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... very-early accelerated expansion driven by the potential energy
of a scalar field gives rise to a very-large, smooth, spatially flat
patch that becomes all that we can see today. Quantum
fluctuations during this inflationary phase grow into the seeds for
galaxies. The conversion of potential field energy into heat

produces the quark soup that evolves a baryon asymmetry and
long-lived dark matter particles. The excess of quarks over
antiquarks becomes neutrons and protons, later some light
elements and finally atoms. The gravity of the dark matter
particles drives the formation of structure from galaxies to
superclusters and a mere 5 billion years ago the repulsive gravity
of dark energy (A) again drove accelerated expansion ...



https://arxiv.org/pdf/2201.04741.pdf

* Space tells matter how to move/evolve:

» With the assumption of spatial flatness and isotropy/homogeneity
(supported by much evidence) only the composition of the Universe
needs to be fixed. Today,

* Matter (baryons, dark matter, neutrinos): 31% + 0.6% (Baryons, 4.8 + 0.06%)
e Dark Energy (A): 69% + 0.6%
* Photons (CMB): 0.005%




* Expansion of Universe is a scale up

* Big bang is an explosion of space
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Hubble troubles, part 1
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The problem with
MIrrors ...

Distance is the
ardest thing to

measure In




2001: Hy =72+ 2+ 6 km/s/Mpc

Final Results from the Hubble §pace Telescope Key Project to
Measure the Hubble Constant

Wendy L. Freedman', Barry F. Madore'?, Brad K. Gibson?®, Laura Ferrarese?, Daniel D. Kelson?®,
Shoko Sakai®, Jeremy R. Mould’, Robert C. Kennicutt, Jr.2, Holland C. Ford?, John A. Graham®
4+ Show full author list

D 2001. The American Astronomical Society. All rights reserved. Printed in U.S.A.

Citation Wendy L. Freedman et al 2001 ApJ 553 47
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2. More kinematics of the expanding
Universe




. Redshift of H, K lines of Ca
Redshift is the observable! | 30430604
Observed: ~4750 A
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Big redshift Ly-a = 1216 A

SDSS High-z quasars
I TR T O T 2 S T SR
. High—z Quasars from SDSS

JWST redshift 9.51 galaxy
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Fig. 1. Color-composite image of part of RX J2129. JWST NIRCam + HST ACS color-composite image of

| R v i s 10 15 20 25 30 35 4.0 4.5 5.0 La Jwﬁ\‘ Nae a0 Y l
galaxy cluster RX J2129, with three images of the z = 9,51 galaxy circled in green, We obtained spectroscopy Wavelenath (i | V LM A

of image G2, Filters were assigned 10 RGB colors as red, JWST F277W+F356W+F444W; green, JWST F1ISW gth (um) W""NX’AW W\'—-M - V . —“i/ B ) . .
+F150W+F200W; and blue, HST FE06W + FEI4W. The broad biue and green bands are deffraction spikes caused by Fig. 2. Observed JWST spectrum of image G2. NIRSpec prism spectrum of image G2 of the 7 = 951 galaxy. This spectrum has not been comected for megnfication from
foreground stars. The yellow diamond is an artifact caused by a chip gap in the HST ACS camera. The individual

gawtational lensng. (A) Two-dimensional spectrum, with flux densities indicated by the color bar. The apparent negative fluxes, in the background near the emission ines, are artfac
red. green, and blue images are shown in figs. Sl to SI3 produced by the dither pattern used for the NIRSpec observations. The white dotted Ines indicate the window used to extract the spectrum in (B). (B) One-dmersional spectrum. The

biack line is the data, with gray shading indicating s lo uncertantes. Red vertical ines indicate the expected wavelengths of emission lines for 2 = 951 6000 7000 8000 gooo
wavelength (&)
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A Luminous Quasar at Redshift 7.642

Feige Wa.ng"15 ', Jinyi Yangl'“’ , Xiaohui Fan' ©, Joseph F. Hennawi™ (@, Aaron J. Barth® ", Eduardo Banados® ),
Fuyan Bian® ', Konstantina Boutsia® 7, Thomas Connor’ & , Frederick B. Davies™® , Roberto Decarli’ ;
Anna-Christina Eilers'™'” ©, Emanuele Paolo Farina'' ©, Richard Green' ©, Linhua Jiang'*©, Jiang-Tao Li"®,
Chiara Mazzucchelli® ¢ /, Riccardo Nanni” ¢ , Jan-Torge Schindler’ , Bram Venemans” ", Fabian Walter” D,

