Cosmic Hydrogen Was Not Ionized Abruptly
Jonathan Pritchard and Abraham Loeb

When and how the first galaxies ionized the primordial hydrogen atoms that filled the early Universe is still unknown.  Observations with a single radio dipole are opening a new window on the first billion years of the Universe.

400,000 years after the Big Bang the Universe cooled sufficiently for hydrogen atoms to form. Hundreds of millions of years later, the first stars and galaxies produced ionizing ultraviolet (UV) radiation that broke the hydrogen atoms into their constituent electrons and protons. This process - termed reionization - marks a major cosmological phase transition.  When and how rapid was this transition are important open questions1.  On page ??? of this issue, Bowman & Rogers2 implement a new technique to rule out abrupt models of reionization.
          Their approach uses a single radio dipole operating at low-frequencies to measure the absolute radio intensity of the sky.  Cosmic hydrogen atoms can emit or absorb light with a wavelength of 21-cm that is later stretched through the expansion of the Universe3. The hydrogen signal is expected to cut off at short observed wavelengths corresponding to late times when the Universe is ionized.  The authors’  “Experiment to Detect the Global Reionization Step (EDGES)” searches for the associated spectral step in the sky intensity4.  

Our knowledge of the epoch of reionization is surprisingly limited.  The lack of UV absorption by diffuse hydrogen towards the most distant quasars5 indicates that the Universe is largely ionized at redshifts z<6, a billion years after the Big Bang.  Yet the observed cosmic microwave background6 (CMB) indicates that the Universe was filled with neutral hydrogen at much earlier times.  Clearly a transition occurred, but even recent observations of high redshift galaxies with the Hubble Space Telescope are unable to say much about the galaxies that must have driven reionization7. 


Two major challenges for detecting the 21-cm signal involve foregrounds and calibration.  The cosmic signal is dwarfed by radio emission from the Milky Way and from terrestrial radio emission.  Despite the favorable location of the EDGES experiment in the Australian outback, transmission from local radio and TV stations causes the loss of isolated regions of the spectrum. In addition, Galactic radio emission from energetic electrons spiralling in magnetic fields forms a spectrally smooth foreground that is a thousand times brighter than the 21-cm signal.  This smooth galactic foreground can be fitted out with a simple polynomial leaving the signal in the residuals.  Unfortunately, this procedure removes much of the signal, potentially throwing the baby out with the bath water.  Another important limitation of the current experimental set-up is the absence of a method for calibrating the frequency response of the dipole.  This necessitates fitting a combination of the foregrounds and the instrumental response.  Despite these limitations it is impressive that the authors are able to achieve residuals at the level of tens of mK, comparable to the expected signal, and place weak constraints on the duration of reionization.

Bowman & Rogers are able to rule out only the most abrupt models of reionization ((z<0.2) and, as yet, have little impact upon most models of the first galaxies. Figure 1 shows the expected evolution of the Universe as traced by emission or absorption of the 21-cm line8.  There is an initial absorption regime where the gas is cooling through its cosmic expansion and the 21-cm levels are held in equilibrium with the gas temperature through atomic collisions.  This dies away as the gas gets diluted.  Then the first stars form and emit UV photons that again couple the excitation temperature of the 21-cm transition to the gas temperature, reinvigorating a second absorption trough.  As these stars die, some of them produce black holes whose X-ray emission is expected to heat the gas above the CMB temperature, pushing the 21-cm signal into emission.

The authors focus their efforts on this final phase where the signal is seen in emission and the progressive ionization of the diffuse hydrogen gas cuts off the signal, indicating the end of reionization.  Ultimately the same technique could be applied to detecting earlier periods where our picture of the astrophysics is highly uncertain.  


In the meantime, considerable time and money is being put into the construction of low frequency radio interferometers such as MWA, LOFAR, and PAPER, which will target spatial fluctuations in the 21-cm signal.  The EDGES experiment represents a cheaper method for measuring only the sky-averaged, broad brush features in the evolution of the signal.  Despite its limitations it opens the possibility of an alternative experimental avenue that should be pursued in parallel to the more ambitious interferometers.  The authors have made the first step in this journey, which will hopefully lead to new insights about the first stars and galaxies.
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Figure 1 – Top panel: Time evolution of fluctuations in the 21 cm brightness from just before the first stars form through to the end of reionization.  This evolution is pieced together from instantaneous redshift slices through a (100 Mpc)3 numerical simulation volume9.  Coloration indicates the strength of the 21 cm brightness as it transitions from absorption (blue) to emission (red) and finally disappears (black) due to ionization.

Bottom panel: Expected evolution of the sky-averaged 21 cm brightness8 from the “Dark Ages” at z=150 to the end of reionization sometime before z=6.  The frequency structure is driven by the interplay of gas heating, the coupling of gas and 21 cm temperatures, and the ionization of the gas.  There is considerable uncertainty in the exact form of this signal arising from the poorly understood properties of the first galaxies.

