Lecture #1
Introduction to the Hot Big Bang Theory
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Standard Model + GR : Major Problems

Gauge and Higgs fields (interactions): y, W*, Z, g, G, and h
Three generations of matter: L= (), eg; Q= (Zﬁ) dr, UR

@ Describes all experiments dealing with
» electroweak and strong interactions (anomalies! g — 2, B-physics, ...)

@ Does not describe  (PHENO) (THEORY)
» Dark energy (Q4)

> Neutrino oscillations > Strong CP-problem

> Dark matter (S2py) > Gauge hierarchy

» Baryon asymmetry (Qp) > Quantum gravity

» Why the Universe is flat and

homogeneous? » Quantization of electric

charge
» Where did the matter » Whv 3 generations?
perturbations come from? y=9 '

> Why Ye< Yy <. < Vs
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Problems in astrophysics. .. (?)

Origin of extragalactic magnetic fields

First stars and reionization of the Universe

Mechanism of SuperNovae explosion

Sources of Ultra-high energy cosmic rays (EeV-scale)
Extremely low IR extragalactic background

Too old White Dwarfs

Origin of Fast Radio Bursts

Origin of ICECUBE neutrinos (PeV-scale)

Origin of Superheavy Black holes in the galactic centers

Helioseismology vs spectroscopy
Origin of the internal heat at the Earth

New Physics and New Cosmology may be either responsible for

or testable there
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Experimental data in Particle Physics

@ We know the initial states of particles before interaction,
use photons, electrons, positrons, protons, neutrons, ions, neutrinos...

@ Then they collide and we measure the particles in the final state
@ Thus we learn about interaction

@ Each experiment may be repeated:
— with the same facility
— building a copy in the same or other place
— constructing similar devise

And results must be the same
...on average within QM need many collisions

theory predicts distributions
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Experimental data in Cosmology and Astrophysics

@ Each experiment may be unique (unrepeatable):
— observe only one Universe
— (so far) registered only one SN explosion
— might observe only one magnetic monopole (?)
— can study only one star
— (so far) can study only one planet

@ we register photons, neutrinos, gravitational waves, electrons, positrons, protons,
nuclei,

but only photons, neutrinos and gravitational waves can point at the source
@ Can not directly check the model of sources
@ Can not directly check the media in between
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Outline

Ouitline

6 General facts and key observables

© Redshift and the Hubble law

e Expanding Universe: mostly useful formulas
e Real Universe

e Problems, discrepancies and anomalies

Dmitry Gorbunov (INR) Lecture #1, 5 August 2019 DIAS-TH Summer 2019 6/82



Outline

“Natural” units in particle physics

h=c=k =1 J

measured in GeV: energy E, mass M, temperature T ]

mp=0.938 GeV, 1K=28.6x10""* GeV

measured in GeV~': time t, length L |

1s=15x10**GeV~!, 1cm=5.1x10'3 GeV~'
. P . . o _2
Gravity (General Relativity): V(r) = —G™.™2 [G] =M J

My =1.2x 10" GeV = 22 ug G

A
v
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Outline

“Natural” units in cosmology

1 Mpc = 3.1 x 10** cm
1AU=1.5x10" cm mean Earth-to-Sun distance
1ly=0.95%x10'® cm distance light travels in one year
1yr=3.16x10"s
1pc=3.3ly=3.1x10"® cm distance to object which has
a parallax angle of one arcsec

................ Distant stars

100 AU — Solar system size =%

=

Near star apparent
X motion

1.3 pc — nearest-to-Sun stars p | P
[ Colceede

1 kpc — size of dwarf galaxies | -

i 50 kpc — distance to dwarfs /T I
{ 0.8 Mpc — distance to Andromeda ||}

1-3 Mpc — size of clusters IN-

15 Mpc — distance to Virgo %7

A

................. Earth's motion around Sun
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General facts and key observables

Outline

° General facts and key observables
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General facts and key observables
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General facts and key observables

Large scales: we can predict galaxy mass spectrum

South cz (1000 km/s)

12434 galaxies
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General facts and key observables

