Institute for Nuclear Research of RAé, Moscow

On- hne seminar

from INR PfAS Moscow, Russia

27 2] VIS . X . e ol /
Problems with fitting the cosmologica .02. s 1/80

Dmitry Gorbunov (INR)



Three Gen

erations

of Matter (Fermions) spin %2
1 ]

mass -
charge -

name -

Quarks

0.511 MeV

: @

electron

Leptons

—

£

o

»

~~

%

o}

O

=

105.7 MeV 1.777 GeV IE
Nt

! T e
c

o

@

muon tau o
m

Dmitry Gorbunov (INR)

Problems with fitting the cosmologica

The Matter generations
are indistinguishable by
electric
weak and
strong
forces

distinguishable

by gravity

and Yukawa
forces

spin 0

my ~ 125 GeV

24.02.2022, PNPI 2 /80



Description of neutrino oscillations (I)

), 1=1,2,3

e Two bases: gauge |vy), ® =€, U, T

i) = Ugilva) with unitary PMNS 3 x 3 matrix Uy,
o Neutrino mass matrix is then

Mag = (Va|MIvg) = (UMM Uy . where MS™ = m;; .
@ Free neutrino evolution in time and space

V() =e7™v(0)) = |v(t,L)) =e~(ERE) |y (0)),

in ultrarelativistic case — Hamiltonian

2

pj:\/fmj?:E_mf/zE = |v(L)) = e 'zt |v;(0)) .
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Description of neutrino oscillations (II)

@ Neutrino effective Hamiltonian

M2

m?
Vi(L) =e "2 v(0) = He =5

@ Transition amplitude of neutrino vy to neutrino Vg is

3
o

Al — B) =} (vp]v;(L))(vj(0)|var) = } (Vg vjye ™ ZEL (v |va) Z Ugje '2E Uy,
] j
@ Transition probability Am/2, = m]2 — m2

P(ve — vg) = |A(a — B)J?

Am2
:5aB—4ZRe[ UﬁjUaIUﬁ/]sm 4E L

j>i

ams
+2) Im{Ug;UpUaiUgilsin | 5L |

J>i
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Description of neutrino oscillations (III)

e Two-neutrino oscillations:

transition probability

@ Two-neutrino oscillations:
P(veq — Vo) = 1—5in?20 -sin? (

e Oscillation length

survival probability

Am?
4F L)

. 4nE (2.5 km) E ev?
0SC — A 5 — . mj) = r._-5
Am? GeV Am?
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Neutrino matter effect

Mikheev—Smirnov—Wolfenstein effect

1F
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BOREXINO measurements of solar neutrino flux
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& = -2V2GErVey" e By ve
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currents

((Bkvmen) =((ee)) =ne,
((8kver)) =0.

_ 1
((ex®)) = — 7% e
Fermi interaction gives
Lot =—V2GEneVe) ve.
i’ — 1799 —V2GEney°,
effective potential

idg—V, with V=v2Ggne

competes with
Heff = Am2/2E

24.02.2022, PNPI 6/ 80



Sterile neutrinos: NEW ingredients

One of the optional physics beyond the SM:

sterile: new fermions uncharged under the SM gauge group
neutrino: explain observed oscillations by mixing with SM (active)
neutrinos

Attractive features:

@ possible to achieve within renormalizable theory

e only N =2 Majorana neutrinos needed

e baryon asymmetry via leptogenesis

o dark matter (with N> 3 at least)

@ light(?) sterile neutrinos might be responsible for neutrino

anomalies. .. 7
Disappointing feature:

Major part of parameter space is UNTESTABLE
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Seesaw mechanism: My > 1eV

With Mggive < 1€V we work in the seesaw (type I) regime:

My

Sn=NigN—fLHN — > N°N+h.c.

