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

T T
z2=2.0841, 1,,=23.3

Zz < 1 Hubble law : z= Hyr J
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Expansion: redshift z Aabs./Aem. =1+ 2

Hubble Diagram for Cepheids (flow—corrected)
standard candles
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Universe is homogeneous and isotropic

redshift

_ A
Z= detector 1
source

30

South cz (1000 km/s)

12434 galaxies ”
10 < 150 Mpc V,=cCZ
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Conclusions from observations

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

Conclusions
@ interval between events gets modified

AS? =2 AP — &2 (1) Ax?
in GR expansion is described by the Friedmann equation
a\? o,
_ energ;
(5) =H (t) G dens&
energy

pdensny Pradiation + Pmatter T - -

@ 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 up to T~ 1MeV ~ 100K
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Evidences for Dark Matter in astrophysics and cosmology

Astrophysical and cosmological data are in agreement

2.0

Ny
a 8r
(5) =H =5 eniigy

energy rdinary dark
Pdensity = prﬁdla1l0n+pmatter +Pmatter +PA

Pradiation > 1/34(t) o T4(t) ;  Pmatter & 1/33(t)

pa = const
d 3H energ _ _5 GeV
8nG = Paensiy () =Po~0.53x10°° 5
radiation: Qy==05x10"*
Baryons (H, He): Qp = —B =0.046
Neutrino: @y = % < 0.01
o
Dark matter: Qom = "DM =0.28
Dark energy: @Qp = p" =0. 68
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Evidences for Dark Matter in astrophysics and cosmology

Recombination: p+e — H+ 7, Trec = 0.25eV

Large Scale Structure CMB anisotropy
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Evidences for Dark Matter in astrophysics and cosmology

These inhomogeneities (matter perturbations)

originate from the initial matter density (scalar) perturbations

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

adiabatic 5(78)=06("2m)=5("%)
Gaussian (%2 (k)22 (K)) o= (%P(k))2 x 8(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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Evidences for Dark Matter in astrophysics and cosmology

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

a

T,=2735K, = Q,~107°

Ny~3, Ymy,<02eV = Q_.0,Q,0~107°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 Ag =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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Evidences for Dark Matter in astrophysics and cosmology

27K

4.1K

TODAY
accelerated expansion
matter domination

0.26 eV recombination 370ty

matter domination
radiation domination

0.76 eV 57ty

primordial nucleosynthesis

30ke‘/\MMMMMMMM/ 3 min
LS S S N SO N S N N S S )

1 MeV
2.5 MeV

1s
neutrino decoupling

200 MeV QCD phase transition

100 GeV Electroweak phase transition
baryogenesis

hot Universe
b b B0 bR R R

reheating < ---
inflation ——7
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SH+4He — "Li+y
2H+2H — n+3He
p+p— PH+y

confinement«free quarks

, dark matter production
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Evidences for Dark Matter in astrophysics and cosmology

Dark Energy: nonclumping matter?

2.0

@ estimates of Matter contribution confined
in galaxies and clusters
pc — pw 7 0 but the Universe is flat, so

Peurv =0

@ corrections to the Hubble law : red shift —
brightness curves for standard candles
(SN la)

@ The age of the Universe

@ CMB anisotropy, large scale structures
(galaxy clusters formation), etc

Local group members will survive

pa = 0.68pc a(t) o< eHAfJ

pr ~ 1075 GeViem® ~ (10115 GeV)* J
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Evidences for Dark Matter in astrophysics and cosmology
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Evidences for Dark Matter in astrophysics and cosmology
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Evidences for Dark Matter in astrophysics and cosmology

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

~A /d“x./—detgﬂv

Sh

both parts contribute

1 .
Sgrav = 167G / d4x\/ —detguv R,

' 1
Smatter = / d4X\/ —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~ pmatter 7 Why ps ~ ppm ~ pa today?
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Evidences for Dark Matter in astrophysics and cosmology
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Evidences for Dark Matter in astrophysics and cosmology

a(t) reveals the composition of the present Universe

a
H2(z) = H2 (Q,\+QM(1 +2)% 4+ Qour (1 4+ 2)2 + Qg (1 +z)4+...> L Atz= ?3)

ds? =d? — 22 (1) (dp2 +r2(p) d2f2)> Light propagation changes. . .

How do we check it? by measuring distance L to an object!

L(z) = a0 % (p(2)). p(z):/'dp:/tt"%:/j%,)a 2 atzo0

@ Measuring brightness J of an object of known luminosity F “standard candles”

_F F
T 4rl? Anl2(z) x (1+2)2

J

@ New observables:
— time delays between images of SN explosion
— standard sirens: Gravitational Waves from observed astrophysical source
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Evidences for Dark Matter in astrophysics and cosmology

Sound waves in photon-electron plasma

@ Measuring angular size 6 of an object of known size d
single-type galaxies, and sound horizon !!

