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“To me every IN EVERY teaspoon of air ~5 cubic cm
hour of the light and Ordinary Matter ~amu /nm34.8% O2 N ; H,He

dark is a miracle.
i/ THE DARK
Every cubic inch of Dark Matter

1 1 » ~amu /m3 26.0 + 1% compressed in MilkyWay ~0.1 amu /cm?3;
Space IS a mi raCIE. for LHC@CERN-type relics ~ 1 every 10 cm
— Walt Whitman

Dark Energy
~vacuum potential ~ 3 amu /m369.2 + 1.0%

THE LIGHT

cosmic radiation

the 1st light of the universe 412 /cm3 0.005%
cosmic neutrinos ~cosmic photons > 0.47%
cosmic gravity waves << cosmic photons

THE VACUUM

Higgs@CERN vacuum origin of mass
vacuum fluctuations origin of all the cosmic structure we see
the vacuum is under gravitational strain, differentially accelerating






Milky Way in infra-red:

half a billion stars, a disk galaxy




Milky Way in infra-red:

half a billion stars, a disk galaxy




Milky Way in 3D:
a disk galaxy with a large dark matter halo
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COMPLEXITY of here & now

the primordial light,
released 13.8 billion
years ago, 380,000 yrs
after the “Big Bang”

7 veils

Milky Way 2013 in dust gra
radio-wave, carbon monoxide
emissions; plus stellar, X-ray,
gamma ray, cosmic ray
emissions ...

The Planck one-year all-sky suruey Gesa ) 5 T 0n¢ VT eomiat, My 200
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Planck+Herschel Launch Planck 1.3yr Frequency Maps
May14 09 French Guiana e

1.5m telescope,

HFI bolometers @6freq
<100mK,

LFI HEMTs@3freq,
some bolometers & all

HEMTS are polarization
sensitive

143 Gllz

Left earth at ~10 km/s,
1.5 million km in 45
days, cooling on the
way (20K, 4K, 1.6K, 0.1K
4 stage). @L2 on July 2
09; Survey started on
Aug 13 09

spin@1 rpm, 40-50
minutes on the same
circle, covered all-sky in —_—— |
~6 month - ‘ o f_—

~5 HFI all-sky surveys
(to Jan 2012

~8 LFl surveys

kicked out of L2 Oct
2013

353 GHz
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30-353 GHz: 6T [uKcyp): 545 and 857 GHz: surface brightness [kJy/sr]



Some Planck Component Separated Maps

LF Synchrotron +
bremsstrahlung

Galactic Carbon
Monoxide

HF Thermal Dust
Emission

Commander: Low—Frequency kmission Amplilude @ 30 GHz ¢/R: Low—Frequency Km

ssion Amplitude @ 30 GHz

Commander: “diszovery” CO map @ 100 Gliz C/R: “dizcovery” CO map @ 100 Gllz

v Dust Amplitude @ 353 Gz

Commender: Dust Amplitude 53 GHz

Planck 2013 353 GHz

-10° -10° -10 -101 10 100 10° 10 10°  10° 107
30-353 GHz: 6T [uKcypli 545 and 857 GHz: surface brightness [kly/sr]

Planck unveils the Cosmic Microwave Back




Planck’s primordial light unveiled, March 21, 2013
reveals the SIMPLICITY of primordial cosmic structure

7" numbers, 3 densities, 2+1 early-Universe inflation

Temperature changes
in micro-degrees



Google “Planck Satellite 2013 Google “gravity waves from inflation
results” yields ~ 1 million links 2014” yields ~ 0.3 million links”

THE GLOBE AND MAIL 5 TORONTO

SPACE
New glimpses of ancient light fuel cosmic debate U Of T New )

l.l Heov. o
Dol S Soeomsr Canada
Canadian Space Agency

Home > Audiences > Media > News releases > 2013
> Canadian astronomers reveal surprising new portrait of the Early Universe

Plancking at U of T: space

Canadian astronomers reveal surprising new portrait of the Early Universe C I FA R CIFAR
CANADIAN cosmologists
e _ contribute to
A Eoats Space & Cosmos IFL\IOS,; WSKIE: | ew portrait
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Universe as an Infant: Fatter Than Expected and Kind of
Lumpy
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L'enfance de I'Univers dévoilée
LE MONDE | 21.03.2013 a 11h27 « Mis a jour le 21.03.2013 a 13h44

@ PLANCK
CITA-ICAT | Light
gravity waves from inflation .

http://www.nytimes.com Space Ripples Reveal Big Bang’s Smoking Gun By DENNIS OVERBYEMARCH 17, 2014



http://www.nytimes.com
http://topics.nytimes.com/top/reference/timestopics/people/o/dennis_overbye/index.html

Comparison of CMB Space Experiments: Resolution, 420°, 12.5’, ~5-7’
COBE 89 launch WMAP 01 launch Planck 09 launch

Planck

goal: high enough resolution to plumb all cosmic parameter information. but high L foregrounds,
extragalactic sources => higher L expts ACT (1.4°), SPT (1°) = PlanckEXT to nail the “nuisance”



SIMI;LICITY Planck 09 launch
at a~e'7~1/1100 => Planck SMICA Map
s 0 CMB-data Concordance
PLANCK 2 RS

