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• Big Bang Nucleosynthesis

BBN	offers	the	deepest	reliable	probe	of	the	early	Universe,	
based	on	the	well-understood	Standard	Model	of	physics.

BBN	predicts	the	abundances	of	the	light	elements	at	the	end	of	
the	first	three	minutes,	in	good	agreement	with	observations.

BBN	gives	strong	constraints	on	the	deviations	from	the	standard	
cosmology,	and	on	new	physics	beyond	Standard	Model.





• Isotopes (stable)
Deuterium(D) Tritium(T)

Lifetime	of	free	neutron	is	around	880	seconds	but	it	is	stable	in	the	bound	
state.



• Composition of Earth

Olivine:감람석 Pyroxenes:휘석
(Mg,Fe)2SiO4 (Ca,Mg,Fe)2(Si,Al)2O6





The	present	abundances	observed	are	altered	in	the	astrophysical	
processes	with	increase	of	metals	such	as	C,	N,	O	and	Fe.

• The Universe and the formation of the elements

Big	Bang

H,	He

Stellar	fusion

He	-	Fe

Supernova

Heavier	

than	Fe





• Primordial light element abundances
Examine	the	high-redshift,	low-metallicity	spectrums.

Deuterium

No	known	production	mechanism	in	the	astrophysical	sources,

and	the	abundance	only	decreases.	The	observed	value	gives	
lower	limit	on	the	primordial	value,	thus	upper	limit	on			.	

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Averaging	the	seven	most	precise	observations	of	deuterium	in	
quasar	absorption	systems	gives
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[Pettini	etal,	2008]
Helium	3

The	only	data	from	the	Solar	system	and	high-metallicity	H	II	
regions	in	our	Galaxy.	So	difficult	to	know	the	primordial	He3	
value.



Helium	4

Observing	the	spectral	line	in	metal	poor	extragalactic	H	II	
region	(clouds	of	ionized	hydrogen).

Neutrino Physics Neutrinos And Big Bang Nucleosynthesis

with the primordial deuterium abundance. Consistent with these more sophisticated approaches, if
the quoted errors for each of the data points is simply doubled (lowering the reduced �

2
/dof from 4

to 1), it leads to the following estimate of the relic abundance,

log yDP = 0.42± 0.02 (yDP ⌘ 105(D/H)P = 2.63± 0.12). (22)

This result is consistent with that quoted in Pettini & Cooke (2012) [27], who used a slightly di↵erent
set of D/H observations3. Adopting this estimate for the primordial D abundance, Eq. 16 results in

⌘D = 5.96± 0.28. (23)

0.3.2 Primordial Helium

Figure 2: Helium abundance (mass fractions, Y) determinations from the sample of extragalactic
H II regions studied by Izotov & Thuan (2010) [29] as a function of the corresponding oxygen abun-
dances (O/H by number). The solid line is the Izotov & Thuan best fit to a linear Y versus O/H
correlation.

3
For their new, most precise individual deuterium abundance determination, Pettini & Cooke [27] find yD = 2.53±0.05

which, if identified with the primordial deuterium abundance, corresponds to ⌘D = 6.10± 0.24.

9

[Steigman,	1208.0032]

Neutrino Physics Neutrinos And Big Bang Nucleosynthesis

As was the case for deuterium, the post-BBN evolution of helium (4He) is simple and monotonic.
As gas is cycled through stars, hydrogen is burned to helium (and beyond) and the helium abundance
increases with time and with metallicity. The strategy, therefore, is to concentrate on determining the
helium abundance in the most nearly primordial regions of low metallicity which, as with deuterium,
lie outside of the Galaxy. In H II regions, regions of hot, ionized gas, recombinations of hydrogen and
helium result in observable emission lines which can be used, along with models of the H II regions and
a knowledge of the associated atomic physics, to infer the helium abundance. The current inventory of
helium abundance determinations from relatively low metallicity, extragalactic H II regions approaches
⇠ 100 (Izotov & Thuan 2010 (IT) [29]). These data for the inferred helium mass fraction (Y) as a
function of the corresponding oxygen abundance (O/H by number) are shown in Fig. 2. The sheer
size of this data set leads to relatively small, formal statistical errors, magnifying the importance of
taking proper account of the many possible sources of systematic errors. While some have employed
a posteriori selected subsets of the IT data for more detailed analyses, the sources and magnitudes of
systematic errors have rarely been addressed. As a result, the uncertainty in the inferred primordial
helium mass fraction is currently dominated by systematic errors (both the known unknowns and the
unknown unknowns). As a result, estimating the size of the true uncertainty in the observational
determination of YP is largely guesswork. From a linear fit to their Y – O/H data, IT find the
intercept, providing an estimate of the primordial helium abundance,

YP = 0.2565± 0.0010 (stat)± 0.0050 (syst). (24)

In the analysis presented here the statistical and systematic errors are, arbitrarily, combined lin-
early, leading to the estimate of the primordial abundance adopted here,

YP = 0.2565± 0.0060. (25)

This estimate of the relic 4He abundance is consistent with other, recent estimates based on analyses
involving limited subsets of the IT data. In some of those other analyses, a linear Y versus O/H fit is
forced on data which is consistent with no correlation between Y and O/H. Not surprisingly, the result
of such analyses is a slope which is consistent with zero at less than 1�. However, the large uncertainty
in the slope inferred from such fits leads to an estimate of the intercept (YP) with excessively large
errors, which have nothing to do with either the statistical or systematic errors. The errors simply
reflect the uncertainty in the slope for uncorrelated data. Even worse, since these fits are consistent
with an unphysical, negative Y – O/H slope at <⇠ 1�, they lead to an unphysical upper bound to YP.

