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Standard Model: Major Problems

Gauge fields (interactions): vy, W=, Z, g
Three generations of matter: L= (¢b), ep; Q= (Zﬁ) dp, Ug

@ Describes
» all experiments dealing with electroweak and strong interactions
@ Does not describe (PHENO) (THEORY)

» Neutrino oscillations
» Dark energy (Qn)

v

Dark matter (Q2pp)

v

Strong CP-problem

v

Baryon asymmetry ()

v

Gauge hierarchy

v

Inflationary stage

v

Quantum gravity

v

Reheating

Must explain all above 7?77
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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)

Black hole physics

Helioseismology vs helioemissivity
@ Origin of the heat at the Earth
New Physics and New Cosmology may be
either responsible for

or testable there
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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

a General facts and key observables

e Mystery of Dark Energy

e Evidences for Dark Matter in astrophysics and cosmology
e Expanding Universe: mostly useful formulas

e Neutrino

@ Dark Matter

o WIMPs
@ Non-thermal mechanisms
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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 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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Outline
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General facts and key observables

Outline

0 General facts and key observables
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General facts and key observables

Universe is expanding
Doppler redshift of light Lo 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

zZ KL 1 Hubble law : z = Hol’ J 2;2,0841, Imzz‘s,s

km

h=~0.
s Mpc 0.68

Ho = h-100

i

F, (107" ergs/sec/cm®/A)
T
Fei §

I
6000 7000 8000 9000
A (Angstroms)

% 15 mw WMM ]
m%” W M M

2 o n
N i

| \ |
2000 2500 3000 3500
X (Angstroms)

Dmitry Gorbunov (INR) Cosmology, 3 November 2023 JINR, AYSS-2023 12/105



General facts and key observables

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

zZ KL 1 HUbee |aW . Z= Hor J z;2,0841, Iwzz‘a,a
2
km < ey
Ho=h-100 —— h~0.68 &
s-Mpc 5
Hubble Diagram for Cepheids (flow—corrected) Tg ¢
standard candles e
2000 " " T T A g ‘i
r ] 6000 7000 8000 9000
L 4 A (Angstroms)
< 1500 F -
2 o 1 =
E 1000 [ q -
= [ 18 -
> r 1% ]
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[ T s
Sy 157 gy
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_500 L L Ll L 1= n
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Distance (Mpc) 0 . i T o
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General facts and key observables

85}
m Distance Ladder (Cepheids) ‘ ‘ ¢ ACDM ‘
KP
80t ) ‘
TH SHOES CHP
) SHOES .
=y ] SHOES
= 75} SHOES * SHOES
. {1
2 [ | L 2 * . 8
=, 70} wmapy  OHOES
WMAP3
< WMAP5
= WMAP7 ** } 3
WMAP1 P15
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2211.04492

Cepheid: m-M (mag)

General facts and key observables

Type Ia Supernovae —> redshift(z)

0=0.135 mag
af ]

73.0,90d0)
3

u(zHy

Cepheids — Type Ia Supernovae L
0=0.130 mag, N=42

Ei
g 4
<
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]
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General facts and key observables

flat — ACDM
67.4703
Planck
—_——
DES+BAO+BBN
g
SHOES
69871
CCHP

736738
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SBF
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——l
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General facts and key observables
Constraints on Hy

Kk CMB
k CMB-+ensin

< BAO+RSD
~BAO+WMAP CMB
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General facts and key observables

Universe is homogeneous and isotropic

redshift

_ A
Z= detector 1
source

30

South cz (1000 km/s)

12434 galaxies ”
10 « 150 Mpc Vi=cCcz
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General facts and key observables
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General fa

cts and key observables

Flat ACDM — Growth Tension

0.834
« Planck CMB TT,TE,EE+lowE Aghanim (2020)
0.832
- Planck CMB TT,TE,EE+lowE+lensing w6+ Aghanim (2020)
0.759
« WL KiDS—1000 Asgari (2021)
0.755 )
« WL KiDS+VIKING+DES-Y1 Asgari (2020)
0.762
« WL KiDS+VIKING+DES-Y1 S Joudaki (2020)
0.716
« WL KiDS+VIKINC > Wright (2020)
0.737
« WL KiDS+VIKING-450 ~=&Hildebrandt (2020)
0.651
« WL KiDS-450 o Kohlinger (2017)
« WL KiDS—450 =&~ Hildebrandt 2017)
0.773
« WL DES Y1 3x2 tpf Fo Abbott (2018)
0.782
WL DES Y1 S8 Troxel (2018)
0.804
« WL HSC-TPCF =S Hamana (2020)
0.78
* WL HSC—pseudo—C —e— Hikage (2019)
079
- CC SDSS-DRS —o— - Costanzi (2019)
0.77
- CCROSAT ——1  Maniz(2015)
0.65
+CCDES Y1 —8— - Abbott (2020)
0.785
+CC Planck (SZ Salvati (2018)
0.792
+CC Planck (SZ Ade (2015)
0.749
+CCSPT—SZ ——0—— - Booquet (2019)
0.83
+CC XMM-XXL —— & Pacaud (2018)
0.7
+«RSD —— Benisty (2021)
0.747
-RSD =8 Kazantzidis (2018)
0.4 0.6 0.8 Lo
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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®
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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 ] normalization!)
10718 4 is thermal
o E 3
N [ b
E 107191 t
I E 3 —
5 i —— 2726 K blackbody } ] ny=411cm=3
o 3 E
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 0 Princeton ground & balloon
U 4 Cyanogen optical ]
10722 Il Il Il
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