Very large scales: homogeneity and isotropy

2dF Galaxy Redshift Survey

@
g
=

180°
=1

£¥g uo afuy

195°
o)

106688 Galaxies )
LN -]
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General facts and key observables
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General facts and key observables

Universe is expanding
Doppler redshift of light L a(t)

A 57 nea

&7 Ht)= 20

a(t)

% J
&

@ Hubble

£ @ parameter

BN
x Hubble

f Law
< \

H(t)r=v;
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General facts and key observables

Expansion: redshift z Aabs./Aem. =1+ 2

V4 << 1 HUbb'e |aW . Z = Hor J Z:‘g,0541, Im:2:‘3,3

e
22

km
Hy=h-100 ——— . h=~0.
o Oos-MpC' 0.68

F, (107" ergs/sec/cm®/A)

am

L L
6000 7000 8000 9000
A (Angstroms)

20 T T
Emmww W
L i i

Q

I I I
2000 2500 3000 3500
A (Angstroms)
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General facts and key observables

Expansion: redshift z Aabs./Aem. =1+ 2

z<1 Hubble law : z = Hor J z;2,0841, Iwzz‘a,a

Ll

km
Hy=h-100 ——, h=~0.
b OOs-MpC' 0.68

Hubble Diagram for Cepheids (flow—corrected)
standard candles

F, (107" ergs/sec/cm?/A)

2000 [~ ‘ = E EEE 3
N q L L
[ ] 6000 7000 8000 9000
L 4 A (Angstroms)
< 1500 [ .
[} | .|
w [ 1 =0
~ [ ]
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= [ 1=
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g 500 13 Mm o WW
<] L 1 8
E r 1 % 10 W o gl
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General facts and key observables

The Universe: age & geometry & energy density
[Hol=L"=t"

time scale: ty, = HO‘1 ~14x10°% yr age of our UniverseJ

spatial scale: Iy, = Ho‘1 ~ 4.3 x 108 Mpc size of the visible Universe

ty, is in agreement with various observations

homogeneity and isotropy in 3d.

flat, spherical or hyperbolic J

Observations: “very” flat Reurv > 10 x Iy,

order-of-magnitude estimate: GMy/ly ~ GPO/,SO /Iy ~ 1

flat Universe J
pe= %HSMEI ~ 0.53 x 10*52%\3/ — 5 protons in each 1m®

Dmitry Gorbunov (INR) Lecture #1, 5 August 2019 DIAS-TH Summer 2019 18/82



General facts and key observables

Universe is occupied by “thermal” photons

To=2.726 K
Wavelength (cm) the spectrum
10717, 10 L9 Lt B (shape and
i 3 normalization!)
10718 4 is thermal
o E 3
= r ]
w1079 3 _3
] E —— 2.726 K blackbody E ny=411cm
- F ]
1 F 4
é 107200 + FIRAS  COBE satellite 3
Z E * DMR COBE satellite E
> t x UBC sounding rocket 4
107211 ¢ LBL-Italy White Mt. & South Pole
E o Princeton ground & balloon
¥ 4 Cyanogen optical ]
10722 1 1
1 10 100 1000
Frequency (GHz)
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General facts and key observables

Conclusions from observations

The Universe is homogeneous, isotropic, hot and
expanding...

Conclusions

@ interval between events gets modified
ds? = c? d? — 2% (t) dx?

in GR expansion is described by the Friedmann equation

a 2

P energy
(5) =H (t) G densny
energy

pdensny Pradiation + Pmatter + - -

@ in the past the matter density was higher, our Universe was
“hotter” filled with electromagnetic plasma

Pmatter > 1/33(07 Pradiation > 1/a4(t); Pcurvature > 1/32(2‘)

certainly known back to T ~ 1MeV ~ 109K
Dmitry Gorbunov (INR)
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Redshift and the Hubble law

Outline

© Redshift and the Hubble law

Dmitry Gorbunov (INR) Lecture #1 ,

5 August 2019

DIAS-TH Summer 2019

21/82



Redshift and the Hubble law

FLRW metric Juv

ds? = guydx*dx” = df? — & (t)dP* = dt* — & (t)y;ax'dx’ ,

Special frame: different parts look similar

Also this is comoving frame: world lines of particles at rest are
geodesics,
dut

= M uut =0

¥j = j J
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Redshift and the Hubble law

