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1: Primordial Nucleosynthesis




time < 1 sec after the Big Bang

*Since the Universe expands, earlier on matter density
was larger, collisions between elementary particles were
more frequent and temperature was higher

*If we roll back the clock to time < 1 sec after the Big Bang,
the density of matter was > 10° g/cm® and the T > 1010 K

*Protons and neutrons were about equally as abundant

*When a p collided with a n, a Deuterium nucleus (?H) could form;
this would very rapidly be destroyed by collision with another
particle, as the kinetic temperature of the gas exceeded the
binding energy of the Deuterium nucleus.




- Attimes earlier than t~0.1 sec. The relative abundance of protons and
neutrons is regulated by the reactions

n+v &p+e n&p+e +v and n+et & p+v

- And the neutron-to-proton density ratio is  n./n, = exp(-Q,/kT)
where Q, is the difference in rest energy
between neutron and proton: Q, = m,c?—m,c?

neutron mass = 1832 x m_, proton mass = 1837x m,

So, for kT >>Qn (t <0.1 sec), the density of neutrons is about the same as that
of protons. However, as the T drops below 1.5x10%°K (t > 1 sec), protons
become more abundant.

Moreover, the “cross section” for the reactions given above diminishes rapidly
as the Universe cools, so the p/n density ratio “freezes” at the value given for
T=1.5x101° K, which is about 7:1




time ~ 1 min after the Big Bang

*Two important things take place:

- Through Beta Decay, neutrons start disappearing:

n—p +e +v

att ~ 1 sec, protons outnumber neutrons ~ 7:1

- The temperature of the gas has dropped to ~ 9x10°K,
and the binding energy of Deuterium nuclei now
exceeds the kinetic energy of particles:

=» collisions cannot destroy Deuterium anymore,
Deuterium builds up and then 3He, “He, ’Li form()

(*)heavier nuclei do not form, since by the time enough Helium has
accumulated, the Universe has cooled below the temperature

required for the triple-alpha reaction to take place)




Netresult: |2 n + 2 p = “He + y radiation

Proton

Within ~10 minutes, nearly all neutrons get locked up in Helium nuclei:
25% of all baryonic matter is He, remaining 75% is free protons (Hydrogen)



Time Evolution of elemental abundances at primordial times
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The conversion of protons and neutrons into He
depends on the availability of neutrons at the time
Deuterium becomes resilient to collisional destruction

at that time (“freeze-out”) the fraction of
n:pis~1:7, then

PPPP PP n i
oppDpPID = Total mass = 16

These make 1
nucleus of “4He

12 p (H) 1 “He
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12/16=75% 4/16=25% Fraction by Mass




The cosmic abundance of 4He is in fact about
25% by mass

The vast majority of that was produced during
the time between 1 and 3 minutes after the
Big Bang : “Primordial Nucleosynthesis”

Nuclear reactions in the cores of stars, through
the 13.7 Gyr of the successive history of the
Universe, have only added about 1% to the
fractional mass of “He



The left-over abundances of 2H, 3He, ’Li,

tell us about another story...

=> They depend on the cosmic density of
baryonic (n + p) matter

(*) Tritium (Hydrogen 3) and Beryllium 7 were also produced at this time, but they are unstable, and
decay radioactively into Helium 3 and Lithium 7




Element Abundance
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CMB agrees with observed elemental abundances...
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Figure 16.11: The data points are the temperature anisotropies in the cosmic microwave
background measured by the WMA P satellite. The variance of the multipole amplitude
is plotted vs. multiple number ¢ (the angular scale on the sky corresponding to multipole
£ is @ ~ 200deg /¢). The continuous curves show the sensitivity of the power spectrum to
4,0, while keeping all other relevant cosmological parameters fixed. (Figure reproduced
from Steigman 2004, astro-ph/0308511).




The cosmic matter/energy density budget




The triple-alpha reaction sequence (Alpher, Bethe & Gamow) takes place
when stars are able to reach core temperatures greater than 108 K.

The reaction path to produce 12C requires the formation of either °Li or Be,
both of which are unstable. Thus the probability of producing *>C would be
very low. However, the 8Be + “He step in the triple alpha sequence has the
same energy of an excited state of *2C. This circumstance — referred to as a
resonance — greatly increases the probability of Carbon production, as well
as the likelihood of existence for you and me.

This process does not take place in the early Universe: by the time there is
enough %He, T has dropped so much that triple-a is not possible. It does
however take place in the cores of post main sequence stars.
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An anthropic aside

Image credit: Wikipedia




2: The First Stars and the

Epoch of Galaxy
Assembly




The First Stars

Made of Hydrogen and Helium, probably formed a few hundred Myr after the
Big Bang. They must have been very massive, evolved rapidly and produced
the “first batch” of elements heavier than Helium, necessary for the formation
of dust, complex molecules, planets and life.
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“The first stars were most likely quite massive and luminous and
their formation was an epochal event that fundamentally
changed the universe and its subsequent evolution. These stars
altered the dynamics of the cosmos by heating and ionizing the
surrounding gases.

