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The Big Questions 

Collaborators: Matt Schenker (Caltech), Tucker Jones (UCSB), Brant 

Robertson, Dan Stark, Evan Schneider (Arizona), Steve Furlanetto (UCLA), 

Jim Dunlop, Ross McLure, Emma Curtis-Lake, Sandy Rogers, Rebecca 

Bowler (Edinburgh), Anton Koekemoer (STScI), Stephane Charlot (IAP), 

Yoshiaki Ono, Masami Ouchi (Tokyo),  

•  When did reionization occur? 
Weak constraints from the microwave background; 

results from Keck spectroscopy and other probes 

 

•  Were star forming galaxies responsible? Need to 

 study galaxies in the reionization era 

• Abundance of star-forming galaxies 

• Nature of their stellar populations  

• Density of assembled stellar mass at lower z   

 (integral constraint of earlier activity) 

 

• Issues and challenges: 
•Nebular contamination of broad-band photometry 

(Schenker’s talk)       

•Escape fraction of ionizing photons 

•Future opportunities 



When Did Reionization Occur? 

WMAP+eCMB, Hinshaw et al (2012):       

 = 0.084 ± 0.013 consistent with 

instantaneous reionization z=10.3 ± 

1.1 

Gunn-Peterson trough in z>6 

QSOs, Fan et al (2006): 

insensitive: only small amount 

of HI required (XHI ~> 10-3)  

 

Data rejects instantaneous reionization at z~6-7; most likely gradual 

over 6<z<20? Await results from Planck  

NB: CMB polarization will not pinpoint sources of reionization 

z 



Keck Spectroscopy of Faint 3<z<8 LBGs 

Target catalog:               Stark et al (2009) Ap J 697, 1493 

Spectroscopy 3<z<5      Stark et al (2010) MNRAS 408, 1628 

Spectroscopy z~6          Stark, Ellis & Ouchi (2011) Ap J 728, L2 

Spectroscopy z~7          Schenker et al (2012) Ap J 744, 179 

Stacked z~4-5 spectra              Jones et al (2012) Ap J 751, 51 

Nebular emission                      Stark et al (2013) Ap J 763, 129 

Nebular emission                      Schenker et al arXiv 1306.1518  

Motivation: improved understanding of high z SF galaxies 

- verify photometrically-derived properties (redshifts, masses, SFRs) 

- visibility of Lyman α emission as probe of neutral gas in IGM 

- investigate nebular emission as contaminant in bb photometry 

- investigate demographic changes in SF population 

 

Targets: mAB<27.5 5-12hr exposures in GOODS & CANDELS-UDS fields  

 DEIMOS multi-slit 3<z<6 - B,V,i drops 

 LRIS-R multi-slit 6<z<7 - i, z’ drops      

 NIRSPEC long-slit z>7 - z’, Y drops (now MOSFIRE – Schenker’s talk)  



Keck Spectroscopic Survey of 3 < z < 8 LBGs 

•  Utilize Stark et al (2009) ACS/IRAC GOODS-N/S photometric catalog:  

  2443 B-drops, 506 V-drops, 137 i-drops = 3086 sources 

•  Keck: 351 B + 151 V + 89 i + 21 z + 5 Y drops = 617 spectra 

•  VLT/FORS2 retro-selected + same criteria: 195 spectra (Vanzella et al) 

Keck targets 



Ly Emission as a Probe of Reionization  

Up to 6-7% of young galaxy 

light could emerge in Ly: 

prominent in early systems 

• But resonant scattering by 

neutral gas reduces visibility of 

Ly  

• So, in a significantly neutral 

IGM, galaxy must lie in an 

ionized bubble in order for Lyα 

to escape  

• Expect a sudden drop in the 

fraction of galaxies revealing 

line emission as we enter the 

neutral era 

• Caveats: dust, outflows etc 

Santos (2004), Dijkstra et al (2007), McQuinn et al (2007) 

Ly-a Emission from Early Galaxy Formation. Mark DIJKSTRA

Figure 1: This Figure shows schematically why Lya emitting galaxies (LAEs) probe the distribution of neu-

tral intergalactic gas during the EoR. Lya photons emitted by galaxies inside large HII regions can redshift

away far from the line resonance before they enter the neutral IGM (as indicated by the color-changing solid

lines). As a result of this redshift, some of these photons can propagate freely to the observer. However,

for galaxies inside smaller HII regions all Lya photons scatter through the neutral IGM (represented by the

dotted lines) into a very low surface brightness ‘fuzz’ that is much too faint to be detected with existing tele-

scopes [14, 8]. Because the neutral IGM affects the detectability of Lya photons, we expect the reionization

process to leave an imprint in various statistics (number counts, clustering, ...) of LAEs [11, 16].

1. Introduction: Lya Emitting Galaxies as a Probe of the Epoch of Reionization

The Lya emission line is robustly predicted to be the most prominent intrinsic spectral feature

of the first generation of galaxies that initiated the reionization process in our Universe. The Lya

line can be heavily suppressed by intervening, neutral intergalactic gas. As a result, the process of

reionization leaves an imprint on various statistics of Ly-a emitting galaxies (Fig 1, [11]). However,

if we wish to fully exploit Lya emitters (LAEs) as a probe into the Epoch of Reionization (EoR),

it is important to understand what drives their observed redshift evolution after reionization is

completed. Otherwise, it is difficult to tell what other parameters are important in driving the

redshift evolution of LAEs, and whether these parameters can be evolving during the EoR as well.

I argue that one of the key uncertainties in interpreting existing LAE observations relates to the

impact of the ionized intergalactic medium (IGM) on Lya photons emitted by galaxies.

2

M. Dijkstra 



`Lyman α Visibility’ versus Redshift 

Keck 

Spectroscopic 

Survey 

High visibility at z~6 implies should readily detect emission at z > 7   
redshift 

Stark, Ellis & Ouchi (2011) Ap J 728, L2 

Expect half 

faint z~7 

emitters to 

show Lyα  
Fraction 

of 

galaxies 

showing 

Lyman α 

z~6 emitters 



Sudden Decline in Lyα Fraction z > 6.3 ? 

Schenker et al (2012)  see also Pentericci et al (2011), Ono et al (2012) 

• 24 galaxies with 6.3<z<8  

surveyed, Lyα detected in only 

3 sources to same EW limit 

• Implies decline in fraction 

(although still marginal result) 

• Adopting McQuinn et al. 

(2007)  XHI ~ 0.44 at z ~ 7 

• Explanations other than a 

neutral IGM (contamination 

from low z, dust) unlikely 
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Assessment with Monte Carlo Simulations 

z=6 EW 

data + 
EWlim (λ) 

Schenker et al (2012) Ap J 744, 179 (confirmatory update soon from Pentericci et al) 

Since we cannot conduct a perfectly 

uniform search for line emission in the 

near-IR, we take the expected EW 

distribution of Lyα at z~6 and predict, 

given the observations, OH sky and 

photometric p(z) of our targets how 

many lines we should have seen. 

