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Anomalies and discrepancies in cosmology:
How long till it starts feeling good?
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Experimenal 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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Experimenal 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

Outline

0 General facts, key observables and ACDM model

e Anomalies
@ BBN: Lithium, mostly
@ CDM problems at small scales
@ CMB anisotropy

e Discrepancies: Hubble, clusters, lensing. ..
@ Cosmological data
@ What can be behind...

Dmitry Gorbunov (INR) Anomalies and discrepancies in cosmology

28.07.2018, SSMM-2018

4/81



Outline

“Natural” units in particle physics

h=c=ks=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 =%

=

1.3 pc — nearest-to-Sun stars [z
1 kpc — size of dwarf galaxies s

i 50 kpc — distance to dwarves //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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Dmitry Gorbunov (INR) Anomalies and discrepancies in cosmology 28.07.2018, SSMM-2018 9/81



Outline

Dmitry Gorbunov (INR) Anomalies and discrepancies in cosmology 2018, SSMM-2018 10/81



General facts, key observables and ACDM model

0 General facts, key observables and ACDM model
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General facts, key observables and ACDM model

Universe is expanding Aabs./Aem. =1+ 2

Doppler redshift Z of light

S et

S

!
L

& @
o N
Lo a(t) Hubble parameter H(t) = at)
a(t)
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General facts, key observables and ACDM model

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 F
N q L L
[ ] 6000 7000 8000 9000
L 4 A (Angstroms)
< 1500 [ ]
[} L ]
w [ 1 =0
~ [ ]
E 1000 [~ 4
= [ 1=
> r 1% 15 ]
2 500 |- 1% Mm e WW
<] L 1 8
E r 1 % 10 W o gl
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General facts, key observables and ACDM model

Universe is homogeneous and isotropic

2dF Galaxy Redshift Survey

]
. -]
e
Al o
=]
=
.%
ko 2
2

106688 Galaxies )
LN -]
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General facts, key observables and ACDM model

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

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

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: if exact
flat, spherical or hyperbolic R8, S8 or H3J
Observations: “very” flat Reurv > 10 x Iy,
order-of-magnitude estimate: GMy/ly ~ GpOIE,O /Iy ~ 1
flat Universe )

3
Pc = 87H§M§ ~ 0.53 x
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General facts, key observables and ACDM model

Universe is occupied by “thermal” photons

the spectrum (shape and normalization!) is thermal

10

Wavelength (cm)
1.0 0.1

To =2.726 K

ny=411cm-

10—17

T

10—18

T

T

T

URARLALT

LA

+
*
X
o
[u}
A

— 2.726 K blackbody

FIRAS COBE satellite
DMR COBE satellite
UBC sounding rocket

LBL-Italy White Mt. & South Pole

Princeton ground & balloon
Cyanogen optical

1

TENEETTT BT R

|
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General facts, key observables and ACDM model

Conclusions from observations

The Universe is

homogeneous, isotropic, hot and expanding...

@ interval between events gets modified
As? =2 AP — &2 (1) AX?

@ in GR expansion is described by the Friedmann equation

density

N 2
ay _,p _Sj energy
(a) =H(t)= 3 Gp

energy _
Pdensity = Pmatter t Pradiation +- - -

Pmatter > 1/33“)’ Pradiation > 1/34(1)? Pcurvature > 1/32(t)

@ in the past
the matter density was higher,
our Universe was “hotter”,
and was filled with electromagnetic plasma
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General facts, key observables and ACDM model

Astrophysical and cosmological data are in agreement

2.0

energy
P density

871G = Pgensity

radiation:
Baryons (H, He):
Neutrino:

() -ro-

Pradiation 1/34(t) o< T4(t) s

3Hp N0y (1) — o~ 0.58 % 105 SOV

/4
on G energy

density

ordinal

ry dark
= Pradiation +pmaner +Pmatter TPA

Pmatter o< 1 /as(t)

pp = const

\Y
cm3

Qy==05x10"*
QB:PB—oos
QV:%<0.01

W

Dark matter:

Dark energy:

QDM—PDM =027
Q/\*p"*068
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General facts, key observables and ACDM model

