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INTRODUCTION

• HOW DID GALAXIES FORM STARS?

• WHAT DOES DUST HAVE TO DO WITH STARS?

• INFRARED EXCESS:

• MEASURE OF DUST OBSCURATION FOR UV/
OPTICAL RADIATION

• UV-SLOPE

• STELLAR MASS

IRX = LIR/LUV
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INTRODUCTION 
IRX

placed onto the original HST pointings and re-extracted with
the same parameters used for the real galaxies. Following our
approach in Section 3.1, we create 1000 random model SEDs
with −3<β<2 and < <22 mag 26F W160 , from which we
obtain F105W, F125W, and F160W total fluxes by convolving
with the respective filter transmission curves. The actual model
galaxies are parameterized by a two-dimensional Gaussian light
distribution scaled to their total fluxes in each filter and with
half-light sizes equal to the median measured for the real
galaxies in the respective filters (∼0 17). The model galaxies
are then placed randomly in empty spots on each of the 10 HST
calibrated pointings. For this we stack the segmentation images
in all three filters as returned by Source Extractor and require a
box of 20×20 pixels of clean sky background around the
coordinate at which the model galaxies is inserted onto the
frame. The model galaxies are re-extracted and analyzed in the
same way as the real galaxies in order to obtain their output
fluxes and spectral slope (βout).

Figure 2 shows the results of our simulations. Each of the 10
panels in the top figure corresponds to one HST pointing and
shows the difference βout−βin as a function of output F160W
magnitude. The observed magnitude of the 10 galaxies in
each frame including the 2 serendipitous [C II]detectionsis

indicated with blue lines. The increase in scatter for fainter
magnitudes (i.e., lower S/N) is clearly visible. For brighter
magnitudes we find a fast convergence to βout−βin=0 as
expected. In general, we find systematic offsets in our β
measurements of less than Δβ=0.05 at the observed
magnitudes of our galaxies, which is several factors less than
the actual measurement uncertainties. We therefore conclude
that our β measurements are robust and not significantly biased.
We also note that the scatter from the true β seen in the
simulation is consistent with the 1σ uncertainty we derive for
the β measurements (see Table 1), which suggests that the
dominant factor of uncertainty is photometric and a power-law
approximation for the galaxies’ SEDs is reasonable. We do not
find significant biases (<0.05 mag up to 25.5 AB) in recovering
the AUTO magnitudes (lower panel in Figure 2). We note that
ISO magnitudes are systematically biased at >24.5 AB by
0.1 mag due to surface brightness effects, and we therefore
prefer to use AUTO magnitudes instead.

4. Results and Discussion

The upper left panel of Figure 3 shows the updated location
of the galaxies in blue. The UV luminosities of our study

Figure 3. IRX–βdiagram and spectral properties of our z∼5.5 galaxies. Upper left: the blue symbols show updated β and L1600 measurements, and the mean values
of detected (undetected) sources are shown with a yellow (magenta) symbol. The previous measurements from C15 are shown by gray symbols. We also show
relations from the literature, as indicated in the legend. Upper right: galaxies color-coded according to their Lyα strength. We do not see a relation between
Lyαemission and position on the IRX–βdiagram. Bottom: stacked Keck/DEIMOS spectra for galaxies falling on the local starburst relation (HZ4, HZ9, and HZ10;
red) and below the SMC relation (blue). The black line shows all nine galaxies (excluding the low-luminosity quasar HZ5). The 1σ uncertainties are indicated in
colored bands.
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Figure 4. IRX–βUV and IRX–M∗ diagrams at z = 3–6 utilizing ancillary data sets from Scoville et al. (2016); Capak et al. (2015); Barišić et al. (2017).
Individual detections and 3σ upper limits are shown at z ∼ 3–4 (blue circles and magenta arrows; this work), z ∼ 4–5 (green diamonds; Scoville et al. 2016)
and z ∼ 5–6 (red squares, from Capak et al. 2015; Barišić et al. 2017). Left panel: IRX–βUV diagram combining data at z ∼ 3–6. Lines show the IRX–βUV
relation of local starburst galaxies (solid; Meurer et al. 1999), and an SMC like extinction curve (dotted). For z ∼ 5–6 samples, we plot all data points including
the measurements of individual clumps (empty red squares) as well as integrated values (filled red squares; see Barišić et al. 2017). Right panel: IRX–M∗
diagram of the same samples. Lines show stacking analyses of LBGs at z ∼ 3 (dotted line; Álvarez-Márquez et al. 2016), UV selected galaxies at z ∼ 3 (dashed
line; Heinis et al. 2014), z ∼ 2–3 galaxies in the HUDF (dot–dashed line; Bouwens et al. 2016), and best-fitting results to our data at z ∼ 3.2 (solid line). These
figures suggest the existence of a significant redshift evolution of the IRX–βUV relation between z ∼ 3 and z ∼ 6 even when the IRX–M∗ correlation is taken
into account.

