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COBE 1989 launch

Blackbody 1990 Tcmb = 2.725K -455°F
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Polarization Revealed >2002
DASI,CBI 2002 Boom Quad
Planck 2009 launch
.. Planck 2015-18 precision U parameters

ACT SPT higher resolution + polarization
BICEP/Keck +Planck B =dusty no GW Spider
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Milky Way in infra-red:

half a billion stars, a disk galaxy

£ Sagtiarius

in 3D: large dark matte



Cosmic Web of 60,000 nearby galaxies:

exhibits “local” COMPLEXITY <a>=-0.1
a~e0.1=1/1.1 je 0.1 e-folds

~1 billion light yrs

Uies Corona
Borealis

s cluster

Coma

Yirgo
Cluster

2

o
¥i-superclus

Horologium Pavo-lndus

Pisces-Cetus Sculptor
observational emergence of the web = ~80s tour de force, e.g., Coma supercluster ++. voids
interconnected structures from a Gaussian random adiabatic field under gravitational instability
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mean (isotropic) number of
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dXi(r,t)= agi(r,t)dreg’
aJyl =exp(a)y

ayl = <lna>dj+ gyl
€=strain tensor

dVi(rt)= Hi(r,t)dXi(r.

‘HJi=Hubble ie shear =daiyl /dt
eneral relativity g=aat




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

. . . . : . - i i
elastic deformation dxi=ejidreq’ eji=a, /<a> scale-deformation ay

anisotropic strain, shear waves €=Trace(€)/3 SULERUCILE ST, EHEA] TS

isotropic strain, sound Trace(€ OGRS SF: e : :
: linear: strain « tide

osmic web story

light and gravity are entangled: wavelength stretches under space-strain: redshift CMB
inflation theory = vacuum deformation under strain, condensate(t) + quantum fluctuations

Hawking BH evaporation = vacuum deformation under strain, condensate(t) + quantum fluctuations
& dark energy is a condensate




some CMB theorists

vary X in XCDM: find X by the tests



some CMB theorists
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Atacama
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Cotamarca
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BICEP3

California+
South Africa

C-BASS 5 GHz

Tenerife (+South Africa?)

QUIJOTE 11, 13, 17, 19 GHz
(2015/16 - 30, 40 GHz)

California
B-Machine 40 GHz

& futures CMB-S4, more ballooning, back into space
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why Atacama? driest desert in the world. thus: cbi,

toco, apex, asti, act, alma, quiet, polarbear, CLASS,

CCATp@5600m, Simons Observatory, CMB Stage 4
also @South Pole - water vapour sublimates out

ACT = ACTPol = AdvancedACTPol fsky=0.45 now = Simons Observatory
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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’) => SO/S4 (1’)



Comparison of CMB Space Experiments: Resolution, 420°, 12.5’, ~5-7’°
COBE 89 launch WMAP 01 launch Planck 09 launch
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@l Next Generation CMB Expenment L3

goal: high enough resolution to plumb all cosmic parameter lnformatlon but hlgh L foregrounds,
extragalactic sources => higher L expts ACT (1.4°), SPT (1’) => SO => §4 (1’)



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

. ) . . . AClJer sigurd naess ‘2019
goal: high enough resolution to plumb all cosmic parameter information. but high L foregrounds,

extragalactic sources => higher L expts ACT (1.4°), SPT (1’) => SO/S4 (1’)



Comparison of CMB Space Experiments: Resolution, 420°, 12.5’, ~5-7’°

Planck 09 launch

WMAP 01 launch

COBE 89 launch

Polarized Smoke/Green Lenses

urd naess 2019

Y

high enough resolution to plumb all cosmic parameter information. but high L foregrounds,

I

ACTer s

extragalactic sources => higher L expts ACT (1.4°), SPT (1°) => SO/S4 (1)

goal
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Planck’s primordial light unveiled, Mar 2013 => Feb 2015 => pre-2016 => July 2018+ final
reveals the SIMPLICITY of primordial cosmic structure