In combination with Eq. 17, the relic abundance adopted here results in,

⌘He = 11.50± 3.77. (26)

0.3.3 Primordial Lithium

Compared to the post-BBN evolution of D and 4He, the evolution of lithium is more complicated
and uncertain, similar to that of 3He. As gas is cycled through stars, most of the pre-stellar lithium
is destroyed. However, some lithium may avoid nuclear burning if it remains in the cooler, surface
regions of the coolest, lowest mass stars. Observations suggest that some stars (the “super-lithium
rich” red giants), during some part of their evolution, are net producers of lithium, although it is not
entirely clear if such stellar produced lithium is returned to the interstellar gas before being destroyed.

10

[Steigman,	1208.0032]

4 22. Big-Bang nucleosynthesis

22.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially fixed by t ∼ 180 s. Abundances are, however, usually observed at much later
epochs, after stellar nucleosynthesis has commenced. The ejected remains of this stellar
processing can alter the light element abundances from their primordial values, and also
produce heavy elements such as C, N, O, and Fe (‘metals’). Thus, one seeks astrophysical
sites with low metal abundances, in order to measure light element abundances which
are closer to primordial. For all of the light elements, systematic errors are an important
(and often dominant) limitation to the precision with which primordial abundances can
be inferred.

High-resolution spectra reveal the presence of D in high-redshift, low-metallicity
quasar absorption systems via its isotope-shifted Lyman-α absorption [30–33]. It is
believed that there are no astrophysical sources of deuterium [34], so any detection
provides a lower limit to primordial D/H, and thus an upper limit on η; for example,
the local interstellar value of D/H|p = (1.56 ± 0.04) × 10−5 [35] requires η10 ≤ 9. Recent
observations find an unexpected scatter of a factor of ∼ 2 [36], as well as correlations with
heavy element abundances which suggest that interstellar D may suffer stellar processing
(astration), but also partly reside in dust particles which evade gas-phase observations.
This is supported by a measurement in the lower halo [37], which indicates that the
Galactic D abundance has been reduced by a factor of only 1.12±0.13 since its formation.
For the high-redshift systems, conventional models of galactic nucleosynthesis (chemical
evolution) do not predict either of these effects for D/H [38].

The observed extragalactic D values are bracketed by the non-detection of D in a
high-redshift system, D/H|p < 6.7 × 10−5 at 1σ [39], and low values in some (damped
Lyman-α) systems [30,31]. Averaging the seven most precise observations of deuterium
in quasar absorption systems gives D/H = (2.82 ± 0.12) × 10−5, where the error is
statistical only [32,33]. However, there remains concern over systematic errors, the
dispersion between the values being much larger than is expected from the individual
measurement errors (χ2 = 17.7 for ν = 6 d.o.f.). Increasing the error by a factor

√

χ2/ν
gives, as shown in Fig. 22.1:

D/H|p = (2.82 ± 0.21) × 10−5. (22.2)

4He can be observed in clouds of ionized hydrogen (H II regions), the most metal-poor
of which are in dwarf galaxies. There is now a large body of data on 4He and CNO in
such systems [40]. These data confirm that the small stellar contribution to helium is
positively correlated with metal production. Extrapolating to zero metallicity gives the
primordial 4He abundance [41]

Yp = 0.249 ± 0.009. (22.3)

Here the latter error is a careful (and significantly enlarged) estimate of the systematic
uncertainties which dominate, and is based on the scatter in different analyses of the
physical properties of the H II regions [40,41]. Other recent extrapolations to zero

June 18, 2012 16:19

[Olive,	Skillman,	2004]



Lithium

From	metal-poor	stars	(Pop	II)	of	our	Galaxy	less	than					of	
Solar	value.	It	shows‘Spite	plateau’.

22. Big-Bang nucleosynthesis 5

metallicity give Yp = 0.247 ± 0.001 or 0.252 ± 0.001 depending on which set of He I
emissivities are used [42], and Yp = 0.248 ± 0.003 [43]. These are consistent (given the
systematic errors) with the above estimate [41], which appears in Fig. 22.1. The CMB
damping tail (see Cosmic Microwave Background review) is sensitive to the primordial
4He abundance [44]. Recent measurements find Yp = 0.296± 0.030 [45], consistent with
the above; future Planck measurements should tighten this result.

As we will see in more detail below, the primordial abundance of lithium now plays
a central role in BBN, and possibly points to new physics. The systems best suited for
Li observations are metal-poor stars in the spheroid (Pop II) of our Galaxy, which have
metallicities going down to at least 10−4, and perhaps 10−5 of the Solar value [46].
Observations have long shown [47–51] that Li does not vary significantly in Pop IIstars
with metallicities <∼ 1/30 of Solar — the ‘Spite plateau’ [47]. Precision data suggest
a small but significant correlation between Li and Fe [48], which can be understood
as the result of Li production from Galactic cosmic rays [49]. Extrapolating to zero
metallicity, one arrives at a primordial value Li/H|p = (1.23 ± 0.06+0.68

−0.32) × 10−10 [50],
where the first error given is statistical and is very small due to the relatively large
sample of 22 stars used. One source of systematic error stems from the differences
in techniques used to determine the physical parameters (e.g., the temperature) of
the stellar atmosphere in which the Li absorption line is formed. Alternative analyses,
using methods that give systematically higher temperatures, and in some cases different
stars and stellar systems (globular clusters), yield Li/H|p = (2.19 ± 0.28) × 10−10 [51],
Li/H|p = (2.34 ± 0.32) × 10−10 [52], and Li/H|p = (1.26 ± 0.26) × 10−10 [53]; the
differences with [50] indicate a systematic uncertainty of a factor of ∼ 2. Moreover, it
is possible that the Li in Pop II stars has been partially destroyed, due to mixing of
the outer layers with the hotter interior [54]. Such processes can be constrained by the
absence of significant scatter in Li versus Fe [48], and by observations of the fragile
isotope 6Li [49]. Nevertheless, some depletion is likely to exist: a factor as large as
∼ 1.8 has been suggested [55]( and recent observations find a puzzling drop in Li/H in
ultra-metal-poor stars [56]) . Including these systematics, we estimate a primordial Li
range which spans the ranges above, as shown in Fig. 22.1:

Li/H|p = (1.7 ± 0.06 ± 0.44) × 10−10. (22.4)

Stellar determination of Li abundances typically sum over both stable isotopes 6Li and
7Li. Recent high-precision measurements are sensitive to the tiny isotopic shift in Li
absorption (which manifests itself in the shape of the blended, thermally broadened line)
and indicate 6Li/7Li ≤ 0.15 [57]. This confirms that 7Li is dominant, but surprisingly
there is indication of a 6Li plateau (analogous to the 7Li plateau) which suggests a
significant primordial 6Li abundance. However, caution must be exercised since convective
motions in the star can generate similar asymmetries in the line shape, hence the deduced
6Li abundance is presently best interpreted as an upper limit [58].