AS? =2 AP — &2 (1) Ax?
in GR expansion is described by the Friedmann equation
a 2 2 erg
- energy
(5) =H (t) G densny
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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General facts and key observables

Astrophysical and cosmological data are in agreement

2.0

energy

radiation:
Baryons (H, He):
Neutrino:

() -0

Pgensity = Pradiation +pmaner

Pradiation 1/34(t) o<

3H§ energ _ 5 Ge
811G _pdens|t§(t0)zpc%0.53>< 10 ey

I energy
q G density

ry dark
+Pmatter TPA

Pmatter o< 1 /as(t)

\"
3

nyPV—osmo —4
QB:PB—oos
QV:%<0.01

W

Dark matter:
Dark energy:

QDM—PDM =0.27
Q/\*p"*068
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General facts and key observables

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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o General facts and key observables

e Mystery of Dark Energy

Q Evidences for Dark Matter in astrophysics and cosmology
0 Expanding Universe: mostly useful formulas

e Neutrino

e Dark Matter

e WIMPs
@ Non-thermal mechanisms



Mystery of Dark Energy

Dark Energy: nonclumping matter?

2.0

@ estimates of Matter contribution confined
in galaxies and clusters
pc —pw # 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

pr = 0.68p¢ )

pr~ 105 GeV/ecm® ~ (10115 GeV)* J
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Mystery of Dark Energy

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~ pmatter 7 Why ps ~ ppm ~ pa today?
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Evidences for Dark Matter in astrophysics and cosmology

Outline

e Evidences for Dark Matter in astrophysics and cosmology
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Evidences for Dark Matter in astrophysics and cosmology

Astrophysical and cosmological data are in agreement

2.0

energy

radiation:
Baryons (H, He):
Neutrino:

() -0

Pgensity = Pradiation +pmaner

Pradiation 1/34(t) o<

3H§ energ _ 5 Ge
811G _pdens|t§(t0)zpc%0.53>< 10 ey

I energy
q G density

ry dark
+Pmatter TPA

Pmatter o< 1 /as(t)

\"
3

nyPV—osmo —4
QB:PB—oos
QV:%<0.01

W

Dark matter:
Dark energy:

QDM—PDM =0.27
Q/\*p"*068
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Evidences for Dark Matter in astrophysics and cosmology

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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Evidences for Dark Matter in astrophysics and cosmology

Matter distribution in the Mllky Way 1706.09850

- 102
109 -\ T
. 108 \‘»\ ] 1
i \\\\ i \\\\ < 100
‘ L] g0
107 %z
g )
- N N >
= o
ey 102 &
10° [
NFW best fit ——
L Stars ................
dustandgas ------ -
baryons R - 10
108 \ \ \ | e
0 5 10 15 20 25 30

r/ kpc
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Evidences for Dark Matter in astrophysics and cosmology

Dark Matter in clusters

X-rays from hot gas in clusters

dP GM(R)

‘R
. I, f— 2
o= —hne(Rymy= | M(R) 47;/0 p(r)riar,

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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Evidences for Dark Matter in astrophysics and cosmology

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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Evidences for Dark Matter in astrophysics and cosmology

Dark Matter in clusters

gravitational lensing
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Evidences for Dark Matter in astrophysics and cosmology

Colliding clusters (Bullet clusters 1E0657-558)

56’
56'

57

57

-55'58"
-55'58"

6"58m42° 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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Evidences for Dark Matter in astrophysics and cosmology

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
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Evidences for Dark Matter in astrophysics and cosmology

Astrophysical and cosmological data are in agreement

2.0

energy

radiation:
Baryons (H, He):
Neutrino:

() -0

Pgensity = Pradiation +pmaner

Pradiation 1/34(t) o<

3H§ energ _ 5 Ge
811G _pdens|t§(t0)zpc%0.53>< 10 ey

I energy
q G density

ry dark
+Pmatter TPA

Pmatter o< 1 /as(t)

\"
3

nyPV—osmo —4
QB:PB—oos
QV:%<0.01

W

Dark matter:
Dark energy:

QDM—PDM =0.27
Q/\*p"*068
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Evidences for Dark Matter in astrophysics and cosmology