Galactic dark halos: flat rotation curves
150 ‘ ‘ —
F NGC 6503
?; 100 —
(R) = G@ g X
R = 50 ]
M(H):47r/ p(r)rdr j
0 i gas
OO““I‘O““Z‘O““BO
Radius (kpc)
observations: v(R) ~ const
visible matter: internal regions v(R) < VR

external (“empty”) regions v(R) =< 1/vR
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General facts, key observables and ACDM model

Matter distribution in the Mllky Way 1706.09850

- 102
109 -\ T
. 108 = \\\ ] J
T \\\\ E \\\\ = 100
‘ I T
107 &
£ S
R N 3
= o
ey 102 &
10% -
NFW best fit ——
L Stars ................
dustandgas ------ .
baryons T 71 10
108 \ \ \ \ L
0 5 10 15 20 25 30

r/ kpc

Dmitry Gorbunov (INR) Anomalies and discrepancies in cosmology 28.07.2018, SSMM-2018 20/ 81



General facts, key observables and ACDM model

Dark Matter in clusters

X-rays from hot gas in clusters

dP GM(R)
g5 = Hne(R)mMo—pz—,

galaxies in clusters

P(R) = ne(R)Te(R)

virial theoremJ

)

U+2E,=0
M2
3M(v?)= G—- -
R
Milky Way: Virgo infall
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General facts, key observables and ACDM model

Gravitational lensing in GR: a=4GM)/(c2b)

Einstein Cross

E-¢ dzgf/p (E’.Z) dz source: quasar Ds = 2.4 Gpc
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General facts, key observables and ACDM model

Dark Matter in clusters

gravitational lensing
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General facts, key observables and ACDM model

Colliding clusters (Bullet clusters 1E0657-558)

56'

57' 56'
Sus
nZz-

57

-55'58'
-55'58"

6"58Mm42° 355 ‘ 30° 24° 18° 128
gravitational lensing Observations in X-rays
M~10xm

scale is 200 kpc
clusters are at 1.5Gpc
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General facts, key observables and ACDM model

Dark Matter Properties p=0

(If) particles:

@ stable on cosmological time-scale

@ nonrelativistic long before RD/MD-transition (either Cold or
. Vapyup < 1079)

© (almost) collisionless

© (almost) electrically neutral

If were in thermal equilibrium: My = 1 keV

If not: for bosons
A =2n/(Myv), in a galaxy v ~0.5-107% — M, >3-10"22 eV
for fermions

Pauli blocking: M, = 750 eV
2
f(p X) _ pX(X) . 1 _e_gl\%(v)% < Ox
2 M. 3 ~(21)3

Dmitry Gorbunov (INR) Anomalies and discrepancies in cosmology 28.07.2018, SSMM-2018 25/81



General facts, key observables and ACDM model

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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General facts, key observables and ACDM model

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

" H? o< py+py
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General facts, key observables and ACDM model

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

Dmitry Gorbunov (INR) Anomalies and discrepancies in cosmology 28.07.2018, SSMM-2018 28/ 81



General facts, key observables and ACDM model

27K TODAY 14 by
accelerated expansion
44K matter domination 7.7 by
0.26 eV recombination 370ty e+p—H+y
086V ma.tt.er domm.at/o.n 50ty
radiation domination
L o e S S S T B S B 5min SH+*He — Lit+y
\ primordial nucleosynthesis / 2H4+2H s n+3He
PR/ V2001 N N N s p+p— 2Hty
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

reheating <

inflation —~
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General facts, key observables and ACDM model

Inhomogeneous Universe

Large Scale Structure CMB anisotropy
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General facts, key observables and ACDM model

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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General facts, key observables and ACDM model

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

Hy =67km/s/Mpc = py =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=10
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Anomalies

e Anomalies
@ BBN: Lithium, mostly

@ CDM problems at small scales
@ CMB anisotropy
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Anomalies BBN: Lithium, mostly

0 General facts, key observables and ACDM model

e Anomalies
@ BBN: Lithium, mostly

e Discrepancies: Hubble, clusters, lensing. ..
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Nucleosynthesis
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Nucleosynthesis
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Anomalies
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Anomalies BBN: Lithium, mostly
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Anomalies CDM problems at small scales

