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From micro to macro (m2m) cosmos
MY @icepp04 lectures

Content of lectures

. Fundamentals on cosmology

. Thermalization and decoupling: application to dark matter abundance
. Generation of barvon asymmetry

. Inflation

. Dark energy problem and towards a possible resolution



Fundamentals on cosmology

For discussion of the universe as a whole, one needs the law of gravity in

the large scale.
Law of gravity = Einstein’s general relativity
Basic ideas of general relativity

1. Egquivalence principle

At each spacetime point the effect of gravity may be eliminated and
microphysical laws based on special relativity and quantum mechanics
hold.

2. Geometry = 27(7 x Energy-momentum of matter formmlated by Ein-

stein equation,
1

with the spacetime metric and the curvature tensor,

ds? = gu.dr*dr” , (2)
AT ATE_
vps T B:hr-; ~ Hxe el ne — Upglie Ruw = Rip  (3)

(Replacing the Newtonian Poisson equation to determine the grawvi-

tational potential)



3. Test particle following geodesics

d2rh dx? dr”
o 4
d® M ds ds (4}
Gy r:?gr g .
= 22 I8 A (5)

are ﬁﬂ:'-"’ oA

(Replacing Newton's equation of motion for point particle)
Cosmological principle
Assumption;

Cur 3-space is close to a maximally symmetric space, with
¢ Homogeneity (translational invariance)
e Isotroy (rotational invariance)

In other words, every space point has an equal footing, like a democratic so-
ciety. But of course, with presence of (quantum 7) fluctuation the local part
of universe may differ from each other, due to the gravitational attraction at

later epochs (basis for the structure formation).



If the 3-space is flat (spatial curvature = 0), it should be described by the
Fuclidian geometry. More generally, the Robertson-Walker metric after
using an appropriate coordinate system,

ﬂ_f 2
ds® = di* — @’ (1) —— + r(d6> + sin®0dg)], k=10 (6)

corresponding to a flat Euclidian (k = 0), a positively curved (£ = 1), and a
negatively curved (k = —1) 3-space. a(t) is called the cosmic scale factor.

The maximal symmetry leads to a form of the energy-momentum tensor
of an ideal perfect fluid,

{p 0O 0 0O
0 —p 0O O
T = 7
(7,) 0 0 —p 0O (7)

Lo o o —p)

with p the energy density, and p the pressure.

Functional relation p(p) is given by a state of the many-body system
representing the universe. For an ensemble of massless particles, or extemely
relativistic particles p = 3p, or traceless T# = 0. For an ensemble of massive

particles, or non-relativistic particles, p & p



Using the Hubble rate H(t), H = :LT the Einsteint equation is reduced

Lo
H = —4nG(p+p). (8)
ko 8ni
H+—_—=—2p. 9
t 3 F (9)
Dhal significance of the k-term: al(t) k =~
A
1. Spatial curvature R = &
0
2. Evolution
k= 0: expansion foreever
i
k = 0: collapse later
> |

k < 0: expansion foreever

Fig. 1 SCALE FACTOR



Introduction of {} parameters

. EHS 0, 3 -3 L Hﬂ
Pe =g~ = 1.9= 100" " gem ™, h= T00kms— Mpe—T (10)
k V;
Om+ 0 =1+ =, ﬂm=%“., ﬂ,1.=p—” (11)

The cosmological principle is later challanged by causality argument, and
explained by the inflationary scemario.



Newtonian interpretation
Consider a test particle at distance a from a center which can be taken at
any point in the homogeneous and isotropic space filled by a gas of uniform

mass density p o a™ (no creation or destruction). The Newton equation

gives \
dma“p 1

= —0G . 12

“ 3 a? (12)
leading to an integrated form,

.3 2

( dma~p

R . = _k 13

5 3 (13)

with k a constant of motion. This is identical to the H* equation (the Newton
equation also being consistent with H = E — E )* equation for the pressureless

gas), the difference being the geometrical meaning of a.



