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A B S T R AC T

The mid-infrared part of the spectrum of galaxies is rich in spectral features that can serve as

a powerful tool to study their physical properties and characterize the physical conditions of the

interstellar medium. In this project I combine Spitzer/IRS spectra of IR-luminous galaxies at a wide

range of redshifts in order to detect and investigate the weak 3.3 µm polycyclic aromatic hydrocarbon

(PAH) emission feature. The 3.3 µm and the 6.2 µm PAH features are widely used as indicators for

the starburst (SB) and active galactic nucleus (AGN) powering mechanisms of local star-forming

galaxies. However, the 3.3µm feature will be the only observable PAH feature at redshifts higher

than 3.5. Thus, this is a preparatory project that characterizes the emission of the 3.3 µm PAH

feature of high-redshift sources and could serve as a recipe for the forthcoming observations with the

James Webb Space Telescope (JWST), targeting this feature.



1
I N T RO D U C T I O N

1.1 O B S E RV I N G G A L A X I E S I N T H E I N F R A R E D

The existence of a population of InfraRed (IR) luminous galaxies in the local Universe, whose

number density rises and becomes significant in high redshifts was an important result by the ob-

servations of the InfraRed Astronomy Satellite (IRAS; Soifer, Neugebauer, and Houck 1987) which

was launched by the National Aeronautics and Space Administration (NASA) in 1983. Following

IRAS, the Cosmic Background Explorer (COBE) space mission, which was launched in 1989, made

fundamental contributions to the study of the Cosmic Infrared Background (CIB; Puget et al. 1996).

The intensity of the CIB is unexpectedly high, in comparison to the optical light from galaxies of the

Hubble Deep Field (Hauser et al. 1998). Moreover, it suggests that the star formation rate (SFR) is

at least two times higher than the one estimated from ultraviolet(UV)/optical observations. Hence,

this was the first strong evidence that at least half of the star formation in the Universe is obscured

by dust and that half of the energy is emitted in IR.

With the contribution of later launched IR missions, such as the Spitzer Space Telescope (Werner et

al. 2004) and the Herschel Space Observatory (Pilbratt et al. 2010), the Spectral Energy Distribution

(SED) and also the surface brightness of the CIB were measured in better detail. Although how

the contribution of the galaxies to the CIB evolves at various redshifts is still under investigation,

the current available results make clear that dust provides information for the galaxy evolution that

1
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Figure 1: The Spectral Energy Destribution (SED) of the extragalactic background light from 0.1 µm

to 1 mm by Dole et al. 2005. The Cosmic Optical Background (COB) covers the area of

l  8µm while the Cosmic InfraRed Background (CIB) the area of l > 8µm.

cannot be provided from any other source. As is illustrated in Fig. 1, the CIB coming from dusty

galaxies constitutes half of the information of the extragalactic background light (EBL; Dole et al.

2005; Hauser et al. 2001). EBL is the integrated energy emitted by all the galaxies; thus, observations

of dusty IR-luminous galaxies are important for the investigation and understanding of the energy

density as a function of redshift, in the Universe.

IRAS measured IR thermal emission in almost the whole sky, using its four bands, centered at

12, 25, 60 and 100µm. Although the IR-luminous galaxies are locally rare (Lonsdale et al. 2006)

and their contribution on the total energy density is about 3% (Soifer and Neugebauer 1991), their

high IR-luminosity (L8�1000µm>1011
L�) allowed IRAS not to be restricted at the limits of the local

Universe and observe such sources also at high redshifts (Rowan-Robinson et al. 1991). The result
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Figure 2: The star formation rate (SFR) density of the universe up to redshift ⇠1.2. and the different

contributions of the normal galaxies (yellow area), the LIRGs (orange area) and ULIRGs

(red area) (Magnelli et al. 2009).

of these observations was the creation of several important samples of IRAS (U)LIRGs1, like the

Revised Bright Galaxy Sample (RBGS) of Sánchez et al. 2004, the 2Jy sample of Strauss et al. 1990

and the FIRST/IRAS sample of Stanford et al. 2000, including more than 60,000 sources (Surace

et al. 1998).

The Infrared Space Observatory (ISO; Kessler et al. 1996) also contributed in resolving the CIB

by observing extragalactic sources. Its observations confirmed that the number of the IR-luminous

dusty galaxies increases with redshift and that in z⇠1 the IR light density is more than 40 times

greater than in the local Universe. Additional observations in longer wavelengths, performed with

the Sub-millimetre Common User Bolometer Array (SCUBA) also shew that the ULIRGs are a sig-

nificant contributor at z > 1 (Bertoldi et al. 2000; Fox et al. 2002; Borys et al. 2004; Webb et al.

1 Luminous Infrared Galaxy (LIRG): 1011
L� < L8�1000µm < 1012

L�

Ultra-Luminous Infrared Galaxy (ULIRG): L8�1000µm > 1012
L�,

where L� is the solar luminosity
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Figure 3: Micron size scale dust grain consisting of ⇠8000 atoms in the three-dimensional numerical

simulations by Wada et al. 2009. The grey ring indicates the size of the characteristic

diameter.

2003). As we go at higher redshifts, LIRGs and ULIRGs dominate the star formation activity of the

Universe as is shown in Fig. 2, that presents the SFR density of the universe up to z⇠1.2. More

specifically, the different contributions of the normal galaxies (107
L�< L8�1000µm<1011

L�) (yel-

low area), the LIRGs (orange area) and ULIRGs (red area) are also presented in the same figure of

Magnelli et al. 2009.