~45 kM
d ‘ \

=1 e @

@ Subhorizon Inhomogeneities of photons §py/p, oscillate with constant amplitude
at RD and with decreasing amplitude at MD, thus we can measure Trp/yp/ Trec

@ Phase of oscillations decoupled after recombination depends on the
wave-length, recombination time and sound speed

o vyt 11v3
Opy/py o< cos (k/o a(h) > = cos(Klsound) s Isound ~ Hroe

5T(6.0) =) amYim(6.0), (@mam) = Cr=272,/(I(1+1))
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Evidences for Dark Matter in astrophysics and cosmology

CMB measurements  lrec, Qpm, 28, Qn, Agp, Ns, Zrej
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Evidences for Dark Matter in astrophysics and cosmology
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Evidences for Dark Matter in astrophysics and cosmology
Constraints on Hy

2105.05208 Need new parameters?
* Planck CMB Early (assume ACDM) .
— dynamical DE: p= —w(2)p,..
O g — multicomponent DM:
| _omowy T T oo decaying, talking to DE, talking to baryons,
sterile neutrinnos, axions,..
et — massive neutrinos, non-zero curvature,..
—nonstandard cosmology: early dark

energy, late rapid transition,..

« Snla-Miras

- Snla-SBF T T T T T T
06l |
) B Galaxy BAO + D/H
1D lensing Bl Lyo BAO + D/H
05 _
) Abbea @019) Soarcs-Santos (2019) 04 B .
shoukeraka @019 Fishbagh (2019) S
T 03} 4
« Masers e — N s
02 -
0.1 _
« HII galaxy
| | | | | |
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Holkms~'Mpc™']

50 60 70 80 90 100 Tensions between data sets... 1707.06547
Hy [kms™ Mpc™]
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Evidences for Dark Matter in astrophysics and cosmology

On top of that: propagation in expanding Universe
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Evidences for Dark Matter in astrophysics and cosmology
Flat ACDM — Growth Tension

0834
« Planck CMB TT.TEEE+lowE Aghanim (2020)
0.832
« Planck CMB TT,TE,EE+lowE +lensing o< - Aghanim (2020)
0.759
« WL KiD$-1000 FE Asgari (2021)
0755 )
« WL KiDS+VIKING+DES-Y1 SO5 Asgari (2020)
0.762
« WL KiDS+VIKING+DES-Y1 = Joudaki (2020)
0.716
« WL KiDS+VIKINC > Wright (2020)
0737
« WL KiDS+VIKING-450 ~=&-—  Hildebrandt (2020)
0.651
+ WL KiDS—450 ——@—— Kohlinger (2017)
« WL KiDS-450 ~—6=— Hildebrandt (2017)
0.77.
« WL DES Y1 3x2 tpf 7B Abbot @018)
0.782
WL DES Y1 =6 Troxel (2018)
0.804
« WL HSC-TPCF =% Hamana (2020)
0.78
* WL HSC—pseudo—C —e— Hikage (2019)
0.79
- CC SDSS-DR$ —o— Costanzi (2019)
0.77
+ CC ROSAT ——  Mantz(2015)
065
+CCDES Y1 —o=— - Abbolt (2020)
0.785
- CC Planck (SZ —e— - Salvai (2018)
0.792
- CC Planck (SZ ——— - Ade(2015)
0.749
+ CCSPT—SZ ——e—— - Bocquet (2019)
0.83
+ CC XMM-XXL —————8———— Pacaud (2018)
0.7
+RSD —— Benisty (2021)
0.747
+RSD —o— - Kazantzidis (2018)
0.4 0.6 0.8 L0 12
5 Qn] 0.3
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Evidences for Dark Matter in astrophysics and cosmology
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Mass fraction

*He/H, D/H

"LirH

Evidences for Dark Matter in astrophysics and cosmology
1707.01004 Measurement of ng = ng/n,
Q. h’ at T ~1MeV

107 > )
[T L L | T L Em'uu L o o o O
] £ ]
026 — = ]
3 TRy AR
0.24 = E + ¢ ' "By
- ‘He = + ++
s b b b b b \\\\E
: s .
Lack of Lithium... Exotics needed?

