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Fig. 1.— MOSFIRE Y -band 2D (top) and 1D (bottom) stacked spectra for the object with detected emission (z7 GSD 3811), showing
a clear asymmetric line profile characteristic of Lyα emission. The displayed 1D spectrum was smoothed by the instrumental resolution
(∼ 3 Å). The best-fit asymmetric Gaussian curve and the line centroid are overplotted as the red thick solid curve and red dotted vertical
line, respectively. The red thin curves are 100 Monte Carlo fits. The gray-shaded region near the bottom of the one-dimensional spectrum
shows a scaled sky spectrum. Also shown on the upper-left corner is the 1D spectrum of the emission extracted along the spatial direction
with inverse-variance weighting over the extraction width of the FWHM of the line. The red solid line and two red dotted lines overplotted
are the expected spatial location of the postive peak and two negative peaks, respectively. We show in the blue box on the right side that
the emission line is independently detected on all nights (n2, n3, n4) except in n1 which suffered from poor conditions, indicating that the
chance of the detection being a spurious one is negligible.

of the detection) is accurate within 20–25%. We thus
conservatively add a 30% systematic uncertainty in cali-
bration in our error budget. The systematic uncertainties
are indicated in Table 2, while the quoted uncertainties
in the rest of the paper refer to random uncertainties.
Finally, to make sure that the error spectrum initially

obtained from the pipeline does not underestimate the
noise level, we scaled the error spectrum such that the
standard deviation of the signal-to-noise ratio (SNR) in
the sky dominated region is unity. The typical scale fac-
tor was 3.0± 0.1.

3. RESULTS

3.1. Line Detection

We visually searched for emission lines in the extracted
one-dimensional spectra as well as two-dimensional spec-
tra at the expected positions of our targets. We take
a conservative appoach of presenting objects for which
an emission line is independently detected on more than
one night, minimizing the possibility of a spurious de-
tection. In other words, we regarded it as a spuri-
ous detection if the emission was detected on only one
night out of four nights. This criterion yielded only one
line detection among the 30 objects originally targeted,
at λobs = 10532.2 ± 1.3 Å, and with 6.5σ significance.
The rest remained undetected (< 3σ). Figure 1 shows

the one- and two-dimensional spectra of the object with
emission, z7 GSD 3811. The emission is detected on
more than one night at the same spatial and spectral
location, with two negative peaks at the expected posi-
tion from the adopted dithering pattern, ensuring that
the line is real and not spurious.
Normally, we expect an asymmetric line profile with a

sharp blue edge and gradually declining red tail for Lyα
emission at high redshift due to absorption by neutral
hydrogen in the interstellar and intergalactic medium.
However, most of the proposed Lyα detections in other
z ! 7 candidates have not shown highly significant ev-
idence for asymmetry, possibly due to the low SNR for
most of the detections. We find that our detected line
displays an asymmetric line profile, making this object
one of the first notable detections of asymmetry for a
z > 7 Lyα line candidate. However, the significance is
not strong due to the low SNR: the Gaussian line width
on the blue and red side of the line is 0.33+5.51

−0.32 Å and

6.49+0.32
−4.76 Å, respectively. Due to the vicinity of a sky

line located blueward of the line, the uncertainty in the
line width on the blue side of the line (σblue) is large,
yielding a weak constraint on the ratio between the line
width on the red and blue side (σred/σblue = 19.5+0.2

−19.3).
Assuming the line is Lyα, the implied redshift (based

Song, SF+2016



In reality, reionization is of course more complicated. 
Let’s start with what we can see: galaxies.



C A L C U L AT I N G  T H E  C O N T R I B U T I O N  O F  
G A L A X I E S  T O  T H E  R E I O N I Z I N G  B U D G E T

• Step 1: Integrate the UV LF to obtain the specific UV luminosity density: ρUV [erg/s/Hz/Mpc
3
]

• Assumption: Need to assume a minimum value of MUV (especially when α < 2).

• Common values in the literature:  -17, -15, -13, -10.  

• We see galaxies down to -17, so its likely fainter.  We often assume Mlim=-13, though 
this bears watching from the theoretical side (e.g., Jaacks+12, O’Shea+15; talks by S. 
Mutch, M. Norman).

• Step 2: Assume a Lyman continuum photon production efficiency, ξion., to convert from UV 
luminosity density to ionizing emissivity. For 0.2 solar metallicity, log (ξion)~25.3.

• Step 3: Choose a reionization model.

• Assumptions: Madau (1999) model, which tells you the number of ionizing photons per 
volume (the ionizing emissivity) needed to keep the IGM ionized at a given redshift. 

• Assumptions: clumping factor of the IGM (C) and escape fraction of ionizing photons from 
galaxies (fesc).  Typically assumed values are: C~3-5, fesc~20-50%.
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• Step 1: Integrate the UV LF to obtain the specific UV luminosity density: ρUV [erg/s/Hz/Mpc
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]
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Mutch, M. Norman).