1.2 D U S T G R A I N S A N D M AC RO M O L E C U L E S

The IR light coming from the star-forming galaxies discussed above, comes from the interstellar

dust that is illuminated from starlight, consisting of UV and optical photons. The dust grains consist

of tens of hundreds of atoms (Draine and Li 2001) and have diameter of micron size scale. They are

mainly made of carbon and silicon. A dust grain that consists of 8000 particles is illustrated in Fig.

3. The production of these grains occurs at the late stages of the stellar evolution in the outer layers

of the stars and the circumstellar areas. Later, the death of the stars followed by nova or supernova

explosion leads to the spreading of the dust grains.
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Figure 4: The molecular structure of several PAHs, indicating how individual benzene rings may be

characterized by the number of their C-H bonds (from mono to quatro) (Draine 2003).

The absorbed starlight increases the dust grains thermal energy in the form of oscillations of their

atoms. This thermal energy is then re-emitted in IR photons during the following cooling-down

period (Draine 2003). The same procedure occurs at the macro-molecules in the dusty regions. In

this thesis I investigate the emitted flux from the Polycyclic Aromatic Hydrocarbons (PAHs). During

the first years of the IR spectroscopy, several spectral features emitted by PAHs were noticed. These

features were observed in spectra of bright reflection nebulae, HII regions and planetary nebulae

(Gillett et al. 1973; Soifer et al. 1976; Russell et al. 1977) and they are also conspicuous on the

spectra of distant galaxies with vigorous star formation.

The PAHs are planar molecules that consist of carbon hexagon rings linked with hydrogen atoms.

A single ring creates a benzene molecule. The molecular structure of more complex PAHs is illus-

trated in Fig 4. The IR emission arises from vibrationally excited PAHs and specifically from the

stretching or bending of the C-H and C-C bonds. The contribution of their emission is about 10% -

20% of the total IR emission of galaxies (Helou et al. 2001; Peeters et al. 2002; Smith et al. 2007).
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1.3 D U S T E M I S S I O N F RO M G A L A X I E S

Dust-rich galaxies emit in the IR part of the electromagnetic spectrum and specifically in the range

of 2.2-1,000 µm. The radiation emitted mainly by young stars is absorbed and then re-emitted by

dust, being imprinted on the spectrum with the form of several broad emission features, emission

lines, power law continuum in its mid-IR part and as black-body (BB) radiation in its far-IR part

respectively. Fig. 5 shows two different SEDs of a star-forming galaxy with SFR of 100 M�/yr and

stellar mass of 5⇥ 105
M�, where M� is the solar mass. The black SED corresponds to the case that

the galaxy does not contain interstellar dust, while the red SED corresponds to the dusty version of

the same galaxy. The SED is made with the CIGALE code (Code Investigating GALaxy Emission;

Noll et al. 2009; Ciesla et al. 2015). The dusty galaxy shows no emission in shorter wavelengths

than the Lyman-limit (0.912 µm) and is generally less luminous in the UV and optical, because these

parts of the spectrum are absorbed by the dust and re-emitted in the IR, from 2.2 to 1,000 µm. In

contrast, the dust-free galaxy emits less in the mid-IR and does not show any emission in the far-IR.

Therefore, by the comparison of these two SEDs, it is obvious that the UV and optical observations

are not enough to provide the full information of a dusty star-forming galaxy.

IR features emitted from regions powered by young massive stars, such as HII regions of dusty

galaxies, are very strong and can be used as quantitative tracers of intense galactic star formation.

Some of the characteristics of these features, like the peak’s position or their width, vary due to the

physical conditions of the region that they were emitted from (Tielens 2008). Fig. 6 resembles a

typical SED of a star-forming galaxy between 1 and 104 µm, made with the CIGALE code. The mid-

IR part consisting of some continuum areas and a suit of features, attributed to the PAHs, is plotted

with the black line. Additionally, the red line shows the BB emission in the far-IR and sub-mm

regime. The BB emission peaks at ⇠100 µm and in longer wavelengths decreases monotonically

in the Rayleigh-Jeans regime (Casey et al. 2014). In this thesis, I focus in the mid-IR spectrum of

high-redshift galaxies.
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Figure 5: SEDs of the same star-forming galaxy, made with the CIGALE code, in the case that it does

not contain interstellar dust (black line) and in the case that it contains interstellar dust (red

line).

1.3.1 Mid-IR spectral decomposition

Although the ISO satellite expanded our knowledge of the mid-IR spectra of IR-luminous galaxies,

Spitzer with its InfraRed Spectrograph (IRS) contributed in a more detailed investigation of the mid-

IR spectra of local and high-redshift star-forming galaxies. A wide variety of spectral features that

can be detected in the low-resolution IRS spectra of local galaxies, is also present in spectra of high-

redshift galaxies. These features are widely used as diagnostics for the characterization of the major

sources and the mechanisms that cause and dominate the IR emission in galaxies (Laurent et al.

2000; Lutz et al. 1996; Genzel et al. 1998; Peeters et al. 2004; Spoon et al. 2007). Low-resolution

IRS spectra of a starburst-(SB-)dominated and an AGN-dominated source are illustrated in Fig. 7.

The SB-dominated spectra have a redder slope and their most characteristic features due to PAHs
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Figure 6: A typical SED of a star-forming galaxy between 1 and 104 µm, made with the CIGALE

code. The black line corresponds to the mid-IR part, while the red line corresponds to the

far-IR and sub-mm part.

are generally absent in strongly AGN-dominated galaxies, since they are destroyed by the hard AGN

radiation field in UV/x-rays and the smaller photo-dissociation regions (PDRs) (Voit 1992, Weedman

et al. 2005). Ionic lines can be detected in both SB- and AGN-dominated spectra.

