
Bing Bang Nucleosynthesis (ΒΒΝ) 
Αρχέγονη Πυρηνοσύνθεση

mp=938.3 MeV ;  mn=939.6 MeV    → Δm=1.3 MeV

Παράγει


Ξεκινάει


Τελειώνει

Big-Bang Nucleosynthesis

• Production of light elements (D,3He,4He,7Li, . . . )

• Starting point: T ≈ 0.3MeV (D stable against photo-dissociation)

End point: T ≈ 0.1MeV (Coulomb-barrier suppression)

• Radiation dominated expansion

→ abundances depend only on baryon-to-photon ratio

→ one parameter theory
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1946 Gamov προτείνει την ΒΒΝ


1948 Alpher απαιτεί radiation dominance


1949 Turkevich, Fermi δείχνουν ότι σταματάει σε Α=7


1953 Alpher, Herman, Follin σχηματοποιούν την ΒΒΝ


1965-67 Peebles, Wagoner, Fowler, Hoyle γράφουν κώδικα 


1973 Από D παίρνουμε ΩΒ < 0.1


1998 WMAP και άλλα πειράματα αλλάζουν σελίδα



Aρχικές συνθήκες


Μη σχετικιστικοί βαθμοί ελευθερίας 


Ασθενείς πυρηνικές δυνάμεις διατηρούν ισορροπία 

The Three Steps of BBN 1

Step 1: Initial Condition

• t = 10−2s, T = 10MeV

• relativistic degrees of freedom: e±, νi, γ

• weak interactions keep up equilibrium due to high temperature

• light elements in NSE because of small η
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v αποχωρίζεται σε Τ= 2.7 MeV 


Ισορροπία n/p παγώνει σε Τ=0.8 MeV 

The Three Steps of BBN 2

Step 2: Freeze-out’s and e±-annihilation

• νi decouple at T = 2.7MeV.

• e±-annihilation at T = 1MeV. (→ Tγ =
(
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– Reaction rate Γ ≈ G2
F T 5 for weak the interactions

n ↔ p + e− + ν̄,

ν + n ↔ p + e−,

e+ + n ↔ p + ν̄

(determined by neutron lifetime τn).

– Expansion rate of the universe: H ≈ 1.66 g
1
2
∗ T 2/mpl.

⇒ Γ/H ≈
(

T
0.8MeV

)3
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Σε Τ= 0.3 MeV το d είναι πλεόν σταθερό στην ακτινοβολία γ 
και έτσι ανοίγει το ‘bootleneck’ προς τα άλλα στοιχεία 


Tότε


 Σε T=0.1 MeV ή t=3 min BBN σταματάει

The Three Steps of BBN 3

Step 3: Nucleosynthesis

• At T = 0.3MeV and t = 1min, Deuterium becomes stable against photo-

dissociation (Saha-condition, note: B2 = 2.2MeV). Deuterium ’bottleneck’

opens up and light elements abundances evolve towards their NSE value.

• Due to neutron decay n
p → 1

7

(compare to equilibrium value of 1
74 ).

•

Yp := X4 =
4(n/2)

n + p
≈ 0.25

(independent of nuclear reaction rates)

• At T = 0.1MeV and t = 3min the nucleosynthesis stops (Coulomb-barrier

suppression).
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The Reaction Network

• 11 reaction rates

• no stable A = 5, 8

• 2 branches for 7Li

production

11 Αντιδράσεις


μη σταθεροί A=5,8


Δύο κλάδη 

The Reaction Network

• 11 reaction rates

• no stable A = 5, 8

• 2 branches for 7Li

production

12.1. HYDROGEN AND HELIUM 93

The production of light elements then has to go through a complex reaction chain, with
nuclear fusion forming nuclei and the high-energy tail of the photon distribution breaking
them up again (just as at the formation of the microwave background). The sort of reactions
which are important (but far from a complete set) are

p + n -> £>; (12.6)
D + p -> 3He; (12.7)
D + D -)• 4He, (12.8)

where 'D' stands for a deuterium nucleus and 'He' a helium one. The destruction processes
happen in the opposite direction; they become less and less important as the Universe cools
and eventually the build-up of nuclei can properly proceed. It turns out that this happens
at an energy of about 0.1 MeV. I won't attempt a derivation of that number, though I note
that it can be estimated by a similar 'high-energy tail' argument to that of Chapter 10, this
time applied to the deuterium binding energy of 2.2 MeV. Once the neutrons manage to
form nuclei, they become stable.

