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Abstract. The reionization epoch may lie not far beyond the most distant known quasars and galaxies, and it might be detectable in a variety
of ways. One possibility discussed here is to search for an all-sky spectral
step produced by the redshifted HI that was present prior to reionization.

1.

The Advance to High Redshifts

The high-redshift Universe has been opened up by a burst of discoveries and
developments over the last decade. The most distant radio-loud and radio-quiet
quasars now known are at z = 4.76 (Hook et al. 2000) and z = 5.03 (Fan et al.
2000) respectively. Galaxies have been found at even higher redshifts, including
a radiogalaxy at z = 5.19 (van Breugel et al. 1999) and a Lyo-selected galaxy
at z = 5.74 (Hu et al. 1999).
However, it has been difficult to determine with certainty the evolution of
the space density of quasars and galaxies at high redshift. In the case of quasars
a decline above z rv 3 is indicated by optically-selected samples (Warren et al.
1995, Schmidt et al. 1995, Kennefick et al. 1995), and a similar decline is
found from radio samples (Dunlop & Peacock 1990; Shaver et al. 1996). The
small X-ray samples currently available do not show such a decline (Miyaji et
al. 1999). The global star formation rate deduced from observations of Lyman
break galaxies appears to be roughly constant at high redshifts (Steidel et al.
1999), and new discoveries in the mm/submm range suggest the presence of a
large population of dusty star-forming galaxies at z rv 3 and perhaps higher.
On the other hand, preliminary results on Lye-emitting galaxies from Hu et al.
(2000) indicate that their space density may decrease by a factor of six from
~ rv 4 to z rv 6, and Lanzetta et al. (1998) give an upper limit for even higher
redshift galaxies. Thus, current evidence on evolution at high redshift is mixed.
Fossil evidence for the presence of luminous sources at z > 6 abounds, in
the form of heavy elements in quasar absorption systems and an IGM that was
already highly ionized by z rv 5. However, studies of the overall blanketing of
quasar and galaxy spectra due to the intervening Lyo forest clouds show a rapid
increase up to the highest accessible redshifts, suggesting that the reionization
epoch is not far beyond.
The redshift of reionization is broadly constrained observationally. It is
clearly above z rv 5-6, and cannot be much above z rv 30, as otherwise Thomson
scattering by the ionized IGM would have damped out the fluctuations observed
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in the microwave background. Analytical and numerical estimates give 6
15 (Gnedin 2000, and references therein).

2.

< Zi <

Detection of the Reionization Epoch

Direct detection of the sources that reionized the Universe may be possible with
the new 21st century observational facilities. The X-ray satellite CHANDRA is
capable of detecting AGN out to very high redshifts, if they are there. NGST
may detect large numbers of (mini)quasars, (sub) galaxies, star clusters, and
possibly even individual supernovae. And in the mm/submm, ALMA may be
able to detect the dust emission from (mini)quasars and (sub)galaxies.
A less direct approach to finding the first luminous objects in the Universe
is to look for their effect on their immediate surroundings. Scattering of photons
from sources before reionization may produce detectable Lyo halos around those
sources (Loeb & Rybicki, 1999). Stimulated radio recombination line emission
may be produced by early HII regions of high emission measure (Spaans &
Norman 1997). And HI emission and absorption shells may be detectable around
early quasars (Madau et al. 1997; Tozzi et al. 2000).
A completely different approach to detecting the epoch of reionization is
to look for large-scale features caused directly or indirectly by the reionization
process. There should be a global HI spectral feature present over the whole sky,
due to redshifted 21 em emission and/or absorption (Shaver et al. 1999; Tozzi et
al. 2000). This is discussed in more detail below. Fluctuations should be present
in this global HI signal (Madau et al. 1997; Tozzi et al. 2000), and these may
be detectable with the SKA. There shouldalso be a global Lyo spectral feature
present over the whole sky in the near-IR (Baltz et al. 1999), possibly detectable
with a large space mission at 2-3 AU. Finally, Thomson scattering from the free
electrons at reionization will have produced damping, Doppler and polarization
effects on the cosmic microwave background (Haiman & Knox 2000).

3.