Higgs gains (H) = v/v/2 and then
f
L A N AN A L
4//N—2(Ve7N)<v\;§ MN N +hC

For a hierarchy My > MP = v% we have

flavor state ve=Uvi+ 60N with U~1 and

active-sterile mixing: 0=—=—<x1
and mass eigenvalues

~My and  — Maggive = 67 My << My
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Sterile neutrino: a vast region of mass

Within the seesaw paradigm, as far as

f2
m N—M ~ 02M,
a MN N N

Any set
(mass scale My, Yukawa coupling f)
is viable

And with special tunning or symmetry larger (but not smaller) mixing
3 sterile neutrinos

viable

is

. a7 15
Mg~ FT——Fv2
Mn
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Light sterile neutrinos and cosmology

e Analysis of CMB & LSS (e.g., Planck, SDSS):
Mixing 6 ~0.1-1, mass ~ 1eV
NONE (or, may be, one)
— there are 20 discrepancies in Hp, Og, lensing, ...
small scale crisis, SPT vs Planck, ...

e Explanation of the combined anomalous results
needs TWO or MORE

— of course, some anomalies may be just anomalies. ..

e Production in the early Universe can be efficiently suppressed, e.g.,
by scalar field B
£ =¢N°N+h.c.

or if the reheating scale is low, T,ep ~ 10 MeV
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Description of neutrino oscillations

@ Oscillation length small Lysc > big Am

AxE E eV?

Loso = 3 = (25 1) 17 AP

@ Oscillation probability:

Lam?
.2 . 2 41
Oy —sin“20,p sin ( iE )

@ transition probability appearance

P(ve — ) = , in?2055 = 4|Upal? jsaﬁ—\umﬂ

LAmZ
P(Va = VgLa) = sin229al3 sin? (4E41> , sin® 2045 = 4|Upgal? ]Uﬁ4|2

@ survival probability disappearance

>
Amg,
4E

P(vog — vg) =1 —sin229aa -sin? ( L) , sin? Ogo = |Ua4|2
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Reactor anomaly: recent results. . .

PROSPECT (USA, 2018-...)
85 MWy, compact reactor
segmented detector coverin
L=6-75m

measures flux ratios
STEREO (France, 2018-...
58 MWy, compact reactor
segmented detector coverin
L=94—-111m

measures flux ratios

NEUTRINO-4 (Russia,
2018-...): 100 MWy
extracompact

reactor SM-3 (Dimitrovgra
segmented movable detectc
L=6-12m

measures flux ratios

best fit

AMmP ~7.2eV2
sin® 20 ~ 0.35

Dmitry Gorbunov (INR)

12

10—

2 2
14 €V
[e%)

Am

2

Problems with fitting the cosmologica

CL 95% Neutrino-4 CL 99% Neutrino-4

1809.10516

/ i
[/ CL95% PROSPECT

-+ CL90% NF

' CL90% STEREQ

ANSS

LO0S

II‘lI\III\II‘I\III\II\III\II\!II‘II\I

02 03 04 05 06 07

mim2ina 0\

24.02.2022, PNPI

08 0.9

13 /80



Consistencey of Gallium and NEUTRINO-4 anomalies

1809.10561

T T T

b. f. Neutrino

Am?(eV?)
Am3(eV?)
o

SAGE + GALLEX + Neutrino 4 4
bf. Am? =7.34 eV2, sin?(20) = 0.34
Anomally at 3.87c level

01 02 03 04 05 06 040.8 09 1.0 01 02 03 04 05 06 07 08 09 1.0
sin?(29) sin?(29)
1905.07437 almost 46 anomaly
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Baksan Experiment on Sterile Transition

proposal: 1006.2103, 1204.5379, ...
artificial dichromatic source:

51Cr of 3 MCi (AW/W < 0.5%)

neutrino flux measurment:
"NGa+ve— ""Ge+e

2 detector volumes:
for the flux cross check

geometry is chosen:
to search for ~ 1 eV neutrino

data taking:
July—September 2019

o, = 27.7d

heating system [ cooling system

source

- £
/

:/
punfps Qcompressor
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BEST R1 = 0791 :|20050, RZ — 0766i0050 2109.11482

Am?[eV?]
Am2?[eVv?]

1

0.4 0.6 ——
sin?(20) 10-
5in%(20)
5-0 evidence for Vs 2109.14654
confirmation of Gallium anomaly

consistent with NEUTRINO-4
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2109.14654 BEST combined with others

—— PROSPECT 95% C.L. FC
STEREO 95% C.L.

