CITA = Cosmic Information Theory & Analysis: IT from BIT, from BITs in IT

"black hole" ="gravitationally completely collapsed obJ ect'
measurement problem—the role of the observer in defining what "i

'"What do we mean by 'reality’ except the results of observations?"
the observer confers "reality” on the past by observing it, and offered the Big Bang as an example }

"Now I am in the
grip of a new vision
that Everything Is
Information. The
more I have
pondered the
mystery of the
quantum and our
strange ability to
comprehend this
world in which we
(tve, the more I see
possible
fundamental roles
for logic and
information as the
bedrock of physical

our Cosmoticians’ Agenda: teory... T continug
Statistical Paths in Cosmic Theory & oo

Data via the Bayesian chain drawing
Special issve:

what we know of It from Its Bits John Archibald Wheeler
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

—_— =
CITA == Djck Bond 25_7 the Cosmotician's Agenda: Statistical Paths
ICAT ot cifar

in Cosmic Theory & Data via the Bayesian chain

Shannon entropy S«D,7)= -[ dq P:InP; = information (it no Quality assurance on the bits)
~ von-Neumann entropy= Trace o In o', (U) = ¢(S,R) = o(R|S) (S) entanglement of phase & probability

SU~0; Sutotmsr /N ~1.66x7070 bits/b; s,/ ny = 5.2 bits/Y = 2130/411; s,=21/22 s,
Sm/Np ~1 bits/b atmosphere ~1 preSN collapse, ~27 centre of sun, ~190 in clusters, Skin+th=Sth
non-equilibrium entropy of density fluctuations & of cosmic structures ASdm ~7 bits/DM-particle
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Studying the Cosmic Tango

en-Tango-ment, the dance of S+R=U

Universe=System(s)+Reservoir,
=Signal(s)+Residual noise,
=Effective Theory+Hidden variables,

observer(s)+ohserved,

ruled by (information) entropy, entangled. the

fine grains in the coarse grains

the coherent and the entropic, in all its
forms, from ultra-early-U to ultra-late-U

the emergence of the collective from the random:
coherence from driven zero-point vacuum
fluctuations = V inflaton, gravity waves; decohere

let there be heat: entropy generation in preheating

from the coherent inflaton (origin of all matter)
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EF T+Hidden variables

CITA === Dick Bond 25_7 \ the Cosmotician's Agenda: Statistical Paths
ICAT = Ut/ in cosmic Theory & Data via the Bayesian chain

Shannon entropy S{D,T)= -| dq PsInP; = information (with no Quality assurance on the bits)
~ von-Neumann entropy= Trace o In o', (U) = ¢(S,R) = o(R|S) (S) entanglement of phase & probability

SU~0; Sutotmsr /N ~1.66x7070 bits/b; s,/ ny = 5.2 bits/Y = 2130/411; s,=21/22 s,
Sm/Np ~1 bits/b atmosphere ~1 preSN collapse, ~27 centre of sun, ~190 in clusters, Skin+th=Sth
non-equilibrium entropy of density fluctuations & of cosmic structures ASdm ~7 bits/DM-particle

the gravo-thermal catastrophe = negative specific heat - goal to localize mass into black holes & make
accelerating voids to straighten U out. gravitational Sg =Mp?/2(H/27)?; Me?/2(g/2n)%; Mbn?/2Mp? 27

Sc (HubbleAVolume)~1 01219 ;SUtot,m+r (HubbleVolume)~1 088.6 compressed onto T, =2.725K & H0=70km/s/Mpc
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,
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CITA i) *Dick Bond ).\ the Cosmotician's Agenda: Statistical Paths
ICAT = cifar in Cosmic Theory & Data via the Bayesian chain

Shannon entropy S{D,T)= -| dq PsInP; = information (with no Quality assurance on the bits)
~ von-Neumann entropy= Trace o In o', (U) = ¢(S,R) = o(R|S) (S) entanglement of phase & probability

SU~0; Sutotmsr /N ~1.66x7070 bits/b; s,/ ny = 5.2 bits/Y = 2130/411; s,=21/22 s,
Sm/Np ~1 bits/b atmosphere ~1 preSN collapse, ~27 centre of sun, ~190 in clusters, Skin+th=Sth
non-equilibrium entropy of density fluctuations & of cosmic structures ASdm ~7 bits/DM-particle

the gravo-thermal catastrophe = negative specific heat - goal to localize mass into black holes & make
accelerating voids to straighten U out. gravitational Sg =Mp?/2(H/27)?; Me?/2(g/2n)%; Mbn?/2Mp? 27

Sc (HubbleAVolume)~1 0121.9 ;SUtot,m+r (HubbleVolume)~1 088:6 compressed onto Ty =2.725K & H0=70km/s/Mpc
the extra bit of Sy in CMB spatial fluctuations Ty here,now(8,9) is also compressed onto 7++ cosmic parameters
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EF T+Hidden variables

CITA =iy D|ck Bond 257 the Cosmotician’'s Agenda: Statistical Paths

ICAT = cifar in Cosmic Theory & Data via the Bayesian chain
Shannon entropy S{D,T)= -| dq PsInP; = information (with no Quality assurance on the bits)
~ von-Neumann entropy= Trace o In o', (U) = ¢(S,R) = o(R|S) (S) entanglement of phase & probability

SU~0; Sutotmer /Nb ~1.66x7070 bits/b; s,/ ny = 5.2 bits/Y = 2130/411; ,=21/22 s,
Sm/Np ~1 bits/b atmosphere ~1 preSN collapse, ~27 centre of sun, ~190 in clusters, Skin+th=Sth

non-equilibrium entropy of density fluctuations & of cosmic structures ASdm ~7 bits/DM-particle
the gravo-thermal catastrophe = negative specific heat - goal to localize mass into black holes & make

accelerating voids to straighten U out. gravitational Sg =Mp?/2(H/27)?; Me?/2(g/2n)%; Mbn?/2Mp? 27

Sc (HubbleAVolume)~1 0121.9 ;SUtot,m+r (HubbleVolume)~1 088:6 compressed onto Ty =2.725K & H0=70km/s/Mpc
the extra bit of Sy in CMB spatial fluctuations Ty here,now(8,9) is also compressed onto 7++ cosmic parameters

cat information_overload.txt | grep fundamental | grep physics > exec_summary.tex .

filter, compress, reduce, marginalize
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EF T+Hidden variables

CITA =2 Dick Bond %\ the Cosmotician's Agenda: Statistical Paths

ICAT wiie Cifor in Cosmic Theory & Data via the Bayesian chain
Shannon entropy S{D,T)= -| dq PsInP; = information (with no Quality assurance on the bits)
~ von-Neumann entropy= Trace o In o', (U) = ¢(S,R) = o(R|S) (S) entanglement of phase & probability

SU~0; Sutotmer /Nb ~1.66x7070 bits/b; s,/ ny = 5.2 bits/Y = 2130/411; ,=21/22 s,
Sm/Np ~1 bits/b atmosphere ~1 preSN collapse, ~27 centre of sun, ~190 in clusters, Skin+th=Sth

non-equilibrium entropy of density fluctuations & of cosmic structures ASdm ~7 bits/DM-particle
the gravo-thermal catastrophe = negative specific heat - goal to localize mass into black holes & make

accelerating voids to straighten U out. gravitational Sg =Mp?/2(H/27)?; Me?/2(g/2n)%; Mbn?/2Mp? 27

