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Ionising photon production efficiency
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Basic properties derived from Hubble
If you observe galaxies
in magnitudes or Fν
a flat slope indicates
β=-2

β

(fλ∝λβ)

Extremely blue sources?

Pop III sources
Dunlop 2013; Bouwens et al. 2010

Extremely blue sources?

ET AL.

Individual error-bars are
still too large to identify a
‘zero’ metallicity galaxies
from the UV-slope Vol. 708

Figure 1. UV-continuum slope β vs. absolute UV magnitude. The red circles

Dunlop 2013; Bouwens et al. 2010

What is the UV slope sensitive to?
S. M. Wilkins et al.

e 7. A summary of factors affecting the UV continuum slope. Line caps denote the maximum deviation that are possible for each parameter. For e
ti et al. (2000) dust is unable to produce J f 125w − H f 160w < −0.037 without changing any of the properties intrinsic to the stellar population
t values. The horizontal line denotes the J f 125w − H f 160w colour inferred from the PEGASE.2 SPS model assuming the default scenario: 100 Myr
uous star formation, Z = 0.02, a Salpeter IMF and no dust.

Wilkins et al. 2011
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Luminosity dependence of the UV slope
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Dust-corrected Luminosity Functions

UV LFs for the effects of dust attenuation
known correlation of extinction with the UVe β. We take the infrared excess (IRX)–β relation
Meurer et al. (1999),

Application: UV LF

A1600 = 4.43 + 1.99 β.

(1)

Assuming β is a
proxy for dust - we
can create dust
corrected UV LF

999) estimated the relation based on starburst
ocal universe. Similar relations have been found
ther groups (Burgarella et al. 2005; Overzier
hough there is some evidence that the Meurer
ation does not work well for all sources, e.g.,
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Gs; e.g., Reddy et al. 2006), this relation has
be accurate in the mean out to z ∼ 2, despite
atter (e.g., Daddi et al. 2007; Reddy et al. 2006,
gdis et al. 2010a, 2010b). There is even evidence
chel observations that the Meurer et al. (1999)
nably accurate in estimating the dust extinction
n break galaxies (LBGs; Reddy et al. 2012). We
reasonably utilize this relation in interpreting
amples.
re have been a number of studies examining
ift samples (e.g., Bouwens et al. 2009, 2012;
11; Finkelstein et al. 2012; Dunlop et al. 2012).
st definitive of these studies is Bouwens et al.
sing the CANDELS+HUDF09 data sets, find
s with both redshift and luminosity, with higher Smit et al. 2012
wer luminosity galaxies being bluer. The results

One of the most
important systematics
is understanding the
scatter!

Application: SFR density

An ALMA view of dust in the Early Universe

ALMA imaging over the Hubble Ultra Deep Field
4

J.S. Dunlop et al.

A Deep ALMA image of the HUDF

15

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 ' 35 µJy.

Dunlop et al. 2017

Figure 7. Stellar mass versus redshift for the galaxies in the HUDF, highlighting (in red) those
The connection between dust-enshrouded SFR and M⇤ is clear, and indeed, as emphasized by
10

then set with reference to the regularly-monitored flux density 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 naturally 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
detected insources,
our ALMA
1.3-mm
we experimented
withimage.
various u, v tapers in order
to find the
the bright-blue
boxbestatcombination
the top ofofangular
the resolution and mosaic sensitivity. A ' 220 ⇥ 180 k taper, with PA oriented to

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 image is shown in Fig. 1. Finally, to aid checks on data quality, 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
2.2.1

Supporting multi-frequency data
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 nearinfrared imaging of the HUDF obtained with WFC3/IR on

HZ1

HZ2

HZ4

HZ3

No dust in modestly red LBGs
3

Meurer et al. (1999) (Calzetti like dust)
Pettini et al. (1998) (SMC like dust)
This work, detections
This work, upper limits
This work, mean
of undetected
HZ8

2
HZ5

HZ6

HZ7

log10(LIR/L1600)

Z5a

HZ9

1

HZ8W

0

HZ10
N

-1

z~5.5
E

-2

-2

-1
UV Slope ( )

0

Capak et al., 2015

SMC dust curve?