Photons in the expanding Universe

/d4x\/ guv FusFvp

dt = adn conformally flat metric

ds? = d* — 2 (t)§adx'dx) — ds® = &2(n)[dn? — §;dx’dx’]

S=-3 [Py AL = effen=ix -k~ K

Ax=2n/k, An=2n/k

A(t) = a(t)Ax = 27:355)  T—a(t)an = 2na§(t)
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Redshift and the Hubble law

Redshift and the Hubble law Ay = ),,-% = Ai(1+z(t))
P(t) =55+ (=305
for not very distant objects 1pc~3ly
a(t) =ao—a(to)(to—t;) — a(t)=ao[1 —Ho(to —t)] J

Z(t)=Ho(to—ti) = Hor, z<1
km

Hy=h-1
0 00s-Mpc’

h~0.68

k

similar reddening for other relativistic particles (small H, H, etc.)
P=2am is true for massive particles as well
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Redshift and the Hubble law

Gas of free particles in the expanding Universe

homogeneous gas dN = f(p,t)d*Xad®p
in comoving coordinates:

d®x = const, d°k =const, f(k)=const
f(k)d®xd®k = const
comoving volume equals physical volume

d*xd’k = d®(ax)a® (';) = d*Xad®p

f(p, 1) = f(k) = fla(t) - p] -

t=t f(p) — f(p,t):f,-(j((;))p)
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Redshift and the Hubble law

Relic photons exhibit thermal spectrum ]
: p| 1
f(p.t) = < !pl> ( P )
eff

Terr(t) = (t) J

decouplingat T>> m: neutrinos, hot(warm) dark matter
. 2 2
decoupling at T < m: f(p) = (Zl)g exp( i “’) exp ( :nS;%pT,)

1 m—.ueff> ( p? )
f(p,t) = exp( ———" exp | —
(p.1) (2x)® p< Tetr P\ 2mTer
2
[ & , m— per(t)  m—p,
Teff(t)_<3(t)) {o: Tett T J
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Redshift and the Hubble law

Cosmological data suggest ... DM, DE, flatness, etc

2.0

2N 2
a ° 8rn
(2) =#o0 =5 arze

energy __ - ordinary dark
Pdensity = Pradiation +Pmatter - T Pmatter TPA

Pradiation > 1/34(t) o< T4(t) »  Pmatter © 1/33(0

pp = const, 1/32(t) o Peyrvature = 0

3H§ energy _ _5 GeV
% = pdensity(to) =pPc~ 0.583x 10 om?
radiation: Q=2-05x10"*
Baryons (H, He): O = ”;—‘2 =0.05
Neutrino: Q, = <001
v
Dark matter: Qou = ’E’CM =0.27
Dark energy: Qp = ’;—2 =0.68
v
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Expanding Universe: mostly useful formulas

Outline

e Expanding Universe: mostly useful formulas
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Expanding Universe: mostly useful formulas

Einstein equations for homogeneous Universe

T,v: macroscopic description 3 [ d4xy/=gTuv 89"
Tuv = (Pp+p)uuly — Guvp ideal fluid with p(t) and p(t) J
in the comoving frame t®=1,u=0 (almost) always works

T = diag(p, —p)

ds? = di? — &(t)ydx'dx’ ,

1 1
SEH:—%/d“x “GR : Ruv—50uR=81GT,,

-\ 2
(00): (Z) SSnGp both expansion and contraction t— —t
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Expanding Universe: mostly useful formulas

2
Friedmann equation (00) : (3) =82Gp

a

VuT* =0 — p+35(p+p) =0
the equation of state
p=p(p)

many-component fluid,

other equations
in case of thermal equilibrium

dp
—3d(lna) = —— =d(Ins
(na)= == =d(ns)

entropy of cosmic primordial plasma is conserved in a comoving frame
sa> =const  entropy problem

usefull: for any decouled component  ny/s = const
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Expanding Universe: mostly useful formulas