P(q|D,T) =P(D|q,T)P(q|T)P(T)/P(D|T) D=CMB,LSS,SN,..,complexity, life
T=baryon, dark matter, vacuum mass-energy densities,...,

early & late inflation as low energy flows on a (string) landscape
(point process of vacuua, river-flow trajectories), L(Guv,®,Xi,W,Au,Pm,Pm),
structure of manifolds (compactifying extra dims 7+3+1, moduli ~ “collective
coordinates” of holes, branes, fibres, coupling ‘constants’)
Anthrostatician=superHorizon measurer, of the information beyond UUUULSS
Friday, 2 December, 11




the quantum stochastic non-G landscape cf. the stringy landscape

Universe or

Starobinsky, i na(x,inH)

- Vilenkin, ,
NIVERSE Linde, . & SBI91: non-G
on uniform Ha-

strlngy
Susskind hypersurfaccles from
a simple

etal
exponential
potential Via
quantum kicks
> drlft at high

. 0L o
~observable nearly-
Gaussian at
NIVERSE low H~10"mp
asymptotic
flat eternal
inflation V has
similar
behaviour

IVERSE

JIVERSE ©
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P )

INIVERSE
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Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EF T+Hidden variables

CITA « “Dick Bond 25) ..\ the Cosmotician's Agenda: Statistical Paths

ICAT = w in Cosmic Theory & Data via the Bayesian chain
Shannon entropy S{D,T)= -| dq PsInP; = information (with no Quality assurance on the bits)

~ von-Neumann entropy= Trace o In o', (U) = ¢(S,R) = o(R|S) (S) entanglement of phase & probability
SUI~0; Sutotm+r /N ~1.66x70 bits/b; s,/ ny = 5.2 bits/Y = 2130/411; s,=21/22 s,

Sm/Np ~1 bits/b atmosphere ~1 preSN collapse, ~27 centre of sun, ~190 in clusters, Skin+th=Sth
non-equilibrium entropy of density fluctuations & of cosmic structures ASdm ~7 bits/DM-particle
the gravo-thermal catastrophe = negative specific heat - goal to localize mass into black holes & make
accelerating voids to straighten U out. gravitational Sg =Mp?/2(H/27)?; Me?/2(g/2n)%; Mbn?/2Mp? 27

inflation now: DarkEnergy(t,x), amplitude Vo & slope dinV/dinflaton of an effective potential
inflation then: amplitude/slope of scalar-curvature & tensor-curvature (GW) fluctuations, Ns I

entropy production: Post-inflation shock-heat & weak nonGaussianity FNL
P(q|D,T) =P(D|q,T)P(q|T)P(T)/P(D|T) D=CMB,LSS,SN,..,complexity, life
T=baryon, dark matter, vacuum mass-energy densities,...,

early & late inflation as low energy flows on a (string) landscape
(point process of vacuua, river-flow trajectories), L(Guv,®,Xi,W,Au,Pm,Pm),
structure of manifolds (compactifying extra dims 7+3+1, moduli ~ “collective
coordinates” of holes, branes, fibres, coupling ‘constants’)
Anthrostatician=superHorizon measurer, of the information beyond UUUULSS
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tStudymg the Cosmic Tango en-TANGO-ment Unlverse-System+Res-Data+Theory =Signal(s)+noise=EF Tsiaden vaiabies

CITA i) * Dick Bond ).\ the Cosmotician's Agenda: Statistical Paths
ICAT cifar in Cosmic Theory & Data via the Bayesian chain

inflation now: DarkEnergy(t,x), amplitude Vo & slope dinV/dinflaton of an effective potential
inflation then: amplitude/slope of scalar-curvature & tensor-curvature (GW) fluctuations, Ns I
entropy production: Post-inflation shock-heat & weak nonGaussianity FnL [
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

CITA =52 Dick Bond( *- ) the Cosmotician's Agenda: Statistical Paths
ICAT et cifar

in Cosmic Theory & Data via the Bayesian chain

we compress the Petabit++ observed cosmic info into a precious few bits
encoding 6+ parameters of the Minimal Cosmic Standard model (tilted ACDM)

Odm/ Pb=5.1 Pm/ Pde =.30 Qn=0.268 +£.012 ©2,=0.736 +£.012
Powers=25x10""° Tilts =0.963+0.013 running=-0.024 # 0.015 r=T/S<0.19 Temp =2.725
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

CITA &=z Dick Bond( the Cosmotician's Agenda: Statistical Paths
ICAT et cifar

in Cosmic Theory & Data via the Bayesian chain
we compress the Petabit++ observed cosmic info into a precious few bits

encoding 6+ parameters of the Minimal Cosmic Standard model (tilted ACDM)
Pdm/ Pb=5.1 Pm/Pde =.30 Q=0.268 +.012 Q,=0.736 +.012
Powers=25x10"1° Tilt; =0.963+0.013 running=-0.024 + 0.015 r=T/S<0.19 Tem» =2.725

CMBology uses WMAP7+ACT (SPT), past: Boom, CBI, Acbar,.. (QUAD, ..). LSSology BAO H0 SN )
lens, clusters. coming: Planck cosmology Jan2013,14 cosmic parameters Jan11(25p), Feb12
_SZ.CIB.ISM ACTpol, ABS, Spider, Quiet-2,.. CARMA, Mustang2 on GBT, CCAI, ALMA,..CHIME, EUCLID... J

~
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the gatherers of cosmic
information

C osmic M icrowave B ackground +

LargeScaIeStructure experimental probes

then & now & then
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Planck+Herschel Launch May14 09 Fr. Guiana

1.5m telescope, HFIl bolometers
@6freq <100mK, LFI HEMTs@3freq,
some bolometers & all HEMTS are
polarization sensitive

HFI+LFI performance to SPec or betterj

Left earth at ~10 km/s, 1.5 million km in 45 days, cooling on the way (20K K, 6K, 0.1K 4tage).
@L2 on July 2 09 -almost no trajectory correction @operational temp; Survey started on Aug 13 09

spin@1 rpm, 40-50 minutes on the same circle, covers all-sky in ~6 month, ~4 surveys Aug11, ~5 total
Friday, 2 December, 11




The scientific results that we present today are a product of
the Planck Collaboration, including individuals from more
than 50 scientific institutes in Europe, the USA and Canada

Planck is a project
of the European
Space Agency --
ESA -- with
instruments
provided by two
scientific
Consortia funded
by ESA member

states (in
Science &Technology C S l C

' Facilities Council particular the lead

@ National Research Council of Italy I 3 SR SR E @ v e countries: France
- »' . ‘ <\“ e - DI B¢

} and Italy) with
B saezaen

contributions from

ogenzm spozmle
italiana

DTU Space
Na’uonal Space Institute

UK SPACE e NASA (USA), and
. telescope
%wj ,@ ““““““““““ Pt @ <I£\\R %'Nmm !‘eﬂectors prov_ide
,,,,,,,,, in a collaboration
mpswcaese () /VEEL /" Qsoc IPL £ap @i o EEE between ESA and
e a scientific

Consortium led
and funded by
Denmark.