Key observations

3 pillars of big bang cosmology:

e Hubble expansion

e 3 K microwave background radiation

e Nucleosynthesis COBE ~FIRAS
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3 pillars of big bang cosmology

* Hubble law
H ,=72+8kmsec™ Mpc™

« Microwave background radiation
2 .726 £ 0.01 K °
almost perfect Planck, with small dipole and
very small multipoles
* Nucleosynthesis

consistent with Qgh* =0.019 +0.0024 (95%)






First Results of

Wilkinson Microwave Anisotropy Probe:

Wilkinson
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WMAP results
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h=0.72+0.05(WMAP)
=0.71"5 5 (all)

Q,,h? =0.14+0.02(WMAP)
=0.135 7000 (all)

Q_h? =0.024+0.001(WMAP)

= 0.0224 +0.0009(all)
Q.. =1.02+0.02(WMAP + SN, or, HST,2DF)



Q, =17



Flat Universe

Angle sum =180
Last Scattering

S

N\

Observer Observer

Open Universe

Angle sum 180

Closed Universe

Angle sum 180
loc1/0

Observer



. baryon
non-baryoninc dark matter /3% dark
energy

Recombination epoch
z=1089+1

Az = 195 2
t=379+8-7kyr.
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Important concept: decoupling

e Fast (rate = Hubble) processes
iIn equilibrium
a+b+- - X+y+---
When rate = Hubble with cosmic expansion,
processes decouple and freeze-out

Stable remnant remains at later epoch



Physics involved at decoupling

Microwave background radiation
lonization and Thomson scattering
y+e—>y+e
thermal 3000 K at decoupling — 3 Know
Nucleosynthesis
Weak interaction for p <> n
p+e <> n+v, etc

.. o n )
giving the initial value — = "7

n,



Progress of Theoretical Physics, Vol. 8, No. 2, March—~April, 1850,

Proton-Neutron Concentration Ratio in the Expanding Universe at the
Stages preceding the Formation of the Elements.

Chushiro HavasHI.

Departinent of Plyysies, Naniwa University.

(Received January 12, 1960)

§ 1. Introduction.

In the theory of the origin of the elements by Gamow, Alpher, and colabo-
rators”, primordial matter (ylem) of the universe, which afterwards has been
cooled down owing to the expansion of the universe and has formed the elements
through nuclear reactions such as radiative capture and beta-decays, is assumed
to consist solely of neutrons. At early stages, however, of high temperatures
(£ Zmc*, m being the electron mass) in the expanding universe before the
formation of the elements, induced beta-processes caused by energetic electrons,
positrons, neutrinos and antineutrinos, in addition to the natural decay of neutrons,
such as

wtet T p+av, (1la)
n+v I—— p4e, (1b)
n T pte +av, (1c)

must have proceeded, their rates being faster at higher temperatures, and had a
effect on the proton-neutron concentration ratio. At still higher temperatures
AT = pc*(p is the mesons’ mass), where large number of mesons are expected to
be in existence, n-p conversion process induced by mesons would have been much
more rapid owing to their stronger interactions with nucleons than the processes
induced by light particles. Consequently, the #-p ratio must have been determined
by the rates of such processes and those of changes in temperature and density
in the universe resulting from its expansion.

We shall be based on the relativistic theory of the expanding universe, which
are shown by Gamow as having a possibility to explain the origins both of the
elements and the galactic nebulae.”™® Then, the expansion and contraction rates
of the universe at the stages of high compression are given by®

S =g ep)t. @)

where / is an arbitrary proper length of a volume containing a given amount of




Thermalization and decoupling
Typical behavior of reaction rate, for instance, N+ N — 7's, is (owvn),
per unit time with cosmic expansion, where o is the microscopic cross section,
and n the mmber density of participating species like N, {---) denoting

averaging over an (often thermal) ensemble.

Crucial comparison: how large or how small {ovn) is compared to the

expansion rate,

2

BmGp NI (14)
Mipi

with m, =~ 10'%GeV the Planck mass scale, and N the number of species

of participating ER particles. If {ovn) = H, the process is thermalized and

H =

statistical equilibrium is realized. If (ovn) < H, there is no time for the
process taking place.



Example: Weak reaction among leptons

- Gts
(1+ 2s/miy)?
G2T
(1+T2/mg, )

= (ovn) = for T = m,

behaving = o’T for T = my and = G:T" for T < my.
The maximum peak value of

(.:g-m}) L Ema

H v Ny
Thus, even the weak process is thermalized at
vN

T }”3 = 1MeV

G

(15)

(16)

(17)

(18)



Thermal history of universe

Assuming thermal equilibrivm of N, boson and Ny fermion species of

massless (or extremely relativistic) particles, and entropy conservation, al =

const.,

T ?TE 4 W N TETd

p=2 NrggT'+ 2 goT* = Nerr 35 (19)

giving

T i SN, e

R e g

o N
—6 eff
= /=2 x 10 SEE{T;"E'EF]E (21)

