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

“Now | am in the grip of a new vision, that Everything Is Information. The more |
have pondered the mystery of the quantum and our strange ability to comprehend
this world in which we live, the more | see possible fundamental roles for logic
and information as the bedrock of physical theory. ... | continue to search.”

"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

our Cosmoticians’ Agenda: infotrmatig-:ﬁﬁen:ot
0 . g =entro uanti

Statistical Paths in Cosmic Theory & Qua"tf ghannon %’948
Data via the Bayesian chain drawing

what we know of It from Its Bits the medium is the message McLuhan 1964 UofT yopn arerit B clyssse:
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CITA ==z (2. Y CITA = Cosmic Information Theory & Analysis:

ICAT i NCUUA 1T from BIT, from BITs in IT, Studying the Cosmic Tango
Dick Bond 7@ CIAR  en-TANGO-ment the dance of Universe =System(s)+Reservoir
=Signal(s)+Residual noise =Effective Theory+Hidden variables,
=Data+Theory, observer(s)+observed
information) entropy in bits, entangled. the fine grains in the coarse grains

88.6

ruled b

SU,m+r ~1
in our

HubbleaVolume
compressed onto

T, =2.725K &
1/Ho=14 Gyr

5.2 bits/Y
Sg ~101219

Sm~1 bits/baryon *
atmosphere '

~190 in clusters

wmApP910'12]

Planck10'3-6

' N CACT1014 57
v ) 2 2 & - ompress ~
} - N parameters
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FATE U inflate (again)
1 yy
IT from BIT a cold death? reheat/rebirth?

Planck era 10743 sec 1035* ? o NOW 14Gyr1

Pythagoras formed

Inflation fluctuations > ©
form: quantum jitter

107 sec 10

Galaxies Cluster
Cosmic “web” o
vast filaments +

'0

membranes
Protons/Neutrons 1 Life forms on
form arth
Helium form; 9 Gyr 1.4
100 sec 10 \
<arbon/oxygen/etc
form
Cosmic background 6 Galaxies form
radiation released from
matter 2Gvr 4
carries imprint of v
fluctuations in matter which o
grow to generate galaxies etc. The ‘Meaning’ may change
0.4 Myr 1100 But the facts will remain
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@ §| PYTHAGORAS 550 BCE THEORIST
¢ || Cosmos2 math, harmonic v/A, digital

“a very brief human history’
ry briethuman history

Cosmic Information
was generated by Us:

highly filtered,
compressed,reduced
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FATE U inflate (again)
(14 vy
IT from BIT a cold death? reheat/rebirth?

Planck era 10743 sec 1095+ ? o NOW 14Gyr1

Pythagoras formed

Inflation fluctuations > ©

form: quantum jitter Galaxies Cluster

Cosmic “web” o
vast filaments +

107 sec 10

membranes
Protons/Neutrons ; Life forms on
form oarth

Let there be pna yve
Helium form9s 9 Gyr 1.4
100 sec 10 \
<arbon/oxygen/etc
form
Cosmic background 6 Galaxies form
radiation released from
matter 2Gvr 4
carries imprint of v
fluctuations in matter which o
grow to generate galaxies etc. The ‘Meaning’ may change
0.4 Myr 1100 But the facts will remain
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> Chemical Elements:
| (other than H & He)

Radiation:

Dark Matter:

Gravity Waves

Dark Energy:

Black Holes
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B Chemical Elements:
M (other than H & He) 0.025%

Radiation:
0.005%

Neutrinos:
0.47%

9
H

|

9
\\\\\\
9

Dark Matter:

2

dm=22.4 + 2%

Gravity Waves

QGW ~10-14 109 LIGO
7

€2 plackHoles ~10

Dark Energy:
(2, =7422%
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FATE U inflate (again)
(1 vy
IT from BIT a cold death? reheat/rebirth?