IIIE

To% VERGATL

UNIVERSITE
DE GENEVE

Bond since 1993, Canada since 2001 1st CSA pre-launch contract 2002-09, post—launch 2010-11, 2011-13
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Cosmology From 5200 metres:
the Atacama Cosmology Telescope

BOLIVIA
Aca® 5

.. : .
" PARAGUAY

@mml ¢ @MI@?@ """ Ol

CITA-ICAT

CMB@CITA: Boomerang, Acbar, CBI1,2, Planck, ACT, Spider, Blast, & ACTpol, ABS, QUIET90-2;
GBT-Mustang2, CARMA/SZA, SCUBA2, ALMA
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Planck & ACT

7 veils(v)+CMB

Jan 2011: 25 papers
first cosmology from
Planck early 2013,
major pol early 2014

The Planck one-year all-sky suruey
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ESA, HFI and LFI consortia, July 2010
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Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

CITA = Dick Bond 25? the Cosmotician's Agenda: Statistical Paths
ICAT G i cifar

in Cosmic Theory & Data via the Bayesian chain
we compress the Petabit++ observed cosmic info into a precious few bits
encoding 6+ parameters of the Minimal Cosmic Standard model (tilted ACDM)

Pdm/ Pb=5.1 Pm/ Pde =.30 Qm=0.268 +.012 Q,=0.736 +.012
Powers=25x10"1° Tilt; =0.963+0.013 running=-0.024 + 0.015 r=T/S<0.19 Tem» =2.725

CMBology uses WMAP7+ACT (SPT), past: Boom, CBI, Acbar,.. (QUAD, ...). LSSology BAO H0 SN
lens, clusters. coming: Planck cosmology Jan2013,14 cosmic parameters Jan11(25p), Feb12
_SZ.CIB.ISM ACTpol, ABS, Spider, Quiet-2,..CARMA, Mustang2 on GBT, CCAT, ALMA...CHIME, EUCLID...

WMAP: 1.15 Thits in 9yrs, cf. MyLifeBits, Gordon Bell, 1.28 Thits in 9yrs, Planck 36 Tbits,
ACT 304 Thits. Radically Compress to high quality Bits. Terabit=1 0"2bits=125 GigaBytes.
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;radically) compress: ~0.3 PetaBits of the ~3000 detector timestreams from 3 years => 3

requency maps, with noise variance, => isotropic Fourier/Y.u -transformed temperature
power spectra, ~8000 numbers + variances, => further bandpower compressed at high L

HIGH RESOLUTION POWER SPECTRUM from ACT: oLD
Angular Scale
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Das+ 2011, ApJ, 729:62, Hajian_2011, Dunkley+.201 I, Hlozek+ 201 |, Das+201 |, Sherwin+201 [, ..., Sievers+2012

tilted ACDM a very good fit (ns constant); data are good enough to search for subdominant cosmic
parameters Ny, Xue, 1, dns/dink, ns(k) in bands, CMB lensing, .. & we have (strings, isocurvature,..)
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gradically) compress: ~0.3 PetaBits of the ~3000 detector timestreams from 3 years => 3

requency maps, with noise variance, => isotropic Fourier/Y.u -transformed temperature
power spectra, ~8000 numbers + variances, => further bandpower compressed at high L

HIGH RESOLUTION POWER SPECTRUM from ACT: NEW
Angular Scale
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tilted ACDM a very good fit (ns constant); data are good enough to search for subdominant cosmic
parameters Ny, Xue, 1, dns/dink, ns(k) in bands, CMB lensing, .. & we have (strings, isocurvature,..)
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gradically) compress: ~0.3 PetaBits of the ~3000 detector timestreams from 3 years => 3

requency maps, with noise variance, => isotropic Fourier/Y.u -transformed temperature
power spectra, ~8000 numbers + variances, => further bandpower compressed at high L

HIGH RESOLUTION POWER SPECTRUM from ACT: NEW
Angular Scale
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Das+ 2011, ApJ, 729:62, Hajian_2011, Dunkley+.201 I, Hlozek+ 201 |, Das+201 |, Sherwin+201 [, ..., Sievers+2012

tilted ACDM a very good fit (ns constant); data are good enough to search for subdominant cosmic
parameters Ny, Xue, 1, dns/dink, ns(k) in bands, CMB lensing, .. & we have (strings, isocurvature,..)
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CBI pol to Apr’05 @Chile CBI2 Q“éeht.ll
JUaD @sP @Chile

WMAP @L2 to 2010 Planck09.4

Quiet2
1000 HEMTs
Keck@sP

ABS@ ) EBEX
hil LDB

DAS| @SP 52 bolometers 23?; b ?
4 olos
+ HEMTs @L2 o8
CAPMAP 9 frequencies 2013
Herschel —
BLAST ixie/
2004 2006 2008 LHC) 2011 | COrE/
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SZA Polarbear
@Cal @Chile
~ | 3000 bolos SPTpol
A H APEX 3 freqs @Chile ACTnool
A ~400 bolos SCUBA?2 g"g AIMA
SBT @Chile 12000 bolos CCAT@Chile
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morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data

The Planck one-year all-sky suruey @esa (c) ESA, HFI and LFI consortia, July 2010
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Inflatlon H|stor|es =
: ,’ ; (CMBal+LSS+SN+WL) [

morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data

The Planck one-year all-sky suruey Gesa (c) ESA, HFI and LFI consortia, July 2010
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i Inflatlon Hlstorles =
(CMBaIl+LSS+SN+W|_)
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sbdominant
phenomena
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morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data

The Planck one-year all-sky suruey @esa (c) ESA, HFI and LFI consortia, July 2010
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e Inflatlon Hlstorles S ot
(CMBaII+LSS+SN+W|_)
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% >

subdominant
phenomena
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non-Gaussmmty

| (WMAP, Planck, LSS) W »
b splky nG preheatlng

morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data

The Planck one-year all-sky suruey @GSG (c) ESA, HFI and LFI consortia, July 2010
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morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data

The Planck one-year all-sky suruey Gesa (c) ESA, HFI and LFI consortia, July 2010
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morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data

The Planck one-year all-sky suruey @GSG (c) ESA, HFI and LFI consortia, July 2010
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morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data

The Planck one-year all-sky suruey Gesa (c) ESA, HFI and LFI consortia, July 2010
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Component Separation = ST A T

(PIanck,.,MHD&dust) T RERRA |
SR ot i SRS "g‘  CMB Polarlzatlon Gravity Waves

P

non.Gaussmmty ! .‘ 5‘-;&"- (Planck, ACTpol, ABS, Spider, Quiet2) |

- .| (WMAP, Planck, LSS) W P =T8S, acceleration trajectories
A Splky nG preheatlng .& J ,Av

\,‘\\

TN Dark Energy H|stor|es i
e (SN+WL+BAO+CMB-+cls)

morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)

gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data
The Planck one-year all-sky suruey Gesa (c) ESA, HFI and LFI consortia, July 2010

Friday, 2 December, 11



... Dark Energy Histories

(SN+WL+BAO+CMB+cls)

» - future fate?’

the cold-death of the o7
Universe (cf. 1800s heat-death)
CO h e re n Ce (dark energy Pdel(t,x) =>Vde ~/\)

beats INCONEGIreNCe vv.hic.pne

but entropy/particle
remains (for those particles that survive)
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ACDM was the
standard
“concordance”
model since ~1995;

much invoked since

Peebles 1985
a neo-Lemaitrian
e — rogm oy WYSIWYG
obel Media AB National University
aul Perimutter Brian P. Schmidt Adam G. Riess BB_E87, PR88,
Weinberg87, ...

he Nobel Prnize in Physics 2011 was divided, one half awarded to Saul Perimutter, the other half jointly to
Bnan P. Schmidt and Adam G. Riess "for the discovery of the accelerating expansion of the Universe Bond Huang 2011
hrough observations of distant supernovae” .