Inhomogeneous Universe

Large Scale Structure CMB anisotropy
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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 — v+ H*)

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

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

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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Expanding Universe: mostly useful formulas

Outline

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

Einstein equations

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

T = diag(p. —p)

ds? = di* — & (t)y;dx’adx! |

1 1
SEH:—%/d“x =GR : Ruv—50uR=81GT,,

N 2
a 8w »
(00): <a> ~30 -2
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Expanding Universe: mostly useful formulas

N 2
Friedmann equation ~ (00): (é) —81Gp =

a 3 a2

. .a
V,T"=0 — p—|—35(p+p):0

the equation of state
p=p(p)

many-component liquid, other equations
in case of thermal equilibrium

dp
—3d(Ina) = =d(Ins
(na)= "> =d(ins)

entropy of cosmic primordial plasma is conserved in a comoving frame

sa® = const
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Expanding Universe: mostly useful formulas

Examples of cosmological solutions

radiation: p=1%p singular at t = ts
_ CC;Tt . a(t)=const-(t—t)2, p(t)= (ff”;z m
=0, HO=2(0= 0. p= g =
In case of thermal equilibrium T =const/a
Pb= g;ng4 . pr= ;:,7:(2)91‘7-4
2

T
p=_—=

7
309 9 Eb gb+8§f 9r=9-(T)
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Expanding Universe: mostly useful formulas

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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Expanding Universe: mostly useful formulas

Friedmann equation for the present Universe

N\ 2
a 8r
H? = <a> 7G(PM + Prad + PA + Pour)
8n > 3
- __ = 7H2
3 Gpcurv aza Pc 87'L'G 0
GeV
Pc = Pw,0 + Prad,0 +PA0 = pc =0.52-10" > omd for h=0.7
Px,0
Qy =2
X Pc

(g>2 _ %Gpc |:QM (%0)3—|-Qrad (aa()) + Qn + Qeurv (E:) }
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Expanding Universe: mostly useful formulas
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Expanding Universe: mostly useful formulas

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
desrtuction:

G(A—|—X — C+ B)nAnX, I'(X — F+ G)nx . Mx/Ex, etc

Fast direct and inverse processes, ' = H, are in equilibrium,
Y()=0 and thermalize particles
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Expanding Universe: mostly useful formulas

27K TODAY 14 by
accelerated expansion
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o General facts and key observables

Q Mystery of Dark Energy

Q Evidences for Dark Matter in astrophysics and cosmology
Q Expanding Universe: mostly useful formulas

© Neutrino

e Dark Matter

@ WIMPs
@ Non-thermal mechanisms



Neutrino

Neutrino freeze-out

T > me ete < vy, eve ev

oy ~ GZE?

neutrino interaction rate

i 1 , 8z _, T
YT loonv) T GETS 3309 T Mz

AN
Tv.f~< *> ~2-+3MeV
’ GEMp,
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Neutrino

Helium abundance (NO chemical equilibrium)

Neutrons remain mostly in helium

’
Nape(Tns) = Enn(TNS) :

neutron-to-proton ratio

Mn(Tns) 1 s -4 1
np( TNS) 5 7’

Maye - n4He( TNS) . 2

Mp (Np(Tns) +nn(Tns))  TelTns) | 4

Yp = X4He =

T~ 880 s

from observations of relic helium abundance:

AN, ¢ <0.2,
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Mass fraction

*He/H, D/H

"LirH

: m
Neutrino N
1707.01004 Measurement of ng = ng/ny
o atT~1MeV
107
T LA T L =‘0J\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
L ] g ]
026 — = ]
i BN toe
024 = = + ¢ Y -
L 4 = j
B He 7 ++
0223 1 1 1 T N T I B sl + i
f& EI T T 1T I T T v ]
= T B S B I I B
e -4.5 -4 =35 -3 -25 -2 .15 -1
10 3 [O/H]
10° ;—: = 2= Lack of Lithium. .. Exotics needed?
-6 F
10
T T @ @
9
10
-10
10
1 10
n><1010
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Neutrino

Cosmological limits: sub-eV scale... 14 years ago!!

06 [ p
18 = 0.4 i -:
1.4 2. |
% 1.2 E> i :
o 0.2 |! 7
E> 0.8] H i
N 0.6 |
0 o '
0 ‘ 0.’3 Qr:.SS 0.4 0.45 0.5
LRG+BAO+WMAP5+SNe+BAO CMB+Hubble measurements
Yy m, <0.28 eV (95% CL) Yy m, <0.20 eV (95% CL)
0911.5291

0911.0976
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Neutrino

Baryogenesis

Sakharov conditions of successful baryogenesis

@ B-violation (AB#0) XY--- = X'Y'...B
@ C- & CP-violation (AC#0,ACP#0)XY--- > X'V ...B
@ processes above are out of equilibrium XY ..B=XY...

