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Introduction

One of the most complex and less clarified arguments of the modern cos-
mology is the formation and evolution of galaxies, which trace the large
scale structures of the Universe and can be used to evaluate its evolutive
properties. To interpret the origin and the development of these systems
during the cosmic time in a consistent way it is necessary a simultaneous
study of all their components (stars, gas, dust and dark matter), pos-
sible only through an analysis of data in a broad range of wavelength.
The multi-wavelength imaging surveys and the spectroscopical measure-
ments have recently supplied a huge library of data on wide samples of
galaxies from the local to the high redshift Universe. These data will
allow to study the emission properties of several galaxy populations and
to empirically reconstruct the global history of star formation and heavy
elements production of the Universe.

The study of star formation processes that take place in a galaxy and
their evolution with cosmic time is a key element to understand galaxy
formation. Omne of the most important quantities in the characteriza-
tion of a galaxy is the rate at which it converts gas into stars, the Star
Formation Rate (SFR). The star formation rate can be quantified with
several methods, depending on the observed wavelength (spectroscopic
or photometric) of the available data for a given sample, therefore it is
fundamental to determine the correlation between various SFR estima-
tors to compare different measurements.

The presence of dust has a great impact on the interpretation of multi-
wavelength data, expecially at high redshift. Dust grains, in fact, absorb
the flux emitted by stars at ultraviolet and optical wavelengths and re-
emit it at larger wavelength, in the infrared bands. Star forming regions
are dusty environments and the youngest stars, that trace the episodes
of recent stellar formation, have the peak of the emission in the UV-
optical parts of the spectrum hence their energy output results strongly
attenuated by dust. Quantifying with accuracy the impact of dust on
the integrated emission of a galaxy is extremely important to precisely
evaluate the star formation rate. Many dust extinction corrections have
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been elaborated across the years, both from theoretical models and from
empirical calibrations.

The main purpose of this work is to evaluate the SFR from different star
formation indicators and to determine the best correction for dust extinc-
tion on a sample of star forming galaxies at high redshift (z € [0.7—1.5]).
The sample is composed by 87 sources detected at far-infrared wave-
lengths by the Herschel Space Telescope (from the PEP survey) with
a strong Ha emission in the GOODS-Southern field. The sources have
near infrared spectra, acquired through the slitless survey 3D-HST, from
which we can compute Ha flux measurements and a spectroscopic esti-
mate of redshift. The HST data are compared with ancillary photometric
data in order to build up the Spectral Energy Distribution (SED) for all
the objects in the sample.

We compute for the sample a measure of the SFR from the infrared+ultra-
violet luminosity and from the Ha luminosity. We apply several dust
extinction correction to the Ha luminosities, following the approach of
various authors. We determine the best extinction factor for our sample
by comparing the SFR indicators considered in this Thesis.

In the 1% chapter we describe the principal methods to estimate the Star
Formation Rate. The 2" chapter contains the description of PEP and
3D-HST surveys. In the 3"¢ chapter we describe the sample selection.
The 4 chapter describes the spectral analysis: we report the calibration
of the 3D-HST team, the computation of Ha fluxes, the spectroscopic
redshifts estimate and the evaluation of the aperture corrections from
two different methods. The 5% chapter illustrates the procedure of SED
fitting. The 6 chapter describes the methods used to correct the Ha
fluxes for dust extinction. In the 7" chapter we show the measurements
of Star Formation Rates and the comparison between SFR indicators.
Finally, the 8" chapter presents the conclusions.



Chapter 1

The Star Formation Rate

An essential measurement to infer the evolutionary state of a galaxy is
the rate at which this converts its gaseous mass in stars, that is the Star
Formation Rate (SFR).

There are several ways to quantify the star formation rate. The most
diffuse methods come from measurements in the UltraViolet (UV') part
of the spectrum, from fluxes of nebular recombination lines (e.g. Ha) or
from the far-InfraRed (far-IR) emission. UV wavelengths trace recent
star formation processes because the luminosity in these bands is related
to the youngest stars. However, star formation takes place in dusty envi-
ronments so Ly is strongly absorbed and it is not a valid tracer of SFR,
in absence of correction for dust extinction. The absorbed radiation is
thermally emitted in the infrared part of the spectrum, so the galaxy
luminosity at these wavelengths represents a complementary SFR indi-
cators. The youngest stars ionize the surrounding medium, producing
recombination lines that allow us to constrain again the SFR of a galaxy.
Also in this case the effects of dust extinction are not negligible.

The extinction by dust is one of the principal uncertainty since it is a
dominant component of the star forming regions. Understanding the
impact of dust on spectra of star forming galaxies is fundamental to
constrain the star formation events in the Universe.

In this chapter we briefly discuss the SFR indicators adopted in this
Thesis. Most of the discussion is based on the rewiew work of Kennicutt
(1998) [20].



1.1. STAR FORMATION RATE FROM ULTRAVIOLET
CONTINUUM

1.1 Star Formation Rate from UltraViolet
continuum

The integrated spectrum of a galaxy in the wavelength range between
A € [1250 — 2500]A is dominated by the emission of young stars and the
SFR scales linearly with luminosity.

The conversion between the UV flux over a given wavelength interval
and the SFR can be derived using synthesis models. The calibration of
Madau et al. (1998) |31] with a Salpeter (1955) [41] Initial Mass Function
(IMF) and mass limits between 0.1 and 100 M, yields:

SFRyy[Mg/yr] = 1.4 x 1072 Lyy[erg/s/Hz] (1.1)

where Ly is the luminosity in the wavelength range A € [1500—2800] A.
This technique is directly tied to the photospheric emission of the young
stellar population and it can be applied to star forming galaxies over a
wide range of redshifts.

The drawbacks of the method are its sensitivity to the form of the IMF,
to the metallicity of the stellar populations and to the extinction by dust.
The obscuring effect of dust is the main uncertainty in the determination
of SFR from UV light because the effects of dust extinction are stronger
in this part of the spectrum. A reliable measurement of star formation
rates from UV light must either correct for the effects of dust absorption,
or measure the absorbed energy directly through infrared emission.

1.2 Star Formation Rate from far-InfraRed
continuum

A significant fraction of the bolometric luminosity of a galaxy is absorbed
by the interstellar dust and is re-emitted in the thermal IR at wavelengths
of roughly A € [10 — 300]pum.

The absorption cross section of the dust is strongly peaked in the ul-
traviolet and since most of the UV emission comes from star formation,
the infrared luminosity is interpreted to be a sensitive tracer of the star
formation rate of a galaxy.

The efficacy of the far-IR luminosity as a SFR tracer depends on the con-
tribution of young stars to the heating of dust and on the optical depth
of the dust in the star forming regions. The simplest physical situation is
one in which young stars dominate the radiation field throughout the UV-
visible, and the dust opacity is high everywhere, in which case the far-IR

8



CHAPTER 1. THE STAR FORMATION RATE

luminosity measures the bolometric luminosity of the starburst. In such
a limiting case the far-IR luminosity is the best SFR tracer, providing
what is essentially a calorimetric measure of the SFR. Such conditions
roughly hold in the dense circumnuclear starbursts that power many IR-
luminous galaxies.

The physical situation is more complex in the disks of normal galaxies
where the far-IR spectra contain both a “warm” component related to
the dust around young star forming regions (A ~ 60um), and a cooler
“infrared cirrus” component (A > 100um) which is associated with more
extended dust heated by the interstellar radiation field.

The SFR vs L;r conversion is derived using synthesis models. In the
optically thick limit, it is only necessary to model the bolometric lumi-
nosity of the stellar population. The major uncertainty in this case is
the adoption of an appropriate age for the stellar population. Applying
the models of Leitherer & Heckman (1995) [27] for continuous bursts
of age 10-100 Myr, and adopting the Salpeter IMF, yields the relation
(Kennicutt (1998) [|21]):

SFRrp[Mg/yr] = 1.7 x 107'°L;p[ L] (1.2)

where Ljg refers to the infrared luminosity integrated over the full mid
and far-IR spectrum (8-1000 pm). Here, it is assumed that the infrared
emission is entirely due to recent star formation but the presence of
an Active Galactic Nucleus (AGN) or an older stellar population can
also contribute to dust heating. If also the net dust opacity to young
star-forming regions in a galaxy is not large, the star formation rate
derived from the infrared luminosity will only represent a fraction of the
total. The conversion factor between L;r and SF R, will also depend on
the details of the star formation history and on metallicity. The far-IR
luminosities share also the same IMF dependence as the other direct star
formation tracers.

1.3 Star Formation Rate from recombination
lines

The nebular lines re-emit the integrated stellar luminosity of galaxies
shortward of the Lyman limit, so they provide a direct, sensitive probe
of the young massive stellar populations. Most applications of the esti-
mate of SFR from recombination lines have been based on measurements



1.3. STAR FORMATION RATE FROM RECOMBINATION LINES

of the Ha line flux, but other recombination lines including H3, Pa, PS,
Bra, and Bry have been used as well. Other lines from heavier elements
have also been used, but tend to have more complex dependence on the
InterStellar Medium (ISM) conditions such as metallicity or excitation.
The conversion factor between ionizing flux and the SFR is usually com-
puted using an evolutionary synthesis model. Only stars with masses
larger than 10 M, and lifetimes lower than 20 Myr contribute signi-
ficantly to the integrated ionizing flux, so the emission lines provide a
nearly instantaneous measure of the SFR, independent from the pre-
vious star formation history. For solar abundances and Salpeter IMF,
the calibrations of Kennicutt et al. (1994) [23] and Madau et al. (1998)
[31] yield:

SFR[My/yr] = 7.9 x 107*Ly,lerg/s] (1.3)

The Ha calibration is computed for Case B recombination at 7, = 10000
K, then for an optically thick nebula where recombinations to the ground
state generate photons that are absorbed locally (“on the spot” approxi-
mation).

The primary advantages of this method are its high sensitivity and the
direct coupling between the nebular emission and the massive SFR, since
Ha emission arises primarily from HII regions photoionized by O stars
with lifetimes shorter than 20 Myr, although the presence of AGN can
also contribute to these lines. The most important source of systematic
error in Ha-derived SFRs is the extinction. The other chief limitations
of the method are its sensitivity to the form of the IMF and the [NII]
contamination to the Ha emission, in particular for low resolution spec-
tra.

In this Thesis we obtain an estimate of the star formation rate on a
sample of star forming galaxies at redshift z € [0.7 — 1.5], from the Ha
fluxes derived from slitless spectra.

The Ha fluxes are corrected for dust extinction with different methods,
presented in the 6 chapter . We hence compute various estimates of
the SFR from the Ha line luminosities by varying the correction for dust
extinction.

We calculate an independent estimate of the SFR starting from the sum
of UV luminosity, derived from the monochromatic luminosity at 2007 A,
and total IR luminosity, derived from the SED fitting (see the 5 chapter
for details about the computation of the SEDs ). We assume that this
is our best estimate of SFR and we compare SFR;g,yy and SF Ry, by
varying the correction for dust extinction. If we assume that SFR;g. yv

10



CHAPTER 1. THE STAR FORMATION RATE

and SF Ry, are intrinsically the same quantity, the scatter in the plots
is due to the dust extinction so we can evaluate the best procedure to
correct for the extinction.

11






Chapter 2

Extragalactic multi-wavelength
surveys

2.1 The Herschel Space Observatory

Herschel E] is a pioneering mission of the scientific program of ESA and
observes the far-IR the sub-mm parts of the spectrum .

The telescope was succesfully launched on 14" May 2009 and it was
working autonomously in an elliptic orbit arount the second lagrangian
point L2 of the orbital system Sun-Hearth-Moon. Figure [2.1| shows the
Herschel Space Telescope and its orbit.

Figure 2.1: The Herschel Space Observatory and its orbit.

The instrument style is a classic Cassegrain telescope. Herschel was
equipped with a primary mirror of 3.5m of diameter, cooled by liquid

'http://herschel.esac.esa.int/
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2.1. THE HERSCHEL SPACE OBSERVATORY

helium. The scientific instrumentation is composed by three instru-
ments:

e PACS (Photodetector Array Camera and Spectrometer, Poglitsch
and Altieri (2009) [36]) can operate as a camera and as a spectro-
graph in a wavelength range \ € [55 — 210]um;

e SPIRFE (Spectral and Photometric Imaging REceiver, Griffin et al.
(2009) [16]) is complementary to the previous and observes between
194 and 672 pm;

e HIFI (Heterodyne Instrument for the Far Infrared, de Graauw et al.
(2009) [10]) is an high resolution spectrometer and covers the bands
157 — 212 pm and 240 — 625 pm, using a mix of superconductors
as detector.