Turning to 3He, the only data available are from the Solar system and (high-metallicity)
H II regions in our Galaxy [59]. This makes inferring the primordial abundance difficult,
a problem compounded by the fact that stellar nucleosynthesis models for 3He are in
conflict with observations [60]. Consequently, it is no longer appropriate to use 3He as a

June 18, 2012 16:19

[Fields,	Sarkar,	PDG	2012]
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10�4 (1)

D/H
p
= (2.82± 0.21)⇥ 10�5 (2)

⌘ Be7 + e
�
! Li7 + ⌫e (3)

He4 + T ! Li7 + �

He4 +He3 ! Be7 + �

He4 +D ! Li6 + �

(4)

T +D ! He4 + n He3 +D ! He4 + p (5)

g⇤ = 3.36 H / g
1/2
⇤ T

2 (6)

⌧n = 880.1± 1.1 sec ⌧n ' 880 sec (7)

X4 =
4n4

nN

=
4⇥ nn/2

nn + np

=
2⇥ nn

np

���
T'0.1MeV

1 + nn
np

���
T'0.1MeV

=
1

4
(8)

1

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

log

✓
Fe/H

(Fe/H)�

◆
(1)

B2H =2.22MeV

B3H =26.92MeV

B3He =27.72MeV

B4He =28.3MeV

(2)

y ⌘
�T

mec
2

Z
dlne(l)kBTe(l) (3)

�f� = y

✓
�x+ ((x2

/4) coth(x/2))

sinh2(x/2)

◆
x ⌘

~!
kBT

(4)

P1(x) = x P2(x) =
1

2
(3x2

� 1) (5)

� ' 1 � ' 10�3 cos ✓ = �1 (6)

=
1

exp(|p0|/T 0)� 1
T

0 =
T

�(1 + � cos ✓)
(7)

1



Lithium	6

The	recent	high	precision	measurements	shows	probable	Li6	
plateau.

Lithium isotopic abundances in metal-poor halo stars 13

Fig. 12.— Same as Fig. 9 but for LP 815-43. In this star, the χ2-
analysis indicate a 2σ detection of 6Li at the level of 6Li/7Li= 0.05.
The observed spectrum shown here is the one from August 2004.

χ2 values, from which the minimum χ2
min could be de-

termined. The 1σ, 2σ and 3σ confidence limits of the
determinations correspond to ∆χ2 = χ2 − χ2

min = 1, 4
and 9, respectively. These uncertainties are determined
by the noise of the spectra, which as mentioned above are

Fig. 13.— Derived 6Li/7Li as a function of Teff (Upper panel)
and [Fe/H] (Middle panel). The stars considered to have a signifi-
cant detection (≥ 2σ) of 6Li are shown as solid circles while non-
detections are plotted as open circles. Note that the non-detections
do not cluster around 6Li/7Li= 0.00 but rather at ≈ 0.01. This
is also illustrated as a histogram (Lower panel). The observed dis-
tribution is clearly not representative of a Gaussian centered at
6Li/7Li= 0.00.

better than S/N > 500 for all but two stars that have
400 and 470, respectively. The reduced χ2

r is in all cases
close to one with the variations between stars as expected
from statistical fluctuations. In addition, the χ2-analysis
was repeated for each star with different adopted macro-
turbulence parameters, ζmacro ±∆ζmacro, where ∆ζmacro

was given by the standard deviation from the various Ca
and Fe lines. Examples of the observed and predicted
Li i line profiles and the corresponding χ2 values can be

[Asplund,	2006]
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However	caution	must	be	exercised	since	convective	motion	in	
the	stars	may	generates	similar	results. [Fields,	Sarkar,	PDG	2012]
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• Big Bang Nucleosynthesis

BBN	offers	the	deepest	reliable	probe	of	the	early	Universe,	
based	on	the	well-understood	Standard	Model	of	physics.

BBN	predicts	the	abundances	of	the	light	elements	at	the	end	of	
the	first	three	minutes,	in	good	agreement	with	observations.

BBN	gives	strong	constraints	on	the	deviations	from	the	standard	
cosmology,	and	on	new	physics	beyond	Standard	Model.



Big	Bang	Nucleosynthesis	nuclear	reactions

Initial	values	

are	set	from	the	
thermal	equilibrium.

Final	values	are	
frozen	in	the	
expanding	Universe.

