
Dust properties of galaxies at redshift z∼5-6
Ivana Barisic1,

Supervisor: Dr. Peter L. Capak2, and
Co-supervisor: Dr. Andreas Faisst2

1Physics Department, University of Zagreb, Zagreb, Croatia
2Infrared Processing and Analysis Center, California Institute of Technology, Pasadena, CA, USA

January 25, 2016

Abstract

Evolution of galaxies and their formation is still a project of study. Studying dust properties of
galaxies at high redshift helps us to better understand properties of galaxies in general; what is their
star formation rate, stellar population, metal content, etc. at earliest cosmic times. Therefore, it
provides us with an insight into the evolution and formation of galaxies. In this project I am using
new high resolution data measured by the Hubble Space Telescope Wide Field Camera 3 to study
dust properties of Lyman-break galaxies observed in the COSMOS field, at a redshift between
z∼5-6. My analysis shows bluer UV slope β values compared to the previous work (Capak et al.
2015). In this seminar I discuss the discrepancies with previous work, and methods used in data
analysis.

1 Introduction

Lyman-break galaxies are normal galaxies ob-
served at very high redshifts, characterized by, on
average, higher star-formation rate compared to
local galaxies. They are called Lyman-break since
there is a discountinuity at the rest-frame wave-
length of a galaxy at 912Å in their spectral energy
distribution (SED). This wavelength is then called
Lyman limit. They are important in investigating
the formation and evolution of galaxies in the early
universe, since unveiling their properties, such as
stellar age, metal abundance, star formation rate,
etc. helps us learn about properties of galaxies at
early cosmic times 1. The star-forming region of
a Lyman-break galaxy is surrounded with neutral
hydrogen gas. Photons of wavelengths longer than
the Lyman limit emitted from the star-forming re-
gion are not energetic enough to ionize the neutral
gas so they pass through the gas and observer can
detect these emission lines. However, photons of
wavelengths of 912Å and below the limit are ener-
getic enough to ionize the neutral gas and galaxy

appears very dim at those wavelengths, since rare
photons at 912 Å wavelength and below can pass
through the region of neutral gas without ionizing
it. These galaxies are very far away, so due to the
expansion of the universe wavelengths that pass
through the neutral gas region will be shifted to-
wards longer wavelengths, i.e. will be redshifted.
The longer the distance between the source and
the observer, the bigger the shift to longer wave-
lengths. Figure 1 shows a model SED fit for a
galaxy at redshift z = 5.8. On the x-axis is the rest
frame wavelength and on the y-axis is the normal-
ized flux. In the case galaxy contains no dust, its
SED is represented by a solid black curve. How-
ever, if galaxy is dust-rich, the ultraviolet emission
from the star-forming region will heat up the dust
and this radiation will be reemitted in the infrared
part of the electromagnetic spectrum. The SED
of a dust-rich galaxy is represented with a dashed
black curve. The steepness of the slope of the line
is an indicator of the amount of dust in the line
of sight of an observer. A flatter slope indicates
more dust-rich system. Therefore, blue line with

1http://pendientedemigracion.ucm.es/info/Astrof/users/jgm/GiavaliscoARAA.pdf
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Figure 1: The model Spectral Energy Distribution (SED) fit for a galaxy at a redshift 5.8. Solid curve
represents the SED of a galaxy with no dust content. The SED of a dust-rich galaxy is represented
with a dashed curve. The slope of fitted lines (blue and red) indicate the amount of dust along the
line-of-sight of an observer. The steeper the slope is, less dust obscured system is in the line-of-sight
of an observer.

a steepness of the slope ∼-2 represents a dust-
poor system, while red line of a slope steepness
∼0 represents a dust-rich system. The steepness
of the slope is usually called ultraviolet (UV) slope
β which I will refer to at a later point.

