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Key remaining question: what are the first galaxies, 
and when/how did they reionize the universe?

What do we currently know?



O U R  P R I M A R Y  G A L A X Y  T O O L :   
T H E  U V  L U M I N O S I T Y  F U N C T I O N  
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T H E  C U R R E N T  A G R E E M E N T  AT  H I G H  R E D S H I F T  
 I S  V E R Y  G O O D !
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A  “ C O N S E N S U S ”  L U M I N O S I T Y  F U N C T I O N
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 Schechter fits
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H O W  D O  W E  O B TA I N  R E I O N I Z AT I O N  
C O N S T R A I N T S  F R O M  T H E  L U M I N O S I T Y  F U N C T I O N ?

• Step 1: Integrate the UV LF to obtain the specific UV luminosity density: ρUV 
[erg s

-1
 Hz

-1
 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 assume Mlim=-13, 
though this bears watching from the theoretical side (e.g., Jaacks+12, 
O’Shea+15).

• Step 2: Choose a reionization model.

• Assumptions: Madau (1999) model, C=3, fesc=13% (upper limit at z=6 
from SF+2012b), conversion from ionizing to non-ionizing UV for a 
Salpeter IMF, and 20% Solar metallicity.



N E E D E D  I M P R O V E M E N T S

• The consensus LF constraints 
give a 68% confidence range 
on the 50% reionization 
redshift of 7.7 < z < 8.2. 

• This is a dramatic improvement 
over the situation just a few 
years ago, but we are hindered 
by our assumptions. 

• Limiting magnitude 

• Escape fraction
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L I M I T I N G  M A G N I T U D E
• It is expected that the ionizing background will suppress SF in halos below M ~ -10, but recent 

studies have found that the UV LF may turn at brighter magnitudes (Jaacks+13, O’Shea+15, 
Boylan-Kolchin+15).

• We need to understand the luminosity function down to -13.  If it turns over at brighter 
magnitudes, we have a photon production crisis.

• How can we test this?

• 1) Lensing - The Hubble Frontier Fields

• Drawbacks: small volumes, uncertain 
magnification corrections.

• 2) JWST: deep fields will reach around 
-15.5 in UV absolute magnitude.

• Still not deep enough, though with 
lensing it will certainy go past -13 (with 
the same caveats as the HFF)

• 3) ATLAST/HDST 12-14m UVOIR space telescope.
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Figure 3 | Rest-frame UV luminosity functions at z = 6 − 8 from the Hubble

Frontier Fields samples. The solid green line is the fit to the CANDELS2 data, and

the green dashed line extends this fit to fainter magnitudes. The solid purple line

is the intrinsic Schechter function fit to the combined HFF and CANDELS data,

and the dotted line shows the intrinsic Schechter function after convolving with

the magnification errors to account for Eddington bias.

Redshift α M∗ log φ∗

6 −2.09+0.03
−0.03 −20.83+0.05

−0.04 −3.65+0.04
−0.03

7 −2.08+0.04
−0.04 −20.80+0.05

−0.05 −3.67+0.05
−0.04

8 −2.07+0.09
−0.08 −20.73+0.16

−0.13 −3.79+0.14
−0.14

Table 1 | Best-fitting Schechter function values to a combination of the lensed

HFF sample and unlensed CANDELS data2 selected in the same way.

respectively, the characteristic mass and density at the ‘knee’ of the

function, and α is the faint-end slope. The HFF clusters cover a small

area, 2× the WFC3 field of view (4.6”), which is reduced by ∼ 25% in

the redshift range 6 < z < 8 due to the lensing magnification. Thus,

we are not sensitive to rare, bright galaxies. In order to constrain all

three parameters simultaneously, we therefore combine our data with

the unlensed samples from the Cosmic Assembly Near-infrared Ex-

tragalactic Deep Survey (CANDELS), which were selected using the

same method employed here.2

The best-fitting Schechter parameters for z = 6, 7 and 8 are given

in Table . The addition of the faint galaxies allows us to place much

tighter constraints on α than is possible with unlensed surveys.