(releasing	energy)



Big	Bang	Nucleosynthesis	:	

evolution	of	the	abundances	in	the	first	three	minutes

Initial	condition Nuclear	reaction Frozen



Local	Thermal	Equilibrium	

of	protons	and	neutrons

Weak	freeze-out Deuterium	bottleneck
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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finally forms the structures such as galaxy, clusters of galaxies etc.
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Initial	condition :	Nuclear	statistical	equilibrium
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In	kinetic	equilibrium,	the	number	density	of	light	nuclear	
species	follow

In	chemical	equilibrium,	with	reactions	much	faster	than	
expansion
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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then	the	chemical	potentials	are	related	by
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I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
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equality corresponding to 10 to 12 sec or the1 eV of temperature.
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We	consider	now	the	temperature	much	larger	than	1	MeV	
and	below	100	MeV.
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For	proton	number	density,
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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For	nucleus	(mass	number	A,	proton	number	Z)	number	density,

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

np =gp

✓
mpT

2⇡

◆3/2

exp

✓
µp �mp

T

◆

nn =gn

✓
mnT

2⇡

◆3/2

exp

✓
µn �mn

T

◆

nA =gA

✓
mAT

2⇡

◆3/2

exp

✓
µA �mA

T

◆

(1)

Nucleus(A,Z) $ Ap+ (A� Z)n µA = Zµp + (A� Z)µn (2)

tpl ⌘

r
~G
c5

= 5.3904⇥ 10�44 sec (3)

g⇤ = 93.04 g⇤ = 89.04 g⇤ = 83.04 (4)

⌘ ⌘
nB � nB̄

n�

' 6⇥ 10�10
g⇤S = 3.91 125GeV (5)

1

In	the	chemical	equilibrium,
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Binding energy of nuclei

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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For	nucleus	(mass	number	A,	proton	number	Z)	number	density,

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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In	the	equilibrium,	the	number	density	is	determined	by	those	of	
proton	and	neutron	at	a	given	temperature.

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The	mass	fraction	is	defined	by
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The	mass	fraction	of	species	A(Z)	in	nuclear	thermal	equilibrium

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Initial	condition :	equilibrium	by	weak	interaction

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Protons	and	neutrons	are	balanced	
by	the	weak	interactions.	Thus	
the	chemical	potentials	satisfy

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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with	charge	neutrality

and	assuming	small
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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T	=	10	MeV :	still	in	the	thermal	equilibrium

T	=	1	MeV :	weak	interaction	frozen

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The	light	nuclei	are	still	in	the	nuclear	statistal	equilibrium,
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2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

Xn ' 1/7, Xp ' 6/7

X2 ' 10�12
, X3 ' 10�23

, X4 ' 10�28
(1)

nn

np

����
freeze�out

= exp


�
1.293MeV

0.8MeV

�
'

1

6
(2)

Xn = Xp = 0.5,

X3 ' 2⇥ 10�23
, X4 ' 2⇥ 10�34

(3)

ln(⌘�1) ' 20
3

2
ln(mN/T ) ⇠ 14 (4)

T ' 0.07MeV

T ' 0.11MeV

T ' 0.28MeV

(5)

⌘ ⇠ 10�9
TXA⇠1 '

BA/(A� 1)

ln(⌘�1) + 3
2 ln(mN/T )

(6)

1

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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T	=	0.3	MeV	to	0.1	MeV

(t=1	to	3	minutes)

The	free	neutrons	still	decays	and	produce	protons.

At	around	this	temperature,	the	D,	H3	and	He3	abundances	

grows	and	they	quickly	bound	into	most	stable	light	element	
He4.	All	the	free	neutrons	are	bound	into	He4.	The	resulting	
mass	fraction	of	H4	is

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

X4 =
4n4

nN

=
4⇥ nn/2

nn + np

= (1)

nn

np

����
T'0.1MeV

'
1

7
(2)

Xn ' 1/7, Xp ' 6/7

X2 ' 10�12
, X3 ' 10�23

, X4 ' 10�28
(3)

nn

np

����
freeze�out

= exp


�
1.293MeV

0.8MeV

�
'

1

6
(4)

Xn = Xp = 0.5,

X2 ' 6⇥ 10�12
, X3 ' 2⇥ 10�23

, X4 ' 2⇥ 10�34
(5)

ln(⌘�1) ' 20
3

2
ln(mN/T ) ⇠ 14 (6)

1

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
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Ṙ

R

)2

=
1

4t2

t = 0.301g−1/2
∗

MP

T 2
∼

(

T

MeV

)−2
(13)

1

He4	cannot	be	produced	until	enough	Deuteriums	are	produced.

Deuterium	bottleneck

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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There	is	no	stable	nuclei	for	A=5,	8

Production	of	Li6,	Li7	and	Be7

1 Formulae

2 Dark Matter
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the early Universe and at the present universe. What is the candidates of dark
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Be7	captures	electron	and	decays	to	Li7.
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http://www-thphys.physics.ox.ac.uk/people/SubirSarkar/bbn.html

Public	code	and	review	papers	for	BBN	at

Computer	code	by	Wagoner	(1969,	1973)	

Updated	by	Kawano	(1992)	and	etc...

First	calculated	by	Gamow,	Alpher	and	Herman	(1940)

Public	code

FASTBBN Lisi,Sarkar,Villante	(1990)

PArthENoPE Pisanti	et	al	(2008)



Numerical	calculation	of	BBN

Nuclear	reactions

Solve	Boltzmann	equation

with	initial	equilibrium	conditions	and	input	parameters.

The	nuclear	reaction	rates	are	given	from	experiments	and	
nuclear	models.



Table 2. 

DEDUCED RATES AND UNCERTAINTIES OF 12 MAJOR BUN REACTIONS 

x(1.-.56OT,‘2+.179T~-.O283~‘2+2.21x1O-3T,z-6.85x1O-5T~‘2) 
+9.391x10”Tf~*T,-3’2+4.467x 10’T,-3’2exp(-0.07486/Tg) 

Ts. = [Ts/(l. + 13.08Tg)] 

Nuclear	reaction	rate [Kawano,	1992]



Big	Bang	Nucleosynthesis	:	

evolution	of	the	abundances	in	the	first	three	minutes

Initial	condition Nuclear	reaction Frozen
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Small	amount	of	the	light	elements	are
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These	light	elements	cannot	be	produced	in	the	stellar	evolution.

They	was	created	in	the	early	hot	Universe.

*	the	number	ratio	of	proton	:	neutron	~	7:1
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• Determination of Baryon density

One	free	parameter	is	the	baryon-to-photon	ratio,			.	
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Since	the	photon	number	density	is	fixed,	baryon	number	is	
determined	from	this	parameter.	Then	in	the	thermal	equilibrium,	
all	abundance	of	the	nuclei	are	given	as	initial	conditions.