To investigate this evolution further, we compare our z ∼ 3.2
galaxies with the z ∼ 4–5 sample from Scoville et al. (2016) and
with the z ∼ 5.5 galaxies from Capak et al. (2015); Barišić et al.
(2017) in Fig. 4. While the z > 4 sample is currently very small, we
see tentative evidence for an evolutionary trend at z > 3. Between
z ∼ 3–6, the median IRX gradually drops by !1 dex, and a large
fraction of the z ≥ 4 sample lies close to or even below the SMC
like extinction curve.

This evolution to lower IRX values at a given βUV is very intrigu-
ing, and could potentially hint at an evolution of the dust properties
within the first 2 Gyr of cosmic history. This is expected theoreti-
cally due to the younger stellar population ages of galaxies in the
early Universe for which the AGB star population has not yet had
enough time to produce a significant amount of dust. At very high
redshift, the main dust production mechanism is thus thought to be
supernovae explosions, which can be expected to lead to a different
dust composition and attenuation curve than at later times (Todini &
Ferrara 2001; Gallerani et al. 2010). Alternative solutions as to why
higher redshift galaxies show lower dust emission could involve a
higher fraction of gas to be locked up in a cold, molecular compo-
nent compared to lower redshift (Ferrara et al. 2016). Furthermore,
it will be important to understand the relative morphological distri-
butions and the mixing of the stars and the dust in multicomponent
high redshift (e.g. Casey et al. 2014; Koprowski et al. 2016).

However, before making strong claims about a possible redshift
evolution of the IRX–βUV relation, we have to control for the dif-
ferences in stellar masses of the different samples. The IRX–M∗
relation shows that lower mass galaxies have lower IRX, and thus
this can lead to the apparent IRX deficit in the IRX–βUV relation
with the assumption that M∗ and βUV are independent.

The IRX–M∗ relation of the three high-redshift samples is shown
in the right-hand panel of Fig. 4. As is evident from the plot, there is
indeed a difference in mass among the different samples. However,
even if we take the slope into account, the higher redshift samples
show a larger average offset from the z ∼ 3 IRX-M∗ that was found
in the stacking analysis of Heinis et al. (2014). The median offsets
from our best-fitting IRX–M∗ relation are ∼ 0.31 and ∼ 1.2 dex for
the samples at z ∼ 4.3 and z ∼ 5.5 (including 3σ upper limits),
respectively. This gradual IRX deficit indicates that there also exists
an evolution in the IRX–M∗ relation, and that the infrared luminosity
deficit in the IRX–βUV relation cannot be explained by differences
in mass alone.

