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Probing into the HI Reionization Epoch

2
HUDF with WFC3

Bouwens+09

2Wednesday, February 3, 2010



HI Reionization
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Calculations (cartoons) of Reionization
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Did HI Reionization Occur?
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4NHI = Ωb (1+z)3 nc  (1 Mpc) ~ 1020 cm-2
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z=6.28 Quasar

5

Is this high Lyα opacity a definitive signature 
of reionization at z~6?
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– 10 –

.

Fig. 2.— Evolution of the Lyα Gunn-Peterson optical depth with redshift averaged over intervals

∆z = 0.15 along each line of sight. At zabs = 4.8 − 6.3, the sample of 19 quasars in this paper

yields a total of 97 independent measurements covering a total redshift interval of ∆z = 14.6

(large symbols). In complete GP troughs in which no flux is detected, the 2-σ lower limit on

optical depth is indicated with an arrow. We also include the measurements at lower redshift

from Songaila (2004, small symbols). The dashed curve shows the best-fit power-law for zabs < 5.5:

τ eff
GP = (0.85±0.06)×

(

1+z
5

)4.3±0.3
. At zabs ∼> 5.7, the evolution accelerates, with increased dispersion

and a rapid deviation from the power-law relation.

• Basic approach (in favor)
‣ Measure τLyα at z<5
✦ Extrapolate this trend to z>6
‣ Measure τLyα at z>6
✦ Compare

• ‘Phase transition’
‣ At z~6, τLyα exceeds the simple 

extrapolation
‣ “The reionization epoch!”

Reionization at z~6?

6

τGP ≡ τLyα = − ln

(

f obs
ν

fQSO
ν

)

White+03, Fan+06
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Evolving Lyα Forest Absorption

7

The expanding (contracting) universe 
implies higher Lyα absorption at higher z.
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Reionization at z~6?

8

Becker+07
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• Characterizing τLyα

‣ High-resolution observations
‣ Assess the τ distribution
✦ Log-normal is preferred

Reionization at z~6?

8

Becker+07
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• Characterizing τLyα

‣ High-resolution observations
‣ Assess the τ distribution
✦ Log-normal is preferred

• Extrapolate this functional 
form to z>6
‣ Good ‘fit’ to the observations
‣ No requirement for a ‘phase 

transition’ indicating 
reionization

Reionization at z~6?
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Defining Reionization
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• Reionization is the complete 
absorption of ionizing photons
‣ Mean free path (λmfp) must go     

to zero

Defining Reionization
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• Reionization is the complete 
absorption of ionizing photons
‣ Mean free path (λmfp) must go     

to zero
• Presently, λmfp  at z>5 is only 

inferred from the Lyα 
observations
‣ These are nearly 4 orders of 

magnitude stronger than Lyman 
limit absorption!!
✦ Tail wagging the dog

Defining Reionization

9

– 23 –

Fig. 8.— Evolution of the mean free path of ionizing photons inferred from the observations using

Eq. (13) (solid symbols with error bars) and using the method presented in Paper 1 (dotted line),

compared with simulations of Gnedin (2004, dashed and dashed-dotted-dashed lines). The mean

free path at z ∼ 5.7 is comparable to or smaller than the correlation length of high-redshift star

forming galaxies.

Fan+ (2006)
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Maybe it is better to start at z<6...
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Fig. 8.— Evolution of the mean free path of ionizing photons inferred from the observations using

Eq. (13) (solid symbols with error bars) and using the method presented in Paper 1 (dotted line),

compared with simulations of Gnedin (2004, dashed and dashed-dotted-dashed lines). The mean

free path at z ∼ 5.7 is comparable to or smaller than the correlation length of high-redshift star

forming galaxies.
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• IGM conditions
‣ Highly ionized
‣ T ~ 104 K
‣ Partially (at least) 

enriched with metals

• Radiation field
‣ Extragalactic UV 

Background (EUVB)
‣ Sources
✦ Quasars
✦ Star-forming galaxies

10
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Ionization Field (Rate) at z~4
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• EUVB
‣ Combined UV radiation field 

from quasars+galaxies
✦ Maintains the ionized IGM
✦ Often parameterized as Γ912 (or ΓHI)
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• EUVB
‣ Combined UV radiation field 

from quasars+galaxies
✦ Maintains the ionized IGM
✦ Often parameterized as Γ912 (or ΓHI)

• Proximity Effect
‣ Over-ionization of the IGM     

near quasars
‣ Stronger effect => Weaker EUVB

11

Ionization Field (Rate) at z~42 Aldo Dall’Aglio et al.: An unbiased measurement of the UV background

Fig. 1. A typical quasar spectrum from our
sample (Q 0002−422 z = 2.768) together with
the power law continuum fit (dashed red line)
and the local continuum fit (blue line).

functions of the sources, a characteristic intrinsic spectral energy
distribution and the observed absorber distribution functions in
the IGM, the amplitude and spectral shape of the UVB can be
calculated numerically as the radiation is filtered by the IGM
(Bechtold et al. 1987). In particular, comparing these models to
observations provides constraints on the relative contributions
of quasars (Haardt & Madau 1996; Fardal et al. 1998) and star-
forming galaxies (Haardt & Madau 2001).

Furthermore, the H i photoionisation rate at 2 < z < 4
has been constrained by matching the Lyα forest absorption
and the IGM temperature evolution from numerical simula-
tions of structure formation to observations (Rauch et al. 1997;
Theuns et al. 1998; McDonald et al. 2000; Meiksin & White
2004; Tytler et al. 2004; Bolton et al. 2005; Kirkman et al. 2005;
Jena et al. 2005).

A more direct approach to estimate the UVB photoioni-
sation rate is based on the so-called proximity effect. In the
vicinity of a luminous quasar the UV radiation field is ex-
pected to be enhanced, resulting in a statistical deficit of Lyα
absorbers near the quasar compared to far away from it along
the line of sight (Weymann et al. 1981; Carswell et al. 1982;
Murdoch et al. 1986). Knowing the UV luminosity of the quasar,
the deficit of lines (or generally Lyα opacity) yields an esti-
mate of the UVB intensity at the H i Lyman limit (Carswell et al.
1987; Bajtlik et al. 1988). Traditionally, the proximity effect
has been considered as a statistical effect and large samples
of up to ∼ 100 quasars have been compiled to measure the
mean UVB at 2 <∼ z <∼ 4 (e.g. Bajtlik et al. 1988; Lu et al.
1991; Giallongo et al. 1996; Cooke et al. 1997; Scott et al. 2000;
Liske & Williger 2001). Nevertheless, the proximity effect can
also be detected towards individual quasars (e.g. Williger et al.
1994; Cristiani et al. 1995; Lu et al. 1996; Savaglio et al. 1997;
Dall’Aglio et al. 2008).

Proximity effect analyses at different redshifts can constrain
the redshift evolution of the UVB, showing that it broadly peaks
at z ∼ 3. The decrease in the UVB at z < 2 (Kulkarni & Fall
1993; Scott et al. 2002) and z >∼ 4 (Williger et al. 1994; Lu et al.
1996; Savaglio et al. 1997) is likely due to the declining space
density of quasars (Haardt & Madau 1996; Fardal et al. 1998).
Whereas the UVB evolution at low redshifts is sufficiently fast
to be detectable within a single sample (Scott et al. 2002), there
is presently little direct evidence of evolution within the redshift
range 2 <∼ z <∼ 4.

It is currently an open issue whether the measured
UVB at z <∼ 3 is consistent with the integrated emis-
sion of quasars, or whether a significant share of ionising
photons has to be provided by star-forming galaxies (e.g.
Madau et al. 1999; Sokasian et al. 2003; Schirber & Bullock

2003; Hunt et al. 2004). One difficulty lies in the fact that the
UVB estimates via the proximity effect are subject to several
systematic uncertainties, all of which can lead to an overestimate
of the inferred UV background:

1. Quasar variability: The size of the proximity effect zone
scales as the average quasar luminosity over the photoion-
isation equilibrium timescale in the IGM (∼ 104 yr). Quasar
variability on shorter timescales will tend to overestimate the
UVB due to Malmquist bias in the selected quasar samples
(Schirber et al. 2004). It is not known how important this ef-
fect is in practice.