. -t >

. S 0y

SN e et
R T TRC

+ NILC, SEVEM, C-R 3 independent component
separated CMB maps show the same features

Planck unveils the Cosmic Microwave Background



SIMPLICITY wapotteunch  \WWMAP W-band,

-7
at a~¢" " ~1/1100 =>
ae 67+60_4/1030+25 Template Cleaned

A e 2 ~ CMB-data Concordance

Cleaned with Planck 353 GHz dust map and low-frequency templates. 12" resolution.
similar tremendous agreement with the much higher (5X) resolution ACT & SPT maps
total focus on the 1.2% difference in “calibration” between P13 (HFI &LFI) & WMAP9

Planck’s information > 4X WMAP9 in multipoles




SIMPLICITY WMAP 01 launch WMAP W- band
at a~e"’~1/1100 => Template Cleaned

-67+60 +
ata~e 0’ "O0~1/1030+25 CMB data Concordance

“red” noise: 2 numbers

Cleaned with low-frequency templates only.

similar tremendous agreement with the much higher (5X) resolution ACT & SPT maps
total focus on the 1.2% difference in “calibration” between P13 (HFI &LFI) & WMAP9




COBE 89 launch

COBE
CMB-data Concordance




ACT (1.4 arcmin res) vs Planck1.3 (~5.5 arcmin res @217) in limited sky region
=> excellent agreement; cross correlations also look great

ACT collaboration: Louis+14
ACT 213 GHz

ACT 143 GHz

=120

Dec (degrees)

=160

=200

RA (degrees)

Fic. 1.— Comparison of ACT (top) and Planck (bottom) maps for a 15 deg? patch in the ACT Eguatorial region. The maps are the
inverse variance weighted combination of all ACT data at 148 GHz (left) am:l 218 GHz (right) and all Planck data at 143 GHz and 217 GHz.
All maps have been filtered with a high pass filter (for modes on scales: £ < 500). Artifacts of the HEALpix pixelization are seen in the

Planck maps. The agreement is visually excellent.

Boomerang 2000, 2003 also agree, as does SPT in the overlap region

Teyp (HK)



harmonic analysis of the ‘music of the spheres’
=> inharmonious, coloured noise in the CMB
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reveals primordial sound waves
=> the inharmonious ‘music of the spheres’

7* numbers, 3 densities, 2+1 early-Universe inflation
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reveals primordial sound waves
=> the inharmonious ‘music of the spheres’

7* numbers, 3 densities, 2+1 early-Universe inflation
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SIMPLICITY reveals primordial sound waves in matter

-7
at a~e” " ~1/1100 => -
=> learn contents & structure at 380000 yr, a~e
at a~e07160.9/1030+25 _67+60

observation I

7

=> jnfer the structure far far earlier a~e

e
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Baryon Acoustic
Oscillation scale:
145.8 £ 1.2 Mpc




SIMPLICITY reveals primordial sound waves in matter

at a~e~7~1/1100 => Planck2013
at a~e 87160.4/1030+25

oriented peaks,
s2FHAP14, Planck2013 anisotropic CMB strain

11113 patches on 7" maxima, random orientation 10825 @ patches on T maxima, oriented
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strained photons redshift

a scale of the Universe - u e

now = 1 when we observe the 1st light

then = 1/1100 when the 1st light

was released from matter,
+  Dbillion X denser

B AX galaxies forming ~ 1/4
-
g e / there were no galaxies when a < 1/20
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SR mean (isotropic) number of
« . % Y oefoldings of scale = <In a>

<o>

a scale of the Universe )

now = 1 when we observe the 1st light

then = 1/1100 when the 1st light 7

was released from matter,
\ "' & billion X denser

AL ; galaxies forming ~ 1/4 1 \“/ 2

L 1‘.- there were no galaxies when a < 1/20 3
5 i it e light nuclei

. ‘ g BT % Dark Matter 21 2 35

o R e "Heat: matter & radiation 67

el | '-'_ e « quantum noise 67 N 127
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a.iry scale-tensor of the Universe
dXi(r,t)= ag'(r,t)dres’

ay =exp(a)y

" '; 0 ag= <ha>di+ g

AR T ‘ 13', €=strain tensor
Lo UL dVi(Rh= H(ntaXi(ny
oy e "HJi=Hubble aka shear =dayl /dt

e Y .. general relativity



Earth under Strain: €=strain tensor Universe under Strain:
earthquakes, seismic waves space-quakes, gravity waves

: . : 2 ; : < I i
elastic deformation dxi=ejidreq? eJ=aji/<a> scale-deformation ay

anisotropic strain, shear waves €=Trace(€)/3 SRICOIRIE S, Jiity N

isotropic strain, sound Trace(& SolopIGSlal, et . ;
- linear: strain tide

osmic web story

light and gravity are entangled: Waveleﬁgth stretches under space-strain: redshift
the vacuum is modified under space-strain: inflation theory

general relativity => @= dreibein, triad, Lagrangian-space metric O =a &
the flow of time => 4D vierbein spacetime-strain abB b,=0,1,2,3



