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Standard Model: Success and Problems

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

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

v

» Neutrino oscillations Dark energy (Qn)

v

» Dark matter (Q2pum) Strong CP-problem

v

» Baryon asymmetry (Q2p) Gauge hierarchy

» Inflationary stage

v

Quantum gravity

Must explain all above ??7?
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Outline

Ouitline

0 General facts and key observables
e Evidences for Dark Matter in astrophysics and cosmology
e Mystery of Dark Energy

@ Redshift and the Hubble law
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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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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 L 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

z < 1 Hubble law : z= Hyr

Aabs./Aem. =1+2

km
Hy=h-100 —— h=0.
b OOs-Mpc’ 0.68
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General facts and key observables

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

z<1 Hubble law : z = Hor J z;2,0841, Iwzz‘a,a

Ll

km
Hy=h-100 ——, h=~0.
b OOs-MpC' 0.68

Hubble Diagram for Cepheids (flow—corrected)
standard candles

F, (107" ergs/sec/cm?/A)
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General facts and key observables

Universe is homogeneous and isotropic

redshift

_ A
Z= detector
source

2" h
23 RA
1

South cz (1000 km/s)

12434 galaxies
10 < 150 Mpc Vi=cCcz
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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

P energy
(5) =H (t) G densny
energy

pdensny Pradiation + Pmatter + - -

@ 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

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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General facts and key observables

Why do we need dark components (within GR)?

@ Astrophysical data favor Dark Matter

» Observations in galaxies
» Observations in galaxy clusters

@ Cosmological data favor Dark Matter and Dark Energy

Observation of objects at cosmological distances (far=early)
Baryonic Aciustic (Sakharov) Oscillations (BAQO) in two-point galaxy
correlation function

Evolution of galaxy clusters in the Universe

Anisotropy of Cosmic Microwave Background (CMB)

v

v

v

v
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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:

() -ro-

Pradiation 1/34(t) o<

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

/4
on G energy

density

rdinary dark
Pdensity = Pradiation +pmation” St +PA

T4(t) 5 Pmatter °< 1/33(t)

pp = const

\"
3

Qy==05x10"*
QB:PB—oos
QV:%<0.01

W

Dark matter:
Dark energy:

QDM—PDM =027
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

Dark Matter in clusters

X-rays from hot gas in clusters

dP GM(R)
g5 = Hne(R)mMo—pz—,

galaxies in clusters

‘R
M(R) :47r/0 p(r)r2ar

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'

57' 56'
Sus
nZz-

57

-55'58'
-55'58"

6"58Mm42° 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
__p?_
f(p,x) = p)/(\;() . L 5@ M| < 2gx -
X (\/EMXVX> p=0 (27)
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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:

() -ro-

Pradiation 1/34(t) o<

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

/4
on G energy

density

rdinary dark
Pdensity = Pradiation +pmation” St +PA

T4(t) 5 Pmatter °< 1/33(t)

pp = const

\"
3

Qy==05x10"*
QB:PB—oos
QV:%<0.01

W

Dark matter:
Dark energy:

QDM—PDM =027
Q/\*p"*068
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Evidences for Dark Matter in astrophysics and cosmology

Determination of a(t) reveals the composition of the
present Universe

A = AL - & (1) AX? — ds? = gy axHdx”

Light propagation changes. ..
How do we check it?

by measuring distance L to an object!
@ Measuring angular size 6 of an object of known size d

single-type galaxies

~45 KM
d "—;\_
=1 —r @
@ Measuring angular size 6(t) corresponding to physical size d(t) with known evolution
_dai
o=

@ Measuring brightness J of an object of known luminosity F

_F
T 4rxl2

“standard candles”
J

In the expanding Universe all these laws get modified
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Evidences for Dark Matter in astrophysics and cosmology

Results of distance measurements

107 B
g N S
Ew s B
=3 N e
Cean”
0
107 107 107 10 107 10

50 100 150
Comoving Separation (h- Mpe)

Dmitry Gorbunov (INR)
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A(m-M) (mag)

A(m—M)=5log

I'oh

ron(Qc = 0.8,Qy = 0.2)

I

T

05K H =
E o Grouni D\s:ove?ed E
10~ g HST Discovered: .
£ 0L 0,710 ]
£ s " veiaion = 2
osf o2 8 E
£ $_ " 1
oofeR===T B et & 1
£ 0. ]
05 Empty (Q=0) =10, 0,509 =
EI70 =027,0,7073 3
E — ‘replenishing" gray Dust ]
00 05 10 15 20
z
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Evidences for Dark Matter in astrophysics and cosmology

Key observable: matter perturbations

@ cwMBis isotropic, but “up to corrections, of course...”

o Earth movement with respect to CMB "

ATdipole 3
—dipole 1o

—— 2726 K blackbody

e More complex anisotropy!