7t numbers, 3 densities, 2+1 early-Universe inflation
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Planck’s primordial light unveiled, Mar 2013 => Feb 2015 => pre-2016 => July 2018+ final
reveals the SIMPLICITY of primordial cosmic structure

7t numbers, 3 dens:tles 2+1 early-Universe inflation

gggggg

Lensing
potential @
a2D
projection

-0.0016 0.0016



Planck’s primordial light unveiled, Mar 2013 => Feb 2015 => pre-2016 => July 2018+ final
reveals the SIMPLICITY of primordial cosmic structure

7t numbers, 3 densities, 2+1 early-Universe inflation
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Planck’s primordial light unveiled, Mar 2013 => Feb 2015 => pre-2016 => July 2018+ final
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reveals the SIMPLICITY of primordial cosmic structure

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

~=>inharmonious, coloured nOISE in the CMB

~ 4 Baryon Acoustic Oscillation
g scale: rsound = 144.6 + 0.22 Mpc |
5 Dampin ]
3 Sl_veae_ g_:
Sl Viscosity 1
E_| L S R "'}I'"'I""I""I""I_;
; ‘ | I|| \ 41 ~1||||l | |+l4+1; $+ P00 hysntes tyspelobhpyyrtbh RATE
;_‘ \ HI |||I} ””TT“HT Ty + [ * FHivty TH.E
}2 I Illnib I ;OI I I560I - 1606 - H5bd - éobd e

&

cosmic sound
realization

I 00 4K

TéiMiperature changes in micro-degrees



. Bond & Efstathiou 1984/1987 GUCMB =
the “Seven Pillars” ~pelta T over Tea 1987 @CITA bond +
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Grand Unlfled CMB Spectra
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Delta T over Tea Toronto May 1987 : first dedicated CMB)

conference. exptalists+theorists. primarv+secondary ATIT
organizers: Bond theory + Wilkinson experiment

Primary Cosmic Microwave Background Radlat/on a statistically isotropic
all-sky GRF on the 2-sphere Co =<|/AT(LM)|2> with target Cv shapes

A tentative list of topics organized according to angular scale, with theory and observation intertwined,

18:

e very small angle anisotropies - VLA results,(secondarv fluctuations via the Sunyaev-Zeldovich

effect {primeval dust emission, and radio sources

e small angle anisotropies - current results, optimal measuring strategies, statistical methods for
small signals in larger noise, which universes can we rule out, the reheating issuef{future detectorspand

techniques {CMB map statistics, polarization

e intermediate and large angle anisotropies - 5% — 109 results, future experiments at ~ 1°, COBE

and other large angle analyses, theoretical C'(#)'s and their angular power spectra, Sachs-Wolfe effect in
open Universes, the isocurvature CDM and baryon stories, Al ,’7 from gravitational waves, the cosmic

string story.
CMB@22, Who’s Who in North America




inflation 1997/98
cf. inflation 2018
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Earth under Strain: £=strain tensor Universe under Strain:

earthquakes, seismic waves space-quakes = gravity waves
. . . . : . - i i
elastic deformation dxi=ejidreq’ eji=a, /<a> chglsiﬁsf?érzfrg?: a‘:avit waves
. . . |
anisotropic strain, shear waves €=Trace(€)/3 P , gravity

isotropic strain, sound Trace(€ S strain,. e : :
osmic web story
Elastic: Stress = Bulk+Shear-elastic-moduli * Strain

sound speed cs>=BEM/o anistropic shear-wave speed? ~SEM/o
Viscous: Stress = Bulk+Shear-viscous-moduli * Strain-rate
Gravity: Stress = BAM * Strain-acceleration ~ BAM * Tide

BAM =1/ 8GN = (Mpianck C/h)z o 1/ Lpianck?

inflation theory = vacuum deformation under strain, condensate(t) + quantum fluctuations

p=hk E=hw are other main ingredients

these are the mysteries
not AkAxz1 & AwAt=1

H is inverse-time THawking=hH is the Hawking temperature of inflation




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

. . . . : . - i i
elastic deformation dxi=ejidreq’ eji=a, /<a> scale-deformation a,