At 100 GeV< T <102 GeV nonperturbative processes (EW-sphalerons) violate B, Ly, so that
only three charges are conserved out of four, e.g.

B—L, Le—Ly, Le—L,
and B=ax(B-L),L=(a—1)x(B-L)

Leptogenesis: Baryogenesis from lepton asymmetry of the Universe ... due to sterile neutrinos

Why Qg ~ Qpy ? antropic principle?
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Dark Matter

Outline

@ Dark Matter
o WIMPs
@ Non-thermal mechanisms
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Dark Matter

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) Cosmology, 3 November 2023 JINR, AYSS-2023 58/105



Dark Matter

Dark Matter Candidates

WIMPs (neutralino, .. .)

sterile neutrinos

gravitino

axion

Heavy relics

(Topological) defects

Massive Astrophysical Compact Halo Objects
Primordial black hole remnants

Dmitry Gorbunov (INR) Cosmology, 3 November 2023
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Dark Matter WIMPs

Freeze-out of nonrelativistic Dark Matter

Assumptions:

@ no X — X asymmetry either X = X or ny = g
@ @ T < My in thermal equilibrium with plasma (e.g. neutrons)

M, T 32 —My/T

nx_nx_gx< o ) e
XX — light particles
freeze-out temperature T H=T2/M:, M= M,/1.66,/0.
M,
nx <Gannv> = H(Tf) — Tf = g)(M—X/W*G .
i (2550

( (271,)3/2

Bethe formula: s-wave: Ognn = X

v
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Dark Matter ~ WIMPs EIR

Weakly Interacting Massive Particles

. . T2
density after freeze-out: . nk(T¢) = M;,fco
present density: nx(To) = (%) n(T7) = (%) ne(Ty) < 1

X + X contribution to critical density:

M, My o

soln (&Mt
Q= QM —76 ( (2m) )
Pc pcooMei\/g:(Tr)

(10 TeV) 2 10 MiMoo\ 1
= 01 0 |n 35 o BY ™)
Go 9.(T) \ (2m)®? ) 2h
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Dark Matter WIMPs

WIMPs: discussion

2 "
0o 9:(Ty) (2n)¥/ 2h

@ natural DM: subweak-scale cross section op ~ 0.01 x oy
say, My ~ 1 TeV or X is not a weak gauge eigenstate

@ naturaly “light” unitarity o9 S ,‘\‘/I—’é — My <100 TeV

@ all stable particles with smaller oy are forbidden !!
@ WIMPs remain in kinetic equilibrium with plasma till T ~ 10 MeV

this is Cold Dark Matter, vgp/yp < 1072

WIMPs may form dark halos (clumps) much lighter than dwarf galaxies
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Dark Matter WIMPs

Weakly IMPs are mostly welcome (e.g. LSP in SUSY)

We can fully explore the model !!
@ Direct searches for Galactic Dark Matter (v ~ 1073) a hit

X +nuclei — X +nuclei+ AE

@ Can search for WIMPs in cosmic rays: products of WIMPs
annihilation (in Galactic center, dwarf galaxies, Sun) o< 1P

X+X—pp, ete, v.y,...
@ Can search for WIMPs in collision experiments (LHC): missing

X+X<+<SM+SM +...
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Dark Matter WIMPs

Prospects in WIMP searches

107 107!
10738 1o
— 107 | 103 _
E 1040 . \ 2o o+ &
£ 1074 1073 .§
g 1042, 1076 §
2) 1]
2 10-43 -7 @
z 10 = 10 g
S 044) 21078 g
]
< 104 00 g
Flg 10746 110710 Ig
g -9
S 1047, =
B 10—48, ,10—12 =
1049 o7
-50 ! ‘ ‘ 14
10 0.1 10 100 1000 1(%!‘0
WI eV/c?] M.Girelli (2015)
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Dark Matter

WIMPs

Constraining the DM model parameter space

. 0 ) : / 2
Effective xj-proton cross-section ogp, , (cm*)

IceCube Collaboration 2016

107%
10736 =
10—37 -
10738 L
10—39 L
10740 L
10—41 L
10742 L
10743 L
10—44 L
10745 L

T T

o

A

EN
\

b 4
" %y
Well-tempered
neutralinos

MSSM-25 benchmarks

b 4 excluded at >90% CL
tension (68% — 90% CL)
* allowed

B—g

coann.

Area where essentially
all MSSM models are_|
excluded by IC79

MSSM models not
excluded by IC79

o
X~ coannihilation

+*

*Pure h I

*A funnel

10*
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102

103

Dark matter mass m, (GeV)
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Dark Matter WIMPs

Present indirect limits on DM annihilation (clumps..)