The three devices allow to perform imaging and spectroscopy in a wide
spectral range. Figure shows the focal plane of Herschel and the
transmission curve of PACS.

PACS spectrometer system transmission

[ seire
B tin

transmission

L L L L L
100 120 140 150 180 200 220

Wavelength [um]

Figure 2.2: Left: Focal plane of the Herschel space telescope. From http:
//starformation-herschel.iap.fr/herschel-outreach

Right: Throughput curve of the PACS instrument. From http://herschel.esac.
esa.int/Docs/PACS/html/ch04s03.html
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CHAPTER 2. EXTRAGALACTIC MULTI-WAVELENGTH
SURVEYS

2.1.1 The Herschel PEP survey

The ESA’s Herschel space observatory (Pilbratt (2010) [35]) and its
PACS and SPIRE instruments allowed observations in the far-IR and
sub-mm. The PACS Evolutionary Probe (PEP) is a deep extra-galactic
survey of guaranteed time (P.I. D.Lutz), centered on the observations
of the PACS instrument at 70, 100 and 160 pm. The project intends
to study the cosmic evolution of dust and of the infrared luminosity
function, highlighting the relationship between environment and far-IR
emission. The other important goal is the computation of the infrared
emission and the study of energy processes which occur in the galaxy
population at high redshift (Lutz et al. (2011) [29]).

The deepest field analyzed by the PEP survey is the Great Observatories
Origins Deep Survey (GOODS); in particular the GOODS-South field
is the only one observed also at 70 um. Figure [2.3| shows the GOODS-
Southern field as observed by PACS.

R.A. 53.12654°
Dec: -27.80467°
Dimension: 17 x 11 arcmin

A 70, 100, 160 um

Figure 2.3: Herschel /PACS
picture of the GOODS-South at
wavelengths of A 70, 100 and 160

pm.

This false colors picture was
realized by mapping the 70um in
blue, the 100pm in green and the
160um in red.

Fom http://sci.esa.int/
science-e/www/object/index.
cfm?fobjectid=49192
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2.1. THE HERSCHEL SPACE OBSERVATORY

Catalog and PEP-Herschel photometry

PACS’s catalogs are extracted from the corresponding maps at 70, 100
and 160 pm, following two methods optimized for the different goals of
the PEP project. The PEP team provided a “blind" extraction (Diolaiti
et al. (2000)[11], Berta et. al (2010)[I]) and a guided extraction with
“priors", using mainly sources’ positions detected at 24 ym. The two
methods leads to similar results (Magnelli et al. (2009) [32]). The ex-
tracted fluxes are consistent to each other and allow to build up a deep
catalog.

To quantify the reliability of the extracted fluxes, the incompleteness
level and the fraction of spurious sources, Monte Carlo simulations were
realized creating 500 images and adding 20 artificial objects on each map.
The input and output fluxes are consistent. The completeness is defined
as the source fraction detected with a photometric accuracy of about
50%. Spurious sources are defined as the sources extracted above 3o
with an input flux lower than 3o.

In the GOODS-S field the 30 limit is respectively of 1.0 mJy, 1.2 mJy
and 2.4 mJy at 70,100 and 160 pm.

The sample adopted in this Thesis is selected starting from PEP sources
in the GOODS-Southern field. The photometric Herschel’s data are cor-
related with the spectroscopic observations in the 3D-HST survey with

a cross-correlation between sources positions in R.A. and Dec. The cross-
correlation was realized with the multi-wavelength catalog GOODS-MUSIC.
For details about the catalog and the procedure of sample selection we
refer to the 3" chapter.

16



CHAPTER 2. EXTRAGALACTIC MULTI-WAVELENGTH
SURVEYS

2.2 The Hubble Space Telescope

The Hubble Space Telescopd?] (HST) is a common project of space agen-
cies NASA and ESA and was launched in orbit on 24" April 1990. Figure
shows the Space Telescope and its orbit.

Figure 2.4: The Hubble Space Telescope and its orbit.

HST is a Cassegrain styled reflector, provided with a primary parabolic
mirror with a diameter of 2.4 m, and covers observations in the spectral
regions of UV, optical and near-IR.

The telescope orbits around the Hearth at an altitude of 569 km and
was projected to be reached by astronauts. During the years, HST was
equipped with a lot of instruments and provided an enormous amount of
data for all the research fields in Astronomy.

2.2.1 The 3D-HST survey

The 3D-HST| (Brammer et al. (2012)[3], Skelton et al. (2014) [45])
near-infrared survey was designed to provide spectroscopical information
for a huge number of objects in the observed fields, in order to study the
physical processes that shape galaxies in the far Universe.

This Treasury program has been allocated 248 primary+parallel orbits of
HST time over Cycles 18 and 19 to surveying ~ 600 arcmin? of well stud-
ied extragalactic survey fields with two orbits of primary WFC3/G141
grism coverage and two to four orbits with ACS/G800L coverage.
3D-HST covers roughly 75% of the area imaged by the CANDELS sur-
vey (Grogin et al. 2011[17], Koekemoer et al. 2011[24]). The observed
fields are the best-studied extragalactic survey fields and offer a wealth

’http://www.stsci.edu/hst
3http://3dHST.research.yale.edu
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2.2. THE HUBBLE SPACE TELESCOPE

of deep, multi-wavelength imaging and spectroscopic observations from
large number of previous ground-based and space-based surveys. Ta-
ble summarizes the position of each observed field, the number of
pointings and the HST’s instruments used to acquire the data.

Field R.A Dec. N pointings Regions
AEGIS 14:19:31  +52:51:00 30 WFC3 / ACS
COSMOS 10:00:29  +02:20:36 28 WFC3 / ACS
GOODS-S 03:32:31 -27:48:54 34 WFC3/ACS
HUDF09 03:32:39  -27:47:01 4 WEFC3
UKIDSS-UDS  02:17:26  -05:12:13 28 WFC3 / ACS
GOODS-N 12:36:50  +62:14:07 28 WEFC3

Table 2.1: The fields observed in the 3D-HST survey.

In the following paragraphs we present a brief summary about the in-
strumentations used by the 3D-HST survey. The primary observations
were done with the WFC3/G141 grism for the spectroscopy mode and
with the F140W filter for the imaging mode. In addition to the primary
WFC3 observations, 3D-HST obtained parallel ACS F814W imaging and
G800L grism spectroscopy.

The G141 grism

The WFC3 G141 grism is the primary spectral element used for the
survey. The combined transmission of the telescope assembly and the
primary spectral order of the G141 grism is larger than 30% in a wave-
length range from 1.1 to 1.65 um, reaching a peak of nearly 50% at a
wavelength of 1.45 pum, as shown in figure The mean dispersion of
this order is 46.5 A/px that corresponds to a resolution power of about
R ~ 130, and varies by a few percent across the field of view. The uncer-
tainties of the wavelength zero-point and dispersion of the G141 grism
are 8 A and 0.06 A /px respectively.

18



CHAPTER 2. EXTRAGALACTIC MULTI-WAVELENGTH
SURVEYS

Spectral features covered by this grism include Ha at 0.7 < z < 1.5,
[OI11] 5007 at 1.2 < z < 2.3, [Oll])3727 at 2.0 < z < 3.4 and the
Balmer /4000A break at 1.8 < z < 3.1.

0.0 05 1.0 15 2.0 2.5 3.0 3.5
. ; ; ; ; P

HB / [OII]
[o11]

Gal

Throughput

Fl40w

: . ) . h
6000 K000 10000 12000 14000 16000
AIA]

Figure 2.5: Throughput curve of WFC3-G141 (primary) e ACS/G800L (parallel)
grism and imaging filters WFC3/F140W e ACS/F814W used to define the zero-point
A for each grism.

The upper stripes show the redshift intervals where spectral lines of [OII], Hf, [OI11]
e Ha falls in the grisms’ coverage (WFC3’s in red and ACS’s in blue).

From Brammer et al. (2012) [3]

The nominal G141 dispersion corresponds to < 1000 km/s for Ha at
z > 1 but one needs to take into account that the resolution of the slit-
less grism spectra is determined by the physical extent of a given object
and by its orientation with respect to the dispersion direction.

The read noise of the WFC3/IR detector is ~ 20 e~ , while the number
of background electrons per pixel in a typical grism exposure is 1.4 ™ /s
x 1300 s = 1820 e

The effective continuum and emission line sensitivities of 3D-HST were
evaluated by HST’s team using a suite of simulations that is tied closely
to the observed F140W direct and G141 grism exposures.

They generate a 2D model spectrum based on the spatial distribution of
flux as determined in the F140W direct image, and an assumed input 1D
spectrum, normalized to the F140W flux. They assume a simple contin-
uum, flat in units of f, , combined with a single emission line at 1.3um
(i.e., Ha at z = 1). The emission line has a fixed equivalent width of
(arbitrarily) 130 A, observed-frame, and the overall normalization of the
spectrum (and thus the integrated line flux) is set to the F LU X g0 flux
measured by SExtractor on the F140W image. They add realistic noise
to the simulation considering for noise variations as a function of back-
ground level across all of the available pointings, and, most importantly,
for the true distribution of source morphologies as a function of bright-
ness within the 3D-HST survey. After computing the full grism image
models, they extract individual spectra and the emission line strengths.

19



2.2. THE HUBBLE SPACE TELESCOPE

The uncertainties on the line fluxes are determined with a Markov Chain
Monte Carlo (MCMC') fit of the line and a continuum template combi-
nation.

The average sensitivity of the survey was estimated to be fy, = 5.5 X
10~"erg/s/cm?. For the optimal case of point sources and the minimum
background, the 50 continuum and line limits are approximately 23.7
mag and 2.3 x 107 7erg/s/cm?.

Due to the low spectral resolution, Ha and [N11]xgs55016584 are not re-
solved and the Ha line measurements represent the sum of these line
species. The G141 spectral resolution tends to be just sufficient to pro-
duce an asymmetrical profile for the [O111]y495045007 doublet, which can
help in differentiating it from Ha assuming that the profile of the line-
emitting region is roughly symmetric.

The precision of the redshift measurements depends somewhat on the
strength and availability of emission lines in the grism spectra.

The F140W filter

To establish the wavelength zero-point of the spectra, the observations
with the HST grisms typically require an accompanying image. These
so-called “direct” images for the (G141 grism are obtained in the broad
F140W filter that spans the gap between the standard J and H passbands
and lies roughly in the center of the (G141 sensitivity.

These direct images can also be useful for scientific analysis, as they
reach depths competitive with even the deepest ground-based surveys
(H < 26.1, 50) with spatial resolution of < 0.13” (Brammer et al. (2012)
131)-

The 50 depth of the F140W detection images is H140 < 26.1 for point
sources within a 0.5” diameter aperture, varying by +0.3 mag due to the
field-dependent, background levels.

20



Chapter 3

Sample selection

In this chapter we describe the sample selection procedure that was rea-
lized matching an Herschel far-IR sample with the 3D-HST spectroscopic
data-set.

We select our sample in the Great Observatories Origins Deep Survey
South (GOODS-S) because in this field are available photometric obser-
vations in a broad range of wavelengths and this field has the deepest
sampling with PACS-Herschel photometry at 70, 100 and 160 pym. We
consider objects with a wide range of photometric data to address a de-
tailed analysis about the Spectral Energy Distribution of each galaxy in
the sample.

To connect HST detected sources with PACS objects, we take advantage
of the GOODS-MUSIC catalog, an high quality multi-wavelength cata-
log that collects the available photometry for the objects detected in the
GOODS-Southern field in a wide range of A, from UV to IR. The use of
this catalog is fundamental for the process of association since the Her-
schel’s beam is not directly comparable to the high resolution imaging of
HST. In particular, the inclusion of MIPS photometry at 24 um is fun-
damental for our correlation due to the intermediate angular resolution
of Spitzer with respect to Herschel and HST.

The MUSIC photometry was used also to build up our Spectral En-
ergy Distribution, with the inclusion of the IRS data at 16 um (Teplitz
(2007) [46]). We refer to the 5 chapter for the description of the SED
fitting.
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3.1. MULTI-WAVELENGTH PHOTOMETRY: THE GOODS-MUSIC
CATALOG

3.1 Multi-wavelength photometry: the GOODS-
MUSIC catalog

The GOODS-MUltiwavelength Southern Infrared Catalog (GOODS-MUSIC')
catalog (Grazian et al. (2006) [15]) contains magnitude data for the
sources detected in the GOODS Southern area in z and Ks bands and it

is entirely based on public data. Table lists the filters used to acquire
the photometric data.