Dick Bond  Cosmic Observables for Fundamental Physics, revealing Simplicity & Complexity

the nonlinear
COSMIC WEB

primary anisotropies
19 Mpc
elinear perturbations: (o My secon dary (dS/ dt>0) |
N scalar/density, tensor/ anisotropies ’—;" -
F gravity wave °n0nlir}ear <
» tightly-coupled evolution -
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N © O sw dd/dt reionization dSastro

~ redshift Z ~ 0
@S/dt> y 4 1100 z~10 <




Dick Bond Cosmic Observables for Fundamental Physics, revealing Simplicity & Complexity

recombination

dSg/dt primary anisotropies

elinear perturbations:
scalar/density, tensor/

gravity wave  dS/dt>0
A 4

* tightly-coupled
photon-baryon fluid:
Type to enter text
oscillations Oy vy Ty 2
A e 2
e viscously damped <

DarkM

* polarization Tty

13.8-107%Gyrs

17 kpc
(19 Mpc)

secondary
anisotropies

- D kE dSastro
z2~1100 CCEOAE -1

time 1

the nonlinear
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small shift in the pie chart make-up of the Universe

Dark Matter Dark Matter

Dark Energy Dark Energy

Before Planck After Planck
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Dick Bond  Cosmic Observables for Fundamental Physics, revealing Simplicity & Complexity

the nonlinear
COSMIC WEB

primary anisotropies
19 M,
elinear perturbations: ( secon dar (dS/ dt>0) |
N scalar/density, tensor/ anisotropiesy & -
= gravity wave °n0nlir}ear -
» tightly-coupled evolution
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Simulation of the 7* numbers N

begets the Cosmic Web of clusters SRR L R
now a~1 & galaxies then a~1/4 f 11T 7 L
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Cosmic Web of 60,000 nearby galaxies:
exhibits “local” COMPLEXITY 01
a~e%1=1/1.1

Pesseus-Pisces ~1 billion Iight yrs
= Vo e S Hercules  oona
Borealis

cluster

l Shapley

Centawrus

]
Horologium P ave-indus

PiscasLetus Sculptos



Number

Compton cooling of high pressure / entropy electrons by the CMB

thermal SZ effect Planck2013 1227 clusters, SPT 224 =>747cls, ACT 91 cls
PSZ: 1227 clusters, 861 confirmed, 178 by Planck + 683 known, rest in class 1, 2, 3

cf. X-ray sample from ROSAT+ All-sky distribution of MCXC clusters ~1600 (Piffaretti et 10)
REFLEX, BCS, SGP, NEP, MACS, CIZA, 400SD, 160SD, SHARC, WARPS, EMSS

— Planck clusters with redshift -, . i
120 Planck-MCXC clusters 2 -3%_ o
- _ -7 L — 0y - A" B
S - - 3
3 by Yl ol

Z Planck new clusters

0.0 02 0.4 06 0.8 1.0
Rad=hift



Number

the Cosmic Web of Clusters, seen thru 12
Compton cooling of high pressure electrons by the CMB  effect

Lightcone Simulation of 35000 Clusters > 2x10!3 Mgy, to z=0.5 in projected pressure
Planck all-sky, ~5°, ACT ~ 1000 sq deg

Planck clusters with redshift
Planck-MCXC clusters
Planck new clusters

1.4°, SPT~ 2500 sq deg 1’

=> much more to ‘unveil”

e, A o

log Compton-y -3
wall clock ~ 1.5 hrs on 256 cores of SciNet@UofT,
painted-on BBPS mean-fields from hydro sims with AGN feedback



Planck1.3 CMB Lensing: reconstructed projected gravitational potential map (!)

~ dark+baryonic matter map, mean-field map = Wiener filter (beware: fluctuations about mean-field)

149GH:
217CH:

¢« T (72 |
® 8 AcT (2013

B

—— related to primordial scalar curvature map



photons under strain by tides

CMB LENSING IS GOING TO EXPLODE AS A FIELD
IN THE NEXT FEW YEARS

Planck
+ACTpol/SPTPol
ACTpol Large Sky

r
‘) 1
A . ~I
. i .f \ (]
SPT Full ’
n
m

Das, pre-Planck



Dark Energy => inflation now
CMB lensing breaksg“gyeometncal degeneracy”: BGM '2'@'0@

Planck alone cf. Planck+BAQO Y 4
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Chemical Elements:
(other than H & He) 0.025%

Radiation:
0.005%

Neutrinos:
> 0.47%
Stars:
0.5%
total= Free
H & He:
4.3%
Dark Matter:
Q =26.0 = 1%

dm
Dark Energy:

Qde = 69.2 + 1.0%

Gravity Waves

QGW ~10-14 “T0°9IGO
10-T

€2 plackHoles ~10




CMB reveals ultra-early Universe sound waves

=> the inharmonious ‘music of the spheres’ in 7" numbers
=> |learn matter & energy content & structure at a~e’ 380000 yr

=> infer structure far far earller a e‘-“7"'1/1055 in 2 numbers

I|ke classmal music
(all parts of the audible spectrum are used),
with slightly more bass than treble
but also like noise

standard inflation space: P n&' dn /dfnk r =T/S @k-pivots
50 from1 n, =0.9608i0.0054 -0.014+0.009 r <0.12 « BICEP2

