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The expansion of the Universe

The scale factor «(#} gives physical size to the
apatial coordinates ¥, and the cxpansion is nothing
but a change of scale with time

ds? = dt? — a?(t)dr?

The observed wavelenegth of photons coming from
distant objects is greater than when they were
cmitted by a factor preciscly cqual to the ratio of
scale laclors

The expansion of the Universe is characterized by
the Hubble rate, H(t) — a{t)/e(t).

The physical distance d;, and the present rate of
cexpansion, in terms of redshift parameter

H[].ﬂ':;__ =+ %(1 — fjn}i”g + O{EEJ

At small distances tromn as, 1.e. at 2 = 1, the
recession velocity becomes proportional to the

distance
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Hy=100h km -s7' - Mpce™ haap = 0.715003

cHy ' = 300007 Mpe
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__ The seale factor

b?’z Ispansion
_ Eedchill

For somc massive body moving rclative to the
expansion, the ymomentum also “redshifts”

=0 freely moving bodics in an expanding universc
cventually come to rest relative to the expanding
coordinat system s.c. covnoving frarne.

The expansion of the universe creates a kind of
dynamical friction for cverything moving in it.

For a gas in thermal equilibrinm




___ The matter content
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A flat universe with presureless matter, p x o™,
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___ Baig Bang history
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__ Recombination, CMEB

* T~ 10 K, L~ 107 soe: Primordial soup of
fundamental particles.

% T~ 101 K, t~ 107% s00: Protons and necutrons
foryn.

+ T 10" KL f 0 3 min: Nucleosynthesis: nuclei
form.

T~ 3000 B, 4~ 300,000 years: Atoms form.
+ T~ 1 K, i~ 1) years: Galaxics form.

* T~3 K, ¢~ 1Y yoars: Today.

+

Once the gas in the universe is in a ncutral state,
the mean free path for a photon rises to much
Iarper than the Hub:bde distance. The universe is
then full of a backgyonnd of frecly propagating
photons with a blackbody distribution of
frequencies.

As the universe expands the photons redshift, so
that the temperature of the photons drops with
the increase of the scale factor, T x aft) .

We can deteet these photons today. Looking at the
sky, this backeground of photons comes to us evenly
from all directions, with an observed ternperature
of Ty ~ 2.73 Ik,




___ The shape of CMB power cpectrum

The simplest contribution to the CMB
ternperature anisotropy is due to the shghtly
varying Newtonian potential €& from dcensity
Huctuations at the surface of last scattering

(E) _ 15

T ."_"-

Thare are acoustic oscillations in the
baryon/photon plasma. Matter tends to collapsc
due to gravity onto regions where the density is
higher than average. However, since the baryons
and the photons are still strongly coupled, the
photons tend to resist this collapse and push the
baryonms outward.

The gas heats as it compresses and cools as it
expands, and this creates fAuctuations in the
ternperature of the CAWB. This manifests 1tself in
the O speoetrim as a scries of bumps. The specific
shape and location of the bumps is created by
cornplicated, althongh well-understood physics,
involving a large number of cosmological
parameters.

The shape of Lthe CMB muliipole speeclyiumn
depends, for example, on the baryon density (i,
the Hubble constant H,, the densities of mattexr {2
and cosrnological constant Oy ...




_ CMB-WMAP




__Low WMAP multipoles

The quadrupole (Lop). oclopole {middle) and
hexadecapole (bottomn) components of CMB map
from Figure 1 are shown on a common
lemperaiure seale (Tegmark et. all. 2003).




__ CMBZEB power spectrum
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_ The homogeneity problem

A1 expanding Universe las a particle horizon, that
15, spatial region beyond which cansal
commiinication eannot occur,

di(t) = e(t) fy ct%l

~ H™'(#)

The fact that the causal horizon grows faster,

dy o t, than the scale factor, ¢ o #'72, irnplies that
at any piven time the Universe contains repions
within itself that, where never in causal contact.