FILTER A Ad EXPTIME FWHM* PIXSCALE ZpP AREA MAGLIM?
A A 5 arcsec arcsec/px AB arcmin® 90
Uss 3590 222 53654 0.90 0.23 28.520 1432 25.5
U 3680 170 75 100 1.10 0.23 28.755 14322 4.5
Uvimos 3780 197 10000 0.80 0.20 32.500 90.2 26.5
B (F435W) 4330 508 7200 0.12 0.03 25.65288 1432 275
V (Fe06W) 5940 1168 6000 0.12 0.03 26.49341 14322 275
i(FT75W) 7710 710 6000 0.12 0.03 25.64053 1432 26.5
z(F&50LP) 8860 554 12000 0.12 0.03 24.84315 14322 26.0
Jisaac 12550 1499 12 600¢ 0.45¢ 0.15 26.000 143.2 245
Hisaac 16560 1479 18 000¢ 0.45¢ 0.15 26.000 78.0 4.3
K sisanc 21630 1383 23 400¢ 0.45¢ 0.15 26.000 14322 23.8
CHlgac 35620 3797 82800 1.60 0.60 22416 1432 24.0
CH2jgac 45120 543 82800 1.70 0.60 22.195 1432 23.4
CH3pac 56 860 6846 82800 1.90 0.60 20.603 1432 22.0
CHéipac 79 360 14797 82800 2.00 0.60 21.781 1432 22.0

Figure 3.1: List of filters used to build up the photometric catalog. From Grazian
et al. (2006) [15]

The catalog was produced with a specific software, built to perform an
accurate PSF matching for space and ground-based images of different
resolutions and depths. The catalog includes 14847 objects.

The photometric catalog was cross-correlated with a master catalo@ re-
leased by the ESO-GOODS’s team, that summarizes all the informations
about spectroscopic redshifts in the GOODS area collected from several
surveys. For the sources lacking a spectroscopic measurement, a photo-
metric redshift was computed using a code that is based on a standard
x? technique on a set of synthetic templates.

The MUSIC catalog was extended (Santini et al. (2009) [42]) with the
inclusion of the mid-infrared fluxes, obtained from MIPS observations
at 24 pm. This inclusion was very useful for the association with the
Herschel’s data, due to the fact that Spitzer has an intermediate resolu-
tion between optical instruments and the Herschel Space Telescope. In
particular, the PACS catalogs selected with priors at 24 um (for more

Lwww.eso.org/science/goods/spectroscopy/CDFS_Mastercat/
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details about the catalog we remind at section 2.2) were associated with
the ancillary photometric informations with a maximum likelihood pro-
cedure, starting from 160 um and progressively cross correlating with
observations at 100 pm, 70 ym and 24 pm.

Therefore we have a catalog of PACS-MUSIC sources, selected at 100
and/or 160 pum and composed by 631 objects with fluxes higher than
192.5 mJy at 100pum and higher than 233.6 mJy at 160 pm.

3.2 Cross correlating the Herschel and HST
samples

Starting from the PACS catalog, we perform the cross correlation proce-
dure with the 3D-HST observations, using the IRAC coordinates of the
PACS sample.

We performed a cross-correlation in RA and Dec using the matching al-
gorithm "Sky" in TopCat with a matching radius of 2 arcsec. The cross-

correlation procedure leads to 378 PACS objects with a counterpart in
the 3D-HST observations.

3.2.1 Cleaning of the sample

In order to consider only objects with strong Ha emission we perform a
visual check of each spectrum to discard objects without any emission
line features or to exclude faint or saturated sources. To identify only
an Ha emission line we used as an estimate of redshift the information
contained in the MUSIC catalog and so we excluded from our sample
sources that show other emission line features as [OIII] emission line.
The reason to select only the Ha line is that this well calibrated estima-
tor of SFR traces the youngest episodes of stellar formation activity and
it is metallicity independent and less affected by extinction than other
emission lines associated to heavier elements.

To perform this visual check on the spectrum we used the IDL routine
extract_grism_ spec.pro, written by Kevin Shawinsky. For more de-
tails about the routine see the next chapter.

One of the problems connected to slitless spectra is the correct associ-
ation between the object’s position and its spectrum, due to the high
contamination in the field that often produces an overlap with different
order of spectra from other sources.
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In order to verify the right connection between each source and its spec-
trum, we did a visual check with the interactive image display tool Gra-
phical Astronomy and Image Analysis Tool (GAIA) on the pointing im-
ages.

We have firstly cross-correlated objects positions with the direct imag-
ing so we identified the location of our galaxies on the pointings. Later,
the image of the pointing with a flag for each detected objects was su-
perimposed on the grism exposure for each pointing through a contour
plot, as shown in figurg3.2.1] which contains an example for the pointing
7. The contour plot was compared with the imaging of each source in
the H-F125W HST broad band and the associated frame with the 2D
spectrum. We see in the figure the 3D-HST spectrum for the source
9452, while figure shows the H-band image for the same object.

Figure 3.2: Pointing 7 of the G141 grism image. The direct F140W image is su-
perimposed on the grism image through a contour plot to identify the sources in the
sample and check the association between each galaxy and its spectrum.

The image has a scale of 0.13arcsec/pixzel. North is down and East is right.
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Figure 3.3: Zoom of the pointing 7 (Figure [3.2.1) of the G141 grism spectra which
contains the 2D spectrum of the source 9452.

Figure 3.4: WFC3/combined image for source 9452 in the F125W filter (HST-H
broad band). The cutout was acquired from the Hubble Legacy Archive.
The frame has a scale of 0.06arcsec/pizel. North is up, East is left.

The catalog consists of 98 objects with a wide range of photometric data.
About 40% of these objects have ground-based spectroscopic redshift in
the MUSIC catalog. We refer to the next chapter for the estimate of the
redshifts from the 1D spectra.

Figure shows the evolution of the total infrared luminosity L;r as a
function of redshift. The infrared luminosity L is derived from the SED
fitting (see the 5" chapter for more details about the procedure) while the
redshifts are derived from the 3D-HST spectra (see the following chapter
for details about the computation). We can observe that the selected
sources show quite high values of L;z (ALrg ~ [4.9x 10" —2.5x 10| L,
median Lz ~ 2.7 x 10" L), as expected for an Herschel far-IR selected
sample.
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Figure 3.5: Total infrared luminosity L;r (A € [8—1000]um) as a function of redshift
for the 3D-HST sources.

Lig is derived from the SED fitting while the redshift measurements here considered
are computed from the 3D-HST near infrared spectra.
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Chapter 4

Analysis of the 1D HST slitless
spectra

In order to compute measurements of Ha fluxes, we extract the mono-
dimensional spectrum from the 2D grism spectrum collapsing it inside a
specific aperture.

We used for the extraction the IDL routine extract grism_ spec.pro
written by Kevin Schawinsky. This tool reads the frame with the image
of the 2D spectrum, applies the wavelength and flux calibrations and ex-
tract a mono-dimensional spectrum. The extraction is performed inside
a “virtual slit” that is defined by the two pixel’s rows set up in input. The
width and the position of the virtual slit are adjusted on each object in
order to magnify the S/N ratio to clearly see the Hoa emission against the
continuum. An example of the plot generated by the routine is shown in
figure 4.1

In the first section of this chapter we summarize the calibration done by
the 3D-HST team (for a detailed description of the procedure see Bram-
mer et al. 2012 [3]). The other sections contain the description of our
spectral analysis. We describe the extraction of the 1D spectra, the mea-
surements of the Ha fluxes, the computation of spectroscopic redshifts
and the estimate of the aperture corrections for the Ha fluxes.
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4.1. HST CALIBRATION

Figure 4.1: Upper panel: image of the 3D-HST bi-dimensional spectrum for source
9452, as displayed by the IDL routine extract grism_ spec.pro. The red horizon-
tal lines define the “virtual slit”. The second bright spectrum down on the right is
associated with another source.

Lower panel:1D spectrum of source 9452, obtained collapsing the 2D spectrum along
the columns inside the virtual slit. The flux is in erg/sec/em?/A, the wavelength
in A. The red solid line is the scientific spectrum, while the white dashed line is the
contamination from nearby sources. We see in the central part of the spectrum the
Ha emission.

4.1 HST calibration

The IDL routine reads and applies the calibration files prepared during
the reduction processes by the 3D-HST’s team.

The 248 3D-HST orbits are divided among 124 individual visits of two or-
bits each. Each of the 3D-HST two-orbit visits with WFC3 is structured
in an identical fashion: four pairs of a short F140W direct image (we
remind that a direct image is an image required to establish the wave-
length zero-point of the grism spectrum, as already explained in section
2.2.1.1 of the previous chapter) followed by a longer G141 grism expo-
sure. The four pairs of direct+grism exposures are separated by small
telescope offsets to enable the rejection of hot pixels and pixels affected
by cosmic-rays, as well as dithering over some WFC3 cosmetic defects
such as the “IR-blobs”.

The 3D-HST team uses as a starting point the standard calibrated data
products provided by the HST archive that have been processed by the
calwf3 reduction pipeline for the WFC3. The calibrated WFC3/IR im-
ages have 1014 x 1014 pixels, with roughly 0.128 arcsec/pizel.

Briefly, the calibration pipeline flags known bad pixels in the data qual-
ity image extensions, subtracts the bias structure, the overscan regions,
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CHAPTER 4. ANALYSIS OF THE 1D HST SLITLESS SPECTRA

dark current, and applies multiplicative corrections for the detector gain.
A more comprehensive description of the WFC3 reduction pipelines is
given by Koekemoer et al. (2011) [24].

To identify any hot pixels or cosmic rays not flagged by the instrument
calibration pipeline, it was used the MultiDrizzle software.

Small adjustments to the commanded telescope dither offsets are deter-
mined using the PyRAF routine, tweakshifts. These shifts are at most
0.1 pixels.

The WCS coordinates of the mosaic image with respect to a WCS refer-
ence image were refined by matching object catalogs extracted from each
image and fitting for shifts and rotations using the IRAF task, geomap.
The derived image rotations are typically less than 0.1 deg and the rms of
the shifts matched between the catalogs is generally ~0.1 pixel (0.006").
Once the relative and offset shifts are determined for the direct images,
the grism exposures are assigned the same shift as their preceding direct
image, assuming that there was no shift between the two exposures.
The near-IR background flux is a significant component also in low-Earth
orbit and must be subtracted from both the direct and grism exposures.
For the direct images the background is subtracted with a second-order
polynomial fit to each exposure. To correct the grism exposures for the
background it was created a “master grism” background image, starting
from the (masked) average of many grism exposures, that then is scaled
to and subtracted from each grism exposure. This is the approach fol-
lowed by the aXe software package (Kummel et al. (2009) [26]).

The aXe package was also used to extract the grism spectra with two in-
puts: a detection image mosaic and the individual background-subtracted
grism exposures generated. An object catalog is generated from the de-
tection image with the SExtractor software (Bertin & Arnouts (1996)
[2]), which also produces a segmentation map that indicates which pix-
els in the direct image are assigned to each object. For a given pixel
within a particular object’s segmentation map, the calibration of the
HST grisms determines where the dispersed light from that pixel will fall
on the grism exposures, with the pixel in the direct image defining the
wavelength zero-point for the spectrum. Thus, the grism spectrum of an
object is the sum of all of the dispersed pixels within that object’s seg-
mentation image, or rather, the spectrum is a superposition of the object
profile at different wavelengths offset by the grism dispersion. The effec-
tive spectral resolution is therefore a combination of the grism dispersion
and the object profile in the sense that the effective resolution decreases
with increasing object size in the dispersion direction.

As there is no slit defining a spatial axis, an “effective slit” running
roughly parallel to the major axis of each object is not generally par-
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4.2. Ha FLUXES AND REDSHIFT MEASUREMENTS

allel to the y pixel direction in the undistorted frame. To optimize the
wavelength resolution of the extracted spectra one need to consider the
orientation of the major axis of each object against the dispersion direc-
tion and the shape of the sources. We ignore these effect for simplicity
and we consider as dispersion solution its mean value.