The major features in a low-resolution IRS spectrum of galaxy are the PAH emission features at

the 6.2, 7.7, 11.3 and 12.7 µm (Fig. 7a). The 6.2 and 7.7 µm features arise from C-C skeleton

stretching vibrational modes of ionized PAHs, while the 11.3 µm feature arises from the solo C-H

out-of-plane bending mode of neutral PAHs and the 12.7 µm feature from duo and trio C-H (Fig. 4)

out-of-plane bending modes (Hony et al. 2001; Bauschlicher et al. 2008; Bauschlicher et al. 2009).

A weaker PAH feature at 8.6 µm arises from C-H in-plane bending modes of ionized PAHs and is

tightly correlated with the features at 6.2 and 7.7 µm (Peeters et al. 2017). The relative strengths of

the features depend on the dust grain sizes, the PAHs’ charge state and the intensity of the incident
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(a) (b)

Figure 7: Two IRS low-resolution spectra of high-redshift galaxies. (a) A SB-dominated

source (SDSS J104753.32+582106.7) at z = 0.8898 and (b) an AGN-dominated source

(4C +29.56), at z = 0.842. The indicated PAH features are centered at 3.3, 6.2, 7.7, 8.6,

11.3 and 12.7 µm.

radiation (Draine and Li 2001). Hence the PAH features are an important diagnostic of the dust grain

properties in SB-dominated galaxies.

Observed in both local and high-redshift galaxies with recent or ongoing star formation, PAH

features are widely used to probe galaxy characteristics and local physical conditions. Variations in

their structure make them useful galaxy classification tools (Inami et al. 2018), while their relative

strength shows the degree of ionization in their region (Tielens 2008). They have been also used

as direct redshift indicators for starburst galaxies (Negrello et al. 2009). Additionally they can give

information about the metallicity of their environment, since the low metal content enables hard UV

photons to propagate easier and thus to destroy PAH molecules further away from the massive star

forming regions (Madden et al. 2006; Smith et al. 2007; Gordon et al. 2008).

In addition to the PAH features, there is also an array of weaker features in the spectral area of 3 to

20 µm. A series of pure rotational lines of molecular hydrogen (H2 S(7), S(5) and S(3)) and cooling

lines from low-ionization elements sit between the stronger features (Sturm et al. 2000). Another

line emitted from HII regions is the Bra hydrogen recombination line that traces ionizing photons



1.3 D U S T E M I S S I O N F RO M G A L A X I E S 10

Table 1: Weak emission line parameters.

line name central wavelength [µm] line name central wavelength [µm]

H2(S7) 5.511.............................. Bra 4.05.................................

H2(S5) 6.909.............................. Fe II 5.304...............................

H2(S3) 9.665.............................. S IV 10.511.............................

from young stars and can thus trace the SFR of dusty galaxies. The ionized iron (Fe II) emission

line at 5.304 µm can also be detected in some spectra indicating shocked gas and outflows from

young stars in dusty regions of star formation (Hartigan et al. 2004). These lines though, are not

always detectable because of their weakness or of low spectral resolution. The strongest absorption

feature is the 9.7 µm silicate feature that sits between the prominent 7.7 and 11.3 µm PAH emission

features. This absorption featured is a useful tool that helps to separate sources with buried nucleus

from sources with more extended and clumpy dust regions (Spoon et al. 2007; Imanishi et al. 2007;

Levenson et al. 2007). The sulfur line at 10.51 µm is often weak but it can be detected in the silicate

trough. The parameters of the weak features discussed in this thesis are included in Tab. 1.

All the above mentioned features are set against a background continuum. The mid-IR spectral

area (5-25 µm) is dominated by warm dust emission, arising from small dust grains heated by photons

produced by young stars or through AGN accretion activity (Magdis et al. 2013). Specifically, mid-

IR wavelengths in the area of 5-8 µm are dominated by the continuum emission of hot dust grains

and as the emission of the dust grains rises proportionally to their temperature, emission from cooler

dust grains dominates the far-IR wavelengths (>8 µm). As was previously mentioned, the integrated

emission in the area of 8-1,000 µm is called infrared luminosity LIR. In galaxies highly obscured

by dust, LIR approximates well the bolometric luminosity and can be an important tracer of the SFR

(Kennicutt 1998).
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Figure 8: The IRS spectrum of the source IRAS F14537+1950 with strong PAH features in the rest

frame and also in redshifts 2 and 7 assuming exposure times during the observations that

provide the same flux density in these redshifts. The wavelength coverage of the Spitzer’s

IRS and the James Webb Space Telescope’s Mid-InfraRed Instrument (MIRI) are also il-

lustrated with the orange and red shaded area respectively.

1.4 T H E 3 . 3 µm PA H F E AT U R E

The 3.3 µm PAH feature arises from the C-H stretching mode of neutral PAHs and is correlated

with the 11.3 µm (Peeters et al. 2017). Observations of local LIRGs have shown that in the spectral

range of 2.5-5 µm, the 3.3 µm PAH emission line is the most prominent feature (Inami et al. 2018).

However, in high-redshift systems, due to the limited sensitivity of the IRS, it is only observed in a

few very luminous sources.

The forthcoming James Webb Space Telescope (JWST) with its Mid-InfRared Instrument (MIRI)

will be able to cover mid-IR wavelengths from 4.9 to 28.8 µm, using its Medium-Resolution Spec-
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Figure 9: The different wavelength values that several mid-IR features can be observed as a function

of redshift. The red shaded area corresponds to the wavelength coverage of the MIRI.

trometer (MRS) with resolution, R⇠1,500-3,000. Its ability to provide simultaneous spatial and spec-

tral information with high sensitivity, will make, in principle, the detection of the 3.3 µm PAH feature

possible up to redshift ⇠8. Fig. 8 shows the wavelength coverage of the MIRI compared to the IRS

coverage with an example of a SB-dominated galaxy plotted in several wavelengths. Moreover, Fig.

