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on cosmic Baryons Ordinary Matter air ~amu /nm® 02 N ; U 5.0% H,He ~0.055 amu /cm?

on cosmic Dark Matter ~amu /m3 27.0 + 0.9% compressed in MilkyWay ~0.3 amu /cm? ; for
LHC@CERN-type relics ~ 1 every 10 cm or axions or ... ?
on cosmic Dark Energy ~ vacuum potential density ~ 3 amu /m?3 68.0  0.9% late-inflaton KE/PE?

on cosmic Neutrinos number density ~ cosmic photons Energy fraction > 0.47% ~stars

on cosmic Phonons ~ isotropic Strain Deformations

on cosmic Inflatons - source the phonons

on cosmic Gravitons ~ anisotropic Strain (Transverse Traceless) <<< photons / neutrinos

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...
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Milky Way in infra-red:

half a billion stars, a disk galaxy




Cosmic Web of 60,000 nearby galaxies:
exhibits “local” COMPLEXITY o1
a~e =1/1.1

Perzcus Pizccs i | bl"ion Iight yrs
o A A L e i o Heicules  rrana
= S N Boealis

_ Botes cluster
La.,l Comz

AT yu
C uster

2.4 _‘ v ‘.'_-u PAE 5 Ty
3’, RN “
.’\\ .('\5.. “:, N \\',‘ Ry
g e !
T 4 ks

Hurulugiuim Maverlndus

Zizrasabus Seulrtee

hard won observational emergence of the web. 79-81 sparse info, e.g., of Coma supercluster. So
what Arnold, Shandarin and Zeldovich knew was very very much less, ie speculative theory



SDSS main galaxy survey BOSS

Sloan Digital Sky Survey DR9 ~ 400,000 galaxies in this animation redshift range z=0.01-0.1.
a~e¥1=1/1.1. far side of the survey (z=0.1) is ~ 400 Mpc (1.3 billion light years).

Miguel Aragon (JHU), Mark Subbarao (Adler) & Alex Szalay (JHU)



strained photons redshift
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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 (1 FSA. T 304 LFT comiavi, Afy 2000




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

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”



Planck’s primordial light unveiled, Mar 2013 => Feb 2015 => pre-2016 => march 2017 final
reveals the SIMPLICITY of primordial cosmic structure

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

Temperature
changes in
micro-degrees

300 200

Planck unveils the Cosmic Microwave Back



Planck+Herschel Launch Planck 2013 Frequency Maps Mar13

30 Gllz 44 Gllz

1.5m telescope,

~60 HFI bolometers @6freq
<100mK,

T

100 GHxz

LFI HEMTs@3freq,

some bolometers & all
HEMTS are polarization
sensitive

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 ,
spun@1 rpm, 40-50 e
minutes on the same P
circle, covered all-sky in ~6
month

kicked out of L2 Oct13

5 HFI all-sky surveys (to
Jan 2012) 29 months

8 LFl surveys 48 months

2015 T some Q,U all-data,
low L polarization May2016
refined final set Mar 2017

857 GHz
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30-353 GHz: 0T [uKcyp); 545 and 857 GHz: surface brightness [kly/sr]
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Feb 2015 Planck Component Separated Temperature Maps
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the gntty face of the CMB - foreground challenges

30 GHz LFI Synchrotron

Mtersteliar duste T

our dusty pol dilemma
dust is complex, will be multi-Temp
& .. => the more channels the better
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Polarization used to follow B field
using Line Integral Convolution
a directional “flow” miville deschenes for Planck

detectlon
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on cosmic Photons cosmic microwave background radiation 1st light 412 /cm® 0.005%

on cosmic Baryons Ordinary Matter air ~amu /nm® 02 N ; U 5.0% H,He ~0.055 amu /cm?

on cosmic Dark Matter ~amu /m3 27.0 + 0.9% compressed in MilkyWay ~0.3 amu /cm? ; for
LHC@CERN-type relics ~ 1 every 10 cm or axions or ... ?
on cosmic Dark Energy ~ vacuum potential density ~ 3 amu /m?3 68.0  0.9% late-inflaton KE/PE?

on cosmic Neutrinos number density ~ cosmic photons Energy fraction > 0.47% ~stars
on cosmic Phonons ~ isotropic Strain Deformations

on cosmic Inflatons - source the phonons

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...
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the CM B on to Stage IV CMB
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Planck’s primordial light unveiled, Mar 2013 => Feb 2015 => pre-2016 => march 2017 final
reveals the SIMPLICITY of primordial cosmic structure

7* numbers, 3 dens:tles 2+1 early-Universe inflation
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Planck’s primordial light unveiled, Mar 2013 => Feb 2015 => pre-2016 => march 2017 final
reveals the SIMPLICITY of primordial cosmic structure

7* numbers, 3 densities, 2+1 early-Universe inflation
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Dick Bond

on cosmic Photons cosmic microwave background radiation 1st light 412 /cm® 0.005%

on cosmic Dark Matter ~amu /m3 27.0 + 0.9% compressed in MilkyWay ~0.3 amu /cm? ; for
LHC@CERN-type relics ~ 1 every 10 cm or axions or ... ?
on cosmic Dark Energy ~ vacuum potential density ~ 3 amu /m?3 68.0  0.9% late-inflaton KE/PE?