Note that this rapid redshift evolution is in general agreement with
the best-fitting IRX–M∗ relation presented in Bouwens et al. (2016),
where the authors studied star-forming galaxies with log(M∗) < 9.5
at z ∼ 4–10, and found lower IRX values by ∼ 0.5 dex at fixed M∗
compared to a consensus relation estimated from previous analyses
at z ∼ 2–3 (Reddy et al. 2010; Whitaker et al. 2014; Álvarez-
Márquez et al. 2016). However, this was based on the assumption
of Td = 35 K. When assuming that the dust temperature increases
with redshift, their results are in better agreement with the previous
relations (Fig. 4).

It is thus clear that it is critical to constrain the dust temperatures
at z > 4. Changes in Td can have a significant impact on the LIR

and IRX values estimated from single-band observations, and could
affect all samples included in Fig. 4. An evolution in the Td as a func-
tion of redshift has been observed by many studies using stacking
analyses (e.g. Magdis et al. 2012; Magnelli et al. 2014; Béthermin
et al. 2015; Ivison et al. 2016), typically finding an evolution follow-
ing Td ∝ (1 + z)0.32. Assuming Td = 40 K at z = 3.2, this evolution

MNRAS 472, 483–490 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/472/1/483/4060718/The-dust-attenuation-of-star-forming-galaxies-at-z
by Pontificia Universidad Catolica de Chile user
on 25 September 2017
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INTRODUCTION 
FRONTIER FIELDS (FF)

• SIX CLUSTERS

• GRAVITATIONAL 
LENSES

• HST 
OBSERVATIONS 
(630h - 560 
orbits)
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INTRODUCTION 
ALMA FRONTIER FIELDS (FF)

• MOSAIC DATA

• 4.6 arcmin2

• BAND 6 (1.1mm)

• RMS < 70 µJy

• (see J. González 
talk)

A&A proofs: manuscript no. aanda

Fig. 2. 1.1 mm continuum map for the MACSJ0416 made with natural weighting. The rms of the image is 59 µJy beam�1 and has not been
corrected by the primary beam sensitivity. The color scale and black curve are the same as in Figure 1. Squares show the position of the sources
with S/N �= 5 and circles show the position of sources with 4  S/N < 5. In the bottom left corner we show the synthesized beam of 100.52⇥000.85
and position angle of �85�.13.

least sensitive and all from the same day, and not detected as
strongly in the last three, most sensitive observations taken 2–60
days later. This implies that the source is possibly variable and
decreasing on .60 day timescales. For instance, among the
six individual observation blocks, we measure pixel values of
0.65, 0.74, 0.77, 0.33, 0.31, and 0.091 mJy at the position of the
source, with rms values of 0.25, 0.25, 0.28, 0.22, 0.14 and 0.12
mJy, respectively. These values have not been PB-corrected.

Figure 5 shows the histogram of S/N values measured in all
pixels with PB � 0.5 for each cluster. The noise distribution of
our images is well-matched to a Gaussian distribution in the low
S/N regime, while an excess of positive signal is seen clearly
beyond S/N & 4–5, indicative of real signal from extragalactic
sources. Weak hints of deviations from the Gaussian distribution
in the measured pixel S/N are observed in the image of A2744
around �5�, suggesting there might be some small, additional
systematic errors that have not been accounted for; such devia-

tions appear to increase when we include regions with PB < 0.5,
although in general these are few compared to the large positive
excess seen in this field. Further investigations into the cause of
these small deviations were unfruitful, and thus we only cau-
tion that there may be unaccounted for systematic errors at the
5–10% level.

