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Dark Ages: Universe thin to Thomson 
but opaque to  LyC absorption

Universe opaque to  
Thomson scattering

Strikly speaking, 
Universe still not 
transparent to  
LyC absorption!

Courtesy of B. Robertson



Hydrogen Lyman Continuum Opacity

Hubble radius

Prochaska et al  2009

z>1.5 mfp < c/H 
☞ Universe is optically thick  
to LyC even after reionization!

mean free path

stacked spectrum
of ~150 QSOs/bin 



photon-starved
regime

photon-abundant
regime

overlap
epoch

Radiative transfer 
simulations of 
reionization by  
So et al 2015 
(box=20 cMpc)

Reionization at PFLOPS Speed

HII bubbles

MISSING OPTICALLY THICK 
ABSORPTION?



Thomson Opacity vs. Observer Time

lollipop +PlanckTT +VHL

low-l EE  polarization likelihood

 high-l  likelihood  (ACT+SPT) measurements

PopIII, mini-QSOs,  
double reionization? 



(95% CL, uniform prior)

Planck/ACT/SPT Constraints on Reionization History

“…In all cases, we find that the 
Universe is ionized at less than 
the 10% level at redshifts above 
z≃10…An early onset of 
reionization is strongly disfavored 
by the Planck data…”

CMB Polarization+ kinetic 
Sunyaev-Zeldovich

(95% CL, zend>6 prior) zend>6 prior

reionization 
is short-lived!



A Concordance Reionization History?
(Schenker et al 2014)

expected 5σ 
detections of LAE

observed 
number of 
detections

duration of reionization

DPS 
(McGreer et al 2015)

LAE 
(Schenker et al 2014)

Planck τes x10

zre
LAE 
(Schenker et al 2014)

Q(z=6.2)=1 



no Ly! transmission (τLya≳7) over 110 cMpc! 

τ L
ya

Does Reionization End at z<6?

ULAS J0148+0600 Becker et al. 2015



Galaxy-Dominated Reionization

History of cosmic star formation from 
FUV+ IR rest-frame measurements.

Madau & Fragos 2016

z=7 Atek et al. 2016

Combined Constraints on z=7 UV LF 
from  the HFFs Clusters and Parallels

Metallicity dependence of ionizing  
photon yield

Salpeter 1-100 M  IMF

Kroupa IMF 
no binaries



Reionization at ~ FLOPS Speed

radiative recombination  
timescale = f (T,C)

comoving H density

ionized volume  
fraction

ionizing photon 
production rate/V 

HII

HI

HII

time →

Reionization Eq: 
1. UV photon counting 
2. assumes mean free path << c/H 
3. does not explicitly account for the 

presence of LLSs 
4. allows, mathematically, for Q > 1, 

which is physically impossible.



Planck2016

Large leakage values, fesc∼0.15 - 
0.2, required for star-forming 
galaxies to reionize the universe 
are higher than typically inferred 
from observations of LBGs at 
z∼3–4 (Mostardi et al 2013, 
Vanilla et al 2012). Grazian et al 
2016 (VUDF): fesc< 0.02 R< 26.5 
z=3.3!

z=3.15

z=2.03

foreground contaminant

Siana et al 2015



z=3.2 galaxy with fesc>50%
Vanzella et al 2016

LyC emission is spatially 
unresolved, with an 
effective radius <200 pc. 
Strong [OIII]!

fesc=0.2-0.25

Becker & Bolton 2013
Calverley  et al. 2011

hydrogen photo-ionization rate

inferred from the mean opacity  
and temperature of IGM

Ion2
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<τ
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What’s Wrong with  Faint Galaxies?

τLya

Becker et al. 2015

Chardin et al. 2015, 2016

Bright sources only: QSOs?
Faint L<L* galaxies

z=5.8

Spatial UV fluctuations in full radiative 
transfer simulations of faint galaxy-dominated 
reionization are insufficient to explain the 
observed wide distribution of Lyα optical 
depths at 5 < z < 6: QSOs (ΓQSO > 0.5 Γtot )!

P(
<τ

Ly
a)



CSFH 

MBHAH
IR

X-rays

Madau & Dickinson 2014

AGN-Dominated Reionization

Glikman 2011

AGN Ionizing  
Emissivity

Cosmic SF and MBH  
Accretion History

Masters 2012

Hopkins 2007

Bongiorno 2007

Palanque-Delabrouille 2013



HST-COS Observations of 159 0<z<1.5 AGNs

no continuum edge at 912 A!

Composite spectra with rest-frame wavelengths 465–1750 Å, normalized 
to unit flux at 1100 Å  (Stevans et al. 2014).

z≃0  fesc,AGN=1   fesc,GAL≃0 
➪ AGN activity is a prerequisite 
for large UV leakages!



near-IR

IRAC

X-rays

z=4.5  H=25.7

Giallongo et al 2015, 2016: 19 faint 
AGNs in CDF-S  4.1< zphoto <9.7 
24<H<27 mag

Push the formal detection limits of 4/7 
Ms Chandra X–ray data using O-NIR 
images as priors. This increases the 
detection rate of faint AGNs relative to 
blind searches.

New 7 Ms Chandra Deep Field-South

6’x6’

U B V I

z Y J H



1669 QSOs (r < 20.15) from BOSS

3.6<z<4.0
Cristiani et al 2016



AGN Comoving Ionizing Emissivity

Giallongo et al 2015

Assume fesc=1



QHII

QHeIII

QHII=1 at z=5.7 
Assume fesc=1 at 4 Ryd: 
QHeIII=1 at z=4.2

Madau & Haardt 2015

PLANCK 2015



Very Extended HeII→HeIII Reionization

He II Lyα optical depth on 10 pMpc scales

A substantial volume of helium in the Universe 
was already doubly ionized at early times, in 
conflict with current models of He II reionization 
driven by luminous QSOs ➪ He II reionization 
must have begun at z≫4!



Becker et al. 2011

ΛCDM

A power-law temperature-density 
relation, T = T0(1 + δ)γ−1, arises 
in the low density  IGM as a 
consequence of the interplay 
between photoheating and 
adiabatic cooling.

Thermodynamics of the IGM



H-photoheating only: wide 
range of ionization histories 
result in the about the same 
IGM temperature by z~5

thermal asymptote  
at z<5

zi=7
zi=9 zi=12

zi=15

Temperature 
evolution for gas 

at the mean density



Becker et al 2011

HeII  
reionization?

redshift

WHAT’S WRONG WITH THE FOREST?



Piero Madau & Nick Gnedin



GALAXIES OR AGNS:  ANYONE WILLING TO BET  BEFORE JWST?