Science  Physics .
s g\ Nobél Prize
- 2011

current Type la Supernova data Apr 2011 —0.1

472:123 low-z+ 242 SNLS3yr +93 SDSS1yr + 14 HST AR B A T
HubbleST constraint HO = 73.8 +-2.4 km/s/Mpc

_current ——— bestfit
fNLS3++ —1— 10 trajectories

Slogyo(dy /dy_pg)

(=
<
w
..
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=¢vidence for “dark energy” aka the cosmoloﬁclal constant

BOOM 2000

1.0 B
crnovac
dark -
0.8 Lange et 2001, Jaffe et 2001 —
energy ]
s O-° ‘_Qj
< L 499+toco+B97
MAXIMA—| and B98 |
0.4 CMB °
0.2 \ :
0-0 E T T hedd Led L P T L \1\\1 PR S S T T
0.0 : R : 0.8 1.0 1.2 1.4

Q

_ dark matter + baryons
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=e¢vidence for “dark energy” aka the cosmological constant

—  —..  ]ACT 2011
" Qe =0
— without ACT-Lensing Sherwin et 2011: A from CMB alone
0.8} | - . WMAP | '
1ol = WMAP + ACT-Lensing
dark
energy |
-
G
0.4}
1.0
0.2f -
' Dunkley et 2011 cosmic parameters
2,=0.736 *.012
0.0 ' ' ! ! 4 | 2011: WMAP7+ACT+BAO+H0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Qy =>+ 0.001 (Pext) B+Huang 2011
Dark Energy Histories .
S dark matter + baryons
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NOW & future DE equation of state trajectories
(14Wde) = - dinpde / dina® = 2/3 €de & E=Qde€de +QmEm & Em=3/2

N ] Current Data

e ] CMB:ACT+WMAP?7,
1G rajectories 1 Acbar (2009), QUAD (2009),
1 BICEP (2009), CBI (2008),

1+Wde(a)_ Boomerang-pol, VSA, MAXIMA . f ‘w, &

1 Type la Supernova 472: S

1 123 low-z+ 242 SNLS3yr p o \
1 +93 SDSS1yr + 14 HST :

] HST constraint HO = - A

1 73.8 +-2.4 km/s/Mpc . T
_| Weak Lensing: COSMOS +

] CFHTLS-wide + RCS +VIRMOS
4 +GaBoDS

L v 1 1185 SDSS-DR7 LRG (2009)

0 0.5 1 LyaForest: SDSS
Huang, Bond, Kofman 2010; Bond, Huang 2011

l T - T

-0.5

rryrrrrrrT T rrrTrTTT

3parameter form paves even wild late-inflaton trajectories
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NOW & future DE equation of state trajectories
(14Wde) = - dInpde / dina® = 2/3 Ege & E=Qge€de +QmEm & Em=3/2

Current Data
CMB: ACT+WMAP7. Forecast Data

Acbar (2009), QUAD (2009), CMB: Planck2.5yr,
BICEP (2009), CBI (2008), LSS:

Boomerang-pol, VSA, MAXIMA EUGLID
Type la Supernova 472: _ .
123 low-z+ 242 SNLS3yr : . spectroscopic redshift

+93 SDSS1yr + 14 HST ~ e
HST constraint HO = 21-cm CHIME BAO

e survey:
current 1 73.8 +-2.4 km/s/Mpc .
CMB+|.SS-] Weak Lensing: COSMOS + Eulr’vi:,-m weak lensing
FSNLS3++ (jglgglgggwde +RCS +VIRMOS
LSS: SDSS-DRY7 LRG (2009)
1 LyaForest: SDSS

Huang, Bond, Kofman 2010; Bond, Huang 2011
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dS/dt 2
how most of the entropy

in baryons & dark matter
was generated

strain waves break => clusters/groups (galaxies/dwarfs) in the
cosmic web collapse => shocked gas & extreme nonlinear
phase space entanglement of dark matter / stars

then the baryons feed back entropy: exploding stars,
accreting black holes, dusty radiation,

... who, what, where,when, why?

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

morphs into the nonlinear Cosmic Web: clusters, filaments, voids; galaxies (SZ)
gastrophysical simulations with feedback from AGN / starbursts / SN .. confront CMB+LSS data
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fluctuations in the early universe “vacuum” grow to all structure

from early
U vacuum

0 R ey el R PR T R R potential
scalar field® 5 S SR SRR L : R G Sel e

" - .« okt i g A , ) — g - v » . . : N A\ . - and
fluctuations;, e * e AR _ , N OB Y
ey S O : 2 LN Y o SRR vacuum

inthe .
noise

early S&E T
Universe 41

pre- &
heating &
patch %%
(~1cm) EEHSE

> if el
. S A S
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fluctuations in the early universe “vacuum” grow to all structure

scalar c.f_J_- 'ﬁ'?‘?w 3
fluctuationg,, % oo

b

e
"W‘ JA .

vacuum o

the ultra- “ 0
early S&ET

Universe &« 5 205,

o

e, '

W % ACT+WMAPT hajian+10

evolve
from early
U vacuum
potential
and
vacuum
noise

> L

AR 51 e aihy Al Eh 2

: £ : ’- 0' N (Y ‘.A‘- -)‘ : _..,-. ‘. s .7-:.';' -,_\~ s P .-- : -
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fluctuations in the early universe “vacuum” grow to all structure

density

Gadget-3 Hats
SF+ SN g
E+ :
winds
+CRs

5123
BBPSS10 S
BBPS1,234 & A

DRI sl 2 ,,J_l_l_ﬁtl;J,,i,,,L,l,Ll_.;LfL Au E
Friday, 2 December, 11

Pg(X,t)

evolve
from early
U vacuum
potential
and
vacuum
noise

in the
presence
of late U
vacuum
potential
aka dark
energy




pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

Pe(X,t)

| CMB gets
YR ' BEEETE cntangled

400 e NS in the
Mpc S G o T } cosmic web

ACDM g £y descending into
. . . gy _ the real |

WMAP5 | e O gastrophysics
" IRT 4 T A AT of cosmic
J Lo Sh A T LN weather

pressure
PR : R R 8 the energetic,
Gadget-3 . IR L W : turbulegnt
SF+ ek, gt o ISR
SNE+E N T,  CO/TIDreSSiVe
\J/rvglgg ¥ T A J 5 B life of the
I " i T |G \/ICM/ISM
5403 B Sy T L3 . qn. *ﬂ‘:',

O .., ! ' ’ ‘—.- h ',l"
BBPSS10 . | 7 e tﬂi

BBPS123.4 IS o - Ly . .,,,,. o8 ;,.,- :

_h'a

4
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entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

400
Mpc

NCDM
WMAPS5

gas
pressure

Gadget-3
SF+
SN E+
winds
+CRs

5123

BBPSS10
BBPS1,2,3,4

QASgas,th =10

Friday, 2 December, 11

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

Sb,th(X,t)

CMB gets
entangled
in the

cosmic web

descending into
the real
gastrophysics
of cosmic
weather

the energetic,
turbulent,
dissipative,

compressive

life of the
IGM/ICM/ISI\/I

BT 4 S
"“.'* 'f;" > "‘f' Y
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entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

ASgas,th =30 Yo %, b = Shb,th(X,t)

CMB gets

A 2 | . - ol 3 entangled
400 ’ - ' Y in the

Mpc | cosmic web

ACDM g ] descending into
‘ . the real

WMAP5 %, Al gastrophysics
as o WS CrRe ' v A of cosmic
J e . ' weather

pressure
7 - G § the energetic,
Gadget-3 . ' - turbulegnt
SF+ | : N dissipative,
SN E+ | yi A - B  COmpressive

winds ' -
: life of the
+CRs B - . A - 8 IGM/ICM/ISM

5125 PR SR BT & e
' < z’“f' '.s}' %

4 A.w.‘

BBPSS10

BBPS1,2,34 - Y ‘- .,,,n
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entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

ASgas,th =30 Yo %, b = Shb,th(X,t)

CMB gets
o e A | : - - entangled
400 , i -4 . in the
Mpc cosmic web

ACDM g ] descending into
‘ . the real

WMAPS . R gastrophysics
as o WS CrRe - 4 of cosmic
J e . ‘ weather

pressure
7 - G § the energetic,
Gadget-3 . ' - turbulegnt
SF+ | : N dissipative,
SN E+ | yi A - B  COmpressive

winds - ' .
: life of the
*CRs 2 by A8 RS /G////C1/IS
5123 =a Y. - * _ASdm,halo $8 Wl A l} 21
' =158 InX - EEEE. f

