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Convention of GR description

metric
ds? = guv(x)dxHdx¥, u,v=0,1,2,3 signature (+,—,—,—) J

Ix'H IxT dxP
XM — X (xM) B/v‘jl(x’): IX 9X7V 9xh o (X)

invariant volume [ d*x,/—g
/d“x — /d4x¢fg

9uv(x) is the dynamical variable Tuv o< Guv\

/ d*xy/=g A

v
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Dark Energy: nonclumping substence?

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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Convention of GR description

metric

ds? = guv(x)dxHdx¥, u,v=0,1,2,3 signature (+,—,—,—) J
IxH IxT dxP
xH = XM (xt) By (x) = x5 9577 3,0% B (X)
Christoffel symbols: AR (R) = AH(x) — F’Vl/1 (x)AV(x)dle
Covarinat derivative AR (X) — AL (%) = Vy AR . dxVY
Vy AR (x) = dy A (x) +TH, (x)A*
if rf,=ry, and V,g,;=0 Au=A'guy
1
i = 59" (9vGpr +9.9pv — 9pGu2)
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Free particles in the expanding Universe

FLRW metric Juv

ds? = g dxiax” = df2 — 22(t)dl? = dt? — a(t)yaxicd

Special frame: different parts look similar
it is comoving: world lines of particles at rest are geodesics,

derive it &3
d:” +E Ut =0
particle trajectory x* (), choosing t = s, we define u* = dx* /ds
S:—m/ds:—m/ guv%%dr
Vij = Oj J
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Free particles in the expanding Universe

Photons in the expanding Universe

= _*/d4x\/79uv vap

dt = adn conformally flat metric

ds? = d* — 2 (t)§adx'dx) — ds® = &2(n)[dn? — §;dx’dx’]

S=-3 [Py AL = effen=ix -k~ K

Ax=2n/k, An=2n/k

A(t) = a(t)Ax = 27:355)  T—a(t)an = 2nag(t)
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Free particles in the expanding Universe

Redshift and the Hubble law Ay = )L,-% = Ai(1+z(t))

for not very distant objects 1pc~3 IyJ

a(t) = ao—a(to)(o—t) — a(t) =ao[1 — Ho(to — ;)]

Z(t)=Ho(to—ti) = Hor, z<1
km

Ho=h-1
0 00s-Mpc’

h=0.675+0.005

k

similar reddening for other relativistic particles (small H, H, etc.)
P=2am is true for massive particles as well
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Free particles in the expanding Universe

Gas of free particles in the expanding Universe

homogeneous gas dN = f(p, t)d*Xa®p = const
in comoving coordinates:

dN = f(k,n)d®xd®k = const, d®x =const, d°k = const

Hence  f(k,n) = f(k) = const

comoving volume equals physical volume
d*xd’k = d®(ax)a® (';) = d*Xad®p
f(p.1) = f(k) = f(a(t) -p) .
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Free particles in the expanding Universe

Massless bosons (photons) fermions )
v (IRl _ 1 1
fl(p) = fPl < = (271_)3 e‘P|/Tl 1

0= (F) - (s55)

=

Ter(t) =
(t) J
decouplingat T>> m: neutrinos, hot(warm) dark matter
decoupling at T<m: thermally produced cold dark matter (e.g. WIMPs)
f(p)= @ P ( mTi“’) exp (f §2n5;)2p72> @l calculate fy(p) for neutrinos
_ 1 M — Yt PP
fp.0) = (2r)® P ( Terr ) P ( 2mTeff>
Ton(t) = (2 2-,-, m— perr(t) _ m—u;
M \a(ty) Tt T
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Free particles in the expanding Universe

Convention of GR description

metric inv:  [d*xy/—g
ds? = guv(x)dxHdx¥, u,v=0,1,2,3 signature (+,—,—,—) J
Ix'H IxT dxP
X — X (xH) B/vuk(xl): X% IxX"V dx'* %,(X)

Christoffel symbols: Vi Al (X) = Oy AR (X) + T (X)A*(x)

M = 29" (9vGpn + 9 Gpv — FpTva)

Riemann tensor

A A_ A B 5k n n n
V VyA* -V, V, A _A‘yl?(,”v7 RMP_alrvp—a,,rvfrr“rgp—raprgl

Ricci tensor and scalar
Ryuv = R*

TV _ piu
wv, A=gYRnw=R",,

v
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Free particles in the expanding Universe