CANADIAN

cosmic Neutrinos number density ~ cosmic photons Energy fraction > 0.47% ~stars

on cosmic Phonons ~ isotropic Strain Deformations

on cosmic Inflatons - source the phonons

on cosmic Gravitons ~ anisotropic Strain (Transverse Traceless) <<< photons / neutrinos

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...
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on cosmic Photons cosmic microwave background radiation 1st light 412 /cm® 0.005%

on cosmic Baryons Ordinary Matter air ~amu /nm® 02 N ; U 5.0% H,He ~0.055 amu /cm?

LHC@CERN-type relics ~ 1 every 10 cm or axions or ... ?
on cosmic Dark Energy ~ vacuum potential density ~ 3 amu /m?3 68.0  0.9% late-inflaton KE/PE?

on cosmic Neutrinos number density ~ cosmic photons Energy fraction > 0.47% ~stars

on cosmic Phonons ~ isotropic Strain Deformations

on cosmic Inflatons - source the phonons

on cosmic Gravitons ~ anisotropic Strain (Transverse Traceless) <<< photons / neutrinos

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...



the accuracy of
CMB precision

CMB@50: we celebrate
baryonic matter from the CMB alone
dark matter from the CMB alone spmw 8og, & EE alone
dark energy from the “CMB alone”
& the emergence/successes of CMB lensing 400

baryons: £2, h? = 0.02225 +/- 0.00016

(cold) dark matter €2_h?=0.1198 +/- 0.0015
Hubble parameter: h = 0.673 +/- 0.007 x 100 km/s/Mpc => age of the Universe

Big Bang Nucleosynthesis agrees with CMB
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on cosmic Photons cosmic microwave background radiation 1st light 412 /cm® 0.005%

on cosmic Baryons Ordinary Matter air ~amu /nm® 02 N ; U 5.0% H,He ~0.055 amu /cm?

on cosmic Dark Matter ~amu /m3 27.0 + 0.9% compressed in MilkyWay ~0.3 amu /cm? ; for
LHC@CERN-type relics ~ 1 every 10 cm or axions or ... ?

on cosmic Neutrinos number density ~ cosmic photons Energy fraction > 0.47% ~stars

on cosmic Phonons ~ isotropic Strain Deformations

on cosmic Inflatons - source the phonons

on cosmic Gravitons ~ anisotropic Strain (Transverse Traceless) <<< photons / neutrinos

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...



the accuracy of
CMB precision

CMB@50: we celebrate

baryonic matter from the CMB alone

dark matter from the CMB alone spmw 8oc, & EE alone

dark energy from the “CMB alone”

& the emergence/successes of CMB lensing 400
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on cosmic Photons cosmic microwave background radiation 1st light 412 /cm3 0.005%
on cosmic Baryons Ordinary Matter air ~amu /nm30, N ; U 5.0% H,He ~0.055 amu /cm3

on cosmic Dark Matter ~amu /m? 27.0 + 0.9% compressed in MilkyWay ~0.3 amu /cm?; for
LHC@CERN-type relics ~ 1 every 10 cm or axions or ... ?
on cosmic Dark Energy ~ vacuum potential density ~ 3 amu /m?3 68.0  0.9% late-inflaton KE/PE?

on cosmic Neutrinos number density ~ cosmic photons Energy fraction > 0.47% ~stars

on cosmic Inflatons - source the phonons

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...



