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what are the degrees of freedom / parameters of the ultra earIyUmverse'? TBD

universe = system / signal parameters + noise / reservoir parameters
= coarse-grain (collective) parameters + fine-grain parameters
effective “field” eqns for coarse-grain system variables EFT
by marginalizing the fine-grain reservoir
=> coupling constant functions: potentials, modified kinetic energies, ...
feedback: coarse <=> fine




what are the degres of freedom / pérameters o the ultr arly Universe? TBD

70s phenomenology of gravitons = Transverse_Traceless_Strain quanta
~80 phonon dp/p eos => sbsy, bb15 (v =In(p a>™W)/3(1+w) <= dE+pdV/



what are the degreesof freed 1/ rameters of the uItra early Universe? TBD

70s phenomenology of gravitons = Transverse_Traceless_Strain quanta
~80 phonon Op/p eos => sbsy, bb15 (v =In(p a>™W)/3(1+w) <= dE+pdV/

Inflation = phenomenology of phonons = energy-density quanta
Trace_Strain quanta of isotropic volume 0Vol / Vol

inflaton = “condensate” of phonon fluctuations, <p|k<Ha > + 5p oscillations
relativistic negative-pressure Equation of State (1+w)
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70s phenomenology of gravitons = Transverse_Traceless_Strain quanta
~80 phonon Op/p eos => sbsy, bb15 (v =In(p a>™W)/3(1+w) <= dE+pdV/

Inflation = phenomenology of phonons = energy-density quanta
Trace_Strain quanta of isotropic volume 6Vol / Vol

inflaton = “condensate” of phonon fluctuations, <p|k<Ha > + 5p oscillations
relativistic negative-pressure Equation of State (1+w)

phonon = collective mode composed of fundamental scalar fields (many ¢»?)
in linear perturbation theory, the phonon = linear combination of fundamental scalars

80s phenomenology of isocons = quanta L phonons (curvatons ...)
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70s phenomenology of gravitons = Transverse_Traceless_Strain quanta
~80 phonon Op/p eos => sbsy, bb15 (v =In(p a>™W)/3(1+w) <= dE+pdV/
Inflation = phenomenology of phonons = energy-density quanta
Trace_Strain quanta of isotropic volume 6Vol / Vol

inflaton = “condensate” of phonon fluctuations, <p|k<Ha > + 5p oscillations
relativistic negative-pressure Equation of State (1+w)

phonon = collective mode composed of fundamental scalar fields (many ¢o?)
in linear perturbation theory, the phonon = linear combination of fundamental scalars

80s phenomenology of isocons = quanta L. phonons (curvatons ...)

all that CMB+LSS can deliver is this phonon+ /strain+ Inflation Phenomenolo?
how does it fit into a UV-complete theory (ultra-high energy to the Planck scale) stings, tanascape, .
& IR-complete theory (post-inflation heating -> quark/gluon plasma)??? TBD



SuperWeb of ultra-Ultra Large Scale Structure of the Universe

a highly strained & stressed state in the universe at large (very, very), randomly
simple in our Hubble patch, and highly entangled in the small to medium scale
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SuperWeb of ultra-Ultra Large Scale Structure of the Universe

a highly strained & stressed state in the universe at large (very, very), randomly
simple in our Hubble patch, and highly entangled in the small to medium scale
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what is the inflaton’s potential?

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

Relate it to the Higgs & standard model?
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entropy generation in preheating from the
coherent inflaton (origin of all matter & radiation
nonG from post-inflation but pre-entropy
generation (B*FH15) drift trajectories can lead
to pre-shock-in-time caustics and other phas
space convergences in the deformations
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Barnaby,Bond,Huang,Kofman09 :
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I
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| diffusion 5
. . . spatial jitter
A visualized 2D slice haradg
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www.voutube.com/watch?v=FW su-W-ck&NR=1 !



http://www.youtube.com/watch?v=FW__su-W-ck&NR=1

what is the inflaton’s potential>  how was matter & entrop
: generated at the end o0
acceleration = inflation?

Relate it to the Higgs & standard model?

\

Y
V S
y . :
/ detecting r ~ 0.05 => m
shape cannot be too flat I'E
i i T
const Higgs self-coupling

conformal|factor - quantum E
diffusion N
hdat t spatial jitter ﬁ

entrop «—>

genera};ion in drift
preheating |
v) frozv thet N
v coheren
inflaton 4 na(X,nH) E
(origin of all ‘900 A
matter) % T
‘%O /%0
let there be )

heat

conformal potential-flattening SBB89 v




Planck 2015 inflation paper: allow number of e-folds to the end of inflation &
preheating duration & number of degrees of freedom ... to vary

check specific potentials => specified I, ns cf. LCDM standard.