For	a	larger	value	of			,	the	abundances	of	D,	T,	He3	build	up	
slightly	earlier	and	He4	synthesis	starts	earlier,	when	neutron-to-
proton	ratio	is	larger.	Thus	He4	fraction	is	higher.
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The	abundance	of	D,	He3	is	more	sensitive	to			,	with	
decreasing	as				increases.		
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Li7	has	trough	at	a	value	around											.	This	is	due	to	
two	different	production	processes	dominate	depending	on	the	
value	of			
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• Determination of Baryon density

The comparison between the observed 
light element abundances and the 
theoretical calculation shows that
the baryon-to-photon ratio

It is consistent with independent 
determination from CMB anisotropy.

It corresponds to Baryon energy density
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.

July 30, 2010 14:36

Box:	2sigma	stat,	2sigma	stat+syst	
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• Lithium problems
SBBN predicts more Li7 by a factor at least 2.4 and by at least 4.2 sigma.
CMB value of baryon abundance increases the discrepancy to as much as 
5.3 sigma.

If Li6 plateau reflects a primordial Li6, then 1000 times larger than 
expected from SBBN.

Uncertainties in stellar astrophysics?

New physics: decay of heavy particles around BBN epoch?

Where these mismatch come from?

Systematic errors in the observed abundances?

Uncertainties in nuclear inputs?
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makes	the	freeze-out	of	the	weak	interaction	earlier,	then	the	neutron-to-
proton	ratio	increases.	Thus,	the	He4	mass	fraction	increases.

Particle	physics	beyond	Standard	Model	is	usually	constrained	from	this	
additional	energy	budget	and	thus	from	He4	abundance.
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t(θ,β) =
1 + zl

c

DlDs

Dls
φF(θ,β), (18)

whereDl, Ds, and Dls are the angular diameter distances
out to a lens galaxy, to a source galaxy, and between
them, respectively, and φF is the so-called Fermat po-
tential, which depends on the path length of light rays
and gravitational potential of the lens galaxy.
The biggest challenge for this method is to control sys-

tematic errors in our knowledge of φF, which requires a
detailed modeling of mass distribution of the lens. One
can, in principle, minimize this systematic error by find-
ing a lens system where the mass distribution of lens is
relatively simple.
The lens system B1608+656 is not a simple system,

with two lens galaxies and dust extinction; however, it
has one of the most precise time-delay measurements of
quadruple lenses. The lens redshift of this system is rela-
tively large, zl = 0.6304 (Myers et al. 1995). The source
redshift is zs = 1.394 (Fassnacht et al. 1996). This sys-
tem has been used to determine H0 to 10% accuracy
(Koopmans et al. 2003).
Suyu et al. (2009) have obtained more data from the

deep HST Advanced Camera for Surveys (ACS) obser-
vations of the asymmetric and spatially extended lensed
images, and constrained the slope of mass distribution of
the lens galaxies. They also obtained ancillary data (for
stellar dynamics and lens environment studies) to con-
trol the systematics, particularly the the so-called “mass-
sheet degeneracy,” which the strong lensing data alone
cannot break. By doing so, they were able to reduce the
error in H0 (including the systematic error) by a factor
of two (Suyu et al. 2010). They find a constraint on the
“time-delay distance,” D∆t, as

D∆t ≡ (1 + zl)
DlDs

Dls
" 5226± 206 Mpc, (19)

where the number is found from a Gaussian fit to the
likelihood of D∆t

17; however, the actual shape of the
likelihood is slightly non-Gaussian. We thus use:

• Likelihood of D∆t out to the lens system
B1608+656 given by Suyu et al. (2010),

P (D∆t) =
exp

[

−(ln(x− λ) − µ)2/(2σ2)
]

√
2π(x− λ)σ

, (20)

where x = D∆t/(1 Mpc), λ = 4000, µ = 7.053,
and σ = 0.2282. This likelihood includes system-
atic errors due to the mass-sheet degeneracy, which
dominates the total error budget (see Section 6 of
Suyu et al. 2010, for more details). Note that this
is the only lens system for which D∆t (rather than
H0) has been constrained.18

17 S. H. Suyu 2009, private communication.
18 As the time-delay distance, D∆t, is the angular diam-

eter distance to the lens, Dl, multiplied by the distance ra-
tio, Ds/Dls, the sensitivity of D∆t to cosmological parameters
is somewhat limited compared to that of Dl (Fukugita et al.
1990). On the other hand, if the density profile of the lens
galaxy is approximately given by ρ ∝ 1/r2, the observed Ein-
stein radius and velocity dispersion of the lens galaxy can be
used to infer the same distance ratio, Ds/Dls, and thus one

3.3. Treating Massive Neutrinos in H(a) Exactly

When we evaluate the likelihood of external astrophys-
ical data sets, we often need to compute the Hubble ex-
pansion rate, H(a). While we treated the effect of mas-
sive neutrinos onH(a) approximately for the 5-year anal-
ysis of the external data sets presented in Komatsu et al.
(2009a), we treat it exactly for the 7-year analysis, as de-
scribed below.
The total energy density of massive neutrino species,

ρν , is given by (in natural units)

ρν(a) = 2

∫

d3p

(2π)3
1

ep/Tν(a) + 1

∑

i

√

p2 +m2
ν,i, (21)

where mν,i is the mass of each neutrino species. Using
the comoving momentum, q ≡ pa, and the present-day
neutrino temperature, Tν0 = (4/11)1/3Tcmb = 1.945 K,
we write

ρν(a) =
1

a4

∫

q2dq

π2

1

eq/Tν0 + 1

∑

i

√

q2 +m2
ν,ia

2. (22)

Throughout this paper, we shall assume that all massive
neutrino species have the equal mass mν , i.e., mν,i = mν

for all i.19

When neutrinos are relativistic, one may relate ρν to
the photon energy density, ργ , as