InPowers~In22.0x10-1° +0.025 r=0.20+.07-.05



Gaussian to high precision for_high multipole,
anomalies at low multipoles, non-Gaussian, anisotropic

anomalies => inflation COMPLEXITY att~10"3® seconds?

nean tenperature, 1000 realizations, smooth scale fuhn = 30 arcnin,

hemisphere temperature map power low-ish

difference in A S oY : .
) - ot ol NS S e at L<50
power~7%at - . T o ey
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Grand Unified Theory of Anomalies! TBD

intermittent strain-power bursts (in curvature)?



reveals map of primordial isotropic strain /phonons
|dvisibility(distance) <Trace(a)|Temp> (angles, distance)

nean zeta, 1000 realizations, smooth scale fuhmn = 30 arcnin,

=> primordial scalar curvature map of the inflation epoch
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reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <Trace(d)|lemp> + 0Trace(a)

one realization of fullsky zeta, fuhm = 30 arcmnin

=> but allowed fluctuations make it noisy
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reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <Trace(d)|lemp> + 0Trace(a)

one realization of fullsky zeta, fuhmn = 30 arcnin

=> but allowed fluctuations make it noisy
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Reconstructing the Early Universe  visibility mask




reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <Trace(d)|lemp> + 0Trace(a)

=> but allowed fluctuations make it noisy

100 = Differential
g Visibilit

0 sy > . | pECouPLING
: 0 ke

1 Hy'd
= Reionization

- A distance

CMB-probe no tomography (radial distance (redshift)):
CMB-probe ~ differential visibility
at decoupling/recombination (all L)
reionization/reheating (low L)
CMB-probe ~ changing gravitational potential
Integrated Sachs Wolfe effect (low L), Rees-Sciama effect (hi L)
available modes: fsky Lmax® -fsky Lmin?  Lmax~Ldamp

Large Scale Structure Galaxy Surveys
available modes ~ fsky Lmax? Kmax dmax
~ fsky (kmax3 dmax3); Kmin~2Tt/dmax  Veom™dmax 3



ultra-early Universe sound spectrum InPS(/nI()

0= kDsec
new parameters: 10° 101 102 10? 10*
trajectory B
prOba .ilities for ] 5 \\ ——————— 1-0 trajs. — 1) 01 SCAlaT ‘
early-lnﬂatons 0 ——— mean tensor — m2p? scalar o
. \ Ny, DESE-fit ,’/;/;?
NO strong evidence X ) /7’5 '
e s N<=0.962 Planck+WP+hiL 4#7;
f?tr osc:llat;ofl; LU ores  issuperbfrom 01t0.2 g7
patterns, cutoffs, Kex>= NS gl
Iocal features 303 W /7 e _____ R \\\V
. S 100§ 7#5
but hints of e 40
change on large  SREAY
L<100scales [ X4 oo oo INPew(l
PS: running of
Ps is a bad fit ,.
100|||| L Lol L Lo L Lol ! L1
10~ 10-3 102 10~!

k(Mpc™)
Bond, Braden, Huang, Frolov, Vaudrevange 2014

scan InPs(Ink)/As, InAs=InPs(Kpivots), I(Kpivott); consistency => reconstruct €(InHa), V(w)



ultra-early Universe sound spectrum InPS(/nI()

{ = kD,
new parameters: 10° 10! 10° 10° 10*
trajectory IS

prOba .ilities for A IR 1-0 trajs. mean scalar /
early-lnﬂatons 10° o mean tensor — m?¢?* scalar ///_Z,
. ‘\\ —————————— Ny best-fit /:;,;2{4
NO strong evidence ; / ¥

for oscillation ‘

patterns, cutoffs,
local features =

: 10" RO
but hints of A

change on large
L<100 scales : S
PS: running of - 9 e-folds _
Psisabadfit b ‘A. A A A A A A AH)wz
10 1074 1073 1072 1071
k(Mpc™)

Bond, Braden, Huang, Frolov, Vaudrevange 2014
scan InPs(Ink)/As, InAs=InPs(Kpivots), I(Kpivott); consistency => reconstruct €(InHa), V(w)



CMB Peak CMB Polarization
Statistics BAO in the CMB - Planck2013

temperature stacked on

temperature Peaks T(pK) Q, (HK)
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CMB Polarization
Sean Feak BAO in the CMB - WMAP9
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CMB Polarization
Sean Feak BAO in the CMB - WMAP9

temperature stacked on |
temBerature Peaks T(pK) Q, (pK)
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CMB Polarization
Sean Feak BAO in the CMB - WMAP9

olarization rotated & stacked on
Femperature Peaks T(pK) Q; (HK)

0 12 5902 50 -05-02-01 0 010203
L S | D

63165 patches on 7' maxima, oriented
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B mode of polarization cf E mode
linear scalar fluctuations create only E patterns

strain from CMB lensing tides distorts E pattern into a bit of B spr
anisotropic strain from gravity waves => E & B

" BICEP KECK

« o
l'v'n" Ll T | b=

7



photons under strain = ssosqdeg  TsoGriciorsseasons oo

BlCEPZ CO”aboration 201 4 f<kv=0.009 cross-correlate with BICEP1, 100 GHz,
y preliminary cross-correlate with KECK
BICEP2: E zignal Simulation: E from lenead-ACDM-+noi=a
- NEESl RE
_\55 -
0¥
_m -
_ﬂﬁ -
-18
03
- _m i
¥ .l
& 0%
i
0 85|
03
50 0 -50 50 0 -50
Right ascension [deg.]