—— DANSS 95 % C.L.
. b.fp

[ combine
|- BEST
| SAGE
4

P I—
Q L L —— " N S
107 10T T0°
107 10~ 10° sin%(20)

sin?(20)
5.7-0 combined evidence for vg
BEST b.f.p. is excluded by reactor neutrino experiments
Combined 2-0 region is consistent with Reactor Anomaly

Combined 2-0 region is excluded
from solar neutrinos

and from cosmology
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Light sterile neutrinos in cosmology

Impact on processes

e Big Bang Nucleosynthesis: increase of expansion rate

sz%”ep, p= 30<2><T4+2><(3+AN) T;*)

with AN, > 0 higher H neutrons freeze out earlier giving more
Helium

@ expansion rate at Equality, prag = Pmat, and at CMB epoch
change of CMB anisotropy —0.34 < AN, < 0.33 (95% CL)
@ become non-relativistic, but have high velocity
free streaming leads to washing out of low-scale perturbations
change galaxy spectrum limits on AN, & neutrino masses
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Sterile neutrino production in cosmology

. . t
P(veg — vs) = sin220,, - sin® <2t&/ac>’

2E
t&’aC:AmVZ, AmP = mZ —mf ~ mz.
2 2
—U-dine( ™ M2\ iy

H_U dlag<2Ev72Ev> U + ints

[ cosBy  sinBy - Vaa O
U(—sineoC cosGa>’ V"”(O O>'
147

Ve = — sin Oy cos? Oy - G2T*- E, ~ —25.G2T* - E,,

45a
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Sterile neutrino production in cosmology

t
a2 1 -2
P(Va — Vs) =Ssin 263 -Sin (2&21)’

| tvac 1
! = « . sin208 =
\/Sin229a+(C0529a - Vaa * t&ac)z
d d 1 :
ytfs—Hp%fs: Zra S|n22031fa(t,p).

sin20q 2 mg 2
st_o,2-<104> '(1 keV) '

Spectrum is exactly Fermi-Dirac

pl

ta .
fyac -sin20q,

Dmitry Gorbunov (INR) Problems with fitting the cosmologica 24.02.2022, PNPI 20 / 80



Am3, [eV?]

Limits from cosmology

1905.11290

T 10?

101 RN

AmZ, [eV?]

(Nert = 3.1}\\ (Nerr=3.
N

Dmitry Gorbunov (INR)

Problems with fitting the cosmologica

24.02.2022, PNPI

21 /80



Sterile neutrino production with asymmetry

t
_cin2ogPl o2
P(vq — vs) =sin“26y -sin (22‘&’1)7
vac tpl
fy . sin26f =

I)l
t —
vac
toc

-sin260,

\/S|n2 29a + (COSZO(X - oo’ t(\x/ac)z

a a 1.
81‘ —Hp — 8p Zra sin2268 f,,(t,p).
VM < GET?GFT?E,, Vi GFT?LT
4E,

tvac =
m§

BBN, CMB: asymmetry L < 1072-1073 |  realistic models (VMSM) L < 10~4
Spectrum is not like Fermi—Dirac
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Limits from cosmology (must be updated) 1607.00032

(a)
10t}
o 1o°
=
=5
<E] 10'1L 95% CL limits
— MINOS
— SBN
,| — lceCube
10°F — Planck
- = Planck DW
-« Planck L=10"?
103 L L I
10* 107 1072 10t 10°
Sin22924
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BBN: extra-radiation and lepton asymmetry  sio:00

0.26—

nnu3.0 -~
nnu3.5
025 nnu4.0 -
0.24
o
> 0.23
0.22
0.21
0'20 O.bS 0‘.1 0.‘15 0.2

Ee

Asymmetry changes the thermal neutron density
Extra radiation changes the expansion rate
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COULD BE ONE OF THE SOLUTIONS...

(NEED TO EXPLAIN THE LEPTON ASYMMETRY)

JUST DO IT
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COULD BE ONE OF THE SOLUTIONS...

(NEED TO EXPLAIN THE LEPTON ASYMMETRY)
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AND NOW



WE TURN TO

PROBLEMS IN COSMOLOGY
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Vzmepenne ckopocTeit yiaJéHHbIX 00beKTOB

Db dexr Homrrepa <

1 + Unpuémmur
Csonnu B cpexe

o= wo 1 _ _Vucrounuk o
Cronu B cpene §
T >
& o
Penarusucrcroe obobimerne & 0
m
g
1 1_)2 II
2
D=0 7 — =
14 ¢ cos6
yLaneHne npuénnxeHne
OT 3Be3.bl K 3Besje
6 — yroJs MeXKJy HaIpaBJeHHeM Ha HCTOTHUK
7 €ro CKOpoCThIO U
ITosBossieT HAITH CKOPOCTH BPAIIEHUS BHE opbuTa
3emnn