Planck era 10743 sec 1035* ? o NOW 14Gyr1

Pythagoras formed

Inflation fluctuations > ©
form: quantum jitter

107 sec 10

Galaxies Cluster
Cosmic “web” o
vast filaments +
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membranes
Protons/Neutrons 1 Life forms on
form earth
Helium form9s 9 Gyr 1.4
100 sec 10 \
<arbon/oxygen/etc
Let there be Light form
Cos_m_ic background [6 Galaxies form
radiation released from
matter 2 GVI' 4
carries imprint of v
fluctuations in matter which o
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the gatherers of cosmic
information

** G oomicMlicouare Backgrouns **+
osmic icrowave ackground

LargeScaIeStructure experimental probes

then & now & then

The Planck one-year all-sky survey  @@esa
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The Nobel Prize in Physics 2006
(also Gruber Prize in Cosmology 2006 for Mather + the COBE team)

"for their discovery of the blackbody form and anisotropy of the cosmic microwave background radiation"'

- _a

John C. Mather 1946- George F. Smoot 1945-

Cosmic MicRoOwwE BACKGROUND SrecTRUM oM COBE

5
§
;
¢
1
i

THEORY AND OBSERVATION AGRESN

Nearly Perfect Blackbod)
T=2.725 001 K COBEFIRAS

Dipole: flow of the earth in the CMB

d’

COBEDMR:
CMB + Galactic @7

Tuesday, 13 December, 11



WMAP: 01Launch 03,

..7';”. & 06!08; 10, 109nd, 12
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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
agenzia spaziale scientifi C
NS0 Consortia funded
DTU Space

by ESA member
states (in
particular the lead
countries: France

Na’uonal Space Institute

Science & Technology

' Facilities Council »C S l C

@ National Research Council of Italy I 3 RmR Fomn, d v) h
. and Italy) wit

G e, ZA‘ B gin contributions from
UK SPACE e NASA (USA), and
telescope
reflectors provide
; in a collaboration
imperl Colege foﬂ /./ Qsoc IPL £ap @i o EEE between ESA and
s S a scientific
Consortium led
and funded by
Denmark.

rrrrrrrr

UNIVERSITE
DE GENEVE

Bond since 1 993 Canada since 2001 1st CSA pre-launch contract 2002-09, post—launch 2010-11, 2011-13
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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
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Cosmology From 5200 metres:

the Atacama Cosmology Telescope

BOLIVIA
Aca® 5

. - \
" PARAGUAY

SEC ol ¢ O 0m-@?@ """ S

CITA-ICAL

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

e
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o
P &

Agog
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."'t 3

2

oo
— R i

9 v, pol,
HFI-bolos
. tLFI-hemts

ACT+WMAP7 hajian+10

ESA, HFI and LFI consortia, July 2010
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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

I 5 L°

M 10" 5 1‘0
3

[ ﬂ.

ctfl H A

S S ACT

9\ 10 { N,-f”‘ "‘ém ]
: WMAP 7 "*«,\,¢

[ » !K\.‘i«t» :

~ B

) ;
AN o ‘\‘7\*\ -
: -
@)

a¥ 500 2000 3000

Multipole /¢

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
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CBl pol to Apr’05 @Chile CBI2 Q“éeht_ll Quiet2
JUaD@sp @Chile 1000 HEMTs

500M03@LDB Bicep @SP Bicep2  Kecka@sp
ABS@ ) EBEX
WMAP @L2 to 2010 Planck09.4 i

hil LDB

52 bolometers pl €
DASI @SP + HEMTs @L2 | 2312 bolos
LDB
CAPMAP 9 frequencies 2013
Herschel - -
BLAST ' ixie/
2004 2006 2008 LHC)2011 | COrE/
2009 iteBird
2005 2007 SPT @space
SZA Polarbear
@Cal @Chile
~ | 3000 bolos SPTpol
3 freqs @Chile
AV H APEX ACTpol
& ~400 bolos SCUBA?2 g"g ALMA
@Chile 12000 bolos CCAT@Chile