All ID constraints

M.Cirelli (2015)
10“19; T T T T TT1TIT T 7 T T TITIT T T T T TTITIm T T T T TTTTT T T 1Ty
% y-rays p CMB v . E
100L ppy— —— —
Fobb— —— —-
1027 EWW— —— —-

status circa 34t ICRC

10722 L (summer 2015)

10728

107

Annihilation cross section (av) [cm3/s]

10725

thermal cross section
10728

\

=
-
e - /N\\S P

10—27 1 1 Lol 1 1 Lt 1 1 I 1 1 Lt 1 1 Loy
10 10? 10° 104 10°
DM mass [GeV]
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Dark Matter ~ WIMPs an
LHC limits for annihilation 1502.01518
'E' T T T T T T 1T I T T T T T T TT I T T T T T 1T I
o 10 '8 - ATLAS 95% CL V§_8TeV 20.3 b
1 0—19 —_— 2 < (:grsrgi—é_oAL dSphs (XX)MaJoranaE) ud, 4 yeafrls)
/\ 1 0_20 —_— 2% ( (XX)Majorana qq, Einasto profile)
—_— 2x (HESS 2011 (X%),,..,...— 99 NFW profile)
> -21 ajorana
10 D5: Xy qu Wa = (XX,
1022 = D8: Xy'ySxdy LY°a— (XX)D.rac
|><1 o 23 — — truncated, couphng —.1
9 ————— truncated, max coupling
1 0'24 ——— thermal relic
1072° —
107° =
-27 —u -
1 O o - / — - -
1 0- — - _-- --"
10298 -~
10°%°
10_31 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
3
1 10 107 10
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Dark Matter WIMPs

If thermal CDM but not Weakly IMPs?

We still can study the model if DM annihilates (partly) into SM particles

@ But DM particle X can be light and feebly coupled (t-channel)

4
op~ —=
2

MX

& is not a gauge coupling within GUT !

With small oy one needs entropy production

op may be increased by s-channel resonance, My ~2My

annihilation can be amplified by co-annihilation channels, X + A — SM

With light messangers between Dark and Visible sectors many estimates
change, say oy = op(Vv)

DM interaction at freeze-out and now are not the same
say, Sommerfield enhancement of the annihilation of slow particles v ~ 10~3
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Dark Matter Non-thermal mechanisms

Dark Matter: non-thermal production

@ in the primordial plasma of SM particles
(via scatterings (freeze-in), gravitino
via oscillations): sterile neutrino of 1-50 keV

@ at phase transitions:
axion of 1074 —10"" eV
Q-balls
strangelets (?)

© during reheating (after inflation?): black holes
any guy coupled (only) to inflaton
» perturbatively: inflaton decays
production by external (inflaton) field
» non-perturbatively: Bose-enhancement of
coherent production by external field

© while the Universe expands:
gravity produces any particles at H ~ My
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Dark Matter Non-thermal mechanisms

lllustration with a simple example of scalar DM

most general renormalizable coupled to SM:
Zy-invariant Higgs (®) portal

1 1 A
AL = 50" 9, 50,S~ Em252+g?s2q>w> - Zs4
Options:

@ freeze-out: sufficiently large g2

g

OphsssXMhZH — 0ss,. =00, €9. ———5 5 =00
(4r...)2m3

@ freeze-in: intermediate g®

gt _aMp .

ns+3Hns—th%ssnh - — _#/dTSHT T2 ms

Qg gt — g?~10" still natural...
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Dark Matter Non-thermal mechanisms

Free massive scalar field g°=0

1 1 55
Z = ég“v8”¢8v¢ - §m¢¢
Homogeneous scalar field in the expanding Universe
¢ +3Hd+m59 =0

Two-stage evolution:

my < H(t) = ¢ = ¢; = const

my > H(t) = p=(E)—(Ep)=0, p~mi¢®ec1/a

1/2

e dust-like substance in the late Universe, Q e m,’“¢7
depends on initial conditions

@ presureless at spatial scales / > M},{z/pV“m;/z fuzzy DM
@ isocurvature mode: dpy < SH, &f;
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Dark Matter Non-thermal mechanisms

scalar DM without dependence on initial field

0#£g%><107 Z»-invariant Higgs (¢) portal

Ay — %g“"8u88v8— %mZSZ + 9?2 — %s“

Higgs particles in plasma change the potential:

g°SPoTe — g°S°T?/3

Z> symmerty is broken after reheating by the plasma contribution
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Dark Matter Non-thermal mechanisms

Temperature decrease restores 2o

2004.03410
1 1 502, 20272 A o4
A,f/:ég“ a,lSQVS—Em S°+g°S°T /3—28
S starts from the false vacuum

1 at g2 T2 ~ m? sign changes
oM X and S starts to oscillate
M x gravitational misalignment

m2. 82 (m5H*)2/3
pom(t) = —5— =

Mt

L n L L L
6 8 10 12 14

And the correct amount of DM by classical oscillating field
6/5 2
g2210‘12>< A / o 106 GeV
10-6 m
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Dark Matter Non-thermal mechanisms

Dark Matter: many well-motivated candidates

e WIMPs related to EW scale, SUSY
@ sterile neutrinos active neutrino oscillations
@ light scalar field string theory
@ axion strong CP-problem
@ gravitino local SUSY
@ Heavy relics GUTs
@ (Topological) defects GUTs
@ Massive Astrophysical Compact Heavy Objects

@ Primordial black hole (remnants) Phase transitions

exotic inflation, reheating

Multicomponent Dark Matter ?