'—.-.\ zﬂ,,f. s

"‘

BBPSS10 , . Asgas,clue‘ter ,'."
BBPS1,2,3,4 - Y =3InX > L L ;,..,-

Friday, 2 December 11




CBI pol to Apr’o5 @chie CB|2

Hoab @s
Planck09.4
52+ bolometers o4
+ HEMTs @L2 I
9 frequencies \"
WMAP @L2 to 2010
201
2004 2006 2008 LHC Bpo
2005 2007 21+26~50 (>=750 009 @L2
0 Acbarasp AMIBA losog)b};os
%\{ﬁg ~1 blind SZ.A@Cal @SPole ™
ACT-M
oy 3000 bolos
== == 3¢ Chil SPTpol
7+1 cls >=50+25) ~  APEX reqs @Chile —~g ACTpo
80s-90s "o ~200 holos@Chile ' S ~T 74
Ryle A ~25cls) |SCUBA2 _
OVRO GBT 12000 bolos CCAT@Chile
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25 papers & a large fraction of the papers at Planck2011 were unveiled for
10 months & 9-freq T data, + a press conference, highlighting: HFI & LFI work

near-future cosmology => PlanckEXT

EXT=many observatories & expts enabling the cosmology/astro

XMM Herschel Fermi WMAP GBT BLAST ACT SPT AMI CBI CBASS QUIET SDSS IRAS CO/HI-maps,...
cosmology: Ns(K), GW r(k), nonG fy++, pae(t), my, strings, isocurvature,... ne(t)

ACTpol, SPTpol, ABS, Spider, Quiet-90, EBEX, Keck, GBT, CCAT,
eRosita, PanStarrs, DES, HSC, LSST, cHIME, EucLID, .C EXT
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Standard Parameters of Cosmic Structure Formation

ns"":At A

s dn. Jdink|Ty
| +W0, Wa 0 ~ Cs_l @ ~ lncfg

new parameters: trajectory probabilities for early-inflatons|& late-inflatons

artially) blind cf. informed “theory” priors
InPower.~In25x10-'° + 0.03 Dunkley+ 2010 ACT+WMAP7

n, = 0.963 * 0.011 (ACT+WMAP+BAO+HO0)
dn /dink = -0.024 * 0.015 (ACT+WMAP+BAO+HO0)
r <0.19 (95% CL, ACT+WMAP+BAO+HO0)

Hlozek+11 Primordial power spectra(k); Bond, Contaldi, Huang, Kofman, Vaudrevange 2011 w/o & with T-S consistency

Inflation Histories
(CMBall+LSS+SN+WL)
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CMB Polarization, Gravity Waves
(Planck, ACTpol, ABS, Spider, Quiet2)
r=T/S, acceleration trajectories

h+x gravitons generated as

zero point fluctuations during early

universe inflation INnduce CMB
(B + E) polarization

how much is model-dependent & tied to
the energy scale V of inflation

r=GW power/scalar-curvature power =0.008V/(10%Gev)*

inflation/caonsizsteﬁc(:
=Nt =~I/0 ~£& ),
(14W) = - dinpt / dina® = 2/3 € 1-ns =2g+dine/dinHa
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compress data onto non-top-hat k-modes oo e

. . . . totCls, best—fit
partially-blind scalar In-power trajecteries & usual [ tgtmc:f 1b38t fl.t |
- - enscCls, best—I1
r-nt tensor - no consistency relation. Nov09 data [ tensCls, 1 o 1
| DATA: WMAP—5yr TT |
100 i T T | T T T | T T T | T T T | T T T | T T | 7 knots, cubic sp]ine
L 7 knots lo 2 ] %4000 i
: cubic spline — best—fit #, : € I
I lo 2, | <
I A¢* model #; — best—fit P, |z |
""" A¢* model $, —  m?p? model P 2000 |
T m?@? model 2, i
Q’d B 7 0 HETTTTTTRRRTRTeTITY st . Ll |
o 10 100 1000
1
: 001 T T ||||||| T T |||III| T T IIII:!:; T T T
= 10 5 : :
L \ - 0.08 - totCls, best—fit =
B . F totCls, 1 ¢ b
R - — : tensCls, best—fit :
i ] §0.06 I tensCls, 1 o i
i ] & r 7 knots, cubic spline
> |
a ]l  Too04f
L L I L L L I 1 1 L I L ] L i L 1 14 I 1 1 0 02 |
-8 -6 -4 -2 0 L
In [k/ Mpc-t] -
Inflation Histories . 0 [
10 100 1000
(CMBall+LSS+SN+WL) Bond, Contaldi, Huang, Kofman, Vaudrevange 2011 |
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s,l power spectra trajectories: compress data onto non-top-hat k-modes
o kmots o 1e s ] Bond, Contaldi, Huang, Kofman, Vaudrevange 2011
cubic spline vt 2, ] Opider-24days + Planck-2.5yr + ... 7 knot InPs *+r-nt
""""""" to 2, - forecast for r=0 (+ fgnds)
_____ A¢* model Pg best—fit 2, i 100:..|...|...|...|... o=
M model 2222 2:3: :s - SPIDER + PLANCK + EUCLID + CHIME ;
: 7 knots, cubic spline :
P | -
: ; 10 F 3 3 E
- ; g 8 forecast
—_ i L L lo g
& i best—fit P
s "~ 1o 2,
8, 1E best—fit 2, 3
9-2 C N
10 q' 1.'. M, /7 Manana-11
ACT+WMAP7 x1w0*
7 !
25¢ 9
ol |- 1 _ :
=’ SR S S
Est 1 oL —
7 current
£ 4
E 't '
E:- {-1-t- -L.%-f-j_s.’.i_idrlﬂ -
1 ' o ACT + WMAP + H, '
= l: :w = = Inflation Histories
Hlozek et al. 201 | k [Mpe '] (CMBall+LSS+SN+WL
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0.3

l 1]
Farhang, Bond, Dore, Netterfield 2011
Plonck, fsky=0.75 arhang, Bond, Dore, Netterfie

Spider, fsky=0.15 Spider24da¥s+PIanck2.5yr:

’ r-nt forecast
Spider+Plonck for r=0.12 input for m%g?

(201 ~0.02 including fgnds)
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0.2

1 == - T —
L i ™. ACT+WMAP7 |
i I\ ACT+WMAP7+LSS
. ! \ 7
- i . - B ]
o v | \
0.8 | Pl [ \ Spider f,,~0.08 -
HE o | \
| rp=0.001
0. 1 BosfF : | 7
S i Spider-lik
© B | i
é | CMBpol—like |
04 | o=2x10 -
L irga=1074, o =2x 104
: : I~Lyth bound:
9 |
02 [ ¢1/4V ¢ ¢ ¢ ¢ —
0.0 s
o TS

-0.5 0.0
n,
inflation consistenc
-nt=r/8 =2&(k
1-ns =2&+dine/dinHa

Friday, 2 December, 11

0 ,»'r""| | 1l NG
O 5 0.001 0.01 0.1
v r = tensor—power/scalar—power

Inflation Histories
(CMBall+LSS+SN+WL)




| 1T ||| | | | LI ||| | | | LI ||| | |
1 — ‘k : ‘ o]
- | | ACT+WMAP7
i | | | ACT +WMAP7 + LSS
i | S | i
L |
08 | \ S|p1der' oy +=0.08 _
' | -
- | . \ -
l nd—O 001 | .' | il
| | Sp1 er SCIP
| |
S 0.6 - | \ | _
,8: . } : Splder ‘hke _
= | I\ |
) - ‘ | | il
E CMBpol llke | | | _
fidf1lo 4 '-:o—r:zx1p*4 Va(1018Ge V) i
i ’ | | |~Lyth bound: _
\ ] \
- ‘ ‘ -
| g |
02 — : “-‘-‘¢1/4 \‘y,\,¢1/2 ¢ ¢z ¢4 —
i | : I - - ]
u \ \ o _
i | | monodromy~p GB
T s | | Ve~ sm(¢/f) ‘
O P | 1 1 111 A | | 11 1 11 |