Epoch of (atomic) recombination, nueleosynthesis, quark-hadron transi-
tion, electroweak phase transition, GUT, and Planck may be estimated.
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“He Mass fraction

Number relative to H

Fraction of critical demsity

0.01 0.02 0.05 h=0.65

0.25
0.24
0.23
0.22 §
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Baryon density (107! g em ™)
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FHEHO 1 MeV (= 101°°K) OEDOLZEED.
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1
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Simple application: Dark matter abundance

(5till unknown) stable elementary particle X of mass M, first existing
with the thermal abundance of = T2, then disappearing via pair annhilla-
tion into ordinary partilees of standard model according to the Boltzmann
factor oc e~ M/T , and finally pair annhillation being frozen (namely, being
unable to pair-annhilate due to fast expansion). After the freeze-out, no

change of density ratio, nx /n,, occurs.

In the case of WIMP, the cross section is weak, and for SUSY LSP(Lightest
Super Particle) o == 1/M? (roughly constant when they freeze-out), giving

(ovny ) T;—E{EWJ1TIT}3ﬂe‘“}fT (22)
hence _
Ty (ovyMmy  mp

where the expansion rate was equated to estimate the freeze-out temperature

Ta.



Logo(n/T7)

12+

-16

Decoupling
Stable remnants

0 | . ‘ ‘ . ' e SUSY




Cosmic connection between Tel and mel': Very, very roughly the dark

matter mass density is given by

pp —

* 2 107 (meV )Y T;Er

A2
My Ty 7 £”T =~ meln,(
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Generation of baryon asymmetry

The universe appears baryvon-antibaryon aymmetric. This is strange due
to that the microphysical law is nearly matter-antimatter symmetric, and
that the universe has been hot enough to create antimatter energetically.

(Quantitative measure of the baryon asymmetry,

B-B
(”_H) ~ O(1) ( _) ~107"  (25)
Ty J after annihilation B+B be fore annihilation

implying that one excess of B over 10 B — B pairs created the baryon-

dominated universe.



How to produce the asymmetry

3 conditions

In the early universe
Necessary ingredients

B @@ outof equilibrium

Need of arrow of time
without suppression of inverse process,

AB = (AB) +(AB) =0



Sources of B nonconservation

GUT
Electroweak at high T
SUSY Affleck-Dine mechanism)

Black hole evaporation
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Electroweak baryon nonconservation

SPHALERONV
N

¥

™

>
TUNNENG @ T= 0
Electroweak baryon noncnoservation

Gauge and Higgs

suppressed at T=0 by e_137

enhanced at finite T by barrier crossing

Can destroy preexisting B and L while keeping B-L

- A GNEE
A % YIS FRERD

YT T IT T

Mechanism due to level crossing of fermions caused by nontrivial gauge
and higgs configuration of sphaleron and alike



Electroweak redistribution of B and L

_ an, +4n, _ 28
22n, +13n, 79

B=a-A(B-L), a

For standard model of 3 generations

200GeV <T <10*GeV

e.g. Luty

B-L conserved and never washed out.



L-genesis and B-conversion

e L-genesis ofamount AL first and
electroweak conversion into B, via

B = 28 AL
79

For standard model of 3 generations

Interesting in view of possible connection to observed
neutrino masses by oscillation experiments



Neutrino physics

 Neutrino oscillation

200 | Wia v oscillation

p—

number of events
|
-

+ W/ v oscillation

¢ data
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Likely mechanism of small neutrino
mass generation

Seesaw mechanism

Heavy Majorana type of masses of neutrino partner N ,
indicating physics beyond standard theory of particle physics,
generates a tiny left-handed neutrino masses and mixing a la

Neutrino mass via seesaw

2
q, I

V M

new physics

Necessarily violates lepton number conservation
Agent of L-asymmetry generation provided by NR



Delicacy of CP Quantum interference

Baryon excess from a pair of particle and
antiparticle process, e.9. x ¥

‘91f1+ ngz +""2_‘91*f1+ gz*f2+"'
= —4 Im(g192*)|m(fl fz*)"'