Fia. 3.— Lefi: BicEr? apodzed F-mode and B-mode maps filiered to 50 < £ < 120 Righr: The equivalent maps for the first of the kensed-ACDM+noise
simulations. The color scale displays the F-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and onentation of
lincar polanzation. Note that excess B-mode 15 defected over kensing-+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at £ =2 70). (Also
note that the E-mode and B-mode maps use different color/length scabes. )



BICEP2 collaboration 2014 non-lensing B mode => I'=0.20 +.07-.05

10° | S - ctP1xrfromTT
. BICEP2 SR P .
: BICEP1 Boomerang J':‘:L* #__ — 0-12 95/0 CL
; | QUAD - S, '—vvvf
10 F QUIET-Q WMAP R " v
L QUIET-W  CAPMAP S et SRS

Multipole

r=GW power/scalar-curvature power =0.13V/2x10'Gev)*
Potential Energy scale is the GUT level!



We are working heavily on Planck

polarization, E Nov 2014, B TBD

Spider collaboration,
LDB flight Fall 2014 +-.02
supposed to fly Fall 13, but
US sequester stopped it

0.35
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[ with lensing

T
Spider(-like), f,,=0.08 ]
Planck(-like) , f,y=0.75 ]

CMBPol(-like), fy,=1 ]
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0.4

[0/2(1+1)CPB/2m  (uK?)

5X].O_3 I IIIIII| I I L I I LI 1 I

B Total % _
4x1038 — Tensors (r=0.2) ) . T ]
- — — —Lensing ] L |4 _
3x10-3 v BICEP-2 —

+ SPT (derived)

2x1073 - * POLARBEAR

1073 a
0 I RN D S ey e el |/|| L o] [
10 100 1000
fsky ~ 1% BICEP2 Multipole ¢
= 6% SPT3G
=8% SPIDER _  Spider24days+Planck2.5yr:
~70% + PLANCK r-nt matrix-forecast
-~ 50% AdVACT for r=0.2 input

(20 ~0.04 including fgnds)

similar r-forecasts for ABS+, Keck, AdvACT,..



ultra-early Universe sound spectrum InPS(/nI()

0= kDsec
new parameters: 10° 101 102 10? 10*
trajectory B
prOba .ilities for ] 5 \\ ——————— 1-0 trajs. — 1) 01 SCAlaT ‘
early-lnﬂatons 0 ——— mean tensor — m2p? scalar o
. \ Ny, DESE-fit ,’/;/;?
NO strong evidence X ) /7’5 '
e s N<=0.962 Planck+WP+hiL 4#7;
f?tr osc:llat;ofl; LU ores  issuperbfrom 01t0.2 g7
patterns, cutoffs, Kex>= NS gl
Iocal features 303 W /7 e _____ R \\\V
. S 100§ 7#5
but hints of e 40
change on large  SREAY
L<100scales [ X4 oo oo INPew(l
PS: running of
Ps is a bad fit ,.
100|||| L Lol L Lo L Lol ! L1
10~ 10-3 102 10~!

k(Mpc™)
Bond, Braden, Huang, Frolov, Vaudrevange 2014

scan InPs(Ink)/As, InAs=InPs(Kpivots), I(Kpivott); consistency => reconstruct €(InHa), V(w)



ultra-early Universe sound spectrum InPS(/nI()

( = kDrec
new parameters: 10° 10! 1 10 10
trajectory ' | |
prOba .ilities for ) N — === 1-0 trajs. mean scalar /
early-lnﬂatons 10 iy mean tensor m2¢? scalar ///_;,
! 7114
) Nypun best-fit i
no stong evidence /”
£or oscillati L - N<=0.962 Planck-WP+hiL /# -
(t)tr osciila tlof’:' »“ 2 N is superb from .01t0 .2 /%222
patterns, cutoffs,_ | = it
local features = p o \
but hints of
change on large
L<100 scales

PS: running of
Ps is a bad fit

109

1073

1072

1071

k(Mpc™)

Bond, Braden, Huang, Frolov, Vaudrevange 2014
scan InPs(Ink)/As, InAs=InPs(Kpivots), I(Kpivott); consistency => reconstruct €(InHa), V(w)



what is the inflaton’s potential>  how was matter & entrOPfy
- generated at the end o
acceleration = inflation?

Relate it to the Higgs & standard model?

S
. e
detectingr~ 0.2 => m
shape cannot be too flat I'E
i i T
const Higgs self-coupling
conformal|factor - quantum E
diffusion N
hdat t spatial jitter ﬁ
entrop «—>
genera};ion in drift
preheating |
v) frozv thet N
v coheren
inflaton 4 na(X,nH) E
(origin of all ‘900 A
matter) % T
‘%O /%0
let there be )

heat

conformal potential-flattening SBB89 v




In(V/Viivot)

In(V/Vpivot)

0.6

05

R 1-0 trajs.
N
mean traj.

0.3

0.2

0.1

—0.1

1

—-0.2 :
—1 0
(b — ¢p%vot)/Mp

0.6

BICEP2+Planck13

T

0.5

7777777 1-0 trajs.

e mean traj.

