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

n ∝ a−3(t)

H(t) = ȧ(t)
a(t)

Hubble
parameter

Hubble
Law

H(t0) r = vr
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Expansion: redshift z λabs./λem. ≡ 1+z

z≪ 1 Hubble law : z = H0r

H0 =h ·100
km

s ·Mpc
h=0.705±0.015

Age of the Universe
τU ∼ 1/H0 ≈ 14 by

Size of the visible part of the
Universe

lH0 ∼ 1/H0 ∼ 5 Gpc
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Expansion: redshift z λabs./λem. ≡ 1+z

z≪ 1 Hubble law : z = H0r

H0 =h ·100
km

s ·Mpc
h=0.705±0.015

standard candles
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Universe is homogeneous and isotropic
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Conclusions from observations
The Universe is homogeneous, isotropic, hot and

expanding...

Conclusions
interval between events gets modified

∆s2 = c2∆t2−a2 (t)∆x2

in GR expansion is described by the Friedmann equation

(
ȧ
a

)2

= H2 (t) =
8π

3
G ρ

energy
density

ρ
energy
density = ρradiation +ρmatter + . . .

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

ρmatter ∝ 1/a3(t) , ρradiation ∝ 1/a4(t) , ρcurvature ∝ 1/a2(t)

certainly known up to T ∼ 1MeV∼ 1010 K
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Astrophysical and cosmological data are in agreement
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SNe

No Big Bang
(

ȧ
a

)2

= H2 (t) =
8π

3
G ρ

energy
density

ρ
energy
density = ρradiation +ρ

ordinary
matter +ρ

dark
matter +ρΛ

ρradiation ∝ 1/a4(t) ∝ T 4(t) , ρmatter ∝ 1/a3(t)

ρΛ = const

3H2
0

8πG
= ρ

energy
density(t0)≡ ρc ≈ 0.53×10−5 GeV

cm3

radiation: Ωγ ≡ ργ

ρc
= 0.5×10−4

Baryons (H, He): ΩB ≡ ρB
ρc

= 0.046

Neutrino: Ων ≡ ∑mi nνi
ρc

< 0.01

Dark matter: ΩDM ≡ ρDM
ρc

= 0.28
Dark energy: ΩΛ ≡ ρΛ

ρc
= 0.68
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Recombination: p+e→ H + γ, Trec ≈ 0.25 eV

Large Scale Structure CMB anisotropy
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These inhomogeneities (matter perturbations)

originate from the initial matter density (scalar) perturbations

δρ/ρ ∼ δT/T ∼ 10−4, which are

adiabatic δ
(nB

s

)
= δ

(nDM
s

)
= δ

(nL
s

)

Gaussian ⟨ δρ

ρ
(k) δρ

ρ
(k′)⟩ ∝

(
δρ

ρ
(k)
)2
×δ (k+k′)

flat spectrum ⟨
(

δρ

ρ
(x)
)2
⟩= ∫ ∞

o
dk
k PS(k) PS(k)≈ const

LSS and CMB PS ≡ AS×
(

k
k∗

)ns−1
AS ≈ 2.5×10−9 , nS ≈ 0.97
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Standard cosmological model ds2 = dt2−a2(t)dx2

(
ȧ
a

)2
≡ H2 = H2

0

[
ΩΛ+(ΩDM +ΩB +Ων ,m ̸=0)

(a0
a

)3
+(Ωγ +Ων ,m=0)

(a0
a

)4
]

Tγ = 2.735 K, =⇒ Ωγ ∼ 10−5

Nν ≈ 3, ∑mν < 0.2 eV =⇒ Ων ,̸=0, Ων ,0 ∼ 10−5 ?

ΩB = 4.5% =⇒ ηB ≡ nB/nγ = 6×10−10

ΩDM = 27.5%
H0 = 67 km/s/Mpc =⇒ ρ0 = 5GeV/m3

ΩΛ = 68% =⇒ flat space
adiabatic, gaussian matter perturbations

⟨
(

δρ

ρ

)2
⟩ ∼ AS

∫ dk
k

(
k
k∗

)nS−1

with AS = 3×10−9 and nS = 0.97
no tensor perturbations, r ≡ AT /AS < 0.05
reionization at z ≡ a0/a = 10
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TODAY2.7 K 14 by
accelerated expansion

4.1 K matter domination 7.1 by

0.26 eV recombination 370 ty e+p→ H + γ

matter domination
0.76 eV 57 ty

radiation domination

80 keV 3 min 3H + 4He→ 7Li + γ

primordial nucleosynthesis 2H + 2H→ n+ 3He

1 MeV 1 s p+p→ 2H + γ

neutrino decoupling2.5 MeV 0.1 s

QCD phase transition confinement↔free quarks200 MeV 10 µs

Electroweak phase transition100 GeV 0.1 ns

hot Universe

reheating

inflation

dark matter production

baryogenesis
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Dark Energy: nonclumping matter?
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SNe