Comparison among different inflationary models

Model M _ 4 _ 9

R+ Xy (37) V(¢)= % (1 - 6‘24’/\/&!,,)

n=4 - Planck TT + lowP + BAO
n=73 229

n=2 9.7

n=4/3 7.2 Preliminary wint = 0 for all the models
n=1 6.2 A 5

n=2/3 49

Natural 8.6 X wrt LCDM

Hilllop(p=2) 44
Hilllop(p=4) 6.0
Double well

Exponential V(g) = A* (1 — e~ 9/Ma )

The shift to higher ns sets tighter constraints on natural inflation, hilitop models, ...

R2 (Starobinsky 1980) is still among the preferred models, although favouring N * > 54, which is
the value expected on theoretical grounds (a positive wint helps in this respect). The quadratic
model prefer large N* to decrease r. These are just examples of how reheating uncertainties will
combine with the inflationary predictions of the primordial power spectrum for a given model.
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phenomenology of gravitons = Transverse_Traceless_Strain quanta 70s
phonon Op/p ~80 => shsg, bb15 {nL=In(p @*™*W)/3(1+w) <= dE+pdV

Inflation = phenomenology of phonons = energy-density quanta
Trace_Strain quanta of isotropic volume 6Vol / Vol

inflaton = “condensate” of phonon fluctuations, <p|k<Ha > + 5p oscillations
relativistic negative-pressure Equation of State (1+w)

phonon = collective mode composed of fundamental scalar+ fields (many ¢o?)
in linear perturbation theory, the phonon = linear combination of fundamental scalars

phenomenology of isocons = quanta L. phonons (curvatons ...)

p(¢pb,w,Ina) =>coarse-grained k<Ha Hamiltonian-density attractor p(¢p)=3Mp2H?
depp /dina = -Mp?2 Vg1 Inp, a gradient / Morse flow <= Hamilton-Jacobi eq"
“adiabatic” fluctuations along the Morse flow river valleys (phonons)
isocurvature directions 1 flow

reduced action (Hamilton’s Principal function) ~ H ~ p'



reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <€ [Temp, E pol> (angles, distance)

. o 10°5 zeta . o
=> primordial scalar curvatuie’map of the inflation epoch
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phonon Z /I’)p|al3(1+<w> energy- dens:ty quanta
isotropic (volume) strain~{=Inalp (. =In(p a*("™*W)/3(1+w) <= dE+pdV

Cosmic_Probes[{(x), qcosmic, iSOC, ..] or {(k),
or looking out: CLm(X),X:|X| & Cm(k), k=||(| maps



iz  Dick Bond CITA on benaf ofthe Planck collaboration g, = =~ "
( plam:k Quantum ll‘lflai:lon -in thp 3
2015 Planck Era & Beyo’ndt_, e
phonon Z lnp|a/3(1+<w> energy-density quanta

isotropic (volume) strain~{=Inalp (. =In(p a*("™*W)/3(1+w) <= dE+pdV

Cosmic_Probes[{(x), qcosmic, iSOC, ..] or {(k),
or looking out m(y), ¥=|X| & m(k), k=|k| maps

CMB_Probe no tomography:

projected-y few modes per LM < mONT > <G mONE >

available mOdES: fsky I.max2 'fsky Lmin2 Lmax "’Ldamp
Planck near limit of nonG exploration with CMB (ACT/SPT) fa. + 5

gravity waves ~Transverse_Traceless_Strain: no tomography, limited L range Nt
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reveals map of primordial isotropic strain /phonons
[dvisibility(distance) < | Temp> (angles, distance)

. . 10”5 zeta . .
=> primordial scalar curvatufé’map of the inflation epoch
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reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <{ |Temp>+ &  (angles, distance)

10°5 zeta o
ctuations make it noisy
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reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <€ [Temp, E pol> (angles, distance)

. o 10°5 zeta . o
=> primordial scalar curvatuie’map of the inflation epoch
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reveals map of primordial isotropic strain /phonons
[dvisibility(distance) <{ | Temp, E pol> + &( (angles, distance)

10°5 zeta

=> but allowed fluctuations less noisy with E pol (extra modes)
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Stacked Wiener filtered (gv

stacking=> d{av destructive interference => reveals <(gv [T-peak>, <Cav |Cav-peak>

used in
Planck 2014

. Isotropy and Statistics paper, extensive stacking of
CaUtIOH. nOt de'lensed IQ] U,E, Cdv on IP2=QQ+U2,E,ZdeeakS

stacked stacked
<Cdv | Cdv-pk> <Cdv | oriented Cdv-pk>

20857 patches entation, threshold v=0 StaCkS of 20854 patches on ¢ maxima, oriented, threshold v