9 highlights that the 3.3 µm PAH will be the only observable PAH feature at redshift higher than

3.5. In this project I calculate the median spectrum of all the PAH-dominated high-redshift sources,

observed by the IRS and cover the 3.3 µm band. The aim of the project is to recover the 3.3 µm PAH

feature and characterize its emission.
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1.5 T H E S I S L AY O U T

In the first chapter, the importance of observing galaxies in the IR part of the electromagnetic

spectrum is emphasized, followed by an overview of the contribution of the dust in the observed

IR radiation. A decomposition of the mid-IR spectrum is also presented with mentioning the most

important spectral features of IR-luminous galaxies. Later, there is an extended analysis to the PAH

features and especially to the 3.3 µm PAH feature and the motivation to investigate and characterize

its emission.

The criteria for selecting the sources used in this project are presented in Chapter 2, followed by

the steps of the processing before the spectra been used for the method to obtain the results of the

project. The Spitzer Space Telescope was also discussed, with reference to some basic information

about its main parts, including its cameras and spectrograph. In the same chapter are also presented

the AGN-SB selection criteria that used to separate the sample into two sub-samples.

The analysis and the results are presented in Chapter 3, while Chapter 4 includes the conclusions

and discussion of the results and their utility to the future observations. In the appendices of Chapter

5 are included all the photometric data as well as the spectra used in the project.



2
S A M P L E S E L E C T I O N A N D P RO C E S S I N G

The aim of this project is to collect and analyze all high-redshift galaxies with available Spitzer/IRS

spectra which sample the 3.3 µm PAH range and investigate possible relations between their IR

spectral features and their physical properties. The comparison of my results, with corresponding

analysis in local galaxies can help to improve our knowledge about galaxy evolution and the changes

in the star formation efficiency in different cosmic epochs.

2.1 S P E C T RO S C O P Y A N D P H OT O M E T RY W I T H S P I T Z E R

The Spitzer Space Telescope is a part of the NASA’s Great Observatories Program. A program

that consists of four space telescopes that observe the universe in different bands. Spitzer was built

to observe in IR wavelengths, while the Hubble Space Telescope (HST) in optical, the Compton

Gamma-Ray Observatory (CGRO) in gamma-rays and the Chandra X-Ray Observatory (CXO) in

x-rays. Following ISO and IRAS, Spitzer is the observatory with the highest sensitivity, providing

for the first time very efficient IR spectroscopy, with low- to moderate-resolution.

Since Spitzer was designed to observe IR photons, in order to avoid contamination from its own

thermal radiation, it has to be cooled. At the same time, the telescope’s temperature has to be low

enough, in order to be able to detect radiation coming from relatively cold objects. Liquid helium

was the coolant, that was keeping the temperature of the telescope mirror and the focal plane at about

14
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5 Kelvins. The mission was launched in 25 August 2003, but its cryogenic era ended in 15 May 2009,

when it ran out of helium. Since then it is in a warm era where only some of its instruments are still

in operation. Its telescope is a Ritchey-Chretien with 0.85m diameter and focal length of 10.2m.

2.1.1 The InfraRed Spectrograph (IRS)

Spitzer is equipped with a spectrometer called IRS. It is one of the 3 instruments in the same focal

plane and consists of four individual modules named Sort Low (SL), Sort High (SH), Long Low (LL)

and Long High (LH). They cover a wavelength range from 5.2 to 38 microns with low (R⇠60-130)

and moderate (R⇠600) spectral resolution.

Table 2: InfraRed Spectrograph (IRS) module characteristics

Module Wavelength Range [µm] Slit Dimensions [arcsec] Spectral Resolution [l/Dl]

SL2 5.13 – 7.60 3.6 ⇥ 57 60 - 127

SL1 7.46 - 14.29 3.7 ⇥ 57 61 - 120

LL2 13.9 – 21.27 10.5 ⇥ 168 57 - 126

LL1 19.91 - 39.90 10.7 ⇥ 168 58 - 112

SH 9.89 - 19.51 4.7 ⇥ 11.3 ⇠ 600

LH 18.83 - 37.14 11.1 ⇥ 22.3 ⇠ 600

2.1.2 The InfraRed Array Camera (IRAC)

The first Spitzer’s camera performs photometry using four individual filters, centered at 3.6µm,

4.5µm, 5.8µm and 8µm respectively. IRAC has two detectors enabling simultaneous 5.2 ⇥ 5.2
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arcmin images at two filters. The IRAC pixel size is 1.2 arcsec, with a point spread function (PSF)

⇠1.8 arcsec and the available circular apertures have 3.8 and 5.8 arcsec diameter, respectively.

Table 3: InfraRed Array Camera (IRAC) channel characteristics

Channel Wavelength Range [µm] Field of View [arcmin] Detector

1 3.19–3.94 5.2 ⇥ 5.2 256 ⇥ 256 InSb

2 4.00–5.02 5.2 ⇥ 5.2 256 ⇥ 256 InSb

3 4.98–6.41 5.2 ⇥ 5.2 256 ⇥ 256 Si:As

4 6.45–9.34 5.2 ⇥ 5.2 256 ⇥ 256 Si:As

2.1.3 The Multi-band Imaging Photometer for Spitzer (MIPS)

The other camera is called MIPS and performs imaging in broad spectral bands, centered at 24µm,

70µm, and 160µm respectively.

