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Time Event

t~107% s Planck scale (speculative)

t~ 10738 s GUT scale (speculative)

t~ 107> s Inflation (speculative)
t~10712 s Standard Model forces emerge

t~107%s WIMPs decouple (speculative)

t~ 107 s quarks condense into baryons (baryogenesis)
t~107%s proton-antiproton annihilation ends
t~1s neutrinos decouple

t~4s electron-positron annihilation ends
t~10%s Big Bang Nucleosynthesis

t ~10° yr Matter-radiation equality

t ~4x10°yr Atoms form, CMB emerges

t ~5x%x10%°yr Gastemperature decouples from radiation
t ~ 107 yr Dark Ages

t ~5%x10%°yr Cosmic dawn (first stars)

t ~10° yr Galaxies form

t ~4x10° yr Peak star formation

t ~9x%x10” yr Sunforms

t ~13 x 10° yr Life on earth



Planck Era TIME

We lack a theory to describe
conditions in the Planck era.

0—43
GUT Era
Two forces are thought to have
operated during the GUT era:
gravity and the GUT force.

S

10%s
Electroweak Era
Elementary particles appeared
spontaneously from energy, but
also transformed rapidly back
into energy.

_ 10"%s
Particle Era —

Elementary particles filled a2,

the universe, as quarks o P

combined to make protons RGN
and antiprotons. e . B

—0.001 s
Era of Nucleosynthesis [

Fusion produced helium ),
from protons (H nuclei). )

Era of Nuclei
A plasma of free electons
and H and He nuclei filled
the universe.

380,000 yrs
Era of Atoms

The era of atoms lasted until stars
and galaxies began to form.

(01 Jo s1emod AQ) awin|

&
a )

Key

» electron & antiproton
*antielectron & neutron

» neutrino & antineutron
« antineutrino @ helium
$quarks :

& proton | photon

Figure 17.4 This timeline summarizes conditions and transitions
that marked the early eras of the universe.

TEMPERATURE

10% K -
Gravity became -
distinct from other
forces.

10%° K

)

The GUT force split
into the strong and
electroweak forces,
perhaps accompanied
by a dramatic instant
of expansion called
inflation.

The electroweak force
split into the
electromagnetic and
weak forces, marking
the first instant at
which all four forces
were distinct.-....

10" K

10'? K 5
Protons annihilated -
virtually all antiprotons,
but some protons
remained.

10° K

"ﬂ

Fusion ceased,
leaving normal matter
75% hydrogen and
25% helium by mass.

3,000 K

2

Neutral atoms formed,
allowing photons to
travel freely through
space.

time

Temp

Cosmic Timeline

Time Event

t~107% s Planck scale (speculative)

t~ 10738 s GUT scale (speculative)

t~ 107> s Inflation (speculative)

t~ 107125 Standard Model forces emerge
t~107%s WIMPs decouple (speculative)
t~107s quarks condense into baryons (baryogenesis)
t~107*s proton-antiproton annihilation ends
t~1s neutrinos decouple

t~4s electron-positron annihilation ends
t~10%s Big Bang Nucleosynthesis

Matter-radiation equality

Atoms form, CMB emerges

Gas temperature decouples from radiation
Dark Ages

Cosmic dawn (first stars)

Galaxies form

t ~4x10° yr Peak star formation

t ~9x%x10” yr Sunforms

t ~13 x 10° yr Life on earth

Early U radiation dominated

t <10° yr
q ~ 172
T ~a!

Tt* ~ constant



10°°

1030

19"

107"