SIMPLICITY Planck2015 early U structure map
at a~e-T~1/1100 => reveals primordial sound waves in matter

ata~e"67-60.9/1030+25 = eam contents & structure at 380000 yr, a~e
-67-60

-7

=> jnfer the structure far far earlier a~¢

10°% zeta 2 numbers

a picture of the'quantum phonon field
= InA(x,t) from the birth'’ ofthe universe  W/ProfZ Huang @SYSU

Ear'ly Unifversé STRUCTURE: phononS/strain @ a~1/1030+25

#“red” noise in phononssstrain: 2 numbers at a~e"87-55 .,

InPowers~Iin30.6x10-'° +0.025

n, =0.96810.006 90 from 1 most celebrated Planck result
constant n, is a superb 12 band f|t (over k~.008 to .3 IMpc) w/ Prof Z. Huang @SYSU
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SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...
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aJi(r,t) sca|E-tensor of the Universe
dXi(r,t)= aJ'(r,t)dres

ay =exp(a)y

| ‘_' . : (le = </na>d, + £Jj
Wt Ry, o . v g€-=strain tensor
s dVIRt= H(rtdXi(rny
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Earth under Strain: £=Strain tensor Universe under Strain:
earthquakes, seismic waves space-quakes = gravity waves

. . . . , . - i i
elastic deformation dxi=e ' droq? ej=a, /<a> scale-deformation ay

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

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

osmic web story

PUCKY EHIA

aLIGO+ => L

c—

light and gravity are entangled: Wéveleﬁgth Stretches under space-strain: redshift
the vacuum is modified under space-strain: inflation theory +



Mar 2014: bicep2

GW detection r~0.2
=>BKP Feb 2015
Planck: thou shalt
not ignore dust

polarization r<0.13
P15+BKP r<.09 95%CL




te IN@-scape &t CMB

aka mapping early U sound/phonons

multi-band GW: r<.11 95% CL
cf r<0.09 uniform ns => 1 sigma stage 3 » 0.006 => stage 4 - 0.0005
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on cosmic Photons cosmic microwave background radiation 1st light 412 /cm® 0.005%

on cosmic Baryons Ordinary Matter air ~amu /nm® 02 N ; U 5.0% H,He ~0.055 amu /cm?

on cosmic Dark Matter ~amu /m3 27.0 + 0.9% compressed in MilkyWay ~0.3 amu /cm? ; for

LHC@CERN-type relics ~ 1 every 10 cm or axions or ... ?
on cosmic Dark Energy ~ vacuum potential density ~ 3 amu /m?3 68.0  0.9% late-inflaton KE/PE?

on cosmic Phonons ~ isotropic Strain Deformations
on cosmic Inflatons - source the phonons
on cosmic Gravitons ~ anisotropic Strain (Transverse Traceless) <<< photons / neutrinos

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...



NEUTRINOS: number of species, sum of masses

Weutrinos

NEUTRINOS: decouple before Big Bang nucleosynthesis; 0%
effect on BBN a probe of weak interaction / neutrino physics T < 0.5 Mev Ly

TV:1945 K Cf. Tcmb 22725 K 15% |

Atoms —

3 known families 113 neutrinos/cm?/family B ssmuonrennsaco

Lhniveese 280,000 year< ald)

energy density in relativistic particles beyond photons & known neutrinos

Nveff = 3.15 + 0.23 relativistic dof cf. 3.046 SMc
=> 1 sigma stage 3 + 0.06 => stage 4 + 0.027

Nobel Prize 2015 0.06 V< 2m <2.3 eV (95%cl)

From atmospheric neutrinos " .
Tritium end point Ve
at SuperK, V.., 'V, (Kraus et al., 2005)

mass of neutrinos from effect on large scale cosmic web formation suppress structure formation

> my < 220 meV 95% => 1 sigma stage 3 + 60 meV => stage 4 + 50 meV
P15+Planck(cls)+BAO

> My <170 meV 95% P15+BAO

TianNu simulation on Tian He@SYSU neutrinos + cold dark matter, largest sim ever, CITA+China
Haoran Yu, JD Emberson. D Inman, Ue-Li Pen etal



Emergence of the Cosmic Web cold dark matter cf. (slightly) massive neutrinos

TianNu: Simulating the neutrino sky

TianNu simulation on Tian He@SYSU neutrinos + cold dark matter, largest sim ever, CITA+China
Haoran Yu, JD Emberson, D Inman, Ue-Li Pen etal
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TianNu simulation on Tian He@SYSU neutrinos + cold dark matter, largest sim ever, CITA+China
Haoran Yu, JD Emberson, D Inman, Ue-Li Pen etal
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on cosmic Inflatons - source the phonons

on cosmic ISOCONS transverse degrees of freedom to the inflaton on the potential surface

SMpp = Standard Model of particle physics electroweak + strong interactions
=> BSMpp = Beyond the SMpp neutrino masses, Dark Matter, Dark Energy, Gravity, SUSY ...

SMc = Standard Model of cosmology tilted Gaussian LCDM model, B+DM+DE+photons+neutrinos
=> BSMc = Beyond the SMc neutrino masses, dynamical coupled Dark Energy, modified Gravity ...