ρν(a) →
7

8

(

4

11

)4/3

Neffργ(a) " 0.2271Neffργ(a), (23)

where Neff is the effective number of neutrino species.
Note that Neff = 3.04 for the standard neutrino
species.20 This motivates our writing equation (22) as

ρν(a) = 0.2271Neffργ(a)f(mνa/Tν0), (24)

where

f(y) ≡
120

7π4
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0
dx

x2
√
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. (25)

The limits of this function are f(y) → 1 for y → 0,

and f(y) → 180ζ(3)
7π4 y for y → ∞, where ζ(3) " 1.202 is

the Riemann zeta function. We find that f(y) can be

can use this property to constrain cosmological parameters as
well (Futamase & Yoshida 2001; Yamamoto & Futamase 2001;
Yamamoto et al. 2001; Ohyama et al. 2002; Dobke et al. 2009), up
to uncertainties in the density profile (Chiba & Takahashi 2002).
By combining measurements of the time-delay, Einstein ring, and
velocity dispersion, one can in principle measure Dl directly,
thereby turning strong gravitational lens systems into standard
rulers (Paraficz & Hjorth 2009). While the accuracy of the current
data for B1608+656 does not permit us to determine Dl precisely
yet (S. H. Suyu and P. J. Marshall 2009, private communication),
there seems to be exciting future prospects for this method. Fu-
ture prospects of the time-delay method are also discussed in Oguri
(2007); Coe & Moustakas (2009).

19 While the current cosmological data are not yet sensitive
to the mass of individual neutrino species, that is, the mass
hierarchy, this situation may change in the future, with high-
z galaxy redshift surveys or weak lensing surveys (Takada et al.
2006; Slosar 2006; Hannestad & Wong 2007; Kitching et al. 2008;
Abdalla & Rawlings 2007).

20 A recent estimate gives Neff = 3.046 (Mangano et al. 2005).

For 3 species of neutrinos in the Standard Model
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tively large, zl = 0.6304 (Myers et al. 1995). The source
redshift is zs = 1.394 (Fassnacht et al. 1996). This sys-
tem has been used to determine H0 to 10% accuracy
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the lens galaxies. They also obtained ancillary data (for
stellar dynamics and lens environment studies) to con-
trol the systematics, particularly the the so-called “mass-
sheet degeneracy,” which the strong lensing data alone
cannot break. By doing so, they were able to reduce the
error in H0 (including the systematic error) by a factor
of two (Suyu et al. 2010). They find a constraint on the
“time-delay distance,” D∆t, as

D∆t ≡ (1 + zl)
DlDs

Dls
" 5226± 206 Mpc, (19)

where the number is found from a Gaussian fit to the
likelihood of D∆t

17; however, the actual shape of the
likelihood is slightly non-Gaussian. We thus use:

• Likelihood of D∆t out to the lens system
B1608+656 given by Suyu et al. (2010),

P (D∆t) =
exp

[

−(ln(x− λ) − µ)2/(2σ2)
]

√
2π(x− λ)σ

, (20)

where x = D∆t/(1 Mpc), λ = 4000, µ = 7.053,
and σ = 0.2282. This likelihood includes system-
atic errors due to the mass-sheet degeneracy, which
dominates the total error budget (see Section 6 of
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the comoving momentum, q ≡ pa, and the present-day
neutrino temperature, Tν0 = (4/11)1/3Tcmb = 1.945 K,
we write

ρν(a) =
1

a4

∫

q2dq

π2

1

eq/Tν0 + 1

∑

i

√

q2 +m2
ν,ia

2. (22)

Throughout this paper, we shall assume that all massive
neutrino species have the equal mass mν , i.e., mν,i = mν

for all i.19

When neutrinos are relativistic, one may relate ρν to
the photon energy density, ργ , as

ρν(a) →
7

8

(

4

11

)4/3

Neffργ(a) " 0.2271Neffργ(a), (23)

where Neff is the effective number of neutrino species.
Note that Neff = 3.04 for the standard neutrino
species.20 This motivates our writing equation (22) as

ρν(a) = 0.2271Neffργ(a)f(mνa/Tν0), (24)

where

f(y) ≡
120

7π4

∫ ∞

0
dx

x2
√

x2 + y2

ex + 1
. (25)

The limits of this function are f(y) → 1 for y → 0,

and f(y) → 180ζ(3)
7π4 y for y → ∞, where ζ(3) " 1.202 is

the Riemann zeta function. We find that f(y) can be

can use this property to constrain cosmological parameters as
well (Futamase & Yoshida 2001; Yamamoto & Futamase 2001;
Yamamoto et al. 2001; Ohyama et al. 2002; Dobke et al. 2009), up
to uncertainties in the density profile (Chiba & Takahashi 2002).
By combining measurements of the time-delay, Einstein ring, and
velocity dispersion, one can in principle measure Dl directly,
thereby turning strong gravitational lens systems into standard
rulers (Paraficz & Hjorth 2009). While the accuracy of the current
data for B1608+656 does not permit us to determine Dl precisely
yet (S. H. Suyu and P. J. Marshall 2009, private communication),
there seems to be exciting future prospects for this method. Fu-
ture prospects of the time-delay method are also discussed in Oguri
(2007); Coe & Moustakas (2009).

19 While the current cosmological data are not yet sensitive
to the mass of individual neutrino species, that is, the mass
hierarchy, this situation may change in the future, with high-
z galaxy redshift surveys or weak lensing surveys (Takada et al.
2006; Slosar 2006; Hannestad & Wong 2007; Kitching et al. 2008;
Abdalla & Rawlings 2007).

20 A recent estimate gives Neff = 3.046 (Mangano et al. 2005).[Mangano et al, 2005]

slight increase from 3 due to the residual heating of the neutrino fluid 
from the electron-positron annihilation.