3aBUCHMOCTH OT CKOPOCTH TEHTPA BPAITeHM!
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Pacmmpsiiomasicst Beestennasi: maciTadHbIi (hakTOp

Homnmieposckoe “rokpacuenmne” cera: /l“p“e““””‘ > 1 Lo a(t)

S 57 neat)

@7 Hi=4

a(t)

o
7 o
@ mapaMer
= SN (@& Xa%G.ua g
@x 3aKOH
/@ /@ Xabba
K H(to) r=yv
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Paciupenue: kpacuoe cmerenne 2 Agps /Aem. =1+ 2

Z < 1 3akon Xabbsa : ¢Z = Hyr J

Dmitry Gorbunov (INR)
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Paciupenue: kpacuoe cmerenne 2 Agps /Aem. =1+ 2

T T
z=2.0841, [,;=23.3

WWMWWMM

Z < 1 3akon Xab6oua
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Ho ~ 5504100 ——— ”E”WMWMW
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g o
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\ \ \ |
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Paciupenue: kpacuoe cmerenne 2 Agps /Aem. =1+ 2

Z < 1 3akor Xab0.s1a

cz=Hyr

mm—

Usmepenns D.Xabosma (1929)

KM
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Ho~73+7

F, (107*® ergs/sec/cm®/A)

F, (107" ergs/sec/cm?®/A)

20

T T
z=2.0841, [,;=23.3

WWWWWWMM

i

I
6000 7000

8000 9000

X\ (Angstroms)

M rivgy

it

M\W
S

e

R
c-Mnk LA "
0 I il I i : I I
2000 2500 3000 3500
X (Angstroms)
Dmitry Gorbunov (INR) Problems with fitting the cosmologica 24.02.2022, PNPI 34 /80



Paciupenue: kpacuoe cmerenne 2 Agps /Aem. =1+ 2

T T
z=2.0841, 1,,=23.38

1 WWWWM

3aKk0oH Xabbsa : €Z = Hyr J

CTaHJapTHBIE CBEYU

Hubble Diagram for Cepheids (flow—corrected)
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85}

= Distance Ladder (Cepheids) | | # ACDM |
KP
80t -
= SHOES — yqp
2, SHOTS L. SHOES
= 75}t SHOES * SHOES
. {1}
S ) ¢ * e
= 7k wMmapy  SHOES
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= WMAP7 ++ } L 4
WMAPI P15
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JlecTHuia paccTosiHUil... cTapTyeM OT HabJIogaTe s

LIzl [=lele[~]=[=[e[=]]=]z]e]e|=|=[=[=]5

01 2 3 4 5 6 7 8 9 1011213 141516 17 18 19 20 3 22 22 4 5

MN3MEPSIEM @ pasmep opbuThl 3eMm

)
= 2nR =v x 1rog,
Q >
S g
28
gz @ paccrognue 1o yrury (FOIWHHBIHA MApPAJIIAKC)
23
L=6x2R
Jaaneme NpuBAMKEH e @ cBerumocTb F 1o sipkoctu J u paccrosHUIo
OT 38e3Abl K 3Besne
J F
4r[2
opbunTta
Semsu @ Ham CBA3L F U Apyroit HabII0gaeMoit

("9acTOTA BCIBINIEK, TEMIT 3ATYXAHUS, ...) —
onpeae/n/In Cran/iapTHyo CBe41y '
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JlecTHuia paccTosiHUil... cTapTyeM OT HabJIogaTe s
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Namepus H(Z) y3naem MHOro 1ero

Bceenmennast ogrOpOoIHA, M30TPOTTHA, PACTITHPSIETCS

n “ropsaas’...
@ UHTEPBAJ MEXY COOBITHSMU MOAUMDUIUDYETCS
AS? =2 AP — & (1) AX?