Examples of realistic cosmological solutions

dust: p=0 singular at t = fg

_ const 3 23 _ const W
P="13 - a(t) = const-(t—ts)~/*, p(t)_(t—tS)Z

2 3 o 11
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Expanding Universe: mostly useful formulas

Cosmological (particle) horizon /y(t)

distance covered by photons emitted at t =0

the size of causally-connected region — the size of the visible part of

the Universe J
in conformal coordinates: .
ds? =0 — |dx| = dn

coordinate size of the horizon equals

n(t)=[dn
Iu(t) = a(t)n )/t at "L

dust horizon problem

2

In(t) =3t =
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Expanding Universe: mostly useful formulas

Examples of realistic cosmological solutions

radiation: p=1%p singular at t = ts
const 1/2 const
p= 7 a(t):const-(t—ts) / ) p(t): (t*ts)z N
a 1 3 3 1
— H(H = Z(t) = — — Y H2_ —
=0, HD=300=% P=gz6" ~3zrGP
tdt 1
If thermal equilibrium T =const/a
2 2
_ T T _ 7 T
2

T
30
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Expanding Universe: mostly useful formulas

Examples of realistic cosmological solutions

vacuum: Tuv = pvacuy p=—p
S = —/\/\/—gd4X.
a=const-efs!  Hg =/ 837tGpvaC
de Sitter space: space-time of constant curvature
ds? = dt? — e?Hast dx? J

a>o, no initial singularity
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Expanding Universe: mostly useful formulas

ds? = dt? — @2Hast gx2

no cosmological horizon: ky(t) = eMest [!_ dt'e Hast’ = oo
de Sitter (events) horizon (x =0, {):
from which distance /(t) one can detect light emitted at t? J

in conformal coordinates: ds? =0 — |dx| = dn
coordinate size: n(t — o) —n(t)= i acgj

physical size: lys = a(t) [{° ;’iﬁ s

observer will never be informed what happens at distances larger than
los = H,d Our future? with Hyg = 0.8 x HOJ
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o General facts and key observables

@ Redshift and the Hubble law

e Expanding Universe: mostly useful formulas
© Real Universe

e Problems, discrepancies and anomalies



Real Universe

Friedmann equation for the present Universe

=N\ 2
a 8r
H? = (> = — G(Pu+Prag +pn)

a 3
_ 3 ,»
Pe =G0
_5GeV
Pc = Prm.0 + Prad.o +Pro = pc=0.5-10 50?,
Px.0
Q==
X Pc

(8) =T ape [0 ()" + 200 () + 4]
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Real Universe

27K TODAY 14 by
accelerated expansion
44K matter domination 7.7 by
0.26eV recombination 370ty e+p—H+y
086V ma.tt.er domm.at/o.n 50ty
radiation domination
OkV NFF T AT R T RAAT LA AL T [ Omin 3t + *He - TLi+y
\ primordial nucleosynthesis / 2H1+2H s n+3He
PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD transition 10 us confinement«: free quarks
<
100 GeV Electroweak phase transition 0.1 ns\\

baryogenesis = [T~ -=
N

hot Universe
b b B0 bR R R

, dark matter production
reheating ~ -7

inflation ——7
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Real Universe

Microscopic processes in the expanding Universe

A competition between scattering, decays, etc and expansion

for general processes one should solve kinetic equations

an X
at

+3Hny, = Z(production — destruction)

Boltzmann equation in a comoving volume: & (na®) =a° [ ...

production:

G(A+ B— X+ C)nAnB, F(D — E+X)nD : MD/ED, etc
destruction:

G(A—|—X — C+ B)nAnX, I'(X — F+ G)nx . Mx/Ex, etc
Fast processes, I' = H, are in equilibrium, and thermalize particles

Y()=0 no history-dependence
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Real Universe

27K TODAY 14 by
accelerated expansion
44K matter domination 7.7 by
0.26eV recombination 370ty e+p—H+y
086V ma.tt.er domm.at/o.n 50ty
radiation domination
OkV NFF T AT R T RAAT LA AL T [ Omin 3t + *He - TLi+y
\ primordial nucleosynthesis / 2H1+2H s n+3He
PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD transition 10 us confinement«: free quarks
<
100 GeV Electroweak phase transition 0.1 ns\\

baryogenesis = [T~ -=
N

hot Universe
b b B0 bR R R

, dark matter production
reheating ~ -7

inflation ——7
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Real Universe

Determination of a(t) reveals the composition of the
present Universe

AS? =P AL - (1) AX? — ds? = gy ax dx”