• Step 2: Assume a Lyman continuum photon production efficiency, ξion., to convert from UV 
luminosity density to ionizing emissivity. For 0.2 solar metallicity, log (ξion)~25.3.

• Step 3: Choose a reionization model.

• Assumptions: Madau (1999) model, which tells you the number of ionizing photons per 
volume (the ionizing emissivity) needed to keep the IGM ionized at a given redshift. 

• Assumptions: clumping factor of the IGM (C) and escape fraction of ionizing photons from 
galaxies (fesc).  Typically assumed values are: C~3-5, fesc~20-50%.

We  h a v e  l e a r n e d  a  l o t  
o v e r  t h e  p a s t  f e w  y e a r s  

v i a  o b s e r v a t i o n s  a n d  
m o d e l i n g .   

We  c a n  m o v e  b e y o n d  
t h e s e  s i m p l e  

a s s u m p t i o n s ! !



P I E C E  # 1 :  T H E  L U M I N O S I T Y  F U N C T I O N
• Rather than rely on the luminosity functions from a specific group, e.g., “Santa 

Cruz” (Bouwens, Oesch), “Edinburgh” (McLure, Bowler, McLeod) or “Texas” (Finkelstein, 
Livermore), we fit the data from all recent studies simultaneously.   

• This allows us to better-constrain the luminosity function by including space and ground-
based data, as well as to marginalize over different techniques.
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• We can obtain ρUV by integrating the 
luminosity function to some limit. 

• We now have evidence from the 
Frontier Fields that at z=6, the 
luminosity function continues 
unbroken (with α~ -2) to at least 
MUV=-13.

P I E C E  # 1 :  T H E  L U M I N O S I T Y  F U N C T I O N
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Figure 4 | The difference in Bayes Information Criterion (BIC) between the

fiducial Schechter function fit and a modified Schechter function incorporating

a turnover at Mt. In all cases, the modified Schechter function gives a higher BIC

(worse fit) than the fiducial model. The shaded regions indicate the ranges where

the ∆BIC provides positive, strong or very strong evidence against the modified

model.
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• So, previous studies which integrated to -13 weren’t doing too poorly.  But, can we 
go fainter? 

• Theoretically, we expect stars to form in halos only with log (M/M⦿) > 9 after the 
onset of reionization due to the extragalactic ultraviolet background (EUVB). 

• Before reionization, stars likely form in halos down to the atomic cooling limit of 
log (M/M⦿) = 8 (or possibly even 7; Wise et al. 2014; M. Norman talk).



• To understand where these cutoff halo masses lie on our luminosity 
function, we perform abundance matching. 

• Method from Behroozi+2013, accounts for subhalos, and uses analytic 
halo mass functions, averaging over the observed redshift ranges.

P I E C E  # 1 ( PA R T  B ) :  T H E  L U M I N O S I T Y  
F U N C T I O N  C U T O F F
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• Previously, we needed to use an educated guess here.  If one assumed a 
“normal” stellar population, but with a lower metallicity (~20% Solar), one 
found a production rate of Lyman continuum photons per unit UV 
luminosity density of:  log(ξion)=25.3.

• This was recently empirically verified by Bouwens+2016 for sub-L* 
galaxies at z=4-5 (see also Stark+2015).

• However, they found that log(ξion) increased for the faintest, bluest 
galaxies, to 25.5-25.9.

• For this analysis, we 
assume log(ξion)=25.34 for 
galaxies with MUV < -20, 
and log(ξion)=25.8 for MUV 
> -20.

P I E C E  2 :  T H E  S T E L L A R  P O P U L AT I O N
4

Fig. 2.— Dependence on ξion’s we have derived on the UV -continuum slope β assuming either a Calzetti et al. (2000) extinction law
(left panel) or a SMC-like extinction law (right panel : §3.2). A Lyman-continuum escape fraction of zero has been assumed in deriving
these ξion,0’s (see §3.5 for the values with non-zero escape fractions). The red, blue, and black symbols are the same as on Figure 1. The
thick dotted lines show the trend in ξion,0 vs. β that would result from the impact of dust corrections on the observed IRAC excesses and
UV magnitudes. The thick red line indicates the predicted ξion vs. β trend for a stellar population model with zero dust extinction, a
metallicity of 0.4Z⊙, and a range in ages using the Bruzual & Charlot (2003) models (see Robertson et al. 2013; Duncan & Conselice 2015;
Bouwens et al. 2015b). Independent of our assumptions about the dust law, we consistently derive higher values for ξion (by ∼0.2 dex) for
the bluest galaxies than have been canonically assumed for the star-forming population as a whole (but consistent with the higher values
suggested by Duncan & Conselice 2015 and Bouwens et al. 2015b for the bluest galaxies). Our ξion results for both dust laws are consistent
with canonically assumed values. We note a slight preference for higher values (by ∼0.1 dex) of ξion adopting the SMC dust law.