Einstein equations

ds? = di* — &(t)ydx’ax! |

1
SEH = — 61 G/d4X —9R : R[,LV_EQIJVRZSﬂGT”V

3 . .
Roo=-3_. Roi=0, Rj=(aa+2&+2x)y;.

a &
R=g""Ruv = - (éIJraﬁ+ %>

T,v: macroscopic description 3 [d*xy/=gTuv 89"
Tuv = (P+p)uuly — Guvp liquid with p(t) and p(t)

in the comoving frame t®=1,u=0
Tuy = diag(p, & (t)¥;p)
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Free particles in the expanding Universe

Friedmann equation for the present Universe

N 2
a 8
H2 = <a> — —G(pM —|—prad+p/\+pcurv)

3
8r % 3
- - _ = 7H2
3 Gpcurv 32 ) Pc 87TG 0
GeV
Pe=Pu0+ Prado+Pro=Pc=053-107°—",
QprX’O, @:1+Z
Pc a

(2) = [ (2)+ 9 (2) " 40+ (2]

Obs: Equality (2 = Q,2q, Z ~ 3000), Acceleration (a = 0); Age (14 Gy)
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Free particles in the expanding Universe

Homogeneous and isotropic 3d manifolds

di? = dp? + r?(p)(d6? +sin® 0d¢?)

r(p)

p is a geodesic distance;

Dmitry Gorbunov (INR)

Rsin(p/R),  3-sphere
= [ 3-plane
Rsinh(p/R), 3-hyperboloid

S=4nr?(p);

Lecture #1, 17 July 2023
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Free particles in the expanding Universe

Brightness—redshift dependence in the Universe

ds? — df? — 22(t) [dx2+sinh2;¢ (d92+sin29d¢2)] J

coordinate distance x = /,° 2 2(t) = 2 1

x(z)—/z az’ 1
0 aHo \/Qu(z' +1)3+Qn+Qeurn (2 +1)2

a(2)H§chrv =1, Qu+Qa+Qcunw =1

S(z)=4nrr?(z), r(z)=apsinhy(z)
detector: Ny< S71, @0 =w;/(1+2), diy=(1+2)dt
brightness (energy flux measured by a detector) is

L L
J= = , on=14+2)-r(z)
(1+2)28(2) ~ 4nr2,” °
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Free particles in the expanding Universe

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): Qg = p—B =0.046
Neutrino: ON= ;/ <0.01
.
Dark matter: Qom = "DM =0.28
Dark energy: @Qp = p" =0. 68
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Free particles in the expanding Universe

Initial singularity (Bang!)
(é>2 = 8—ﬂGp7 p=wp, repeat @l
a 3
dust: p=0 singular at t =t
- Cc;rft . a(t) = const- (t— )22, p(t) = %
8 e 1

singular at t =t

radiation: p=3p
const 172 const

P=— a(t) = const - (t—t5)'/2, P(t):m
1 3, 3 1

a
=0, H)=Z()=5;. P=g:6" =367
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Free particles in the expanding Universe

Entropy T, =(p+p)ugu’—5,p

VuTy =0 — p+3= (p+p) 0

for equation of state
p=p(p)
of the primordial plasma we obtain

dp
~3d(lna)= —— =d(Ins
(Ina) ptp (Ins)

entropy is conserved in a comoving volume
3 _
sa° = const

For the visible part of the Universe: S~ syo-13~108%8
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ne)|-

Free particles in the expanding Universe

Horizon problem /y(t)

a distance covered by photon emitted at t =0

size of the causally connected part,
i.e. the visible part of the Universe (“inside horison”)J

ds? = dt? — a° (t)dx? = &% (n) (dn? — dx?)

. /dx alt /dn alt /Cdt; t o1 /H(t)

L R

ds?=0

a(t)e<t*, 0<a<1, Lppso<a

vvvvv 200

Io /r(to) ~ Iy /b (tr) altr) /a0 ~ Hr /Ho a(tr) /ao ~ v1+ 2r ~
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Free particles in the expanding Universe

27K TODAY 14 by
accelerated expansion
41K matter domination 7.1by
0.26 eV recombination 370ty e+p—H+y
0.76 6V ma.tt.er domm.at/o.n 571ty
radiation domination
G W O I I B AL 3K 4He - TLity
\ primordial nucleosynthesis / 211 2H  n+3He
PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD phase 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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Free particles in the expanding Universe