A Global HI Signal

The neutral IGM just prior to reionization may have produced a copious 21-cm
line signal from neutral hydrogen (in emission or absorption), a signal which
would have largely disappeared following reionization. A signature ("step") in
the continuum spectrum of the radio sky at
70 - 240 MHz will therefore flag
the reionization epoch, and may be detectable as a global signal over the whole
sky.
The sharpness of this step depends on several factors, including the clumpiness of the Universe at that time and the nature of the first luminous objects.
If reionization was initiated by a population of sparsely distributed quasars, the
"step" would be ragged and irregular over the sky, appearing at different redshifts in different directions. In that case, individual HI concentrations may be
more easily detected than a global step. But if it was caused by a vast number of stars well-distributed spatially, it may have been quite sudden and well
synchronized over the sky, producing a well-defined all-sky spectral feature.
The observed differential antenna temperature across the "step" may be
0.02 K. The limiting sensitivity for such an experiment, determined by the
".J
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galactic and extragalactic foregrounds that dominate the system temperature,
is ~Tmin "-J T sys /v'8iA, where Tsys is the total system temperature, dv is the
bandwidth, and t is the integration time. For T sys == 150K (the coldest regions
of the sky at 150 MHz) with a bandwidth of 5 MHz and integration time 24 hours,
~Tmin "-J 0.0002 K. Thus the reionization step would.be "-J 100a, independent of
telescope size. Clearly sensitivity is not an issue, and the challenges are signal
contamination, calibration and interference.
Galactic and extragalactic foregrounds are dominant at these frequencies,
and can be complex, both in frequency and position. The question is whether a
0.02 K step can be extracted from this much stronger varying continuum. This
emission is comprised of four components: galactic synchrotron emission ("-J
70% at 150 MHz), galactic thermal (free-free) emission ("-J 1%), the integrated
emission from extragalactic sources ("-J 27%), and the cosmic background itself.
The spectrum of the galactic nonthermal synchrotron emission is close to a
featureless power law, although there are gradual variations in the spectral index
with position on the sky and with frequency. The galactic thermal emission at
high galactic latitudes, due to very diffuse ionized gas, has a well-defined spectral index of -2.1. Galactic radio recombination lines occur every 1-2 MHz at
these frequencies, but line intensities are greatly diluted in the broad bands considered here and spectral lines can be identified and removed with observations
of higher spectral resolution. The extragalactic component comes from many
individual sources which can have complex spectra, but the overall extragalactic
spectrum, an average over very many sources, should be smooth with no sharp
features. Simulations that include all these contaminating effects indicate that
the HI step from the reionization epoch may be detectable because of its relative sharpness. The remaining limitations are purely technical, and present an
interesting challenge.
As the signal is 'present over the whole sky, the system temperature is
dominated by the galactic and extragalactic foreground emissions, and this is
a broadband (rather than line) observation, the experiment can in principle
be done using small telescopes. The main technical issues are calibration and
interference. The frequency response has to be calibrated to better than a few
parts in 105 over a wide frequency range. Possibilities include internal loads, or
the use of astronomical sources - a very strong 'featureless' continuum source
such as Cas A, or the moon.
For precise calibration, extremely stable internal broad-band noise sources
may be the best option. However, calibration with an internal load must also
take into account any frequency dependence of the load-coupling into the signal
path. The use of astronomical calibration sources such as Cas A would eliminate
that problem, but would require fairly large antennas and precise calibration of
position-dependent frequency effects. The moon provides an interesting alternative (eg. Stankevich et al. 1969). As it moves, a true differencing experiment
could be done at exactly the same position in the sky. All stable contaminating effects (galaxy, discrete sources, sidelobes) should be virtually identical and
cancel.
An interesting aspect of a moon experiment is that the detection of the
signal could in principle be done interferometrically. Because the moon occults
the background signal it introduces spatial structure in the global edge signal.
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The spectrum of this interferometer signal contains the reionization step. Thus,
use of the moon can convert an inherently single-dish experiment into an interferometer experiment, and this has major advantages.
Radio-frequency interference (RFI) is of course a major issue for observations at the frequencies of interest. In particular, the FM bands around 100 MHz
may be completely inaccessible for radio observations of the required accuracy
(it would be most unfortunate if the reionization signal is in the corresponding
redshift range of rv 12-15!). The use of interferometers can greatly help in coping with interference, and techniques are being developed to excise RFI from
astronomical observations using variability, delay and fringe rate information.
Thus, while challenging, detection of the HI step from the reionization epoch
might be possible with techniques that are currently being developed.
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