Xue-Bine Wu'?>'*@ . and Minghao Yue'
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Figure 1. Top panel: image cutouts (20” x 20”, north is up and east is to the left) for J0313-1806 in PS1 z, PS1 y, DELS z, VISTA J, VISTA Ks, WISE W1, and
WISE W2 bands. The photometry is given in Table 1. Bottom panel: the final stacked spectrum of J0313-1806. In the figure, we re-binned the spectrum by two
spectral pixels (~173 kms™") for illustration purposes. The black and gray lines represent the Galactic extinction-corrected spectrum and the error vector,
respectively. The blue line denotes the quasar composite spectrum constructed with Sloan Digital Sky Survey (SDSS) z ~ 2 quasars having similar C IV blueshifts and
line strengths. The purple dashed line denotes the power-law continuum. The orange points are flux densities determined from photometry in the J- and Ks-bands. The
inset panel shows the Mg II line fitting with the purple dotted—dashed line denoting the power-law continuum, the green dashed line denoting the pseudo-continuum
model (the sum of power-law continuum, Fe I emission, and Balmer continuum), the orange line representing the Gaussian fitting of the Mg II line and the red line
representing the total fit of pseudo-continuum and Mg II line. The thin gray lines in the insert panel represent the spectral fitting of 100 mock spectra as described in
Section 3.
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nodding positions of the NIRSpec micro-shutter 3-slitlet array aperture shown in green. The red dashed line shows 1215.67A at the
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2. More kinematics of the expanding Universe




For small z:

asymptotes to 3.2 Hytand d,




3. Matter dynamics

UR KEx1/a®* NR

d(pa®) —pd(a®) “First Law”

—3(14w) for p=wp

p X a
Matter (w =0): poxa” x (1+ 2)°
Radiation (w = 1/3): B ox (1+ 2)*
Vacuum Energy A ; p o const
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4. Dynamics: Matter and spacetime together

Radiation-dominated (z > 3000): a o< t1/2
Matter-dominated (3000 > z > 1): a o t?/3
Vacuum-Energy-dominated (z < 1): a < exp(Ht




5. The 3 epochs of cosmolog

1. Radiation-dominated
a ~ t¥2 quark soup
a<104 t<10%yrs

2. Matter-dominated
a ~ t?/3 structure forms

3 t~10%yrs — 100yrs
p
> 3. Dark Energy
"o -40 eMt accelerated expansion
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o - radiation ;
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Age of the Universe

H:a/ :n/t for a oc t™
t=2H'/3 MD
=H'/2 RD

for ACDM to = Hy" |




One last thing, horizons (how far you can see
on a clear day

but was expanding fas

* Light travels only about ¢ x t since the beginning (mostly in the last
Hubble time

t t dt’ t n
g(t) =a /d'rza = = H1
0 o a(t 1—n —n

dy(t) =3t=2H"!' MD
dy(t)=2t=H ' RD

7’

* This is known as the “horizon problem”: can’t smooth or create
inhomogeneities on very large scal
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vacuum energy) fits the date but why so
small?

Evidence of the rich vacua of string theory and
the multiverse?

Related to inflation (accelerated expansion) or
something else? p=wp
Describe by equation-of-state w=—-1.0+0.04

g ﬁusmu
TweoRY

gravity is repulsive if p+ 3p < 0
vs but only really weird
Stutl has repulsve gravity




[
Intended for « advanced graduate students and beginning
I S O n O W postdoctoral researchers interested in nuclear and particle
I I ’ astrophysics — theory, experiment, or observation.

July 15-24, 2023 « University of California, Santa Cruz

t ri u m p h S & te StS ) H u b b I e Apply Online » N3AS.berkeley.edu/summer2023

Application Deadline » May 31, 2023

°
t rO ' l b I e S a n d b Ig Support available to cover local participant costs

Cosmology and the Early Universe

Michael Turner, Univ. Chicago and UCLA .. The Standard Cosmology

° Francois Lanusse, CEA Paris-Saclay, CNRS........... Deep Learning and Observational Cosmology
' l e S I O n E e ( | | r e Garth Illingworth, UC Santa Cruz......ce JWST: Searching for the First Galaxies

Graciela Gelmini, UCLA Dark Matter: Theory and Laboratory Phenomenology
Ben Safdi, UC Berkeley. Dark Matter in Astrophysics

Michael S. Turner
[ ]

Dany Page, Univ. Nacional Autonoma de México.. Neutron Stars: Structure, Evolution and Cooling
David Radice, Penn State Univ. .......cccuvuenee . Explosive Astrophysics: Mergers and Supernovae

. Nicole Vassh, TRIUMF. Nucleosynthesis: Connecting Nuclear Properties
UCLA and UCh Icago and Observations

Multi-Messenger Astrophysics

Glennys Farrar, New York Unive....c.occcinnsnninns UHE Cosmic Rays and Multi-Messenger Astrophysics
1 6 1 7 J u Iy 2 O 2 3 Joshua Smith, CalState Fullerton .... Gravitational Wave Astronomy

Susanne Mertens, Tech. Univ. Munich... Neutrino Properties: Masses and Mixing

George Fuller, UC San Diego, . Neutrino Astrophysics

Sponsors

#N(3AS & =resueare's | SNTA LA

W



“Y»ex\p". W<-4

Cosmic Destiny ) (umwe

. (€= ED OUT
' 7 BN YrS

' ' eAL""’""" m

- -
* " Dvear o

In the presence of dark energy, a flat
Universe can expand forever, re-collapse,
or even experience a big rip!