Ultra-relativistic particles

1

radiation: p=3p singularat t=0
p= T a2, ()= S0
H(t) = §<f> - 2lt » P= %Hz - 32?161‘12
/H(t):a(t)/ota‘:(’z) Py H1(t)
In case of thermal equilibrium T= const/(agl/s( T)) ~const/a
pp = ?’f;ng“ . pr= ;g;gm‘ find g aa)
p= g;gJ“, 9- Zb‘,ngr;;gfg*(T) ,  S= Z;g*T"3
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Free particles in the expanding Universe

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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Free particles in the expanding Universe

Recombination: horizon

matter domination: by = 2H;
8w 8r a\® 8r
HE = 55 Gpu(t) = 5 Gouo (2 ) = 5 @pual1 +2°.
. . i o 2 1
at recombination: ha,r = Fov/0m (112772
today: b r(to) = Hoém \/11_,_72,

v

I
fo\/1+2~30

/H,r(to)
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Free particles in the expanding Universe

Recombination: angle

b dt IHr
= =, Ag =11
xr /,,a(t) " Ta(z)

ra(ze)=(1+2)"" - ap-sinhy,

1

AOr = ——, Qourv=00=0.

Vzr+1

angular distance

90°
6000

5000

4000

i+1)C, /2n [uK?]

2000

1000 27"

Angular scale

0.5 0.2°

WhAP
Achar
Boomerang
Bl

]

el

13
L I

A 1 2\/ QCUI’V/QM
r

6, = ,
VZr+1sinh (2\ /Qary /QM/)

/—/17"”
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Acoustic oscillations in

relativistic plasma:

What matters is the sound

horizon:

Isp =1l vs =
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Free particles in the expanding Universe

Recombination: angle

St

at Inr
= —, NG = ———
xr /: aty " n(z)

ra(z;)=(142z/)""-ag-sinhy,

1
AG,Z\/ﬁ, Qourv =27 =0. *
A6 1 2+/Qcurv/Qu
r

B VZI'+1 Slnh <2\/QCUI’V/QMI> ‘ &
/—/1 ¥
JO /1+%y6
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Angular scale

90° 2° 0.5' 0.2°
6000 T T T
e
Acbar
5000 Boomerang
oo
g 4000
&
\ 3000
S
R \
2 2000 -
s R
1000 Fo?” }lH I ]
o E
ry
oF i ,
10 100 1000 1500

500
Multlpole mament ¢

17 July 2023

Acoustic oscillations in
relativistic plasma:

What matters is the sound
horizon:

lsr =l r-vs= /H,r/\/§

Then A6, s =
1 1 180° .
— X ——~ 1
NARVAESA T
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Free particles in the expanding Universe angular distance

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
ol or il
hve r ]
0.1 ot 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)

'm

110/0.7Mpe = hy (1) x / VB = I, /VB/V/ 1+ 21
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Free particles in the expanding Universe

angular distance
27K TODAY 14 by
accelerated expansion
41K matter domination 7.1by
0.26 eV recombination 370ty e+p—H+y
0.76 6V ma.tt.er domm.at/o.n 571ty
radiation domination
G W O I I B AL 3K 4He - TLity
\ primordial nucleosynthesis / 211 2H  n+3He
PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD phase 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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Free particles in the expanding Universe angular distance

Neutrino freeze-out

T > meg ete & vV, ev e ev

neutrino interaction rate
1 1
(oynv)  GETS

Tv —

w(T)~ H(T) = =
. 1/3
Tvi~ | = ~2-+3MeV
()

v
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Free particles in the expanding Universe

Neutron decoupling

typical energy scales

T2Am=1.3MeV,

neutron interaction rate
1

angular distance

p+e<— Nn+ve

T > me=0.5MeV

1

T, = =
nep ran Ch GIZ__ T5

neutron decoupling

1

Tn

N 1/3
(CoMzG2)"

ran(T) ~ H( T) = TZ/ME’I

~ 1.4 MeV

g*:2_|_%.4+%.2.Nv -

Dmitry Gorbunov (INR) Lecture #1 ,

2H(T,) — 272

17 July 2023

Me, T,~ 0.8 MeV

=12s
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Free particles in the expanding Universe angular distance