1g~="
Epoch

Time Event

Strong force t~107% s Planck scale (speculative)
— decouples
O o Dark Known physics breaks down at the Planck scale
N Radiation Matter Energy
@/ Era Era Era Ac
3 mp=4/—=122GeVc?~2x107 ¢
”)j : : G
N Primordial hG as
nucleosynthesis Cp=1/— = 1.6X107" m
Atoms / ¢
7@,,70 form Ip = L . needa theory of quantum gravity.
S c
/'al‘u,e (/O
- Q?(?rs:]rs t~ 10738 s GUT scale (speculative)
GUT stands for Grand Unified Theory; this is the
hypothetical scale at which the strong nuclear force
}\ becomes indistinguishable from the electroweak force.
I
= Peak star
formation t~107% s Inflation (speculative)
l
| Period of exponential growth: a ~ e’’’
Pl/anck GUT Atomic Gala/ctic
WA \
~12
Il 7 Quark Lepton Nuclear |~ |’ |Stellar t~ 107" s Standard Model forces emerge
/7 | | | | | y . .
y 4 50 ~10 10 50 The four forces become distinct; one can begin to
10 10 1 | 10 | | 10 Seconds recognize “ordinary” particles that one might find in high
d 6 419 i ener article accelerators: T ~ 102 K ~ 150 GeV.



4 Strong force

1 050 — deccuples Time Event
Y Dark
% Radiation Matter  Energy t~1078s WIMPs decouple (speculative)
’i@ Era Era Era
(o> Weakly Interacting Massive Particles (WIMPs) freeze out
2 : : . . .
1030 L & Primordial around this time, depending on their mass
nucleosynthesis Ao (M, ~ 100 GeV with huge uncertainty).
| - 5 form It is not clear that these supersymmetric particles exist.
ey
al(//‘e
4y
1 Quasars t~ 107 s quarks condense into baryons (baryogenesis)
107 = form
The quark-gluon plasma coalesces into hadrons (baryons
and mesons); no more free quarks. This must have
happened, but we do not understand the resulting matter-
antimatter asymmetry.
10 | \
10 i Peak star Baryons have an odd number of quarks (usually 3: e.g., protons & neutrons)
' formation Mesons have an even number of quarks (usually 2: e.g., pions)
I
30 e GUT Atomic  Galactic Bosong Wadrong” Fermions
s C / / \ / Photond Mesons Baryons Leptons
/ i N 7 4 <
Epoch Quark Lepton| Nuclear Stellar glu;/\rfl Z, (picns (Proion (clectron,
//// | | | | | 5 B % kaons, ...) neutron, ...) neutrino, ...)
0 10720 10710 1 100 10%° Secc 2
| | | -
d 6 9



432 M.S. Longair: The Physics of

Background Radiation

Fig. 6.1 The thermal history of the st
ture decreases as T; &< R™! except for

Cosmic Time
107% 100's 10%  2x10'%
20 ' f |
on Baryon-
A antibaryon
| annihilation
T Electron- Radiation Mattgr
positron c}ommated domznat%d
< B annihilation
~ |
12 |- .
= Decoupling Epach of
' 3 of Wand 2 Recombination
® |- bosons
=
ﬁ 8 - The Present
o Epoch
o))
o
| B Bpoch of
: nuclegsynthesis
4 .
0 ‘ l 1 | ; . N 27K
18 -16 -14 -12 10| 8 6 -4 2| 0
| ~ > - |Galaxies and
log (Sc¢ale Factor) laies 8

dard Hot Big Ba:ng. The radiation tempera-
rupt jumps as different particle-antiparticle

pairs annihilate at kT = mc®. Various [important epochs in the standard model are
indicated. An approximate time scale i indicated along the top of the diagram. The

neutrino and photon barriers are indi

ted. In the standard model, the Universe is

optically thick to neutrinos and photohs prior to these epochs.

Time Event

t~107%s proton-antiproton annihilation ends

This energy is deposited in the radiation field (which
becomes the CMB). Only about one proton is left over for
every billion proton-antiproton pairs.

t~1s neutrinos decouple

neutrinos drop out of equilibrium as photons will later do.
They lose energy with expansion the same as the radiation
field, T, ~ a~!, with an initial energy density &, ~ T
fixed at this point.

t~4s electron-positron annihilation ends
Being less massive than protons, electrons freeze out from

positrons at this later time. The excess energy feeds the
radiation background but not the neutrino background.