3.3. Low-significance reliable continuum detections

A significant fraction of the sources detected with S/N=4–5 are
likely to be real, although it is impossible to know which ones
based on the 1.1 mm data alone. Adding further information,
such as the probability to have a relatively rare multi-wavelength
counterpart, can boost their significance. Most of the S/N>5
sources have detectable NIR counterparts in the deep HST and
Spitzer data, and many of the S/N=4–5 sources appear to be as-
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INTRODUCTION 
LYMAN-BREAK GALAXIES (LBG)

• LYMAN-BREAK 
TECHNIQUE

• REST-FRAME UV

• DROP-OUTS

Mark Dickinson: Color–Selected High Redshift Galaxies 3

U B V I

2000 4000 6000 8000 10000

0

0.5

1

1.5

Figure 1. Illustration of the Lyman break technique as applied to the Hubble Deep Field. The
upper panel shows a model spectrum of a star forming galaxy observed at z = 3. Its flat UV
continuum is truncated by the 912Å Lyman limit, which is redshifted between the U300 and B450

filters (WFPC2 bandpasses shown below spectrum). In addition to photospheric absorption
in the UV–emitting stars, the effects of intergalactic neutral hydrogen further suppress the
continuum in the U300 and B450 bands. At bottom, an HDF galaxy is shown in the four
WFPC2 bandpasses. Clearly visible at I814, V606 and B450, it vanishes in the U300 image. This
galaxy has been spectroscopically confirmed to have z = 2.8.

of advantages. The HDF can be used to detect Lyman break galaxies at fainter ap-
parent magnitudes than has been achieved in ground–based data, and the precision of
the B450, V606 and I814 photometry ensures small random errors on color measurements.
Moreover, the depth and resolution of the WFPC2 imaging permits detailed morpho-
logical study of these objects. The primary disadvantage of the HDF is its small field

M
ar

k 
D

ic
ki

ns
on

, 1
99

8

RODRIGO CARVAJAL - PUC CHILE                                     DISTANT GALAXIES FROM THE FAR SOUTH - BARILOCHE, 2017



DATA
• HST DATA: 13 BANDS + SEXTRACTOR

• CANDIDATES FROM LYMAN-BREAK 
DROPOUT TECHNIQUE

• UV-SELECTION (e.g. Bouwens+2015)
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Table 1: Filtering criteria for LBG candidates

Property Criterion

Magnification µ > 1.0
Stellar Mass log (Mintrinsic

F /M�) > 0.0
UV slope � > �5.5
ALMA pb correction pbALMA > 0.5

• APPLIED FILTERS:



DATA
LOW DETECTION LEVELS - UPPER LIMITS
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DATA  
FINAL SAMPLE CONSTRUCTION

1638 Candidates
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METHOD
STACKING

• DATA BINNING

• STELLAR MASS

• UV SLOPE

8.0  log (MF/M�) < 8.5
8.5  log (MF/M�) < 9.0
9.0  log (MF/M�) < 9.5
9.5  log (MF/M�) < 10.0

log (MF/M�) � 10.0

�4.0 � < �3.0

�3.0 � < �2.0

�2.0 � < �1.0

�1.0 � < 0.0

0.0 � < 1.5
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METHOD  
ALMA  UV - STACKING

• VISIBILITY PLANE 
(ALMA 
VISIBILITIES)

• STACKER CODE 
(Lindroos+2015)

• IMPROVES 
STACKED SIGNAL 
BY ~20% (SNR)

Stacking of large interferometric data sets 3511

Figure 8. All uv-stacked visibilities of all simulations for data set type
7, binned by

√
u2 + v2. For each bin, the flux density is calculated as

the average of real part of the visibilities. The error bars are calculated
as the standard deviation for each simulation divided by the square root
of the number of simulations. The red curve shows the average fitted size
and flux densities, using visibilities of baseline length longer than 5000 m
(dashed line).

for data set 5. As such we exclude all baselines shorter than 5000 m
when estimating flux.

For all data sets of this type we find an average flux density of
3.0±0.4 µJy and an average size of 1.50 ± 0.2 arcsec. Where the
noise is estimated as the standard deviation of our fitted parameters
over 100 simulations. With image-stacking we find an average flux
density of 3.0±0.5 µJy and an average size of 1.55 ± 0.4 arcsec. In
particular, it can be seen that the size is significantly less accurate
for image-stacking compared to uv-stacking, with a noise more than
double. This appears to be more an effect on the shape on the source
than the total flux density, as the total flux density is only 30 per cent
more noisy in image-stacking. A comparison of the distribution of
uv- and image-stacking size estimates can be seen in Fig. 9.