Y, v, H, He
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Dark Matter Non-thermal mechanisms

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

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

Dmitry Gorbunov (INR) Cosmology, 3 November 2023 JINR, AYSS-2023
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Dark Matter Non-thermal mechanisms

Weakly Interacting Massive Particles

Assumptions:
@ no X — X asymmetry Ny = Ny
@ @ T < My in thermal equilibrium with plasma

M, T\ 3/?
nX:n;(:gX< 2)(7.[) eiMX/T

XX — light particles

freeze-out temperature T M; = Mp;/1.66,/g.
1 1 M
— =HN(T) = Ti= .
] T )

Bethe formulae: S-wave: oany = 2
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Dark Matter Non-thermal mechanisms

Weakly Interacting Massive Particles

density after freeze-out: n(T¢) =

3
present density:  ny(Tp) = (2&3) n(Tr) = (S(s%)> n(Ty) o< +-

X + X contribution to critical density:

Soln (QXM$|MXGO)

. — oMx(To) _ @en)?
X — - — .
Pc PcooMei\/g:(Tr)
_o4. (010 TeV) 2\ 03 o [ @MaMoo ) 1
’ 0o 9.(T7) (2n)3/2 2h?2

2
Tf
Mg, 00

0<M7X

natural dark matter:  op ~ O 01 x ow

0 <AZ s My <100 TeV

naturaly “light” S
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Dark Matter

Non-thermal mechanisms

Recent results of (in)direct searches

103! — T
-= CMS MonoJet

1 0,33 == CMS MonoPhoton
— CDF 2012
s E " XENON-100
10 CoGeNT 2011
CDMSII 2011

10°% CDMSII 2010
10

10*

x-Nucleon Cross Section [cm?]

10

a) Spin Independent

CMS
Vs=7TeV

JL dt=5.010"

1

§—
o

-45
10 1 1

for WIMPs

there are analyses for lower mass ranges and other type of interactions:

Dmitry Gorbunov (INR)

10

1206.5663

10?
M, [GeV/cF

103! T T
-=- CMS MonoJet

—+ CMS MonoPhoton

-33
10 — CDF 2012
SIMPLE 2010
10 CDMSII 2011

COUPP 2011
Super-K W'W

37
10 *= lceCube W'W

10

10*

x-Nucleon Cross Section [cm?]

10

b) Spin Dependent

CMS
Vs=7TeV

TR

IL dt=5.0fo

| Lol e nd

o A

9 0-451 :

10

e [cm?]

Excluded by
XENON10

e.g. 1206.2644

Cosmology, 3 November 2023

10 100
Dark Matter Mass [MeV]
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Dark Matter Non-thermal mechanisms

Decoupling of relativistic specia (DM?)

Thermal equilibrium is forbidden:
T4 > My, and then ny /s = const

Q3/2:n’?x-n)(_o:IT)X.Son)(’o702 MX (g)()( 100 > 1

Pe pe S 100eV\2/ \g.(Ty)/) 2h2

@ If fermions: limit from Pauli-blocking

@ Generally: too hot at Equality:
from structure formation we need at Tgg ~ 1€V, vpy <1073

NB: for My = 100 eV at Equality (Tg, ~ 1eV) X-particle velocities are ll
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Dark Matter Non-thermal mechanisms

Decoupling of relativistic specia (DM?)

Thermal equilibrium is forbidden:
T4 > My, and then ny /s = const

Q3/2:n’?x-n)(_o:IT)X.Son)(’o702 MX (g)()( 100 > 1

Pe pe S 100eV\2/ \g.(Ty)/) 2h2

@ If fermions: limit from Pauli-blocking

@ Generally: too hot at Equality:
from structure formation we need at Tgg ~ 1€V, vpy <1073

NB: for My = 100 eV at Equality (Tg, ~ 1eV) X-particle velocities are ll v ~ 102
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Dark Matter Non-thermal mechanisms

Other Dark Matter candidates are not in equilibrium!

