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Which Sources drive the 
Reionization of the Universe?

Quasars Galaxies

Key Question: 
Could quasars still be 
abundant at z~6-7?

Key Questions: 
Are faint galaxies still 

abundant? 

Is the escape fraction 
moderately large?



Do Galaxies Reionize the Universe?   

Counting the Ionizing Photons Galaxies Produce
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How many UV-continuum photons do galaxies produce?

Bouwens+2015; see also McLure+2013; Bowler+2015; Finkelstein+2015

CANDELS Observations completed August 2013 

Same fields covered with WFC3 Grism in AGHAST & 3D-HST 

EGS  
30’x6’ 

UDS  
22’x8’ 

COSMOS  
22’x8’ 

GOODS-N 
14’x10’ 

GOODS-S  
10’x13’ 

HUDF

Grogin+ 11
Koekemoer+ 11

CANDELS 
(or better yet 

UltraVISTA/UDS)

HUDF

huge contribution 
here?

z~6



1.  Find a Massive Object that magnifies 
a significant volume of the universe

What is the trick to try to push fainter?

Massive Galaxy Cluster

Increase Sensitivity

Decrease Volume



What is the trick to try to push fainter?
Three Cycle-22 Programs to Better Constrain 

Prevalence of z~9-10 Galaxies

Frontier Fields Program:

Bouwens+2015 CANDELS 
Follow-Up Program

Frontier

Trenti+2015 BoRG[z910]

(480 orbit program)

Leverage 1000 arcmin2 in search area (full 
CANDELS + 500 arcmin2 in additional search 

area) to search for bright z~9-10 galaxies !

6 bright z~9-10 galaxies (Oesch+2014) 
 ➞ 20 bright z~9-10 galaxies
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Leverage 12 ultra-deep blank + 
cluster HST WFC3/IR fields to 
look for faint z~9-10 galaxies

>20-30 z~9-10 GalaxiesMassive Galaxy Cluster

2.  Target that region of the sky with 
very deep observations with Hubble 

and other powerful telescopes

Integrate for 140 orbits
with Hubble

70 orbits in the optical

70 orbits in the near-IR



What is the trick to try to push fainter?

3.  Repeat this trick over six massive clusters to improve the 
statistics and control for cosmic variance
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How many UV-continuum photons do galaxies produce?

Bouwens+2015

CANDELS Observations completed August 2013 

Same fields covered with WFC3 Grism in AGHAST & 3D-HST 

EGS  
30’x6’ 

UDS  
22’x8’ 

COSMOS  
22’x8’ 

GOODS-N 
14’x10’ 

GOODS-S  
10’x13’ 

HUDF

Grogin+ 11
Koekemoer+ 11

CANDELS 
(or better yet 

UltraVISTA/UDS)

HUDF
z~6

Atek+2015

Livermore+2016



Do Galaxies Reionize the Universe?   

Counting the Ionizing Photons Galaxies Produce

(conversion factor 
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Measuring ξion (# of Ionizing Photons per UV continuum Luminosity)

Using the Hα luminosity 
(can be converted into  

Lyman-continuum photon 
production rate in almost model-

independent way)

How can we measure the # 
of ionizing photons 

produced by stars in a 
galaxy?

How can we measure the 
total UV-continuum 

luminosity for stars in a 
galaxy?

ξion    =
Intrinsic UV Luminosity

Number of Ionizing Photons

From HST observations 
of UV-continuum 

luminosities



For z~4-5 Galaxies, can derive the Hα flux by fitting to all Passbands but 
Spitzer/IRAC band including Hα
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Measuring the Hα flux (from IRAC data)
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Measured Values for ξion

(Motivated by ALMA)
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Do Galaxies Reionize the Universe?   

Counting the Ionizing Photons Galaxies Produce

(conversion factor 
from UV

to ionizing photons)

 x     ξion

(UV continuum
inventory)

UV luminosity density

(fraction of ionizing 
photons which 

escape)

    x       fesc

SOME PROGRESS 
VERY 

CHALLENGING
MEASUREABLE 



Why low dust?