Salim, Boquien, & Lee

Figure 11. Comparison of average dust attenuation curves for our sample of
high-redshift analogs (galaxies lying >0.5 dex above the local main sequence;
purple line)
and several
curves2018
from the literature, including Reddy et al. (2015;
Salim
et
al.,
green dashed curve). Local analogs (starbursts) have steep curves, similar to the
SMC slope (orange; Prevot et al. 1984), but with more extinction in the NUV,

Smit et al., 2018

Other possible effects…
•

Some local analogs
show a shift in the dust
peak that might indicate
hot dust temperatures…

•

For ALMA observations
at 200 micron this give
non-detections despite
significant dust content

•

Other possible eﬀects
include the dust opacity
and dust grain
composition

Temperature

Figure 3. Compilation of UV to optical and IR SEDs of the three z∼
as well as EW(Hα) ﬁxed to the spectroscopically measured values.
Faisst Bottom:IR
et al., 2017SED ﬁ
panel but with variable line ratios and EW(Hα).
Optical and FIR emission lines are indicated by vertical lines. The un

Darach Watson , Lise Christensen , Kirsten Kraiberg Knudsen , Johan Richard , Anna Gallazzi , and Michał Jerzy Michałowski
Candidates for the modest galaxies that formed most of the stars
in the early universe, at redshifts z > 7, have been found in large
numbers with extremely deep restframe-UV imaging1. But it has
proved difficult for existing spectrographs to characterise them
in the UV2,3,4. The detailed properties of these galaxies could be
measured from dust and cool gas emission at far-infrared wavelengths if the galaxies have become sufficiently enriched in dust
and metals. So far, however, the most distant UV-selected galaxy detected in dust emission is only at z = 3.25, and recent results have cast doubt on whether dust and molecules can be
found in typical galaxies at this early epoch6,7,8. Here we report
thermal dust emission from an archetypal early universe starforming galaxy, A1689-zD1. We detect its stellar continuum in
spectroscopy and determine its redshift to be z = 7.5±0.2 from a
spectroscopic detection of the Lyα break. A1689-zD1 is representative of the star-forming population during reionisation9,
with a total star-formation rate of about 12 M yr–1. The galaxy
is highly evolved: it has a large stellar mass, and is heavily enriched in dust, with a dust-to-gas ratio close to that of the Milky
Way. Dusty, evolved galaxies are thus present among the fainter
star-forming population at z > 7, in spite of the very short time
since they first appeared.

As part of a programme to investigate galaxies at z > 7 with the
X-shooter spectrograph on the Very Large Telescope, we observed
the candidate high-redshift galaxy, A1689-zD1, behind the lensing
galaxy cluster, Abell 1689 (Fig. 1). The source was originally identified10 as a candidate z > 7 system from deep imaging with the Hubble and Spitzer Space Telescopes. Suggested to be at z = 7.6±0.4
from photometry fitting, it is gravitationally magnified by a factor of
9.3 by the galaxy cluster10, and though intrinsically faint, because of
the gravitational amplification, is one of the brightest candidate z > 7
galaxies known. The X-shooter observations were carried out on
several nights between March 2010 and March 2012 with a total
time of 16 hours on target.
The galaxy continuum is detected and can be seen in the binned
spectrum (Fig. 2). The Lya cutoff is at 1035±24 nm and defines the
redshift, z = 7.5±0.2. It is thus one of the most distant galaxies
known to date to be confirmed via spectroscopy, and the only galaxy
at z > 7 where the redshift is determined from spectroscopy of its
stellar continuum. The spectral slope is blue; using a power-law fit,
Fλ λ–β, β = 2.0 ± 0.1. The flux break is sharp, and greater than a
factor of ten in depth. In addition, no line emission is detected, ruling
out a different redshift solution for the galaxy. Line emission is excluded to lensing-corrected depths of 3×10–19 erg cm–2 s–1 (3σ) in the