WIMPs (neutralino, ...) <= thermal !

sterile neutrinos «= Price: sensitive to mass and couplings!

axion «= Price: sensitive to mass and (=couplings)!

gravitino <= Price: sensitive to mass, couplings and reheating temperature !!!
Heavy relics

(Topological) defects

Massive Astrophysical Compact Halo Objects

Primordial black hole remnants
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Dark Matter Non-thermal mechanisms

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

WDM

2304.06742
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Dark Matter Non-thermal mechanisms

DM keV sterile neutrino

Sterile neutrino of keV scale mass provides the Warm Dark Matter
Relevant parameters: mass My ~1-10keV and active-sterile neutrino mixing angle 6 < 1

Bounds on mass

@ Phase space density (refined Pauli-blocking): My 2 0.3 keV
@ Lyman-« forest: My 2 10 keV

Bound on mass My and mixing angle 6

@ X-ray observation: N — v 47, a peak at wy, = My/2 of intensity o 02
Production mechanism

@ Dodelson-Widrow (thermal) scenario: v4 — N due to mixing,

pp o< 62
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Dark Matter Non-thermal mechanisms
B C T T T 1T I T T
107 LMC
(XMM-Newt
-6
10 &
e 8
[e\l
g 10
7]
-10
10
case 1 - 2 (mean)
Eoreree absolute upper bound
10_12 — | ——— absolute lower bound
1 1 1111 I 1 1 1 1 1111 I

10° 10"

M1 / keV
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Dark Matter Non-thermal mechanisms

DM keV sterile neutrino

Sterile neutrino of keV scale mass provides the Warm Dark Matter
Relevant parameters: mass My ~1-10keV and active-sterile neutrino mixing angle 6 < 1

Bounds on mass
@ Phase space density (refined Pauli-blocking): My 2 0.3 keV
@ Lyman-« forest: My 2 10 keV

Bound on mass My and mixing angle 6

@ X-ray observation: N — v 47, a peak at wy, = My/2 of intensity o 02
Production mechanism

@ Dodelson-Widrow (thermal) scenario: v4 — N due to mixing,

p o< 62
is ruled out
@ Primordial abundance: physics at higher energies

» Lepton asymmetries
» Production from inflaton decay
> etc.
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sin? (26)

Dark Matter Non-thermal mechanisms

10-10 Chandra and =
{1M_M1é)°||(i)v) Suzaku Fermi-GBM
(10 - 20 keV) (20 - 50 keV) i

10—11

10—12

BBN Limit
(model-dependent)

10—13
== SRG/ART-XC 2023 2 years all-sky data
== SRG/ART-XC 2023 2 years expected
— NuSTAR 2023 Galactic Halo

NuSTAR 2020 Galactic Bulge

I 1 L L 1
6 10 20 30 40
Sterile neutrino mass ms (keV)

2303.12673
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Dark Matter Non-thermal mechanisms

Free scalar field as Cold Dark Matter (axion)

Homogeneous scalar field ) )
¢ +3Ho+mPp =0

at m< H noevolution: ¢ =const, at m>H itoscilates, so
1 (do\E m? B 1 (do\E m? o, B
p=3 (%) + T lE0HE) =26, p=5 (%) - 59t = (B0~ (En=0.

behaves as nonrelativistic (dark) matter (dust-like component) !!

nonperturbative CP-violation in QCD

Lo = & (60-+Arg (Detily) ) G2, G4V @ = g -0- G2, GV 2. J
6—>§(x):6+09@ .
fra
2 5\> m2 .
2= (G) "

Ma(T)~0,T>Ngep and ma(T) ~ My~ myfy/fpq

> [(4-1078eV\ 1
Qago.ze,?.(T).ﬁ
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Dark Matter Non-thermal mechanisms
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https://cajohare.github.io/AxionLimits/

Cosmology, 3 November 2023 JINR, AYSS-2023

88/105



Dark Matter Non-thermal mechanisms

Inhomogeneous Universe

Large Scale Structure CMB anisotropy
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Dark Matter Non-thermal mechanisms

Small inhomogeneities in the expanding Universe

matter perturbations (perfect fluid approximation)
o —p(t)+8p(n,x), TP —dv(n,x), T — 8p(n,x)
gravitational perturbations (scalar and tensor modes)
ds? = (1) [(1 +20(n,%)) dn? — (1 +2W(n,x)) dx2 — h,jTT(n,x)dx’dxf]

Equations for linear perturbations, ép/p =8 <1, ® < 1, etc

1

VuTH =0 — ...
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Dark Matter Non-thermal mechanisms

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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Dark Matter Non-thermal mechanisms

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

03]

te t, t, t
Ia b & I1a ITb t 111
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Dark Matter Non-thermal mechanisms

On formulas. ..
@ short waves, Kneq > 1 R =3pp/4py
Q log(0.2kNeq)
=P - |— . 2 CDM 10g\Y.2KMeq)
5y =) [ 324-(1+Rg) I7(Qm) Q0 (14 Zeq) (kno)?