Because no slit mask is used and the length of the dispersed spectra is
larger than the average separation of galaxies down to the detection limit
of the 3D-HST survey, the spectra of nearby objects can overlap. This
“contamination” of an object’s spectrum by flux from its neighbors must
be carefully accounted for in the analysis of the grism spectra. With
the aXe software it was produced a full quantitative model of the grism
exposure, starting from the information in the direct image. This is
the aXe “fluxcube” contamination model, which makes use of the spatial
information contained in the high-resolution HST images to model the
two-dimensional grism spectrum.

4.2 Hoa fluxes and redshift measurements

The routine requires in input two pixel rows which define a “virtual slit”
that is the frame region where the 1d spectrum is extracted. The size
of the virtual slit was defined on each source’s spectrum to magnify the
S/N.

The mono-dimensional spectrum is determined by adding the flux of the
source for each pixel along columns between the two bounds of the virtual
slit from the bi-dimensional spectrum in input. The routine plots and
subtracts from the scientific spectrum also the contamination spectrum
and the background as estimated by aXe.

The 1d spectrum shows border effects, the so-called “ears” that are not a
real component of the spectrum itself: these arise from the fact that the
sensitivity for extended sources is not constant along the Field of View
and the mean sensitivity function here applied is calculated on point
sources. During the subsequent analysis we simply cut this part of the
spectrum.

For each object in our sample we will provide a redshift measurement
and an integrated flux estimate from the analysis of the Ha emission in
the 1d spectrum.

Each of the 1d spectra extracted from the bi-dimensional spectrum was
analyzed with the IRAF’s task splot to obtain Ha fluxes fitting the
emission line with a Gaussian function. Splot is an interactive facility
to display and analyze spectra. It allows to interactively mark two con-
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tinuum points around the line and fit this line with a Gaussian profile
assuming the underlying continuum to be constant. The fitting uses an
iterative algorithm based on the Levenberg-Marquardt method.

In a slitless spectrum the grism produces an emission line image that
is superimposed onto a sequence of disperse monochromatic images of
continuum. The width of lines is not only caused by velocity broadening
(negligible at low resolution, as 3D-HST spectra are) and by the intrinsic
broadening of the \ dispersion: as slitless spectroscopy produces shifted
monochromatic images, the spatial extent of the dispersed emission line
image reflects the spatial distribution of the line emission both along
and perpendicular to the dispersion direction (“morphology” broadening,
Schmidt et al. (2013) [43]). Because the spatial resolution of the WFC3
detector is greater than the spectral resolution, the spectral line profiles
are so dominated by the object shapes and the grism line shapes are not
well described by Gaussian profiles but we use this kind of fitting for
convenience.

Splot computes some parameters for each line: the center position, the
continuum at the center, the core intensity, the integrated flux, the equiv-
alent width, the o of the Gaussian profile and the full width at half max-
imum. Each parameter, except the continuum, are based on the analytic
Gaussian profile. Splot provide also an error estimate for the measured
parameters. This requires a model for the pixel o: currently this is based
on a Poisson statistics model of the data. The model parameters are a
constant Gaussian o and an inverse gain: these parameters are used to
compute the pixel value o.

o? = op + invgain * I (4.1)
where [ is the pixel value. Here we use a constant noise, setting invgain
to zero and determining oy for each object from the continuum near the
emission line.

Gaussian fit error estimates are computed by MonteCarlo (MC') simula-
tion. The model is fitted to the data and this model is used to describe
the noise-free spectrum. The number of simulation with random Gaus-
sian noise can be set in input. We compute the errors with 50 iterations
of the MC simulation. The model fitting is done for each simulation
and the absolute deviation of each fitted parameter to model parameter
is recorded. The error estimate for each parameter is then the absolute
deviation containing 68.3% of the parameter estimates (1o if the distri-
bution of parameter estimates is Gaussian).

From the value of the center of the lines in output we compute the mea-
surements of redshifts. In order to confirm the precision of our estimates
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4.2. Ha FLUXES AND REDSHIFT MEASUREMENTS

we compare the 3D-HST’s redshifts with the MUSIC values. We found
that the measurements are in good agreement with the pre-existing red-
shift values.

For 11 objects in our sample with spectroscopic MUSIC redshift the mea-
surements are in disagreement: we classify these objects as peculiar and
we excluded them from the subsequent analysis so the final sample con-
sists in 87 galaxies with strong Ha emission. The causes of these outliers
include misidentification of single emission lines, poor background and /or
contamination subtraction of the G141 spectra and apparent errors of the
spectroscopic redshifts themselves.

We compute the redshift distribution for our sample and the correla-
tion with z,,ys7c values. The redshifts are distributed between 0.7 and
1.5, according to the grism+filter transmission that can detect an Ha
emission in this redshift interval. The z-distribution is reported in figure
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Figure 4.2: The redshift distribution for the 3D-HST sources in the GOODS South-
ern field. It shows two peaks, at z~0.7 and z~1. The sources are distributed in a
redshift interval z € [0.6 — 1.5], according to the features of the WFC3/G141 grism.
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The correlation between the redshift measurements is shown in fig
The correlation works pretty well also for the photometric estimates of
redshift (red dots): this behavior stresses the validity of the method of
photometric redshifts.

We consider the z3p_gger as the best estimate of redshift for our sources
and we will use these measurements for the subsequent work.
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Figure 4.3: Upper panel: the relation between 3D-HST spectroscopic redshifts
(z-axis) and MUSIC redshifts for the objects in the sample. In the inset, the dis-
tribution of the absolute scatter Az=(zs3p_mgsr-2music) is shown. The standard
deviation for this distribution is 0=0.042. Lower panel: relative scatter (zs3p_msr-
zmusic)/(1+2z3p-msT)-

The data points in red are the photometric measurements in the MUSIC catalog, the
black dots are the sources with spectroscopic redshift also in the MUSIC catalog from
ground based measurements.

33



4.3. APERTURE CORRECTIONS

4.3 Aperture corrections

The position and the width of the virtual slit used to extract the 1d spec-
trum from the bi-dimensional image are adjusted on each object in order
to magnify the S/N ratio. We need to compute aperture correction to
account for flux losses outside the slit. We applied two different methods.
We compute the aperture corrections from the curve of growth, build-
ing this one from HST imaging in H band. We also calculate a scaling
factor for each object from its SED, computing a mean flux from the 1d
spectrum continuum and a mean flux from the SED in the same range
of wavelength.

4.3.1 The curve of growth

The first of the two methods used to derive the aperture corrections is
based on the computation of the curve of growth. We calculate for each
object in the sample the photometry inside circular apertures centered
on the object, in order to estimate the trend of the source’s flux versus
its radius.

We acquire the cutout images for each galaxy from the Hubble Legacy
Archivd] A cutout is a view of a small portion of an image, centered at
the RA /Dec position specified in the search. The size of each downloaded
cutout is 10 arcsec and it is centered around the MUSIC coordinates of
each galaxy. We used combined images from WFC3-F125W observa-
tions so these images are in the HST broad H-band (the nearest to the
rest frame Ha emission) and have a pixel scale that can change from
0.09 arcsec to 0.06 arcsec depending on the reduction procedure.

To perform the aperture photometry we use SExtractor in “circular aper-
tures” mode. This procedure allows us to compute photometry inside
circular apertures with increasing diameters, specified by the user. To
compute the extraction, we adopted the parameters listed in table
The parameters related to the background were set on the entire field be-
cause the cutout’s size is too small and the estimate of these quantities on
the frame is not representative of the real background. For each source
we measure the flux inside 25 circular apertures. We show an example in
figure the left part of the image is the check image in output from
SExtractor, with the circular apertures superimposed on the source; the
right part of the image is the image in the F125W band.

'http://hla.stsci.edu/
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PARAMETER VALUE
DETECT MINAREA 3
DETECT THRESH 30
DEBLEND NTHRESH 32
DEBLEND MINCONT 0.005

CLEAN PARAM 1.0
BACK SIZE 64
BACK FILTERSIZE 2

BACKPHOTO _THICK 25

Table 4.1: SExtractor parameters used to compute the aperture photometry.

0.017 0.06 01 0.15 0.19 0.24 0.28 0.32 037

Figure 4.4: Left: The check image produced by SExtractor which shows the circular
apertures used to perform the photometry. Right: Image of the source 3636 in the
F125W band.

The scale of the image is 0.06arcsec/pixzel. North is up, East is left.

From the SExtractor aperture photometry we compute for each object
in our sample the curve of growth, interpolating the data-points with a
spline function. Starting from this curve we evaluate the total flux asso-
ciated to the object Fj,, where the curve starts to flatten. We calculate
also the flux inside the virtual slit Fy; as the flux inside an aperture
which corresponds to the aperture in pixel used for the extraction of
the 1D spectrum. In figure we illustrate as an example the curve of
growth for the source 3636 (figure [4.4).

The ratio Fy;i/Fio is the correction factor that will be multiplied to the
spectrum to account for the source’s flux that falls outside the aperture.
This kind of method leads to several problem. At first, from SExtractor
we computed fluxes inside circular apertures but the flux associated to
the spectrum is calculated inside a rectangular aperture. We have also
to point out that in some cases the slit is off center but the SExtractor
apertures are always centered on the galaxy luminosity barycenter.

At least we must consider that the Ha luminosity may not trace the
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Figure 4.5: Curve of growth computed for the source 3636. In abscissa we report the
radius in arcsec from the centroid of the object, in ordinate we report the flux inside
each circular aperture in counts. The data points are fitted with a spline function.

continuum of the source. For this point, we have also to say that here we
choose the H-band imaging to evaluate the photometry because this is
the nearest band to the Ha rest-frame range for which we have reduced
frames but, as observed by Wuyts et al [48], the Ha emission correlate
with I-band more than the H-band.

4.3.2 SED scaling

The alternative method used to derive a correction factor for 1D spectra
is based on the comparison between two continuum flux values, one es-
timated on the spectrum and the other evaluated on the best-fit model
SED in the same wavelength range. For details about the SED fitting we
refer to the next chapter.

For each object we estimate from a visual inspection on the 1D spectrum
a wavelength range associated with the continuum emission, and here we
calculate the mean continuum flux associated to the 1D spectrum, F..
In the same wavelength range where we compute the measure of Fj,
we evaluate the mean continuum flux on the spectral energy distribu-
tion Fspp. The ratio Fy,../Fsgp gives the correction factor for the 1D
spectrum and the Ha flux.

36



CHAPTER 4. ANALYSIS OF THE 1D HST SLITLESS SPECTRA

To test the validity of the methods used to compute the aperture correc-
tions, we plot on the sources SEDs the near-infrared spectra multiplied
for the aperture correction factors. We show two examples of the plots
in figure 4.6

For the correction factors derived from the aperture photometry we do
not see any overlap between SED and spectrum, with an exception of a
couple of objects. In general we see an overestimate of the total flux for
the correction derived from the curve of growth. This behavior seems
not to be related to the slit position on the 2D spectrum, neither to the
strength and the extent of the Ha emission and stresses the intrinsic
problem of this approach, as discussed above.

Applying the aperture correction factors derived from SED to the spec-
tra we obtain a very good overlap between the near-IR spectrum and
the SED for all the objects in the sample. We have to consider that for
some sources some regions of the spectrum are not superimposed on the
SED. This trend is due to the presence of other spectra near the selected
sources that can cause high level of contamination. The contamination
however does not involve errors in the estimate of the aperture correc-
tion factors: in this cases the mean flux associated to the spectrum is
evaluated in a wavelength range linked to the selected source (this is the
reason to use an adjusted A\ for each galaxy against a fixed range).

In table we report the redshift, the size of the virtual slit and the
aperture corrections for part of the sample. Table |4.3| contains the mean
values of the size of the virtual slit and of the aperture corrections.

ID MUSIC Redshift Slit [pX] Fslit/FTot Fspec/FSED

10015 0.99 3 0.138 0.945
10263 1.32 4 0.077 0.601
10295 1.05 7 0.196 0.757
10617 1.44 4 0.265 0.900
10669 0.97 6 0.211 0.755
10681 1.18 3 0.161 0.604
10859 1.09 3 0.187 0.660
10972 0.84 4 0.080 0.477

Table 4.2: Aperture corrections for the first ten sources of our sample.

Mean Slit [px] Mean Fy;/Fr,s Mean F,../Fsgp
7.24 0.26 0.81

Table 4.3: Mean values for the virtual slit and the aperture corrections.

