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A surprising chill before
the cosmic dawn

An experiment to estimate when stars began to form in the Universe suggests that
gas temperatures just before stars appeared had fallen well below predicted limits,
and that dark matter is not as shadowy as was thought. SEE LETTER P.67

LINCOLN GREENHILL
r I Nhe first stars to form generated

copious fluxes of ultraviolet radiation

that suffused the early Universe — a
phenomenon referred to as the cosmic dawn.
Many calculations have been performed to
estimate when this occurred', but no data-
driven constraints on the timing have been
available. On page 67, Bowman et al.” report
what might be the first detection of the ther-
mal footprints of these stars, tracking back to
180 million years after the Big Bang.

Less than one million years after the Big
Bang, the Universe consisted of atomic gas
(chiefly hydrogen) and a form of matter that
outweighs regular matter by more than five
times® but has yet to be seen directly. Meas-
urements over decades have indicated that,
oddly enough, this ‘dark’ matter interacts with
itself and with regular matter only through the
action of gravity. It was mainly the
gravity of dark matter that ampli-
fied small, localized density per-
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turbations in the Universe shortly 0
after the Big Bang to generate the
first large-scale structures. But it _
was the hydrogen within these S
perturbations that collapsed £ 107
piecemeal to form stars, bringing £
about the cosmic dawn. =

The observable thermal foot- g
prints of early stars derive from @
small variations in the ratio of the o

number of interstellar hydrogen
atoms found in two particular
energy states; a transition between
these states causes a photon to be
emitted or absorbed at a char-
acteristic radio frequency. The
ratio reflects the degree of exci-
tation of the hydrogen, and can
be expressed as a temperature,
known as the atomic spin tem-
perature (T5).

At early times, when the Uni-
verse was relatively small and
mean gas density was high, col-
lisions between atoms were fre-
quent. T was therefore the same
as the kinetic temperature of
the gas (T};), an indicator of the
energy available to excite atoms

through collisions. By the time stars began to
form, the Universe had expanded. Both T;and
mean gas densities had fallen, and collisions
were infrequent, allowing T to drift upward to
the temperature of the radiation (T7) left over
from the Big Bang (Fig. 1). Ty also fell as the
Universe expanded, but not as quickly as T.

A long-standing theory™’ that still awaits
testing predicts that absorption of UV radia-
tion from early stars by nearby clouds of
hydrogen could have driven T back down to
T, but not lower. In other words, the cosmic
dawn would make the gas seem colder when
observed at radio frequencies. This would cre-
ate an absorption feature in the spectrum of
the background radiation left over from the
Big Bang.

Bowman et al. now report the possible
detection of just such an absorption sig-
nal. The authors measured T, averaged

Dark age Cosmic dawn

NEWS & VIEWS I:!sa:!ail

over much of the sky and over a contiguous
range of radio frequencies; each frequency
provides a window on a different time in the
Universe’s past. The measurement is very dif-
ficult because it must be performed using an
extremely well-calibrated VHF radio antenna
and receiver, to enable the weak cosmologi-
cal signal to be separated from much stronger
celestial signals and from those within the
electronics systems of the apparatus used.

The putative absorption signal extends over
a wide frequency range, one end of which
looks as far back as 180 million years ago, in
good agreement with theoretical predictions®.
Remarkably, however, the peak amplitude of
the absorption is two to three times larger than
predicted by the most optimistic models, and
the absorption profile is flat-bottomed, rather
than curvilinear and Gaussian-like, which is
also at odds with models.

So how can the differences from the mod-
els be explained? On page 71, Barkana” argues
that models could achieve the reported signal
amplitude and profile if non-gravitational
interactions — like those that occur between
charged particles — occur between dark matter
and normal-matter particles, and if the dark-
matter particles have relatively low masses and
velocities that are less than the speed of
light. The effects of variously hypothesized
types of dark matter have been calculated
previously*’, but only those in which dark matter
and normal matter scatter each other increase
the magnitude of the absorption signature. The
idea that a detectable radio signal
from the cosmic dawn can be con-
nected to the particle properties of
dark matter suggests a potentially
revolutionary angle for exploring
fundamental physics.

Bowman and colleagues’ claim
to have detected the long-sought
absorption signal is bolstered by
myriad tests in which the authors
altered their experimental hard-
ware or data analysis, in a con-
certed effort to identify systematic
errors that might be responsible
for the measured signal. The tests
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Figure 1 | Temperature changes during the evolution of the Universe. The
first two phases of the Universe were the ‘dark age, before stars formed (grey),
and the cosmic dawn (yellow), when clouds of hydrogen in early structures
collapsed to form stars. The temperature of radiation (T}) left over from the
Big Bang has declined slowly over time. The spin temperature (T) of hydrogen
that has not formed stars reflects the excitation state of the hydrogen atoms
(solid blue line shows previous estimates of T based on models). Bowman et
al? use observations to estimate T, and find that it dropped to lower values
(red solid line) than predicted by models. Barkana’ proposes that this could be
evidence for a previously unrecognized, non-gravitational interaction between
normal and dark matter. Such interactions would mean that the ‘kinetic’
temperature of gas (T) in the Universe also dropped to a lower minimum (red
dashed line) than is predicted by known physics (blue dashed line). (Adapted
fromref. 12.)

included repeating the data acqui-
sition and analysis using a dupli-
cate antenna at a second, nearby
location; orienting the antenna
at different angles with respect
to the compass; and changing
the ways in which the antenna is
isolated from the ground. Other
tests focused on switching vari-
ous facets of the data calibration
on and off.

However, the most stringent
test will be to compare the cur-
rent results with those to come
from independent experiments
also aimed at detecting the cos-
mic-dawn signal'®'". I hope that
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the unexpected amplitude and line shape of
the reported absorption signal is indeed a
hard-won breakthrough that reveals evidence
of unexpected physics. But it is possible that
systematic errors have escaped detection by
the tests that were run. Two extensions to the
reported tests include using circuitry that more
precisely imitates the antenna than Bowman
and colleagues’ circuitry when attached to
the receiver during performance evaluation
and calibration, and the cross-checking of
performance models for antennas (which are
currently based on computer simulations of
antenna eletromagnetics) with field measure-
ments made when narrowband or sinusoidal
signals are broadcast near the antenna.
Bowman and co-workers’ report will be
recognized as a milestone for this nascent
experimental field: the first reputable claim of
amuch-anticipated detection. The follow-up
will not be limited to ever finer interpretations
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of increasingly accurate one-dimensional spec-
tra. Studies of the cosmic-dawn signal using
interferometers (arrays of antennas) could
describe the 3D structure of the Universe at
that time and, by extrapolation, during the pri-
mordial ‘dark age’ when large-scale structure
in the Universe first formed. One of Barkana’s
particularly notable predictions is that, if non-
gravitational interactions between normal
and dark matter do exist, then the absorption
signal detectable by interferometers could be
stronger amd more distinctive than had been
predicted. It would encode the spatial fluctua-
tions of matter density that occurred during
the dark age, rather than just gas temperature,
thus presenting new opportunities for tests of
fundamental physics. m
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