—0.1

1

—0.2 * . !
(¢ - (z)pivot)/Mp

what is the inflaton’s V(¢b)?

we reconstruct the scalar curvature powe

(isotropic strain) & the early universe

IH(V/ ‘/Pivot)

acceleration histories as well

detectingr~ 0.2 =>
V/(¢h) shape cannot be

too flat over the
observable range

Reconstructed mean potential (without BICEP constraint)

0.6

/n<V(¢)|r>

T

= 0.002
- ———7r=002 .
0.05

—0.2 :
-1

(¢ - ¢pivot)/Mp

simplest is V(¢) ~ m2¢h?
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Advanced ACTPol (AdvACT) Observations

Wy

DESI : \ DESI
A HSC ultra deep HSC wide
Ea HS h.,“ CFHTLS HerMES SDSS strh HSC wide e
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4~ CAMK HSC Wi pe S 5
- . ES R CFHTLS  Herschel Aths @
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i Z
Y ~South Pole l
observable sky—
\J

0.0

0.10 mK RJ

FDS dust emission

e ~20,000 deg? survey (fs,~0.5) with complete LSST overlap as well
as DES, ALMA, and other observatories located in Chile
« Substantial overlap with spectroscopic surveys (SDSS, PFS, DESI)
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AdvACT: Power Spectra

AdVACT polarization forecast
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High S/N B-mode detections
for r >0.01 are measured in
independent frequency bands
(90 & 150 GHz) and on many
patches across the sky.

This provides important cross-
checks on any detected signal

Also shown:

— Error bars before and after
foreground cleaning

— Varying amplitudes of the
gravitational lensing signal for
different values of the sum of
the neutrino masses

— Planck forecasts
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ultra-early Universe sound spectrum €=-dinH/dIna

{ = kDiyec
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Bond, Braden, Huang, Frolov, Vaudrévange 2014

scan InPs(Ink)/As, InAs=InPs(Kpivots), F(Kpivott); consistency => reconstruct €(InHa), V()



ultra-early Universe sound spectrum €=-dinH/dIna

E = kDreC
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Bond, Braden, Huang, Frolov, Vaudrévange 2014

scan InPs(Ink)/As, InAs=InPs(Kpivots), F(Kpivott); consistency => reconstruct €(InHa), V()



ultra-early Universe sound spectrum €=-dinH/dIna

{ = kD,

new parameters: 109 10t 102 103 104
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Bond, Braden, Huang, Frolov, Vaudrévange 2014

scan InPs(Ink)/As, InAs=InPs(Kpivots), I(Kpivott); consistency => reconstruct €(InHa), V(w)



ultra-early Universe sound spectrum €=-dinH/dIna

new parameters:
trajectory
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scan InPs(Ink)/As, InAs=InPs(Kpivots), I(Kpivott); consistency => reconstruct €(InHa), V(w)
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ultra-Ultra Large Scale Structure of the Universe
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ultra-Ultra Large Scale Structure of the Universe
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Let there be.....

170 67

Early Dark Energy from e ‘to €

2+1 numbers quantum noise e'?’ to e®’in phonons (inflaton) & GW
Heat: matter & radiation a~e®’
Dark Matter, light nuclei a~e?!to e

Cosmic Light: 1st light released, 1st atoms a~e”’
1st stars a~ e3, 1st heavy nuclei (O, C, Fe,..)
Galaxies > e %

Earth a~e 034

1st human writing a~e0:0000004

Late Dark Energy to e***



Let there be.....

170

semi ETERNAL Universe

67 most of it never Banged

? -
to €

Early Dark Energy from e’

2+1 numbers quantum noise e™*?’to e®”in phonons (inflaton) & GW

Dark Matter, light nuclei a~e?'to e3>

Cosmic Light: 1st light released, 1st atoms a~e”’

1st stars a~ e3, 1st heavy nuclei (O, C, Fe,..)

Galaxies > 22

Earth a~e 034

1st human writing a~e0:0000004



SIMPLICITY reveals primordial sound waves in matter

~ -7~ et -
atace ~1M00=> . am contents & structure at 380000 yr, a~e™
at a~e ~1/1(030+25 , . -67+60
=> jnfer the structure far far earlier a~e

o b s e rvati o n IEG 63165 patches on T maxima, random orientation
- /T numbers

&0
63165 patches on 7' maxima, oriented

b

Ciom (dog) )
Intensity (hot spots)

i theory
| &

Baryon Acoustic
B Oscillation scale:
145.8 £ 1.2 Mpc

2 1 0 -1 -2 —0.02 —0.01 0 0.01 0.02
- - DY (O/9) co b
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N - A Y ~
s e e o s & N\
’ .
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scan InPs(Ink)/As, InAs=InPs(Kpivots), F(Kpivott); consistency => reconstruct €(InHa), V(y)

100 g T
InPs(ink) |
new parameters: Planck + WP + SNLS + BAO
trajectory 9 knots. cubic spline interpolation

probabilities for

early-inflatons & — best fit
late-inflatons === power-law bestfit ns=0.962 Planck+WP+hiL
9& 8.4 e-folds
e [N

no stong €vidence
for oscillation

patterns, cutoffs,
local features

10

Bond, Huang 2013



what is the inflaton’s potential?

conformal potential-flattening SBB89

const 7\. EZ’

Higgs seLf-coupIin

conformal factor

how was matter & entropfy
generated at the end o
acceleration = inflation?