37



4.3. APERTURE CORRECTIONS

12

4491

I

10

logyo(vF,) [JyrHz]

Bl v v v v b b L L .
0 1 2
logie{A) [pm]

(7]

15568

I

10

logao(vF,) [JyHz]

L N T N S S N N AN S N S S S N R
s} 1 2 3
loggfA) [pm]

Figure 4.6: Theoretical spectral energy distribution of the sources 4491 and 15568,
computed from MAGPHYS. The blue solid line is the 3D-HST near infrared spectrum
scaled on the SED. The red solid line is the same spectrum multiplied with the factor
derived from the curve of growth. The green dots are the observed photometric points.
All the spectra are plotted in the observed-frame. The inset contains the zoom on
the Ha emission line.
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Chapter 5

The Spectral Energy
Distributions

The Spectral Energy Distribution (SED) of a galaxy contains valuable
information about its physical properties, including the stellar, gas and
dust content, the age and abundance distribution of the stellar popu-
lations resulting from the Star Formation History (SFH), and their in-
teractions with the interstellar medium (ISM). The study of the SED
therefore offers the most direct way to investigate galaxy formation and
evolution, both through direct observations and corresponding theoret-
ical modeling. The different physical processes occurring in galaxies all
leave their imprint on the global and detailed shape of the spectrum,
each dominating at different wavelengths. Therefore, by analyzing and
predicting the whole spectral range, one can hope to deconvolve and in-
terpret all the information contained in the SED, in terms of the SFH
and galaxy evolution in general (Lo Faro et al. (2013) [28§]).

In order to analyze the physical properties of the galaxies in our sample,
in particular the features of dust and its impact on each galaxy spectrum
and on the SFR estimate, we compute the Spectral Energy distribution
for each selected object. The SEDs allow us also to derive the corrections
factor for the 1D-HST spectra and to test the validity of the two methods
applied, as already discussed in section 4.3.

In this work we compute the theoretical SEDs with the model package
Multi-wavelength Analysis of Galaxy Physical Properties (MAGPHYS,
da Cunha , Charlot & Elbaz (2008) [8]) that is optimized to derive sta-
tistical constraints of fundamental parameters related to star formation
activity and dust content (e.g. star formation rate, stellar mass, dust
attenuation, dust temperatures) of large samples of galaxies.
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MAGPHYS is build up to interpret multi-A observations of galaxies in
terms of the physical parameters pertaining to the stars and the interstel-
lar medium. MAGPHYS compares the observed fluxes for each galaxy
in the sample with a large library of reference galaxy spectra, sampling
wide ranges of star formation histories, metallicities and dust contents
to build up the marginalized likelihood distribution of each physical pa-
rameter of the observed galaxy.

To assess the emission from stellar population in galaxies, MAGPHYS
uses the Bruzual & Charlot (2003) [4] stellar population synthesis code,
adopting a Galactic disc IMF of Chabrier (2003) [6]. The model of
Bruzual & Charlot is based on the property that stellar populations with
any star formation history can be expanded in a series of instantaneous
burst, “simple stellar populations” (SSPs). The spectral energy distribu-
tion of a galaxy is then computed by adding the individual spectra of all
SSPs weighted by the star formation rate over time since the galaxy was
formed.

The infrared emission from galaxies is generally related to three main
constituents of interstellar dust:

e PAHSs, which produce strong emission features at near-infrared wave
lengths.

e grains with sizes typically less than 0.01 pm, which are stochasti-
cally heated to high temperatures by the absorption of single UV
photons and emit at mid-infrared wavelengths (hot dust).

e big grains with sizes typically between 0.01 and 0.25 gm which are
in thermal equilibrium with the radiation field and dominate the
galaxy emission at far infrared wavelengths (warm and cold grains).

MAGPHYS models the infrared SED of a galaxy using two main compo-
nents: the ambient (diffuse) interstellar medium with emission coming
from PAHs, hot dust, warm and cold grains and the star-forming regions
birth clouds, with emission coming from PAHs, hot dust and warm grains.
The infrared emission is based on the angle-averaged model of Charlot
& Fall (2000) [7] that accounts for the dissipation of molecular clouds
on a time-scale of ¢y ~ 107 yr. The result of this dissipation is that the
non-ionizing continuum emission from young OB stars and line emission
coming from their surrounding HIT regions may be absorbed by dust in
these birth clouds and then in the ambient ISM, while the light emit-
ted by stars older than 107yr propagates only through the diffuse ISM.
The model so accounts in this way for the different attenuation of line
and continuum emission in star-forming galaxies. The figure [5.1] shows a
model infrared SED from MAGPHYS.
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Figure 5.1: Example of model infrared SED showing the emission by the birth
cloud (orange) and the diffuse ISM (grey) component. From http://www.iap.fr/
magphys/magphys/MAGPHYS . html

The main feature of MAGPHYS is the consistent interpretation of UV,
optical and IR SED of galaxies, linking the optical and IR libraries in a
physically consistent way.

This is achieved by first computing the total energy absorbed by dust in
stellar birth clouds and in the ambient ISM and then redistributing it at
infrared wavelengths. The main assumptions are the conservation of the
energy absorbed and re-radiated by dust and that the dust in the ISM of
galaxies is heated only by starlight. The main underlying assumptions
are that the energy re-radiated by dust is equal to that absorbed (en-
ergy conservation) and that starlight is the only significant source of dust
heating (e.g. any AGN’s contribution is ignored).

The absorbed energies can be distributed in wavelength using different
combinations of dust parameters in the stellar birth clouds and the am-
bient ISM. To derive statistical constraints on the various parameters,
MAGPHYS considers a wide library of models encompassing all plau-
sible parameter combinations. For each observed galaxy it is build the
likelihood distribution of any physical parameter by evaluating how well
each model in the library can account for the observed properties of the
galaxy.
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The physical parameters in output are:

f,. the total infrared luminosity contributed by dust in the ambient
ISM

Ty the total effective V-band absorption optical depth of dust

u fraction of the total V-band absorption optical depth of the dust
contributed by the ambient ISM

pury effective V-band absorption optical depth of the dust in the
ambient ISM

1, the specific star formation rate
M, the stellar mass
M 4, the dust mass

LY" the total infrared luminosity of the dust in the wavelength
range between 8-1000 pm

¢let 1, the global contributions (i.e. including stellar birth clouds
and the ambient ISM) by PAHs to the total infrared luminosity

&% r the global contributions (i.e. including stellar birth clouds
and the ambient ISM) by the hot mid-infrared continuum to the
total infrared luminosity

iof the global contributions (i.e. including stellar birth clouds and

the ambient ISM) by the warm dust in thermal equilibrium to the
total infrared luminosity

TEC the equilibrium temperature of warm dust in stellar birth
clouds

£ the contributions by cold dust in thermal equilibrium to the
total infrared luminosity

TLM the equilibrium temperature of cold dust in the ambient ISM

The main parameters of interest for the present work are the Star For-
mation Rate, the total infrared luminosity LY*, the stellar masses M,
and the dust masses M g,q;.

To compute the SED fitting for our sample we use photometric data in
16 bands from the U band to the far Infrared wavelengths. Table
lists the filters used for the SED fitting. We compute the SEDs using our
spectroscopic estimate of the redshift, derived from the 3D-HST near-
infrared spectra.
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Filter Aefs [pm]
U 0.346
ACSF435W 0.4297
ACSF606W 0.5907
ACSF775W 0.7774
ACSF850LP  0.9445

ISAAC] 1.2
ISAACH 1.6
ISAACK 2.2
IRAC1 3.55
IRAC2 4.493
IRAC3 5.731
IRAC4 7.872
IRS16 16
MIPS24 23.68
PACS100 100.
PACS160 160.

Table 5.1: List of the 16 filters used to perform the SED fitting and respective
effective wavelengths Acyy.

The lack of data in the mid-IR leads to difficulties in measuring the
temperatures of the diffuse ISM TZ%M and the temperature of the birth
cloud TB¢ as shown in figure the likehood distribution for both
parameters is in fact nearly flat. The inclusion of the photometric data
at 16um is not sufficient to constrain these values.

The x? values for the SED fitting are in general lower than 1 so on
average the fitting for the sample is good. However there are 10 sources
for which the fit is bad. In five cases the problem seems related to an
outlier photometric data point and the quality of the fit is improved
excluding this value. For the other five sources there is a luminosity
excess in the near-IR and mid-IR part of the rest-frame spectrum: this
can be due to the possible presence of an AGN. An example of this kind
of SED is shown in figure 5.3 for source 12354. We report also the H-band
image (Figure and the 3D-HST spectrum (Figure of the object
12354. The imaging shows a very strong point source and the spectrum
has a strong and broad Ha emission.
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Figure 5.2: Example of a Spectral Energy Distribution in output from MAGPHYS.
The black solid line is the best-fit model to the observed SED (data-points in red).
The blue solid line shows the unattenuated stellar population spectrum. For each
observational point, the vertical error bar indicates the measurement error, while
the horizontal error bar shows the effective width of the corresponding photometric
bands. The bottom panel shows the residuals (L$*-L§*°4)/L§P. The histograms
below show the likelihood distribution of the physical quantities derived from the fit
to the observed SED.
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Figure 5.3: Spectral energy distribution of the object 12354. We can observe the
luminosity excess in the near-IR and mid-IR, non fitted by the theoretical SED, which
can arise from an AGN contribution.
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Figure 5.4: WFC3/F125W image of source 12354.The object shows a point source
intense emission, as expected by an AGN.
The image has a scale of 0.06arcsec/pizel. North is up and East is left.

Figure 5.5: WFC3/G141 spectrum of source 12354. In the upper panel it is plotted
the 2D spectrum, the bottom panel shows the extracted 1D spectrum. The spectrum
is dominated by the Ha emission, that results intense and broadened.
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Chapter 6

Extinction corrections

The impact of the dust on the spectrum of a galaxy can be evaluated
from the cosmic background spectrum. The background light at 40 pm
contains between the 50% and 70 % of the bolometric emission of galaxies
integrated on redshift. This wavelength range is where it is re-emitted
most of the stellar light absorbed by dust.

The far-IR emission at 8 — 120um measured by IRAS for nearby galax-
ies represents only the 25% of the bolometric output of these systems.
However, when compared with the galaxy output in the UV, the energy
in the IRAS bands represents between 1/2 and 2/3 of the total UV+far-
IR emission in local galaxies. Regions of active star formation emit the
bulk of their energy in the UV, owing the presence of young and massive
stars, and the UV light reprocessed by dust is the principal contribute
to the far-IR emission in the IRAS bands. Therefore one can conclude
that between 1/2 and 2/3 of the star formation in the Local Universe is
obscured by dust.

Applying the correction methods tested in the Local Universe also at
high redshift, it was observed that the UV light of distant star forming
galaxies can be obscured between 60% and 80%. This result has a strong
impact on a lot of properties of the high redshift Universe, including the
estimate of the star formation rate in galaxies. Moreover, the selective
absorption of dust as a function of wavelength is the main reason for the
discrepant results given by different SFR indicators.

Quantifying the impact of dust on the light emitted by the stellar compo-
nent of galaxies allows us to improve our understanding of the evolution
of star formation.

49



6.1. CLASSICAL TREATMENT OF THE DUST EXTINCTION

6.1 Classical treatment of the dust extinc-
tion

According to Calzetti et al. (2000)[5], the action of dust on starlight can
be parameterized in a simple way in the wavelength range
A € [0.12 — 2.2]um for starburst galaxies in the local Universe:

Fos(N) = Fie(M)107%4 = F (X)10704Bstar (B=V)RRY) (6.1)

Egar(B—=V) = (044 £ 0.03)E,,(B — V) (6.2)
k() = 2.659(1.857 + 1849 4 4.05) A € [0.63 — 2.20]um (6.3)
] 2:659(2.156 + 1:509 _ 0198 4 0.011y 4 05 A € [0.12 - 0.63]um

5 = 1-9Eneb(B - V) + 50 (64)

Fos(A) and Fj,;(\) are the dust-obscured and the intrinsic stellar con-
tinuum flux densities, respectively; A, is the dust obscuration suffered
by the stellar continuum; Eg,-(B — V) and E,(B — V) are the color
excess of the stellar continuum and of the nebular emission lines; k() is
the starburst obscuration curve and 3 is the UV continuum slope mea-
sured between 0.125 pym and 0.26 pm, that is a sensitive indicator of
both reddening and obscuration. The value of the intrinsic UV slope,
Bo, depends slightly on assumptions on the star formation history of the
starburst (e.g. fo=-2.1 and -2.3 for constant star formation over 1 Gyr
and over 100 Myr, respectively).

