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The collisions and photons did, however, pack just enough punch to flip an electron so that its spin pointed the same
way as the proton’s. When the electron flipped back, it released a photon with a wavelength of 21 centimeters.

21-centimeter

photon ALIGNED SPINS
ANTIALIGNED SPINS

“9 3— 5 3—C 5

Spin down

The kinetic energy, photon energy and spin energy
were three reservoirs thatinterchanged energy by
various means.

the higher the temperature, the greater the energy. At the start of the Dark Ages,

allthree temperatures were the same (a). Then the kinetic and spin temperature

(D began to fall faster than the photon energy (b). After a while, the spin temperature
returned to equilibrium with the photon temperature (c). Finally, stars and quasars

BACKGROUND RADIATION warmed the gas, pumping up the kinetic and spin temperatures (d). The relative
ENERGY temperatures determine how (and whether) the hydrogen can be observed.
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The amount of energy in each reservoir can be represented in terms of temperature:
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Line Intensity Mapping (LIM)
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¥ Time after the Big Bang

40

Thanks to the expansion
of the Universe, the
source of the CMB

— the boundary of the
observable Universe —
has moved to a
distance of 45.5 billion
light years from Earth.

* 1 light year = 0.3 parsecs.

Cosmic microwave background

#* 380,000 years

First stars
% 50 million years

‘Comoving distance’
takes into account this
expansion and
represents the distance

light has traversed \
from objects that

disappeared long ago.

Hydrogen
photons
travelling
to Earth
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Although the early cosmos is
long gone, its light is only now
reaching Earth. The first
billion years of cosmic history,
still largely unstudied,
represent a good 80% of the
Universe’s observable volume.
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quasar spectrum

Pawlowski/Bullock/Boylan-Kolchin 20
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COSMIC TIMELINE shows the Dark Ages sandwiched between the release of
the microwave background radiation and the formation of the first galaxies
and stars. The period came to a gradual end as starlight streamed out and
created the ionized gas that now dominates intergalactic space.
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