Light propagation changes. ..
How do we check it?

by measuring distance L to an object!
@ Measuring angular size 6 of an object of known size d
single-type galaxies

d ~45 kM
, o p—
L

—r @
@ Measuring angular size 6(t) corresponding to physical size d(t) with known evolution

— BAO in galaxy distribution
— lensing of CMB anisotropy

“standard candles”
F

J= 42

In the expanding Universe all these laws get modified
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Real Universe

Present knowledge about the past: back to 2-3 MeV

past stages observables
deceleration/acceleration a=0 SN la, CMB, clusters
reionization Yy+H—p+e CMB, quasars, stars
recombination p+e—y+H* CMB, BAO
RD/MD equality Prnatier = Pradiation CMB, BAO
nucleosynthesis p+n— D+vy, etc cold gas clouds
neutrino decoupling Ve+n—p+e cold gas clouds

0

;‘:" I >
"""" H< < py+py
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Real Universe

New Physics in Cosmology: any energy scales. ..

Cosmology constrains the time-scale, rather than energy-scale

F~Ho T2/ Mp,
@ Dark matter (if particles) be produced by T > 1eV
@ Dark energy be presentby T > 5K
@ Baryon asymmetry be generated by T > 1 MeV
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Real Universe

27K

44K

TODAY
accelerated expansion
matter domination

14 by

7.7 by

0.26 eV recombination 370ty

matter domination
radiation domination

0.8eV 50ty

primordial nucleosynthesis

50ke‘/\MMMMMMMM/ 5 min
LS S S N SO N S N N S S )

1 MeV
2.5 MeV

1s
neutrino decoupling

200 MeV QCD transition

100 GeV Electroweak phase transition
baryogenesis

hot Universe
b b B0 bR R R

reheating <

inflation —~
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Real Universe

Inhomogeneous Universe

Large Scale Structure CMB anisotropy
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Real Universe

These inhomogeneities (matter perturbations)

originate from the initial matter density (scalar) perturbations

8p/p~8T/T ~10~*, which are

adiabatic 5(78)=05("2m)=5("%)
Gaussian (%2 (k)22 (K)) o= (%P(k))2 x S(k+k)
flat spectrum <(%"(x))2) = [ 9 25(k) 25(K) ~ const

*

LSS and CMB  Z< = A (i)"r1 As~2.5x 10 ~0.97
S=AsX |k s~ e X , Ng~=U.
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Real Universe

Standard cosmological model  ds? = di? — a?(t)dx?

2\ 2 3 4
a\ _p_ 2 2 Y
(5) =H"=Hj {QA+(QDM+QB+Qv.m;ﬁO)( a) +(Qy+9v,mzo)< a)

T,=2735K, = Q,~107°

Ny~3, Ymy,<02eV = Q_.0,Qo~107°7?
Qp=45% = ng=ng/ny=6x10"10

Is,rec ~ Iy rec/V3 — Ho=67km/s/Mpc = pg =5GeV/m3
Qp=68% — flat space

adiabatic, gaussian matter perturbations

(SPmasf ()"

with As =3 x 1072 and ng = 0.97
no tensor perturbations, r = Ay /Ag < 0.05
reionization at z=ag/a==8
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Real Universe

Dark Energy: all evidences are from cosmology

Working hypothesis is cosmological constant A =~ (2.5 x 1073 eV)4 :
p=w(t)p,w=const=—-1,p=A

Sp=—A / d*x /—detgyy

both parts contribute

1 .
Sgrav = 167G / d4x\/ —detguv R,

' 1
Smatter = / d*x \/—detguy (é leaﬂpapq) - V(¢)>

natural values

2 19 4 4 4
Agray ~1/G w<1o GeV) . Amatter ~ V (9vac) ~ (100GeV)*, (100MeV)* ...