S

13 & WMAP9
look v. similar "

FFP8
‘simulations oo}
= Iook V. s:mllaf i

0—

stack one ol
"FFP8 map with |
fluctuations = -}

P8 mean -
look v. similar |

—0.03 —0.02 —0.01 0 0.01 0.02 0.03 —0.03 —-0.02 —0.01 0 0.01 0.02 0.03
QSin%cosgo QSingcosup




we don't need all LM+k modes Quadratic InPc(Ink) Maps

to reconstruct L-independent aka Radical Compressions
CPz(k) in quadratic space => ultra-early Universe sound/phonon spectrum
2m] 2/ 2412 -
k~L“/Grec™+ k) 12 knots, cubic spline CPreﬁmmaq
bonus: top-down de-lens { = kDye. KQrec =
10! 102 10 10
Planck14+LSS [~ 71—
——————— 1-0 scalar
102 - mean scalar mearn tensor__
: m2¢? scalar ;
|

fixed r = 0.1
PlanckTT TE,EE lowP BAO (+JLA+HSTlow), ze>6 .

In ?GW (In I() N .

A A A A A A A A A AL

100 Lo Alll [] [] llllll' [] [] llllll' [] [] llllll'

10~ 1073 1072 1071 10°

9 e-folds




we don't need all LM+k modes Quadratic InPc(Ink) Maps

to reconstruct L-independent aka Radical Compressions
CPz(k) in quadratic space => ultra-early Universe sound/phonon spectrum
2m] 2/ 2412 -
k~L“/Grec™+ k) 12 knots, cubic spline CPreﬁmmaq
bonus: top-down de-lens { = kDye. KQrec =
10! 102 10 10
Planck14+LSS [~ 71—
——————— 1-0 scalar
102 - mean scalar mearn tensor__
: m2¢? scalar ;
|

fixed r = 0.1 55
PlanckTT,TE,EE lowP BAO (+JLA+HSTlow), z>6 ]
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we don't need all LM+k modes Quadratic InPc(Ink) Maps

to reconstruct L-independent aka Radical Compressions
CPz(k) in quadratic space => ultra-early Universe sound/phonon spectrum
2m] 2/ 2412 -
k~L“/Grec™+ k) 12 knots, cubic spline CPreﬁmmaq
bonus: top-down de-lens { = kDye. KQrec =
10! 102 10 10
Planck14+LSS [~ 71—
——————— 1-0 scalar
102 - mean scalar mearn tensor__
: m2¢? scalar ;
|

fixed r = 0.1 55
PlanckTT,TE,EE lowP BAO (+JLA+HSTlow), z>6 ]

In ?GW (In I() N .

A A A A A A A A A AL

100 Lo Alll [] [] llllll' [] [] llllll' [] [] llllll'

10~ 1073 1072 1071 10°

9 e-folds




Quadratic InPe(Ink) Maps
aka Radical Compressions
=> ultra-early Universe sound/phonon spectrum

12 knots, cubic spline

{ = kD, Kdrec =L
10! 102 103 10%
| ) | ) | L L L LA | ) | ) lllllll | ) | ) lllllll | ) | ) | LA | )
cf. Planck13+LSS | | —— - 1-0 scalar
102 - mearn Scalar mearn tenSOI'_-
i\ m2¢? scalar ;

In‘Pe(ink),

AW -
= 10!

=> stable fixed r =0.1
features

In ?Gw(ln I() - |

% A A , A A A| A A |A A A , VA
100 A0 0 0000 A0 0 0 a0 N R 1 1 1 1
1074 1073 1072 1071 10°




Quadratic InPe(Ink) Maps
aka Radical Compressions
=> ultra-early Universe sound/phonon spectrum

?reﬁmmary 12 knots, cubic spline

{ = kDo KQrec =L
10! 102 103 10%
Plaan14+LSS C | S A L B B B R | T T T TrriT | S B A l-
——————— 1-0 scalar
102 - mearl Scalar mearn tenSOI‘__
- m2¢? scalar ]

InPr(ink)

&~
&
r-Pepartial = NS
de eneracy : free r b
if r floats - PlanckTT lowP BAO (+JLA+HSTlow), ze>6 :
In ?GW(’”I() - 0<r<.49 95%CL, .2+.1510 cf r<0 11 uniform ns -
A A A A A AN KT
100 AW ' W E AT AT | L 2 a2 aaaul
104 10-? 102 10~ Il(O(}I\/l
C




Planck14+BKP+LSS

Quadratic InPe(Ink) Maps
aka Radical Compressions
=> ultra-early Universe sound/phonon spectrum

12 knots, cubic spline
gk = kDrec

Kdrec =L

101 102 103 10

1025'

InPr(ink).