GBT .
JCMT @Hawaii LMT@Mexico
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Simulate lUniverse
ultra-early beginnings to
ultimate end. turningHe
parameter theories Into
Petabits

Process Data compiéssing
the Petabit+ raw observed CMB

+LSS information into high
quality bits g

Nét @UofT:

GPC: 3780 nehalem nodes=30240 cores
306 TFlops debut as #16 in Top500

TCS: 104 P6 nodes=3328 cores
60 TFlops debut as #53 in Top500 ->80

1.4 Pbytes storage
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FATE U inflate (again)

a cold death? reheat/rebirth?

NOW 14Gyr1

Pythagoras formed

“IT from BIT”

Planck era 1 0'43 sec 1 055+ ?

Inflation fluctuations > ©
form: quantum jitter

107 sec 10

Protons/Neutrons
form

Galaxies Cluster
Cosmic “web” o
vast filaments +
membranes

Life forms on
oarth

9 Gyr 1.4

@ @ <arbon/oxygen/etc
form

6 Galaxies form
carries imprint of

, 2 Gyr 4
fluctuations in matter which

grow to generate galaxies etc. The ‘Meaning’ may change
0.4 Myr 1100 But the facts will remain

Helium forms

100 sec 10°

Cosmic background
radiation released from
matter
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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 fiel E AR N S AR : R By e ik

s SR ey S R DR R RS and
fluctuations; i g * b AR - _ , N OB Y
RSP E. | R, 5, ) S EOR SRRER (Y - E R e A vacuum

inthe .
noise

early S&E T
Universe 41

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

: R‘* - 14‘- -
e 5
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fluctuations in the early universe “vacuum” grow to all structure

evolve
from early
U vacuum

NS e Y S T potential
scalar field” R A . S N and

fluctuation: *:x
vacuum

in the N w3t 5 . LN e .
vacuum of ‘% . X ." = '.. 55 S VL s - VoI Py o or - T noise
the ultra- "y & 4 j' 2 T e 0 25 e R S :
ear|y _ = e RSt b e 3 ’{ v ™ 2, ;._. aetherla”
Universe i« @ R Y Tk P ‘
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fluctuations in the early universe “vacuum” grow to all structure

density

Gadget-3 &%
SF+ SN g
E+ =
winds
+CRs

5123

BBPSS10 8
BBPS1,234 &

S ' “.4";\ i, fr” O : ;:-.' '0..‘ ~ :
RS sl 2 L MM P R PR Y
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fluctuations in the early universe “vacuum” grow to all structure
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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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entropy intermittency in the cosmic web, via gravitation-induced shocks (then E/S-feedback)

QASgas,th =10

400
Mpc

NCDM
WMAPS5

gas
pressure

Gadget-3
SF+
SN E+
winds
+CRs

5123

BBPSS10
BBPS1,2,3,4
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Secondary Anisotropies
(tSZ, kSZ, WL, reion, CIB; hydro)

Sb,th(X,t)

CMB gets
entangled
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descending into
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of cosmic
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the energetic,
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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

5120 Fatet. N ¢ e T ey
' < z’“f' '.s}' %

4 A.w.‘

BBPSS10

BBPS1,2,34 - Y | .,,,n
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pressure intermittency in the cosmic web, in cluster-group concentrations probed by tSZ

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

Pe(X,t)
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Mustang on GBT 90 GHz 64 bolometer array Imaging SZ [
@~10"’ res 4 cls 2010, ~25 Hubble CLASH cls to come Devlin, Mason, .. .