Why A is small? Why A~p ? Why pg ~ ppu ~ pa today?
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Real Universe

S\ 2
a 8T~ orer
(5) =+ 0= eri
pggﬁs% Pradiation +pr(rjll;i(jt‘tr(]e?ry +prdnaa?t(er +PA
pradiation o< 1/34(t) o< T4(t) ) Pmatter o< 1/33(t)
ppn = const

Why do we think it is most probably new particle physics
(new gravity if any is not enough) ?

DM at various spatial scales, BAU requires baryon number violation
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Real Universe

Universe content from astrophysics

Rotational curves Gravitational lensing

1650 — =
E NGC 8503 4

- halo

]
0 10 20 30

Radius (kpe)

-

X-rays from centers of galaxy clusters

“Bullet” cluster
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Real Universe

Universe content from cosmology

Standard candles Angular distance Nucleosynthesis
T s o s T o
-l =

=) c%“ o

20— g (o | ’ e o
o005 Egion 2. . B . b

e E . K wel
] § oo N BTN
- oo & . E

Emply (0=0)
9,50.

,20.73

7 replenishing” gray Dust

50
Comoving Separation (n-! Mpc)
0 200

Large Scale Structures  Baryon acoustic oscillations CMB anisotropy
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Problems, discrepancies and anomalies

Outline

e Problems, discrepancies and anomalies
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Problems, discrepancies and anomalies

World-wide accepted problems. ..

Origins of...?

Dark Matter
Matter-antimatter asymmetry
Dark Energy

matter perturbations

entropy

flatness

homogeneity

extragalactic magnetic field

superheavy black holes in the galaxy
centers

Dmitry Gorbunov (INR) Lecture #1 ,
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Qpm ~ Qs
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Problems, discrepancies and anomalies

Discrepancies in cosmological parameters

@ Hubble parameter measurements

Hubble from local measurements and cosmic ladder vs CMB
astrophysics vs cosmology

@ Cluster counts

matter clustering og from cluster number counts vs CM & BAO
or X-ray telescopes & Planck vs Planck

@ Cosmic shear

galaxies vs CMB spots as sources for gravitational lensing
or CFHTLens vs Planck
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Distance Modulus
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Problems, discrepancies and anomalies

Contreras et al. (2010)
Hicken et al. (2009)
Kowalski et al. (2008) (SCP)
Riess et al. (1999)

Hamuy et al. (1996)

Cluster Search (SCP)
Amanullah et al. (2010) (SCP)
Riess et al. (2007)

Miknaitis et al. (2007)

Astier et al. (2006)

Knop et al. (2003) (SCP)
Amanullah et al. (2008) (SCP)
Barris et al. (2004)
Perlmutter et al. (1999) (SCP)
Riess et al. (1998) + HZT
Holtzman et al. (2009)
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Problems, discrepancies and anomalies
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Hubble constant (km/s/Mpc)

66

Dmitry Gorbunov (INR)

Hubble Constant Measurements
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Problems, discrepancies and anomalies

Inhomogeneities from CMB & LSS: propagation in
expanding Universe
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Problems, discrepancies and anomalies

flat — ACDM
d ).5
67.4702
Planck
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DES+BAO+BBN
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SHOES
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CCHP
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MIRAS
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MCP
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SBF
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1.0
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0.8

03

0.7

0.6

Problems, discrepancies and anomalies

Lensing vs clusters

1801.07348

Planck lensing

Planck SZ

CFHTLens

0.2

Dmitry Gorbunov (INR)
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Problems, discrepancies and anomalies

Cosmic shear and clusters 1507.05852
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Problems, discrepancies and anomalies

Impact of BAO: Galaxies vs Ly-o
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Problems, discrepancies and anomalies

Discrepancy in Nucleosynthesis: Lithium (for decades)
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Problems, discrepancies and anomalies

Nucleosynthesis n =ng/ny
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Problems, discrepancies and anomalies
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Problems, discrepancies and anomalies

Anomalies with matter structures at small scales

@ Core-cusp problem

Dark Matter density profiles in the centers of simulated halos are cusped
while in observed dwarf galaxies are cored