@ o
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Evidences for Dark Matter in astrophysics and cosmology

Present observations... probe &,, and AN,

2208.03201 Helium abundance
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Evidences for Dark Matter in astrophysics and cosmology

Future with Simons Observatory and CMB-S4

Planck
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Evidences for Dark Matter in astrophysics and cosmology

Observables in cosmology

@ Astrophysical data

>

>

Observations in galaxies: stars and clouds  3d-map of Milky Way
Observations in galaxy clusters: galaxies, gas, distortions

@ Cosmological data

>

>

v

v

vV VvV VvV Yy

Observation of sources at cosmological distances (far=early)
Baryonic Aciustic (Sakharov) Oscillations (BAO) in two-point galaxy
correlation function Full shape function
Evolution of galaxy clusters in the Universe

Anisotropy and polarization of Cosmic Microwave Background
(CMB)

Weak lensing on late-time cosmic structures

Sunyaev—Zeldovich clusters

Ly-o forest

3d-map of galaxies
21cm cosmic field
Relic Gravitational Waves...?
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Evidences for Dark Matter in astrophysics and cosmology

Galactic dark halos:

150

=7 100
M(R) 2
(R)=y/cMA) ¢
-

R 50

M(H):47r/ p(r)r2dr
0
0

observations:

visible matter:

Dmitry Gorbunov (INR)

flat rotation curves

NGC 6503

halo

TS T NS BN NI
10 20
Radius (kpc)
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30

v(R) ~ const |

internal regions v(R) < VR
external (“empty”) regions v(R) =< 1/vR
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Evidences for Dark Matter in astrophysics and cosmology

Ursa Major “I QDM“ 1/<O'V> , Fe <O'V> X n(r)2 2311.14611

10724.

Ursa Major III Limits

10 100 1000
M, [GeV]
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Evidences for Dark Matter in astrophysics and cosmology

Ursa Major I

2311.14611

M, [GeV]

Dmitry Gorbunov (INR)

100 1000
M, [GeV]
3 April 2024
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Thermal Cross-Section
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Evidences for Dark Matter in astrophysics and cosmology

Next generation: CTA

2108.09078
10724 ,
1 projected mean upper limit — b -
***** statistical reach — W*'W~ w/o EW corr.
| T
- _or,
10724 3
™ ] N
S ] C
g ] C
— AN L
\ \\
g < nal (ov) (DarkSUSY)[
> I S~ T E
2 1073 = :
~ — -
[ -7 signal: Einasto
background: CR + IEM (Gamma)
10—272 —— 1 —————1 — T,
10 10 10 10
my [GeV]
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Evidences for Dark Matter in astrophysics and cosmology

... present searches: NUSTAR 2207 04572

10710 upper limits on

mixing: from X-ray
searches

Suzaku

PRI
®

Fermi+

1l
107§ INTEGRAL

lower limits on mass:
from structure
formation

and BBN predictions

Lol
(4

10712

sin?(26)

10—13 BBN Limit 105k
E (model-dependent) \Y
- 107k E
- —®— 3.5-keV anomaly » ‘
10~ E ] NuSTAR (previous) 107 . e ———— 3
E:l NuSTAR (this work) U T
1 I | 1 1 o2 E'“(;l‘,‘{xf” ]
6 7 8910 20 30 40 " F s
69 70 7l 72 73
DM mass m,, [keV]
DM mass m, [keV]
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Evidences for Dark Matter in astrophysics and cosmology

Observables in cosmology

@ Astrophysical data

>

>

Observations in galaxies: stars and clouds  3d-map of Milky Way
Observations in galaxy clusters: galaxies, gas, distortions

@ Cosmological data

>

>

v

v

vV VvV VvV Yy

Observation of sources at cosmological distances (far=early)
Baryonic Aciustic (Sakharov) Oscillations (BAO) in two-point galaxy
correlation function Full shape function
Evolution of galaxy clusters in the Universe

Anisotropy and polarization of Cosmic Microwave Background
(CMB)

Weak lensing on late-time cosmic structures

Sunyaev—Zeldovich clusters

Ly-o forest

3d-map of galaxies
21cm cosmic field
Relic Gravitational Waves...?
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Evidences for Dark Matter in astrophysics and cosmology

Subhorizon modes (k/a > H) at various stages

03]

te t, t, t
Ia b & I1a ITb t 111
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Evidences for Dark Matter in astrophysics and cosmology a
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Evidences for Dark Matter in astrophysics and cosmology
Key observable: matter perturbations

@ cwMBis isotropic, but “up to corrections, of course...”
Earth movement with respect to CMB
ATy
d|TpoIe ~10-3

e More complex anisotropy!