AT —4 -5
AT 10410

@ 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)

Wavelength A [ Mpc]
1000 100 0 1

1o T T T

Gurrent power spectrum (i) [(n ! ¥pe)]

001 o1
Wavenumber k [h/Mpe]

|
Y 200 T(K) 4200
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0 General facts and key observables
9 Evidences for Dark Matter in astrophysics and cosmology
e Mystery of Dark Energy

@ Redshift and the Hubble law



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~p ? Why pg ~ ppu ~ pa today?
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Mystery of Dark Energy

a
pggﬁs% Pradiation +pr(rjll;i(jt‘tr(]e?ry +prdnaa?t(er +PA
pradiation &< 1/34(t) o< T4(t) ) pmatter &< 1/33(t)
pa = const

o\ 2
a 87r ener
(5) =+ 0= eri

Why do we think it is most probably new particle physics
(new gravity if any is not enough) ?

DM at various spatial scales, BAU requires baryon number violation
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Mystery of Dark Energy

Universe content from astrophysics

Rotational curves Gravitational lensing

1650 — =
E NGC 8503 4

- halo

]
0 10 20 30

Radius (kpe)

-

X-rays from centers of galaxy clusters

“Bullet” cluster
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Mystery of Dark Energy

Universe content from cosmology

Standard candles Angular distance Nucleosynthesis

g Bayon density 0,
Vs oos oy
K ==

. - o 0@ _ox
9 1 p s | e
e m K o =
LI | \ 5 Y0420
ISR H < p
o Ground Diskoveled = s : s
wf 3 A ) \ K .
E % .
== 1o £
O = e
L0 Gon = ¢ @

ol

o3 pgn2 85 E e i \
o * F=ctieh, T

sk —

I

Emply (2=0)

i
Z7 9,7021,9,2073 H
= “replenishing® gray Dust gy
itHly
o5 w 2
z
wol

2 5 4 5 o7
Baryorto-photon ration) x 101

0
Comoving Separation (n-t Npc)
o

Large Scale Structures  Baryon acoustic oscillations ~ CMB anisotropy

Dmitry Gorbunov (INR) Lecture #1, 29 October 2014 NTHEP & QCD School 33/41



Mystery of Dark Energy

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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Mystery of Dark Energy

Friedmann equation for the present Universe

N\ 2
a 8r
H? = <a> = 3 G(Pu -+ Prac +Pn+ Pn)

8n > 3
- - _ = 7/_/2
3 Gpcurv 32 ) Po 87TG 0

0- 5GeV

Pc = Pum,0+ Prad,o +Pr0 = pPc=0.53-1 omd

Px,0
Qy =2
X="
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Redshift and the Hubble law

Outline

@ Redshift and the Hubble law
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Redshift and the Hubble law

FLRW metric Juv

ds? = guydx*dx” = df? — & (t)dP* = dt* — & (t)y;ax'dx’ ,

Special frame: different parts look similar

Also this is comoving frame: world lines of particles at rest are
geodesics,
dut

= M uut =0

¥j = j J
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Redshift and the Hubble law

Photons in the expanding Universe

/d4x\/ guv FusFvp

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 = 2na§(t)

Dmitry Gorbunov (INR) Lecture #1, 29 October 2014 NTHEP & QCD School 38/41



Redshift and the Hubble law

Redshift and the Hubble law Ay = ),,-% = Ai(1+z(t))
P(t) =55+ (=305
for not very distant objects 1pc~3ly
a(t) =ao—a(to)(to—t;) — a(t)=ao[1 —Ho(to —t)] J

Z(t)=Ho(to—ti) = Hor, z<1
km

Hy=h-1
0 00s-Mpc’

h~0.68

k

similar reddening for other relativistic particles (small H, H, etc.)
P=2am is true for massive particles as well
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Redshift and the Hubble law

Gas of free particles in the expanding Universe

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

d®x = const, d°k =const, f(k)=const
f(k)d®xd®k = const
comoving volume equals physical volume

d*xd’k = d®(ax)a® (';) = d*Xad®p

f(p, 1) = f(k) = fla(t) - p] -

t=t f(p) — f(p,t):f,-(j((;))p)
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Redshift and the Hubble law

Massless bosons (photons) fermionSJ
o ply _ 1 1
fl(p) = fPl < Tl = (271_)3 elPl/Ti _ 1

f(p,t) = <a§)#|> - f<Te|:(|t))
a

Terr(t) = at )T J

decouplingat T > m: neutrinos, hot(warm) dark matter
. 2 2
decoupling at T < m: f(p) = (2;)3 exp( m_ “’) ex p( %;pﬂ)

1 m—#eff> < p? >
f(p,t) = expl ———=——— |exp| —
(P.1) (2n)® p( Tert P\ 2mTey
2
_(a \ + m— pe(t)  m—p;
Teff(t)_(«a(f)) Ti: Tett  Ti J
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