Fig. 3.— The ξion’s we have derived assuming the SMC dust law for z = 5.1-5.4 galaxies from the Rasappu et al. (2015) selection shown
as a function of their UV luminosity and UV -continuum slope β (§3.2). The blue, red, and black symbols are the same as on Figure 1. As
in Figure 2, we find that the bluest sources show particularly elevated values of ξion relative to canonically-assumed values.

Bouwens+2016



• Adapting the model from Eqn 26 of Madau (1999) into our cosmology, we 
have: 

• This is dependent on the clumping factor of the IGM.  Our fiducial results 
use the recent redshift-dependent results from Pawlik, Schaye & Dalla 
Vecchio 2015, of C=[4.5, 3.1, 1.8] at z=[6, 8, 10].

P I E C E  3 :  T H E  R E I O N I Z AT I O N  M O D E L
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• This is the tricky part.  Nearly *all* observations at z < 4 result in non-detections, 
with typical limits on fesc of less than a few percent (Siana+10), though there are 
isolated cases of some galaxies have fesc~20-50% (Nestor+11; Vanzella+2016). 

• Here, we adopt the simulations of Pardekooper+2016.  They performed 
zoom-in, high-resolution radiative transfer simulations of ~70,000 galaxies 
extracted from the First Billion Years (FiBY) simulations (Khochfar+).

P I E C E  3  ( PA R T  B ) :  T H E  R E I O N I Z AT I O N  
M O D E L  E S C A P E  F R A C T I O N
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C O M P L E T I N G  T H E  P I C T U R E

• We now have all of the pieces in place.

• We can calculate the ionizing emissivity from galaxies as a function of redshift by:

• Integrating the luminosity function to the fiducial magnitude limit (a function of redshift).

• Using the appropriate value of ξ
ion

 for a given UV magnitude.

• Using the appropriate value of f
esc

 for a given halo mass.

• To marginalize over all uncertainties, we do this via a Monte Carlo simulation.  In each simulation, we:

• Randomly draw a luminosity function from our MCMC chain results.

• Create a “population” of mock galaxies drawn from the given Schechter function distribution.

• Assign an escape fraction to each galaxy based on the assumed halo mass for its UV magnitude.  
The escape fractions are randomly drawn from the f

esc
 PDFs.

• Calculate the total UV luminosity density (ρ
UV

), total number of ionizing photons created (N
ion,tot

), 
and total ionizing emissivity (N

ion
).



R E S U LT S

4 6 8 10
Redshift

48

49

50

51

52
lo

g 
N i

on
 (s

-1
 M

pc
-3
)

LF+fesc(Mh)
LF+fesc=0.1
QSO Lyα Forest

Madau99 + C(z)

Madau99 + C=3

    
 

 

 

 

 
    

 

 

 

 

 
6 8  &  9 5 %  

c o n f i d e n c e  
r a n g e s  o n  

f i d u c i a l  r e s u l t

R e s u l t s  w i t h  
p r e v i o u s  

a s s u m p t i o n s  
( M l i m= - 1 3 ,  f e s c= 0 . 1 )

SF, Paardekooper, Behroozi+in prep



W H E R E  A R E  T H E  P H O T O N S  C O M I N G  F R O M ?
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At z > 6, more than 
half of the ionizing 

photons come from 
systems with M > -15

G L O B A L LY  AV E R A G E D  
E S C A P E  F R A C T I O N  ~ 2 %  

AT  A L L  R E D S H I F T S



R E I O N I Z I N G  T H E  U N I V E R S E
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O P T I O N S :  1 )  C H A N G I N G  T H E  H A L O  
F I LT E R I N G  M A S S

• Before reionization: Mh,limit=7
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O P T I O N S :  2 )  C H A N G I N G  T H E  LY M A N  
C O N T I N U U M  P R O D U C T I O N  E F F I C I E N C Y

• Making it even higher for fainter galaxies: 
log(ξion)=26.3 for MUV > -16
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M AY B E ?   T H O U G H  
I M P L I E S  ~ F U L L  

R E I O N I Z AT I O N  AT  Z = 7



O P T I O N S :  3 )  C H A N G I N G  E S C A P E  
F R A C T I O N

• Simple: Multiply fesc by two.
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O P T I O N S :  4 )  * G U L P *  A G N S ?

• We’re missing a factor of ~2 in ionizing emissivity at z~6, and this gets more 
discrepant compared to the Lya forest at z=5. 

• A quasar contribution which decreases with increasing redshift, but is not 
negligible, could reconcile these tensions.
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TA K E  A W AY  P O I N T S
• We now have the observational and theoretical insight to do more realistic 

modeling of the contribution of galaxies to reionization. 

• We now use realistic values for the limiting magnitude, the ionizing 
emissivity, and the escape fraction. 

• Some/all are dependent on redshift and/or halo mass. 

• We find a global ionizing escape fraction of ~2% over the entire 
population. 

• This *cannot* on its own complete reionization by z=6. 

• Knobs can be turned to rectify this, though some (limiting halo mass) 
reionize too much volume too early. 

• Solutions:  Higher ionizing photon production, higher fesc, or AGNs.