Neutron density after decoupling

( mnp T> 3/2 Hn—mn
nn = gn e T

— oy = fip+
o Un+ Hv = Hp+ Ue
@ _ e‘mew
Np
for relativistic et and e~ Why =
2 .u,e ne— - ne+ np -9
nef—neJrN”eT HTNT:ﬁNnBN"O
& find coefficient
M = _mn;rlmp = _%n ~ 1e_%
Mp
Dmitry Gorbunov (INR)
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Free particles in the expanding Universe angular distance

p+n— D+y Saha equation
myT 3/2 Hn—Mp myT 8/2 Hp—Mp
nn:2<2’;r> e T, np:2<2’;r> e T,
Chemical equilibrium: Up = Mp+ Un

3
on \? &
#y prove that:  np = npnpgp2~1/2 <_7r> et
mpT

Then np~n, at T ~70keV
Interesting quantity

Ng = nB . nf}/ = 024173 T3
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Free particles in the expanding Universe angular distance

Helium abundance (NO chemical equilibrium)

Neutrons remain mostly in helium

’
Nape(Tns) = Enn(TNS) :

neutron-to-proton ratio Th ~ 886 s

nn(Tns) N 1 s w1

np( TNS) - E ' 7’
Mepe - Mape(Tiis) 2
Yo=Xopyo = = ~ 25% .
p = HHe Mp (Np( Tns) + Nn(Ts)) Z"gxz; +1 ’

from observations of relic helium abundance:

AN, o <0.3,
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Free particles in the expanding Universe angular distance

Main nuclear reactions

@ p(n,y)D — deuterium production, BBN starts.
@ D(p,y)3He, D(D,n)3He, D(D,p)T, 3He(n, p)T — intermediate stage.
© T(D,n)*He, ®He(D,p)*He — production of “He.

Q T(a,y)’Li, ®He(,y)"Be, "Be(n, p)’Li — production of the heaviest
baryonic relics.

@ ’Li(p, ®)*He — "Li burning.

One has to compare reaction rates to the expansion rate
H(Tns=70keV)=4-10"3s""

to obtain nonequilibrium concentrations
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Free particles in the expanding Universe angular distance

Neutron burning p+n— D+y

@ T = Tys = 65 keV

3
-~ _20 cm
(GV)p(n77)D~6'10 T

for the rate of neutron disappearance (it meets proton!)

~1

Cp(ny)p = Np(0V)p(ny)p =N5" 2 V)p(nyp =0.31s
forng=6.15-10""9and T = Tyg
So, neutrons disappear very rapidly

Fp(,m,)D > H(Tns) =4 1073
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Free particles in the expanding Universe angular distance

Deuterium burning D(D,n)3He, D(D,p)T

Coloumb barier: tunneling To=T/(10°K) = T/(86 keV)

3
cm _ _ 173
(GV)DD :3-1071578 -Tg 2/3-9 4.26-Tq .

deuterium stops burning when T = Tns(Tg =0.75)

Fpp=np(T)-(ov)pp(T)~H(T).

Then relic deuterium abundance is estimated as

np 1 np

— = : =0.3-107*

for ns =6.15-10710
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0.27
0.26
0.25
YPo2a

0.23
10-3
104
10-5
109

LiMHlp

10—10

Dmitry Gorbunov (INR)

Free particles in the expanding Universe

Baryon density Q,h?
0.01 0.

0.005 .02 0.03
T T T T L T NV~ |
4He Z é

V

| J]H

SRS

O SRR

Baryon-to-photon ratio 1) x 10%

Lecture #1 ,

angular distance

17 July 2023

Lack of Lithium. ..
Yy =0.2581+0.025,

D/H|, = (2.87+0.21) x107°
1103.1261
T T T A T T
1of ) g
— o+'H+'He
——- o'H +'He
s He'He
3 -+ oy H He
=
Bosk B
T
R
7/
R ’
0ol . o 3 .
0.0 1.0 20 3.0 4.0 5.0

similar results from other recent
studies including structure formation
1001.4440, 1001.5218, 1202.2889

N, <4.2 @ 95%CL

N, < 4.3 with shorter neutron’s life...
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Free particles in the expanding Universe angular distance

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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Free particles in the expanding Universe angular distance

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
__p?_
f(p,x) = p)/(\;() . L 5@ M| < 2gx -
X (\/EMXVX> p=0 (27)
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Free particles in the expanding Universe