The additional contribution to the 3 flavors of neutrino is parametrized by 

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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The computed He4 abundance scales as
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which constitute the 5-year “WMAP+BAO+SN” set in
Komatsu et al. 2009a), to find

∑

mν < 0.33 and 0.43 eV
(95% CL) for w = −1 and w "= −1, respectively.
Reid et al. (2010b) added a prior on the ampli-

tude of matter density fluctuations, σ8(Ωm/0.25)0.41 =
0.832 ± 0.033 (68% CL; Rozo et al. 2010), which was
derived from the abundance of optically-selected clus-
ters of galaxies called the “maxBCG cluster catalog”
(Koester et al. 2007), to the 5-year WMAP+BAO+SN,
and found

∑

mν < 0.35 and 0.52 eV (95% CL) for
w = −1 and w "= −1, respectively. Thomas et al.
(2010) added the angular power spectra of photomet-
rically selected samples of LRGs called “MegaZ” to the
5-year WMAP+BAO+SN, and found

∑

mν < 0.325 eV
(95% CL) for w = −1. Wang et al. (2005) pointed out
that the limit on

∑

mν from galaxy clusters would im-
prove significantly by not only using the abundance but
also the power spectrum of clusters.
In order to exploit the full information contained in

the growth of structure, it is essential to understand the
effects of massive neutrinos on the non-linear growth.
All of the work to date (including WMAP+LRG+H0
presented above) included the effects of massive neu-
trinos on the linear growth, while ignoring their non-
linear effects. The widely-used phenomenological calcu-
lation of the non-linear matter power spectrum called
the HALOFIT (Smith et al. 2003) has not been cali-
brated for models with massive neutrinos. Consistent
treatments of massive neutrinos in the non-linear struc-
ture formation using cosmological perturbation theory
(Saito et al. 2008, 2009; Wong 2008; Lesgourgues et al.
2009; Shoji & Komatsu 2009) and numerical simulations
(Brandbyge et al. 2008; Brandbyge & Hannestad 2009)
have just begun to be explored. More work along these
lines would be necessary to exploit the information on
the growth structure to constrain the mass of neutrinos.

4.7. Relativistic Species

How many relativistic species are there in the uni-
verse after the matter-radiation equality epoch? We
parametrize the relativistic degrees of freedom using
the effective number of neutrino species, Neff , given
in equation (23). This quantity can be written in
terms of the matter density, Ωmh2, and the redshift of
matter-radiation equality, zeq, as (see equation (84) of
Komatsu et al. 2009a)

Neff = 3.04 + 7.44

(

Ωmh2

0.1308

3139

1 + zeq
− 1

)

. (53)

(Here, Ωmh2 = 0.1308 and zeq = 3138 are the 5-year
maximum likelihood values from the simplest ΛCDM
model.) This formula suggests that the variation in Neff
is given by

δNeff

Neff
# 2.45

δ(Ωmh2)

Ωmh2
− 2.45

δzeq
1 + zeq

. (54)

The equality redshift is one of the direct observables from
the temperature power spectrum. The WMAP data con-
strain zeq mainly from the ratio of the first peak to the
third peak. As the 7-year temperature power spectrum
has a better determination of the amplitude of the third
peak (Larson et al. 2010), we expect a better limit on

zeq compared to the 5-year one. For models where Neff

is different from 3.04, we find zeq = 3145+140
−139 (68% CL)

from the WMAP data only30, which is better than the
5-year limit by more than 10% (see Table 8).
However, the fractional error in Ωmh2 is much larger,

and thus we need to determine Ωmh2 using external
data. The BAO data provide one constraint. We also
find that Ωmh2 and H0 are strongly correlated in the
models with Neff "= 3.04 (see Figure 9). Therefore, an
improved measurement of H0 from Riess et al. (2009)
would help reduce the error in Ωmh2, thereby reducing
the error in Neff . The limit on Ωmh2 from the 7-year
WMAP+BAO+H0 combination is better than the 5-year
“WMAP+BAO+SN+HST” limit by 36%.
We find that the WMAP+BAO+H0 limit on Neff is

Neff = 4.34+0.86
−0.88 (68% CL),

while the WMAP+LRG+H0 limit is Neff =
4.25+0.76

−0.80 (68% CL), which are significantly bet-
ter than the 5-year WMAP+BAO+SN+HST limit,
Neff = 4.4± 1.5 (68% CL).
Reid et al. (2010b) added the maxBCG prior,

σ8(Ωm/0.25)0.41 = 0.832 ± 0.033 (68% CL; Rozo et al.
2010), to the 5-year WMAP+BAO+SN+HST, and
found Neff = 3.5 ± 0.9 (68% CL). They also added the
above prior to the 5-year version of WMAP+LRG+H0,
finding Neff = 3.77± 0.67 (68% CL).
The constraint on Neff can also be interpreted as an

upper bound on the energy density in primordial grav-
itational waves with frequencies > 10−15 Hz. Many
cosmological mechanisms for the generation of stochas-
tic gravitational waves exist, such as certain inflation-
ary models, electroweak phase transitions, and cosmic
strings. At low frequencies (10−17 − 10−16 Hz), the
background is constrained by the limit on tensor fluc-
tuations described in Section 4.1. Constraints at higher
frequencies come from pulsar timing measurements at
∼ 10−8 Hz (Jenet et al. 2006), recent data from the Laser
Interferometer Gravitational Wave Observatory (LIGO)
at 100 Hz (with limits of Ωgw < 6.9× 10−6 Abbott et al.
2009), and at frequencies > 10−10 Hz from measure-
ments of light-element abundances. A large gravitational
wave energy density at nucleosynthesis would alter the
predicted abundances, and observations imply an upper
bound of Ωgwh2 < 7.8× 10−6 (Cyburt et al. 2005).
The CMB provides a limit that reaches down to