At z ∼ 6, we extend the luminosity function to M1500 = −12.5,

a factor > 10× fainter than previous work. We find a steeper faint-end

slope than suggested by the unlensed data alone. Thus, integrating the

luminosity function to this limit, we find that galaxies can produce all

of the ionizing photons required for reionization.

At z ∼ 7, we extend the luminosity function to M1500 = −14.5.

Although we show previous results from lensed galaxies7 in this panel

of Figure 3, we note that they combine their z ∼ 7 sample extends

from z = 5.5 to z = 7.5 and is dominated by galaxies closer to z = 6.

The faint-end slope from our data is steeper than that of previous work

with lensed7, 8 and unlensed1, 2, 4 galaxies, but is within their 1σ errors,

with significantly reduced uncertainties.

At z ∼ 8, our luminosity function extends to M1500 = −15, or 8×
fainter than previous work.7 The bright end is dominated by a known

group of bright z ∼ 8 galaxies in the Abell 2744 field,21 but as we ac-

count for cosmic variance in our fit we do not exclude them. At the faint

end, the slope is artificially steepened due to Eddington bias; the large

magnitude errors on faint, highly magnified galaxies combined with the

steep slope mean that galaxies preferentially scatter into brighter bins.

By accounting for this, we estimate an intrinsic faint-end slope slightly

shallower than that estimated from unlensed data alone, 19 although

within the uncertainties.

These results demonstrate the power of gravitational lensing to

probe the early Universe and the very faintest galaxies that may have

powered reionization. The complete Hubble Frontier Fields program

will further constrain the properties of these early galaxies, providing a

preview of the science that will be possible with the James Webb Space

Telescope and future ground-based facilities.
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S U C H  D E E P  O B S E R VAT I O N S  W O U L D  T R U LY  A L L O W  
U S  T O  S T U D Y  T H E  T O P O L O G Y  O F  R E I O N I Z AT I O N  

A  C R U C I A L  S Y N E R G Y  W I T H  G S M Ts ,  W F I R S T,  a n d  
S K A / 2 1 C M  L I N E  E X P E R I M E N T S  

R E I O N I Z AT I O N  S U P P R E S S I O N  O F  L O W - M A S S  H A L O S  

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



FA N C Y  A N I M AT I O N
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E S C A P E  F R A C T I O N
• The other main assumption was the escape fraction of ionizing photons.

• The analysis showed today assumed 13%.

• Nearly *all* observations at z < 4 result in non-detections, with typical limits on f
esc

 of less than a few 
percent (Siana+10), though there are isolated cases of some galaxies have f

esc
~20-30% (Nestor+11).

• Most simulations show very low escape fractions in the galaxies we see, and imply that only very low-
mass halos have conditions which promote ionizing photon escape.
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T H I S  C O U L D  A L S O  C R E AT E  A  P H O T O N  “ C R I S I S ”  

W E  N E E D  T O  M E A S U R E ,  E V E N  AT  L O W E R  
R E D S H I F T,  W H AT  T H E  E S C A P E  F R A C T I O N  I S  F R O M  

G A L A X I E S  O F  A L L  M A S S E S  

T H I S  W O U L D  B E  P O S S I B L E  W I T H  T H E  AT L A S T / H D S T  
D E S I G N ,  B U T  C O U L D  A L S O  B E  P O S S I B L E  W I T H  A  

L O W E R - C O S T  U V- O N LY  S PA C E  T E L E S C O P E ,  
O P T I M I Z E D  F O R  H I G H  U V  T H R O U G H P U T



TA K E  A W AY  P O I N T S

• Progress has been excellent (see agreement on luminosity 
functions!) but there are a lot of unknowns about the high-
redshift universe. 

• We will learn much with JWST and WFIRST, but many of 
our assumptions which underlie our conclusions on 
reionization will not be justified. 

• A very large aperture space telescope will allow us to 
directly observe the galaxies responsible for 
reionization, while a lower cost UV-optimized facility can 
allow us to directly probe ionizing photons.