2. Underestimated quasar redshifts: Quasar emission redshifts
determined from broad high-ionisation lines are likely under-
estimated (e.g. Gaskell 1982; Richards et al. 2002), causing
the UVB to be overestimated by a factor ∼ 3 (Espey 1993).
However, this effect can be largely avoided by using low-
ionisation lines to determine systemic redshifts.

3. Overdense environment: In the standard ionisation model
of the proximity effect (Bajtlik et al. 1988), the Lyα forest
line density is extrapolated into the quasar vicinity, assum-
ing that the matter distribution is not altered by the pres-
ence of the QSO. If quasars typically reside in high intrin-
sic overdensities instead, the UVB will be overestimated by
a factor of up to ∼ 3 (Loeb & Eisenstein 1995). Conversely,
the disagreement between the UVB estimates from the prox-
imity effect and those obtained by matching simulations
to the mean Lyα forest absorption has recently been used
as an argument that quasars are surrounded by substantial
overdensities (Rollinde et al. 2005; Guimarães et al. 2007;
Faucher-Giguère et al. 2008b).

In the present paper we pursue a new approach to employ
the proximity effect as a tool to investigate the UVB, based on
measuring its signature towards individual QSO sight lines. We
demonstrated recently (Dall’Aglio et al. 2008, hereafter Paper I)
that indeed essentially all quasars show this signature, even at
relatively low spectral resolution. Here we follow up on this find-
ing, now based exclusively on high resolution, high S/N quasar
spectra. The plan of the paper is as follows. We begin with a
brief description of our spectroscopic data (Sect. 2). In Sect. 3
we explain the Monte Carlo simulations used to assess uncer-
tainties and to interpret the observed proximity effect strength
distribution. We then determine the redshift evolution of the ef-
fective optical depth in the Lyα forest in Sect. 4, followed by a
comparison between the two most commonly adopted methods
of revealing the proximity effect in Sect. 5. We very briefly re-
port on the analysis of the combined QSO sample in Sect. 6. In
Sect. 7 we investigate the proximity effect in individual sight-

Dall’Aglio, Wisotzki, Worseck 09
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• EUVB
‣ Combined UV radiation field 

from quasars+galaxies
✦ Maintains the ionized IGM
✦ Often parameterized as Γ912 (or ΓHI)

• Proximity Effect
‣ Over-ionization of the IGM     

near quasars
‣ Stronger effect => Weaker EUVB

• Lyα opacity
‣ Simulate Lyα forest
✦ Inputs:  Ωb+cosmology+T
‣ Compare to τLyα

11

Ionization Field (Rate) at z~4
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• EUVB
‣ Combined UV radiation field 

from quasars+galaxies
✦ Maintains the ionized IGM
✦ Often parameterized as Γ912 (or ΓHI)

• Proximity Effect
‣ Over-ionization of the IGM     

near quasars
‣ Stronger effect => Weaker EUVB

• Lyα opacity
‣ Simulate Lyα forest
✦ Inputs:  Ωb+cosmology+T
‣ Compare to τLyα

• Answer: Γ912 ~ 10-12 s-1

‣ Roughly constant with z?
‣ Dispersion of ~5 in normalization

11

Ionization Field (Rate) at z~4

The UV background photoionization rate from SDSS 9

Figure 10. Evolution of the UVB photoionization rate as obtained employing the modal value of the PESDs on the SDSS data set (solid circles). The
empty squares refer to the estimates from the UVES sample presented in Paper II. We compare our results with recent estimates from Bolton et al. (2005)
and Faucher-Giguère et al. (2008a), both employing numerical simulations to infer the cosmic photoionization rate (crosses and empty circles, respectively).

with another, yielding a roughly constant level of the H I pho-
toionization rate at 2 ! z ! 4.6. A least-square fit to a non-
evolving photoionization rate yields logΓH i = !11.78±0.07
for the PESD modal values and logΓH i = !11.75±0.05 from
the second method, both in units of s!1. While the two meth-
ods yield statistically very similar results, we adopted the
modal estimates of the UVB photoionization rate as our fi-
nal estimates. This choice is mainly motivated by the concep-
tual simplicity of the PESD mode and its independence of ad
hoc assumptions regarding the threshold loga0 or the PESD
asymmetry correction.

7.2. Effect of overdensities on the proximity effect strength
distribution

We now address the concern that large-scale H I overden-
sities around our quasars might significantly bias the UVB
estimates. A fixed overdensity factor valid for all quasars in a
sample would simply shift the PESD towards larger loga val-
ues, but preserve the shape of the distribution. Our method is
completely degenerate to such a shift. We argued in Paper II
that a uniform overdensity factor is however rather unplau-
sible. In the more likely case of a distribution of overdensi-
ties the width of the PESD would be significantly enhanced.
Measuring the width of the distribution thus provides a useful
additional diagnostic.
In Fig. 8 we compare the measured PESDs with simulated

distributions generated by the Monte-Carlo process as de-
scribed above. In each panel, the simulated dataset has the
same redshift distribution as the observed one, and the areas
under the observed and simulated histograms are normalized
to the same total number of objects.
In most of the panels of Fig. 8, the two histograms agree

quite well in the cores, but the observed data show a signifi-
cant excess of large loga values that is absent in the simula-
tions. In terms of standard deviations, the observed distribu-
tions have dispersions typically ∼ 1.5× that of the simulated
ones; most of that excess is due to the objects with loga " 2.
We interpret this excess as the main manifestation of H I over-

densities around our quasars.
The applicability of our approach to estimate the UVB via

the proximity effect now rests on the question whether or not
the mode of the PESD is significantly affected by the influ-
ence of overdensities. The generally good agreement between
the cores of the simulated and observed distributions suggests
that only a minority of QSOs produce the excess; this supports
our notion that the mode is approximately conserved.
Consider our highest redshift subset S8 in particular, con-

taining 34 QSOs at z > 4. The PESD of this subset has a
dispersion of σlog a = 0.51, while the corresponding simulated
PESD has σ = 0.46. Essentially all of this difference is due to
a single outlier. Any excess H I absorption in the QSOs would
make the PESD broader and inconsistent with the observed
narrow distribution, unless the amount of such an excess ab-
sorption were nearly exactly equal for the entire sample.
We conclude that the PESD mode is quite robust against

the influence of overdensities. While we cannot firmly ex-
clude the possibility that some of our ΓH i values at interme-
diate redshifts are somewhat affected, the narrowness of the
z " 4 PESD provides evidence against strong H I overdensi-
ties on scales of several Mpc. We consider this data point as
our most significant measurement.

7.3. Comparison with other measurements

Figure 10 shows our estimated values of the hydrogen pho-
toionization rate ΓH i as a function of redshift, together with
recent results from the literature. In order to facilitate a di-
rect comparison, we repeated the proximity effect analysis of
our high-resolution VLT/UVES spectra (Paper II), but now
quoting photoionization rates rather than UVB intensities and
applying a coarser binning. The redshift-averaged ΓH i values
are very similar, !11.78± 0.07 for SDSS vs. !11.83± 0.10
for UVES (in logarithmic units of s!1). While at z ! 3 the
two datasets are almost indistinguishable, the UVESmeasure-
ments suggest a decrease of ΓH i with increasing z while the
SDSS data appear to favor an approximately constant pho-
toionization rate. The differences are not highly significant
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• Observation
‣ Ionization rate (~10-12 s-1)
‣ Luminosity function of quasars
✦ Bright-end, primarily, at z>3
✦ Estimate of the quasar emissivity εq

‣ Quasar SED (αHI)
• Missing piece:  λmfp

‣ Mean free path

• Best guess
‣ Quasars are sub-dominant at z>4
‣ Highly uncertain conclusion...

12

Can Quasars Ionize the IGM at z~4?