10−15 Hz, corresponding to the comoving horizon at re-
combination. The gravitational wave background within
the horizon behaves as free-streaming massless particles,
so affects the CMB and matter power spectra in the
same way as massless neutrinos (Smith et al. 2006). The
density contributed by Ngw massless neutrino species is
Ωgwh2 = 5.6 × 10−6Ngw. Constraints have been found
using the WMAP 3-year data combined with additional
cosmological probes by Smith et al. (2006), for both adi-
abatic and homogeneous initial conditions for the ten-
sor perturbations. With the current WMAP+BAO+H0
data combination, we define Ngw = Neff − 3.04, and find

30 For models with Neff = 3.04, we find zeq = 3196+134
−133

(68% CL).

at BBN epoch
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Datasets N
max
eff N

min
eff L(Neff ≤ N

SM
eff )

ωb+
2H+4He 4.05 2.56 0.20

ωb+
2Hlow +4He 4.08 2.57 0.19

2H+4He 3.91 0.80 0.67
ωb + Y

CMB
p +2H+4He 4.08 2.71 0.15

TABLE I: Constraints on Neff corresponding to different
datasets used: i) first row: Eq. (6), Eqs. (1;3), Eq. (4); ii) sec-
ond row: Eq. (6), Eqs. (1;3), Eq. (5); iii) third row: Eqs. (1;3)
and Eq. (4); fourth row: as the first one, with the additional
CMB measurement of Yp of Eq. (7). The last column shows
the likelihood that Neff is smaller than the standard value
3.046 [19].

plane, then marginalized over the parameter ωb, which
is not of interest here. The results of our analysis are
thus encoded in the 1-dimensional likelihoood functions
L(Neff), whose integrals are normalized to 1. These func-
tions are shown in Fig. 1 and relevant numerical quan-
tities are summarized in Table I. We define Nmin

eff and
Nmax

eff such that

∫ 7

Nmin
eff

L(x)d x = 0.95 ,

∫ Nmax

eff

0

L(x)d x = 0.95 , (8)

and the parameter L(Neff ≤ NSM
eff ) in Table I as

L(Neff ≤ NSM
eff ) =

∫ NSM

eff

0

L(x)d x . (9)

When remembering that the standard model expec-
tation for Neff is about 3.046 [19], we see that in all
cases we get a bound ∆Neff ≤ 1. The reason why it is
slightly more stringent when using deuterium as a “mea-
surement” of ωb instead of CMB (third line) is that it
favors a slightly smaller value for the baryon fraction.
In correspondence of this smaller value, the deuterium
yield is a bit larger. Since deuterium grows with Neff , in
this case the deuterium hits the upper bound for a lower
value of Neff , increasing its constraining power. As it is
clear from the second row of Table I, allowing for primor-
dial deuterium depletion and limiting oneself to consider
the lowest limit of its measured value as a lower limit,
the bound does not change much, since the constraining
power derives from the upper limit on 4He. In Fig. 1,
this reflects on the quite hard cut in the likelihood func-
tions at large Neff . Also, adding the CMB measurement
of Yp of Eq. (7) does not change much the situation with
respect to the first case: the slight shift towards higher
values of Neff reported in the fourth row is simply due to
the fact that the current best value of Yp from CMB is
above the BBN prediction, albeit not significantly (less
than 1.5 σ). This also proves indirectly that if we had
imposed a loose lower-bound on Yp (say, Yp > 0.225) in-
stead of the flat likelihood of Eq. (3) at low-Yp, the result
would hardly change.
On the other hand, comparing the first and last two

lines in the table shows that an independent constraint
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FIG. 1: Marginalized 1-D likelihood functions L versus Neff

using the different combinations of data as in Table I. Solid
(red) and dashed (purple) curves are obtained using CMB
measurement of ωb, with the dotted (black) one also adds
CMB information on Yp. In all cases the quite sharp cut-off
at Neff ∼ 4 is due to 4He abundance upper limit.

on ωb and possibly even a relatively weak lower limit on
Yp are quite useful in setting a stringent lower limit on
Neff (second column of Table I). In particular, the effect
of the constraint on ωb is explained as follows: since the
dependence of 4He on ωb is very weak, and 2H suffers
of a partial degeneracy between Neff and ωb, relatively
low values of Neff can be compensated with relatively
high values of ωb. Hence, imposing an upper limit on ωb

yields to a more stringent lower limit on Neff . Of course,
this exercise has only illustrative purpose: the physics
behind the CMB measurement on ωb is well understood,
and any cosmologically meaningful lower limit on Neff is
significantly larger than the value reported at the third
row in Table I.
Finally, it is interesting to consider the last column in

Table I, illustrating the likelihood that the inferred Neff

value is lower or equal than its standard model expec-
tation: we see that BBN alone has no clear preference
for a larger-than-standard Neff (compared to a lower-
than-standard one) when the observed abundances are
interpreted conservatively. The blue, dot-dashed curve
in Fig. 1 also shows graphically the same effect. Even
when combined with CMB data, BBN does not favor
significantly larger-than-standard values for Neff .

IV. DISCUSSION AND CONCLUSIONS

In this letter, we have discussed a new and more con-
servative approach to derive BBN constraints on Neff ,
motivated by growing concerns on the reliability of astro-
physical determinations of primordial 4He. We showed
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• Test of non-standard physics

Any changes in the strong, weak, electromagnetic couplings, or gravitational 
coupling constants can change the expansion rate or the interaction rate, and 
thus can be constrained from BBN.

The limit on          can be translated to limit on other types of particles that 
affect the expansion rate of the Universe during BBN.  Dark Radiation

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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For heavy particles which decay during BBN,  the mass and lifetime are 
constrained. Gravitino, axino Charged massive particles, etc.

Large annihilation cross section of dark matter is constrained by BBN.



Big	Bang	Nucleosynthesis

BBN marks the boundary between the established and speculative in Big 
Bang cosmology. The Standard Model provides a description to the weak 
scale, however there is no observable relics from this epoch have been 
identified.

The concordance of the light element abundances, D, He4 and also with 
CMB is profound and remains as non-trivial success. BBN makes one of 
the pillars of the standard Big Bang cosmology.

BBN is used to test non-standard cosmology and particle physics.