These equations are a simple and empirical recipe to apply dust correc-
tions and give informations about the physical conditions of starbursts.
Equation implies that dust which obscures the starburst behaves as
if it externally surrounds the regions of active star formation. The star-
burst environment is inhospitable to the dust, due to the high energy
densities, to the shocks from SuperNovae explosions and to the possible
gas outflows. However, equation implies that the stars ionizing the
gas are statistically well mixed with the stars producing the UV contin-
uum, although equation implies that the ionized gas suffers about
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CHAPTER 6. EXTINCTION CORRECTIONS

twice as much reddening as the stars.

A way out from this empasse is to assume that the ionized gas is more
closely associated to the dust than the stars responsible for the UV emis-
sion. The ionizing stars may or may not be as dusty as the ionized gas,
while the non-ionizing, UV-emitting stars will generally be less obscured
than the gas as they live long enough to diffuse into regions of lower dust
density.

The properties of dust in local galaxies were well studied mainly with
three methods:

e The L;r/Lyy (IRX) ratio, which probes dust attenuation using
energy conservation since it is directly related to the UV continuum
slope B (Meurer et al. (1999) [33])

e The analysis of the SED fitting or colors analysis
e A line of sight analysis using a luminous background object

The extinction in HII regions is directly computed from recombination
lines ratios, often using the Balmer Decrement that is the ratio between
the fluxes of Ho/Hf lines. The intrinsic ratio can be determined starting
from reasonable environmental parameters. Since the extinction is pro-
portional to the wavelength, the comparison between the measured ratio
and the intrinsic ratio with an extinction law allows to obtain a measure
of the attenuation in the star forming regions.

6.2 Dust extinction in the high redshift Uni-
verse

The nature of dust in high redshift objects is less clear. Several works
on dust in high redshift sources hare focused on the UV slope, although
deviations from the Meurer et al IRX-3 have been found for galaxy sam-
ples with different properties (e.g. Kong et al. (2004) [25]). Whitaker et
al. (2014) [47] show that the curve of Meurer et al. for the relationship
IRX-f derived in the local Universe, is valid only for the objects in their
sample whit z > 1.5 and g > 0.5, so for the less obscured sources. There-
fore, the use of UV slope to evaluate the attenuation on the continuum
requires careful calibrations.

In addition indirect methods were examinated to evaluate the attenua-
tion in the HII regions which are based on the infrared luminosity L;r
(Ibar et al. (2013) [18]) and comparison between SFR indicators (Wuyts
et al. (2013) [48]). Direct measurements of dust attenuation towards
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6.2. DUST EXTINCTION IN THE HIGH REDSHIFT UNIVERSE

HIT regions from the Balmer Decrement are very challenging at z > 0.5
because both Ha and Hf are shifted to the less-accessible near-infrared
window.

Current studies on dust properties in distant star forming galaxies leads
to contrasting results:

e Erb et al. (2006) [13] , Reddy et al. (2010) [38] determine that
the assumption of an extra extinction factor for HIT regions as
computed by Calzetti et al. (equation leads to an overestimate
of the SF Ry, relative to the SF Ry

e Foster Schreiber et al. (2009) [14] require an extra extinction to
conciliate the measurements of Ay, and Ay sar

e Yoshikawa et al. (2010) [49] found that high redshift objects are
consistent with the local Universe comparing Ay s, derived from
the SED fitting and Ap, from the Balmer Decrement.

e Wuyts et al. (2013) [48] determine that the best agreement between
SFRy, and SFR;r.yy can be obtained only adopting an extra
extinction factor.

e Kashino et al. (2013) [19] use a comparison between star formation
indicators and an analysis of the Balmer Decrement on a relatively
large sample at 1.4 < z < 1.7 and derive that there is necessity of
an extra extinction factor, slightly lower than the conversion factor
derived in the local Universe

e Price et al. (2013) [37] use the Balmer Decrement analysis on
stacked spectra acquired from the 3D-HST survey at z ~ 1.5 to
found a nebular extinction Ap, >~ 1.81Ay s14r, a value lower than
the factor 2.27 of Calzetti et al. computed in the low redshift
Universe.

The result of Price et al. and the comparison with the works of Wuyts,
Calzetti and Kashino are shown in Figure [6.1} it is inconsistent with
the assumption of no extra extinction in the star forming regions; it is
consistent with Wuyts et al.; it agrees with the Kashino’s analysis on the
SFR indicators; it is in disagreement with the analysis of Kashino on the
Balmer Decrement.

The contrasting results listed here are not surprising, given the different
and indirect methods used and/or the small and often biased samples of
most of these studies. To clarify dust properties direct measurements of
a statistical sample are required.
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Figure 6.1: Ay 54, vs. Ay g measured from the spectra stacked in bins of Ay szqr.
The black circles show the measured Ay, grr using the Balmer decrement (Ha/HpS),
while the grey open circles show the value of Ay g if the blended Ha line was not
corrected to remove the [NII] flux. The blue dashed line shows ratio of Ay gy to
Av star from Calzetti et al. (2000). The orange dash-dot-dot line shows the ratio of
Av mrr to Ay sier assuming no extra dust extinction towards emission line regions.
The black line shows the best-fit line to the black data points, which has a slope
of 1.81. The fit error is shown with the shaded grey region. This indicates there
is extra extinction towards emission line regions, but not as much as Calzetti et al.
(2000) finds necessary for low redshift galaxies. The best-fit line is consistent with
the findings of Wuyts et al. (2013), shown with the purple dotted line. The green
long dash and green dash-dot lines show the relations found by Kashino et al. (2013).
From Price et al. (2013) [37]

In general, the results are consistent with a two components model which
assumes a diffuse but possibly clumpy component of the ISM that affects
both the oldest stellar populations and the star forming regions, and a
optically thick component associated to the birth clouds which affects
only the youngest stars.

The validity of this model seems to be confirmed also by the trend of
the specific SFR (sSFR=SFR/M.) with respect to the extra extinction
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6.2. DUST EXTINCTION IN THE HIGH REDSHIFT UNIVERSE

factor AAy=Apo — Avsier: increasing the sSFR, the extra extinction
factor AAy is decreasing. For higher values of sSFR the continuum is
dominated by the most massive stars, which are located in the birth cloud
and this implies Agyy ~ Ayster- On the contrary, if the sSFR is lower,
the contribution of the most massive stars to the galaxy continuum is
lower so most of the luminosity of the continuum comes from the oldest
stars, attenuated only by the diffuse component of dust: the results is
that Ap, is larger than Ay g4,

The model is pictured in figure of Price et al.

High Specific SFR Galaxy Low Specific SFR Galaxy

w

*

Av,stars = AV, HIl Av,stars < AV, HIl

Figure 6.2: Tllustration of the two-components dust model in galaxies with high (left
panel) and low (right panel) specific SFRs. The yellow regions indicate the diffuse dust
component in the ISM. The red regions indicate the optically thick dust component
associated with the short-lived stellar birth clouds. The large blue stars show the
young, massive stars which mostly are found in the birth clouds. The small red stars
show the less massive stars (both young and old), which are found both within the
birth clouds and elsewhere. For galaxies with higher specific SFRs, we expect the
continuum light to be dominated by the young, massive stars in the birth clouds,
so both the continuum and emission lines are attenuated by both dust components.
Galaxies with lower specific SFRs would have a higher contribution to the continuum
emission from less massive stars, which generally reside outside the birth clouds and
are only attenuated by the diffuse dust component, while the emission lines are still
attenuated by both dust components. Thus this leads to larger differences between
Av star and Ay gpy.

From Price et al. (2013) [37].
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In this work we adopt some of the methods listed above to correct the Ha
fluxes for dust extinction and we evaluate the best extinction factor for
our sample by comparing the SF Ry, with SFR;gyyv, which we assume
to be the best estimate for the star formation rate for our sample.
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6.3. EXTINCTION FROM F-FACTORS

6.3 Extinction from f-factors

Following the approach of Kashino et al. we derive the color excess on
the Ha line from the color excess on the stellar continuum and a Calzetti
extinction law, by applying the equations:

Es ar B -
Eneb(B - V) = M (65)
S
Fint(Ha> — Fobs(Ha)100.4><3.327Eneb(B—V) (66)
Ao = 3.327 X Epy(B = V) (6.7)

We evaluate E,,(B — V) for four different values of the conversion factor
f:

e f=0.44 is the factor computed by Calzetti et al. for local star
forming galaxies;

e f=0.69 is derived by Kashino et al. from a comparison between
SFR indicators;

e f=0.83 is determined by Kashino et al. from an analysis of the
Balmer Decrement;

e f=0.76 is the mean value between the two previous values of Kashino
et al.

The color excess on the stellar continuum Fgq,,. (B — V) = (B = V)gps —
(B =V ) is derived from the SED fitting. The procedure is summarized
in figure the extinguished SED (black line) and the stellar SED
unextinguished (red line) are convolved with the filters in the B and V

bands to obtain the observed color (B — V) and the intrinsic color
(B =V )int-
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Figure 6.3: Computation of the color excess on the stellar continuum, Eg .. (B —
V)= (B —V)eps — (B — V)i for the source 10015.

The black line is the extinguished SED computed with MAGPHYS and the red line
is the unattenuated stellar SED. The two curves are convolved with the ACS filters
F435W (Aeps = 0.4297pum) and F606W (Acfr = 0.5907um) to obtain the colors
(B —V)ops and (B — V).

6.4 Extinction from the stellar masses

Still following the analysis of Kashino et al., we consider an independent
(but less accurate) method to derive the attenuation in the nebular lines
Apq, from M, with the Kashino’s relationship:

(6.8)

Ay, = (0.72+0.04 1.38 +0.05)log | ———
o = (0.72£0.04) + (1.38 005)09[1010]\4@}

The stellar masses M, are derived from the SED fitting. Equation 6.8 is
a best-fit relation to the Kashino’s sample, valid for a particular set of
normal star forming galaxies (selected with the BzK color criterion) at
z ~ 1.5.
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6.5. EXTINCTION FROM THE UV SLOPE

6.5 Extinction from the UV slope

We derive the extinction from the relationship of Meurer et al. (1999) [33]
which links the ratio between the total infrared luminosity and the UV
luminosity at 1600 A F1r/Fie00 (IRX), to the slope of the UV spectrum

G-

Atg00 = 4.43 +1.9943 (6.9)
AHa = 3326141600/997 (610)

The UV slope is derived from a linear fit to the model best-fit SED in
the wavelength range \ € [1250 — 2600]A.

Figure [6.4] shows the trend of the IRX ratio as a function of the slope
of the UV spectrum . The monochromatic luminosity at 1600A Figo0
and the total infrared luminosity Fjg are derived from the SED fitting.
The green line represents the relationship of Meurer et al. derived from
calibrations on a sample of local starburst galaxies:

IRX 600 = 1044500 — 1 +0.076 (6.11)

while the blue line is the relationship of Kong et al. 2004 [25], evaluated
on a sample of local galaxies that spans a wide range of star formation
activities:

TRX 500 = 10*110855 (.95 (6.12)

The galaxies of our sample at lower redshift (z < 1, black filled circles)
follow mainly the Meurer’s law, while the more distant objects (z > 1,
red squares) better agree with the Kong relationship.
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Figure 6.4: Ratio of far-IR to UV flux at 1600A compared to the UV spectral slope
B for 3D-HST sources. The green line is the relationship between I RX1600 and Ajgoo
as derived by Meurer et al. (equation from calibrations on a sample of local
starburst galaxies. The blue line is the relationship IRXi600-A1600 determined by
Kong et al. (equation on a sample of 115 nearby, non-Seyfert galaxies spanning
a wide range of star formation activities, from starburst to nearly dormant.

The black dots are the 3D-HST galaxies with z < 1, while the red squares are the
sourecs with z > 1.

6.6 Extinction from the IR luminosity

We also estimate the extinction on the Ha line from the bolometric in-
frared luminosity L;g, using the formalism of Ibar et al. 2013 [18]. The
authors apply the prescription of Kennicutt et al. (2009) [22] to evaluate
the dust correction from the formulas:

Lcorr(HOé) = Lobs(HOé) —+ a)\L[R (613)

axLir
Apro = 2.5l0g |1+ —2Z1E 6.14
o =230y 1+ 72 (o1
where:
ay = 0.0025 £ 0.0006 (6.15)
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6.6. EXTINCTION FROM THE IR LUMINOSITY

The dust extinction corrections derived with the four methods described
in this chapter will be applied to the observed Ha fluxes for our sample.
The different corrections will be used to compute SFR from the Ha lu-
minosity, to be compared with SFR from the /R + UV luminosity.