2 Data

The sample consists of 9 Lyman-break galaxies
and a quasar at redshifts z∼5-6 observed in the
Cosmological Evolution Survey (COSMOS) field.
The COSMOS is a 2 square degree survey for
studying properties of galaxies as a function of red-
shift 2. The measurements were done by the Hub-
ble Space Telescope Wide Field Camera 3 (HST
WFC-3), and are very deep and high resolution
(up to z'7 - 9; 1 pixel in the image corresponds
to 0.13”). The measurements were taken in three
different filters at 1µm (Y band), 1.25µm (J band),
and 1.65µm (H band). These wavelengths corre-
spond to the near infrared (NIR) part of the elec-
tromagnetic spectrum. Taking into account the
redshift of the objects in the sample, we are prob-
ing the UV emission in the rest-frame of objects
in the sample. This dataset enables me to accu-
rately compute the UV slope β for each object

in the sample, which is an indicator of dust con-
tent. Galaxies in the sample with associated red-
shifts are shown in Figure 2. I also used the HST
WFC-3 data to obtain UV luminosities of objects
in the sample. The measurement in the rest-frame
far infrared (FIR) was done using early (20 an-
tenna; resolution 0.6”/pixel) version of the Ata-
cama Large Millimeter Array (ALMA), and this
data point is used to estimate IR luminosities (for
more details refer to Capak et al. 2015). The sen-
sitive and high resolution (final 66 antenna ver-
sion will be up to 50 milliarcsec/pixel 3) ALMA
measurements are of great importance for inves-
tigating the dust properties of galaxies, due to
its abillity to probe the rest-frame IR emission of
high redshift galaxies 4. Both of these instruments
are worlds top instruments for probing galaxies at
high redshift, therefore making us able to accu-
rately investigate the formation and evolution of
galaxies.

3 Method

To extract the photometry of the sources I used
the software Source Extractor (Bertin & Arnouts
1996). Sources of interest in images are very faint

2http://cosmos.astro.caltech.edu/
3http://www.almaobservatory.org/en/about-alma/how-does-alma-work/technology/interferometry
4http://www.almaobservatory.org/en/about-alma
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Figure 2: Images of the sources from the sample taken by the Hubble Space Telescope Wide Field
Camera 3. Selected regions are 2.05” in radius.

(order of magnitude ∼10−19[erg/s/cm2/Å]), so it
is important to set a threshold to cut-off the back-
ground noise, while conserving the source. The
chosen threshold is 2σ. When extracting the pho-
tometry one needs to choose the aperture sizes
for sources in images. The Source Extractor offers
ISO, AUTO and manual apertures which sizes are
arbitrary. The ISO aperture is isophotal, mean-
ing it is set by following the pixels of the con-
stant brightness in the image. The AUTO aper-
ture is ellipticaly shaped and is flexible so it fits the
size of an object. Manual apertures were picked
by optically examining the images in the program
SAOImage DS9 in a way that a chosen aperture
size includes the galaxy, and is not being contam-
inated by the surrounding sources. The chosen
apertures have radii of 1.54”, 1.80”, 2.05”. Man-
ual aperture sizes are the same in all images for
all sources. After running the Source Extractor
one obtains a catalog with the photometric data
of all of the sources for each filter. The sources
are then cross-matched in each band to obtain fi-
nal fluxes in the near-IR, after which UV slopes β
are measured in a way:

fλ = λβrest (1)

The logarithm of the relation above gives

logfλ = β · logλrest + const. (2)

where fλ represents the flux density in [erg/s/cm2

/ Å], and λrest represents the rest-frame wave-
length of the observed galaxy in [Å]. The depen-
dence of logarithm of the flux versus the rest-frame
wavelength λ is shown in Figure 3. The vertical
line represents the UV 1600Å line.

3.1 Monte Carlo iterations for flux
density uncertainity

Running Monte Carlo iterations enabled me to de-
termine the uncertainities in the UV slopes β. The
number of iterations was set to 1000. Known flux
density values in each band were used as mean
values for randomly generating output flux densi-
ties from of a Gaussian distribution. Varied out-
put fluxes from different bands were then used to
compute UV slope β. The mean value of newly
generated UV slope β values agreed with the input
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Figure 3: Logarithm of the flux density vs rest-frame wavelength λrest. There are 9 galaxies and a
quasar, however HST WFC-3 data shows a possible companion for one of the sources, so Figure 3 con-
tains 11 panels. Fitted slope in each of the panels represents the UV slope β which is an indicator of
dust obscuration in galaxies in the line of sight of an observer. Vertical line represents the 1600Å line.