No Big Bang estimates of Matter contribution confined
in galaxies and clusters
ρc −ρM ̸= 0 but the Universe is flat, so
ρcurv ≃ 0

corrections to the Hubble law : red shift –
brightness curves for standard candles
(SN Ia)

The age of the Universe

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

Local group members will survive

ρΛ = 0.68ρc a(t) ∝ eHΛt

ρΛ ∼ 10−5 GeV/cm3 ∼
(
10−11.5 GeV

)4
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Dark Energy: all evidences are from cosmology

Working hypothesis is cosmological constant Λ≈
(
2.5×10−3 eV

)4 :
p = w (t)ρ , w = const =−1, ρ = Λ

SΛ =−Λ
∫

d4x
√
−detgµν

both parts contribute

Sgrav =−
1

16πG

∫
d4x

√
−detgµν R ,

Smatter =
∫

d4x
√
−detgµν

(
1
2

gλρ
∂λ φ∂ρ φ −V (φ)

)

natural values

Λgrav ∼ 1/G2 ∼
(

1019 GeV
)4

, Λmatter ∼ V (φvac)∼ (100GeV)4 ,(100MeV)4 , . . .

Why Λ is small? Why Λ∼ ρmatter ? Why ρB ∼ ρDM ∼ ρΛ today?
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a(t) reveals the composition of the present Universe

H2(z) = H2
0

(
ΩΛ+ΩM (1+z)3 +Ωcur (1+z)2 +Ωrad (1+z)4 + . . .

)
, 1+z ≡ a0

a(t)

ds2 = dt2−a2 (t)
(

dρ2 + r2(ρ)dΣ2
(2)

)
Light propagation changes. . .

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

L(z) = a0× r(ρ(z)) , ρ(z) =
∫

dρ =
∫ t0

t

dt ′

a(t ′)
=
∫ z

0

dz ′

H(z ′)
→ z

H0
, at z→ 0

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

J =
F

4π L2 −→
F

4π L2(z)× (1+z)2

New observables:
– time delays between images of SN explosion
– standard sirens: Gravitational Waves from observed astrophysical source
– . . .
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Sound waves in photon-electron plasma

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

θ =
d
L

Subhorizon Inhomogeneities of photons δργ/ργ oscillate with constant amplitude
at RD and with decreasing amplitude at MD, thus we can measure TRD/MD/Trec

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

δργ/ργ ∝ cos

(
k
∫ trec

0

vs dt
a(t)

)
= cos(klsound ) , lsound ∼

1/
√

3
Hrec

δT (θ ,ϕ) = ∑almYlm(θ ,ϕ) , ⟨a∗lmalm⟩= Cl ≡ 2πDl/(l(l +1))
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CMB measurements lrec,ΩDM ,ΩB,ΩΛ,∆R,ns,zrei
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• TD lensing

• GW Standard Sirens

•Masers
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• Cosmic chronometers

• HII galaxy

• Combinations

Abbott (2020)
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Fishbach (2019)
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Constraints on H0
2105.05208 Need new parameters?
– dynamical DE: p =−ω(z)ρ,..
– multicomponent DM:
decaying, talking to DE, talking to baryons,
sterile neutrinnos, axions,..
– massive neutrinos, non-zero curvature,..
– nonstandard cosmology: early dark
energy, late rapid transition,..

Tensions between data sets... 1707.06547
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On top of that: propagation in expanding Universe
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m B
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=
M *JWST z≳ 4 AGNs

other z≳ 6 AGNs

local AGNs

local IGs

107 108 109 1010 1011 1012
104

105

106

107

108

109

1010

1011

M*/M⊙

m
B
H
/M

⊙

2304.19650

Dmitry Gorbunov (INR) 3 April 2024 03.04.2024, JINR 24 / 54



Evidences for Dark Matter in astrophysics and cosmology
ИI
ЯN
ИR

0.22

0.24

0.26

P
la

n
c
k

Ω
b
h

2
M

a
ss

 f
r
a
c
ti

o
n

4
He

10
-2

10
-6

10
-5

10
-4

10
-3

3
H

e
/H

, 
D

/H

D

3
He

10
-10

10
-9

1 10

7
L

i/
H

7
Li

P
la

n
c
k

η×10
10

1707.01004 Measurement of ηB = nB/nγ

at T ∼ 1 MeV

10
-5

10
-4

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1

BBN + Planck

[O/H]

D
/H

Lack of Lithium. . . Exotics needed?