... very-early accelerated expansion driven by the potential energy
of a scalar field gives rise to a very-large, smooth, spatially flat
patch that becomes all that we can see today. Quantum
fluctuations during this inflationary phase grow into the seeds for
galaxies. The conversion of potential field energy into heat

produces the quark soup that evolves a baryon asymmetry and
long-lived dark matter particles. The excess of quarks over
antiquarks becomes neutrons and protons, later some light
elements and finally atoms. The gravity of the dark matter
particles drives the formation of structure from galaxies to
superclusters and a mere 5 billion years ago the repulsive gravity
of dark energy (A) again drove accelerated expansion ...



https://arxiv.org/pdf/2201.04741.pdf
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* Thermal bath of particles

e For kT > mc?
particle/antiparticle pairs as
abundant as photons

2T 2¢(3)T"
N — .., =
15 !

71—2

e For most of its early history:
thermal equilibrium

e But, departures are very
important — not all Fe today







= ) gz+— Y. g

bosons fermlons

H ~1.67g*T?/my,
T/GeV ~ (/10" % sec) /2

Mpl = 122rd? GeV

3.I*IDﬂCM = \~6Ho366‘N
2.1 h % |0 GeV
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* Thermal phase space density

* With zero chemical potentials
e Ultrarelativistic limit

 Non-relativistic limit

e Chemical equilibrium establishingby i+j+.. <=2 a+b+ ..
occurring “rapidly Wi+ A= g Ay




ntropy conservation (in the absence of departures
rom equilibrium and entropy production)

TP 21" 3
— — *—T
T T 9y

3

S =a’s x g,a°T? = const

= a’ x 1/s

= nx/s « number of X's per comoving volume




%ﬁ%ﬁﬁﬁ ‘”
. When g« IS constant, e.g., since t = 1 sec,

* ng/s = baryon number per comoving volume = nb/s (few or no anti-
baryons) = (baryon-to-photon ration = 6 x 1019)/7 = 101

* Note 7/n = 10! is the entropy per baryon — VERY HIGH — meaning lots
of photons per baryon! Cf, newly born neutron star entropy per
baryon is a few per baryon. BIG consequences in cosmology!

* The old question: where did all the entropy come from?

* The other way to look at: Where did the small net baryon number
ng/s = 107t come from? Baryogenesis!




Thermal equilibrium requires rapid
Interaction rates relative to expansion rate

* Interaction rate
= number density of targets x cross section X V,gjstive I' = nov

e Expansion rate H ~ T2/mpl

e Expansion time (= 1/H) x interaction rate = number of interactions per
“expansion time” (doubling of scale factor, halving of temperature)

e Rapid interaction rate (thermal equilibrium): I‘/H >
 Slow interaction rate (“frozen out” reactions):

i i i
o o o

S




* I[nteractions

JV <= e'e , Ve <« e, etc.

o 1 2 -
Interaction rate P no.l,vl ~ GFTO

U’_VGQTQ

* Decoupled at T~ 1 MeV int G%T? N
- T?2/mp;  \1MeV




* Universe at 1 se/l MeV: photons (g = 2) and electrons/positrons (g
4x7/8=3.5

* Neutrinos decouple and evolve adiabatically

* T< 1 MeV, entropy from electron/positron pairs resides in photons

on| .
Y 9;1/3 PS: Neutrinos
Ty o a participate in a
_1/ 1 _1/: Il part of the
L, =11/2 5 2= g Y3 = (11/2)7Y3 - (2)7/3 >
9 / I / et/e  entropy

4\1/? transfer (about
=>T,,/Tfy = ﬁ 1%
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7. BBN and the high entropy of the
Universe

| Most “accurate” description of BBN p

R R R T
R : e e i "":E:ﬁ:!

Boltzmann equations in the expanding _
Universe = the results of BBN depend upon |
the baryon to photon ratiomn = 6 x 10%° and ‘
nuclear data (cross sections, neutron
lifetime) and N, qytrinos

Large entropy per baryon (small 1) plays a
critlgcal role in delaying BBN to a t1i1me when
Coulomb barriers prevent nucleosynthesis
beyond *He and NSE

|« Thatis a good thing: a tremendous amount

| of nuclear free energy is left to power stars
and Iilfe in the Universe 10°? ergs per solar
mass!