. : . _ anisotropic strain, gravity waves
anisotropic strain, shear waves &€=Trace(€)/3 isotropic strain, sound

isotropic strain, sound Trace(€ . : :
linear: strain « tide

osmic web story

Elastic: Stress = Bulk+Shear-elastic-moduli * Strain

sound speed cs>=BEM/o anistropic shear-wave speed? ~SEM/o
Viscous: Stress = Bulk+Shear-viscous-moduli * Strain-rate
Gravity: Stress = BAM * Strain-acceleration ~ BAM * Tide

BAM=1/8nGn= (MPIanck C/hbar)z o 1/ Lpianck?

inflation theory = vacuum deformation under strain, condensate(t) + quantum fluctuations

stable quantum fluctuations p=h k > hi H/c oscillate,

become Jeans-unstable p< i H/c fluctuations as H(x,t) drops = §
generalized Fokker-Planck equation for coherent-condensate-probabilities aka stochastic inflation
coarse-grain system = coherent unstable modes, fine-grain reservoir = stable modes

transport across the TLH boundary: the newly-unstable quantum-entangles with the unstable-condensate

H(x,t) cg-deSitter space sequence. Casimir energy = Qqfluc(H)-Oqfluc(H=0) drives emergence
this really is like the Jeans instability, and intimately related to cluster-halos as mass-density condensates
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Beyond the Standard Model of cosmology? SMc = tilteaACDM +r aka (¢,N+x)
BSMc = SMc + primordial anomalies in the true { -WebSky

< é' | TE- po > anomalies @ low L => sample variance limited ~20’s
J
Grand Unified Theory of Anomalies?
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iz, QO <1%
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the true quadratic (-VWebsky of the (-SCape

Planck 2018 X inflation: TTTEEE lowL Epol + CMBlens + BK15 BB + BAO

L~kdrec
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Litebird 0.002 NN (: e
e spectra V(¢)
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1, : e £(0)
Im | “ ‘||| TT,TE,EE+lensing+ BK15+BAO

= 50

< 1.3% - 1.7% isocurvature role KRS
to Eol

poorly
constrained

like early Universe elastic-wave
sound@118-127 e-foldings
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the true quadratic (-VWebsky of the (-SCape
Sample Cosmological Forecast: Simons Observatory 2021+
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inflaton V(¢b)-maps =32 H2 (1-8/3) HJ eqn, d%)/Mpldlna-+sqrt(2£)

along the gradlent/ orse flow
Planck 2018 X T T e T T

inflation potential mean

0.001

LI LI DL DL L LA L L L L
-------- inflation potential samples

inflation potential mean

| IN<V(¢p)|r BK15>
b In(OV()+<V()lr BK15>)

fixed r = 0.001
example

0.0005

0

0.05

12 k ots; p( ex) = 0.57
-fix r = 10 l Wl + simall + TT'II‘EEE + lensing +

—0.0005

—0 05 0 0.05

fit into a UV-complete
theory (ultra-high energy
to the Planck scale)
strings, landscape, ..

& IR-complete theory
(post-inflation heating ->
quark/gluon plasma)???

111 ( V/ Vpivot )

p(convex) = 0.57
imall + TTTEEE + lensing + BK15 +

—0.05

IR heating
region is far off

—0.5 0 0.5  =>many ways to
UV region far off Y0l MP extrapolate
=> ma‘%y ways to (& = Porvar) /My ¢ ’
extrapolate r to +-0.003 Simons Observatory forecast w/ fgnds; 0.0005 S4; 0.001 Litebird




headline: uniform acceleration ruled out, m2¢p? ruled out

0.20

e,

G

0
@)
98
e

0.10 0.15
| |

Tensor-to-scalar ratio (r9.002)

0.05
|

headline: natural inflation PNG\B ruled out

| 4
TIRE

oe | [ I]11]"

TT,TE,EE+lowE-+lensing

TT,TE,EE+lowE+lensing
+BK14

TT,TE,EE+lowE-+lensing
+BK14+BAO

Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
R? inflation

V o ¢?