&
A

r-Prpartial =
degeneracy
if r floats

I n ?GW (In I() i

) ) llllllf*l

N A A A e A A

- - - - Pr samples
mean Pr

fiducial model Pr

mean P

TT+BKP+low-z
PlanckTT lowP BAO (+JLA+HSTIlow), z/e>6

0<r<.11 95%CL cf. r<0.09 uniform ns -
A A A AN

10V
1074

9 e-folds

1073 1072 1071 10°



0.12

0.08

0.04

Planck 2014 ng

ks
ns = 0.9652 + 0.0062 (68 %CL, Planck TT + lowP)

ng—1
__ Pr(k) = 4. (1)

{ 7=0.078+0.019 (68%CL,PlanckTT + lowP)
N<=0.968 P14+LSS best fit superb fits from .008/Mpc to .3/Mpc

i | Compare with Planck 2013 results:
ns = 0.9603 £ 0.0073 (68 %CL , Planck 2013)
1 L L
0.945 0.960 0.975
M I'he polanzation results reported here and in the folllowing slides
Prelimi are preliminary, because we do not yet have confidence that all

B Planck 2013 reliminary systematic and foreground uncertainties have been properly

B Planck 2014 (TT+lowP) characterized, and the results may therefore be subject to revision.

B Planck 2014 (TT-+owP) + lensing

‘Bl Planck 2014 (TT,TE EE~lowP)



Tensor-to-scalar ratio (79 002)

Inflationary models & Planck

S
S ' R ' N ' W Planck 2013
\\ B Planck 2014 (TT)+lowP
LG \ ||™== Planck 2014 (TT,TE,EE) +lowP
S 'h/er © \\ B Natural Inflation
000 Hilktop quartic model
) — = Power law inflation
= I~ Low scale SSB SUSY
R? Inflation
= N — Vxg¢?
— Vxo¢'

Ne Voo
= N — Vo??

Vo e AN.=50
= ; I ® N.=e0
— 0.94 0.96 0.98 1.00

Primordial tilt (ns) Preliminary

ro.oo2 < 0.10 (95 %CL, Planck T'T + lowP) Preliminary o
ro.ooe < 0.11 (95 %CL, Planck T'T + lensing + lowP) 0<r<'49 95 /(’CL! Zi1 5 10
ro.002 < 0.10 (95 %CL, Planck TT, TE, EE + lowP) cf. r<0.11 uniform ns

ro.ooz < 0.09 (95 %CL s PlanckTT + IOWP/WWI\/IAP)

WMAP 9 low resolution polarization data dust
cleaned with Planck 353 GHz



Running spectral index dng/dInk

‘Pt reconstruction demonstrates that running is not what the data

wants. Running also connects low k to high k, a stiff expansion of ?;
Planck 2014 results on running

(T}

O Rl L}

= W Planck 2014 (TT)+lowP

B Planck 2014 (TT,TE,EE)+lowP

o

S

)

O‘ 1 1

=)

0.94 0.96 0.98

Ng
Preliminary

1.00

J \ S~ atake In(k/k.)
Pk(k) =Ag | —

ke

dng

dnk = —0.0087 £ 0.0082 (68 %CL, PlanckTT + lowP)

dng '

dink = —0.0031 +£0.0074 (68 %CL , Planck T'T + lensing + lowP)

ddl';'k = —0.0049 £ 0.0070 (68 %CL , Planck TT, TE, EE + lowP)

Compare with Planck 2013 results:

dns/dInk = —0.013 £0.009 68 %CL , Planck 2013



Quadratic InPe(Ink) Maps
aka Radical Compressions
=> ultra-early Universe sound/phonon spectrum

?reﬁ'minary 12 knots, cubic spline

{ = kD, kdrec EL
1 2 3 4
Planck14+LSS [~ e L aass "
——————— 1-0 scalar
102k mean scalar mean tensor 4
h m2¢? scalar ]

In‘Pe(ink),

Q.
r-Prpartial = | N AR
degeneracy : fixed 7= 0.1 »
it r floats i PlanckTT lowP BAO (+JLA+HSTIlow), z:>6 :
In ?Gw(ln I() h i
ANCOA A A A A A A A A AL
100 . 2 2l NN | NN | s 2 2l
104 103 102 101 Il(O(}I\/I
k(Mpc™! C