Table 4: Multi-band Imaging Photometer for Spitzer (MIPS) characteristics

Band Identification Wavelength Range [µm] Field of View [arcmin] Detector Array

24 µm 21.5–26.2 5.4 ⇥ 5.4 128 ⇥ 128 Si:As

70 µm 62.5-81.5 5.2 ⇥ 5.2 32 ⇥ 32 Ge:Ga

160 µm 139.5–174.5 5.3 ⇥ 0.5 2 ⇥ 20 Stressed Ge:Ga

Combining these three instruments, Spitzer provides broadband imaging and low spectral resolu-

tion spectroscopy contributing to the study of several astrophysical problems from our solar system

to the dawn of the Universe.
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Figure 10: Sky plot of the 324 sources in our sample. It is clear that the sources are from several

fields and some of them are dispersed.

2.2 S A M P L E S E L E C T I O N

During Spitzer’s cryogenic mission the IRS collected spectra of about 14000 individual targets.

The Cornell Atlas of Spitzer/IRS Sources1 (CASSIS) (Lebouteiller et al. 2011) provides 13000 cali-

brated spectroscopic observations obtained with the SL and LL low-resolution modules. Since I am

interested in PAH features and especially in the 3.3 µm PAH emission line, I need to select sources

with redshift greater than 0.6, so that the 3.3 PAH is found within the spectral part covered by the

SL2 module or the other modules with longer wavelength ranges. This lower redshift limit comes

from the following equation,

5.13 < 3.3(1 + z) ) z � 0.56, (1)

where 3.3 is the wavelength (in microns) that the PAH feature is expected to be emitted and 5.13 is

the lower wavelength limit of the IRS (SL2 module, Tab. 2).

1 http://cassis.sirtf.com/
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Figure 11: Histogram of the number of sources per redshift bin in our sample. The bins have width

equal to 0.25.

By checking the sources provided by the CASSIS, 324 spectra, that are located in various deep

fields across the sky (Fig. 10), satisfied the criterion of the equation 1 and are included in the sam-

ple. The Infrared Database of Extragalactic Observables from Spitzer2 (IDEOS) provides a valid

redshift value for every spectrum (Hernán-Caballero et al. 2016). The redshift values were found af-

ter associating the redshifts from optical counterparts of the NASA’s Extragalactic Database (NED)

with accurate values from the IRS spectra, measured by calculating a maximum combined pseudo-

likelihood method (MCPL). In the cases where the redshift can be estimated from the IRS spectrum

and the NED value is photometric, the IRS value is preferred.

The lowest redshift value, in the sample, is 0.60236, while the highest is 4.27. Most of the sources

are at redshifts from 1.5 to 2.25 (Fig. 11). Every source in the IDEOS database is followed by a

name that corresponds to the redshift verification status. If d = (zIRS � zNED)/(1 + zNED) and d = |d|

indicates the accuracy of the MCPL redshift, when the two redshift values are in an agreement like d

< 0.005, the redshift value is considered as ”confirmed”. In order of diminishing confidence, sources

are also identified as ”verified”, ”probable”, ”robust”, ”unchallenged” and ”uncertain”, respectively

2 http://ideos.astro.cornell.edu/redshifts.html
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(Lebouteiller et al. 2011). Table 5 in the Appendices (Chapter 5) includes all the basic information

for the sources in our sample.

From the 322 sources in the sample, there is available photometry, obtained by Spitzer’s InraRed

Array Camera (IRAC), for 292 sources. However, only 221 sources (⇠74%) have been observed in

all 4 IRAC channels. I rejected 5 of these sources because their photometric data do not match to

their spectroscopic data. The flux in the spectroscopic data is lower than the photometric flux for all

these 5 sources. This is probably due to the incorrect placement of the slit on the source and this

results in a part of the total flux of the source being lost. The IRAC photometry is provided by the

Spitzer Enhanced Imaging Products (SEIP), Cryogenic Release version 3.0. This is a combination of

images and tables with data of Spitzer’s cryogenic mission, provided by the Spitzer Science Center

(SSC) and the Infrared Science Archive3 (IRSA). The photometric data used in this project have been

extracted with both 3.8 and 5.8 arcsec apertures. The 221 sources observed in all four IRAC channels

are included in Tab. 6 of the Appendices (Chapter 5). Consequently, as was mentioned above, all the

spectroscopic and photometric data used for this thesis are obtained by Spitzer.

2.3 S P E C T R A P RO C E S S I N G

The CASSIS database provides galaxy spectra that are extracted using two different methods, the

tapered column and the optimal extracted spectra. The optimal extracted spectra provide the best

signal-to-noise ratio (S/N) for faint point-like sources, since they fit and scale the PSF to the source’s

spatial profile and are the most suitable for our research. The optimal extracted spectrum of the

source S2 is presented in Fig. 12. The parts of the spectrum observed with different low resolution

modules of the IRS are denoted with different colors.

3 http://irsa.ipac.caltech.edu/frontpage/
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Figure 12: The IRS spectrum of the source S2 with redshift 0.6472. With different colors are illus-

trated the parts of the spectrum observed with the four low resolution modules.

After collecting the spectra and creating our sample, I firstly shift them to the rest frame by dividing

the wavelength by the factor (1 + z), where z is the redshift of each source. I simultaneously divide

the flux density (per frequency) by the same factor, in order to conserve the luminosity of the source.

Thereafter, I normalize every individual spectrum by using the median flux value in the range 3.55

to 3.65 µm. Since there are no known spectral features in this range, I am certain that I normalize

to the continuum value. At the same time it is close to the weak 3.3 µm PAH that I am interested

in. So I avoid this feature to be diluted in the continuum of the brightest galaxies during the stacking

method I am using afterwards.