τGP ≡ τLyα = − ln
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Γq ≈
σHIλmfpεq
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τeff,α = − ln [ 1 − DA ]

τeff,LL(r, ν) =
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(1 + zq) − 1
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(
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(
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dz
≡

c

H(z)(1 + z)
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1/2
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τeff,LL(z912, zq) =
c

H0Ω
1/2
m

(1 + z912)
3

zq
∫
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κ̃912(z
′) (1 + z′)−11/2 dz′
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• Definition
‣ Average distance that a packet of 

ionizing photons travels before 
experiencing an e-1 attenuation

‣ Proper distance (Mpc)
• Sources of Opacity
‣ Galaxies
✦ Damped Lyα systems
‣ IGM
✦ Lyα forest
✦ Lyman limit systems

13

Mean Free Path (λmfp): Definition
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Performing an LLS Survey
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16

λmfp: The Traditional Approach
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• f(NHI)
‣ Frequency distribution of NHI 

values for IGM ‘absorbers’
✦ Analogous to a luminosity function 
‣ Observations: Simple counting
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• f(NHI)
‣ Frequency distribution of NHI 

values for IGM ‘absorbers’
✦ Analogous to a luminosity function 
‣ Observations: Simple counting

• Effective optical depth τeff,LL 

‣ Integrate the average Lyman 
Limit absorption from the IGM
✦ From the quasar (zq) to a lower redshift

16

λmfp: The Traditional Approach
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• f(NHI)
‣ Frequency distribution of NHI 

values for IGM ‘absorbers’
✦ Analogous to a luminosity function 
‣ Observations: Simple counting

• Effective optical depth τeff,LL 

‣ Integrate the average Lyman 
Limit absorption from the IGM
✦ From the quasar (zq) to a lower redshift

• Mean free path 
‣ Distance when τeff,LL=1
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Evaluating f(N)
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• Low NHI
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• DLAs  (log NHI > 20.3)
‣ Well characterized but too rare
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• Low NHI

‣ Counting (measuring) Lyα lines
‣ Well characterized, but not 

important to λmfp

• DLAs  (log NHI > 20.3)
‣ Well characterized but too rare

• LLS
‣ Large sample variance
✦ Poorly measured with redshift
‣ No NHI sensitivity
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Evaluating f(N)

Peroux+03Peroux+03
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important to λmfp

• DLAs  (log NHI > 20.3)
‣ Well characterized but too rare

• LLS
‣ Large sample variance
✦ Poorly measured with redshift
‣ No NHI sensitivity

• 15 > log NHI > 17.5
‣ Almost no constraint!
‣ These could easily dominate τeff,LL
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18

λmfp: circa 2009.5

τeff,LL(z912, zq) =

zq
∫

z912

∞
∫

0

f(NHI, z
′){1 − exp [−NHIσph(z

′) ]}dNHIdz′

Faucher-Giguerre+08
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Why not evaluate from first principles?
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• Low NHI

‣ Successful model of Lyα Forest  
‣ Linear or quasi-linear regime
‣ Highly ionized
✦ τLL << 1
✦ Optically thin => No radiative transfer
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✦ Optically thin => No radiative transfer

• High NHI

‣ Galaxies in simulations
‣ Sophisticated (toy) models
‣ High HI surface densities
✦ τLL >> 1
✦ Highly optically thick (no transfer)

• Medium NHI  (τLL ~ 1)
‣ Likely drives the MFP
‣ Radiative transfer matters
‣ Non-linear, large structures?

19

Why not evaluate from first principles?

These 
are hard!
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“A New Hope”

20
Stacked Quasar Spectra
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Building a Stacked Quasar Spectrum
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Building a Stacked Quasar Spectrum
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Building a Stacked Quasar Spectrum
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λmfp: Opacity Method

25
Prochaska, Worseck, O’Meara 09

τeff,LL(r, ν) =

r
∫

0

κLL(r′, ν) dr′
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• Treat (average) LL absorption 
as a traditional opacity: κLL(r,ν)
‣ Integrate over the path traveled 
✦ Photon ‘feels’ the IGM opacity from  

z=zq until it redshifts beyond 1Ryd
✦ Define this lower redshift as z912
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The Opacity Method: Does it work?
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SDSS Stacked Quasar Spectra

27

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

<=" <=#

<=$

!>-#

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

<=" <=#

<=$

!>-#

27Wednesday, February 3, 2010



SDSS Stacked Quasar Spectra

27

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

/<=9$->+!7:?
@-#<!%9=+A!-B?C

DE" DE#

DE$

!@-#

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

/<=9$->+!7:?
@-#<!%9=+A!-B?C

DE" DE#

DE$

!@-#

27Wednesday, February 3, 2010



SDSS Stacked Quasar Spectra

27

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

/<=9$->+!7:?
@-#<!%9=+A!-B?C

/<=9%@>+!7:?
@-#<!-9"+A!-B?C

DE"

!@-#

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

/<=9$->+!7:?
@-#<!%9=+A!-B?C

/<=9%@>+!7:?
@-#<!-9"+A!-B?C

DE"

!@-#

27Wednesday, February 3, 2010



SDSS Stacked Quasar Spectra

27

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

/<=9$->+!7:?
@-#<!%9=+A!-B?C

/<=9%@>+!7:?
@-#<!-9"+A!-B?C

/<!9#=>+!7:?
@-#<#!9%+A!-B?C

DE"

!@-#

!""" !#"" !!"" !$"" !%"" &"""
!'()*+,-./01+2345)*'67)8

"9"

"9&

-9"

-9&

: !
;:
-
!
&
"

/<=9$->+!7:?
@-#<!%9=+A!-B?C

/<=9%@>+!7:?
@-#<!-9"+A!-B?C

/<!9#=>+!7:?
@-#<#!9%+A!-B?C

DE"

!@-#

27Wednesday, February 3, 2010



Bootstrap Errors
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λmfp: SDSS Measurements (All)
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λmfp: SDSS Measurements (z>3.6)
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λmfp: SDSS Measurements (z>3.6)
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λmfp: SDSS Measurements (z>3.6)
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λmfp: SDSS Measurements (z>3.6)

!"# !"$ %"& %"'
()*+

&

,&

'&

!&

%&

-&

#&
!
.
/0

1
,
'
23
4
!
,
5
'
26
0
78

!"# !"$ %"& %"'

&

,&

'&

!&

%&

-&

#&

!./0292%$"%2!2!$:3)*!!"#822;4
!,2607<

!./0292!5"&;3,=)*8>3,=!"18<
!"22;4!,2607<

"292-"&

!"# !"$ %"& %"'
()*+

&

,&

'&

!&

%&

-&

#&
!
.
/0

1
,
'
23
4
!
,
5
'
26
0
78

!"# !"$ %"& %"'

&

,&

'&

!&

%&

-&

#&

!./0292%$"%2!2!$:3)*!!"#822;4
!,2607<

!./0292!5"&;3,=)*8>3,=!"18<
!"22;4!,2607<

"292-"&

30Wednesday, February 3, 2010



30

λmfp: SDSS Measurements (z>3.6)

!"# !"$ %"& %"'
()*+

&

,&

'&

!&

%&

-&

#&
!
.
/0

1
,
'
23
4
!
,
5
'
26
0
78

!"# !"$ %"& %"'

&

,&

'&

!&

%&

-&

#&

!./0292%$"%2!2!$:3)*!!"#822;4
!,2607<

!./0292!5"&;3,=)*8>3,=!"18<
!"22;4!,2607<

"292-"&2=>!2,"-

!"# !"$ %"& %"'
()*+

&

,&

'&

!&

%&

-&

#&
!
.
/0

1
,
'
23
4
!
,
5
'
26
0
78

!"# !"$ %"& %"'

&

,&

'&

!&

%&

-&

#&

!./0292%$"%2!2!$:3)*!!"#822;4
!,2607<

!./0292!5"&;3,=)*8>3,=!"18<
!"22;4!,2607<

"292-"&2=>!2,"-

30Wednesday, February 3, 2010



31

λmfp Implications: Quasars vs. Stars
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• z=4
‣ Possible to match  ΓHI ~ Γq
✦ Factor of 3 uncertainty in ΓHI and εq