B OTO pacmupenue ONUCEIBAETCS YPaBHEHUEM
Dpuagmana

N 2
a 81
(5) = H2 (1) = 5 Gpligms™

ILIOTHOCTHL __ obbranHOE TéMHas
p'én(\prnn - ppannaunﬂ + pn(‘m(\(‘rno + pl\[AT(‘pI/Iﬂ + p

TéMHAT
SHEepPrus
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1 1
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TEMHAA
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AsnbrepHaTnBa: PacCTOsIHUE YIJIOBOTO pasMepa,

@ U3mepsist yroBoi pa3Mep 6 00beKTOB M3BECTHOrO pa3mepa d

— OOJHOTHUIIHBIC T'aJIAKTHUKH
-
1 - y

@ M3MEHSIIOIIErocs CO BpEMEHeM M0 M3BeCTHOMY 3akony, Hanpumep: d(t) o< a(t)

| ~45 KM

d
=1

- KP'VHIIOl\I‘d('].T.[T'(]()IILI(‘ HEOAHOPOAHOCTU B KOCMUYIECKUX CTPYKTYpaX
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Janubie n3 acTpopU3UKN U KOCMOJIOTUN CXOJIATCS

20

o\ 2
a 2 8m TIJIOTHOCTH
(E) =H (t) = ? GpSHeoprnonc

IJIOTHOCTD __ 06bIuHOE TéMHaA
pSHeerH - pPa;LHaHHH +pBemeCTBo +pmaTepHﬂ +p/\

Prazmamms < 1/34(0 o< T4(t) » Pmemecrsno > 1/a3(t)

pa = const
5 3H2 ormoe _ _sTaBc?
G = PRSI (t0) = o~ 053 x 1078 ——
Bkaag PU: Q= % =05x10"*
Bkuiag 6apuonos (Bogopon, reaumit): Qs = 2B = 0.046
Pc

Bxirag HefiTpuHO: Gy = ):::" < 0.01
v

Bxiag TéMHOM MaTepuu: Qom = pg—c"" =0.25

Bkutar TéMHON 3HEpruu: Qp = ’;—’C‘ =0.70
.

m
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AsnbrepHaTnBa: PacCTOsIHUE YIJIOBOTO pasMepa,

3mepsteMm yriioBoit pa3mep 0 00bEKTOB M3BECTHOTO pasMepa d
— ONHOTHUITHBIE T'aJJAKTUKHA

| ~45 kM |
d |
09— — ——F -
L 1”
7
,
2 //
107 v 1
rr o l'/
B pacmmpgiomeiica Beenennoit . K
5 ,
dopmyna momudunupyercs, % s
. £} A ’ 4
c z dz s | .
L — dy(2) = —— ; ® K s
(+2) o AZ) | ,
o Heeaa”
10 F -
107 107 10° 2 10* 10° 10°
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CranjgaprHas JuHeiika: crapryem n3 pannein Beesrennoi

W3mepsig yriosoit pasvep 6 o6bekTa

@ M3BECTHOIO pa3Mepa I — XapakKTepHBI pa3Mep NATHA B
AHN30TPONINN PEJIMKTOBOTO I/ISJ’[UVIIQHI/IH
r ~45 kM ‘
o p—"
L — @

@ U3MEHSIIOIIEroCsl CO BPEMEHEeM 110 U3BECTHOMY 3aKOHY, HALIPUMep:
d(2) =< a(2)

— CBA3aHHBIC HEOJHOPOJIHOCTU B PACIIPEAC/ICHUN T'aJIaKTUK

d(z) > IIPUA 3TOM ' — 3ByYKOBOW I'OPU3OHT
0(z) = I 3I0XU PEKOMOUHAIIUN

> d(Zrec) = r
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Bcesiennast 3amnosiHena “ropsiaumu’ poToHaMu

cuexTp fy(®) B KOHIIEHTPAINS M, COTTACOBAHEL. . .
p Iy p Y

1
(@) = ———
7( ) e®/To
Wavelength (cm)

10717, 10 1.0 0.1 i
107181 4
- E E
E [ ]
7 107 3
@ E —— 2.726 K blackbody E
o £ ]
1 F 4
; 10720 + FIRAS  COBE satellite 3
< E *x DMR COBE satellite 3
> L x UBC sounding rocket i

107211 © LBL-Italy White Mt. & South Pole

E 0 Princeton ground & balloon
U 4 Cyanogen optical ]
10722 1 1 1
1 10 100
Frequency (GHz)
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To =2.726 K
3
®
Py:/ng dofy(o)
2
_ T e 4
= 15T =407,
2
®
ny:/ézdwﬁ(w)
=411 cu 3

rjge O eCrb KOHCTaHTa
"3 3aKOHA
Credana—Boabivana

P=ocST*
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[Tepsbie pesysbraTsl 9xcriepumenta Planck (2013)

Cuekrp ocraércs MmIaHKOBCKUAM !!
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OTkyma B3siaCh AHU30TPOTTHST 7!