IM(g,g, ) 0 CP violation
Im(f,f,) =0 Rescattering phase

Interference computed by Landau-Cutkovsky rule

2q T <z <H<:f Hx--.-m



Thermal L genesis
Fukugita-Yanagida
 Minimal extention of standard model with

seesaw Ny —IH,IH
Right-handed Majorana decay

CP asymmetry with neutrino mass matrix m, =m, M ‘1mDT

N
_ 3 Ml Im(mD mva*)ll |\/| m
T S M v

167 v (mD mD)ll
M, <<M, <<M, For 3 R-Maijoranas

f"‘*“H,
O =CP phase “ﬂ—n%_;'.» '
H



Great impacts on neutrino masses and
thermal history of universe

With hierarchy of masses, dependence on 3 parameters Giudice
et al “

o M o

| 4 Ml

Figure 10 Leptogenesis bound on nentrino masses,  The plot shows
baran aapnmatvy (horizonde! Tinel compared 1with the meximal leptogenesis value as fu
o of the eavies! newlring niss ey, renermelizal &l low energy, Error bars are at 3

 Connection to neutrino masses
m, <0.13eV heaviest neutrino (WMAP 0.23e\

M, >5-10°GeV lightest R-neutrino

. Reheat temperature TRH > |\/|1



Gravitino problem: a possible nightmare both for
GUT B- and L-genesis

e Superpartner of graviton
mass m,,, = O[TeV]

lifetime r=0[ 3/2] O[(lOSSEC)_l( 3{;)]

pl

e Usual estimate of gravitino abundance and
constraint from nucleosynthesis, mcludmg

hadronic decay ol N [
n3/2 — O[lO ] TRH :ﬁ 1$
> p g o sy 10

To, <10°-10°GeV e

Possible to produce N 1
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Ways out

EW baryogenesis
Affleck-Dine mechanisim
Gauge mediation

LSP = gravitino
Preheating



Inflation

Horizon problem
Region of causal contact since the beginning of big bang is limited by

light velocity,
¢ dt’
Tﬁl:t} — ﬂ’{t} 0 E,l:f:]

which, for a(t) oc t¥ with v < 1 (v = 1, 3 for RD and MD), rg = l%r
Thie leads to O(10%) separated causal regions at the last scattering surface

of 3K. Thus, the near equality of 3K should be:zr;%garded a mystery.

(26)

Fig. 2 LAST SCATTERING



Oldness or flatness problem

Typical time scale of cosmic evolution is % where a®T? = ¥ is entropy
neasure and is nearly constant, unless a drastic change of matter content
weurs. Putting the cosmic age, this gives X > 107 . If £ is much less, one
hould observe the effect of curvature term k/a®.

Why X is so large to ensure a mature universe which can foster an in-

eligent life to think of the origin of universe.



Accelerating universe

Resolution of the above paradoxes may be sought using accelerated ex-

pansion like v > 1 or the exponential expansion.

Introducing scalar field 2,

ay?  Bw(
(3) =5+ 5P +V@), proca
) _ av
=+ E-Hui,'.i' = —E
If 1
5*}5’2 < Vig)

inflaton field v may stay at some value @y for some time, and

a(t) o exp(yf Y )

(27)

(28)

(29)

(30)



Implications from inflation
e all gquantum mumbers of universe — 0 after inflation

e density perturbation from gquantum fluctuation

2
2~ (%) (31)
o Yo fi— crosging

Simple realization: chaotic inflation with

V(p) = 59, V(po) ~mj, (32)

giving the density perturbation
dp M

= [33}
2 Trip]

which suggests m =2 10~%my from the COBE observation.



New theory of entropy production

* Inflaton field oscillation given

5(t) = & cos(mt)

spatially homogeneous
Interaction by §(p2

Producing a pair of ¢ particles



For each momentum mode of massless particle

é+3—j¢+<k2 +9 oos(m.t))g, =0

K +a4,
m.” n




Chaotic inflation under flat
potential

Damped inflaton oscillation with m, =0[10° | Gev

- . m|o|2
Produced particle 2 —O{ - }

g
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New features : preheating

Violent process of particle production

after O[10] oscillations
Initially highly non-thermal

Possibility of producing GUT scale particles

Estimate based on a single reheat
temperature doubtful



Temperature / m;
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Simple facts and great conundrums

about our universe

1.00) R 1 1 1 1 1

e Spacetime structure:

0.70 =

"
-1

060 =

Euclidean 3-space
accelerating universe

090 ~

0.80 =

T WMAPaxt+SN+HST

.30 1 1 | |

Q =1.02+0.02(WMAP + SN, or, HST,2DF)

e Matter content:
baryon fraction with precision

better than nucleosynthesis
Q,h* =0.024+0.001(WMAP)




Towards resolution of hierarchy
problems in cosmological context

1013GeV = 10" x electroweak

ppe = O|(meV)Y] < (TeV)*



New problem either in cosmology or
both In particle physics and cosmology

 Nonvanishing cosmological
constant, or dark energy observed
by WMAP, distant SN, large scale

structure
ppe = O|(meV)Y] < (TeV)*

dominating the energy budget of our
universe

SUSY lurking ? Aegp = (

}d.