 

Observe 3 (8) and expect 8-9 (24) 

detections [reject at >99.5%] 



Further Evidence for Late Reionization  

xHI 

0.1 

1.0 

0.5 

Damping wing of Lyα in z=7.085 QSO: 

Sharper decline c.f. lower z QSOs  

 xHI > 0.1 at z~7? 

(Mortlock+ 2011, Bolton+ 2011) 

Rapid decline in abundance 

of Lyα emitters from 

5.7<z<6.6 (Ouchi et al 2010) 

xHI ~ 0.1 at z=6.6?  

log L(Lyα) cgs 
Rest frame wavelength (μm) 



 
Iliev et al (2012) MNRAS 423, 2222  

Is this rapid change in x(Lyα) due to the IGM? 

Subaru HypersuprimeCam 

UDF 

z 

Some caveats (later talks): 

-Cosmic variance: do not expect uniform X(Lyα, z) over all fields  

-Inferred x(HI) depends critically on velocity offset of emerging Lyα 

-Can significantly reduce inferred x(HI) by including small, optically-thick 

clouds (Bolton & Haehnelt 2013)  



Bolton & Haehnelt arXiv 1208.4417 

Effect of Optically-thick Clouds 

Optically-thick clouds 

may obscure the line of 

sight and give 

misleading impression 

of the volume-averaged 

opacity of the IGM, 

reducing xHI from 0.7-

0.9 to 0.03-0.10 

 

How to test? xHI~0.10 

xHI~0.03 



MOSFIRE: Aim to confirm Lyα visibility decline  

Multi-slit IR spectrograph 

6.1 x 3.1 arcmin field 

0.97 - 2.45 microns 

R ~3300 for 0.7 arcsec slit 

45 slits via configurable slit unit 

MOSFIRE@K1 

UDF configuration 



~
1

.5
 d

e
g

 

FoV of HSC 

FoV of Suprime 

1.7

m 

Clustering of Lyman α Emitters 

The spatial distribution of Ly emitters over key 

redshift ranges 5.7, 6.6 and 7.0 may contain 

information on the emerging distribution of ionized 

bubbles ; expect boosting in bias at higher z. 

 

A challenging observation that may be possible 

with Subaru’s HSC 

Subaru 8m HSC corrector 

Ouchi et al (2010) 



High Redshift Measurements without Lyα? 
Spectra of 106-9 M⦿ z~2-3 galaxies lensed 

by foreground clusters (with properties 

similar to those at z~7) 

•   

CIII] 1909 Å emission common  

 

EW~5-10x that in massive gals  

(~10-30 Å) 

 

Reflects larger Te and harder 

ionizing spectrum expected at low 

(10% solar) metallicities. 

Stark, Richard, Siana et al (2013) 



Did Galaxies Reionize Universe? 

Key observables: 

 

1. Integrated abundance of high z star-forming 

galaxies especially contribution of low luminosity 

sources : ρUV 

 

2. Nature of the stellar populations in distant galaxies 

which determines the rate of ionizing photons: ξion 

 

3. Fraction of ionizing photons that escape: fesc 

 

4. Stellar mass density at later times (z~4-5): ρ★ 

 

5. Optical depth of electron scattering to CMB: τ 
 
Improved data on [1] and [2] provided by new Hubble UDF 

2012 campaign with additional constraints on [3, 4] from 

Keck spectroscopic survey 

2 Robertson et al.

the contention that the bulk of the stars at this epoch are al-
ready enriched by earlier generations. Collectively, these two
results support an extended reionization process.

We synthesize these UDF12 findings with the recent 9-
yearWilkinson Microwave Anisotropy Probe (WMAP) results
(Hinshaw et al. 2012) and stellar mass density measurements
(Stark et al. 2012) to provide new constraints on the role of
high-redshift star-forming galaxies in the reionization pro-
cess. Enabled by the new observational findings, we perform
Bayesian inference using a simple parameterized model for
the evolving UV luminosity density to find reionization his-
tories, stellar mass density evolutions, and electron scatter
optical depth progressions consistent with the available data.
We limit the purview of this paper to empirical modeling of
the reionization process, and comparisons with more detailed
galaxy formation models will be presented in a companion
paper (Dayal et al., in preparation).

Throughout this paper, we assume the 9-year WMAP cos-
mological parameters (as additionally constrained by exter-
nal CMB datasets; h = 0.705, Ωm = 0.272, ΩΛ = 0.728,
Ωb = 0.04885). Magnitudes are reported using the AB sys-
tem (Oke & Gunn 1983). All Bayesian inference and maxi-
mum likelihood fitting is performed using theMultiNest code
(Feroz & Hobson 2008; Feroz et al. 2009).

2. THE PROCESS OF COSMIC REIONIZATION

Theoretical models of the reionization process have a long
history. Early analytic and numerical models of the reioniza-
tion process (e.g., Madau et al. 1999; Miralda-Escudé et al.
2000; Gnedin 2000; Barkana & Loeb 2001; Razoumov et al.
2002; Wyithe & Loeb 2003; Ciardi et al. 2003) highlighted
the essential physics that give rise to the ionized inter-
galactic medium (IGM) at late times. In the follow-
ing description of the cosmic reionization process, we fol-
low most closely the modeling of Madau et al. (1999),
Bolton & Haehnelt (2007b), Robertson et al. (2010), and
Kuhlen & Faucher-Giguère (2012).

The reionization process is a balance between the recombi-
nation of free electrons with protons to form neutral hydrogen
and the ionization of hydrogen atoms by cosmic Lyman con-
tinuum photons with energies E > 13.6 eV. The dimension-
less volume filling fraction of ionized hydrogen QHII can be
expressed as a time-dependent differential equation capturing
these competing effects as

Q̇HII =
ṅion

nH

-
QHII

trec

(1)

where dotted quantities are time derivatives.
The comoving density of hydrogen atoms

nH = XpΩbρc (2)

depends on the primordial mass-fraction of hydrogen Xp =
0.75 (e.g., Hou et al. 2011), the critical density ρc = 1.8787×
10-29h-2 g cm3, and the fractional baryon density Ωb.