e Dnoxa obpaszoBaHug Bojopoga: P +e - — H+y

o Ilpomanu cBoGomHEIE 3/IEKTPOHBL: Beelrennas mpo3padna mis
doToHOB

o Uzest anmsorponuu: meGobime §Me/Ne o< AT/T ~ 1074
HEOIHOPOJHOCTH B PACIPEICICHAN MATEPUI

o Bosbme slokasbHAS IIOTHOCTL — IO32KE 00pa30BAHUE BOAOPOLA —
xoJtoHee (POTOHBI

© IBOJIIONINS HEOTHOPOJHOCTEN B TIa3Me — PACIPOCTPAHEHUE
BBYKOBBIX BOJH !!

e Dyykryanuu coydaiiHbl (raycCcoBbl), HO MX BewuuHa, (hopma,
CTPYKTYpa COJEP:KAT MH(MOPMAITHIO 0 CKOPOCTH 3BYKA, THUCTE
OapmoHOB 1 Jp.

@ IDKCIEPUMEHT: TayCCOBbl ajuabarnieckue (GIyKTyaIrun ¢
“IIOCKUM” CIEKTPOM, JIAF0T HAYAJO CTPYKTypaM
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Pazjioxkenue 1o rapMoHrKaMm

Fundamental

- !
pure sinewave

Plus
3rd i
SR ¥ SR
Equals
! /f\\
[\/\ Harmonically
w distorted waveform \/

3BYK

Temneparypa Ha
HebecHOil cdepe

£=2 t=16
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Tpamuironnasi popma npejcrapienns (Planck 2013)

Angular scale

90°  18° 1° 0.2° 0.1° 0.07°

6000 [ ‘ ‘ ‘ ‘ ]

5000 ¢ H? = 8 G (py+pv+ppm +Ps)
4000 | o .
i = (1 Zree) n(Zrec)
3000 |
) o oz

2000 | fzrec H(Z

1000 Zrec =~ 1100

4
0

2 10 50 500 1000 1500 2000 2500
Multipole moment, ¢
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IIporomnsr u doronsr Ng/ Ny ~ 102 yxxe B BBN

HE3aBUCUMO M3BJIEYb COCTAB ILJIA3MbI

MOKHO U3 PACHPOCTPAHEHHOCTH

JIEMEHTOB

Dmitry Gorbunov (INR)
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Baryon-to-photon ratio ) x 10%
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Pacnosnoxenne rasmaktuk Bo Beesnennoii

KpaCHOE€ CMenIeHue

h
2 ; 23"

Zz= )LHpHi:",MIIHI\’ o

A'H(‘TO‘IHHI{

21"

South cz (1000 km/s)

12434 galaxies
Vr =CcZ
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Bapuonnblie akycruueckue (“‘caxapoBCKue”) OCHu/IsIII

UK IIpnu

&2(8)

Dmitry Gorbunov (INR)
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flat — ACDM

1807.06209
——
DES+BAO+BBN 76
Riess et al. (2019)
74.0144 7
SHOES s L G
+1.9 T, 687
69.8°19 : &
CCHP < 64 -
o t3.0 T BAO ‘rmm(m.-u ‘HBBN
MIRAS 00 planck TT.TE.EE HowE
73.3717 02 028 032 036 0.40
HOLICOW O
74.8'3
MCP
(]
76348
SBF
Early vs. Late
7334:813 combining all 6.10
73.9"| ) with Cepheids 5.80
72.5°1% with TRGB 4.00
with MIRAS 440
1907.10625
66 68 70 72 74 76 78 80
-1 -1
Hy [kms™ Mpc™']
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2.7 K CET'OIHA 14 mappa.er
YCKOPEHHOE pacIIupeHue
41K OBITEBUAHAS CTATUST 7.1 mapa.ser
0.26 3B pexoMOuHAIHSA 370 ThIC.JIET
0.76 3B

57 TeIC.JIET
pPasuanMOHHO-OMHUHHUPOBAHHAA CTALUS

e+p—H+y

3 4 Ty q

R W T I T B O M H+"He— "Lity

NepBUYHBIH HYKJIEOCHHTE3 2H+2H — n+ 3He
D/ = Y VU S S S S O S S S O N Y p+p—2H+y
2.5 MsB OoTIIeIIEHHEe HeATPHUHO 0.1 ¢
200 MsB dazossrit nepexox KX/ 10 us KOH(paAKNHMEHT4>CBOOOJHbIE KBADKH