‣ Stars need not dominate
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• z=4
‣ Possible to match  ΓHI ~ Γq
✦ Factor of 3 uncertainty in ΓHI and εq

‣ Stars need not dominate
• z<4
‣ Γq  increases
✦ λmfp increases
✦ εq increases
‣ Overpredict ΓHI by z~3
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• z=4
‣ Possible to match  ΓHI ~ Γq
✦ Factor of 3 uncertainty in ΓHI and εq

‣ Stars need not dominate
• z<4
‣ Γq  increases
✦ λmfp increases
✦ εq increases
‣ Overpredict ΓHI by z~3

• Best inferences
‣ Quasars dominate at z~3
‣ Stars dominate at z~4
‣ This hinges on a flat ΓHI 
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λmfp Implications: Reionization
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• Ansatz
‣ Demand λmfp ~ (1+z)γ
✦ Physically motivated

• Extrapolate to z>4
‣ zreion > 7.5
‣ zreion < 20
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• Ansatz
‣ Demand λmfp ~ (1+z)γ
✦ Physically motivated

• Extrapolate to z>4
‣ zreion > 7.5
‣ zreion < 20

• Comparisons
‣ Guesstimates from Lyα
‣ Theory ‘predictions’
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λmfp Implications: f(NHI)

Prochaska&Tumlinson08
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• SDSS LLS survey
‣ DR7
‣ Subtle systematic errors
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• SDSS LLS survey
‣ DR7
‣ Subtle systematic errors
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• SDSS LLS survey
‣ DR7
‣ Subtle systematic errors

• Combine f(NHI) constraints
‣ z ~3.7
‣ DLAs, SLLS, LLS, Lyα, λmfp 

• Results
‣ f(N) flattens to > -1 at NHI~1018

‣ f(N) steepens to < -2 at NHI~1016

‣ LLS dominate λmfp at z>3.5

33

λmfp Implications: f(NHI)

16 Prochaska, O’Meara, & Worseck

we demand log f(NHI = 1019 cm−2, X) = −20.05 ± 0.2;
(iii) we impose the integral constraint based on the the
observed incidence of τ912 ≥ 2 LLSs:

"τ≥2(X) =

∞
∫

1017.5 cm−2

f(NHI, X) dNHI . (20)

At z ≈ 3.7, we estimate "τ≥2(X) = 0.5 ± 0.1 (Figure 9).
Overplotted on Figure 10 are the power-law frequency

distributions (shown as dashed, dotted and a solid line)
that satisfy the extrema of those constraints. The shaded
region shows the intersection of the curves and roughly
represents the allowed region of f(NHI, X) values. We
find βLLS = −0.8 ± 0.3, and derive kLLS = 10−4.5 cm2

for the central value. Table 5 further summarizes these
results.

Our analysis reveals that f(NHI, X) becomes increas-
ingly shallow with decreasing NHI. Only for the most
extreme values of our analysis, low f(NHI, X) at NHI =
1019 cm−2 and a large "τ≥2(z) value, do we recover
βLLS < −1. This flattening of f(NHI, X) was sug-
gested by previous authors based on a similar analy-
sis but with much poorer observational constraints on
"τ≥2(X) (Péroux et al. 2003; Prochaska et al. 2005;
O’Meara et al. 2007). Remarkably, our results indicate
βLLS > −1 which means that the IGM has a higher total
covering fraction per unit pathlength for sightlines with
NHI = 1019 cm−2 than those with NHI = 1018 cm−2.

8.3.2. Constraints from Measurements of the Mean Free
Path

Traditionally, the mean free path to ionizing radiation
in the IGM (λ912

mfp) has been estimated from the observed
incidence of LLSs (e.g. Meiksin & Madau 1993). Re-
cently, PWO09 introduced a new approach to measure
λ912

mfp from stacked quasar spectra, without any considera-
tion of LLSs. We can reverse the problem, therefore, and
use the λ912

mfp results to constrain properties of f(NHI, X).
One expects to have the greatest sensitivity to absorption
systems with τ912 ≈ 1, i.e. the LLSs and partial LLSs.

At z = 3.7, PWO09 estimate λ912
mfp = 47h−1

72 Mpc
proper distance. This means that in the absence of an ex-
panding universe, a packet of 1 Ryd photons at z = 3.7
would be attenuated by exp(−1) after traveling λ912

mfp.
One can also express the mean free path as an opacity,
κ912=1/λ912

mfp, which can be related to the optical depth
of a 1Ryd photon as:

κ912 =
dτ912

eff

dr
=

dτ912
eff

dz

dz

dr
. (21)

Finally, we can relate the differential optical depth to the
H I frequency distribution of absorbers:

dτ912
eff (z)

dz
=

∞
∫

Nmin
HI

f(NHI, z){1 − exp
[

−NHIσ
912
ph

]

}dNHI

(22)
with σ912

ph the photoionization cross-section evaluated at
1Ryd and dr/dz given by Equation 13. Although the
integral should be evaluated with Nmin

HI = 0, in practice
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Fig. 11.— This figure shows the opacity at the Lyman limit
κ912 contributed by absorbers with NHI ≥ Nmin

HI . For Nmin
HI ≥

1017.5 cm−2 (solid curve), which corresponds to our LLS survey,
we have adopted the estimate of f(NHI, X) from Figure 10 in
the calculation. We estimate a 20% uncertainty in the contri-
bution of LLSs to κ912, as shown in the figure. For Nmin

HI <
1017.5 cm−2, we assume f(NHI, X) follows a simple power-law
with exponent βpLLS, and show a series of extrapolations (dash
and dotted curves). The solid (red) horizontal band centered at
κ912 = 0.0225 h72 Mpc−1 indicates the measurement at z ≈ 3.7 by
PWO09. These results imply that LLSs contribute ≈ 55% of the
mean free path (≈ 33% for systems with τ912 # 1) and that βpLLS
must be steeper than ≈ −1.5 to explain all of these observations.

dτ912
eff is insensitive to the minimum NHI column density

for any value Nmin
HI ≤ 1012 cm−2.

Figure 11 shows the κ912 value at z = 3.7 from
PWO09 as a horizontal band that illustrates the 1σ er-
ror interval. The solid curve, meanwhile, corresponds
to the evaluation of Equation 21 using our best estima-
tion of f(NHI, X) (Figure 10) as a cumulative function
of Nmin

HI . At the limiting NHI value of our LLS survey
(1017.5 cm−2), we estimate that ≈ 55% of the opacity
to ionizing radiation is contributed by τ912 ≥ 2 LLSs.
The uncertainty in the results is roughly proportional to
the uncertainty in "τ≥2(z), i.e. ≈ 20% as indicated by
the error bars on the figure. It is notable that ≈ 1/3
of the contribution to κ912 is from very optically thick
absorbers (τ912 % 1), i.e. the SLLSs and DLAs.

It is also evident from Figure 11 that systems with
τ912 ≤ 2 must contribute to κ912. For Nmin

HI <
1017.5 cm−2, we continue the calculation by assuming
that f(NHI, X) follows a power-law

fpLLS(NHI < 1017.5 cm−2, X) = kpLLSN
βpLLS

HI (23)

constrained to match fLLS(NHI, X) at NHI =
1017.5 cm−2. We find that models with βpLLS ≥ −1.8
cannot reproduce the λ912

mfp results. In fact, the data favor
βpLLS ≈ −2 i.e. a much steeper power-law than inferred
for the LLS and also than that commonly observed for
the Lyα forest. These conclusions depend rather insensi-
tively on our estimate of "τ≥2(X); slopes only as shallow
as −1.7 are allowed if we adopt our highest estimates for
"τ≥2(X).