Relate it to the Higgs & standard model?

s
, e
detectingr~ 0.2 => m
shape cannot be too flat | I'E
=
) quantum E
diffusion N
t spatial jitter ﬁ
entro ( ’
gener%ion in drift
preheating |
frozv thet N
coneren
inflaton % Ina(X,InH) E
(origin of all 0. A
matter) % Tl
%0 %,
let there be )

heat




cosmic web of nearby superclusters from 2mass+

Abell
Cluster (

Abell 569
Cluster (0.019)

Corona Borealis
Supercluster (0.072) Superduster
(0.061)
Hercules
Supercluster (0.037)

Ursa Major Supercluster
(0.058)

Ophiuchus
Cluster (0.028)

634
0.025)

-

'1‘

Taurus Molecular

Cloud

Perseus-Pisces

Superciu

ster (0.017+)

A
M31 ™
(1 Mpc)

Pisces-Cetus
Supercluster (0.063)

o

Milky Way
Center
Scul

Coma Cluster (0.023)
Virgo Cluster (16 Mpc)

Leo Superduster (0.032)

< Horologium
Pavo-indus
Superciuster (0.015)

tor Superciuster (0.054

Shapley Concentration (0.048+)

Centaurus Cluster (0.02)

IRAS dipole

‘/
o
— .

S CMB dipole

Hydra Cluster
(0.01)

Orion Molecular
Cloud

Columba
Cluster (0.034)

Norma &
Great Attractor
0.016
MC ( )

Fornax Cluster (20 Mpc)

Superciuster (0.067)




Mocking Heaven: lightcone sim for tLCDM. 36 sq deg to z=2
Planck all-sky tSZ mock 1.5 hours on 256 cores on SciNet, 30000 core IBM GPC

3 d = 0.0Mpcz = 0.000 Alvarez, Bond, Hajian, Stein, Battaglia, Emberson,..2014

-3.5
-4.0
-4.5
5 -5.0
-5.5
-6.0
-6.5

=33 -2 -1 0 1 2 3 e

Planck, ACTpol, AdvACT, Pe9ALMA, CARMA, Mustang?2 on GBT, eRosita.. COMA, CCAT.. CHIME




Dick Bond  Cosmic Observables for Fundamental Physics, revealing Simplicity & Complexity

the nonlinear
COSMIC WEB

primary anisotropies
19 M,
elinear perturbations: ( secon dar (dS/ dt>0) |
N scalar/density, tensor/ anisotropiesy & -
= gravity wave °n0nlir}ear -
» tightly-coupled evolution
L photon-baryon fluid: ¢ weak lensifig -
Type to enter text - o z=0
y.\ oscillations Oy vy Ty 32 ethermal SZ
S +kinetie-SZ S 9
T » viscously damped = M odD DarkE W Bayesian
DarkM dd /dt flow
ar : rior to
. ot dusty/radio prior t
/ polarization Tty calaxics, dGs < pos‘t?anor

O * gravitational redshift ! & likelihood
© O sw dd/dt reionization dSastro

~ redshift Z ~ 0
@S/dt> y 4 1100 z~10 <




CMB Lensing: Planck13 cf. ACT12 and SPT12, good agreement

4 MV
143GHz
o 217GHz
= & SPT(2012) |
" % ACT (2013)

=

L+ & J2n
(=)




SIMPLICITY Planck2013 CMB map
at a~e~-1~1/1100 => reveals primordial sound waves in matter

ata~e"87-60.1/1030+25 =5 jearn cONtents & structure at 380000 yr, a~e
-67-60

-7

=> lnfer the structure far far earlier a~¢€
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Angular scale the sound of the machine
90° 18"  1I° 0.2° 0.1° 0.07°

6000

5000

—— 4000

3000

Dg[,LLKz

2000

1000

10 50 500 1000 1500 2000 2500
Multipole moment, ¢

Excellent agreement between the Planck temperature spectrum at high L and the predictions of the tilted ACDM model.
Checks with polarization data provide full support to this conclusion.

extensive grid of cosmic models strongly constrain the x in tilted ACDM +x, x = subdominant deviations

Planck basic parameters (Q», Ho ...), agree with BBN, BAO measure of acoustic scale. but H, lower than HST, small age change
No evidence for additional neutrino-like relativistic particles beyond the three families of neutrinos in the standard model.

The first 30 multipoles are low for the standard ACDM, with no obvious explanation. primordial fluctuation modification?

Exact scale invariance ruled out, ns < 1, at >40 Planck alone, >5.4c0 Planck + WMAP polarization

No substantial evidence for beyond basic single field slow roll, Bunch-Davis vacuum, standard kinetic term inflation. no fu.
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COMPLEXITY of here & now

the primordial light,
released 13.8 billion
years ago, 380,000 yrs
after the “Big Bang”

7 veils

Milky Way 2013 in dust gra
radio-wave, carbon monoxide
emissions; plus stellar, X-ray,
gamma ray, cosmic ray
emissions ...