The results of this exercise are presented in the next chapter.
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Chapter 7

Comparison between SFR
indicators

To evaluate the best correction factor for dust extinction towards the HII
regions in our sample, we compare the SFR measurements derived from
the Ha fluxes with the estimate of the SFR from the infrared+ultraviolet
luminosity.

7.1 SFR from Ha compared to SFR from far-
IR

We correct the Ha flux for the aperture using the scale factor Fypee/ Fspp
derived from the SED scaling (for details see section 4.3.2). We have also
to correct the line flux for the |NII| contribution. The G141 resolution is
not sufficient to split the two emission lines, so the two lines are blended.
As done by Wuyts et al. (2013), which examined 3D-HST spectra in
the same redshift range, we apply a simple downscaling of the observed
emission line flux by a factor 1.2. In reality, the [NII|/Ha ratios may vary
between galaxies but, restricting the above spectroscopic samples to the
same redshift range as adopted in this work, the scatter in [NII|/Ho is
substantial compared to any systematic trend, if present, with galaxy
mass above log(M,) = 10. Furthermore, the [NII]/Ha gradients derived
from observations realized with adaptive optics are typically shallow. We
conclude that an higher order correction than the uniform scaling factor
we apply is not justified by present data.
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We compute the star formation rates from the Ha luminosities using the
equation of Kennicutt 1998 [20], illustrated in the first chapter (equation
1.3) and reported here for convenience:

SFRpo[Mo/yr] = 7.9 x 107* Ly,[erg/s] (7.1)

We remind also that this relationship is calibrated for a Salpeter IMF.

To include the unobscured SFR not traced by the IR, we add the SFR
derived from the UV, following the formalism of Rodighiero et al. 2010
[39]:

SFRipivvIMe/yr] = 1.8 x 107 Ly [ L] (7.2)

where:

Lyt = 2.2Lyy + Lig[Lo) (7.3)

Lir was derived from the best-fit SEDs in the [8 — 1000]um rest-frame
range while the rest-frame UV luminosity (which accounts for the con-
tribution of young unobscured stars), uncorrected for extinction, derived
again from the SED fitting, is Lyy = 1.5 x L(2700 A). We consider the
measure of SFR;g yy as our best estimate of the star formation rate.
We report in Figure the comparison between SFR;r vy and SF Ry,
with the Ha luminosities uncorrected for dust extinction, to stress the
necessity of adopting a dust correction with an extra extinction factor for
the HII regions, mapped by the Ha line. The black dots are the SF Ry,
measurements derived without correcting the Ha fluxes for dust extinc-
tion: the absence of a dust correction leads to an evident underestimate
of the star formation rate. The green dots show the SF Ry, corrected for
dust extinction without considering an extra extinction factor between
the color excess on the continuum Fg,,.(B — V') and the color excess on
the nebular lines E,,(B — V): also this correction is not sufficient to
report in agreement the two SFR indicators and the SF Ry, results still
underestimated.

In the following pages we report the comparison between the two star for-
mation indicators SF R;piyyv and SF Ry, by varying the dust correction
for measurements of Ha fluxes. In each plot, the black dots represent
the sources with redshift lower than 1 while the red squares correspond
to the objects with z > 1. The blue solid line in all the figures stands for
the 1:1 correlation line.
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Figure 7.1: Comparison between SFRrgp.yy and SF Ry, in two cases: the black
dots show the SF Ry, measurements in absence of dust correction; the green dots are
the SF Ry, with the Ha fluxes corrected for dust absorption in absence of an extra
extinction factor for the emission lines.

This plot stress about the necessity of adopting an extra extinction factor to correct
Ha line fluxes for dust absorption since the absence of dust correction leads to a sig-
nificant underestimate of the derived SF Ry, in comparison between the SFR;p+uv
that reasonably accounts for the total star formation of a galaxy.

Figure shows the comparison between SFR;r.yy and SF Ry, with
the Ha fluxes corrected for dust extinction using the equations [6.5] and
6.6l In the first panel the dust correction is applied using an f-factor
of 0.44, as Calzetti et al.: this heads to an overestimate of the SF Ry,.
The remaining panels show the dust correction with the f-factor values
reported by Kashino et al.: these values of f lead to a better agreement
between SFR indicators and, in particular, the factor f=0.69 derived
from the comparison between SFR indicators gives the smallest scatter
relative to the 1:1 line.

63



7.1. SFR FROM Ha COMPARED TO SFR FROM FAR-IR

& oon e
i i
= =
= =
: :
i i
L L
i i

100
= =
i i
= =
= =
: :
i i
L L
i i

100 100

SRy [Mo/yr] SRy [Mo/yr]

Figure 7.2: Comparison between SF R;r.yy and SF Ry, on varying the conversion
factor f between colour excess on nebular lines and on stellar continuum (equations
and [6.6). The black dots are the sources with z < 1, the red squares are the
objects with z > 1 and the blue line is the 1:1 correlation line.

The Ho luminosities derived from 3D-HST spectra and here used to compute SF Ry,
measurements are corrected for dust extinction using the standard approach of
Calzetti [5] (first panel, f=0.44) and the methodology of Kashino [19] (others pan-
els, f=0.69 , 0.83, 0.76). A standard correction factor of f=0.44 yields to values of
SF Ry, systematically higher than SFR;r+yy . Using the prescriptions of Kashino
we found an higher degree of correlation. The best trend is obtained applying a
conversion factor of 0.69.

Figure reports the correlation between SF Ry, and SF R;g,yy with
the dust attenuation Ag, derived from the stellar masses M, (Kashino’s
equation . The stellar masses M, are derived from the SED fitting
and are valid for a Chabrier IMF while the equation is valid for a
Salpeter IMF': to convert our estimate of M, we use a constant factor of
1.7, since the stellar masses evaluated for a Salpeter IMF are larger than

M, computed for a Chabrier IMF.
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Figure 7.3: Comparison between SF Ry, and SFR;piyy. In this case the dust
correction is applied determining Ay from the relationship of Kashino et al. This
correction for dust extinction is better than the standard correction but leads to a
broad scatter of data points. We point out that the equation is a best-fit estimate
on a sample with different ranges of redshift, stellar masses and SFR.

In Figure [7.4] we compare the measurements of the SFRs using a cor-
rection for dust extinction derived from the slope of the UV spectrum f
in the wavelength range A € [1250 — 2600]A, adopting the prescription
of Meurer et al. (equation . Using the UV slope to evaluate the
dust attenuation, we obtain a good agreement between SFR indicators
even if SER;pyy is still a factor ~ 1.4 larger than SF Ry, as shown
in Table [7.I] However we have to point out that the slope 5 was eval-
uated throughout a linear fit to the theoretical SED (we report to the
5" chapter for the description of the SED fitting procedure), lacking the
photometric covering the wavelength rest-frame range of interest , so the
trend can be an induced, model dependent, effect. We highlight that for
31 objects in our sample it lacks the U data at 3460 A in the MUSIC
catalog.
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Figure 7.4: Comparison between SF Ry, and SFRrgiyy. The attenuation by
dust Ap, here is evaluated from the UV spectral slope (, as prescribed in Meurer
et al.. This correction leads to a suitable correlation between SFR indicators but
we highlight that the slope § is computed from a linear fit to the theoretical SEDs,
because of the lack of the photometric coverage, so the results are model-dependent.
A more reliable estimate of the spectral slope can be obtained fitting the observed
photometry.

Figure [7.5 shows the comparison between the two SFR measurements in
the case of extinction derived from the infrared luminosity (equations[6.13]
and , as done in Ibar et al. 2013. The relationship between the two
star formation rate measurements shows an offset of a factor ~ 1.7, with
the SF Ry, systematically underestimated in respect to the SF Rz v,
even if the scatter of the data points is the lowest of all the adopted
methods for dust correction. This offset seems related to the different
properties of galaxies examined in the samples. The Kennicutt samples
cover a restricted range in attenuation and corresponding observed ra-
tio Lir/Lya, which encompasses all normal galaxies in the present-day
Universe and most star-forming galaxies out to redshifts z ~ 1 but it
does not includes the most luminous star-forming galaxies found at high
redshift as galaxies in our sample. The presence of this offset is reminded
by Kennicutt.

With reference to the reduced scatter of this plot, we stress about the
point that the two measurements here compared are not independent.
The infrared luminosity L;g from which we evaluate the SRFg yy is
here used also to correct the Ha flux for dust extinction: to verify if this
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can be a suitable recipe to evaluate the dust attenuation, we need to
compare the SF Ry, to a fully independent quantity. Both the presence
of the offset (whose nature and precise magnitude are at the moment
not completely clarified) and the induced high level of correlation be-
tween SFR measurements, lead us to not consider this method as a valid
tracer of dust extinction. We present in any case the comparison for
completeness.
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Figure 7.5: Comparison between SF Ry, and SFR;g+yy. In this case the intrinsic
Ha luminosity is derived from the observed Ly, and the bolometric L;g, applying
the equation of Kennicutt [22]. The SF Ry, is then computed using the Kennicutt98,
as Ibar et al.[I§].

The plot shows a tight relationship between SFR indicators with an offset of a factor
about 2, as expected for systems that lie outside of the bounds of the calibration of
Kennicutt et al. The calibration in fact does not encompass the star forming galaxies
at high redshift. This result is consistent with Ibar et al..

The reduced scatter here observed is due to the fact that the two compared quan-
tities are not fully independent: the infrared luminosities are used to estimate the
SFRrr+yuv and also to correct the Ha luminosities for dust extinction.
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Figure 7.6: Comparison between SF Ry, and SFR;ryyv adopting the correction
for dust extinction of Kennicutt (2009).

Upper panel: In this case we apply a factor of 1.7 to the intrinsic Ha luminosity
Leorr(Ha) = 1.7 X (Lops(Ha) + axLig). The presence of this factor removes the
offset between the two measurements, seen in figure

Lower panel: In this case we apply a factor of 4 to the observed Ha luminosity
Leorr(Ha) =4 X Lops(Ha) +a) Lrg. The offset is again removed but the data-points
scatter is increased.

We include in Figure a “test plot” where we compare again the
SFRiriuy and the SF Ry, with a correction for dust extinction from
Kennicutt (2009).

The upper part of Figure [7.6] shows the case in which the intrinsic Ha
luminosity is derived from the quantity 1.7 X (Lps(Ha) + axLig): the
factor 1.7 reconciles the two SFR estimates.

In the lower part of Figure we modify only the value of L,s(Ha),
multiplying it for a factor 4: the offset is removed but it is also increased
the scatter of data-points.

We can conclude that, following the formalism of Kennicutt, it is neces-
sary to increase the weight of both L.,s(Ha) and Ly in the computation
of the correction for dust extinction to derive the intrinsic Ha luminosity
for our sample.

The presence of the offset between the two SFR measurements was also
found by Ibar et al. (2013) [18]. These authors work on a sample of Ha
emitters galaxies at z ~ 1.47, which fulfill the applicability conditions of
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the recipes of Kennicutt (2009) to derive the extinction from L;gr. The
authors use a stacking PACS to derive the mean values of L;g, so they
do not cut the sample to a far-IR selection. Ibar et al. founds that the
median ratio [SFRpip(kos)/SF Ruatrir(kosy] = 1.37 and argue that if
the dominant component is the far-IR (as probably in our PEP-3DHST
sample) the discrepancy between SFRpirkes)y and SFRyqqrir(ko9) 18
increasing. The ratio tend to 2.27 in the extreme case where the line
is completely obscured (Lgs(Ha) = 0), according to Kennicutt. The
authors suggest a recalibration of the SF Ry, that takes into account the
energetic balance between SF Rpq ops and SF Rpay for—1r to include the
effect of dust extinction, using SFRpya obs/SF Ruatfar—1r VS Mags.6um
since this ratio defines the dominant component of the SFR. A similar
recalibration for our sample will be considered in a future work.

As a final exercise, we propose an alternative SFR estimator which com-
bines the observed Ha luminosity uncorrected for dust extinction and
the total infrared luminosity, that we express through the following equa-
tion:

SERiaobsiir = 7.9 X 1072 Lo opslerg/s] + 1.8 x 107 Lig[Lo] (7.4)

We compare this estimate of the SFR with the SFR;r,yy (upper panel
of Figure and the SF Ry, corrected with the dust extinction law
of Kennicutt (2009) [6.13] (lower panel of Figure [7.7). The compari-
son between SEF' Rpq ops+1r and SFRrp iy yields to a good correlation,
with a very low scatter of data-points (0 (SFRip+vv/SF RHa.obs+1R) ~
001) and an offset of SFRIR+UV/SFRHa,obs+IR ~ 0.90. By comparing
SFRHwobs+1r and SF Ry, we obtain an offset SFRy./SFRuaobs+1r ~
0.52 and a scatter o(SFRyo/SFRua.obs+1r) ~ 0.05.