0.001 0.01 0.1

= tensor—power/scalar—power

Inflation Histories
(CMBall+LSS+SN+WL)

Friday, 2 December, 11



I T T T 11 | | L | | | | || | |
1 . \ | \ ]
cervt . |
n e | \ ACT+WMAP7 i
- A : -\ ACT+WMAP7 +LSS.
\. ‘ | |
i .‘ | _
08 QUIET 20 _
: \
I —o 001 1 SRy_(O 05/4)*4 ]
B fld _ -
I . | sky =(0. 05/1)*1 |
o | |
0.6 — | | \ —
g 5 | :QU.‘IET 90 f,,,=(0.025/4)* _
% '; | PUfET 90 £,,4=(0.025/1)*1 il
. CMBpol 11ke | \ | i
—0.4 |- o.==x10" 1 . ‘ | _
r. =104, o, -2x104 | \IVe(101Gev)s _
l - | . \~Lyth bourd: _
\ i} \
— \ \ -
\ \
0.2 | VaglE ¢ N
i | - - _
| \ \ O i
| | monodromy~p GB
- : | . | Ve~ Sln(qb/f) il
0 ] I bt 1l !
0.001 0.01 0.1

= tensor—power/scalar—power

Inflation Histories
(CMBall+LSS+SN+WL)

Friday, 2 December, 11




1T T T T | | I T T 111 | | | I T T 1T | | | |
1 = | L | ]
R _ ACT+WMAP7 _
i | N\ ACT+WMAP7+1SS.
- ‘ —
0.8 } —]
|— ‘ —
N nd—O 001 ‘* |
- : I _
to) K
00.6 — | —
o |
< | -
—_ . : |
) P | ]
~ CMBpol-like | -
—0.4 | o=Rx10 _
|\ =1074, o, =2x10"¢ _
N : ‘ | i
|
|- ‘ -
‘ \
02 [ \ ¢2 | ¢4 —
" | _ _ —
|
. \ o _
| monodromyrvp GB
B : | Ve~ sm(qb/f)
0 S i Ll I
0. O 1 0.1 Inflation Histories
= tensor—power/scalar—power (CMBall+LSS+SN+WL)

Friday, 2 December, 11




'r<0.19 (95%CL ACT+WMAP+BAO+H0), dn./dink
E Dunidey ot . 2010 | )
: un . 20103 :. ,
06 0'35 oF. v=60 _ Sept10 data - r S | |
I : - Sept10 data
Fozf o | : dn_/¢ D.024 * 0.0
r. [
0.4 o s
0.0 { S , y I
. 0.94 096 098 100 1.02 dns/dlnk
r = 0.13 dinVidiny?
 large-field
4
. A
0.2 L
small-field m’¢’
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dS/dt 1
NOW (most of) the entropy in

matter (GUT plasma/quark soup)
was g e n e rate d (a shock-in-time)

via nonlinear coupling of the inflaton t

new interaction channels g,Ya, ... ultimately
=> standard model degrees of freedom

.. role of decaying particles, 1st order phase transitions?

exactly who, what, where, when, why?
= dSldt(t,g) B

non-Gaussianity
(WMAP, Planck, LSS)
spiky nG preheating
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fluctuations in the early universe “vacuum?” grow to all structure

patterns
in the

quantum
jitter
evolve
under

current ROgE P 8 LY SR s . gravity
Hubble SRR Rl

patch
10 Gpc

(& gas
dynamics)

speed
limit
horizon
1000 Gpc

AL N adr ay" W
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fluctuations in the early universe “vacuum” grow to all structure

from early
U vacuum

0 R ey el R PR T R R potential
scalar field® 5 S SR SRR L : R G Sel e
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early S&E T
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¢ inflaton isocon  V(¢,x)=1/4 A o*+ 1/2 g2 ¢p2

Parametric
Resonance
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coherent inflaton => incoherent mode cascade of fields thru a shock-in-time to thermal equilibrium
V(p,x)=1/4 A ¢*+ 1/2 g2 p2 2

p/3H?2

Slow Dynamics of IR Modes =
Hydrodynamic Description

p=-T% P=-T;
vi=aT'o /(p+P)

1
08
0.6 |
04 }
(.2 E
0
3 ‘ V2 non-Gaussianity
0 4 A5 (WMAP, Planck, LSS)
04 5 R P spiky nG preheating
€9 g 5 Py Transition from coherent wall-like structures to
mXx P o randomness corresponds to the shock-in-time.
B+Braden11 2 Medium appears very complex in space and time, but ...
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the Shock-in-time: entropy production & (density-contrast)‘1

10000

1000 |

Pavel/ dp

100 }

10 ¢ density-”Mach-number” \

shock @

In ashock
A shock |
= mediation]
width |

| entropy-per-mode relative to initial

(S-Sinit)/Nmodes
($a)

0 0.5 1 1.5 2 2.5 3
In(a)

constrained coarse-grained Shannon-entropy(In a) minus the initial
Gaussian random field entropy (from band-limited quantum fluctuations)

there is indeed a spike of entropy production at the shock front.

3.5 4

true
thermal
equilibrium
far off

>

& onto
coupling to
standard
model
degrees of
freedom

non-Gaussianity
(WMAP, Planck, LSS)
spiky nG preheating
B+Braden11
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the Shock-in-time: entropy production rate

1 1

T T : ShOCi( @ d(s5)/d{nt)
2.0e-04 -g dSldt(t,g) => | In ashock | 1
_ *  Ashock - e

= mediation i

6.8e-84 - 6Inashock (g(G(x)) . s width d i
wsoe0qa - => Modulated non- - 0.2

S Gk 1t o
Gaussianity from - - P
T preheating! o ”
1.2e-03 - =T o |
..-":_
1.4e-83 - - J
a a.5 1 1.5 2 ?:‘i 3 3.5 4
In{a) In(a)

V(d,0)=1/2 m2 p2 +1/2 g2 ¢p2 %2

non-Gaussianity
(WMAP, Planck, LSS)
spiky nG preheating
modulated non-G Kofman03
B+Braden11
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g%/A=1,875
xh(a,JaM) 10
D o N B o o 8 R.)
D (=] o o o o o o
| Je-84
1 Je-B4
: Je-084
1 le-04
— le-03
i Z | le=83
| {_ . le-83
- tﬁ — .
— .’: .
— :
b= :
T ——
b "
[ E! 1 A 1 L

Olna tlxb)

the Shock-in-time: entropy production rate

Ig I l ] I shoci( @ d(s)/d(nt)
S dSldt(t,g)=>  nanes | @
. “ Ashock i
“. =mediation el

 OlNQanock (@(000) - e
_ =>modulated non- - | -

Gaussianity from - - o
~ preheating! ”
18 01.5 1 11.5 2 ?l.;- l‘-! 31.5 4

In{a) In(a)

Chaotic Billiards: NonGaussianity from
Parametric Resonance in Preheating

1 V(dx)= 14 Mot +172 g2 92 %2

B+Frolov, Huang, Kofman 09
B+Braden, Frolov, Huang 12

V(d,0)=1/2 m2 p2 +1/2 g2 ¢p2 %2

non-Gaussianity

(WMAP, Planck, LSS)

spiky nG preheating
B+Braden11
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coherent inflaton => incoherent mode cascade of fields thru a shock-in-time to thermal equilibrium