AT -4 -5
AT 107410

@ There were matter inhomogenities Ap/p ~ AT/T at
the stage of recombination (e+p — y+ H*)

Jeans instability in the system of gravitating particles at
rest= Ap/p /* = galaxies (CDM halos)

Waveiongth A |h" Mpe]
100 1060 100 10 1
106 T T T
2 100 E
= 1000 ]
g
H
H
& 100 B
5 = Conmie Microwave Hacig
H
2 *#Cluster asundance
w0} 4
E aWeak lensing
H ALymen Alpha Forest
1k . . A\l
001 001 o1 0
wavenumaor k [b/Mpe]
o 200 k) 1200
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Evidences for Dark Matter in astrophysics and cosmology

102

CDM
WDM (mwpu = 3keV)
FDM (miPM = 20)
SDAO (hpeak =1, kpeak = 40h/Mpc)

T T I T

k [h/Mpc]
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Evidences for Dark Matter in astrophysics and cosmology

log (Sqm M /kpc?])
T I— g
5:0 74 /5.5 6.0 6.5

WDM

2304.06742
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Evidences for Dark Matter in astrophysics and cosmology

27K

4.1K

TODAY
accelerated expansion
matter domination

0.26 eV recombination 370ty

matter domination
radiation domination

0.76 eV 57ty

primordial nucleosynthesis

30ke‘/\MMMMMMMM/ 3 min
LS S S N SO N S N N S S )

1 MeV
2.5 MeV

1s
neutrino decoupling

200 MeV QCD phase transition

100 GeV Electroweak phase transition
baryogenesis

hot Universe
b b B0 bR R R

reheating < ---
inflation ——7
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e+p—H+y

SH+4He — "Li+y
2H+2H — n+3He
p+p— PH+y

confinement«free quarks

, dark matter production

03.04.2024, JINR 40/54



Evidences for Dark Matter in astrophysics and cosmology

Actually we observe rather narrow range

Current power spectrum P(k) [(h-! Mpc)3]

Wavelength A [h~! Mpc]
1000 100

108 g

104 |

1000 ¥

100

10 |

= Cosmic Microwave Background
®SDSS galaxies

% Cluster abundance

= Weak lensing

4 Lyman Alpha Forest
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IENEATT:
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0.01 0.1 1
Wavenumber k [h/Mpc]
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Observable range:

Kmax N 105

kmin

ANz~ 10
Small scales cannot
describe:

for a long time in
nonlinear regime
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On top of that: propagation in expanding Universe
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Observables in cosmology

@ Astrophysical data

>

>

Observations in galaxies: stars and clouds  3d-map of Milky Way
Observations in galaxy clusters: galaxies, gas, distortions

@ Cosmological data

>

>

v

v

vV VvV VvV Yy

Observation of sources at cosmological distances (far=early)
Baryonic Aciustic (Sakharov) Oscillations (BAO) in two-point galaxy
correlation function Full shape function
Evolution of galaxy clusters in the Universe

Anisotropy and polarization of Cosmic Microwave Background
(CMB)

Weak lensing on late-time cosmic structures

Sunyaev—Zeldovich clusters

Ly-o forest

3d-map of galaxies
21cm cosmic field
Relic Gravitational Waves...?
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Prospects in 2014

Dmitry Gorbunov (INR)
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Example: EW Ist order Phase Transition 2307.01072

— T" =T, =148 GeV

—4
10 === T* =T = 47 GeV
NANOGrav 15 a
106 EPTA DR2 Full

PPTA DR3

f (Hz)
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New data and New observables

Evidences for Dark Matter in astrophysics and cosmology

more Hubble tracers o
21cm map

3-d map from Euclid

improved CMB anisotropy

relic GW from inflation ?
relic GW from Phase Transitions, etc?

o
o
-]
CMB polarisation o
-]
-]
relic BH ? o

Dmitry Gorbunov (INR) 3 April 2024

New cosmological parameters

nature of DE and DM
neutrino masses
reionisation schedule
nongaussianity?
isocurvature modes?
scale of inflation
reheating mechanism

cosmological evolution
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DM from oscillating scalar

0#£g?><107 Z-invariant Higgs (¢) portal
L 1 2v2 | 2y2qiq 2 ya
Higgs particles in plasma change the potential:

FX20Td — g°X?T?/3

Z, symmerty is broken after reheating by the plasma contribution

\ Verr| te <t < tsym ! t > toym
TR
T 1d
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Temperature decrease restores 2o

2004.03410
T uv TrRy2, 23272 Ay
AL = -g'VouXav X M=X=+g°X“T</3 X

3l
at g2 T2 ~ M? sign changes

2 - Mi""““ and X starts to oscillate
M x gravitational misalignment
i
M2 (MPH)
‘ M pom(t) = —5—= "3
6 8 10 12 14
And the correct amount of DM by classical oscillating field p = (Exin) — (Ep) =0

2
2 1012 A \¥5 [106Gev
g = “\10s) “\"m
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First results of Planck (2013)
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Cosmic Background Radiat
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