The mmmber of cansal disconnected regions at a
given redshift = present in our caunsal voluine today,
dy{tn) = ao, 15
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The cansal region at the time of photon decoupling
could not be larger than oy (ty.,.) = 3- 107 light veurs
across, or abhont 1Y projected in the sky today.

Why should regions Lhal are separaled by more
then 1Y in the sky today have exactly the same
temperature? The photons that come from those
two distant repions could not have been in causal
contact when they were emitted.




___ The homogeneity problem

The cosmic microwave
backervund radiation
unplies that tho radiation
urnt Lhe surface ol lasi
gcattering was

= humogenevos wml

; * 1gotropic to a very high
dezree. The lemperator:
fluctoations at left are on
the_order of one part in

=y

1=,

The radiarion on the last
scattering surface
displayed this level af
uniformmity on a surface of

the epnch of recombination LoEie ek s

of the particle horzon at
1lhe particle honzon at the that epnch.

epuch ol laxi scalleriny,

The surlace of Las] seallering al




Cosmological inflation

The Universe went throupgh a period of exponcential
cxpansion, driven by the approximately constant
energy density of a scalar field called inflator

This snperhwminal expansion is capahble ol
explaining the large scale homogeneity of oar
observable universe and, in particular, why the
microwave bacground looks so isotropic: reogions
scparated today by more than 1Y in the sky wero,
in fact, in causal contact befure inflation, but they
were stretched to cosmological distances by the
expansion,

If the energy density of the scalar field dominates
the kinetic energy. V{¢} == ¢

po—p = poiconsi = H(g) o const

a(t) = g cxp(HE) = a; oxp(N) =

The scale factor grows exponentially, while the
horizon distance remains essentially constant

dry = H™! = eonaf, any scale within the horizon
during inflation will be stretched by the
auperluminal expansion Lo enormoaons disiances, in
such a way that at photon decoupling all the
causally disconnected regions that encompass our
prosent horizon actually come from a single region
during inflation.




___ The mnflation

How inflation solves the horizon problem. The Hubble sphere O Zrows steadily in
time. Inflation pushes the sarface of last scatiering oufside
of the Hubhle sphere.

At last
scallerinyg
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__Inflation from scalar field
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If ihe poleniial is sufliciently Mal, V() < V().
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__ BEN baryometer

The baryon number density nn x a2,

The BBEN mcethod for determining the baryon
density of Universe is the concordance of the BBN
prediciions and the observalions of Lhe lighi
clement abundances of D, *He, *He, and “Li

f1,h?
oo o 008

10-te 10-#
baryon-Lo-photon ralic n

The likelihood analyscs using the combined 4He, 7Li
and D/H observations gives a 95 % CT range of
B <y < 8.7 wilh a mosl likely valne of 1, = 5.7

corresponding to 258 = (0,021,




___ The baryon symmeiric Universe?

How do wo observe that onr Universeo is
rhatter-antimatter asymmetric as a whole?

What is. if the dominanec of matter over
antimnatter is only local ap to a certain scale L

4+ Direct observations exclude the macroscopic
amount of antitmatter within the distance up to
20Mpe, because the reaction of annihilation
i = wt = (G Steigman 1976, # M Stecker ot ofl 1371,
1985)

4+ Annihilation is unavoidahble. The larger then
20Mpe matter and antivnatter regions miast be
in contact, becanse of uniformity of CMDBIR.
(W Kiner, B W Koll, M5 Turner 1997)

4+ The annihilation, which would take place at
iLhe horder belween malier and anlimalies
region, during the carly stages, disturbs the
observable diffuse ~ — ray background. 1t does
not happen if L > 1(FMpe. (A G .Cohen, A.De
Rujula, 8.1 Glashow 998)

We are living in the Universe, which does not
contain any significant amount of antimatter.
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The experimental constraints

Experimmental canstraings on the existence of antimatter

* According to direct abservations from X-rayv emitting clusters
(0. Rcieimen 19970, W Risckaer 10851