SUi~0; Sutotm+r /Nb ~1.66x7079 bits/b; sy/ ny = 5.2 bits/Y = 2130/411; sy=21/22 s

100
In p/3H2 power

spectrum 1

cf.
instantaneous
full thermal 901

spectrum

cf 0.0001

conventional

energy

spectrum  1e-06

using a

pseudo 1e-08

particle

occupation

number le-10
le-12

T 4/m=174.58

K3Pin( symbol r/3H 2) ==
Rad. Bath (g.¢ =100)

k3N o)

B It"\('a')'=l 0

10

l</m

100

momentum

5

0
B+Braden11

non-Gaussianity
(WMAP, Planck, LSS)
spiky nG preheating
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

CITA =255 Dick Bond( %) the Cosmotician's Agenda: Statistical Paths
ICAT crinasicin Clal in Cosmic Theory & Data via the Bayesian chain

we compress the Petabit++ observed cosmic info into a precious few bits
encoding 6+ parameters of the Minimal Cosmic Standard model (tilted ACDM)

WMAP: 1.15 Thits in 9yrs, cf. MyLifeBits, Gordon Bell, 1.28 Tbits in 9yrs, Planck 36 Tbits,
ACT 304 Thits. Radically Compress to high quality Bits. Terabit=1 0"2bits=125 GigaBytes.

a new figure of merit for experiments, <InVOLUMEps> = posterior Shannon entropy:
how the (radically compressed) one-dimensional entropy of cosmic parameters, the high
quality bits we quest, changed as the experiments became more & more precise:

NOW ACT1 Mar03 Jan03 Jan02 Jan00 Jan13-15 then va <0.06 ev (Pext-ACTpol)
AS1¢ (QA) 01.60 2.32 2.49 3.91 -4.00 +0.012 =>% 0.001 (Pext)
AS1f (wo) 0 - - - - -25(-2.2)%0.06 =>*0.01 (Pext) (+0.14 =>+0.03)
AS1f (V-slope?)0 - - - - -24 0.0+ 0.18 =>% 0.03 (Pext)
AS+ (ns) 00.24 2.24 2.03 3.86 -2.59 0.963% 0.011 =>* 0.002 (Pext)
AS+ (r) 0092 - - - -3.70 <0.17 =><0.007-0.013 (Pext)
AS1f (fnl) 0 - - - - -4.00 -10< fy, <74 => £ 5 (Pext)
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primary anisotropies

elinear perturbations:
scalar/density, tensor/

gravity wave

* tightly-coupled
photon-baryon fluid:

oscillations 6y Vy Ty

« viscously damped v

* polarization vy

e gravitational redshift
O SW ddD/g

dS/dt z~110

secondary
anisotropies

Lsound/
Ksound

~ dS/dt D
enonlinear

evolution >

sweak lensing

ethermal SZ
+kinetic SZ

*d® /dt

*dusty/radio
galaxies, dGs

reionization

z~10

Wredshift

13.7-10%Gyrs 13.7Gyrs

time

t
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end
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Studying the Cosmic Tango

en-Tango-ment, the dance of S+R=U

Universe=System(s)+Reservoir,
=Signal(s)+Residual noise,
=Effective Theory+Hidden variables,

observer(s)+ohserved,

ruled by (information) entropy, entangled. the
fine grains in the coarse grains

the coherent and the entropic, in all its
forms, from ultra-early-U to ultra-late-U

the emergence of the collective from the random:
coherence from driven zero-point vacuum
fluctuations = V inflaton, gravity waves; decohere

let there be heat: entropy generation in preheating

from the coherent inflaton (origin of all matter)
= S of Gaussian fields

2.1 dark matter entropy, B
cluster/protocluster /|
.4 cosmic web entropy.
4 info-entropy flow
~ from CMB time-
. streams to
marginalized cosmic
' parameters via
| Bayesian chains
MHD turbulence S
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NOW & future DE equation of state trajectories
(14Wde) = - dInpde / dina® = 2/3 Ege & E=Qge€de +QmEm & Em=3/2

Huang, Bond, Kofman 2010; Bond, Huang 2011 a

€ s=(dinVidpee)?

4 Quintessence Wde(a|V(w),IC) : iii’;i’[";iﬁzéf?ff,,n

+ Ve %exp [ $2/(2M;) ]

=w(ale g, .c.) € g mramin

=

0.

~

03 .\ current 3parameter form paves even | | -0 . ek
| | wild late-inflaton trajectories || Pt a=11 |
0.2} E E i (I)/\/ A Oims = 0.3M, .p=05
| | de=0/V2Mp = late-inflaton in
Planck mass units =03 current

0.1}

3.1 32 o [Vo/mif/‘] 3'4/nV(1Pde,now) 0 ) 0.5 1
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23 Galaxy Clusters Found by ACT via SZ Signal

Marriage et al 2010 (1010.1065) Optical Observations Menanteau et al
2010 (1006.5126)

J0658-5557 J0638-5358 J0245-5302 0102-4915 J0438-5419 J0645-5413

=055

1E0657-56 AS0592 AS0295 A3404
J0546- 53457 J0235-5121 J0330-5227 p616 5227 }0559 52 0215-5212
SPI-0547-5345 New A3128(NE)  SPT-J0559-5249

J0509-5341 ‘9 0233%257" p5165430 3465438 lpzusus

‘\00 »

SPT-0509-5342  A3402 20 New RXC JO
p145-5301 o ;9 )03044921 07075522 ‘28-5259

‘ . " . ‘ ‘ Cosmic Parameters from 9 confirmed
clusters (Sehgal et al.2010) using cluster
L\”‘” New New  [Er0528:5300, abundances => mass calibration still too
uncertain (e.g. 08=0.82+0.05 to 0.85+£0.12).

attempt at Dark Energy equation of state,
With the ACT equatorial strip, >50 clusters. little leverage

Menanteau+11, el Gordo, a “bullet’-like Cluster at z~0.87, discovered in 2009 data by Manenteau+10,
highest SZ flux in 755 sq deg Marriage+2011, much follow-up
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Ee th(<ra)-M(<ra) relation, where

M(<Ra)/V(<Ra)=A perit, A=2500, 500, 200

Battaglia, Bond, Pfrommer, Sievers 1,2, (3,4) 2011: non-eq processes, p-profiles, YM, C.**

| B _ Planck-ESZ
z = (0 HSE corrected 7, ¢ g|VeS Y5R500
e Feedback : P 4] :
04l ® Amaudet. al. 2010 (REXCESS) t f.._f% | IS Ysz a good
@ . Marriage et al. 2011 (ACT) e~ - o .
% [ o Anderssonetel.2010(SPT) & . MassS Proxy in
Q E e Planck Collaboration 2011 "1 e '“4—*
E : .# ! nCI(IVL Z)?
3 n M even though
. 7= “
5 10°
& “turbulence” piin/pn~20% effect virial theorem
asymmetry long/short <20% Y(e, K/U yuus | M)
ffect; cf. spherical ~30% _
effect; cf. spherical ~30% =S nC|(Y, Z)
- A input physics ~30% effect
10° L1 ; i i g s was gau)
]O“ lolﬁ
A’lﬁlnlMd
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non-equilibrium and non-thermal Entropy Profiles (M | z=0) for Mass-binned Scaled Stacked Clusters
zero point Sth,0 ~ 130 nats ~ 190 bits/baryon

