from foreground contributions using frequency dependence:

353GHz

Planck can extrapolate B-mode dust contamination in the BICEP?2 field



Planck polarised Joregrounds

Primordial GWs should have a blackbody spectrum

Distinguish from foreground contributions using frequency dependence:
[ 43GHZ S — 217GHz |
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Planck can extrapolate B-mode dust contamination in the BICEP2Z field



Planck polarised foregrounds

Primordial GWs should have a blackbody spectrum
Distinguish from foreground contributions using frequency dependence:
[ 43GHZ o 217GHz ’

2 . - ?\ .‘- | “y '.“ .4"
353GHz 353GHz Polarisation fractioln (arXiv:1405.0871)
f",;‘,': 4 .:‘ . :1\T NS D

— ™ BICEP2 field

Planck can extrapolate B-mode dust contamination in the BICEP2 field



Planck polarised foregrounds

Primordial GWs should have a blackbody spectrum
Distinguish from foreground contributions using frequency dependence:
143GHZ et o8 iR 217GHz :

353GHz 353GHz Polarisation fraction (arXiv:1405.0871)

— ™ BICEP2 field

Planck can extrapolate B-mode dust contamination in the BICEP2 field
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First map of B-modes at | 50GHz (previously upper limits)

with remarkable sensitivity of 8/nK (Planck only at pK)

ISe

E from lensed—-ACDM+noi

Simulation

E signal
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It primordial, then inflationary GVVs provide a good explanation

e B2xB2 ®
0.05" . BoxBic
*  B2xKeck (preliminary) s
0.04
® ® //
% oosf 1 |
E e tensors + lensing
& !
8- 0.02f { j‘ ///é
Q A4
I

A H

0.01

lensing only

_0.01 | | | | | |
0 50 100 150 200 250 300
Multipole

But unexpectedly high at r = 0.2 (accentuating QG problems)
Makes Planck large-scale power deficit worse (need running etc)



Polarization Fraction

How did BICEP? eliminate foregrounds?
' = Apparent polarization fraction (p) at 353 GHz, |1° resolution

_ T

Not CIB subtracted

® Put simply, they (mainly) used Planck data ...

® ESLAB 2013 talk by Bernard released polarisation
fraction and angle maps (pre-publication)

® Jalk maps digitised for key DDM /2 models Rl :
0.02 . . | 7 '.f
/ — — ~lens+r=0.2
J/ BSS
L - / LSA i S
0.015 / ™~ ~ // R FDS 0% m— sssmsm 0.20
/ - PSM p ranges from 0 to ~20%
o / —— DDM1 Low p values in inner MW plane. Consistent with unpolarized CIB
< 001} / DDM2 Large p values in outer plane and intermediate latitudes
& / S Bernard J.Ph., ESLAB 2013 6
B o
= 0005f /M 1
= Polarization angle

B field direction at 353 GHz, |° resolution ¢ =05x1(U,Q)

lines: P rotated 90°
color: I3s3

0 50 100 150 200 250 300

Multipole N>~
T
/ =N\~
P 777 . - N —— \//—l\—\\m§ | ~N—r—~

N\
IESSS

BICEPZ results exhibited non-negligible foreground
dependence for tensor-to-scalar ratio r !

unsubtracted | DDM2 cross | DDM2 auto
+0.07 +0.06 +0.05
BICEP2 0.27 505 0.16" 5 o5 0.1275 04
Field direction consistent with B in MW plane

+0.04 +0.04 +0.04
BICEP2XxKeck 0.13 —0.03 0.10 —0.03 O°06—0.03 Field homogeneous over large regions with strong p (e.g. Fan)
Bernard J.Ph., ESLAB 2013 5

T

s 1.0 Log ()

-1.2

mercredi 3 avril 13



How did BICEP? eliminate foregrounds?

® Put simply, they (mainly) used Planck data ...

fraction and angle maps (pre-publication)
® Talk maps digitised for key DDM /2 models

0.02 . .
g —— lens+r=0.2
// BSS
_ LSA
0.015} %/ J[\\ . FDS
y — PSM
— / —— DDM1
X oot} / DDM2
& /
a_ ; /
S o0o005f /N
iy
~0.005 | | |
200 250 300

0 50

100 150

Multipole

BICEPZ results exhibited non-negligible foreground

Polarization Fraction

Apparent polarization fraction (p) at 353 GHz, |° resolution

.
- -
,
,
’
.

® ESLAB 2013 talk by Bernard released polarisation ,

_ T

p ranges from 0 to ~20%
Low p values in inner MW plane. Consistent with unpolarized CIB

Large p values in outer plane and intermediate latitudes
Bernard J.Ph., ESLAB 2013 6

dependence for tensor-to-scalar ratio r !

r unsubtracted | DDM2 cross | DDM2 auto
+0.07 +0.06 +0.05
BICEP2 0.27 505 0.16" 5 o5 0.127 5 o4
+0.04 +0.04 +0.04
BICEP2xKeck 0.1375 03 0.10"5 03 0.06 " 03

mercredi 3 avril 13

Polarization angle

B field direction at 353 GHz, |° resolution ¢ =05x1(U,Q)

lines: P rotated 90°
color: I3s3

N\
} '\\\ S~N\~
—~ \//—/N—\\M§ o>~
 ———~—————\

s 1.0 Log ()

-1.2

Field direction consistent with B in MW plane

Field homogeneous over large regions with strong p (e.g. Fan)
Bernard J.Ph., ESLAB 2013 5
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How did BICEP? eliminate foregrounds?

® Put simply, they (mainly) used Planck data ...