12
C

13
C

11
C

12
B

11
B

10
B

10
Be

9
Be

7
Be

10
C

8
Li

7
Li

6
Li

4
He

3
He

1
H

2
H

3
H

n

C
M

B
 Ω

B

(L
ow

 Ω
B
)

X

(p,γ)

(α,γ)

(β+)

(β-)

(n,γ)

(t,γ)

(α,n)

X

(n,p)

(d,n)

(d,p)

(d,γ)

(p,α)

(n,α)

(t,p)

(t,n)

(d,nα)

Dmitry Gorbunov (INR) 3 April 2024 03.04.2024, JINR 25 / 54



Evidences for Dark Matter in astrophysics and cosmology
ИI
ЯN
ИR

Present observations... probe ξνe and ∆Nν
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Future with Simons Observatory and CMB-S4 2208.03201
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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
▶ 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-α forest
▶ . . .
▶

▶ 3d-map of galaxies
▶ 21cm cosmic field
▶ Relic Gravitational Waves...?
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Galactic dark halos: flat rotation curves

v(R) =

√
G

M(R)

R

M(R)=4π

∫ R

0
ρ(r)r2dr

observations: v(R)≃ const

visible matter: internal regions v(R) ∝
√

R
external (“empty”) regions v(R) ∝ 1/

√
R
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Ursa Major III: ΩDM ∝ 1/⟨σv⟩ , F ∝ ⟨σv⟩×n(r)2
2311.14611
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Ursa Major III 2311.14611
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Next generation: CTA 2108.09078
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. . . present searches: NuSTAR 2207.04572
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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
▶ 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-α forest
▶ . . .
▶

▶ 3d-map of galaxies
▶ 21cm cosmic field
▶ Relic Gravitational Waves...?
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Subhorizon modes (k/a > H) at various stages

tΛ

∣∣δλ
∣∣

trteqt× t

∝a−2 ∝a−1

∝a

Ia Ib IIa IIb III

Φ

δB

δCDM

δγ∝ c1 + c2 log a
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Key observable: matter perturbations

CMB is isotropic, but “up to corrections, of course...”
1 Earth movement with respect to CMB

∆Tdipole
T ∼ 10−3

2 More complex anisotropy!

∆T
T ∼ 10−4−10−5

There were matter inhomogenities ∆ρ/ρ ∼∆T/T at
the stage of recombination (e+p→ γ +H∗)

Jeans instability in the system of gravitating particles at
rest =⇒ ∆ρ/ρ ↗ =⇒ galaxies (CDM halos)
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2304.06742
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TODAY2.7 K 14 by
accelerated expansion

4.1 K matter domination 7.1 by

0.26 eV recombination 370 ty e+p→ H + γ

matter domination
0.76 eV 57 ty

radiation domination

80 keV 3 min 3H + 4He→ 7Li + γ

primordial nucleosynthesis 2H + 2H→ n+ 3He

1 MeV 1 s p+p→ 2H + γ

neutrino decoupling2.5 MeV 0.1 s

QCD phase transition confinement↔free quarks200 MeV 10 µs

Electroweak phase transition100 GeV 0.1 ns

hot Universe

reheating

inflation

dark matter production

baryogenesis
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Actually we observe rather narrow range

Observable range:

kmax

kmin
∼ 105

∆Ne ≃ 10

Small scales cannot
describe:
for a long time in
nonlinear regime

Dmitry Gorbunov (INR) 3 April 2024 03.04.2024, JINR 41 / 54



Evidences for Dark Matter in astrophysics and cosmology
ИI
ЯN
ИR

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
▶ 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-α forest
▶ . . .
▶

▶ 3d-map of galaxies
▶ 21cm cosmic field
▶ Relic Gravitational Waves...?
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Prospects in 2014
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Example: EW Ist order Phase Transition 2307.01072
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M/keV
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New data and New observables

more Hubble tracers

21cm map

3-d map from Euclid

improved CMB anisotropy

CMB polarisation

relic GW from inflation ?

relic GW from Phase Transitions, etc?

relic BH ?