6 T T T T T T T T
'
t

6L AGN feedbick,2=0 - [ AGN feedback,z =0
"~ Thermal + Kinetic ] F T Dl e 105 Ny < My < 17 % 104 M
— LIxX 10" Mg< My, < 1.7x 10" Mg ] AE T X104 MM <27 X 104 M 7
B Al 27X 10" MO 42N 10 ML P [ 27x 100 My < by <42 X 100M,
"I 42x 10" Mg < Moy < 65 x 10" Mg - l s [ 2 X0 Mo S M <O x 10 Mo
?@ [ — ?:glxxl?ol?ﬂhg;Mﬁ;:j'1%7";‘1)612“1\2@ 2 [ torx 10" M < My < 1.57 x 10° M, ]
%D 2? Vo or B & :
S | & Asam
0 2 - g oF ]
5 | Entropy-per-gas-baryon < | ~ Entropy-per-dark-matter
g § 2] z :
i : TRso() TR\'ir : // g T Ry TR vir
40 ' ' —— ' | —4/:‘1 . . L . ]
0.1 10
r/ Ry, r /RZOO 0.1 R, 10 r IR200
slope~3.04 =X-ray voi slope~15/8 =self-similar radial infall Navarro
_ ~0 1.0 Rl better-than-NFW fit to DM-only simulation density profiles.
Piin /Ptn~0.1-0.6! gas/star effect affect NFW-ism.
<( AV)2> /Csz affects hydrostatic equilibrium ongoing mystery - why halos have this entropy growth law

gps-cls ~150-190 bits/baryon, Asin~12 bits/b ; Skin+th-Sth~1bit/b

Asdam = 1/2 Tr In<(pkin | + Mkin) /Pam> - In pam ~7 bits/DM
zero point depends on type of DM, WIMP or axion or ...

cf. Sywv/ Np~1.66x10%(1+dy) bits/b
cf. AGN’s black hole entropy Sbh = Mbh2/2Mp2 ~1022 Sp; but Toh ~ 1071%0yrs
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CITA = Cosmic Information Theory & Analysis: IT from BIT, from BlTs in IT,

Studying the Cosmic Tango en-TANGO-ment Universe=System+Res=Data+Theory =Signal(s)+noise=EFT+Hidden variables

CITA =255 Dick Bond( *- ) the Cosmotician's Agenda: Statistical Paths
ICAT crinasicin CUar in Cosmic Theory & Data via the Bayesian chain
we compress the Petabit++ observed cosmic info into a precious few bits

encoding 6+ parameters of the Minimal Cosmic Standard model (tilted ACDM)

Pdm/ Pb=5.1 Pm/ Pde =.30 Qm=0.268 +.012 Q,=0.736 +.012
Powers=25x10"1° Tilt; =0.963+0.013 running=-0.024 + 0.015 r=T/S<0.19 Tem» =2.725

CMBology uses WMAP7+ACT (SPT), past: Boom, CBI, Acbar,.. (QUAD, ...). LSSology BAO H0 SN
lens, clusters. coming: Planck cosmology Jan2013,14 cosmic parameters Jan11(25p), Feb12
_SZ.CIB.ISM ACTpol, ABS, Spider, Quiet-2,..CARMA, Mustang2 on GBT, CCAT, ALMA...CHIME, EUCLID...

WMAP: 1.15 Thits in 9yrs, cf. MyLifeBits, Gordon Bell, 1.28 Thits in 9yrs, Planck 36 Tbits,
ACT 304 Thits. Radically Compress to high quality Bits. Terabit=1 0"2bits=125 GigaBytes.

NOW ACT1 Mar03 Jan03 Jan02 Jan00 Jan13-15 then 2. my s0.06 ev
AS15(Q,) 01.602.322.493.91-400  £0.012=>%0.001 (Pext)
AS1f (wo) 0 - - - - -25(-2.2)%0.06=>*0.01 (Pext) (+0.14 =>+0.03)
AS1f (V-slope?)0 - - - - 24 0.0+ 0.18 =>% 0.03 (Pext)
ASst(n ) 00.242.242.033.86-259  0.963% 0.011 =>£ 0.002 (Pext)
AS+ (r) 0092 - - - -3.70 <0.17 =><0.007-0.013 (Pext)
AS1f (fnl) 0 - - - - -400 -10<f, <74=>%5 (Pext)
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cosmology forecasts for PlanckEXT
ns(k), GW r(k), nonG fnL++, pae(t), my, strings, isocurvature, ...

current CMB+LSS+WL+SN1a+Lya PEXT=Planck2.5yr + low-z-BOSS + CHIME + Euclid-WL + JDEM-SN
Huang, Bond, Kofman 2010, Bond, Huang 2011

N, = 0.963% 0.011 =>= 0.002 (Pext)
Powers~25x100 | nAS =+ (.03 =>% 0.008 (Pext)

Farhang, Bond, Dore, Netterfield 2011  foreca sting QU not EB
Spider 20,~0.013 => ~0.02 for 0.02 < fsky< 0.15
lanck2.5yr 20,~0.02 => ~0.05 (foregrounds)

quadratic local nonG -10< fy, <74 (+- 5 Planck)
(Q ==0.012 =>=+ 0.001 (Pext) 1€, iV,
W, == 0.06 =>=% 0.01 (Pext) ifw =0 = 0.14 == 0.03 w_#0
DEslope (dInV/d)?4 @pivot 8, = 0.0+ 0.18 =>% 0.03 (Pext)

=+ 1.2 =>+ 0.3 (Pext) A my ~0.06 eV
0, ==+ 0.016 =>+ 0.002 (Pext) Planck + ACTPol
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%X‘% Koo 25.71 - { CITA = Cosmic Information Theory & Analysis:
e NSAUT from BIT, from BITs in IT, Studying the Cosmic Tango
Dick Bond #&F CIAR  universe=System+Res =Data+Theory en-TANGO-ment 74
the Cosmotician's Agenda: Statistical Paths in Cosmic Theory & Data

We consider the Universe to be fundamentally quantum and statistical, the many-paths/many-worlds story.
This lecture uses Cosmic Information Theory and Analysis, CITA, as a unifying theme to explore the vast
sweep of our current ideas of the Universe and the experiments we use to probe them, ranging from the
ultra-early beginnings to our far-future fate. | describe the intimate entanglement of theory with precision
"first-light" and other cosmic data, in particular from the satellite Planck and the Andes-based ACT. Such
data are the BITs in IT informing us of the physics that defines the BIT of the Universe accessible to us from
which we hope to learn of that vast IT which encodes all Cosmic Information. The mysterious dark energy
that drives the cosmic acceleration we observe happening now and its early universe counterpart, inflation,
will be a focus.
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the Shock-in-time: entropy production rate

2.5

dS/dt (g)=>

(o

=> modulated non-
Gaussianity from

preheating!

3 3.5

4
In{nt)}

ds/dt
68448
- 5000
4060
3000

2000
1666

=-l848
-20060

1.5 5 5.5

In(mt) ~In(a)
V(¢,x)=12m2 P2 +1/2 g2 p2 %2

B+Braden11
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o 2 3 the Shock-in-time: entropy production rate

o © o ©o © ©o o o
T

g°lA=1.87

® dS/ dt (g) => g =

80 (O' ::::
198 => modulated non- 0

=l Gaussianity from o

{ 140 preheating!

< 168
| 180
. 200
2.5 3 3.5 4 1.5 S 5.5
| " In(mt) ~In(a)

= 2 h2 2 h2 2
Chaotic Billiards: NonGaussianity from V((I),X) l/2m (I) +1/28 (I) X
Parametric Resonance in Preheating

V()= 14 Mt 172 2 92 2

| — _ B+Frolov, Huang, Kofman 09
_%__,- 6lna (X'(X’t)) B+Braden, Frolov, Huang 12 B+Braden11
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