A
100 I'sB DaexTpocaabbiii mepexon 0.1 uc\

'
\
\
)

I

ropsiuas Bcenennas \

R N B A

pasorpes

TPOM3BOACTBO TEMHOM MaTepuun

~ -
unpanML 77
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“Henasuune” HobeneBckue mmpeMun “3a KOCMOJIOIHIO”

3a anuzorponuto pesukrToBoro nssaydenus (PU)

2006: jointly to John C. Mather and George F. Smoot “for their
discovery of the blackbody form and anisotropy of the cosmic
microwave background radiation”

Ba yckopennoe pacmmpenue (TéMHasg SHEPTH )

2011: one half awarded to Saul Perlmutter, the other half jointly to
Brian P. Schmidt and Adam G. Riess “for the discovery of the
accelerating expansion of the Universe through observations of distant
supernovae”
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Constraints on H,

72

P Aghanim (2020) Early (assume ACDM)

« Planck CMB+lensing Aghanim (2020)
2 a3,

Aioa (2020)
Teg Aok C020)
~BAO+RSD Wane (2017)
IBAGIWMAP CMB oSS0 oty
~BAO+BBN P - Addison 018)
g .
Gy Ries o Late (model independent)
T Ries 019
Y
- Snla—Cepheid
- Snla-TRGB

- Snla—Miras

- Snla—SBF
T Caniclo 2018
- Snell — delacger (2020)
L ———
£ Wong 2020)
Bt Liocom
«TD lensing 23— St 2020)
. Birer 2020)
——— - pigecoom)
| | 55 Chen 019 Abbott 2020)
504
Mukheriee 2020)
N 4 Makheree 2020)
— Chen 2020
. Abbor 2019
7 ) Sonrs—santos 2019)
Hotokezaka 2019)
| Fisthach (2019)
7
-, o Abbote 2017)
Pesce (2020)
B P reaco)
« Masers ——e——— - Guol0i6)
= Kuo Q015)
— S wamy
—e———— Ry
« Tully Fisher - Kourkehi (2020)
. Schombert (2020)
«y-ray attenuation — Dominguez (2019)
— Zeng 019)
E0%— - Gomes-Valent 2015)
 Cosmic chronometers * Yuois)
)
« HIl galaxy Ll Fermandes-Avenas Q018)
i Wang 017)
e oo
s Wong (2020)
- Comblnations o Mo Dumcols
B Avwout C016)
T4 Haridasu Q018)

Hy [km s~ Mpc™]
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Problems with fitting the cosmologica
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Sak/04eHne: HaJE2KJbl 1N IEPCIIEKTHUBLI

JIBa m3MepeHnda HEeCOBMECTHBI (10*6 II'), mockobKy pasnmaaroTcsa “mHeiKn”
@ llurepecHoe pemreHue:
BUIVM JIMHAMUKY TEMHOM dHeprun — noanpasiasem ACDM
BJIMSTHUE CTEPWIHHBIX HEHTPHUHO, aKCUOHOB, ... — pacuiupsieM (pu3uKy <TacTHIL
@ Ilosiesnoe peienue:
cuCTeMaTUKa B acTpodusuke — pazdupaeMcs ¢ KaJuOpOBKaMu 3BE31
@ DaHTaCTUIECKOE DeIleHune:

W3MeHsIeM 3BYKOBOI TOPM30HT PEKOMOMHAIMHI — HOBasi KOCMOJIOTHS PAHHEH
Bcenennoit

@ Oc/roxxHeHNUs pu BuIGOPE:
€CTb HECKOJIbKO JIPYIUMX HECTHIKOBOK, HE CTOJIb 3HAYUMbIX CTATUCTUYECKU
Hopbie nabimiomaeMbie

@ Hosrbie manmbie:

crpykrypsl (EUCLID, SKA, LSST) u pesmkToBOE n3myvuenne (Ha3eMHbBIE W
KOCMUYIECKHE TTPOEKTHI)
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Flat ACDM — Growth Tension

« Planck CMB TT,TE,EE+lowE
« Planck CMB TT,TE,EE+lowE +lensing

o

.83
o

.83

®

Aghanim (2020)
Aghanim (2020)

o
]