The delay until 0.1 MeV before nuclei such as helium-4 appear is long enough that the
decay of neutrons into protons is not completely negligible, though most of the neutrons
do survive. To figure out how many neutrons decay, we need to know how old the Universe
is at a temperature kBT ~ 0.1 MeV. We found this in the last chapter, equation (11.11);
the age is tnuc — 400 s, surprisingly close to the neutron half-life of thalf = 614 s. The
neutron decays reduce the neutron number density by exp(— In 2 x £nuc thalf ) giving

Nn 1 ( 400s x m2\ 1 ia^-j- ~ - x exp -- -- - ) ~ - . (12.9)Np 5 \ 614s / 8

One could take into account that the neutron decays are increasing the number of protons
too, but that's a small correction. It is quite a bizarre coincidence that the neutron half-life
is so comparable to the time it takes the nuclei to form; if it had been much shorter all
neutrons would decay and only hydrogen could form.

In the early Universe, the only elements produced in any significant abundance are
hydrogen and helium-4. The latter is produced because it is the most stable light nucleus,
and the former because there aren't enough neutrons around for all the protons to bind
with and so some protons are left over. We can therefore get an estimate of their rela-
tive abundance, normally quoted as the fraction of the mass (not number density) of the
Universe which is in helium-4. Since every helium nucleus contains 2 neutrons (and hy-
drogen contains none), all neutrons end up in helium and the number density of helium-4
is Wiie -4 = Nn/2. Each helium nucleus weighs about four proton masses, so the fraction
of the total mass in helium-4, known as ¥4, is

2N 1

So this simple treatment tells us that about 22% of the matter in the Universe is in the form
of helium-4. Note that this is the mass fraction; since helium-4 weighs four times as much
as hydrogen, it means there is one helium-4 nucleus for every 14 hydrogen ones.









Cosmic Microwave Background  (CMB) 
Aκτινοβολία κοσμικού υποβάθρου  
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27. COSMIC MICROWAVE BACKGROUND

Revised September 2013 by D. Scott (University of British Columbia) and G.F. Smoot
(UCB/LBNL). Appendix A, describing the BICEP2 B-mode polarization result, added
April 2014.

27.1. Introduction

The energy content in radiation from beyond our Galaxy is dominated by the cosmic
microwave background (CMB), discovered in 1965 [1]. The spectrum of the CMB is well
described by a blackbody function with T = 2.7255 K, this spectral form being one of the
main pillars of the hot Big Bang model for the early Universe. The lack of any observed
deviations from a blackbody spectrum constrains physical processes over cosmic history
at redshifts z ∼< 107 (see earlier versions of this review). All viable cosmological models
predict a very nearly Planckian spectrum inside the current observational limits (although
that could change with more sensitive spectral experiments in the future [2]).

Currently the key CMB observable is the angular variation in temperature (or intensity)
correlations, and now to some extent polarization [3]. Since the first detection of these
anisotropies by the Cosmic Background Explorer (COBE ) satellite [4], there has been
intense activity to map the sky at increasing levels of sensitivity and angular resolution
by ground-based and balloon-borne measurements. These were joined in 2003 by the first
results from NASA’s Wilkinson Microwave Anisotropy Probe (WMAP) [5], which were
improved upon by analyses of the 3-year, 5-year, 7-year, and 9-year WMAP data [6,7,8,9].
Now the WMAP data have been improved upon through the first cosmological
results [10] from ESA’s Planck satellite [11,12], and extended to smaller angular scales
by ground-based experiments, particularly the Atacama Cosmology Telescope (ACT) [13]
and the South Pole Telescope (SPT) [14] . Together these observations have led to a
stunning confirmation of the ‘Standard Model of Cosmology.’ In combination with other
astrophysical data, the CMB anisotropy measurements place quite precise constraints
on a number of cosmological parameters, and have launched us into an era of precision
cosmology.