Clusters of galaxies of typical size o4 ~ 208pc are the largest
nbjects that cannot contain significant (v =~ v, ) admixre of

antimatter

* Indirect constramis (4G Coben, 4Tk Rujula, 5.0 Clastuw 1997
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Tn the B=0 Universe il is impussible Lo avoid annihilalion near @
horders hetween maiter and antimatier regions during the epoch
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The eribical surviving size

The priznordial antimatter domains to be formned
in the early Universe, rmust be astronomically large
but not too larpge and sufficiently rarc

Astronomicaly large antimatter reglions get formed
out of primordial antimatter region which are not
caten np by diffusion of surrounding matter,

D{t) 22 225 2 0.61 - 1032 3em? /5

A primordial antirnatter region which grows up to
1pe ar more al. Lhe end of RD epoch remaing
unaficcted by the diffusion

Without any evolution the contemporary physical
aurviving sive ol anlimaller region
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The basic conditions for baryogenesis

The three Sakharov conditions shonld be valid
simultaneously in the early Universe

1. Baryon mmmbcer violation

2. No syminetry between particles and
antiparticles C and CFP violation

3. Deparline [roin Lhermal equilibeinm

If all the particles in the Universe remained in
lhermal equilibrium, Lhen no prelerred diveclion
for time cvolution can be defined and the CPT
invariance wonuld prevent the appearance of any
haryon excess, mmaking Lthe presence of CP violaling
intcractions irrclevant

Inhomogeneons haryogenesis reqiires Lhai, CP
violation has different sign in different space
regions

globaly CP 1is |

» mAattoer

wennowhore O1F 14 — — antlinattor




_ The thermal corrections

A thermal bath, in the early Universe, represents
the thermal distribution of particles.

Critical temperature

‘ T E-‘r;l

By causality the characteristic length is bounded
from above by H(t.)~', however the typical length
is

Eit,) = At

‘ —n — CP I3 +I

| —1 = CI" i3 —I




_ Secales

¥

The correlation length defines the maximal
poszible size of domain with wrong sign
(antimatter) of CP violation

—— L.l —21 po —14
£ o g > 107785 1> A=10

The critical surviving scale

‘ f. =3 Qk-przl

The imflation is the mechanism, which could
blow-up the scale of correlation length.
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Spontaneous hryogenesis
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_ Quantum fluctualions

Nex field —7——. = Thespace
N N | LB L0 distribution
/ Yo all " - e
[ anti- ".:md H Ve fﬁﬂ“ H=B+0
|matter/ oM e ) (8 N=611 n=e’
oS T | Ne6T=B=6-3
PRSI o) 0)
NN =45 "

During inflation the bottom is Hat my = L; << H

Since # field is effectively massless, every e-fold it

makes a guanfnm step with the lenght ¢ = %

During the time interval Af the mmmber of StE.]f]E is
N = HAt (e-fold)

N 7= 60 2 30000 "Npe (size of 1the Universe)
N, — 40 — 1. {critical surviving sizc)

Astronomically large antimatter regions get forined
helore Lhe 451h e-lold

e-fold 1, Size -~
50 T 255 kpc
49 g1 94 kpc
Ban = %; O = (L0026 | 4R 8. 107 30 kpce
47 54107 12 kpe
46 53410 4.7 kpe
45 1.7-10'" 1,7 kpo

The total namber of palaxies = 10!

Yawtwartr — 7 6.10 ? < 1
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___ Globular clusters

Ligtrit stion =f Celoot's glaze ar zluzema

stacde Lengtiuds

4+ [. at the recombination cpoch coincide with the
scale of protoglobular clusters

4+ The volume box comning with every galaxy can
contain up to 10 antimatter regions

4 In a half of regions the density of the
antirnatter can be several times higher then
the density of sorrounding matter. What
makes them gravitationaly unstable,

If the high density antimatter region has becn
formoed in onr Galaxy, it anrvives in the form of
globular claster at large galactocentric distance.

Globular cluster population in our (calaxy consists
of 147 conlirmed globuildar eluslters. One ol 1hem
could be made out of antistars.