The spectral resolution of the IRS is not constant as a function of wavelength (Fig. 13). Thus, the

step Dl from pixel to pixel is also changing. The final part of the spectra processing method is the

interpolation. By performing linear interpolation I register the spectra of individual galaxies onto a

wavelength grid, set to have a constant step Dl = 0.01µm. Every step of the method that leads to the

interpolation of the spectra is illustrated in Fig. 14. The processing method for the flux-error is the
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Figure 13: The spectral resolution of the IRS as a function of wavelength. The SL and LL modules

are illustrated with blue and purple color respectively.

Figure 14: An example of the processing steps to the optimal extracted spectra in the sample. Firstly

I shift the observed spectrum to the rest frame, then I normalize it and finally I interpolate

it. In this example the spectrum of the source S156 with redshift 1.68306 is presented.

same as for the flux of the spectra. So, before stacking the spectra, I firstly shift, normalize and also

interpolate the flux-error for every individual spectrum.
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2.4 AG N A N D S B S E L E C T I O N C R I T E R I A

Since the high-redshift sources we wish to study are faint, it is challenging to analyze their mid-IR

spectral properties one by one. We can, however, separate them in a physically reasonable manner

and examine the median spectra of each group, which will have, by definition, a higher S/N. One

first approach is to study SB- and AGN-dominated sources, using criteria for identifying them mid-

IR color-color diagrams.

Such criteria, were firstly introduced by Lacy et al. 2004, Lacy et al. 2007 and Stern et al. 2005,

using IRAC photometric data and creating color-color diagrams for AGN selection. A revised IRAC

criterion was later defined by Donley et al. 2012 and was able to improve some weaknesses of the

former methods. This is the method used in this project in order to separate the AGN and SB sources

in the sample.

The data that are needed for this method are the photometric measurements performed by the four

IRAC channels. Sources with no available photometry in one or more IRAC channels, are excluded.

By using the available photometric data (Tab. 6), a color-color diagram is created as is depicted in

Fig. 15. The Donley et al. 2012 selection criteria used for creating this diagram are the following,

X = log10

✓
f5.8µm

f3.6µm

◆
, Y = log10

✓
f8.0µm

f4.5µm

◆
(2)

X � 0.08 and Y � 0.15

and Y � (1.21 ⇥ X)� 0.27 and Y  (1.21 ⇥ X) + 0.27 (3)

and f4.5µm > f3.6µm and f5.8µm > f4.5µm and f8.0µm > f5.8µm,

where f is the flux density of each IRAC channel and X, Y are defined in Eq. 2.

In order to evaluate the robustness of the selection results I decided to check the relation of the flux

values for the same IRAC channels, of the two different apertures. The ratios of the flux values of

the sources for the two apertures, are illustrated in Fig. 16. For most of the sources the ratio is close
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Figure 15: IRAC color-color diagram for the 3.8 arcsec aperture photomeetry. The sources are sep-

arated in three redshift bins, sources with redshift lower that 1.5 (cyan), sources with

redshift between 1.5 and 2.5 (blue) and sources with redshift greater than 2.5 (dark blue).

There are also some sources marked as rejected (red) and some not classified (yellow).

The black dashed line indicates the Y � 0.15 cut, while the black solid lines indicate the

other revised AGN selection criteria introduced by Donley et al. 2012.

to unity and a bit higher as it was expected for point-like sources and because the 5.8 arcsec aperture

receives more flux than the 3.8 arcsec aperture. Nevertheless, for some sources the flux ratio deviates

more than 25% from unity. For further investigation I plot the same ratio as a function of redshift as

is illustrated in Fig. 17. No systematic trends are identified.

For further evaluation of the sources and for higher accuracy at their final classification as AGN or

SB-dominated galaxies, I make one IRAC color-color diagram for each aperture size. The two color-

color diagrams are illustrated in Fig. 18. Some sources sitting inside the box in the first diagram are

moving out of it in the other and vice versa. Finally I identify 18 sources as ”not classified” and I
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exclude them from the sources used for the stacking. These sources are marked with yellow circles

in Fig. 15, while the rejected sources are marked with red.

Figure 16: The ratio of the flux density measurements in the two apertures, f5.6 over f3.8, as a func-

tion of the 3.8arcsec flux density, for each one of the four IRAC filters.

Figure 17: The ratio of the flux density measurements in the two apertures, f5.6 over f3.8, as a func-

tion of redshift, for each one of the four IRAC filters
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(a) IRAC color-color diagram for the 3.8 arcsec

photometry.

(b) IRAC color-color diagram for the 5.8 arcsec

photometry.

Figure 18: The IRAC color-color diagrams for the two different aperture size photometry. The

sources are separated in three redshift bins, sources with redshift lower that 1.5 (cyan),

sources with redshift between 1.5 and 2.5 (blue) and sources with redshift greater than

2.5 (dark blue). Rejected sources are marked with red crosses. The black dashed line

indicates the Y � 0.15 cut, while the black solid lines indicate the other revised AGN

selection criteria introduced by Donley et al. 2012

Based on the Donley et al. 2012 diagnostic, 177 sources (⇠80%) are classified as AGN-dominated

galaxies, while 21 sources (⇠10%) are classified as SB-dominated galaxies. There are also 18

sources (⇠8%) that could not be classified because they sit close to the limits of the selection cri-

teria (black dashed lines, Fig. 15).



3
DATA A NA LY S I S A N D R E S U LT S

3.1 S TAC K I N G A N A LY S I S

The S/N of the 3.3µm PAH feature is very low, in most of the sources in my sample of high-redshift

galaxies. One method that helps to recover weak or non-detected spectral features is called stacking.