~Average binding energy per nucleon



https://arxiv.org/pdf/2111.14254.pdf

Minutes: 1/60 1 5 15 60
1. BBN begins with NSE (chemical equilibrium), T S—— SR WU B

followed by a series of departures from | -
thermal equilibrium
10" - A .
Bs/(A-1
Tnuclei = A/( ) ~ (.25 MeV
Inn—1+ 1.5In(m/T)
B i
2. n/p ratio freezes in at a value of around 1/7 at 5 10 - |
T~1MeV & /
[ M
w
(n/p)eq - exp[_Am/T] é 10" i :
- — 7p ,
: —— L1, Be
3. Coulomb barriers (T < 0.05 MeV) prevent NSE D
from being established and significant 0" | e |
nucleosynthesis beyond 4He 1 He
End result, lots of 4He made from free 6Li, /
neutrons, a little unburnt D and 3He and a s /
- g™ i - i - ; 3
- traciamoEnt of 7L|h | : 10’ 10 9 10° 10"
: without the non-thermal neutrons, first step Tetiberatits (10° K
of BBN would havetobe p+p = D+ gamma (a 10 MeV ( ) 0.01 MeV

1 MeV 0.1 MeV

weak interaction that would have time to take ;
place! | € NSE n/p freeze in  |Nuclei favored=>  |Coulomb barriers—>




e Chemical Equilibrium

* Binding energy

* Mass fraction of A in NSE (after algebra)
ga [C A—lﬂ. l_A)/22(3A_5)/2]A5/2 T/mN
xnA T XZ X7 exp(Ba/T),




T (keV)

100 4499 2107 1008 529 265 134 66

True variation
- —— Equilibrium n/p ratio exp(—Am/T)
----- Free-neutron decay exp(—t/T )

0.75

nlp 05

Nuclei favored at 0.3 MeV
IF, n/p tracked equilibrium no
neutrons for nucleosynthesis

0.25 -




Two big successes: D/H (vs. CMB) and “He and one big problem “Li

Fraction of critical density
0.01 0.02 0.05

LI | 1 et ! 1 0
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Big bang nucleosynthesis. (#) D/H determinations. Panel adapted with permission from Reference 178; copyright 2018 AAS. (4) The
vertical band is the deuterium-determined baryon density, and the other bands are the 1o predictions. The heights of the black boxes
indicate the measured abundances with error estimates. The upper density scale assumes Hy = 65 km s~! Mpc~!. Panel adapted from




* N.¢ the number of relativistic
species (m << T) expressed in as
neutrino species”: portal to the
TOE (dark sector, ...

* BBN: species less massive than 1
MeV & oy = 0.05

* CMB: species less massive 1 eV & oy
=0.03

* Don’t have to agree




* Two separate events!

* Recombination (misnomer):
» Chemical equilibrium: rapid p + € <> H + v ensures Hop e Ue = UH

* |onization fraction in thermal equilibrium (X,), B = 13.6 eV
1 — e

2

Xe

~ n(T/me)*? exp(B/T

Rec: X, ~ 0.5 (z=1300

~ (0.3eV

—Innp — 1.5 In(Trec/me

NB: freeze out of recombination leaves residual ionization of X, = 10 or so




o

* Decoupling is driven by decreasing X,

e Last scattering/decoupling occurs at z = 1100, shortly after — and
driven by — recombination (z = 1300




2007 oL UNIVERSE
MR 2 SEENBY
DIFF. OBSEAVERS TROAY







1964 Arno Penzias & Robert

H Ot B | g B dan g | accidentally discover the Cosmic

Microwave Background
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Best evidence for ACDM
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4

6 numbers describe the Universe from
the big bang until today
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. The perturbed Universe: beyond
omogeneity and isotro

= (er)g / 5. exp(—ik - T)d3k

H =0 = 6 x exp[(4nGpp)*/?t] Classic Jeans’ instability
H =2/3t (MD) & o t*3 o a(t) GROWTH!
H =1/2t (RD) é; < In(a) No growth
H = const (A) 6 ox const No growth




Expand density field in
comoving Fourier
components (which contain
fixed amount of matter) but
whose physical wavelength
grows with time
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During matter-dominated
era, wave amplitudes grow
with time (as the scale
factor), reach unity and
bound structures form and
cease expanding
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nysics of Structure
ation (simplified

1. Creation of 2. Ou.tside 3. Inside Horizon
Density Horizon A > H-1

Inhomogeneities A>H? Dynamic
Kinematic

RORIZoN PRORLEM S

CAKAL UMIT" ct~H" ~R" (RD:n=2 j MD: n=34)

!