Dark Matter Candidates

WIMPs (neutralino, .. .)
sterile neutrinos
gravitino

axion

Heavy relics
(Topological) defects

Primordial black hole remnants

Dmitry Gorbunov (INR) Lecture #1 ,

angular distance

17 July 2023

Massive Astrophysical Compact Halo Objects

17.07.2023, XXIII Baikal School
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Free particles in the expanding Universe WIMPs

Weakly Interacting Massive Particles

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

M, T3/
nx:ni:gx< 2Xﬂ) e M/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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Free particles in the expanding Universe WIMPs

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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Free particles in the expanding Universe

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

E

a) Spin Independent

CMS
Vs=7TeV

JL dt=5.010"

-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

Lecture #1 ,

WIMPs

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

17 July 2023

17.07.2023, XXIII Baikal School

10 100

Dark Matter Mass [MeV]
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Free particles in the expanding Universe WIMPs

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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Free particles in the expanding Universe WIMPs

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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Free particles in the expanding Universe WIMPs

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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Free particles in the expanding Universe WIMPs

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

WDM

2304.06742
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Free particles in the expanding Universe WIMPs

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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Free particles in the expanding Universe WIMPs

10"

10

Dmitry Gorbunov (INR)

-12[0

LMC
(XMM-Newt

case 1 - 2 (mean)
------ absolute upper bound

——— absolute lower bound

10° 10"

M1 / keV
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Free particles in the expanding Universe WIMPs

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.

Dmitry Gorbunov (INR) Lecture #1, 17 July 2023 17.07.2023, XXIII Baikal School

46/57



sin? (26)

Free particles in the expanding Universe WIMPs

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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Free particles in the expanding Universe Axion

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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Free particles in the expanding Universe Axion

ABRA
10 cm

VIR

CROWS

e

OI1S XAV Jsd

ALPS-I
OSQAR

T Solar v

SN1987A
(@)

Globular clusters Ditfne-y

golat basin

=
&
el
+
c
=1
b

2 A A0 9 8 T 6 5 A 3 2 A0 il a® ah A AP A
XQ’\QA\((X 4077407 407 407 40 407 40 407407 10 107 407 407 407 40T 407 40

Dmitry Gorbunov (INR)

m, [eV]

https://cajohare.github.io/AxionLimits/
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Free particles in the expanding Universe Axion

Phenomenological problems of the Standard Model

Gauge fields (interactions) —y, W*, Z, g
Three generations of matter: L= (¢t), eg; Q = (Zﬁ) dr, Ug

@ Describes
» all experiments dealing with electroweak and strong interactions

@ Does not describe

» Neutrino oscillations
»

>
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Free particles in the expanding Universe

Axion

Phenomenological problems of the Standard Model

Gauge fields (interactions) —y, W*, Z, g
Three generations of matter: L= (¢t), eg; Q = (Zﬁ) dg, Ug

@ Describes

» all experiments dealing with electroweak and strong interactions

@ Does not describe

» Neutrino oscillations
»

>
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» BBN, CMB, structure
formation:

Y mg, mass hierarchy

(Planck, CMBPole,
BOSS)

... light sterile neutrinos?
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Free particles in the expanding Universe

Axion
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Gauge fields (interactions) —y, W*, Z, g
Three generations of matter: L= (¢t), eg; Q = (Zﬁ) dg, Ug

@ Describes

» all experiments dealing with electroweak and strong interactions

@ Does not describe

» Neutrino oscillations
»

>
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——— 5S4 4 Planck Pol + Euclid
100+ — + 2lcm data

[0¢]
=
N >

0.04 0.05

T?" 10
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Galactic dark halos: flat rotation curves
150 ‘ ‘
F NGC 6503
?; 100
(R) = G@ g X
R g 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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Dark Matter in clusters

X-rays from hot gas in clusters )
daP GM(R R
o = —uno(Am, T M(R) =4z [ p(r)rPr, P(R)= ne(R)Tu(R)
galaxies in clusters virial theoremJ
U+2E,=0
M2 ’
Milky Way: Virgo infall ]
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Gravitational lensing in GR: a=4GM)/(c2b)

Einstein Cross

S = Dsz = (&
=5 &~ Dsii (8
D, ) D
Ds
a(é):?/‘ 575’2 d25’/p<5’.z)dz source: quasar Ds = 2.4 Gpc
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Dark Matter in clusters

gravitational lensing
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Colliding clusters (Bullet clusters 1E0657-558)

57 56’

-55'58"

56'

57

-55'58"

6"58m42° 36° 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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