In this method the median spectrum of a group of galaxies with similar physical characteristics is

measured. In this way, the S/N of the spectral features becomes higher, the weak lines are being

recovered and it is possible to better characterize their emission.

In order to consider a spectral feature as detected, it has to be a 3-sigma detection, where sigma

is the standard deviation of the local continuum near the feature. When the median spectrum is

calculated, because the noise is random, the noise in the continuum decreases, while weak features,

where positive signal is expected, become stronger in comparison to their local continuum.

Firstly I calculate the median spectrum of the whole sample. As is illustrated in Fig. 19 this blind-

stack that contains SB-dominated galaxies with strong PAH features, AGN-dominated galaxies with

PAH features on top of the power law continuum, as well as pure AGN-dominated galaxies without

PAH features. Globally the spectrum seems to follow a power law. This indicates that the sample is

dominated by AGNs. At the same time, the spectrum shows distinctive weak PAH emission at 6.2,

26
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Figure 19: Median spectrum of all the 324 sources in the sample. The red and brown vertical dashed

lines correspond to the wavelengths where the 3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 µm PAH

lines respectively, are expected to be. With different colors are indicated the 5.340 FeII

(orange), the 5.511 H2 S(7), the 6.909 H2 S(5) and H2 S(3) (blue) and 10.511 SIV (yel-

low). The grey shaded area indicates the standard deviation of the normalized flux density.

7.7, 8.6, 11.3 and 12.7 µm. The PAH features are characteristic features of SB-dominated galaxies

that are included in the sample.

3.1.1 Selection based on Donley color-color diagram

After calculating the median spectrum of the whole sample that provided us with some general in-

formation about the sources included in it, I used the sub-samples, created based on the selection cri-

terion mentioned above. Therefore I calculated the median spectrum of the AGN- and SB-dominated

galaxies separately and I also separated each sub-sample into three redshift bins:

i) z < 1.5, ii) 1.5  z < 2.5 and iii) z � 2.5
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AGN-dominated sources

The three median spectra for the AGN-dominated sources are illustrated in Fig. 20. The first bin

(z  1.5), shows clear detection of 6.2, 7.7, 8.6, 11.3 and 12.7 µm PAH features. However the 3.3

µm PAH feature is not detected. For the second bin (1.5 < z  2.5) the 6.2 is at 2s level, so it is

considered as not detected. Finally, for the last bin (z > 2.5) the median spectrum seems to follow a

power law without any PAH or other feature emission.

I set the range of 3.00-3.23 and 3.37-3.60 µm as the local continuum of the 3.3 µm feature and

the areas of 5.81-5.95 and 6.45-6.75 µm as the local continuum for the 6.2 µm feature respectively.

From Inami et al. 2018 and Smith et al. 2007, I set a fixed Full Width at Zero Maximum (FWZM)

for the two features as 0.14 and 0.5 µm, respectively, within which I measure the feature’s flux.

For the non-detected features of the median spectra of the first two bins, after fitting the local

continuum around the 3.3 and 6.2 µm respectively, I measure the flux in the area centered at these

two wavelengths. I then subtract the continuum and add 3 times the s of the local continuum for

each occasion. Finally I calculate the ratio of the 6.2 to 3.3 µm PAH emission ( F6.2
F3.3

), which due to

the non-detection of the 3.3 µm feature, is a lower limit.

For the first redshift bin (z  1.5), the lower limit of the flux ratio of the 6.2 µm to 3.3 µm PAH

emission was measured,
✓

F6.2

F3.3

◆

lo.lim
= 7.52 ± 2.96 (4)

Similarly, for the second redshift bin (1.5 < z  2.5), the flux ratio was respectively measured,

✓
F6.2

F3.3

◆

lo.lim
= 16.55 ± 6.05 (5)

The uncertainty of the flux ratio was calculated by propagating the flux errors and adding them in

quadrature. For the last bin (z > 2.5), it is obvious that no PAH emission is visible.
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(a) Median spectrum of 62 AGN-dominated

sources with z  1.5

(b) Median spectrum of 85 AGN-dominated

sources with 1.5 < z  2.5

(c) Median spectrum of 24 AGN-dominated

sources with z > 2.5

Figure 20: Median spectra of the AGN-dominated sources, separated into three different redshift bins.

The grey shaded area indicates the standard deviation of the normalized flux density and

the vertical dashed lines correspond to the wavelengths where the 3.3, 6.2, 7.7, 8.6, 11.3

and 12.7 µm PAH lines are expected to be.

SB-dominated sources

Fig. 21 presents the median spectra of the SB-dominated sources. It wasn’t possible to calculate

a median spectrum for redshift higher than 2.5, because there was only one SB-dominated source.
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(a) Median spectrum of 8 SB-dominated sources

with z  1.5

(b) Median spectrum of 12 SB-dominated sources

with 1.5 < z  2.5

Figure 21: Median spectra of the SB-dominated sources, separated into two redshift bins. The grey

shaded area indicates the standard deviation of the normalized flux density and the vertical

dashed lines correspond to the wavelengths where the 3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 µm

PAH lines are expected to be.

The median spectrum of z  1.5 has strong PAH features, but the 3.3 µm PAH is again not detected.

Similarly, in the median spectrum of 1.5 < z  2.5 neither the 3.3, nor the 6.2 µm PAH are detected.