UV slope β value. The error bars on flux densities
were found as 1σ of the Gaussian distribution of
random output flux densities.

3.2 Monte Carlo simulations to find
systematic effects

To study the systematic effects I was running
Monte Carlo simulations. I created mock galax-
ies and insterted them to original images. Mock
galaxies are parametrized by the 2D Gaussian and
then added to the original images taken by the
HST WFC-3. I randomly generated 10 flux densi-
ties in a range [10−20, 10−18][erg/s/cm2/Å], 10000
UV slope β values in a range [-5,2], and 100 co-
ordinates. The Source Extractor generates the
segmentation map of the original image in which
empty pixels represent areas with no detections.
After stacking original segmentation maps of a
single source in all three bands into one segmen-
tation map, mock galaxies were inserted in areas

of original images that correspond to empty pix-
els in the stacked segmentation map. I ran the
Source Extractor to extract the photometry and
obtain photometric catalogs of the newly gener-
ated image. Next step was cross-matching the
known randomly generated coordinates with the
coordinates from catalogs to get the photometry
of mock galaxies. Therefore, in the case of very
faint flux densities (∼10−20[erg/s/cm2/Å]) it can
occur that mock galaxy is detected by the Source
Extractor only in one or two bands, rarely in all
three bands. It is not possible to compute the UV
slope β if the flux was detected only in one band.
If the flux is detected in two bands the UV slope β
can be computed, however, β values obtained this
way are less precise.
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Figure 4: The ratio of infrared to ultraviolet luminosity (LIR/LUV ) as a function of the UV slope β.
Blue filled circles represent detections by the HST WFC-3 and the ALMA, while blue empty circles
are upper limits detected only by the HST WFC-3. Green solid curve represents the local metal rich
and dust obscured starburst galaxies. Green dashed curve represents the SMC curve which is a repre-
sentative of the dust and metal poor system. Gray squares represent the results of the previous work
(Capak et al. 2015)

4 Results

The UV slope β in general represents the dust
abundance of the source in the observers line-of-
sight. Figure 4 shows the dependence of the log-
arithm of the luminosity ratio (LIR/LUV ) versus
UV slope β. The luminosity ratio represents the
total amount of dust in the galaxy. The higher
the ratio of infrared to ultraviolet luminosity, the
higher the dust obscuration in the galaxy. IR
luminosities LIR were estimated by the ALMA
(Capak et al. 2015), while UV luminosities LUV
are obtained by the HST WFC-3 measurements.
Both, blue filled and empty circles represent the
detections of this work. Blue filled circles repre-

sent the detections by the HST WFC-3 and the
ALMA, while blue empty circles represent the up-
per limits. Green solid curve represents the local
starburst galaxies, which are metal-rich and dust-
rich systems (Meurer et al. 1999). Green dashed
curve represents the curve of the Small Magellanic
Cloud (SMC, Rodrigues et al. 1997) like system,
which is the system low in dust content, metal
poor and young. Grey squares show results of the
previous work by Capak et al. 2015. It is evi-
dent that the UV luminosity values observed by
the HST WFC-3 are lower, resulting in the higher
ratio of IR to UV luminosity. There is a significant
discrepancy between UV slope β values obtained
from the HST WFC-3 data (〈β〉 ∼ -1.5) and pre-
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vious work (〈β〉 ∼ -1.0, Capak et al. 2015) which
used the ground based telescope data to estimate
UV slope β values. I obtained bluer UV slope β
values, which means that galaxies in the sample
are less dust-rich from what previous work shows.
This result is closer in agreement with other works
that analyzed space based data, where they find
that galaxies at redshift z=6-7 have the mean UV
slope 〈β〉 ≤ -2.5 (Bouwens et al. 2012) From the
Figure 4 it is evident that detections might fall
into two distinct populations. The continuum de-
tections (blue filled circles) agree with the Meurer
et al. 1999 curve, meaning that properties of these
galaxies agree with the local dust-rich and high
metalicity starburst galaxies. The upper limit de-
tections (blue empty circles) agree with the SMC
like curve which represents local dust-poor and
metal poor young systems. Taking into account
that those are only upper limits detections, fur-

ther observations are required. Even though HST
WFC-3 data are much deeper and more accurate,
further investigation is required in order to find
out about systematic effects in measurements. We
expect lower systematic biases in measurements
compared to previous work, due to the high signal-
to-noise ratio od the HST WFC-3 measurements.