Evolution

Inflation

Ok + 2H 6y, [+(vk*/R*)6x] — 4nGpprdy, = 0

CAUSL mcfle P RAILS

.
Top}
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10. Inflation! The most important idea
since the big bang and a pillar of ACDM

S o

e “Original intent” (Guth, 1981): First-order phase transition can
* Solve the horizon, flatness and monopole problems
* Add on: create the seed inhomogeneities for structure formation (1983)

el e

 Remarkable paper: also proved his idea didn’t work (and then proven

it in more detail and rigor with Erick Weinberg, 1983!)
* The slow-roll work around (Linde and Albrecht & Steinhardt, 1982)

PHYSICAL REVIEW D VOLUME 23, NUMBER 2 15 JANUARY 1981

Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.
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Slow-roll inflation: scalar-field dynamics
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Entropy Production/Reheating

STANDARD COSMOLOGY

ol (RT = cons't)

o 4

(ADIABATIC

10

Adiabatic: Constant Number of Photons
per co-moving Volume, i.e., RT = const

10

19

INFLATIONARY  COSMOLOGY

R,T

5

- FACTOR

OF 3x10"

<«—— ADIABATIC —

_REHEATING, RT INCREASE
BY FACTOR OF 3x10%

RGamann T
g8 el v TODAY
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Quantum Fluctuations Seed Density Perturbations
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Good news, bad news:

Given a scalar potentia

]

can compute all

observables ir
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Flat Universe (at a time when the data said: €2,=0.11)

Almost scale-invariant, Gaussian curvature perturbations (not precisely
a power-law and n not precisely 1.0)

Almost scale-invariant spectrum of GWSs: in the B-mode polarization

Consistency relationship: T/S = 7n+

... and it explains the isotropy/homogeneity, quark soup and absence
of superheavy magnetic monopoles

BUT, it is an incomplete theory: no std model, temporary fix, what
about the BB singularity, and on and on




NanoGrav: 108 at 10° Hz
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CMB Anisotropy from
Gravity Waves

Q0 =GW temp

*EE = E mode (scalar)

eg lensing: grav lensing of
EE

*BB/g waves = GW B-mode

2

P
N4
=,
p—
A
—_
=
N
Q
VY
—_—
s &
~

6
: *!0’6
enanoKelvin cosmology! 2. waves

3
'2"1015
L lmyllllll

|- lJlll
10 100 1000




GWs and B-mode CMB polarization
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PHYSICAL REVIEW D VOLUME 48, NUMBER 12 15 DECEMBER 1993

Recovering the inflationary potential

1 1 - l 1 1 1 1 1 1 l 1 1 1 Michael S. Turner
. Departments of Physics and of Astronomy and Astrophysics, Enrico Fermi Institute, The University of Chicago,
: N - 3 Chicago, lllinois 60637-1433
® — ¢6&‘) (unlts of mn) ¢ éu (un"'s of m") and NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
(Received 27 July 1993)

FIG. 5. The four generic inflationary potentials: (a) n —1=—2X10"°and 7/5=1.4X10"%, with the COBE DMR normalization A procedure is developed for the recovery of the inflationary potential over the interval that affects as-
V;é‘ =2.0X lols GeV; (b) n=0.85and T/5S=1.4X10" 4' V;é‘ =3.6X lols GCV; (¢)n=1and T/S= 1, V',é‘ =2.9% lolo GeV; and trophysical scales (=1 Mpc to 10* Mpc). The amplitudes of the scalar and tensor metric perturbations

e and their power-spectrum indices, which in principle can be inferred from large-angle CBR anisotropy
(d)n=0.85and T/S=1, Vi{*=2.9X 10" GeV. (a)-(d) correspond to cases (1)-(4) in the text. and other cosmological data, determine the value of the inflationary potential and its first two deriva-
tives. From these, the inflationary potential can be reconstructed in a Taylor series and the consistency
of the y b hy ed. are p d, and the effect of observational uncertain-
ties is discussed.




BICEP/Keck leading the way
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Figure 4. BB (blue) and EE (green) auto- and cross-spectra from BICEP3 95 GHz, BicEP2/Keck 150 GHz, Keck 220 GHz and
Planck 353 GHz maps. The black lines are the ACDM model expectation values, while the red lines are the ACDM+foreground

expectation values from the foreground best fit of our previous BK15 analysis. The EFE spectra are computed as a demonstration




The Latest Constraints on Inflationary B-modes from the
BICEP /Keck Telescopes

The Bicep/Keck Collaboration: P. A. R. Ade®, Z. Ahmed®, M. Amiri¢, D. Barkats?,
R. Basu Thakur®, C. A. Bischofff, D. Beck®, J. J. Bock®", H. Boenish?, E. Bullock’, V. Buzal,
J. R. Cheshire IV}, J. Connors®, J. Cornelison®, M. Crumrine*, A. Cukierman®", E. V. Denison',
M. Dierickx¢, L. Duband™, M. Eiben¢, S. Fatigoni¢, J. P. Filippini®°, S. Fliescher*,

C. Giannakopoulos, N. Goeckner-Wald®, D. C. Goldfinger®, J. Grayson®, P. Grimes?®, G. Hall¥,
G. Halal#, M. Halpern®, E. Hand', S. Harrison?, S. Henderson®, S. R. Hildebrandt®", G. C. Hilton'
J. Hubmayr', H. Hui¢, K. D. Irwin®!, J. Kang®®, K. S. Karkare®, E. Karpel®, S. Kefeli¢,