Figure 1 | The gravitationally lensing galaxy cluster Abell 1689. The
colour image is composed with Hubble filters: F105W (blue), F125W
(green), F160W (red). The zoomed box (4˝×4˝) shows A1689-zD1.
Contours indicate FIR dust emission detected by ALMA at 3, 4, and 5σ
local RMS (yellow, positive; white, negative). The ALMA beam

(1.36˝×1.15˝) is shown, bottom left. Images and noise maps were primary-beam corrected before making the signal-to-noise ratio (SNR) maps.
Slit positions for the first set of X-shooter spectroscopy are overlaid in
magenta (dashed boxes indicate the dither), while the parallactic angle
was used in the remaining observations (pink dashed lines).

Dust in blue galaxies?

Watson et al., 2015
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Dust geometry also affects the
[CII] morphology

at In
z∼3
from
Coppin ettheal. (20
at z∼3 from Coppin et al. (2015).
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and extreme
Td=27–47
include more
γ=1.2–2.0, and Td=27–47 Kto

Dust formation models
•

AGB pulsations
produce a lot of dust
but on a longer
timescales

•

SN produce (and
destruct) dust on
short timescales

•

The least understood
and most debated
form of dust
formation is ISM
grain growth

Mancini et al., 2015

The dust mass in z > 6 galaxies

L73

Fast grain growth
in the ISM

A Spitzer view of stellar mass build-up

Rest-frame UV to optical SED
Rest-frame UV

HST

Optical

Spitzer
/IRAC

Need the older stars in the rest-frame optical to derive
accurate masses, ages and specific star formation rates

Spitzer deep imagine over the HUDF
Hubble

Credit: NASA, ESA, and S. Beckwith (STScI) and the HUDF Team

Spitzer

Labbé et al. (2015)

Spitzer Space Telescope
•

Cold mission: 2003 - 2009
Mid-infrared Universe

•

Warm Mission 2009 - 2019:
Liquid helium to cool the
instruments ran out

•

Shortest wavelength filters
produce images that are still
sensitive enough to detect
distant galaxies found with
Hubble

HST

Spitzer
Credit: A. Zitrin

Source de-confusion
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Results on galaxy properties z>3:
surprisingly old ages, high masses

•

z~6 Lyman break
galaxy with a large
Balmer break indicating
a stellar population
450Myr old
Calculating back
assumes quite a lot of
star-formation already
at z~12
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Results on galaxy properties z>3:
surprisingly old ages, high masses
•

High S/N example of a
strongly lensed, intrinsically
faint galaxy

•

1-1.5 magnitude Balmer
break indicates:
Estimated formation
redshift z~18
Mass M* = 6.3.109 M⨀

z~6

Abell 383

Richard et al. 2011

The main sequence of star-forming galaxies

SFR - Mass sequence out to z~7

Dutton et al. 2010

SFR - Mass sequence out to z~7

Strong evolution between
redshift z~0-1

Dutton et al. 2010

SFR - Mass sequence out to z~7

Strong evolution between
redshift z~0-1
Weak evolution z~1-7

Dutton et al. 2010

SFR - Mass sequence out to z~7

Dutton et al. 2010

sSFR (SFR / M✶) vs. redshift - zeropoint
evolution of the main sequence

Semi-analytical models

sSFR = SFR / M✶ = inverse growth time scale

Dutton et al. 2010

Semi-analytical models

Prediction sSFR ~ specific accretion rates ~ (1+z)2.5

Dutton et al. 2010

Semi-analytical models

Baryonic processes needed to decouple SFR from
inflow rates

Dutton et al. 2010

Early results showed a ‘plateau’ at z>2

Gonzalez et al. 2010

Reddy et al. 2012

See also Feulner+05,Yan+06, Eyles+07, Stark+09, Labbe+10a,b, Schaerer+10, McLure+11

Problem for galaxy formation?
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See also Bouche+10, Davé+11
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Nebular emission lines: two degenerate solutions
Continuum only

Continuum+emission lines

z~6

Old ages, high masses

Young/bursty galaxies

Schaerer & de Barros. 2009

Are stellar masses and ages overestimated?