ASPECS: Continuum imaging in the UDF 3
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Figure 1. (Left:) ALMA 1.2-mm continuum mosaic obtained in the HUDF. Black and white contours show positive and negative emission,
respectively. Contours are shown at ±2, 3, 4, 5, 8, 12, 20 and 40σ, with σ = 12.7µJy beam−1. The blue boxes show the position of the sources
detected with our extraction procedure at S/N > 3. The synthesized beam (1′′ × 2′′) is shown in the lower left. (Right:) ALMA 1.2-mm
observations primary beam (PB) pattern to represent the sensitivity obtained across the covered HUDF region. PB levels are shown by
the black/white contours at levels 0.3, 0.5, 0.7 and 0.9 of the maximum. Both the signal and PB maps are shown down to PB= 0.2.
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Figure 2. (Left:) ALMA 3-mm continuum mosaic obtained in the HUDF. Black and white contours show the positive and negative
signal, respectively. Contours are shown at ±2, 3, 4, 5, 8, 12, 20 and 40σ, with σ = 3.8µJy beam−1. The blue boxes show the position of the
sources detected in the 1.2-mm map, with our extraction procedure at S/N > 3. The synthesized beam (2′′ × 3′′) is shown in the lower
left. (Right:) ALMA 3-mm observations primary beam (PB) pattern. PB levels are shown by the black/white contours at levels 0.3, 0.5,
0.7 and 0.9. Both the signal and PB maps are shown down to PB= 0.2.

there are no gaps in frequency. Over this frequency range
the ALMA PB in individual pointings ranges between
30′′ and 23′′.
Observations in bands 3 and 6 were taken with

ALMA’s compact array configurations, C34-2 and C34-
1, respectively. The observations used between 30 and
35 antennas in each band, resulting in synthesized beam
sizes of 3.6′′ × 2.1′′ and 1.7′′ × 0.9′′ from the low to high
frequency ends of bands 3 and 6, respectively.
Flux calibration was performed on planets or Jupiter’s

moons, with passband and phase calibration determined
from nearby quasars. Calibration and imaging was
done using the Common Astronomy Software Applica-
tion package (CASA). The calibrated visibilities were in-
verted using the CASA task CLEAN using natural weight-

ing. To obtain continuum maps, we collapsed along
the frequency axis and inverted the visibilities using the
CASA task CLEAN using natural weighting and mosaic
mode. In this process, we produced ‘clean’ maps mask-
ing with tight boxes all the continuum sources previously
detected in the ‘dirty’ maps with significances above 5σ,
and cleaning down to a 2.5σ threshold.
The final maps are shown in Figs. 1 and 2. The sensi-

tivity in each map declines with respect to the distance
from the phase pointing center, and, given the smaller
PB, declines particularly sharply for the 1.2-mm mosaic.
We reach a sensitivity of 12.7µJy and 3.8µJy in the cen-
tres of the 1.2-mm and 3-mm maps, respectively. The
final map effective frequencies are 242 and 95 GHz, re-
spectively.

3mm

1mm

40h ALMA spectral scans of the UDF: 
deepest maps so far (12.7 microJy rms)

 ALMA UDF 

Walter+, Aravena+, Decarli+, Bouwens+, Carilli+, submitted (May 2016)

Manuel Aravena  
PI: Band-6

Fabian Walter 
PI: Band-3

Roberto Decarli 
Core co-I: Band-6
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Figure 1. The ALMA 1.3-mm map of the HUDF, with the positions of the 16 sources listed in Table 2 marked by 3.6-arcsec diameter
circles. The border of the homogenously deep region of near-infrared WFC3/IR imaging obtained through the UDF09 and UDF12 HST
programmes is indicated by the dark-blue rectangle. The ALMA image, constructed from a mosaic of 45 individual pointings, provides
homogeneous 1.3-mm coverage of this region, with a typical noise per beam of �1.3 ' 35µJy.

then set with reference to the regularly-monitored flux den-
sity of J0334�401 and the gain solutions interpolated onto
the HUDF scans.