Thus far, these inferences on f(NHI, X) for absorp-
tion systems with τ912 < 2 have ignored observations
of the Lyα forest. By including these data, we provide

16 Prochaska, O’Meara, & Worseck

we demand log f(NHI = 1019 cm−2, X) = −20.05 ± 0.2;
(iii) we impose the integral constraint based on the the
observed incidence of τ912 ≥ 2 LLSs:

"τ≥2(X) =

∞
∫

1017.5 cm−2

f(NHI, X) dNHI . (20)

At z ≈ 3.7, we estimate "τ≥2(X) = 0.5 ± 0.1 (Figure 9).
Overplotted on Figure 10 are the power-law frequency

distributions (shown as dashed, dotted and a solid line)
that satisfy the extrema of those constraints. The shaded
region shows the intersection of the curves and roughly
represents the allowed region of f(NHI, X) values. We
find βLLS = −0.8 ± 0.3, and derive kLLS = 10−4.5 cm2

for the central value. Table 5 further summarizes these
results.

Our analysis reveals that f(NHI, X) becomes increas-
ingly shallow with decreasing NHI. Only for the most
extreme values of our analysis, low f(NHI, X) at NHI =
1019 cm−2 and a large "τ≥2(z) value, do we recover
βLLS < −1. This flattening of f(NHI, X) was sug-
gested by previous authors based on a similar analy-
sis but with much poorer observational constraints on
"τ≥2(X) (Péroux et al. 2003; Prochaska et al. 2005;
O’Meara et al. 2007). Remarkably, our results indicate
βLLS > −1 which means that the IGM has a higher total
covering fraction per unit pathlength for sightlines with
NHI = 1019 cm−2 than those with NHI = 1018 cm−2.

8.3.2. Constraints from Measurements of the Mean Free
Path

Traditionally, the mean free path to ionizing radiation
in the IGM (λ912

mfp) has been estimated from the observed
incidence of LLSs (e.g. Meiksin & Madau 1993). Re-
cently, PWO09 introduced a new approach to measure
λ912

mfp from stacked quasar spectra, without any considera-
tion of LLSs. We can reverse the problem, therefore, and
use the λ912

mfp results to constrain properties of f(NHI, X).
One expects to have the greatest sensitivity to absorption
systems with τ912 ≈ 1, i.e. the LLSs and partial LLSs.

At z = 3.7, PWO09 estimate λ912
mfp = 47h−1

72 Mpc
proper distance. This means that in the absence of an ex-
panding universe, a packet of 1 Ryd photons at z = 3.7
would be attenuated by exp(−1) after traveling λ912

mfp.
One can also express the mean free path as an opacity,
κ912=1/λ912

mfp, which can be related to the optical depth
of a 1Ryd photon as:

κ912 =
dτ912

eff

dr
=

dτ912
eff

dz
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dr
. (21)

Finally, we can relate the differential optical depth to the
H I frequency distribution of absorbers:

dτ912
eff (z)

dz
=

∞
∫

Nmin
HI

f(NHI, z){1 − exp
[

−NHIσ
912
ph

]

}dNHI

(22)
with σ912

ph the photoionization cross-section evaluated at
1Ryd and dr/dz given by Equation 13. Although the
integral should be evaluated with Nmin

HI = 0, in practice
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Fig. 11.— This figure shows the opacity at the Lyman limit
κ912 contributed by absorbers with NHI ≥ Nmin

HI . For Nmin
HI ≥

1017.5 cm−2 (solid curve), which corresponds to our LLS survey,
we have adopted the estimate of f(NHI, X) from Figure 10 in
the calculation. We estimate a 20% uncertainty in the contri-
bution of LLSs to κ912, as shown in the figure. For Nmin

HI <
1017.5 cm−2, we assume f(NHI, X) follows a simple power-law
with exponent βpLLS, and show a series of extrapolations (dash
and dotted curves). The solid (red) horizontal band centered at
κ912 = 0.0225 h72 Mpc−1 indicates the measurement at z ≈ 3.7 by
PWO09. These results imply that LLSs contribute ≈ 55% of the
mean free path (≈ 33% for systems with τ912 # 1) and that βpLLS
must be steeper than ≈ −1.5 to explain all of these observations.

dτ912
eff is insensitive to the minimum NHI column density

for any value Nmin
HI ≤ 1012 cm−2.

Figure 11 shows the κ912 value at z = 3.7 from
PWO09 as a horizontal band that illustrates the 1σ er-
ror interval. The solid curve, meanwhile, corresponds
to the evaluation of Equation 21 using our best estima-
tion of f(NHI, X) (Figure 10) as a cumulative function
of Nmin

HI . At the limiting NHI value of our LLS survey
(1017.5 cm−2), we estimate that ≈ 55% of the opacity
to ionizing radiation is contributed by τ912 ≥ 2 LLSs.
The uncertainty in the results is roughly proportional to
the uncertainty in "τ≥2(z), i.e. ≈ 20% as indicated by
the error bars on the figure. It is notable that ≈ 1/3
of the contribution to κ912 is from very optically thick
absorbers (τ912 % 1), i.e. the SLLSs and DLAs.

It is also evident from Figure 11 that systems with
τ912 ≤ 2 must contribute to κ912. For Nmin

HI <
1017.5 cm−2, we continue the calculation by assuming
that f(NHI, X) follows a power-law

fpLLS(NHI < 1017.5 cm−2, X) = kpLLSN
βpLLS

HI (23)

constrained to match fLLS(NHI, X) at NHI =
1017.5 cm−2. We find that models with βpLLS ≥ −1.8
cannot reproduce the λ912

mfp results. In fact, the data favor
βpLLS ≈ −2 i.e. a much steeper power-law than inferred
for the LLS and also than that commonly observed for
the Lyα forest. These conclusions depend rather insensi-
tively on our estimate of "τ≥2(X); slopes only as shallow
as −1.7 are allowed if we adopt our highest estimates for
"τ≥2(X).

Thus far, these inferences on f(NHI, X) for absorp-
tion systems with τ912 < 2 have ignored observations
of the Lyα forest. By including these data, we provide
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16 Prochaska, O’Meara, & Worseck

we demand log f(NHI = 1019 cm−2, X) = −20.05 ± 0.2;
(iii) we impose the integral constraint based on the the
observed incidence of τ912 ≥ 2 LLSs:

"τ≥2(X) =

∞
∫

1017.5 cm−2

f(NHI, X) dNHI . (20)

At z ≈ 3.7, we estimate "τ≥2(X) = 0.5 ± 0.1 (Figure 9).
Overplotted on Figure 10 are the power-law frequency

distributions (shown as dashed, dotted and a solid line)
that satisfy the extrema of those constraints. The shaded
region shows the intersection of the curves and roughly
represents the allowed region of f(NHI, X) values. We
find βLLS = −0.8 ± 0.3, and derive kLLS = 10−4.5 cm2

for the central value. Table 5 further summarizes these
results.

Our analysis reveals that f(NHI, X) becomes increas-
ingly shallow with decreasing NHI. Only for the most
extreme values of our analysis, low f(NHI, X) at NHI =
1019 cm−2 and a large "τ≥2(z) value, do we recover
βLLS < −1. This flattening of f(NHI, X) was sug-
gested by previous authors based on a similar analy-
sis but with much poorer observational constraints on
"τ≥2(X) (Péroux et al. 2003; Prochaska et al. 2005;
O’Meara et al. 2007). Remarkably, our results indicate
βLLS > −1 which means that the IGM has a higher total
covering fraction per unit pathlength for sightlines with
NHI = 1019 cm−2 than those with NHI = 1018 cm−2.

8.3.2. Constraints from Measurements of the Mean Free
Path

Traditionally, the mean free path to ionizing radiation
in the IGM (λ912

mfp) has been estimated from the observed
incidence of LLSs (e.g. Meiksin & Madau 1993). Re-
cently, PWO09 introduced a new approach to measure
λ912

mfp from stacked quasar spectra, without any considera-
tion of LLSs. We can reverse the problem, therefore, and
use the λ912

mfp results to constrain properties of f(NHI, X).
One expects to have the greatest sensitivity to absorption
systems with τ912 ≈ 1, i.e. the LLSs and partial LLSs.