® ESLAB 2013 talk by Bernard released polarisation
fraction and angle maps (pre-publication)

® Talk maps digitised for key DDM /2 models

/ — — —lens+r=0.2
e
Yy LSA
—— FDS
PSM
—— DDM1
DDM2

0.02

0.015}
—
< 001
d /
a_ ; /
2 0005/ N
*

~0.005 |

0 50

150

100

Multipole

200 250 300

BICEPZ results exhibited non-negligible foreground

Polarization Fraction

Planck ga|t|

“dust (arXiv: 1405.087 1)

Polarization angle

dependence for tensor-to-scalar ratio r !

r unsubtracted | DDM2 cross | DDM2 auto
+0.07 +0.06 +0.05
BICEP2 0.2 005 0.16" g5 0.127 5704
+0.04 +0.04 +0.04
BICEP2xKeck 0.137 503 0.10"5 03 0.06 593

B field direction at 353 GHz, |° resolution

lines: P rotated 90°
color: I3s3
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Field direction consistent with B in MW plane

¥ =05x1tg"}(U,Q).
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s 1.0 Log ()

Field homogeneous over large regions with strong p (e.g. Fan)

Bernard J.Ph., ESLAB 2013
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FP2 Foregrounds

How did BICEP? eliminate foregrounds?

® Put simply, they (mainly) used Planck data ...

® ESLAB 2013 talk by Bernard released polarisation
fraction and angle maps (pre-publication)

® Talk maps digitised for key DDM /2 models

0.02 . .
/ — — ~lens+r=0.2
J/ BSS
_ y LSA
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— / ——— DDMH
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BICEPZ results exhibited non-negligible foreground

Polarization Fraction

BICEP2
field

Polarization angle

dependence for tensor-to-scalar ratio r !

r unsubtracted | DDM2 cross | DDM2 auto
+0.07 +0.06 +0.05
BICEP2 0.2 05 0.16" g5 0.127 504
+0.04 +0.04 +0.04
BICEP2xKeck 0.137 503 0.10"5 03 0.06 593

B field direction at 353 GHz, |° resolution ¥ =05x1g7'(U,Q).

lines: Y rotated 90°
color: l3s3
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Field direction consistent with B in MW plane

Field homogeneous over large regions with strong p (e.g. Fan)
Bernard J.Ph., ESLAB 2013 5
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Re-analysis using (digitised) Planck ESLAB talk maps

® (CIB subtracted polarisation maps (Bernard, 2013)  Flauger, Hill, Spergel
indicates larger foreground contamination likely — arXiv:1405.5857

DDMI1P+lensing DDM2P+lensing Nyp+lensing
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® Also HI column density estimates (Aumont talk, 2013) " et )

® 353 GHz Q and U maps with dust extrapolation u
for 100 GHz BICEP2 field (Boulanger tal, 2013)  tul .. y
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BICEP? Dust-up (cont,

Joint Planck/BICEP2 analysis without polarisation assumptions
(Mortonson & Seljak, arXiv:1405.5857)
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Likelihood constraints favour no gravitational waves with r < 0.1 1 (95%)
(.e. null hypothesis with significant dust polarisation component).
Projects a combined Planck / BICEP2 constraint up to r < 0.05.
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BICEFZ outcomes

Impact on BICEP2 paper - original (18 March 2014):
“Subtracting ... foreground dust, r = 0 Is disfavored at 5.90.

To actual PRL 20th June 201 4):

“Accounting for foreground dust will shift this value downward by an amount
which will be better constrained with upcoming data sets.”

= SecTioNs & HOME  Q SEARCH €he New York Times

SPACE & COSMOS

Astronomers Hedge on Big Bang Detection Claim

By DENNIS OVERBYE JUNE 19, 2014

A group of astronomers who
announced in March that they had
detected space-time disturbances —
gravitational waves — from the
beginning of the Big Bang
reaffirmed their claim on Thursday
but conceded that dust from the
l LA v‘ Milky Way galaxy might have

! interfered with their observations.

y P CBE

IRDMAN

Interim summary:
A phenomenal B-mode measurement, but arguably not a GWs detection yet!



® Planck intermediate papers dust widespread with 8-10% polarisation
fraction ( arXiv:1405.087 | ) Planck 353 GHz polarized intensity map

® Planck B-mode polarisation
paper - coming very soon ...

® \WI|l| describe B-modes in low
contamination regions (incl.

BICEP?2 field but no detailed
power spectrum analysis).

e \What will it say? Hints only ... o—
Nature 20 June 2014: "Puget reported that polarisation from interstellar dust grains
plays a significant role and might account for much of the BICEPZ signal.

The B-mode future -

s 0.10 log,(Pgss/(MJy.st™"))

® Planck / BICEP 2 will share data (announced late June 2014)
- publication on the Planck second release timeframe (Nov 2014)

® Keck Array 100GHz accumulating data with analysis soon
BICEP2

® Many other B-mode experiments (looking at high-/
ensing) shifting to tensors: SPTpol (same patch)
Polarbear; ACTpol, ABS, Spider, EBEX and Planck
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Planck full mission data release - soon (Oct/Nov 2014)

1000
7

More than double the temperature data still to be analysed
Analysis of the polarisation data to be included (joint BICEP2)
Power spectrum, bispectrum (and trispectrum) joint analysis

Improvements in methodology (final Planck analysis planned for late ZO 5)
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B-modes offer a new window on the Universe - many experiments
- Prism satellite proposed, spectrometer and imager

Next generation of galaxy surveys (grav. lensing; 3D non-Gaussianity)