0.759 .
« WL KiDS-1000 —o— Asgari (2021)
0.755
+ WL KiDS+VIKING+DES-Y1 e Asgari (2020)
0.762
« WL KiDS+VIKING+DES-Y1 o Joudaki (2020)
0.716
+ WL KiDS+VIKING-450 Wright (2020)
0.737
* WL KiDS+VIKING-450 —— Hildebrandt (2020)
0.651
* WL KiDS-450 Kohlinger (2017)
0.745 i
= WL KiDS-450 —— Hildebrandt (2017)
0.773
+ WL DES Y1 32 tpf o= Abbott (2018)
0.782
- WLDES Y1 —o— Troxel (2018)
0.804
+ WL HSC-TPCF —o— Hamana (2020)
0.78
« WL HSC—pseudo—C; —— Hikage (2019)
0.79 X
« CC SDSS-DR8 ——— Costanzi (2019)
0.77
« CC ROSAT —— Mantz (2015)
0.65
«CCDES Y1 —— Abbott (2020)
0.785
« CC Planck tSZ Salvati (2018)
0.792
« CC Planck tSZ Ade (2015)
0.749
« CC SPT—SZ —— Bocquet (2019)
« CC XMM-XXL —_— Pacaud (2018)
0.7 .
«RSD —— Benisty (2021)
0.747
«RSD —o— Kazantzidis (2018)
04 0.6 0.8 Lo
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0.7 4

Planck TT-lowE
Planck TT,TE,EE+lowE
+DES+lensing
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0.20 0.30 0.35
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CMB anomalies

quadrupole-octopole alignment, p < 0.5%

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

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

cold spot, p<1%

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

2-correlation x2(6 > 60°), p < 3.2%

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

hemispherical variance asymmetry, p < 0.1%

12,
31/25/1 C?(6)d(cos6)
topology? primordial spectrum with broken scale invariance or isotropy?
ISW from local LSS? ... Foregrounds?
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CMB anisotropy: alignment 1502.01582

dipole

[ T
-54 1K 48
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CMB anisotropy at large angles

1603.09703

2000 T

1500

1000

(e+1)C, /21 (uK?)

500

o
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Multipole ¢
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eventadd

6000 T T T T

———— ACDM, Standard mask

- ACDMA, Standard mask
- ACDMA, Extps mask

- ACDMA, Extso mask

[1+1) G2 [uK?]
8
S

2000
1000
0 n n . n n n
5 10 50 100 500 1000
!
- ACDMA even+odd
5000 ACDMA even \ 1

- ACDMA odd

[(1+1) G2 [uK?)
8
)

2000 '\/ \/\\ ]
1000 \A\/\ ]
0 \\.
5 10 57] 100 5_1‘)0 1000
1/
P(k) = k®/(K? 4 A2)?-"s/2 1712.03288
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- | i
CMB map Planck 1502.01582

—300 —200 -—100 0 100 200 300
,U'Kcmb
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SPTPole Wlth Critical /: 1000 1707.09353

Angular scale  degrees) o
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= SPTpol-high 7% SPTvo1 5000
W SPTpol w\ b
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DoTonbl JIBUKYTCS B paciiupsitoieiics Beenennoit
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Bceé jaBHo HalmcaHo, JIe1o 3a YuTaresem
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Hubble: extra-radiation and lepton asymmetry

2104.04381
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CMB: "heavy’ neutrinos with long-range force

2101.05804

L TIRW RRW S

“;‘5000j I/ 7

L | / i

;S) - / \ /e —— ACDM, Y m, =0
IS O s e i [, [ e i S i
SR L ;' L I .
— r | ]
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I r .
3 A l ]
L —0.1F | ]
= i | ]
S _—02F | >y =3eV :
Q L | No interaction e =10t ]

= i | amo _ 10 ' ]
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CMB: "heavy’ neutrinos with long-range force 1010550

: —! 20 credible regions

Il Planck, LRIv
Planck, ACDM

T T
70,55
H
1 0 1
T =y T
b )
70,35
] E
0.705 L L B 0 HE I = 0
10T 1 10-T10T 10% 10° 10 60 70 0.7

S my eV 7 [V Hy [kms~" Mpc™]
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CMB: "heavy’ neutrinos with long-range force 1010550

. 7 20 credible regions
: Bl Planck + BAO, LRIy
i Planck + BAO, ACDM
"1 Planck, LRIv

" P | ST | & | ]
10T 1 10-T10T 10% 10° 10 60 70 0.7
S my eV 7 [V Hy [kms~" Mpc™]
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