At z = 3.7, PWO09 estimate λ912
mfp = 47h−1

72 Mpc
proper distance. This means that in the absence of an ex-
panding universe, a packet of 1 Ryd photons at z = 3.7
would be attenuated by exp(−1) after traveling λ912

mfp.
One can also express the mean free path as an opacity,
κ912=1/λ912

mfp, which can be related to the optical depth
of a 1Ryd photon as:

κ912 =
dτ912

eff

dr
=

dτ912
eff

dz

dz

dr
. (21)

Finally, we can relate the differential optical depth to the
H I frequency distribution of absorbers:

dτ912
eff (z)

dz
=

∞
∫

Nmin
HI

f(NHI, z){1 − exp
[

−NHIσ
912
ph

]

}dNHI

(22)
with σ912

ph the photoionization cross-section evaluated at
1Ryd and dr/dz given by Equation 13. Although the
integral should be evaluated with Nmin

HI = 0, in practice
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Fig. 11.— This figure shows the opacity at the Lyman limit
κ912 contributed by absorbers with NHI ≥ Nmin

HI . For Nmin
HI ≥

1017.5 cm−2 (solid curve), which corresponds to our LLS survey,
we have adopted the estimate of f(NHI, X) from Figure 10 in
the calculation. We estimate a 20% uncertainty in the contri-
bution of LLSs to κ912, as shown in the figure. For Nmin

HI <
1017.5 cm−2, we assume f(NHI, X) follows a simple power-law
with exponent βpLLS, and show a series of extrapolations (dash
and dotted curves). The solid (red) horizontal band centered at
κ912 = 0.0225 h72 Mpc−1 indicates the measurement at z ≈ 3.7 by
PWO09. These results imply that LLSs contribute ≈ 55% of the
mean free path (≈ 33% for systems with τ912 # 1) and that βpLLS
must be steeper than ≈ −1.5 to explain all of these observations.

dτ912
eff is insensitive to the minimum NHI column density

for any value Nmin
HI ≤ 1012 cm−2.

Figure 11 shows the κ912 value at z = 3.7 from
PWO09 as a horizontal band that illustrates the 1σ er-
ror interval. The solid curve, meanwhile, corresponds
to the evaluation of Equation 21 using our best estima-
tion of f(NHI, X) (Figure 10) as a cumulative function
of Nmin

HI . At the limiting NHI value of our LLS survey
(1017.5 cm−2), we estimate that ≈ 55% of the opacity
to ionizing radiation is contributed by τ912 ≥ 2 LLSs.
The uncertainty in the results is roughly proportional to
the uncertainty in "τ≥2(z), i.e. ≈ 20% as indicated by
the error bars on the figure. It is notable that ≈ 1/3
of the contribution to κ912 is from very optically thick
absorbers (τ912 % 1), i.e. the SLLSs and DLAs.

It is also evident from Figure 11 that systems with
τ912 ≤ 2 must contribute to κ912. For Nmin

HI <
1017.5 cm−2, we continue the calculation by assuming
that f(NHI, X) follows a power-law

fpLLS(NHI < 1017.5 cm−2, X) = kpLLSN
βpLLS

HI (23)

constrained to match fLLS(NHI, X) at NHI =
1017.5 cm−2. We find that models with βpLLS ≥ −1.8
cannot reproduce the λ912

mfp results. In fact, the data favor
βpLLS ≈ −2 i.e. a much steeper power-law than inferred
for the LLS and also than that commonly observed for
the Lyα forest. These conclusions depend rather insensi-
tively on our estimate of "τ≥2(X); slopes only as shallow
as −1.7 are allowed if we adopt our highest estimates for
"τ≥2(X).

Thus far, these inferences on f(NHI, X) for absorp-
tion systems with τ912 < 2 have ignored observations
of the Lyα forest. By including these data, we provide
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• What dominates λmfp?
‣ Gas with τLL ~ 1
‣ log NHI ~ 17

34

λmfp Implications:  What is its origin?

16 Prochaska, O’Meara, & Worseck

we demand log f(NHI = 1019 cm−2, X) = −20.05 ± 0.2;
(iii) we impose the integral constraint based on the the
observed incidence of τ912 ≥ 2 LLSs:

"τ≥2(X) =

∞
∫

1017.5 cm−2

f(NHI, X) dNHI . (20)

At z ≈ 3.7, we estimate "τ≥2(X) = 0.5 ± 0.1 (Figure 9).
Overplotted on Figure 10 are the power-law frequency

distributions (shown as dashed, dotted and a solid line)
that satisfy the extrema of those constraints. The shaded
region shows the intersection of the curves and roughly
represents the allowed region of f(NHI, X) values. We
find βLLS = −0.8 ± 0.3, and derive kLLS = 10−4.5 cm2

for the central value. Table 5 further summarizes these
results.

Our analysis reveals that f(NHI, X) becomes increas-
ingly shallow with decreasing NHI. Only for the most
extreme values of our analysis, low f(NHI, X) at NHI =
1019 cm−2 and a large "τ≥2(z) value, do we recover
βLLS < −1. This flattening of f(NHI, X) was sug-
gested by previous authors based on a similar analy-
sis but with much poorer observational constraints on
"τ≥2(X) (Péroux et al. 2003; Prochaska et al. 2005;
O’Meara et al. 2007). Remarkably, our results indicate
βLLS > −1 which means that the IGM has a higher total
covering fraction per unit pathlength for sightlines with
NHI = 1019 cm−2 than those with NHI = 1018 cm−2.

8.3.2. Constraints from Measurements of the Mean Free
Path

Traditionally, the mean free path to ionizing radiation
in the IGM (λ912

mfp) has been estimated from the observed
incidence of LLSs (e.g. Meiksin & Madau 1993). Re-
cently, PWO09 introduced a new approach to measure
λ912

mfp from stacked quasar spectra, without any considera-
tion of LLSs. We can reverse the problem, therefore, and
use the λ912

mfp results to constrain properties of f(NHI, X).
One expects to have the greatest sensitivity to absorption
systems with τ912 ≈ 1, i.e. the LLSs and partial LLSs.

At z = 3.7, PWO09 estimate λ912
mfp = 47h−1

72 Mpc
proper distance. This means that in the absence of an ex-
panding universe, a packet of 1 Ryd photons at z = 3.7
would be attenuated by exp(−1) after traveling λ912

mfp.
One can also express the mean free path as an opacity,
κ912=1/λ912

mfp, which can be related to the optical depth
of a 1Ryd photon as:

κ912 =
dτ912

eff

dr
=

dτ912
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. (21)

Finally, we can relate the differential optical depth to the
H I frequency distribution of absorbers:

dτ912
eff (z)

dz
=

∞
∫

Nmin
HI

f(NHI, z){1 − exp
[

−NHIσ
912
ph

]

}dNHI

(22)
with σ912

ph the photoionization cross-section evaluated at
1Ryd and dr/dz given by Equation 13. Although the
integral should be evaluated with Nmin

HI = 0, in practice
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Fig. 11.— This figure shows the opacity at the Lyman limit
κ912 contributed by absorbers with NHI ≥ Nmin

HI . For Nmin
HI ≥

1017.5 cm−2 (solid curve), which corresponds to our LLS survey,
we have adopted the estimate of f(NHI, X) from Figure 10 in
the calculation. We estimate a 20% uncertainty in the contri-
bution of LLSs to κ912, as shown in the figure. For Nmin

HI <
1017.5 cm−2, we assume f(NHI, X) follows a simple power-law
with exponent βpLLS, and show a series of extrapolations (dash
and dotted curves). The solid (red) horizontal band centered at
κ912 = 0.0225 h72 Mpc−1 indicates the measurement at z ≈ 3.7 by
PWO09. These results imply that LLSs contribute ≈ 55% of the
mean free path (≈ 33% for systems with τ912 # 1) and that βpLLS
must be steeper than ≈ −1.5 to explain all of these observations.

dτ912
eff is insensitive to the minimum NHI column density

for any value Nmin
HI ≤ 1012 cm−2.