@ Lack of dwarf galaxies

Matter perturbations of almost flat spectrum produce flat halo mass spectrum
low abundance of small galaxies

@ Too-big-To-fail problem

There must be galaxies heavy enough to keep baryons inside
Milky Way hosts only two such galaxies
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Problems, discrepancies and anomalies
CMB amsotropy spectrum by Planck 150201582
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Problems, discrepancies and anomalies

Initial or Induced: propagation in expanding Universe
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Problems, discrepancies and anomalies

CMB anomalies

quadrupole-octopole alignment, p < 0.5%

I=1,2,3 alignment, p < 0.2%

odd parity preference Inax =28, p < 0.3%; Imax < 50, p < 2% (lee)
dipolar modulation for /=2 —-67, p < 1%

cold spot, p< 1%

low variance (Nsjge = 16), p < 0.5%

2-correlation ¥2(6 > 60°), p < 3.2%

2-correlation Sy 2, p < 0.3%; (larger masks) p < 0.1%

hemispherical variance asymmetry, p < 0.1%

1/2
31/25/71 C2(6)d(cos6)

topology? primordial spectrum with broken scale invariance or isotropy?
ISW from local LSS? ... Foregrounds?
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Problems, discrepancies and anomalies

CMB anisotropy: alignment

Dmitry Gorbunov (INR) Lecture #1 ,

5 August 2019
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Problems, discrepancies and anomalies

CMB anisotropy at large angles 1603.09703
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Problems, discrepancies and anomalies

Low variance and correlation 1506.07135

o

8 1 1

2-pt.

o

cC\>l -
* C =
=3 _
=8 1 = lamP
S
S) Var[Cj] = 52+ C?

0

B e 1 {
> .,

o
ol 1 1
©0 50 100 150
0 [deg]

Dmitry Gorbunov (INR) Lecture #1, 5 August 2019 DIAS-TH Summer 2019 71/82



eventodd

6000 T T T T T T
———— ACDM, Standard mask
5000 - ACDMA, Standard mask
== ACDMA, Extys mask
- ACDMA, Extso mask
o 4000
3
E
3000
S
Y
< 2000
1000
o
5 10 50 100 500 1000
/
- ACDMA even-+odd /\
5000 --  ACDMA even \ 1
- ACDMA odd / \
— 4000 ]
g \
: /
3000 q
'y
= 2000 ,\/\\ ]
R — o \”\" ]
_________ I
o - -
510 50100 5001000
/
P(k) = k3/(Kk? 4- A2)2~"s/2 1712.03288
DIAS-TH Summer 2019 72/82




Problems, discrepancies and anomalies

Odd parity

1506.07135

o
o r —
— ! ! ]
A
. A\ ]
LA A\
— A /]
S =7\ pALSS S=&
N 1§ ]
=z A — A | ]
= AL 4\ 4 ]
Q N \/\/ \\ 7 A/ |
9 Wi
~ o
e SF KA E
AR MYy ]
Y AN\ ]
\\l ]
\l ]
\
7 | |
o
-3 10 50
lrnax
Dmitry Gorbunov (INR) Lecture #1, 5 August 2019

DIAS-TH Summer 2019 73/82



Problems, discrepancies and anomalies

DipOIar modulation 1506.07135
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Problems, discrepancies and anomalies

Cold spot (WMAP)

1001.4758
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Sxs
nZz-

Problems, discrepancies and anomalies

Cold Spot (Plaan) 150201582
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Problems, discrepancies and anomalies

Letters in the sky

1001.4758
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Problems, discrepancies and anomalies

SPTPole with critical / = 1000
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Problems, discrepancies and anomalies

Neglecting Planck results with / > 1000  « euenn 1a06 0061
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Problems, discrepancies and anomalies

Neutrino mass?? (but not Hubble)
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Problems, discrepancies and anomalies

N ACDM: CMB
N PEDE: CMB
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Problems, discrepancies and anomalies

Conclusions

We well may be at the edge of new fundamental discovery in
cosmology

@ Dark Energy
@ Dark Matter
@ Dark Radiation

almost guaranteed: Y m,, details of first star formation
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