6 n
- k A
+(1+RB)1/4cos< /0 dnus)} 5

@ long waves, k1 < 1

12
oy = _Fcb(i) = const
@ intermediate waves ...

n
3y0cm) =41 + Ra(m] o, n) + 40 (0)-Alk.m)cos (K [ usdf )

Dmitry Gorbunov (INR) Cosmology, 3 November 2023 JINR, AYSS-2023 93/105



Dark Matter Non-thermal mechanisms

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 n
coordinate size of the horizon equals

n(t)=J dn
tat
I

T
~—~~
~
~
I
V)
~—~~
~
~
=
—~~
~
N—r
|
—~
N—r

_ _ 2 _ 28 _
/H(t)_sz‘_H(t), Iho=2.6x10%cm (h=0.7)
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Dark Matter Non-thermal mechanisms

Last scattering: ye — ye

81 a? 1
— — ~0.67-10"2* cm? =
Or = 3 g ) Ty GT'ne(T)

last scattering: T (Tr) =~ H '\ (Ty) ~ &

T,=026eV, z=1100, t =370000 yr

for general processes one should solve kinetic equations

an X
at

— +3Hny = / (production — destruction)

o - cd (ngB) — B
Boltzmann equation in a comoving volume: § (na®) =a° [ ...
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Dark Matter Non-thermal mechanisms

Recombination: horizon

matter domination: e = 2IR
81 81 a\® e8rn
H2 3 GPM(tr) 3 GPMO ( O) S ?GPCQM,O(“ +Zr)3 .
T _ 2 1
at recombination: hr = Foy/@ (1120072
today /H,I’(to) = /H,I' X 3_? = Hoﬁm \/_114»72,
n

I
o /142 ~30

/H,r(tO)

X
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Dark Matter

Recombination: angle

angular distance: Oph = ra(z) A6

)
Xr= /
tr

dt

a(t)’

_ /H,r
’ ra(zr)

deonf = Sinhyr A6

ra(zr) = (1+2z,)"'- ap - sinhy,

1

A= ——
r vzr+1

3 chrV:Q/\:O.

NG, — 1 2+/Qcurv [
r — .
Vzr+1ginh (2, /QCU,V/QM/)

/—/17‘1”
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Non-thermal mechanisms
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Acoustic oscillations in
relativistic plasma:

What matters is the sound
horizon:

Isr =l vs = /H.,r/\/§

Then A6, s =
1 1 180° -
— X ——~1°
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Dark Matter Non-thermal mechanisms

3 T T T T T T T T T T T T T
20 0.04 e
0.03 ! =
1 r 17
0.02 |- 11
0.01 [ 1]
0.3 C 1
= or il
hve r ]
0.1 o1 b : : -
L 50
0.04
0.02 -
0.00
7002 i 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 ]
50 100 150
0.0 0.5 1.0 Comoving Separation (h™! Mpc)

110/0.7Mpe = hy (1) x / VB = I, /VB/V/ 1+ 21
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Dark Matter Non-thermal mechanisms
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Dark Matter Non-thermal mechanisms

Mode evolution

@ Amplitude remains constant, while superhorizon, e.g. k/a< H

@ Subhorizon Inhomogeneities of DM start to grow at MD-stage, 6pcpu/pcpm o a from
T~0.8eV
Smaller objects (first stars, dwarf galaxies) are first to form

@ Subhorizon Inhomogeneities of baryons join those of DM only after recombination,
SPCDM/pCDM o< afrom Tree =~ 0.25eV

@ at recombination §pg/pg~ 8T/T ~10~* and would grow only by a factor Trec/ T ~ 103
without DM

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

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

I v dt
8py/py o< cos (k /0 ;( t)> = c0s(Klsouna)

8T(6,9) =Y amYim(6.9), (@mam) = Cr=2r2,/(I(1+1))
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Dark Matter Non-thermal mechanisms

Mode evolution at various stages

|61 ]

°<t2/3

o t_2/3

fr b lace |t
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Dark Matter Non-thermal mechanisms

On formulas. ..
@ short waves, Kneq > 1 R =3pp/4py
Q log(0.2kNeq)
P . 2 SLCDM g Meq
8y =0 | ~324-(1+ Re) P52 (1 -+ 23q) PO 20T

6 n
-2 k =
+ (1+RB)1/4COS( ./o dnus>] ,

@ long waves, k1 < 1

12
oy = _Fcb(i) = const
@ intermediate waves ...

n
3y0cm) =41 + Ra(m] o, n) + 40 (0)-Alk.m)cos (K [ usdf )
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Dark Matter Non-thermal mechanisms

On top of that: propagation in expanding Universe
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Dark Matter Non-thermal mechanisms

On formulas. ..

From linear approximation to the geodesic equation. ..
for scalar perturbations

677:,- (n,mo) :%5?/(1‘”) +(®(nr) —®(n0))

[ (@ —wydn
Nnr
+nv(n,) —nv(mno).

for tensor perturbations

(" Mo) / dnnihi™'n;,
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Dark Matter Non-thermal mechanisms

CMB measurements (Planck) 6,Qppy, g, T, A%, Ns

Angular scale
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