We conclude again that the dust correction of Kennicutt underesti-
mates the contribution of Ly, and that a recalibration of the relation-

ships and is required.
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Figure 7.7: Upper panel: The x-axis is the SFR computed from the observed Ha
luminosity (uncorrected for dust extinction) and the total infrared luminosity (equa-
tion . The y-axis is the SFR computed from the total infrared luminosity and the
UV luminosity (i.e. our best estimate of the SFR, as discussed in the Thesis).

Lower panel: The SF Rpq . 0bs+1r is compared to the SF Ry, computed from the Ha
luminosity corrected for dust extinction using the equation of Kennicutt (2009).
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7.2 The Main Sequence of star-forming galax-
ies at z ~ 1

The star-forming galaxies follow a tight relationship between M, and
SFR and define a main sequence (MS) recognized both in the local and
in the high redshift Universe (Peng et al. (2010) [34]; Elbaz et al. (2007)
[12]; Daddi et al. (2007) [9]; Rodighiero et al. (2010) [39]).

The slope and the normalization of this relationship can differ substan-
tially depending on sample selection and the procedures for measuring
M, and SFR (Rodighiero et al. (2014) [40]).

It is known the existence of the “outliers” to this MS, defined as galax-
ies with extremely higher sSFR in respect to the main sequence galax-
ies. Outliers are objects where the star formation was boosted by some
events, possibly a major merger. Main Sequence galaxies and outliers
objects seem to be in different star formation regimes: a quasi-steady
state, long lasting mode for the first kind of systems and a starburst
mode in major mergers or in the densest star-forming regions.

It is so fundamental to define the outliers in our sample. To evalu-
ate the number of starburst sources, we plot the relationship M, versus
SFRrryyy marking the MS at redshift z ~ 1 (Elbaz et al. 2007 [12]) as
defined by the equation:

(7.5)

LML\
SFR[My/yr] =17.2 ( ’ )

10190,

and the limit of outliers above 4 x M.S. The plot is reported in figure
[7.8l The MS is indicated with the green line while the 4 x M S limit is
shown with the blue line. We can observe that the lower redshift sources
(black dots) occupy the lower part of the plot, whereas the more distant
galaxies (red squares) lie in the higher part of the sequence.

Generally our data sample the main sequence and only a limited number
of sources (5 out of 87 objects) are above the 4 x M S limit and can be
classified as outliers. Therefore, removing these objects from the analysis
is not crucial for our results.

We underline that the galaxies in our sample seem to not follow the El-
baz relationship for the Main Sequence. We remind that this behavior
is related to the selection criterion adopted for our sample, since our
galaxies show quite high values of far-IR luminosity. As extensively dis-
cussed in the paper of Rodighiero et al. (2014) [40], the sample selection
criterion affects both the slope and the normalization of the MS. In par-
ticular, selecting galaxies in a passband that is directly sensitive to the
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SFR (such as the far-IR) automatically induces a Malmquist bias in fa-
vor of low-mass galaxies with above average SFRs, thus flattening the
resulting SF'R — M,. This effect is clearly seen in Herschel FIR-selected
samples, as our sample, where formally the slope of the relationship is
~ 1 but where only a tiny fraction of galaxies are detected at low stellar
masses.
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Figure 7.8: SFRryyv versus M,. The stellar masses are derived from the SED-
fitting, the SFR are derived from the sum of the bolometric infrared luminosity (A €
[8 —1000]4) and the monochromatic UV luminosity at 2007 A. The green solid line is
the Main Sequence (MS) at redshift ~ 1 (Elbaz et al. 2007 [12]), the blue solid line
is the 4xMS.

The filled red squares are the objects with redshift greater than one while the filled
black circles are the sources with redshift lower than one. The sources with lower
redshift show lower SFR’s values while the high redshift objects are placed in the
upper part of the Main Sequence.

The majority of the 3D-HST sources lie on the Main Sequence: only five galaxies
are above the 4xMS and can be classified as outliers, as expected for a sample with
strong Ha emission lines that needs to be intrinsically moderately obscured.

We report in Figure how the MS is shaped when using the different
SFR estimators analyzed in this Thesis. In this case we indicate with the
black squares the measurements of SF R;r,yv, while the red filled circles
are the SF Ry, measurements derived using the color excess E,,.,(B—V),

Esar(B=V) () 69 to correct

and computed with the conversion factor f== BV

for dust extinction.
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Figure 7.9: The plot shows the SFR versus M,. The filled black squares indicate the
values of SFR computed from the sum of L;r and Lyy. The filled red circles represent
the SFR derived from the Ly, corrected for dust extinction with the prescription of
Kashino with an f-factor of f = 0.69, which gives the best estimate of dust extinction
for our sample.

Table lists the median values of attenuation Ay, the median values
for the ratio SFRig.yv/SF Ry, and the rms of this ratio in respect
to the 1:1 correlation line, by varying the adopted correction for dust
extinction.

- SFR SFR
median LHLUV - o (2 UV

Dust correction median Ay, [mag]

SFRiq SFRy,

f=0.44 2.78 0.45 0.059
f=0.69 1.78 1.15 0.016
f=0.83 1.48 1.52 0.056
f=0.76 1.61 1.34 0.036
Apa x M, 1.40 1.52 0.056
UV-slope 1.55 1.48 0.052
AHa XX L[R 1.28 1.75 0.081

Table 7.1: Summarizing table which contains the median values of the attenuation
on the Ha line, of the ratio
the 1:1 line, by varying the dust extinction correction. The marked li
dust correction method which leads to the best correlation between star formation

rate indicators.

SFRir+uv
SFRH

and rms of the ratio
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Chapter 8

Conclusions

In this Thesis we have analyzed the near-infrared spectra acquired from
the slitless spectroscopic survey 3D-HST of a sample composed by 87
star-forming galaxies at redshift between 0.7 and 1.5.

The galaxies in the sample are an Herschel-PACS selection, so they are
characterized by a strong infrared emission, produced mainly by a strong
star formation activity. The objects were selected in the GOODS-S field
throughout a cross correlation procedure in R.A. and Dec between the
HST and the Herschel catalogs.

We considered in this selection only sources with a strong Ha emission
line. We calculated the emission line fluxes and the spectroscopic red-
shifts for all the galaxies in the sample.

The SEDs were then fitted with the package MAGPHY'S, using the pho-
tometry of the GOODS-MUSIC catalog, that spans the spectral range
from U to far-IR. We have also correlated the MUSIC catalog with the
photometry at 16um so we used a total of 16 photometric bands for the
SED fitting procedure.

We have then considered the problem of dust extinction, in order to apply
a valid correction to our estimate of the Ha fluxes. Specifically speak-
ing, we discussed about the relationship between the extinction on the
stellar continuum FEg,,.(B — V') and the extinction on the nebular lines
Eneb(B - V)

We have taken into account especially four works:

e the Calzetti et al. (2000) [5] analysis on local galaxies

e the work of Kashino et al. (2013) [19] on star-forming objects at
2 [l4 - 1.47]

e the Meurer et al. (1999) [33] study on the UV-slope of the spectrum
on nearby starburst galaxies
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e the Kennicutt et al. (2009) [22] approach on local sources

Each of these works suggests a different recipe to evaluate the extinc-
tion on the nebular lines. We applied the methodologies proposed by all
these authors to correct the observed line flux and to obtain the intrinsic
luminosity, from which we evaluate the SF Ry,,.

We calculated an independent estimate of the SFR from the sum of
Lir+ Lyvy.

To decide which is the more suitable method to estimate dust extinction
in our sample, each of the SF Ry, estimates obtained by varying the dust
extinction correction was compared with the SF R;g . Since we infer
that intrinsically these indicators assume the same value, the mismatches
between the two SFR estimates are produced mainly by the adopted dust
extinction correction. Therefore the dust extinction correction that leads
to the best correlation between SFR indicators was chosen as the best
method for correcting our sample.

It results from our comparisons that the standard factor derived by
Calzetti is too high since it yields to an overestimate of the SF' Ry,. The
others estimates of dust correction lead to a better agreement between
SFR indicators and the best trend was obtained using the relationship
Egur(B—=V) = 0.69 X E,ep(B—V) derived by Kashino et al. By adopting
this extinction law we obtain a median attenuation Ag, ~ 1.78mag that
ranges between ~ 0.31 and ~ 4.05 magnitudes. The median SF Ry, for
this extinction law results ~ 42M, /yr with a range between ~ 4M /yr
and ~ 463 Mg, /yr, while the median SF R;g. v is ~ 51 Mg /yr in a range
[12 — 482] M, Jyr.

Our results are consistent with the last year literature, already cited in
this Thesis (e.g. Wuyts et al. (2013), Price et al. (2013), Kashino et al.
(2013), Ibar et al. (2013), Whitaker et al. (2014)).

As suggested by some authors, the presence and the value of differential
extinction have a geometrical origin.

The dust model proposed to explain this behavior is a two component
model which assumes the presence of a diffuse component of dust, that
attenuates the light coming from all the stars, and a optically thick lo-
calized component (the birth cloud) that attenuates only the light of the
most massive stars, which are able to ionize the surrounding medium and
produce the Ha emission. If the number of these massive stars is higher,
they will dominate the UV-visible continuum of the galaxy and also pro-
duce a strong Ha emission. Since these massive stars are located in the
birth cloud (their lifetimes are too small to diffuse in the medium) the
result is that the line attenuation will be comparable to the continuum
attenuation.
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Instead, if the galaxy hosts only few massive stars, then the continuum
in the UV-visible is dominated by the less massive stars that are located
in the diffuse ISM. The result in this case is that the line flux (produced
again by the ionizing most massive stars) is more attenuated than the
continuum light.

The conversion factor f is higher in the high redshift universe, in the
past the attenuation on nebular lines is comparable to the attenuation
on the continuum and so the most massive stars in distant galaxies are
more uniformly distributed inside these systems.

The successive purpose of this work is to obtain an independent estimate
of dust extinction on our 3D-HST sample. In order to compute this esti-
mate we need a direct tracer of dust extinction, as the Balmer Decrement.
In this sense we need to restrict the analysis on a more redshift-limited
sample, considering the G141 grism features, which allow to detect the
Ha line only in a range z € [0.7 — 1.5] and the Hf line at z 2 1.3. An-
other way to estimate the correction for dust extinction for our sample
is from the ratio between SF' Rfq,—1r and SF Rfqr—1r+Ha as proposed by
Ibar et al. and already discussed in section 7.1.

It will be also opportune to eventually improve the reduction processes
and to enlarge the sample, extending the analysis to the other fields ob-
served in the 3D-HST survey.

Another purpose is to extend the photometric coverage of our PACS
objects both at shorter wavelengths (correlating with GALEX data, for
example) and longer wavelengths (PACS and SPIRE data) to improve
our SED fitting procedure and the dust extinction estimate. Especially
important in fact is to enlarge the coverage in the UV-rest frame spec-
trum to compute the UV slope from the photometry, so independently
by the SED model. Having a greater quantity of data in the far-IR is
useful to have a better estimate of dust luminosities and dust masses.
Finally it is our intention also to apply the same analysis discussed in
this Thesis to the data of the spectroscopic survey FMOS/Subaru in the
COSMOS field (P.I. Silverman, Silverman et al. (2014) [44]). The Fiber
Multi-Object Spectrograph (FMOS) is a near-infrared spectrograph that
uses fibers with 1.2 arcsec of diameter to simultaneously acquire spectra
for about 200 galaxies over a circular region of 30" in diameter and has
a spectral resolution in high-resolution mode of \/AX ~ 2600 in the H-
band. Four high-resolution gratings are designed to provide contiguous
spectral coverage to cover the full J and H bands.

The FMOS survey is specifically designed to detect the Ha emission
line from a sample of around one thousand star-forming galaxies with
M, < 10°M, and 1.4 < z < 1.7. The high-resolution mode of the spec-

7



trograph allows to separate Ha and [NII| emission lines thus enabling
studies of gas-phase metallicity and photoionization conditions of the in-
terstellar medium. Galaxies with Ha detections are followed up with
FMOS observations at shorter wavelength to detect H and [OI11] 5007

that provides an assessment of extinction and an indication of embedded
AGNs.
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