Globular Clusters
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__ Anmihilation on anti-stars

The + radiation from fromn annihilation of
antimmatter with galactic matter gas should not
cxced the obscrved ~-ray backgrounnd

Veisp = 300 km/g; < v >~ 20pc; D =~ 10lpc

for, == 2- 108 de o 101

The cluster sperds not more than 1% of the time
in the densc region.

The annihilation of matter gas captured by the
antimmatter stars

2., ”) 1+ 102
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The v Inminosity of a cluster of 10° (s — 10°34.)
Alars
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This cxplaing why the antimatter star itself can he
rather faint gamma source elusive for gainma
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_ The annihilation model

There are two sources of an antimatter pollution
from the (anti-)}cluster: the (anti-)stellar wind and
the antimatter Supernova explosions.

The annihilation cross section of the antiprotons

":Fuu-u.(P < dUUhTERTH/E} — U ﬁ“ﬂ‘lb} C'!{'Uﬁ)('/'l’*

- & . 3 T t-'-e'tlu"rtlé
Clr) = il

‘The spherical model for halo with =~ axis directed to
North Pole and i axis directed to the Solar system

The validity of the stationary approximation
depends on the interplay of the life-titne of the
antiprotons to the annihilation and their
confincement time i the Galaxy.

e = L (B (£ (1 — et




Confinement versus annthilation

For antiprotons with veloeities 10° km/s (stcllar
wind) the confinement time in the halo, starting
from distancies - ~ 2 kpc, is less than their
annihilation time

n{E:] = rﬁ(rjﬂm”

During large confinement time = 5. 10* yrs the
antiprotons are being spread over the halo with
constant ramber density not depending on the
position of the antistars cluster and under nsual
acceleration mechanismns in the halo their energy
spectrnm coines to the stationary forr.




__ The upper mass limits

We cliose the antiproton spectrumn in the halo to be
sitnilar to the galactic cosmic-rays proton spectrum

We choosce the minimal velocity of antiprotons v,
one can obtain the necessary integral number
densily of the anliprotons ng Lo he nol abhove Lhe
Galactic North Pole EGIIET data.

Stelar wind

v 2= 0%k fs: g = 5.0 10 2em
AV = 8.5 107 A Sy

Eliptical P'.;dld.‘:{iﬂb 1071244, per My,
I ET A 2 107 Pl

Nispersion '\.-"EIU[:I"]}"

v == 00kmys: ng = 20 107 2em
Aaise oo 0. 1079 Mg fyr

M a2 7 1090,

superiova explosions

v ooz 210 fs v = 640010 Heon 4
MEY = 1010 7 Mo /yr

WEEE =2 4 10° N,
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Expervmental signature
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The integral effect of “anticluster™ in our galaxy is
estimaled by ihe analysis ol antimaller polludion.
The main sorce is Lhe slelar wind.
The main content of pollntion is 7 and /7
p's are collecling in Lhe galaxy » ~+ Dux.
EGRET normalizalion : Af,.,, = 1073,
Lo » M, = 107,

Expccted Hux of *fl¢ in cosmic rays
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=~ 107 — 107" E = 0.5 GeV/nucleou
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fe + p = “ITe 4 all, inelastic nuelei destruction.
jonization and excitation of H atoms




_ The uncertamiy

The actual distribution of magnetic field in our
Galaxy.

The mechanism of cosmic ray acceleration
The relative contribnution of dise and halo particles

into the cosinic ray spectrum

The acceleration of matter and antimnatter cosimnic
rays are sirnilar

The contribution of antinmuclel into the cosmic ray
fluxes is proporiional 1.0 Lhe nass ralio ol globular
cluster and Galaxy.




_ Conclusions

4+ The existence of a small number of primordial
antimatter regions in the matter/antimatter
asymmelric Universe does nol. conlradici. (o
dircet and indirect observations of diffuse
v—ray background

4+ A considerable number of antimatter domains
is found in the inflationary model with
spontancous baryogenesis

4+ The coomming up AMS 02 aund PAMELA
expariment provide the test of the hypothesis
of the cxistence of antimattor globular cliuster
in our galaxy, in the mass range 10°Mg, — 11'131-'[3




