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Fig. 5.— Left: Marginalized probability distribution for zreion in the standard model with instantaneous
reionization. Sudden reionization at z = 6 is ruled out at 3.5σ, suggesting that reionization was a gradual
process. Right: In a model with two steps of reionization (with ionization fraction xe at redshift zr, followed
by full ionization at z = 7), the WMAP data are consistent with an extended reionization process.

Most of our observational constraints probe the end of the epoch of reionization. Observations of z > 6
quasars (Becker 2001; Djorgovski et al. 2001; Fan et al. 2006; Willott et al. 2007) find that the Lyman-α
optical depth rises rapidly. Measurements of the afterglow spectrum of a gamma ray burst at z = 6.3
(Totani et al. 2006) suggest that universe was mostly ionized at z = 6.3. Lyman alpha emitter surveys
(Taniguchi et al. 2005; Malhotra & Rhoads 2006; Kashikawa et al. 2006; Iye et al. 2006; Ota et al. 2007)
imply a significant ionized fraction at z = 6.5. The interpretation that there is a sudden change in the
properties of the IGM remains a subject of active debate (Becker et al. 2007; Wyithe et al. 2008).

The WMAP data place new constraints on the reionization history of the universe. The WMAP data best
constrains the optical depth due to reionization at moderate redshift (z < 25) and only indirectly constrains
the redshift of reionization. If reionization is sudden, then the WMAP data implies that zreion = 11.0± 1.4,
shown in Figure 5, and now excludes zreion = 6 at more than 99.9% CL. The combination of the WMAP data
implying that the universe was mostly reionized at z ∼ 11 and the measurements of rapidly rising optical
depth at z ∼ 6−6.5 suggest that reionization was an extended process rather than a sudden transition. Many
early studies of reionization envisioned a rapid transition from a neutral to a fully ionized universe occurring
as ionized bubbles percolate and overlap. As Figure 5 shows, the WMAP data suggests a more gradual
process with reionization beginning perhaps as early as z ∼ 20 and strongly favoring z > 6. This suggests

that the universe underwent an extended period of partial reionization. The limits were found by modifying
the ionization history in CAMB to include two steps in the ionization fraction at late times (z < 30):
the first at zr with ionization fraction xe, the second at z = 7 with xe = 1. Several studies (Cen 2003;
Chiu et al. 2003; Wyithe & Loeb 2003; Haiman & Holder 2003; Yoshida et al. 2004; Choudhury & Ferrara
2006; Iliev et al. 2007; Wyithe et al. 2008) suggest that feedback produces a prolonged or perhaps even,
multi-epoch reionization history.

While the current WMAP data constrain the optical depth of the universe, the EE data does not