0 General facts, key observables and ACDM model

e Anomalies

@ CDM problems at small scales

e Discrepancies: Hubble, clusters, lensing. ..
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Anomalies CDM problems at small scales

Three are commonly recognized

@ 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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Anomalies

Dark Matter in astrophysics

CDM problems at small scales

Rotational curves

Gravitational lensing

1650 —

NGC 8503

- halo

Ve (km s7t)

ol ]
10 20 30
Radius (kpe)

-

X-rays from centers of galaxy clusters

“Bullet” cluster

Anomalies and discrepancies in cosmology
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Anomalies CDM problems at small scales
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Anomalies CDM problems at small scales
Cores in dwarf galaxies

@ NFW profile fits nicely DM in galaxy clusters p o< r='(r +r;) =2
@ Dwarf galaxy density profiles: py (r) o< r—(05-15) cusp
most DM-dominated objects

Cores observed 5 Clusters in the Fornax dSph

1.2

10°

08

107!

big core
small core -+
small core =
cusp

-3 )

r/kpc

= Ursa Minor

p (M, pe

~—— Draco
1072 Leoll

=== Leol

m— Carina

= Sextans

—1/r

1073 =
1071 100 0 2 4 6 8 10

v (kpe) t/ Gyr
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Anomalies CDM problems at small scales

Central parts: free streaming or selfinteraction?

T T 10 — ——TT Ty
F — CDM E
N 0=0.1 cm? g 1]
i — ¢=0.5cm’ gt
o=1cm? g’l
— 107 3 o=5cm’ g E
Q‘g‘)‘ é P — o=10cm*g! E
E a r o=50cm’ g ! ]
z
4 - i
g 2
|10k E
i Pippin 1
10 1 1 )
1 10 100 )
10 10° 10°
r (kpc) Radius [pc]
m=2keV ... 50eV
1202.1282 1412.1477
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Anomalies CDM problems at small scales

Missing satellites: free streaming or selfinteraction?

Missing satellites: B LA
ANopj 1
g < W . no-scale "
100 instead of 1000 N
% 0.01
3‘ 0.001
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10-4 '47
-2 MEECE )
%5 % 2 7% %
b b 5, o ()
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10 1520 30 50 70 100 150200
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log1o M/Me
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1801.03697 WDM m = 3.3keV
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Missing satellites: dwarfs vs Ly-o
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Too-big-to-fail: selection bias?

Anomalies

CDM problems at small scales

MW: two heavy satellites (LMC and SMC) with

v > 55km/s

and nothing within 25 < v/(km/s) < 55
while 10 subhalos are expected

Mimc/Mspe = 10...

0.4 ' ' .
1% satellite
nd N
C 03¢ - 2" satellite 3
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é 02k “\‘ \/\/\\ |
B ‘ I \\ /
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/ 7 \ \\
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Anomalies CMB anisotropy

0 General facts, key observables and ACDM model

e Anomalies

@ CMB anisotropy

e Discrepancies: Hubble, clusters, lensing. ..
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Anomalies CMB anisotropy

CMB amsotropy spectrum by Planck 150201582
6000 [ m ™ ' ' L
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Anomalies CMB anisotropy

Initial or Induced: propagation in expanding Universe
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Anomalies CMB anisotropy

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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Anomalies CMB anisotropy

CMB anisotropy: alignment
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Anomalies CMB anisotropy

CMB anisotropy at large angles 1603.09703
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Anomalies CMB anisotropy

Low variance and correlation 1506.07135
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eventodd
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Probability [%]

Anomalies CMB anisotropy
Odd parlty 1506.07135
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Anomalies CMB anisotropy

DipOIar modulation 1506.07135

p-value for dipole modulation [%]
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Anomalies CMB anisotropy

Cold spot (WMAP) 0014758
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Sxs
nZz-

Anomalies CMB anisotropy

Cold SpO’[ (Plaan) 1502.01582

—300 —200 -—100 0 100 200 300
,U'Kcmb
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Letters in the sky

Anomalies CMB anisotropy

1001.4758
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Discrepancies: Hubble, clusters, lensing. ..

e Discrepancies: Hubble, clusters, lensing. ..
@ Cosmological data
@ What can be behind...
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Discrepancies: Hubble, clusters, lensing. ..