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 ̸= g2 < 10−11 Z2-invariant Higgs (Φ) portal

∆L =
1
2

gµν
∂µX∂νX − 1

2
M2X 2 +g2X 2Φ†Φ− λ

4
X 4

Higgs particles in plasma change the potential:

g2X 2Φ†Φ → g2X 2T 2/3

Z2 symmerty is broken after reheating by the plasma contribution

t < t⇤ < tsym
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<latexit sha1_base64="g/HPzU0diz6o2wkZOCAed9hBgQo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzU7QwzDMP5sFpz624Osk68gtSgQGtY/RqMYpZGKA0TVOu+5ybGz6gynAmcVwapxoSyKR1j31JJI9R+lp87JxdWGZEwVrakIbn6eyKjkdazKLCdETUTveotxP+8fmrCWz/jMkkNSrZcFKaCmJgsficjrpAZMbOEMsXtrYRNqKLM2IQqNgRv9eV10rmqe4369UOj1mwVcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD3WMj7Q=</latexit>

Veff

<latexit sha1_base64="g/HPzU0diz6o2wkZOCAed9hBgQo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzU7QwzDMP5sFpz624Osk68gtSgQGtY/RqMYpZGKA0TVOu+5ybGz6gynAmcVwapxoSyKR1j31JJI9R+lp87JxdWGZEwVrakIbn6eyKjkdazKLCdETUTveotxP+8fmrCWz/jMkkNSrZcFKaCmJgsficjrpAZMbOEMsXtrYRNqKLM2IQqNgRv9eV10rmqe4369UOj1mwVcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD3WMj7Q=</latexit>

t⇤ < t < tsym

<latexit sha1_base64="m8g9LNOQ4lG96HC9WBH8BnJZKqA=">AAAB9HicbVDLSsNAFL3xWeur6tJNsAjioiRS0UUXBTcuK9gHtCFMppN26GQSZ24KJfQ73LhQxK0f486/cdpmoa0HBg7n3Ms9c4JEcI2O822trW9sbm0Xdoq7e/sHh6Wj45aOU0VZk8YiVp2AaCa4ZE3kKFgnUYxEgWDtYHQ389tjpjSP5SNOEuZFZCB5yClBI3noX9awhn6mJ9HUL5WdijOHvUrcnJQhR8MvffX6MU0jJpEKonXXdRL0MqKQU8GmxV6qWULoiAxY11BJIqa9bB56ap8bpW+HsTJPoj1Xf29kJNImVWAmI4JDvezNxP+8borhrZdxmaTIJF0cClNhY2zPGrD7XDGKYmIIoYqbrDYdEkUomp6KpgR3+curpHVVcauV64dqud7I6yjAKZzBBbhwA3W4hwY0gcITPMMrvFlj68V6tz4Wo2tWvnMCf2B9/gC2VpIf</latexit>

Veff

<latexit sha1_base64="g/HPzU0diz6o2wkZOCAed9hBgQo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jNs1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0buF3n1BpHstHM0vQj+hY8pAzaqzU7QwzDMP5sFpz624Osk68gtSgQGtY/RqMYpZGKA0TVOu+5ybGz6gynAmcVwapxoSyKR1j31JJI9R+lp87JxdWGZEwVrakIbn6eyKjkdazKLCdETUTveotxP+8fmrCWz/jMkkNSrZcFKaCmJgsficjrpAZMbOEMsXtrYRNqKLM2IQqNgRv9eV10rmqe4369UOj1mwVcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD3WMj7Q=</latexit>

t > tsym

<latexit sha1_base64="AYknPY2MQOOChWHWnOrEcDSxbIo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRVdScOOygn1IO5RMmmlDk5khuSOUoV/hxoUibv0cd/6NaTsLbT0QOJxzLzn3BIkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfDvz209cGxFHDzhJuK/oMBKhYBSt9Ig32M/MRE375Ypbdecgq8TLSQVyNPrlr94gZqniETJJjel6boJ+RjUKJvm01EsNTygb0yHvWhpRxY2fzQNPyZlVBiSMtX0Rkrn6eyOjythUgZ1UFEdm2ZuJ/3ndFMNrPxNRkiKP2OKjMJUEYzK7ngyE5gzlxBLKtLBZCRtRTRnajkq2BG/55FXSuqh6terlfa1Sb+R1FOEETuEcPLiCOtxBA5rAQMEzvMKbo50X5935WIwWnHznGP7A+fwBPcmQwA==</latexit>
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Temperature decrease restores Z2

2004.03410

∆L =
1
2

gµν
∂µ X∂ν X − 1

2
M2X2 +g2X2T 2/3− λ

4
X4

X starts from the false vacuum

M-1χmin

M-1χ

6 8 10 12 14
��

1

2

3

at g2T 2
∗ ≃M2 sign changes

and X starts to oscillate
gravitational misalignment

ρDM(t∗) =
M2 ·S2

∗
2

≃
(
M5H∗

)2/3

4λ

And the correct amount of DM by classical oscillating field p = ⟨Ekin⟩−⟨Ep⟩= 0

g2 ≃ 10−12×
(

λ

10−6

)6/5
×
(

106 GeV
M

)2
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First results of Planck (2013)

∆T
T ∼ 1

1000 Spectra are plankian!!
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Cosmic Background Radiation is polarized
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