Assumptions on emission lines contamination
EW(Hα)∝ (1+z)1.8

Equivalent width
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[OIII] > 1000Å?
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Using redshift samples without degeneracies

Using redshift samples without degeneracies
5.5<z<6.5 particularly
bad for emission line
contamination
z~6

Using redshift samples without degeneracies
4<z<5 good for
estimating H⍺ EW
estimates
35
30

3.8<z<5.0
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(Hα in [3.6] filter)

(no strong lines
in IRAC filters)
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Shim et al. 2011; Stark et al. 2012

Using redshift samples without degeneracies
[OIII]+Hβ

[3.6]

[4.5]

Smit et al. 2014;2015

Modest samples of z~7 [OIII] emitters

•

Spitzer photometry
dominated by optical
emission lines

•

Large fraction of
sources (~50%) show
‘extreme’ emission lines
→ ubiquitous in early
galaxies

Smit et al., 2014; 2015, Roberts-Borsani et al. 2016

Modest samples of z~7 [OIII] emitters

Bowler et al. 2017

Mass estimates without contamination
Mass estimate
with clean [4.5]
band
log(M)~9.0 M⊙
Mass estimate
with [3.6]+[4.5]
log(M)~9.5 M⊙
0.5-1.0 dex offset in mass estimate
Smit et al. 2014

CSF with emission lines
RSF no emission lines
RSF with emission lines

51
67
68

2
0
0

0.55(±0.05)
0.49(±0.03)
0.51(±0.03)
Mstellar = 1 × 109 M⊙
0.60(±0.04)
0.61(±0.04)
0.58(±0.03)
0.61(±0.03)

Updated sSFR evolution

CSF
CSF
RSF
RSF

no emission lines
with emission lines
no emission lines
with emission lines

99
100
117
117

6
6
2
2

15
21
19

0
0
0

0.60(±0.06)
0.48(±0.04)
0.50(±0.04)

48
78
71

5
4
5

0.54(±0.05)
0.60(±0.03)
0.65(±0.04)

32
35
36
40

4
4
2
2

0.66(±0.07)
0.68(±0.07)
0.67(±0.06)
0.73(±0.07)

57
85
74
81

13
18
2
3

0.79(±0.08)
0.80(±0.06)
0.61(±0.04)
0.73(±0.05)

Note. — Mean values of the estimated log10 (sSFR/Gyr−1 ) for our samples using diﬀerent model assumptions. The sSFR was estimated
for two stellar mass bins centered at log10 (Mstellar /M⊙ ) = 9.7 and 9.0. The width of each bin is ±0.3 dex. The Nbin column indicates
how many sources fall in each bin at each redshift for a given model. Extreme values of the sSFR (∼ 100 Gyr−1 , which correspond to
minimum age models) were rejected before taking the mean. This latter choice does not make a significant diﬀerence (see Figure 8).

Mild discrepancy still at the highest redshifts and redshift =1

Gonzalez et al. 2012

Fig. 9.— The mean specific SFR as a function of redshift for galaxies with estimated stellar masses log10 (Mstellar /M⊙ ) = 9.4–10,
9

New evidence for older stellar populations?
Spectroscopic
redshift at z=9.1 no contribution of
[OIII] nebular lines
to IRAC flux

Hashimoto et al. 2018

Interpreting extreme emission lines and
implications for cosmic Reionisation

How to explain extreme equivalent widths?
>1000Å EW lines are not reproduced by ‘classic’ models
Bruzual & Charlot
2003 stellar
populations
models

Finkelstein et al. 2013

Missing components on stellar populations?