S. A. Kernasovskiy®, J. M. Kovac®?, C. L. Kuo®*®, K. Lau®", E. M. Leitch’, A. Lennox®,

K. G. Megerian®, L. Minutolo®, L. Moncelsi®, Y. Nakato#, T. Namikawa9, H. T. Nguyen",

R. O’Brient®", R. W. Ogburn IV&®, S. Palladino’, M. Petroff, T. Prouve™, C. Pryke*, B. Racine®
C. D. Reintsema', S. Richter?, A. Schillaci¢, R. Schwarz*, B. L. Schmitt?, C. D. Sheehy*, B. Singari — BK15 baseline
A. Soliman®, T. St. Germaine®?, B. Steinbach®, R. V. Sudiwala®, G. P. Teply®, K. L. Thompson®® " BK18 baseline
J. E. Tolan®, C. Tucker®, A. D. Turner”, C. Umilta®®, C. Verges?, A. G. Vieregg®, A. Wandui®,
A. C. Weber®, D. V. Wiebe¢, J. Willmert, C. L. Wong®?, W. L. K. Wu®, H. Yang®, K. W. Yoon®

E. Young®®, C. Yu#, L. Zeng®, C. Zhang®, and S. Zhang®

*School of Physics and Astronomy, Cardiff University, Cardiff, CF24 3AA, United Kingdom
bKavli Institute for Particle Astrophysics and Cosmology, SLAC National Accelerator Laboratory. ; »
2575 Sand Hill Rd, Menlo Park, CA 94025, USA ‘ )
“Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columb i | o
V6T 1Z1, Canada
dCenter for Astrophysics, Harvard & Smithsonian, Cambridge, MA 02138, USA
“Department of Physics, California Institute of Technology, Pasadena, CA 91125, USA
‘Department of Physics, University of Cincinnati, Cincinnati, OH 45221, USA
£Department of Physics, Stanford University, Stanford, CA 94305, USA
hJet Propulsion Laboratory, Pasadena, CA 91109, USA
iMinnesota Institute for Astrophysics, University of Minnesota, Minneapolis, MN 55455, USA
iKavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
kSchool of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA
!National Institute of Standards and Technology, Boulder, CO 80305, USA — 922
mService des Basses Températures, Commissariat a ’Energie Atomique, 38054 Grenoble, France &
"Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
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Figure 5. Left: CosmoMC likelihood results for the BICEP/Keck baseline model. Selected 1D and 2D marginalized posteriors are
shown. The red faint curves are the results from BK15 while the black solid curves are the results of BK18. The dashed blue and
red lines show priors on foreground parameters. The analysis method is the same as in BK15, except the B4 prior based on Planck
data from other regions of the sky is removed this time due to the improved sensitivity of BK18. Right: Constraints in the r vs. ng
plane. The purple and orange bands are natural inflation and monomial inflation respectively. The blue contour shows the updated
constraint after adding BK18 and BAO data to the Planck baseline analysis. The r posterior is tightened from rg.05 < 0.11 to
70.05 < 0.035 at 95% confidence.




Big bang nucleosynthesis (no need to posit large primordial “He
abundance) and predicted *He (Y, = 0.2469 + 0.0002) vs observed (Y, =
0.245 £ 0.00034) vs CMB inferred (Y, =0.242 £0.024)

BBN baryon density (Qgh? = 0.02166 + 0.00015) and CMB baryon density
(Qgh? =0.02237 £0.00015)

Structure formation: perturbations measured in CMB + gravity (numerical
simulation) = the Universe we see today

Crosschecks: Hg, og and others (tensions and opportunities??)

Basic predictions of inflation verified: almost scale-invariant, Gaussian
curvature fluctuations, flat Universe, and coming soon GWs

Precision set of cosmological parameters
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Quantum fluctuations on unimaginably small

es lead to structure on cosmic scales
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Qgh? = 0.0222 + 0.0002
VS.
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Q,,h? = 0.143 + 0.001

> 500 discrepancy




Best evidence for ACDM

" 460
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4

6 numbers describe the Universe from
the big bang until today




ra of Precision Cosmology
plenty of well measured numbers

2.7255 + 0.00057 K

13.8 + 0.02 Gyr

1.00 + 0.002

67.4 £ 0.5km/s/Mpc
73.5 £ 2km/s/Mpc

2.99 +0.17

0.965 + 0.004

0.07 £+ 0.03

~1.03 +£0.04

—0.22 +0.41

0.0222 + 0.0002

0.142 + 0.0013

0.811 + 0.006

1.04092 + 0.0003 x 102
0.0544 4 0.0073 d more to come — more tests

2.10 + 0.03 x 107

1090 £ 0.2 d hopefully some surprises

3387 £ 27




N\ fits perfectly!