After running Monte Carlo simulations (de-
scribed in 3.2) I compared the output UV slope
β values to the input ones and plotted their differ-
ence as a function of the logarithm of the input flux
density at 1600Å , which is shown in Figure 5. The
expected value of the difference between input and
retrieved UV slope β values is ideally 0. In Fig-
ure 5 detections from simulations are represented
by light blue circles, while median values are repre-
sented by yellow circles. Error bars on the y-axis
are computed as the 68 percentile of the (βout-
βin) distribution for a certain flux density value.
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Figure 5: The difference between retrieved UV slope value from simulations and the input UV slope
(βout-βin) as a function of the logarithm of the input flux density at 1600Å
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Error bars on the x-axis are found as the 68 per-
centile of the (log10(f1600,output)-log10(f1600,input))
distribution. We can see from the y-axis error
bars that the offset from the expected value is
less than 10%, except in the faintest flux case,
log(flux1600,input)=-20 where the detections have
a large scatter. The reason for such large scatter
is in computing β values from only two flux den-
sity detections, which is less precise, then in the
case when all three flux density values are avail-
able. We can say that sources with such flux den-
sity values are too faint and hardly distinguish-
able from the background noise. Overall, differ-
ences between retrieved and input β values are
consistent with the expected value, meaning that
the computed β values for galaxies in the origi-
nal image are not much altered by the software
extracting the photometry. The plot of difference
between input and output β value as a function of
the output AB magnitudes at 1600Å is shown in
Figure 6, where on the top of each panel is the in-
put AB magnitude at 1600Å. Each panel shows the
scatter of recovered magnitude values compared to
the input magnitude value. The x-axis has been
divided into 5 intervals in a way that each inter-
val has the equal number of points. Then median
values (yellow circles) were found in each interval,
and error bars on the y and x-axis are found re-
spectively as the 68 percentile of the distribution
of difference in β and difference in AB magnitudes.
It is evident that if the Source Extractor extracts
higher flux density values at 1600Å(corresponds
to higher magnitudes), the recovered β is more
negative than the input one, resulting in negative
difference between output and input UV slope β
values, which is the behaviour we see in each panel.
Furthermore, detections at higher output AB mag-

nitudes in each panel are inconsistent with the ex-
pected value (zero). However, further tests are
required and this is still an ongoing process.

5 Summary and Conclusions

In this work I used the high signal-to-noise and
high resolution HST WFC-3 data to investigate
dust properties of galaxies at redshift between
z∼5-6. From the HST WFC-3 data I computed
the UV slope β values and determined the UV
luminosities of sources from the sample. For IR
luminosities I used the estimated values obtained
by the ALMA measurements from Capak et al.
2015. The results I obtained, shown in Figure 4,
possibly indicate that sample consists of two dif-
ferent populations. One of which are detections
by both HST WFC-3 and the ALMA and which
agree with the Meurer et al. 1999 like curve, being
a representative of a local starburst metal rich and
dust-rich systems, and upper limits which coincide
with the SMC like curve, a representative of a lo-
cal dust-poor and metal poor system. This further
suggests that some of the systems in the sample
are young, in the process of formation, while oth-
ers have already formed and are therefore chemi-
cally enriched. However, this is going to be under
a further investigation to find out more about the
sources from the sample. Simulations (see Fig-
ure 5) show there are no systematic effects in re-
covered β values and that the difference in β are
consistent with the expected value. This further
indicates that software used to extract photometry
does not significantly affect measurements. How-
ever, further tests on systematic effects are being
conducted.
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Figure 6: The difference between retrieved and input UV slope (βout-βin) as a function of output AB
magnitude. Panels represent each of the input magnitude values at 1600Å.
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