A typical stacked stamp is shown in Fig. 10. The stamps can
be seen to contain large-scale variations resulting from residuals of
nearby bright sources. These variations are especially apparent in
the image-stacked stamp. For a source size of 1.5 arcsec convolved
with the beam size in data set type 7, the central mask blanks out
the source down to a brightness of 40 per cent of peak, however, for
the image-stacked source, the brightness exceeds 40 per cent of the
peak outside the mask.

In the third row of Fig. 10 the short baselines are removed. For uv-
stacking this is implemented by ignoring baselines shorter than 5 km
when imaging. For image-stacking this is implemented by a fast
Fourier transform (FFT) filter, where the stamp is transformed with
FFT, the central pixels in the Fourier image are set to 0, and Fourier
image is transformed back with the inverse FFT. Removing the short
baselines results in a flatter noise distribution across stamps. This is
more effective for uv-stacked data, while the large-scale variations
in the stamp are more severe for the filtered image-stacked stamp.
This is discussed further in Section 5.4.

Figure 9. Distribution of fitted sizes for uv- and image-stacking for all
realizations of data set type 7. Image-stacking estimates show a significantly
broader distribution (standard deviation of 0.21 arcsec versus 0.43 arcsec).

Figure 10. A typical stacked stamp from one simulation of data set type 7.
Row 1: stacked source. Contours plotted at 0.9 and 1.5 µJy. Row 2: stacked
stamp with central pixels masked out. Row 3: stacked stamp with central
pixels masked out, and with all data at baselines shorter than 5 km masked.
For image-stacking the short baselines are masked by using FFT and setting
central pixels to 0. The central mask is in all cases have a major axis of
5.89 arcsec and a minor axis of 2.94 arcsec. In none of the stamps is the
bright source deconvolved.

MNRAS 446, 3502–3515 (2015)
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METHOD  
STACKING WEIGHTING

• WEIGHTED 
AVERAGE /  
MEDIAN: 

WK =
1

�2
k

WK =
1

�2
k

F 2
UV

WK =
1

�2
k

µ2

RODRIGO CARVAJAL - PUC CHILE                                     DISTANT GALAXIES FROM THE FAR SOUTH - BARILOCHE, 2017



RESULTS  
INDIVIDUAL PROPERTIES

• UV-SLOPE (  ): MAXIMUM LIKELIHOOD FIT FOR UV-
BANDS

• MAGNIFICATION (   ): FF LENSING MODELS (CATS 
TEAM (Kneib, Natarajan, CO-PIs))

• STELLAR MASS: FAST (Kriek+2009) + 

• UV + IR LUMINOSITIES: MAGPHYS (Da Cunha+2008) + 
CORRECTIONS

• (SPECIFIC) STAR FORMATION RATES: FAST 
(Kriek+2009)

�
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RESULTS  
INDIVIDUAL PROPERTIES
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RESULTS  
STACKING - MACSJ0416.1-2403
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RESULTS  
STACKING - MACSJ0416.1-2403
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RESULTS  
IRX

Carvajal+18 with data from: Inoue+2016, Schaerer+2015, Laporte+2017
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CONCLUDING REMARKS

• (ALMA) FRONTIER FIELDS ARE EXCELLENT 
SOURCE OF LBGs UP TO Z ~ 6 - 8

• OUR MM OBSERVATIONS (ALMA) CAN 
CONSTRAIN IR LUMINOSITIES

• (UV) STACKING IMPROVES DATA QUALITY

• STACKED IRX UPPER-LIMITS NOT IN TENSION 
WITH EXPECTED VALUES
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UV MAGNITUDES
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UV MAGNITUDES
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