The earliest stars also produced and dispersed the first heavy
elements, paving the way for the eventual formation of solar
systems like our own. And the collapse of some of the first stars
may have seeded the growth of supermassive black holes that
formed in the hearts of galaxies and became the spectacular
power sources of quasars. In short, the earliest stars made
possible the emergence of the universe that we see today—
everything from galaxies and quasars to planets and people.”

Larson & Bromme (2002)
[See SciAm website]




The first stars probably formed as early as 100 to
200 Myr after the BB

They were very massive — up to several 100's M_sun
Their chemical composition was strictly H and He
They evolved rapidly: lifetimes of few Myr

At the end, they exploded, spreading the results of the
nucleosynthesis within their cores throughout space:
the first cosmic batch of heavy elements...

... which allowed the formation of dust grains and the
generation of less massive stars

The remnants of their cores probably became the
seeds of supermassive black holes (quasars, AGNSs)
We have not detected these objects; the successor of
the Hubble Space Telescope — the James Webb
Telescope -, due to fly by the end of the decade, is
expected to detect the first stars.




Evolutionary Schematic

What is the Reionization Era?
A Schematic Outline of the Cosmic History

Time since the
Big Bang (years) <+ The Big Bang

The Universe filled
with ionized gas

~ 300 thousand <-The Universe bacomes
neutral and opaque

The Dark Ages start

Galaxes and Quasars
begin to form
~ 500 million The Reionization starts

The Cosmic Renaissance
The Dark Ages end

~ 1 billion v - <-Reionization complete,
: the Universe becomes
transparent again

Galaxies evolve
~ 9 billion

The Solar System forms

~ 13 billion g Today: Astronomers
s figure it all out




First Observation of the Epoch of

Reionization?

A REMARKABLY LUMINOUS GALAXY AT Z = 11.1 MEASURED WITH HUBBLE SPACE TELESCOPE
GRISM SPECTROSCOPY

P. A. OEscH ', G. BRAMMER", P. G. vaN Dokkum'%, G. D. ILLINGWORTH", R. J. BOoUWENS", I. LABBE”, M. FRANX",

. MoMCHEVA®, M. L. N. AsuBY®, G. G. Fazio®, V. GonzaLez™®, B. HoLpeEN", D. MAGee", R. E. SKeLTon”, R. Smit'”,
L. R. SertLer' "', M. Trent1', AND S. P. WiLLNER®
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The Cosmic FIR/submm Background
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Although not yet fully resolved into individual
sources (that will be done by ALMA and CCAT),
the Far Infrared/submm Background Radiation
Field appears to consist mainly of amorphous,
distant galaxies engaged in furious Star forming

activity...




Submm Galaxies

desika narayanan




Stellar Density

M*=11.41 SFR=219
Gas Density

SFR Density

Velocity Field

M*=11.32 SFR=214
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Submm galaxies are
messy objects,
apparently the result of
mergers of smaller
structures, mostly taking
place at epochs between
1 and 3 Gyr after the BB.

Within submm galaxies
star formation processes
are in full swing: for a
given mass, they are
converting gas into stars
at a rate > 10 higher than
the MW.

The fact that they emit
most of their radiation in
the submm regime
indicates that elements
heavier than He were
already abundant 1 Gyr
after the BB.




3: The Sedate Current SFR




Star Formation Rate in the Universe

The Universe is far less active now than 10 billion years ago

Galaxy-galaxy interactions
stimulate star formation,
as well as the production
of elements heavier than
Hydrogen through nuclear
reactions (*)

Today

12

10 8 6 4 2
Billions of years after the BB

(*) We care because we are, after all, made of nuclear waste




Spectroscopy of galaxies allows us to measure
the abundance of chemical elements and the
rate at which they convert their gas into stars.
Giant Elliptical galaxies are generally deprived
of any cold interstellar gas and have
undetectable SF rates. They are “red and
dead”.

Their stars’ abundance of elements heavier
than He is on order of 1%; however those
elements were produced in earlier epochs.
Giant disk galaxies like the MW have SF rates
of few Msun/yr

Their abundance of elements heavier than He,
by mass, is on order of 1%

SF in dwarf galaxies can take place, at very
slow rates, in mini-burst mode; their heavy
element abundances can be as low as 1/50 of




Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation

Quanturr
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

NASA/WMAP Science Team