Figure 11 shows the κ912 value at z = 3.7 from
PWO09 as a horizontal band that illustrates the 1σ er-
ror interval. The solid curve, meanwhile, corresponds
to the evaluation of Equation 21 using our best estima-
tion of f(NHI, X) (Figure 10) as a cumulative function
of Nmin

HI . At the limiting NHI value of our LLS survey
(1017.5 cm−2), we estimate that ≈ 55% of the opacity
to ionizing radiation is contributed by τ912 ≥ 2 LLSs.
The uncertainty in the results is roughly proportional to
the uncertainty in "τ≥2(z), i.e. ≈ 20% as indicated by
the error bars on the figure. It is notable that ≈ 1/3
of the contribution to κ912 is from very optically thick
absorbers (τ912 % 1), i.e. the SLLSs and DLAs.

It is also evident from Figure 11 that systems with
τ912 ≤ 2 must contribute to κ912. For Nmin

HI <
1017.5 cm−2, we continue the calculation by assuming
that f(NHI, X) follows a power-law

fpLLS(NHI < 1017.5 cm−2, X) = kpLLSN
βpLLS

HI (23)

constrained to match fLLS(NHI, X) at NHI =
1017.5 cm−2. We find that models with βpLLS ≥ −1.8
cannot reproduce the λ912

mfp results. In fact, the data favor
βpLLS ≈ −2 i.e. a much steeper power-law than inferred
for the LLS and also than that commonly observed for
the Lyα forest. These conclusions depend rather insensi-
tively on our estimate of "τ≥2(X); slopes only as shallow
as −1.7 are allowed if we adopt our highest estimates for
"τ≥2(X).

Thus far, these inferences on f(NHI, X) for absorp-
tion systems with τ912 < 2 have ignored observations
of the Lyα forest. By including these data, we provide
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• What dominates λmfp?
‣ Gas with τLL ~ 1
‣ log NHI ~ 17

• What region(s) of the universe 
dominate at log NHI ~ 17?
‣ Not gas near the mean density
‣ Not gas in the centers of galaxies

34

λmfp Implications:  What is its origin?
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• What dominates λmfp?
‣ Gas with τLL ~ 1
‣ log NHI ~ 17

• What region(s) of the universe 
dominate at log NHI ~ 17?
‣ Not gas near the mean density
‣ Not gas in the centers of galaxies

• Numerical simulations
‣ Hydro with AMR of galactic halos
‣ Post-process ‘full’ radiative transfer
‣ First results...
✦ “Cold streams”
✦ Do they extend beyond galactic halos?
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• What dominates λmfp?
‣ Gas with τLL ~ 1
‣ log NHI ~ 17

• What region(s) of the universe 
dominate at log NHI ~ 17?
‣ Not gas near the mean density
‣ Not gas in the centers of galaxies

• Numerical simulations
‣ Hydro with AMR of galactic halos
‣ Post-process ‘full’ radiative transfer
‣ First results...
✦ “Cold streams”
✦ Do they extend beyond galactic halos?

• Why does λmfp  evolve with z?

34
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35

λmfp: SDSS Measurements (z<3.6)

!"# !"$ !"% #"& #"' #"#
()*+

&

,&

'&

!&

#&

-&

$&

!
.
/0

1
,
'
23
4
!
,
5
'
26
0
78

!"# !"$ !"% #"& #"' #"#
()*+

&

,&

'&

!&

#&

-&

$&

!
.
/0

1
,
'
23
4
!
,
5
'
26
0
78

35Wednesday, February 3, 2010



• Unphysical decrease with z
‣ No obvious astrophysical 

explanation
‣ Expanding universe prohibits it
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• Unphysical decrease with z
‣ No obvious astrophysical 

explanation
‣ Expanding universe prohibits it

• Systematic bias?
‣ Apparent in LLS statistics too
‣ Self-consistent within the spectra

35

λmfp: SDSS Measurements (z<3.6)
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• Unphysical decrease with z
‣ No obvious astrophysical 

explanation
‣ Expanding universe prohibits it

• Systematic bias?
‣ Apparent in LLS statistics too
‣ Self-consistent within the spectra

• Implies:
‣ Bluer (u-g) quasars at z=3.6      

than z=3.5
✦ Opposite to expected evolution

35

λmfp: SDSS Measurements (z<3.6)

!"# !"$ !"% !"& $"' $"# $"$
(

'

)

#

!

$

*
*
+
,(
-

!**+./..0"#.12!.)"0

3**+./..)"4.12!.'"#

56789:;<:=.>?@A:6:=.B.C76;A8<.'4

!"# !"$ !"% !"& $"' $"# $"$
(

'

)

#

!

$

*
*
+
,(
-

!**+./..0"#.12!.)"0

3**+./..)"4.12!.'"#

56789:;<:=.>?@A:6:=.B.C76;A8<.'4

35Wednesday, February 3, 2010



36

λmfp Implications: SDSS Bias
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• Photometry
‣ SDSS quasars at z=3.6 are bluer 

than those at z=3.5
‣ Exact opposite of expectation
✦ True for radio selected quasars too
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• Photometry
‣ SDSS quasars at z=3.6 are bluer 

than those at z=3.5
‣ Exact opposite of expectation
✦ True for radio selected quasars too

• Quasar targeting bias
‣ SDSS avoided quasars with blue 

u-g at z~3.4
‣ ‘Perfect storm’ of errors

36

λmfp Implications: SDSS Bias
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• Photometry
‣ SDSS quasars at z=3.6 are bluer 

than those at z=3.5
‣ Exact opposite of expectation
✦ True for radio selected quasars too

• Quasar targeting bias
‣ SDSS avoided quasars with blue 

u-g at z~3.4
‣ ‘Perfect storm’ of errors

• Implications:
‣ Biased toward quasars with LLS
‣ Biased against quasars that are 

useful for HeII studies
‣ IGM studies at z~3 from SDSS 

are suspect
36

λmfp Implications: SDSS Bias
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Future Work: λmfp at z>4
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• SDSS
‣ S/N too poor at z>4
‣ But, the quasars exist

• Approved Gemini/GMOS
‣ ~200 quasars at z>4.4
‣ IGM studies
‣ Collaboration
✦ PI: Worseck
✦ Multi-national effort
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• SDSS
‣ S/N too poor at z>4
‣ But, the quasars exist

• Approved Gemini/GMOS
‣ ~200 quasars at z>4.4
‣ IGM studies
‣ Collaboration
✦ PI: Worseck
✦ Multi-national effort
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Future Work: λmfp at z~3
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• SDSS
‣ Spectral coverage limits to z>3.3
‣ Quasar bias kills z~3.4

• Path forward?
‣ Focus on quasars discovered 

without color-selection
✦ Radio
✦ X-ray
✦ Spectroscopic
‣ Ongoing program with Keck/LRIS

38

Future Work: λmfp at z~3

!"""#""$%&""'(

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

%

'

#

)

*

&

8
./
,2
9-
.4
:
/;
<

!"""#""$%&""'(

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

'

)

&

(

8
./
,2
9-
.4
:
/;
<

!""'=)&!"=#*)%

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

%

'

#

)

*

&

8
./
,2
9-
.4
:
/;
<

!""'=)&!"=#*)%

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

%

'

#

)

*

&

8
./
,2
9-
.4
:
/;
<

!"")%)#!"(*>"*

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

%

'

#

)

*

&

8
./
,2
9-
.4
:
/;
<

!"")%)#!"(*>"*

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

'

)

&

(

%"

8
./
,2
9-
.4
:
/;
<

!"'#='#!"(%""*

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

%

'

#

)

*

&

8
./
,2
9-
.4
:
/;
<

!"'#='#!"(%""*

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

%

'

#

)

*

&

8
./
,2
9-
.4
:
/;
<

!"')))(!"(%&"&

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

'

)

&

(

%"

%'

8
./
,2
9-
.4
:
/;
<

!"')))(!"(%&"&

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

'

)

&

(

%"

%'

8
./
,2
9-
.4
:
/;
<

!"'*%"*!""%>#'

#("" )""" )'"" ))"" )&"" )("" *"""
+,-./.0123456017

"

%

'

#

)

*

8
./
,2
9-
.4
:
/;
<

38Wednesday, February 3, 2010



• λLL < 3000Ang
‣ Space-based UV 

observations
‣ ACS Prism program 
✦ Cycle 16 (PI: O’Meara)
✦ Obtained ~15 spectra

• New sample (Cycle 17)
‣ WFC3 grism
‣ 35 observed to date
‣ Stay tuned

• Planned (Cycle 18)
‣ COS snapshot survey z~1

39

Future Work: λmfp at z<2.5
O’Meara et al.
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• DA

‣ More work to be done
‣ Is the dip real?