As a function of redshift, the average recombination time in
the IGM is

trec = CHIIαB(T )(1 +Yp/ 4Xp) nH (1 + z)3 -1
, (3)

where αB(T) is the case B recombination coefficient for hy-
drogen (we assume an IGM temperature of T = 20,000K),
Yp = 1 - Xp is the primordial helium abundance (and ac-
counts for the number of free electrons per proton in the
fully ionized IGM, e.g., Kuhlen & Faucher-Giguère 2012),

and CHII ≡ n2
H / nH

2 is the “clumping factor” that ac-
counts for the effects of IGM inhomogeneity through the
quadratic dependence of the recombination rate on density.
Simulations suggest that the clumping factor of IGM gas is
CHII ≈ 1 - 6 at the redshifts of interest (e.g., Sokasian et al.
2003; Iliev et al. 2006; Pawlik et al. 2009; Shull et al. 2012;
Finlator et al. 2012).

We will treat this factor as a constant CHII = 3, but in real-
ity it is much more subtle than that (see, e.g., section 9.2.1
of Loeb & Furlanetto 2012). The average should be taken
over all gas within the ionized phase of the IGM. As reioniza-
tion progresses, this ionized phase penetrates more and more
deeply into dense clumps within the IGM – the material that
will later form the Lyman-α forest (and higher column density
systems). These high-density clumps recombine much faster
than average, soCHII should increase throughout reionization
(Furlanetto & Oh 2005). The crude approach of Equation 1
should therefore fail at the tail end of reionization, when most
of the remaining neutral gas has such a high density thatCHII

attains a large value. Fortunately, we are primarily concerned
with the middle phases of reionization here, so this unphys-
ical behavior when QHII is large is not important for us. In
comparison with our previous work (Robertson et al. 2010),
where we consideredCHII = 2-6 and frequently usedCHII = 2
in Equation 3, we will see that our models complete reioniza-
tion somewhat later where a somewhat larger value ofCHII is
more appropriate.

The comoving production rate ṅion of hydrogen-ionizing
photons available to reionize the IGM depends on the intrin-
sic productivity of Lyman continuum radiation by stellar pop-
ulations within galaxies parameterized in terms of the rate of

hydrogen-ionizing photons per unit UV (1500Å) luminosity

ξion (with units of ergs-1 Hz), the fraction fesc of such photons
that escape to affect the IGM, and the total UV luminosity

density ρUV (with units of ergs s-1 Hz-1 Mpc-3) supplied by
star-forming galaxies to some limiting absolute UV magni-
tudeMUV. The product

ṅion = fescξionρUV (4)

then determines the newly available number density of Ly-
man continuum photons per second capable of reionizing in-
tergalactic hydrogen. We note that the expression of ṅion in
terms of UV luminosity density rather than star formation rate
(c.f., Robertson et al. 2010) is largely a matter of choice; stel-
lar population synthesis models with assumed star formation
histories are required to estimate ξion and using the star for-
mation rate density ρSFR in Equation 4 therefore requires no
additional assumptions. Throughout this paper, we choose
fesc = 0.2. As shown by Ouchi et al. (2009), escape fractions
comparable to or larger than fesc = 0.2 during the reionization
epoch are required for galaxies with typical stellar populations
to contribute significantly. We also consider an evolving fesc

with redshift, with the results discussed in Section 6.2 below.
The advances presented in this paper come primarily from

the new UDF12 constraints on the abundance of star-forming
galaxies over 6.5 < z < 12, the luminosity functions down to
MUV -17, and robust determinations of their UV continuum
colors. For the latter, in Section 3, we use the UV spectral
slope of high-redshift galaxies by Dunlop et al. (2012b) and
the stellar population synthesis models of Bruzual & Charlot
(2003) to inform a choice for the number ξion of ionizing pho-
tons produced per unit luminosity. For the former, the abun-
dance and luminosity distribution of high-redshift galaxies de-

Ionization rate 



UDF 2012 Campaign 

128 orbit Cycle 20 campaign 

designed to improve depth and 

fidelity of z>7 candidates   

• 1.5x exposure in detection 

F160W  

• 4x exposure in F105W 

reject  

• additional filter F140W 

Public versions of final reduced 

images incorporating earlier 

UDF and new parallel ACS data 

http://udf12.arizona.edu 

WFC3/IR: 850 - 1600nm 

2.1  2.3 arcmin field of view 

0.13 arcsec pixel-1 

40 times survey efficiency of NICMOS 

arXiV 1211.6804 Ellis et al: Abundances of SF Galaxies 7<z<12 

arXiV 1212.0860 Dunlop et al: UV Continua & Stellar Populations 

arXiV 1212.1448 Koekemoer et al: Observational Overview & Dataset 

arXiV 1212.3869 Ono et al: Size Evolution 7<z<10 

arXiV 1212.4819 Schenker et al: z~7-8 Luminosity Function I  

arXiV 1212.5222 McLure et al: z~7-8 Luminosity Function II 

arXiV 1301.1228 Robertson et al: Constraints on Reionization 

http://udf12.arizona.edu
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UDF 2012 Filter Deployment 

z = 7.5 synthetic spectrum 

z = 1.8 evolved, 
reddened spectrum 

B     V        i    z      Y     J125    J140    H      



z=11.9? 380 Myr  

z=9.5  520 Myr  

z=9.5  520 Myr  

z=8.8 570 Myr  

z=8.8 570 Myr  

 z=8.6 590 Myr  

 z=8.6  590 Myr  

7 star-forming 

galaxies located 

8.5<z<12 

 

5σ detections in 

(160W+140W+125

W) stack (mAB < 

30.1) 

 

2σ rejection in 

ultradeep F105W 

(mAB  > 31.0) 

 

2σ rejection in ACS 

BViz (mAB  > 31.3) 

 

 

Ellis et al (2013) Ap 

J Lett 763, L7 

Star Forming Galaxies with z > 8.5 



The Enigmatic z=11.9 Candidate 
The only earlier z>8.5 candidate recovered is that claimed at z=10.3 by Bouwens et al 

(2011). It is now a single filter detection in F160W suggesting it could be at z=11.9 

• Definitely a real source (7.5σ) 

• Could be [O III] emitter at z=2.4. To 

explain non-detections in other bands 

would require an EW~4500 Å. 