B PLANCK+WP
B PLANCK+WP+BAO

- - - Ci1
1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1
0.3




We have come a long way since
1970, when Allan Sandage said:

COSMOLOGY:
A SEARCH FOR TWO NUMBERS

Precision measurements of the rate of expansion
and the deceleration of the universe may soon provide
a major test of cosmological models

ALLAN R. SANDAGE







* Direct measurement: oo R galaxy velocity o L
 NB: “veasy, d hard” ’ galaxy distance - ‘
Distance ladder: standard candles — Cepheids, TRB, SNela
Time delay (jump ladder ,
distance ~ -
Both agree 0>

* Indirect (CMB

time delay

()souu(l

7 o UsoundtCMB o H_l ' dz
aAcMB — — 11
[52:’\1

(1+ 2)% + Q)12

 Direct and indirect could both be correct and paradigm
wrong! Or, one or both measurements could be wrong and
ACDM correct




Hubble troubles or opportunities!

High Precision Measures of Hg

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 = 0.54

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 1.5

Aiola et al. (2020), ACT: 67.9£1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36323

No CMB, with BBN

Philcox et al. (2020), P,+BAO+BBN: 68.6 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 £ 0.97

Cepheids - SNla

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8 £ 2.7

Riess et al. (2019), R19: 740+ 1.4
Camarena, Marra (2019): 75.4=1.7

Burns et al. (2018): 73.2+2.3

Follin, Knox (2017): 73.3x1.7

Feeney, Mortlock, Dalmasso (2017): 73.2+1.8
Riess et al. (2016), R16: 73.2+1.7
Cardona, Kunz, Pettorino (2016): 73.8 £ 2.1
Freedman et al. (2012): 74.3 2.1

TRGB - SNla

Soltis, Casertano, Riess (2020): 72.1 £ 2.0
Freedman et al. (2020): 69.6 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1 £1.9
Freedman et al. (2019): 69.8 1.9

Yuan et al. (2019): 72.4 £ 2.0

Jang, Lee (2017): 71.2+2.5

e Indirect (pink): 67.5+ 0.5
km/s/Mpc
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lnd_i_rect
Direct

Direct (cyan

Masers
Pesce et al. (2020): 73.9+3.0

Tully - Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1+2.8

Surface Brightness Fluctuations . .
Blakeslee et al. {2021) IR-SBF w/ HST: 73.3+2.5 5_5 I g m a d Iffe re n Ce !
Lensing related, mass model - dependent

Millon et al. (2020), TDCOSMO: 74.2 + 1.6

Qi et al. (2020): 73.5:’§

Liao et al. (2020): 72.8*1%

Liao et al. (2019): 72.2+2.1

Shajib et al. (2019), STRIDES: 74.2"(;

Wong et al. (2019), HOLICOW 2019: 73.3* '
Birrer et al. (2018), HOLICOW 2018: 72.5:”
Bonvin et al. (2016), HOLICOW 2016: 71.975§

Optimistic average

Di Valentino (2021): 72.94 £ 0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7x1.1
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A Comprehensive Measurement of the Local Value of the Hubble Constant with 1 km s~' Mpc™*
Uncertainty from the Hubble Space Telescope and the SHOES Team
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ABSTRACT

We report observations from the Hubble Space Telescope (HST) of Cepheid variables in the host
galaxies of 42 Type la supernovae (SNe Ia) used to calibrate the Hubble constant (Hg). These include
the complete sample of all suitable SNe la discovered in the last four decades at redshift z < 0.01,
collected and calibrated from > 1000 HST orbits, more than doubling the sample whose size limits
the precision of the direct determination of Hg. The Cepheids are calibrated geometrically from Gaia
EDRS3 parallaxes, masers in NGC 4258 (here tripling that sample of Cepheids), and detached eclipsing
binaries in the Large Magellanic Cloud. All Cepheids in these anchors and SN Ia hosts were measured
with the same instrument (WFC3) and filters (F555W, F814W, F160W) to negate zeropoint errors.

We present multiple verifications of Cepheid photometry and six tests of background determinations
that show Cepheid measurements are accurate in the presence of crowded backgrounds. The SNe Ia
in these hosts calibrate the magnitude-redshift relation from the revised Pantheon+ compilation,
accounting here for covariance between all SN data and with host properties and SN surveys matched
throughout to negate systematics. We decrease the uncertainty in the local determination of Hj
to 1 km s~! Mpc™! including systematics. We present results for a comprehensive set of nearly
70 analysis variants to explore the sensitivity of Hy to selections of anchors, SN surveys, redshift
ranges, the treatment of Cepheid dust, metallicity, form of the period-luminosity relation, SN color,
peculiar-velocity corrections, sample bifurcations, and simultaneous measurement of the expansion
history.