27.2. Description of CMB Anisotropies

Observations show that the CMB contains anisotropies at the 10−5 level, over a wide
range of angular scales. These anisotropies are usually expressed by using a spherical
harmonic expansion of the CMB sky:

T (θ, φ) =
∑

ℓm

aℓmYℓm(θ, φ).

Increasing angular resolution requires that the expansion goes to higher and higher
multipoles. The vast majority of the cosmological information is contained in the
temperature 2-point function, i.e., the variance as a function only of angular separation,
since we notice no preferred direction. Equivalently, the power per unit ln ℓ is
ℓ
∑

m |aℓm|2 /4π.

K.A. Olive et al. (PDG), Chin. Phys. C38, 090001 (2014) (http://pdg.lbl.gov)
August 21, 2014 13:18
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Plate 4: Sensitivity of the acoustic temperature spectrum to four fundamental cosmological
parameters (a) the curvature as quantified by Ωtot (b) the dark energy as quantified by the
cosmological constant ΩΛ (wΛ = −1) (c) the physical baryon density Ωbh2 (d) the physical
matter density Ωmh2, all varied around a fiducial model of Ωtot = 1, ΩΛ = 0.65, Ωbh2 = 0.02,
Ωmh2 = 0.147, n = 1, zri = 0, Ei = 0.

28 Hu & Dodelson

popular belief, any one of these alone is not a standard ruler whose absolute
scale is known even in the working cosmological model. This is reflected in the
sensitivity of these scales to other cosmological parameters. For example, the
dependence of ℓa on Ωmh2 and hence the Hubble constant is quite strong. But
in combination with a measurement of the matter-radiation ratio from ℓeq, this
degeneracy is broken.

The weaker degeneracy of ℓa on the baryons can likewise be broken from a
measurement of the baryon-photon ratio R∗. The damping scale ℓd provides an
additional consistency check on the implicit assumptions in the working model,
e.g. recombination and the energy contents of the Universe during this epoch.
What makes the peaks so valuable for this test is that the rulers are standardize-
able and contain a built-in consistency check.

There remains a weak but perfect degeneracy between Ωtot and ΩΛ because
they both appear only in D∗. This is called the angular diameter distance degen-
eracy in the literature and can readily be generalized to dark energy components
beyond the cosmological constant assumed here. Since the effect of ΩΛ is in-
trinsically so small, it only creates a correspondingly small ambiguity in Ωtot for
reasonable values of ΩΛ. The down side is that dark energy can never be isolated
through the peaks alone since it only takes a small amount of curvature to mimic
its effects. The evidence for dark energy through the CMB comes about by al-
lowing for external information. The most important is the nearly overwhelming
direct evidence for Ωm < 1 from local structures in the Universe. The second is
the measurements of a relatively high Hubble constant h ≈ 0.7; combined with a
relatively low Ωmh2 that is preferred in the CMB data, it implies Ωm < 1 but at
low significance currently.

The upshot is that precise measurements of the acoustic peaks yield precise de-
terminations of four fundamental parameters of the working cosmological model:
Ωbh2, Ωmh2, D∗, and n. More generally, the first three can be replaced by ℓa, ℓeq,
ℓd and R∗ to extend these results to models where the underlying assumptions
of the working model are violated.

4 BEYOND THE PEAKS

Once the acoustic peaks in the temperature and polarization power spectra have
been scaled, the days of splendid isolation of cosmic microwave background the-
ory, analysis and experiment will have ended. Beyond and beneath the peaks
lies a wealth of information about the evolution of structure in the Universe and
its origin in the early universe. As CMB photons traverse the large scale struc-
ture of the Universe on their journey from the recombination epoch, they pick
up secondary temperature and polarization anisotropies. These depend on the
intervening dark matter, dark energy, baryonic gas density and temperature dis-
tributions, and even the existence of primordial gravity waves, so the potential
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