•  Brammer et al (arXiv 1301.0317) have     

low s/n WFC3 grism spectrum 

supporting z=2.4 

• No [O II] or Lyα from LRIS spectrum 

present a puzzle  

• Capak et al have MOSFIRE spectrum 



Star Formation History 

1Byr      800Myr  400Myr    350Myr 
Regardless of z~11.9 

candidate, main 

advance is  

improvement in census 

of galaxies 8.5<z<10  

 

6 robust objects (c.f. 

none confirmed from 

earlier UDF data) 

 

In agreement with 

CLASH, see smooth 

decline in SF history to 

z~10, possibly z~12 

 

Continuity has important 

implications for z>10 

studies with JWST and 

models of reionization  
http://udf12.arizona.edu 

 

http://udf12.arizona.edu


74 Star Forming Galaxies with 6.3<z<8.6 

6.3<z<7.2 

7.4<z<8.6 



UV Luminosity Functions at z~7 and z~8 

• UDF12 enables us to reach lower luminosity galaxies at z~7 and 8 

• At z~7 N=47 (20 new); at z~8 N=27 (9 new) 

• Confirm steep faint end slopes indicating dominant contribution from 

feeble galaxies, at least to MUV~-17 

• Two independent selection techniques are in excellent agreement 
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Schenker et al Ap J 768,196 (2013) 

McLure et al MNRAS 432, 2696 (2013) 



Stellar Populations at z~7-8 and ξion 

 
Early galaxies may be extremely metal-poor. Formed of “pristine” gas, galaxies 

harboring these stellar populations would have very blue colors with a steep UV 

spectral shape and emit prodigious amounts of ionizing photons, i.e. large ξion  

 

More mature stellar populations, formed from remnants of the first generation 

supernovae, will contain heavier elements,have less-blue colors (flat spectral 

slopes) and emit less ionizing photons, lower ξion 

 

 
Disentangling which of these stellar population types are being observed involves 

measuring the UV spectral slope β 

fλ α λβ      



Nature of Stellar Populations: Earlier Work 

 β estimated from (J-H) colors in UDF 2009 suggested extremely 

 blue populations for faintest galaxies (Bouwens et al 2010) 

- Boosting in J biases β to bluer, more extreme values 

- Boosting in H affects photo-z solution, placing object at z~2 

- Simulations can reproduce trends for a fixed input β 

Dunlop et al (2012) MNRAS 420, 901 

Deeper HST data with 

additional J140W filter can 

clarify trends. We can select 

sources in a band 

independent of those used to 

estimate the UV color 

 



Gradual Reconcilation of β (2010-2014) 

MUV > -18 @ z~7  



UDF12: New Constraints on Cosmic Reionization 5

FIG. 1.— Spectral properties of high-redshift galaxies and the corresponding properties of stellar populations. Dunlop et al. (2012b) used the new UDF12 HST
observations to measure the UV spectral slope β of z∼ 7-9 galaxies as a function of luminosity (data points, left panel). As the data are consistent with a constant
β independent of luminosity, we have fit constant values of β at redshifts z∼ 7-8 (maximum likelihood values of β(z∼ 7) = -1.915 and β(z∼ 8) = -1.970 shown
as red lines, inner 68% credibility intervals shown as grey shaded regions; at z∼ 9 the line and shaded region reflect the best fit value of β(z ∼ 9) = -1.80± 0.63).
The data are broadly consistent with β = -2 (indicated with grey band in right panel), independent of redshift and luminosity. To translate the UV spectral slope
to a ratio ξion of ionizing photon production rate to UV luminosity, we use the Bruzual & Charlot (2003, BC03) stellar population synthesis models (right panel)
assuming a constant star formation rate (SFR). The constant SFR models evolve from a declining ξion with increasing β at early times to a relatively flat ξion at

late times (we plot the values of ξion vs. β for population ages less than the age of the universe at z ∼ 7, t = 7.8× 108 yr). Three broad types of BC03 constant

SFR models are consistent with values of β = -2: mature ( 108 yr old), metal-rich, dust free stellar populations, mature, metal-rich stellar populations with
dust (AV ∼ 0.1 calculated using the Charlot & Fall (2000) model), and young, metal-rich stellar populations with dust. Dust free models are plotted with solid
lines, while dusty models are shown as dashed lines. We assume the Chabrier (2003) initial mass function (IMF), but the Salpeter (1955) IMF produces similar

values of ξion (dotted lines, dust-free case shown). Based on these models we optimistically assume log ξion = 25.2 log ergs-1 Hz, but this value is conservative
compared with assumptions widely used in the literature.

served by Dunlop et al. (2012b) in the average value of β over
a range in galaxy luminosities may argue against a diverse
mixture young and mature stellar populations in the current
z 7 - 8 samples. However, as Dunlop et al. (2012b) noted, a
larger intrinsic scatter could be present in the UV slope distri-
bution of the observed population but not yet detected. Simi-
larly, top heavy initial mass function stellar populations with
low metallicity, like the 1 - 100M Salpeter IMF models of
Schaerer (2003) used by Bouwens et al. (2010) to explain the
earlier HUDF09 data, are disfavored owing to their blue spec-
tral slopes.

For reference, for conversion from UV luminosity spectral

density to SFR we note that for population ages t > 108 yr a
constant SFR BC03 model with a Chabrier (2003) IMF and

solar metallicity provides a 1500Å luminosity spectral density
of

LUV ≈ 1.25× 1028×
SFR

M yr-1
ergs s-1 Hz-1, (13)

while, as noted by Madau et al. (1998), a comparable Salpeter
(1955) model provides 64% of this UV luminosity. A very
metal-poor population (Z = Z / 200) would provide 40%
more UV luminosity per unit SFR.

4. ULTRAVIOLET LUMINOSITY DENSITY

In addition to constraints on the spectral energy distri-
butions of high-redshift galaxies (Dunlop et al. 2012b), the
UDF12 observations provide a critical determination of the
luminosity function of star forming galaxies at redshifts 7
z 9. As described in Section 2, when calculating the co-

moving production rate ṅion of hydrogen ionizing photons per
unit volume (Equation 4) the UV luminosity density ρUV pro-
vided by an integral of the galaxy luminosity function is re-
quired (Equation 5). An accurate estimate of the ρUV pro-
vided by galaxies down to observed limits requires a care-
ful analysis of star-forming galaxy samples at faint magni-
tudes. Using the UDF12 data, Schenker et al. (2012a) and
McLure et al. (2012) have produced separate estimates of
the z ∼ 7 - 8 galaxy luminosity function for different sam-
ple selections (color-selected drop-out and spectral energy
distribution-fitted samples, respectively). As we demonstrate,
the UV luminosity densities computed from these separate lu-
minosity functions are consistent within 1 -σ at z ∼ 7 and in
even closer agreement at z ∼ 8. Further, McLure et al. (2012)
have provided the first luminosity function estimates at z ∼ 9.
Combined, these star-forming galaxy luminosity function de-
termination provide the required constraints on ρUV in the
epoch z 7 when, as we show below, the ionization fraction
of the IGM is likely changing rapidly.

Given the challenge of working at the limits of the ob-
servational capabilities of HST and the relatively small vol-
umes probed by the UDF (with expected cosmic variance of
∼ 30% - 40% at redshifts z ∼ 7 - 9, see Robertson 2010b,a;
Muñoz et al. 2010, and Section 4.2.3 of Schenker et al.
2012a), we anchor our constraints on the evolving UV lu-
minosity density with precision determinations of the galaxy
luminosity function at redshifts 4 z 6 by Bouwens et al.
(2007).