Our baseline result from the Cepheid-SN Ia sample is Hy = 73.04 £ 1.04 km s~! Mpc~!, which
includes systematic uncertainties and lies near the median of all analysis variants. We demonstrate
consistency with measures from HST of the TRGB between SN Ia hosts and NGC 4258, and include
them simultaneously to yield 72.53 4 0.99 km s~ Mpc~'. The inclusion of high-redshift SNe Ia yields
Hp = 73.30 £ 1.04 km s~ ! Mpc~?! and gy = —0.51 £ 0.024. We find a 50 difference with the prediction
of Hy from Planck CMB observations under ACDM, with no indication that the discrepancy arises
from measurement uncertainties or analysis variations considered to date. The source of this now
long-standing discrepancy between direct and cosmological routes to determining Hy remains unknown.
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Figure 12. Complete distance ladder. The simultaneous agreement of distance pairs: geometric and Cepheid-based (lower
left), Cepheid- and SN-based (middle), and SN- and redshift-based (top right) provides the measurement of Hy. For each step,
geometric or calibrated distances on the abscissa serve to calibrate a relative distance indicator on the ordinate through the
determination of Mg or Ho. Results shown are an approximation to the global fit as discussed in the text. Red SN points are
at 0.0233 < z < 0.15, with the lower-redshift bound producing the appearance of asymmetric residuals when plotted against
distance.
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Aghanim et al. (2020), Planck 2018

Ade et al. (2016), Planck 2015 HO
Anharmonic Oscillations [km st Mpc~1)
Poulin et al. (2019), Data A+R18
Ultra - Light Axions
Hill et al. (2020), Planck 2018; Data B+R19
Ivanov et al. (2020), Data C
D'Amico et al. (2020), Data B+FS
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New ingredient(s) to B e

Yin et al. (2020), Data B+R19 o
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* Early dark energy

* Extra radiation
. Figure 4. Whisker plot with the 68% marginalized Hubble constant constraints for
® N O n e CO m pe | | I n g yet the models of Section 4. The cyan vertical band corresponds to the Hy value measured

by R20 [2] and the light pink vertical band corresponds to the Hj value estimated
by Planck 2018 [11] in a ACDM scenario. For each line, when more than one error
bar is shown, the dotted one corresponds to the Planck only constraint on the Hubble
constant, while the solid one to the different dataset combinations reported in the red

legend, in order to appreciate the shift due to the additional datasets.

Or one or both measurements could be wrong or NEW
PHYSICS! Big mystery; stay tuned!




ACDM paradigm shift: adding ONE (odious) thing, solved FIVE
problems with Inflation + CDM. H, fixes not as compelling — yet!

General Relativity and Gravitation, Vol. 27, No. 11, 1995

The Cosmological Constant Is Back!

Lawrence M. Krauss' and Michael S. Turner??3

A diverse set of observations now compellingly suggest that the universe
possesses a nonzero cosmological constant. In the context of quantum-
field theory a cosmological constant corresponds to the energy density
of the vacuum, and the favored value for the cosmological constant cor-
responds to a very tiny vacuum energy density. We discuss future ob-
servational tests for a cosmological constant as well as the fundamental
theoretical challenges — and opportunities — that this poses for parti-
cle physics and for extending our understanding of the evolution of the
universe back to the earliest moments.

D

Q

maitter

Figure 1. Constraints on the matter density in a flat universe as a function of the
Hubble constant Ho = 100hkms~! Mpc~'. Shaded regions indicate allowed regions
of parameter space. Region (a) comes from combining big-bang nucleosynthesis limits
with x-ray observations of clusters, (b) arises from considerations of clustering on large
scales, (c) is based on age determinations of globular clusters, (d) is a lower limit based
on virial estimates of the density of clustered matter on large scales. The horizontal
dashed line is a one sigma lower limit on the Hubble constant from recent Hubble
Space Telescope measurements. The diagonal dashed lines represent the allowed limits
of phase spaced based on combining COBE normalization of cold dark matter models
with estimates of matter density fluctuations on galactic and cluster scales. The dark
shaded region indicates the region allowed by all constraints.







.. the pillars of the ACDM paradigm|!

Don’t understand Dark Energy (69 + 0.6%) and why A (quantum
vacuum energy) is so small

The physics of Inflation or when it took place

What Dark Matter (31% + 0.6% less baryons) is comprised of

How Baryons (4.8 £ 0.06%) survived annihilation (baryogenesis




Something beyond GR needed?

portunity to unify inflation and dark en




Origin of the space, time and the Universe

Before the big bang (related to #17?)
Destiny of the Universe

Self-booting Universe (given the TOE,
everything else follows automatically)

I\/]Icaking sense of the multiverse or getting rid
or it

Why something rather nothing and, where did
the laws of physics come from?




instein got th
for the wrong |
reason?

Emergence of
space and time
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What to do about the multiverse

* Most important “discovery” since
Copernicus?

e But is it science? (not testable — yet