Quadratic InPe(Ink) Maps
aka Radical Compressions
=> ultra-early Universe sound/phonon spectrum

?reﬁ'minary 12 knots, cubic spline

- - { = kD,e. KOrec =L
constrainr=0.01 0 " o
Planck14+LSS  [——rrrrrr—r—rrrr—r— e —
——————— 1-0 scalar
102 mean scalar mean tensor —
R m2¢p? scalar

InPr(ink).

future r=0.01 &

constraint

10" | A
break 4 fixed r = 0.01 =55
degeneracy => PlanckTT lowP BAO (+JLA+HSTIow), ze>6

stable features

In ?GW (In I() ! i

A A A A A A A A A AL

100 [] b 0 b ihl [] LA b hhll [] LA b hhll [] [] llllll'

10~ 1073 1072 1071 10°

9 e-folds




Quadratic InPe(Ink) Maps
aka Radical Compressions
=> ultra-early Universe sound/phonon spectrum

Tre[iminary 12 knots, cubic spline

{ = kD, Kdrec =L
1 2 3 4
Planck14+LSS [~ e L aass "
——————— 1-0 scalar
102k mean scalar mean tensor 4
E&\ m2¢? scalar é
s \:/J'

In‘Pe(ink),

adding high L 5
polarization =

101

=> stable ? - fixed r = 0.1 :\tf\\i_
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Quadratic InPe(Ink) Maps
aka Radical Compressions
=> ultra-early Universe sound/phonon spectrum

?reﬁminary 12 knots, cubic spline
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trajectories of 211
cf. Planck 2014 Commander Low L spectrum + Likelihood high L 217
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early universe acceleration histories = EOS histories 3(7+w)/2
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inflaton V(¢p)-maps =3Mp2 H? (1-€/3) HJ eqn, dgp/Me [dIna==sqrt(2€)

along the gradient / Morse flow
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inflaton V(¢p)-maps =3Mp2 H? (1-€/3) HJ eqn, dgp/Me [dIna==sqrt(2€)
along the gradient / Morse flow

Reconstructed mean potential (without BICEP constraint)
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Planck 2015 zeta-reconstruction conclusions

convergence testing by increasing the number of knots, changing the knot mode functions,
changing the fiducial to scale invariant => stable features & statistics

12 knots is Good for low L features: too few knots (8) => too stiff to respond to the CL data

degeneracies in ‘P¢ cf. Paw unless r is constrained/measured => r=0.01,0.1 examples
=> same stable features. mild degeneracy with T for lowest k-bands explain details of L<10 features

2 other ‘Pz reconstructions in Planck 2015 Inflation paper. e.g., using moving linear knots: the stable
features & conclusions agree. Planck 2015 Inflation also reconstructs V directly 2 ways

simple uniform ns triumphs at high k from 0.3 to 0.008/Mpc, OK (r) at low k
~10,000,000 T/E modes = tACDM L.>50 p-value .98 (r free), .99 (r=0.01), .99 (r=0.1)

< 1000 T/E modes hint of uniform-ns deviation, < 100 T/E probe reionization history

no statistical evidence of oscillation patterns, cutoffs, at this level of coarseness/stiffness;
3 a mean-power change on large L<50 scales exists which is not well-fit by running
the mean is statistically beaten by coherent power fluctuations: NO ANOMALY beyond 2 sigma

statistically insignificant deviation: low-k Lk<50 p-value .40 (r free), .42 (r=0.01), .14 (r=0.1)
all our anomaly hints are at low L, quadratic & linear: we are victims of cosmic variance

inflaton EOS aka € trajectories => V trajectories: higher r, bigger 6@ /Mr & steeper V, upturn?

the Lx=20-30 TT-driven mean downturn was/is a phenomenology (less in P15 cf. P13), no matter r

fit into a UV-complete theory (ultra-high energy to the Planck scale) strings, landscape, ..
& IR-complete theory (post-inflation heating -> quark/gluon plasma)??? TBD



monodromy => oscillations, no detection
other models don’t really explain the dip/rise
unless shaped to do it, no evidence in favour

Planck 2015 inflation paper:

check features in T;
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Planck 2015 TE/EE cf. TT => constrains subdominant
primordial power contributions not phase-locked with the
acoustic-peaks of the pure adiabatic case. see Planck 2015 inflation paper
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jeff filippini @ potus
sept14 just after PIP97

Jan 2015 flight ~ 16d
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Advanced ACTPol (AdvACT) Observations
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future AdvACTDpol (f, ~50%): Cosmological Forecasts
| seaer2e I Planck_f, Spider, SPT3g, .. CMBpol (CoRE+,Pixie,.)
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