To utilize as much information as possible about the lu-
minosity function (LF) constraints at z ∼ 4 - 9, we perform

Dunlop et al MNRAS 432, 3520 (2013)   

Constraining Ionizing to UV Photon Ratio ξion 
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Contrary to earlier claims, z~7-8 galaxies have normal UV colors at all 
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the contention that the bulk of the stars at this epoch are al-
ready enriched by earlier generations. Collectively, these two
results support an extended reionization process.

We synthesize these UDF12 findings with the recent 9-
yearWilkinson Microwave Anisotropy Probe (WMAP) results
(Hinshaw et al. 2012) and stellar mass density measurements
(Stark et al. 2012) to provide new constraints on the role of
high-redshift star-forming galaxies in the reionization pro-
cess. Enabled by the new observational findings, we perform
Bayesian inference using a simple parameterized model for
the evolving UV luminosity density to find reionization his-
tories, stellar mass density evolutions, and electron scatter
optical depth progressions consistent with the available data.
We limit the purview of this paper to empirical modeling of
the reionization process, and comparisons with more detailed
galaxy formation models will be presented in a companion
paper (Dayal et al., in preparation).

Throughout this paper, we assume the 9-year WMAP cos-
mological parameters (as additionally constrained by exter-
nal CMB datasets; h = 0.705, Ωm = 0.272, ΩΛ = 0.728,
Ωb = 0.04885). Magnitudes are reported using the AB sys-
tem (Oke & Gunn 1983). All Bayesian inference and maxi-
mum likelihood fitting is performed using theMultiNest code
(Feroz & Hobson 2008; Feroz et al. 2009).

2. THE PROCESS OF COSMIC REIONIZATION

Theoretical models of the reionization process have a long
history. Early analytic and numerical models of the reioniza-
tion process (e.g., Madau et al. 1999; Miralda-Escudé et al.
2000; Gnedin 2000; Barkana & Loeb 2001; Razoumov et al.
2002; Wyithe & Loeb 2003; Ciardi et al. 2003) highlighted
the essential physics that give rise to the ionized inter-
galactic medium (IGM) at late times. In the follow-
ing description of the cosmic reionization process, we fol-
low most closely the modeling of Madau et al. (1999),
Bolton & Haehnelt (2007b), Robertson et al. (2010), and
Kuhlen & Faucher-Giguère (2012).

The reionization process is a balance between the recombi-
nation of free electrons with protons to form neutral hydrogen
and the ionization of hydrogen atoms by cosmic Lyman con-
tinuum photons with energies E > 13.6 eV. The dimension-
less volume filling fraction of ionized hydrogen QHII can be
expressed as a time-dependent differential equation capturing
these competing effects as

Q̇HII =
ṅion

nH

-
QHII

trec

(1)

where dotted quantities are time derivatives.
The comoving density of hydrogen atoms

nH = XpΩbρc (2)

depends on the primordial mass-fraction of hydrogen Xp =
0.75 (e.g., Hou et al. 2011), the critical density ρc = 1.8787×
10-29h-2 g cm3, and the fractional baryon density Ωb.

As a function of redshift, the average recombination time in
the IGM is

trec = CHIIαB(T )(1 +Yp/ 4Xp) nH (1 + z)3 -1
, (3)

where αB(T ) is the case B recombination coefficient for hy-
drogen (we assume an IGM temperature of T = 20,000K),
Yp = 1 - Xp is the primordial helium abundance (and ac-
counts for the number of free electrons per proton in the
fully ionized IGM, e.g., Kuhlen & Faucher-Giguère 2012),

and CHII ≡ n2
H / nH

2 is the “clumping factor” that ac-
counts for the effects of IGM inhomogeneity through the
quadratic dependence of the recombination rate on density.
Simulations suggest that the clumping factor of IGM gas is
CHII ≈ 1 - 6 at the redshifts of interest (e.g., Sokasian et al.
2003; Iliev et al. 2006; Pawlik et al. 2009; Shull et al. 2012;
Finlator et al. 2012).

We will treat this factor as a constant CHII = 3, but in real-
ity it is much more subtle than that (see, e.g., section 9.2.1
of Loeb & Furlanetto 2012). The average should be taken
over all gas within the ionized phase of the IGM. As reioniza-
tion progresses, this ionized phase penetrates more and more
deeply into dense clumps within the IGM – the material that
will later form the Lyman-α forest (and higher column density
systems). These high-density clumps recombine much faster
than average, so CHII should increase throughout reionization
(Furlanetto & Oh 2005). The crude approach of Equation 1
should therefore fail at the tail end of reionization, when most
of the remaining neutral gas has such a high density that CHII

attains a large value. Fortunately, we are primarily concerned
with the middle phases of reionization here, so this unphys-
ical behavior when QHII is large is not important for us. In
comparison with our previous work (Robertson et al. 2010),
where we consideredCHII = 2 -6 and frequently usedCHII = 2
in Equation 3, we will see that our models complete reioniza-
tion somewhat later where a somewhat larger value ofCHII is
more appropriate.

The comoving production rate ṅion of hydrogen-ionizing
photons available to reionize the IGM depends on the intrin-
sic productivity of Lyman continuum radiation by stellar pop-
ulations within galaxies parameterized in terms of the rate of

hydrogen-ionizing photons per unit UV (1500Å) luminosity

ξion (with units of ergs-1 Hz), the fraction fesc of such photons
that escape to affect the IGM, and the total UV luminosity

density ρUV (with units of ergs s-1 Hz-1 Mpc-3) supplied by
star-forming galaxies to some limiting absolute UV magni-
tudeMUV. The product

ṅion = fescξionρUV (4)

then determines the newly available number density of Ly-
man continuum photons per second capable of reionizing in-
tergalactic hydrogen. We note that the expression of ṅion in
terms of UV luminosity density rather than star formation rate
(c.f., Robertson et al. 2010) is largely a matter of choice; stel-
lar population synthesis models with assumed star formation
histories are required to estimate ξion and using the star for-
mation rate density ρSFR in Equation 4 therefore requires no
additional assumptions. Throughout this paper, we choose
fesc = 0.2. As shown by Ouchi et al. (2009), escape fractions
comparable to or larger than fesc = 0.2 during the reionization
epoch are required for galaxies with typical stellar populations
to contribute significantly. We also consider an evolving fesc

with redshift, with the results discussed in Section 6.2 below.
The advances presented in this paper come primarily from

the new UDF12 constraints on the abundance of star-forming
galaxies over 6.5 < z < 12, the luminosity functions down to
MUV -17, and robust determinations of their UV continuum
colors. For the latter, in Section 3, we use the UV spectral
slope of high-redshift galaxies by Dunlop et al. (2012b) and
the stellar population synthesis models of Bruzual & Charlot
(2003) to inform a choice for the number ξion of ionizing pho-
tons produced per unit luminosity. For the former, the abun-
dance and luminosity distribution of high-redshift galaxies de-
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optical depth progressions consistent with the available data.
We limit the purview of this paper to empirical modeling of
the reionization process, and comparisons with more detailed
galaxy formation models will be presented in a companion
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CHII ≈ 1 - 6 at the redshifts of interest (e.g., Sokasian et al.
2003; Iliev et al. 2006; Pawlik et al. 2009; Shull et al. 2012;
Finlator et al. 2012).