A continuum mosaiced image of the calibrated data was
produced using the task clean. To enhance mapping speed,
the data were first averaged in both frequency and time to
produce a dataset with 10 frequency channels per spectral
window and a time sampling of 10 s. The data were nat-
urally weighted for maximum sensitivity, but the relatively
large array configurations still produced a synthesized beam
(589 ⇥ 503 mas2) that was significantly smaller than the
circular 0.7-arcsec beam that had been requested. As this
would potentially lead to problems with detecting resolved
sources, we experimented with various u, v tapers in order
to find the best combination of angular resolution and mo-
saic sensitivity. A ' 220⇥180 k� taper, with PA oriented to
circularize the beam as much as possible, produced a beam
close to that requested (707⇥ 672 mas2) and a final mosaic

sensitivity as measured over a large central area of the map
of 34 µJy beam�1. As the detected source flux densities were
very weak, and the synthesized beam sidelobes very low, no
deconvolution (cleaning) was performed. The resulting im-
age is shown in Fig. 1. Finally, to aid checks on data qual-
ity, and source reality, we also constructed three alternative
50:50 splits of the ALMA 1.3-mm image, splitting the data
in half by observing date, sideband, and polarization.

2.2 Supporting multi-frequency data

2.2.1 Optical/near-infrared imaging

The key dataset which defined the area that we aimed to
cover with the ALMA 1.3-mm mosaic is the ultra-deep near-
infrared imaging of the HUDF obtained with WFC3/IR on
HST via the UDF09 (e.g. Bouwens et al. 2010; McLure et al.
2010; Oesch et al. 2010; Finkelstein et al. 2010, 2012; Bunker

c� ??? RAS, MNRAS 000, 1–??

 ALMA UDF 
ALMA HUDF (Dunlop+2016)

-5.07e-05 6.67e-06 6.40e-05 1.22e-04 1.79e-04 2.37e-04 2.94e-04 3.52e-04 4.10e-04 4.67e-04 5.24e-04

ASPECS HUDF:
Deeper Look for faint IR sources

(Aravena+2016a)



Many Dust-Continuum Detections Expected for HUDF 
samples of z=2-10 Galaxies 
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Only the highest-mass sources are individually detected!
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Only the highest-mass sources are individually detected!
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Only the highest-mass sources are individually detected!
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Bouwens et al., Walter et al., Aravena et al., Decarli et al., submitted (May 2016)



Ratio of Obscured SFR to UV SFR vs. Stellar Mass
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z=2-3



Ratio of Obscured SFR to UV SFR vs. Stellar Mass
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Ratio of Obscured SFR to UV SFR vs. Stellar Mass
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Ratio of Obscured SFR to UV SFR vs. Stellar Mass

 ALMA UDF 

Bouwens et al., Walter et al., Aravena et al., Decarli et al., submitted (May 2016)

z=2-3



Ratio of Obscured SFR to UV SFR vs. Stellar Mass
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Ratio of Obscured SFR to UV SFR vs. Stellar Mass
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Bouwens et al., Walter et al., Aravena et al., Decarli et al., submitted (May 2016)

z=2-3

z=4-10

including data from 
Capak+2015 + 
Willott+2015



Stack sources to derive IRX (LIR/LUV) vs. beta

 ALMA UDF 

Bouwens et al., Walter et al., Aravena et al., Decarli et al., submitted (May 2016) 
(IRX-Stellar Mass: Panella+2009, 2015; Reddy+2010; Whitaker+2014; Alvarez-Marquez+2016)



 Key Points
Lyman-Continuum Photon Production Efficiency:

Directly Measurable in z~4-5 Galaxies from IRAC
May be ~2x larger than typically assumed (if dust very low)

Ultra-Faint Extension to z~6 UV Luminosity Functions:
Hubble Frontier Fields Data Set can Potentially Probe Very Faint 

Galaxies
Uncertainties Very Large!, but current Samples suggestive of 

significant population of especially faint galaxies

Dust-continuum Emission from z=2-10 Galaxies
Stellar Mass is Particularly Useful Predictor of IR emission, 

almost all massive galaxies are detected with ALMA

IRX-β for typical low-mass galaxies at z>~2 is ~SMC or below