The majority of O
and B stars might
be in binaries binary effects
such as envelope
stripping can not
be neglected!

Sana et al. 2012
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Models including binary stellar models
•

BPASS models (e.g.
Eldridge & Stanway
2012) include binary
effects

•

Another possible
explanation is the
ubiquitous presence of
faint/obscured AGN (see
tomorrow’s lecture!)

The photons needed to sustain an ionised Universe

Credit: Dawn Erb

Stellar
populations
(models and
observations)
efficiency of ionising
photon production
Lyman continuum
observations
(lower redshift)
fraction of photons
that escape into the
IGM

Credit: Dawn Erb

Simulations
recombination
rate depending
on IGM
properties (n,T)

Deep field
surveys
total number
density of
galaxies

rom
the UV for
luminosity
density,
Implications
cosmic reionisation
•

Available number density of
ionising photons :

nion = fesc ξion ρUV ,
Robertson et al. 2015

Lyman continuum
production ionizing photons that es
he fraction
of hydrogen
efficiency (ξion) = the number of
ionising
photons produced
per
onizing
photons
produced
per second divided b
visible UV photon (at ~1600Å)
he importance of the escape fraction to the pic
• Escape fraction (Fesc) = fraction of
s to those
characterize
the
output
of
LyC
photons
ionising photons that makes
it outperformed
of the galaxy
must be
at z < 4 as the IGM is optica
search for LyC emission from z ≃ 3−3.5 gala
•

rom
the UV for
luminosity
density,
Implications
cosmic reionisation
•

Available number density of
ionising photons :

nion = fesc ξion ρUV ,
Robertson et al. 2015

Escape fraction
of ionising photons
he fraction
of hydrogen
ionizing photons that es
can only be assessed at z~3 due
estimates
at
to the photons
absorption in the
IGM at z>4 perBest
onizing
produced
second
divided
b
z~3: fesc < 0.09
he importance of the escape fraction to the pic
s to characterize the output of LyC photons
must be performed at z < 4 as the IGM is optica
search for LyC emission from z ≃ 3−3.5
gala
Siana et al. 2015
•

Implications for cosmic reionization
•

z~3 measurements of Fesc
between 7-9% (e.g. Siana et al.
2015)

•

Canonical values for ξion
assume Bruzual and Charlot
2003 stellar population models,
modest age (~100Myr) and
metallicity (~0.2 solar)

•

Given most recent UV LFs and
canonical values of ξion, higher
escape fractions - 16-20% are needed

Bouwens, Smit et al. 2016

Implications for cosmic reionization
•

•

•

z~3 measurements of Fesc
between 7-9% (e.g. Siana et al.
2015)
Canonical values for ξion
assume Bruzual and Charlot
2003 stellar population models,
modest age (~100Myr) and
metallicity (~0.2 solar)
Given most recent UV LFs and
canonical values of ξion, higher
escape fractions - 16-20% are needed

Reionisation
ends z>6

Reionisation
ends z<6

Bouwens, Smit et al. 2016

Implications for cosmic reionization

•

Ha/UV luminosity ratio
systematically higher than
predicted by low-redshift SFR
calibrations
Smit et al., 2016; Bouwens, Smit et al. 2016

Blue sources

Implications for cosmic reionization

Smit et al., 2016; Bouwens, Smit et al. 2016

Summary
•

ALMA shows dust obscuration is more complex than
previously assumed: standard calibrations are uncertain

•

A better understanding of rest-frame optical colours has
decreased tension with DM accretion rates

•

Detection of high-EW ionisation lines indicate a hard
radiation field in the highest redshift galaxies

•

High values of ionising production efficiency can possibly
alleviate the tension of low escape fraction to bring about
cosmic Reionisation