We will treat this factor as a constant CHII = 3, but in real-
ity it is much more subtle than that (see, e.g., section 9.2.1
of Loeb & Furlanetto 2012). The average should be taken
over all gas within the ionized phase of the IGM. As reioniza-
tion progresses, this ionized phase penetrates more and more
deeply into dense clumps within the IGM – the material that
will later form the Lyman-α forest (and higher column density
systems). These high-density clumps recombine much faster
than average, soCHII should increase throughout reionization
(Furlanetto & Oh 2005). The crude approach of Equation 1
should therefore fail at the tail end of reionization, when most
of the remaining neutral gas has such a high density thatCHII

attains a large value. Fortunately, we are primarily concerned
with the middle phases of reionization here, so this unphys-
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terms of UV luminosity density rather than star formation rate
(c.f., Robertson et al. 2010) is largely a matter of choice; stel-
lar population synthesis models with assumed star formation
histories are required to estimate ξion and using the star for-
mation rate density ρSFR in Equation 4 therefore requires no
additional assumptions. Throughout this paper, we choose
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terms of UV luminosity density rather than star formation rate
(c.f., Robertson et al. 2010) is largely a matter of choice; stel-
lar population synthesis models with assumed star formation
histories are required to estimate ξion and using the star for-
mation rate density ρSFR in Equation 4 therefore requires no
additional assumptions. Throughout this paper, we choose
fesc = 0.2. As shown by Ouchi et al. (2009), escape fractions
comparable to or larger than fesc = 0.2 during the reionization
epoch are required for galaxies with typical stellar populations
to contribute significantly. We also consider an evolving fesc

with redshift, with the results discussed in Section 6.2 below.
The advances presented in this paper come primarily from

the new UDF12 constraints on the abundance of star-forming
galaxies over 6.5 < z < 12, the luminosity functions down to
MUV -17, and robust determinations of their UV continuum
colors. For the latter, in Section 3, we use the UV spectral
slope of high-redshift galaxies by Dunlop et al. (2012b) and
the stellar population synthesis models of Bruzual & Charlot
(2003) to inform a choice for the number ξion of ionizing pho-
tons produced per unit luminosity. For the former, the abun-
dance and luminosity distribution of high-redshift galaxies de-

2 Robertson et al.

the contention that the bulk of the stars at this epoch are al-
ready enriched by earlier generations. Collectively, these two
results support an extended reionization process.

We synthesize these UDF12 findings with the recent 9-
yearWilkinson Microwave Anisotropy Probe (WMAP) results
(Hinshaw et al. 2012) and stellar mass density measurements
(Stark et al. 2012) to provide new constraints on the role of
high-redshift star-forming galaxies in the reionization pro-
cess. Enabled by the new observational findings, we perform
Bayesian inference using a simple parameterized model for
the evolving UV luminosity density to find reionization his-
tories, stellar mass density evolutions, and electron scatter
optical depth progressions consistent with the available data.
We limit the purview of this paper to empirical modeling of
the reionization process, and comparisons with more detailed
galaxy formation models will be presented in a companion
paper (Dayal et al., in preparation).

Throughout this paper, we assume the 9-year WMAP cos-
mological parameters (as additionally constrained by exter-
nal CMB datasets; h = 0.705, Ωm = 0.272, ΩΛ = 0.728,
Ωb = 0.04885). Magnitudes are reported using the AB sys-
tem (Oke & Gunn 1983). All Bayesian inference and maxi-
mum likelihood fitting is performed using theMultiNest code
(Feroz & Hobson 2008; Feroz et al. 2009).

2. THE PROCESS OF COSMIC REIONIZATION

Theoretical models of the reionization process have a long
history. Early analytic and numerical models of the reioniza-
tion process (e.g., Madau et al. 1999; Miralda-Escudé et al.
2000; Gnedin 2000; Barkana & Loeb 2001; Razoumov et al.
2002; Wyithe & Loeb 2003; Ciardi et al. 2003) highlighted
the essential physics that give rise to the ionized inter-
galactic medium (IGM) at late times. In the follow-
ing description of the cosmic reionization process, we fol-
low most closely the modeling of Madau et al. (1999),
Bolton & Haehnelt (2007b), Robertson et al. (2010), and
Kuhlen & Faucher-Giguère (2012).

The reionization process is a balance between the recombi-
nation of free electrons with protons to form neutral hydrogen
and the ionization of hydrogen atoms by cosmic Lyman con-
tinuum photons with energies E > 13.6 eV. The dimension-
less volume filling fraction of ionized hydrogen QHII can be
expressed as a time-dependent differential equation capturing
these competing effects as

Q̇HII =
ṅion

nH

-
QHII

trec

(1)

where dotted quantities are time derivatives.
The comoving density of hydrogen atoms

nH = XpΩbρc (2)

depends on the primordial mass-fraction of hydrogen Xp =
0.75 (e.g., Hou et al. 2011), the critical density ρc = 1.8787×
10-29h-2 g cm3, and the fractional baryon density Ωb.

As a function of redshift, the average recombination time in
the IGM is

trec = CHIIαB(T )(1 +Yp/ 4Xp) nH (1 + z)3 -1
, (3)

where αB(T) is the case B recombination coefficient for hy-
drogen (we assume an IGM temperature of T = 20,000K),
Yp = 1 - Xp is the primordial helium abundance (and ac-
counts for the number of free electrons per proton in the
fully ionized IGM, e.g., Kuhlen & Faucher-Giguère 2012),

and CHII ≡ n2
H / nH

2 is the “clumping factor” that ac-
counts for the effects of IGM inhomogeneity through the
quadratic dependence of the recombination rate on density.
Simulations suggest that the clumping factor of IGM gas is
CHII ≈ 1 - 6 at the redshifts of interest (e.g., Sokasian et al.
2003; Iliev et al. 2006; Pawlik et al. 2009; Shull et al. 2012;
Finlator et al. 2012).