* Note the brief pause in the decline of the temperature of the radiation field as first proton-
antiproton annihilation, then later electron-positron annihilation dump energy into radiation.
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) Dark
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Time Event

t~10%s Big Bang Nucleosynthesis

Surviving neutrons fuse with protons to make the isotopes
of hydrogen, helium, and lithium. These exist as free nuclei
in an opaque plasma until recombination.

t ~10° yr Matter-radiation equality

Must happen at some point since €, ~ a~* while P ~ a=.

Exactly when depends sensitively on the matter density.

t ~4%x10°yr Atoms form, CMB emerges

Electrons and protons combine to form hydrogen. The
opacity drops to near zero; the photons of the radiation
hield propagate freely without further interactions.



432 M.S. Longair: The Physics of Background Radiation : Tlme Event

Cosmic Time t~10%s Big Bang Nucleosynthesis
1072 100's 10°%  2x10%
l | | o« o . .
20 Surviving neutrons fuse with protons to make the isotopes
_ Baryon | of hydrogen, helium, and lithium. These exist as free nuclei
: antibaryon . . . .
| annihilation in an opaque plasma until recombination.
16 = Electron- Radi‘ation
positron c}ommate
& | annihilation
5. | - 5 i . . :
Sz - g t ~ 107 yr Matter-radiation equality
0 of Wand Z Recombination
2 — bosons
g : : ! : 3
5 | o Must happen at some point since €, ~ a™* whilep,, ~ a™".
3 Epoch Exactly when depends sensitively on the matter density.
T — Epoch of
nucleosynthesis
4 -
t ~4%x10°yr Atoms form, CMB emerges
- Called the “photon barrier” here because ’
I SO R S N of the sudden change in opacity. :
%6 16 14 a1z 10 8 6 & pacity Electrons and protons combine to form hydrogen. The

log (Scale Factor) | Gaiaxes and opacity drops to near zero; the photons of the radiation
field propagate freely without further interactions.

Fig. 6.1 The thermal history of the standard Hot Big Bang. The radiation tempera-
ture decreases as T; o< R™! except for abrupt jumps as different particle-antiparticle
pairs annihilate at kT = mc®. Various important epochs in the standard model are
indicated. An approximate time scale is indicated along the top of the diagram. The
neutrino and photon barriers are indicated. In the standard model, the Universe is
optically thick to neutrinos and photons prior to these epochs.



Temperature of the Universe [K]
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Time Event

t ~5%x10°yr Gastemperature decouples from radiation

After recombination, the kinetic temperature of matter
departs from that of the radiation field. They start out
identical, and it takes a while for the matter to relax to fall

asT, .~ a~* ~ (1 +z)*after z ~ 200.

t ~ 107 yr Dark Ages (no stars)
From z = 1000 to z =~ 20, the universe is composed of

neutral, primordial gas. Sources of light have yet to form,
so this period is known as the Dark Ages.

t ~5%10% yr Cosmic dawn/ re-ionization

Formation of the first stars (and maybe quasars?)

These flood the universe with UV radiation that re-ionizes
the universe. The gas in the intergalactic medium remains
hot and highly ionized to this day.



Time Event

t ~4%x10°yr Atoms form, CMB emerges
t ~5%x10%°yr Gastemperature decouples from radiation

Baryons can only begin to gather together and form
structures after decoupling from the radiation

v

o

- 2 =

S = % ="

= i So =1 t ~ 107 yr Dark Ages

N Q © .E‘o; 8 . . . .

= = 4 S t ~5%10°yr Cosmic dawn / re-ionization

S = 5 g

& S S 9 :

~ 8@' t ~ 107 yr Galaxies form

1—-—‘———'—. Free fall time for Milky Way mass ~ 1 Gyr
redshift 20 100 1000 Y /

Probably a messy process involving the merger of smaller
protogalactic fragments that can collapse more quickly.

t ~4x10° yr Peak star formation

The star formation rate of the universe peaked at 7 ~ 2;
declines precipitously after z < 1

t ~9x10” yr Sunforms

A relative late comer, merely 4.5 Gyr old.

t ~ 13 x 10° yr multicellular life on earth

Singe-celled life appeared fairly early, but the Cambrian
explosion didn’t occur until 0.6 Gyr ago