The Planck one-year all-sky suruey Cesa ) 5 T 0n¢ VT eomiat, My 200



Planck’s primordial light unveiled, March 21, 2013
reveals the SIIMPLICITY of primordial cosmic structure

7" numbers, 2+1 are inflation numbers

—

~

Gaussian to high precision for high multipole,
anomalies at low multipoles, non-Gaussian, anisotropic

=> inflation COMPLEXITY at t~10"3® seconds?
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Gaussian to high precision for_high multipole,
anomalies at low multipoles, non-Gaussian, anisotropic

anomalies => inflation COMPLEXITY att~10"3® seconds?

nean tenperature, 1000 realizations, smooth scale fuhn = 30 arcnin,

hemisphere temperature map power low-ish

difference in A S oY : .
) - ot ol NS S e at L<50
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- =& - o .'—‘ z .A‘ » .:. ‘\‘ -. = . - ‘
low resolution .. .~ .o 0 0 0 s T e
o L aniky 4 ST\ | SO R - S
‘(/...f;' t.‘;‘ > ‘ \ i W2 SNl
W TE . % :
—q"" 4 : - » .“'
. -.- |
&y 4 L L
y Sk S \.'i.".
5.0 N &3 )
:\‘ ;'\\ ¥ ’ 3 >
'\f\ﬁ’?‘f‘, AN %
- Rt *\\ »
-~ \\ = "\\
= Id spot
0.5 deg fwhm = coild spo
-355. I | +340,

Grand Unified Theory of Anomalies! TBD

intermittent strain-power bursts (in curvature)?



reveals map of primordial isotropic strain /phonons
|dvisibility(distance) <Trace(a)|Temp> (angles, distance)

nean zeta, 1000 realizations, smooth scale fuhmn = 30 arcnin,

=> primordial scalar curvature map of the inflation epoch
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0.5 deg fwhm

-4.70

Reconstructing the Early Universe visibility mask



reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <Trace(d)|lemp> + 0Trace(a)

one realization of fullsky zeta, fuhm = 30 arcmnin

=> but allowed fluctuations make it noisy
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CMB Peak Primordial curvature stacked
Statistics Planck 2013

CU rVatU re StaCked On stacking a relization of ¢ map, 11113 patches on 7" maxima, random orientation
temperature Peaks 06

¥ < Trace(a)| Temp>
M + OTrace(a)
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N |
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reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <Trace(d)|lemp> + 0Trace(a)

=> but allowed fluctuations make it noisy

100 = Differential
g Visibilit

0 sy > . | pECouPLING
: 0 ke

1 Hy'd
= Reionization

- A distance

CMB-probe no tomography (radial distance (redshift)):
CMB-probe ~ differential visibility
at decoupling/recombination (all L)
reionization/reheating (low L)
CMB-probe ~ changing gravitational potential
Integrated Sachs Wolfe effect (low L), Rees-Sciama effect (hi L)
available modes: fsky Lmax® -fsky Lmin?  Lmax~Ldamp

Large Scale Structure Galaxy Surveys
available modes ~ fsky Lmax® Kmax dmax
~ fsky (kmax3 dmax3); Kmin~2Tt/dmax  Veom™dmax 3
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temperature map

nean temperature, 1000 realizations, smooth scale fuhn = 300 arcnin,

o

the rare
- cold spot

N +145.

5 deg fwhm cf. COBE 7 deg fwhm
-151.

Temperature changes
in micro-degrees



reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <Trace(o)|lemp> + dTrace(a)

one realization of fullsky zeta, fuhn = 300 arcnin

=> but allowed fluctuations make it noisy

s TN

5 deg fwhm cf. COBE 7 deg fwhm
-3.59 |

+4,06

Reconstructing the Early Universe visibility mask



reveals map of primordial isotropic strain /phonons
|dvisibility(distance) <Trace(a)| Temp> (angles, distance)

nean zeta, 1000 realizations, snooth scale fuhn = 300 arcnin,

=> primordial scalar curvature map of the inflation epoch

5 deg fwhm cf. COBE 7 deg fw.
-2.94 I
Reconstructing the Early Universe visibility mask
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CMB Peak CMB Polarization
Statistics BAO in the CMB - Planck2013

temperature stacked on
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CMB Polarization
Planck 2013

CMB Peak
Statistics

temperature stacked on
temperature Peaks

olarization rotated & stacked on
emperature Peaks
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CMB Peak CMB Polarization

Statistics sample temperature and
temperature stacked on polarization patterns for

temperature Peaks
olarization rotated & stacked on Planck201 4: O"e“ted peaks
mpepa:mrempea)ksl entation 63165 patches on 7" maxima, random orientation 63165 patches on 7' maxima, randonm entatio:
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CMB Peak CMB Polarization

Statistics sample temperature and
Eempera%ure Is:’tacii(ed on polarization patterns for
emperature Peaks -

oIaFl"ization rotated & stacked on Planck2014: oriented peaks
emperature Peaks 65165 patces on T masi, andom ointation
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SIMPLICITY

at a~e"7~1/1100 =>
ata~e©7+60_4/1(30+25

observation

Ciom (dog) )
Intensity (hot spots)

i theory
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reveals primordial sound waves in matter

oriented peaks,
anisotropic CMB strain
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