We will treat this factor as a constant CHII = 3, but in real-
ity it is much more subtle than that (see, e.g., section 9.2.1
of Loeb & Furlanetto 2012). The average should be taken
over all gas within the ionized phase of the IGM. As reioniza-
tion progresses, this ionized phase penetrates more and more
deeply into dense clumps within the IGM – the material that
will later form the Lyman-α forest (and higher column density
systems). These high-density clumps recombine much faster
than average, soCHII should increase throughout reionization
(Furlanetto & Oh 2005). The crude approach of Equation 1
should therefore fail at the tail end of reionization, when most
of the remaining neutral gas has such a high density thatCHII

attains a large value. Fortunately, we are primarily concerned
with the middle phases of reionization here, so this unphys-
ical behavior when QHII is large is not important for us. In
comparison with our previous work (Robertson et al. 2010),
where we consideredCHII = 2-6 and frequently usedCHII = 2
in Equation 3, we will see that our models complete reioniza-
tion somewhat later where a somewhat larger value ofCHII is
more appropriate.

The comoving production rate ṅion of hydrogen-ionizing
photons available to reionize the IGM depends on the intrin-
sic productivity of Lyman continuum radiation by stellar pop-
ulations within galaxies parameterized in terms of the rate of

hydrogen-ionizing photons per unit UV (1500Å) luminosity

ξion (with units of ergs-1 Hz), the fraction fesc of such photons
that escape to affect the IGM, and the total UV luminosity

density ρUV (with units of ergs s-1 Hz-1 Mpc-3) supplied by
star-forming galaxies to some limiting absolute UV magni-
tudeMUV. The product

ṅion = fescξionρUV (4)

then determines the newly available number density of Ly-
man continuum photons per second capable of reionizing in-
tergalactic hydrogen. We note that the expression of ṅion in
terms of UV luminosity density rather than star formation rate
(c.f., Robertson et al. 2010) is largely a matter of choice; stel-
lar population synthesis models with assumed star formation
histories are required to estimate ξion and using the star for-
mation rate density ρSFR in Equation 4 therefore requires no
additional assumptions. Throughout this paper, we choose
fesc = 0.2. As shown by Ouchi et al. (2009), escape fractions
comparable to or larger than fesc = 0.2 during the reionization
epoch are required for galaxies with typical stellar populations
to contribute significantly. We also consider an evolving fesc

with redshift, with the results discussed in Section 6.2 below.
The advances presented in this paper come primarily from

the new UDF12 constraints on the abundance of star-forming
galaxies over 6.5 < z < 12, the luminosity functions down to
MUV -17, and robust determinations of their UV continuum
colors. For the latter, in Section 3, we use the UV spectral
slope of high-redshift galaxies by Dunlop et al. (2012b) and
the stellar population synthesis models of Bruzual & Charlot
(2003) to inform a choice for the number ξion of ionizing pho-
tons produced per unit luminosity. For the former, the abun-
dance and luminosity distribution of high-redshift galaxies de-

Largely unconstrained (see later) 



UDF12 Reionization Constraints:  

A Simple Illustration 

UV Luminosity Density 

Required for Reionization 
• The constrained faint end 

slope of the luminosity 

function allows us to 

conclude that fainter, yet 

unseen galaxies 

(extrapolating to MUV~-13) 

would be sufficient to 

maintain reionization 

Shortfall 

UV Luminosity Density 

Required for Reionization 

Intrinsically 

faint galaxies 

can maintain 

reionization 

Robertson et al Ap J 768, 71 (2013) 



The Full Monty and Caveats 

Star formation Ionized fraction 

Stellar mass density CMB τ 

The UDF2012 star 

formation rate 

density (N(z) and 

faint end LF slope) 

integrates to match 

the stellar mass 

density and given 

ξion ( β) matches the 

CMB optical depth τ 

provided  

 

•LF extrapolated  

to MUV~-13 

•fesc~0.2 

•SFR extends 

beyond z~10 

Robertson et al Ap J 768, 71 (2013) 



Faint End of the LBG LF at z~2 

Alavi et al arXiv 

1305.2413 

72 strongly-lensed z~2 LBGs locating using WFC3/UVIS in Abell 1689 offer 

first glimpse at the faint end of the LF down to MUV~-13 providing a proof of 

concept for possible existence of galaxies to this faintness at z~7-8 

lensed LBGs 



Escape Fraction of Ionizing Photons fesc @ z~2 

Escaping 

ionizing 

radiation at 

z=3 

(Bogosavljevic 

thesis) 

Weaker low-

ionization 

absorption in 

sources with 

escaping 

ionizing flux 

• fesc estimated via spectroscopic or UV imaging below Lyman limit  

 (e.g. Nestor et al arXiv 1212.2939) 

• Impractical for high z galaxies due to intervening absorption by Lyα forest 

• Consider low-ionization absorption lines which trace the HI covering fraction  

     whence fc = 1 - fesc 



Outflowing Neutral Gas as probe of fesc 

Neutral gas 

z=4 LBG composite 
Average of 81 galaxies 

Many weak lines detected 

Jones et al (2012) Ap J 751, 51  

 

By stacking 

Keck spectra 

we can detect 

weak low 

ionization 

absorption from 

neutral 

outflowing gas 

EW of low ionization lines estimates covering fraction of neutral gas fc = (1 – fesc) 



Reduced Covering Fraction of HI at high z? 

Jones et al (2012) Ap J 751, 51 

• Does fc decrease with increasing redshift? 

• Radiation pressure leads to `cometary like’ 
structures in simulated high z galaxies 

implying favorable geometries for escaping 

photons  

• We do observe EW of low ionization lines 

decreases with increasing redshift but this 

could be due to a variety of outflow 

parameters (need higher resolution data) 

Wise et al (2012) 
z 

WLIS(Å) 

 

  

Stacked 

absorption 

profile 



Higher Resolution Spectra of z~4 arcs 

Abell 2390 “H5” 

z=4.04 

2 lensed images 

DEIMOS spectrum 

FWHM = 70 km/s 

Jones et al, arXiv 1304.7015 

Covering fraction fc~30% 

Column density N>2×1015 cm-2 

Outflow velocity up to ~600 km/s 

 

Covering fraction fc derived from 

average profile for all low ionization 

lines and a pair of ground state Si II 

lines with different f values 



Evidence for Increasing Escape Fraction at High z?  