| M NI W TR D
. yreal

CL1226 z=0.89

Red Chandra
Blue/cyan weak lens

Green optical
White MUSTANG SZ >30

A BCG ~ X-ray peak
B Dark Matter peak
~ lobe of SZ ridge

simulation

20" ~

1 :2: 000 ‘ o 8.0 o ‘ 26 :56.
a (J2000) - 't
2011 Planck ~200 clusters, SPT ~50 cls, ACT ~50 cls; 2013 1000’s
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FATE U inflate (again)
(14 yy
IT from BIT a cold death? reheat/rebirth?
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fluctuations in the early universe “vacuum” grow to all structure

from early
U vacuum
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Roulette Inflation: a statistical mini -
landscape (one of very many) of the early
U origins of observed cosmic structure:

holey U: sizes/shapes of geometrical

structures such as holes in a dynamical extra-
dimensional (6-7D) space settling into a stable bit
of extra-dim at each point in our 3D space;

braney U: motions of lower-dimension subspaces

0-30

pre-heating patch (<1cm-now, <1 cm-then)

www.youtube.com/watch?v=FW__ su-W-ck&NR=1

spatial jitter ‘Io_‘
i >
drift —

let there be
heat

Z0——->rmnzZ—

36
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Roulette Inflation: a statistical mini -
landscape (one of very many) of the early
U origins of observed cosmic structure:

holey U: sizes/shapes of geometrical

structures such as holes in a dynamical extra-
dimensional (6-7D) space settling into a stable bit
of extra-dim at each point in our 3D space;

braney U: motions of lower-dimension subspaces

pre-heating patch (<1cm-now, <1030 cm-then)

A visualized 2D slice

in lattice simulation

www.youtube.com/watch?v=FW__ su-W-ck&NR=1

let there be
heat

Preheating After

Roulette Inflation

=X

m=im

quantum R

diffusion N

spatial jitter ‘Io_‘
<>
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fluctuations in the early universe “vacuum?” grow to all structure

patterns
in the

quantum
jitter
evolve
under

current, = L SR LA .+ gravity
Hubble AR

(& gas
dynamics)

horizon
1000 Gpc

AL N adr ay" W
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quantum stochastic non-Gaussian time landscape cf. stringy landscape

Universe or

multiverse e na(x,inH)
: Starobinsky, ! > 7 P
INIVERSE | Vilenkin, i d natural

Linde, SB, = consequence

Rees, ...,
stringy:
Susskind etal

of quantum
mechanics of
the U’s
uuUULSS on

na(x, nHa)

if quantum
diffusion >
‘classical’ drift

at high H
NIVERSE cf our observable

B2 % horizon (patch)
LLour atlow H

hor'zon this eternal inflatior

can happen even at

low H
INIVERSE Salopek & Bond 1991

IVERSE
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Coherent Inflation with Quantum Jitter to Hot Big Bang, an Incoherent Particle Soup

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 to
new interaction channels ... ultimately to
standard model degrees of freedom

.. arole for decaying particles, 1st order phase transitions?
exactly who, what, where, when, why?

we search for fossil
structure from this
period with Planck

non-Gaussianity
(WMAP, Planck, LSS)
spiky nG preheating




¢ inflaton isocon  V(¢,x)=1/4 A o*+ 1/2 g2 ¢p2

Parametric
Resonance
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Andrei Frolov, Defrost code  V(d,%)=1/4 A ¢4+ 1/2 g2 p2 %2
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... 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)




=evidence for “dark energy” aka the cosmological constant
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Gravity is
Geometry

= Energy
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Clfar

IC(%}% CITA = Cosmic Information Theory & Analysis:
_ e IT from BIT, from BITs in IT, Studying the Cosmic Tango
Dick Bond #&F CIAR  Universe=System+Res =Data+Theory en-TANGO-ment

Cosmic Information Theory and Analysis: IT from BIT, from BITs in IT

John Wheeler's famous mantra, IT from BIT, envisaged the Universe as an information structure of BITs. And, of
course, so IT is, fundamentally quantum and statistical, the many-paths/many-worlds information-theoretic 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 cosmic microwave background satellite Planck and the Andes-based Atacama
Cosmology Telescope. 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.
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