My



Personal view

Inflation is a nice idea, solving the homogeneity
and the flatness problem of old cosmology, but
it relies on a temporary presence and
subsequent disappearance of the cosmological
constant

Ultimate theory should perhaps simultaneously
solve the present accelerating universe



Our key ideas

¢ Brans-Dicke type of coupling f(y;)R

e Choice of the potential V(y;); bounded, and having infinitely

many, local minima and negative values. (Departure from Brans-

Dicke)
o Non-static (cf. No-go theorem due to Weinberg)

Rotationary freedom 1n the dilaton kinetic term giving a possibil-
ity of cancelling a negative A in the Lagrangian.

Resurrection of Dirac’s old idea In disguise



Framework

four dimensional Lagrangian model

L= \gl-flp)R+5(00) - Vi) + Lo

Gravitational strength f(w) = 1/16m(s varying with scalar field



Choice of 2 functions

« Dilaton coupling

fle1, wa) = El‘:'?? ‘|‘E2‘:’i’§.~

e Dilaton potential: bounded

and infinitely many local
minima V2 wi
V(p:i) = Vi cos ﬂ; "+ A,

* Negative values
J Vo= A=0.

* No fine tuning Vo~ A = G’[ﬂf'i]

By definition, the standard model £,, vanishes at its minimum, such

that all constant terms are collected in A.



Time evolution

With Robertson-Walker metric ds® = dt* — a(t)*dz”
p+p ¥ f—Hf

H=""3F ~a5r ~ 3
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Important features of dilaton
dynamics

Effective potential for ; modified as seen from presence of f de-
pendent terms, 2f ;V/ f.

Induced matter coupling given by

i
Elnf:,

with T the trace of the energy-momentum tensor.

In the large ; hmit, coupling suppressed by powers of v hke

of 1.4f.,

T(5r - 7(G )+, (13)

where 4 f i1s fluctuation around some fixed f; 3 6.



Faillure of 1 dilaton model
and need for more freedom

Difficulty for resolving the cosmological constant problem and

fine tuning

Stationary point of end point ¢ given by

+ o 0 (17)
v
which generally gives V(yp) = O[M*]

Fine tuning condition for the parameters; V(i) = 0 at the stationary

point. In our example of the potential, Vo = A



2 dilaton model with angular
momentum

T






Dilaton oscillation around late orbit




Nucleosynthesis constraint

Reheat temperature Tq

8 = o) y2 = (2L  (300ke (!

324 A7
decay my lTEV} ] (47)

Nucleosynthesis constraint

For success of nucleosynthesis, reheating temperature after the heavy

dilaton must be higher than O(MeV),

M
1TeV

00keV (——)** > a few MeV = M > several TeV,  (48)



Lambda Very small ?

Dynamical ending towards vanishing A,;r A5 = {%‘: +V)

Dynamics from Agfy = O[(TeV )| towards Aggy = O](meV)"] must be

realized by some relaxation process.



Persistent angular momentum

Fquation for angular motion
g EEI 22 i
9+3H9+z:§ {E,-fﬂs"} 3l -l[—-z fT—l}Iﬂl ]
F wz + eyl
= e) + et = md -~ =121 EE"’12{
f=antanxm, [ apl+ep

like the pendulum under grmrit}r
When angular Energ}' = |A| = O({M?), the angular momentum may
not decrease with cosmic evnlulsmn, if the angular velocity = r% = H.



Clearly much work o be done. Especially on pomts of

) Transition from inflation to trap into the late-phase orbit

(b) Relaxxation mechamism of A7 from 0(%5] t O(%:;)

¢) Constraint on imtial condition to get the present state of unmverse



Summary

 Fruitful merger of particle physics and
cosmology

o Still inviting new ideas for B-asymmetry
generation, and

 Radical change of view needed for small
dark energy density



Keys for successful cosmology

e Inflation;
what IS inﬂaton, e-fOIding, Dilatonic inflaton
density perturbation

» Reheating; how hot Violent inflaton decay
e Baryo- or lepto-genesis L or B violation
e Dark matter SUSY LSP

e Dark energy Dilatonic inflaton