• DB, DG, ....
‣ Model at high precision
‣ Constrain f(NHI) at                  

NHI~1015 to 1016

✦ Independent constraint from MFP

• Quasar SED
‣ What is the shape below 1Ryd?

40

Future Work: Stacked Spectrum
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• Most precise measurement     
of λmfp to date
‣ Stacked quasar spectrum
✦ ~10x improvement over previous work
‣ λmfp = 48.4 - 38 (z-3.6)  [h-1 Mpc]

• Implications
‣ Quasars may dominate at z~3 
✦ But unlikely at z~4
‣ Reionization occurred at 7.5<z<20
‣ LLS + λmfp
✦ Well constrained f(NHI) at z~3.7

• SDSS Quasar spectra
‣ Biased toward LLS at z~3.4
‣ Be careful with the IGM at z~3

41

Summary
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• Ignore over 850-900Ang
‣ QSO SED 
‣ Lya forest redshift evolution
‣ Metals
‣ Evolution in the MFP
‣ Proximity region

• Counter-arguments
‣ Exponentials always win
‣ Δz is small (~0.3)
‣ It is desirable to include the 

proximity region

42

Looking under the rug...
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43

16 Prochaska, O’Meara, & Worseck

we demand log f(NHI = 1019 cm−2, X) = −20.05 ± 0.2;
(iii) we impose the integral constraint based on the the
observed incidence of τ912 ≥ 2 LLSs:

"τ≥2(X) =

∞
∫

1017.5 cm−2

f(NHI, X) dNHI . (20)

At z ≈ 3.7, we estimate "τ≥2(X) = 0.5 ± 0.1 (Figure 9).
Overplotted on Figure 10 are the power-law frequency

distributions (shown as dashed, dotted and a solid line)
that satisfy the extrema of those constraints. The shaded
region shows the intersection of the curves and roughly
represents the allowed region of f(NHI, X) values. We
find βLLS = −0.8 ± 0.3, and derive kLLS = 10−4.5 cm2

for the central value. Table 5 further summarizes these
results.

Our analysis reveals that f(NHI, X) becomes increas-
ingly shallow with decreasing NHI. Only for the most
extreme values of our analysis, low f(NHI, X) at NHI =
1019 cm−2 and a large "τ≥2(z) value, do we recover
βLLS < −1. This flattening of f(NHI, X) was sug-
gested by previous authors based on a similar analy-
sis but with much poorer observational constraints on
"τ≥2(X) (Péroux et al. 2003; Prochaska et al. 2005;
O’Meara et al. 2007). Remarkably, our results indicate
βLLS > −1 which means that the IGM has a higher total
covering fraction per unit pathlength for sightlines with
NHI = 1019 cm−2 than those with NHI = 1018 cm−2.

8.3.2. Constraints from Measurements of the Mean Free
Path

Traditionally, the mean free path to ionizing radiation
in the IGM (λ912

mfp) has been estimated from the observed
incidence of LLSs (e.g. Meiksin & Madau 1993). Re-
cently, PWO09 introduced a new approach to measure
λ912

mfp from stacked quasar spectra, without any considera-
tion of LLSs. We can reverse the problem, therefore, and
use the λ912

mfp results to constrain properties of f(NHI, X).
One expects to have the greatest sensitivity to absorption
systems with τ912 ≈ 1, i.e. the LLSs and partial LLSs.

At z = 3.7, PWO09 estimate λ912
mfp = 47h−1

72 Mpc
proper distance. This means that in the absence of an ex-
panding universe, a packet of 1 Ryd photons at z = 3.7
would be attenuated by exp(−1) after traveling λ912

mfp.
One can also express the mean free path as an opacity,
κ912=1/λ912

mfp, which can be related to the optical depth
of a 1Ryd photon as:

κ912 =
dτ912

eff

dr
=

dτ912
eff

dz

dz

dr
. (21)

Finally, we can relate the differential optical depth to the
H I frequency distribution of absorbers:

dτ912
eff (z)

dz
=

∞
∫

Nmin
HI

f(NHI, z){1 − exp
[

−NHIσ
912
ph

]

}dNHI

(22)
with σ912

ph the photoionization cross-section evaluated at
1Ryd and dr/dz given by Equation 13. Although the
integral should be evaluated with Nmin

HI = 0, in practice
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Fig. 11.— This figure shows the opacity at the Lyman limit
κ912 contributed by absorbers with NHI ≥ Nmin

HI . For Nmin
HI ≥

1017.5 cm−2 (solid curve), which corresponds to our LLS survey,
we have adopted the estimate of f(NHI, X) from Figure 10 in
the calculation. We estimate a 20% uncertainty in the contri-
bution of LLSs to κ912, as shown in the figure. For Nmin

HI <
1017.5 cm−2, we assume f(NHI, X) follows a simple power-law
with exponent βpLLS, and show a series of extrapolations (dash
and dotted curves). The solid (red) horizontal band centered at
κ912 = 0.0225 h72 Mpc−1 indicates the measurement at z ≈ 3.7 by
PWO09. These results imply that LLSs contribute ≈ 55% of the
mean free path (≈ 33% for systems with τ912 # 1) and that βpLLS
must be steeper than ≈ −1.5 to explain all of these observations.

dτ912
eff is insensitive to the minimum NHI column density

for any value Nmin
HI ≤ 1012 cm−2.

Figure 11 shows the κ912 value at z = 3.7 from
PWO09 as a horizontal band that illustrates the 1σ er-
ror interval. The solid curve, meanwhile, corresponds
to the evaluation of Equation 21 using our best estima-
tion of f(NHI, X) (Figure 10) as a cumulative function
of Nmin

HI . At the limiting NHI value of our LLS survey
(1017.5 cm−2), we estimate that ≈ 55% of the opacity
to ionizing radiation is contributed by τ912 ≥ 2 LLSs.
The uncertainty in the results is roughly proportional to
the uncertainty in "τ≥2(z), i.e. ≈ 20% as indicated by
the error bars on the figure. It is notable that ≈ 1/3
of the contribution to κ912 is from very optically thick
absorbers (τ912 % 1), i.e. the SLLSs and DLAs.

It is also evident from Figure 11 that systems with
τ912 ≤ 2 must contribute to κ912. For Nmin

HI <
1017.5 cm−2, we continue the calculation by assuming
that f(NHI, X) follows a power-law

fpLLS(NHI < 1017.5 cm−2, X) = kpLLSN
βpLLS

HI (23)

constrained to match fLLS(NHI, X) at NHI =
1017.5 cm−2. We find that models with βpLLS ≥ −1.8
cannot reproduce the λ912

mfp results. In fact, the data favor
βpLLS ≈ −2 i.e. a much steeper power-law than inferred
for the LLS and also than that commonly observed for
the Lyα forest. These conclusions depend rather insensi-
tively on our estimate of "τ≥2(X); slopes only as shallow
as −1.7 are allowed if we adopt our highest estimates for
"τ≥2(X).

Thus far, these inferences on f(NHI, X) for absorp-
tion systems with τ912 < 2 have ignored observations
of the Lyα forest. By including these data, we provide
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