Vo ¢p*/3

Voo

Voo ¢3/3

Low scale SB SUSY
N,=50

N,=60

0.00

0.94 0.96 0.98
Primordial tilt (ns)

1.00

headline: Gravity Waves vs {: apart from the CMB T map, this r-ns map most shown Planck figure

headline: conformally flattened potentials OK, includes R? inflation & Higgs inflation, a-attractors




Tensor-to-scalar ratio (7¢.002)
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Primordial tilt (ns)

1.00

state of INflation theory circa 87: 3 decades Nuffield conference was 1982

Chaotic +++ model space Mpianck phonons -> inflaton ->{ =Ina
stochastic inflation 6¢~ hH aka quantum “zero-point” fluctuations

Starobinksy inflation, Higgs inflation ... running of Mpianck(R,$)
GravityWaves & isocurvature superstring-inspired, natural/axion-inflation later
nearly Gaussian { was expected but nonG { was startmﬁ;. .

but also topological defects, strings, explosions, ... were possible then, but now very subdominant
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£l - Dick bond A S A
s Quantum Inflatlon in the» N
ll"lanck Era & Beyond -

relicl: C from inﬂaton - observable = all cosmic structure CMB&LSS & stars/humans & ..
amplitude & slope <-> acceleration history & Veff simple over observable range 9

relic2: entropy St = ScmB +S cnuB cooled remnant of particle/field plasma post-inflation

10886+ Sg~101219 asymptotic DE
relic3: baryon asymmetry N, ba?yon/S tot of matter over antimatter

©

relic4: dark matter from quark/gluon plasma - only seen gravitationally WIMPS, axions,..

26.6 = 0.7% ,
relic5: big bang nucleosynthesis products H, He, D, Li (influenced by CnuB - weak physics)

relic 6: CMB 2D wiith all its fluctuations & polarization VV'V -a=7 some 2-2.5

~ fsk Lmax?cf. LSS X Kmax Omax é
relic 7: LSS 3D galaxies & large scale clustering, flows, lensing - tomography with redshift

© grav instability Stn,ci~1076 < stars Scig ~ -@<3 some CMB overlap
relic 8: dark energy - let it be dynamical & coupled (more parameters)

68.5 £ 0.7%



A e i S - DIck bond - s
N p,a Quantum Inflatlon in the
Ee IPlanck Era & Beyond

relics not yet seen: in quest of what lies Beyond the Standard Model of cosmology SMc

f inflati
rom miation local nonG for dy =G+f G2 f,=0.8 + 5.0 soon P18
non-Gaussian features in Z; from weak nonlinearities (very nearly) Gaussian random field

large nonG from instabilities localized in k - open at high k. primordial black holes?
gravity waves (not so far - obscured by dust) P18+BK15 r<0.06 uniform ne

cf. 0<r<.,07 95% CL P15+BK15 12 knots
isocon relic (not so far) - Planck on CDM isocurvature, neutrino, correlated

< 1.3% - 1.7% isocurvature role

bubble remnants of tunneling during inflation

from heating
isocon memories (not so far)
strong subdominant but intermittent nonlinearities in C_, (spikes via chaotic billiards)
curvatons oscillons strings domain walls - short lived .. primordial black holes?
rare WIMPzillas as dark matter

from later quark gluon plasma
late phase transitions - whence first order?

anomalies in CMB & LSS

could be primordial. large-scale, intermittent? statistics of just a few (modes, spatial rare events)?



SIMPLICITY Planck2018 early U structure map

at a~e~7~1/1100 => + i} L
+tam-B7-55 ~11030+25 2* numbers - red strain-noise

T+E constrained nean of 10”5zeta; fwhn = 15 arcnin

a picture of the quantum phonon field ~ In d(x,t)
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g bass/treble ng =0.96710.004 8.80 from 1 most celebrated Planck result
=> g(n,) SimonsObservatory 0.002
constant ng is a superb 12-band fit (over k~ .008 to .3 /Mpc) B+Huang in Planck 18 X
Tensor-to-Scalar ratio (GW) r <0.06 P18+BKI15
=2 Za(r) SlmonsO 0.006 CMB S4 0. 001 theblrd 0 002 - if dust is not too complex
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