Jones et al, arXiv 1304.7015 

With earlier work (Pettini et al, Quider et al) now have 8 lensed LBGs with 

high dispersion spectra. Data are consistent with increased escape fraction 

for sources with strong Ly α which become more numerous at high z 

W(Ly α) 

fesc 

 



UV Background over 2 < z < 5 11

Tab le 4. Covariance mat r ix for the stat ist ical errors in log 912

and log Ṅ i on .

z 2.40 3.20 4.00 4.75

2.40 3.46 0.74 1.18 0.49

3.20 1.95 0.03 0.69

4.00 2.28 0.19

4.75 2.84

for Ṅ i on are a factor of two to six higher for the same values

of γ and α. The factor of six discrepancy at z = 2.4 is

part ially explained by the fact that the Γ value they adopt

from Faucher-Giguère et al. (2008a) is a factor of ∼2.5

lower than our own at this redshift . As discussed above, this

is due to the differences in the gas temperatures and the

fact that our result s are based on art ificial spect ra drawn

from hydrodynamical simulat ions. An addit ional factor

of two comes from the fact that they use a local source

approximat ion to compute the mean free path and Ṅ i on

(see Appendix C). The remaining factor of ∼1.2 reflects

small differences in the adopted shape of f (NH I , z) used to

compute the mean free path (see Songaila & Cowie 2010),

as well as the fact that our Γ values formally decrease from

z = 2.4 to 3.2, which amplifies the radiat ive t ransfer ef fect

somewhat above the case discussed in Appendix C.

6 T H E SOU RCES OF I ON I ZI N G P H OT ON S

Our est imates for the ionizing emissivity are based on the

physical condit ions of the IGM and include the ionizing out -

put from all sources. We now turn towards disentangling the

cont ribut ions from AGN and galaxies, and using the result s

to infer possible t rends in the ionizing efficiency of galaxies

in the post -reionizat ion era.

For the ionizing emissivity of AGN we adopt est imates

made by Cowie et al. (2009). This work combined direct

measurements of the ionizing and near-UV luminosit ies of

AGN at z ∼ 1 with the evolut ion of the near-UV luminosity

density in an X-ray selected sample of broad-line AGN over

0 < z < 5. We compare their result s for the specific emis-

sivity from AGN at 912 Å to our result s for the total spe-

cific emissivity from all sources in Figure 7. The Cowie et al.

(2009) est imate of the AGN cont ribut ion falls well below

the total emissivity, and becomes an increasingly small frac-

t ion towards higher redshift s. We calculate the cont ribu-

t ion from galaxies, G
912 , by subt ract ing the AGN est imate

from our total values, linearly interpolat ing the Cowie et al.

(2009) AGN measurements onto our redshift bins and us-

ing a Monte Carlo approach to propagat e the errors. Our

est imates of the galaxy emissivity are shown in Figure 7.

The galaxy and AGN cont ribut ions are potent ially compa-

rable, at least to within the errors, at z 2.4. At higher

redshift s, however, the galaxies increasingly dominate the

ionizing emissivity, producing essent ially all of the ionizing

photons just below the Lyman limit at z 4. These re-

sult s are consistent with a picture in which galaxies provide

most of the ionizing photons during hydrogen reionizat ion

(z > 6), but also indicate that thecont ribut ion from galaxies

remains dominant down to much lower redshift s.

The cont ribut ion of AGN to the UV background is

a subject of ongoing debate (for a recent discussion see
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F igur e 7. T he specific emissivity at 912 Å . Fil led circles give our

result s for our fiducial parameters (γ = 1.4, α = 2.0). T he in-

ner shaded band gives the total range of systemat ic uncertainty,

while the outer shaded band gives the total stat ist ical error. Est i-

mates of the AGN emissivity from Cowie et al. (2009) are shown

as open squares, while the dot ted line is the model AGN emis-

sivity adopted by Haardt & M adau (2012). T he open circles give

our result s aft er subt ract ing the Cowie et al. (2009) est imate of

the AGN cont r ibut ion.

Fontanot et al. 2012). Haardt & Madau (2012), for exam-

ple, adopt an AGN ionizing emissivity based on bolomet ric

luminosity funct ions compiled by Hopkins et al. (2007) that

is roughly a factor of two higher than the Cowie et al. (2009)

est imates. We show the Haardt & Madau (2012) model as a

dot ted line in Figure 7. For these values, AGN are sufficient

to produce essent ially all of the ionizing emissivity at z = 2.4

and 3.2, though they would st ill be st rongly subdominant at

z 4. For this paper we adopt the Cowie et al. (2009) est i-

mate of the AGN emissivity since it is based on direct mea-

surements of the ionizing flux. We will argue below that the

flat or increasing galaxy emissivity towards higher redshift s

indicates that the efficiency with which galaxies emit ioniz-

ing photons, relat ive to their non-ionizing UV output , must

increase st rongly from z ∼ 3 to 5. I f we instead adopt the

Haardt & Madau (2012) AGN emissivity, then the evolut ion

in the galaxy emissivity would be even more pronounced,

st rengthening this conclusion.

With an est imate for the ionizing emissivity of galax-

ies over 2 < z < 5 in hand, we can now at tempt to gain

some insight into the evolut ion of star-forming galaxies at

high redshift s by comparing G
912 to the integrated galaxy

emissivity in the non-ionizing UV cont inuum, which essen-

t ially t races the unobscured star format ion rate density. For

this we use the ∼1500 Å rest -frame luminosity funct ions

of drop-out selected galaxies from Reddy & Steidel (2009)

at z = 2.3 and z = 3.05, and from Bouwens et al. (2007)

at z = 3.80 and z = 5.0, each of which extends signifi-

cant ly over the faint end. We calculate the non-ionizing UV

emissivity7 , G
1500 , integrated over M A B − 18 (roughly the

observat ional limit ) and M A B − 10 using the published lu-

minosity funct ion parameters. Error est imates for G
1500 are

7 In t he lit erature on high-redshift galaxies the specific emissivity

is somet imes referred to as the UV luminosity density, ρU V .

c 0000 RAS, M NRAS 000, 000–000

Evolving Emissivity of Galaxies from QSO Spectra 

Becker & Bolton arXiv 1307.2259 

ε912: emissivity at 912 Å ε912 / ε1500 

Redshift Redshift 

AGN 

Ionizing/non-ionizing ratio 

Ionizing emissivity ε912 (inferred from H ionizing rate Γ & TIGM deduced from QSO 

spectra) increases with redshift when compared with UV emissivity of galaxies ε1500   



Conclusions 

Exciting time for z>7 studies: HST, Spitzer & Keck/VLT in vanguard!  

 

1.Decline in visibility of Lyman α over 6.5<z<8 suggests neutral era 

begins in this redshift range: feasible to extend this test with larger 

samples using MOSFIRE 

2.UDF2012 data has provided first census of galaxies beyond z~8.5, 

continued decline in SFH to z~10 in agreement with lensed studies 

3.Deeper higher fidelity data provides improved z~7-8 LFs 

4.No evidence for unusually blue stellar populations; z~7-8 galaxies 

are >100 Myr old 

5.Providing SF extends beyond z~10 and in low L systems with 

moderate fesc, galaxies can be main agent of reionization 

6.Quantifying fesc remains a challenge but detailed studies of 

outflowing low ionization gas in z~4-5 LBGs offers a route forward 

7.Implication: expect z>10 galaxies will be found by JWST/TMT 