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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Discrepancies: Hubble, clusters, lensing. .. Cosmological data

0 General facts, key observables and ACDM model

e Anomalies

e Discrepancies: Hubble, clusters, lensing. ..
@ Cosmological data
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Distance Modulus
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Discrepancies: Hubble, clusters, lensing. .. Cosmological data

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) J

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)

0 0.2 0.4
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Discrepancies: Hubble, clusters, lensing. .. Cosmological data

76

74

72

70

Hubble constant (km/s/Mpc)
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recently Hy = 67.06+1.68km/s/Mpc  cosmic chronometers + SNla (Pantheon + HST)
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Discrepancies: Hubble, clusters, lensing. .. Cosmological data

Inhomogeneities from CMB & LSS: propagation in
expanding Universe
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Discrepancies: Hubble, clusters, lensing. .. Cosmological data

LenSing vs clusters 1801.07348

1-0 T T

[— Planck lensing
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CFHTLens
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Discrepancies: Hubble, clusters, lensing. .. Cosmological data

Cosmic shear and clusters 1507.05552
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Impact of BAO: Galaxies vs Ly-o

Discrepancies: Hubble, clusters, lensing. ..
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Cosmological data

1707.06547
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Discrepancies: Hubble, clusters, lensing. .. What can be behind...

0 General facts, key observables and ACDM model

e Anomalies

e Discrepancies: Hubble, clusters, lensing. ..

@ What can be behind...
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Cosmology grasping neutrino masses 1711.08210
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Discrepancies: Hubble, clusters, lensing. .. What can be behind...
A fraction of decaylng DM? A.Chudaykin, D.G., |.Tkachev (2016,2017)
' ' ' ' 0.84 -—
0861 Lens
Pol Chuang+lowz
Pol+Lens 0.83r Zhao+lowz
0.84 g
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o 0821 "
@ 0.81}
0.80 1 0.80¢
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022 024 026 028 030 0-822 0.25 0.26 0.27 0.28 0.20 0.30 0.31
Qum Q

m
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Discrepancies: Hubble, clusters, lensing. ..

A fraction of decaying DM?

76 T T T T T

Lens

Pol
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72t g
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68} R / 1
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What can be behind...

A.Chudaykin, D.G., I.Tkachev (2016,2017)
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Discrepancies: Hubble, clusters, lensing. .. What can be behind.. .
DDM can give better fit A.Chudaykin, D.G., |. Tkachev (2016,2017)
j j j " 0.090
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Discrepancies: Hubble, clusters, lensing. ..
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What can be behind. ..

SPTPole with critical / = 1000

1707.09353
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Discrepancies: Hubble, clusters, lensing. .. What can be behind...

Neglecting Planck results with / > 1000 « suenn 1508 00261
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Discrepancies: Hubble, clusters, lensing. .. What can be behind...

Neglecting Planck results with / > 1000  « euenn 1a06 0061
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Neglecting Planck results with / > 1000

Discrepancies: Hubble, clusters, lensing. ..

What can be behind. ..

R. Burenin, 1806.03261
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Discrepancies: Hubble, clusters, lensing. .. What can be behind...

Neglecting Planck results with / > 1000 « suenn 1508 00261
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Sxs
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Discrepancies: Hubble, clusters, lensing. .. What can be behind...

W|th BAO, HO and SN“a R. Burenin, 1806.03261
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Neutrino mass?? R.Burenin, 1806.03261
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World-wide accepted problems. ..

Origins of...?

Dark Matter Coincidences

Matter-antimatter asymmetry ® Qpy ~ 0
Dark Energy @ O~ Qe
matter perturbations ® (5p/p)2~ng/n
= Y

extragalactic magnetic field ® T7~ (mp—mp)

) d ~ \lin—1Mp
superheavy black holes in the galaxy °
centers
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Do neutrino masses help ?

0.90 —— Planck+BAO —— Planck+BAO+neutrino
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