Following the same procedure as for the analysis of the AGN-dominated sources, for the first

redshift bin (z  1.5), the lower limit of the flux ratio of the 6.2 µm to 3.3 µm PAH emission was

measured,
✓

F6.2

F3.3

◆

lo.lim
= 13.17 ± 4.43 (6)

Similarly, for the second redshift bin (1.5 < z  2.5), the flux ratio was respectively measured,

✓
F6.2

F3.3

◆

lo.lim
= 25.70 ± 8.28 (7)
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3.1.2 Manual selection of SB-dominated sources

Not being able to detect the 3.3 µm PAH feature by stacking the AGN- and SB-dominated sources

based on the Donley et al. 2012 criterion, led us to use a manual way to select SB-dominated sources

to stack. From the SB-dominated sources classified by the Donley et al. 2012 criterion, only 26% of

them display strong 6.2 and 7.7 µm PAH features (see Appendix). Hence, I decided to identify, by

visual inspection, in which spectra these features are strong. These sources, 19 in total, are expected

to be SB-dominated galaxies and are also expected to have in principle 3.3 µm PAH feature emission.

Their redshift ranges from 0.636 to 1.911 with their average redshift being 1.274. From these sources,

13 are at redshift lower than 1.5, while the others at greater redshift than 1.5.

Their median spectrum which is illustrated in Fig. 22 clearly shows strong 6.2, 7.7, 11.3 and 12.7

µm PAH features as it was expected and the 3.3 µm PAH feature seems to be present. After fitting

and subtracting the local continuum of the 3.3 and 6.2 µm PAH features, I measure their flux and

also their flux ratio. The local continuum fitting is illustrated in Fig. 22 with red continuum lines. I

set 3.00-3.23 µm and 3.37-3.60 µm as the local continuum of the 3.3 µm feature, assuming that the

water ice absorption feature at 3.05 µm and the carbonaceous dust absorption feature at 3.4 µm are

not detected. For the 6.2 µm feature, I set 5.81-5.95 µm and 6.45-6.75 µm as the local continuum

respectively.

Since the 3.3 PAH feature is not a 3s detection, we measure the lower limit of the flux ratio of the

6.2 µm to 3.3 µm PAH emission,

✓
F6.2

F3.3

◆

lo.lim
= 20.15 ± 4.14 (8)

The uncertainty of the flux ratio was again calculated by propagating the flux errors of the two

features and adding them in quadrature. This result agrees with the corresponding results of (Inami

et al. 2018) for local LIRGs, where the ratio is 19.04 ± 1.62, but my ratio is the lower limit. For

local galaxies with both star-forming activity and AGN, due to the detection of the NeII line, and
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Figure 22: Median spectrum of 19 SB-dominated sources selected by visual inspection. The red

and brown vertical dashed lines correspond to the wavelengths where the 3.3, 6.2, 7.7,

8.6, 11.3 and 12.7 µm PAH lines respectively, are expected to be. With different colors

are indicated the 5.340 FeII (orange), the 5.511 H2 S(7), the 6.909 H2 S(5) and H2 S(3)

(blue) and 10.511 SIV (yellow). The gray shaded area shows the standard deviation of the

normalized flux density of the selected sources. The fitting of the local continuum of the

3.3 and 6.2 µm PAH features are denoted with red lines.

with average redshift equal to 0.85, Dasyra et al. 2009 measured the same ratio equal to 2.22. This

value is lower than what is typically seen for local ULIRGs (Imanishi, Dudley and Maloney 2006;

Imanishi et al. 2008) and may result when the emission from neutral PAHs is stronger than that from

the ionized PAHs.



4
D I S C U S S I O N A N D C O N C L U S I O N S

Following several past studies which investigated the emission of the 3.3 µm PAH feature, using

data of local galaxies from space telescopes such as AKARI and Spitzer (Imanishi et al. 2010; Kim

et al. 2012; Inami et al. 2018), this is a work where the emission of the same feature is investigated

for high-redshift, IR-luminous galaxies, using spectra obtained by Spitzer/IRS. Within this thesis I

created the largest sample of high-redshift galaxies with available IRS spectra which sample the 3.3

µm PAH emission range. Based on the measurements of the 298 sources in the sample, I characterize

the emission of the 3.3 µm PAH feature in order to examine their nature and properties.

Using the available IRAC photometry I separated the sources into two sub-samples, by their SB-

or AGN-domination, following the Donley et al. 2012 criterion. Measuring the median spectra of

the galaxies in the sub-samples, separated in three redshift-bins, I increased their S/N, in order to

recover the weak 3.3 µm PAH emission. In order to derive information about the physical properties

of the galaxies in the sample, I compare the 3.3 µm PAH flux with the flux of the 6.2 µm PAH .I also

compare the stacked spectra from my sample with the median SEDs from Inami et al. 2018, which

study a sub-sample of local LIRGs from the GOALS survay.

33
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Figure 23: The median spectra of AGN-dominated sources. The stacks from the high-redshift sources

in my sample are denoted by different shades of blue indicating the redshift bins. The

median SED of local AGN-dominated LIRGs from Inami et al. 2018 is denoted by the red

curve. The spectra fluxes are manually scaled in order to avoid big overlaps.

4.1 H I G H - R E D S H I F T AG N - D O M I N AT E D M E D I A N S P E C T R A

The median spectra of the AGN-dominated sources in different redshift-bins from my sample are

shown in Fig. 23. The first bin includes 62 sources, the second 85 and the third 24 sources. The

median SED of local LIRGs with AGN fractions more than 60%, by Inami et al. 2018, is over-

plotted in the same figure. The PAH features become weaker at higher redshifts, suggesting stronger

radiation fields, originating from the AGNs, that could destruct the PAH molecules, and/or weaker

surrounding starbursts. The PAH-free continuum of the third bin median spectrum provides a clear

AGN signature with hard radiation fields heating the dust grains (Moorwood 1986; Imanishi and

Dudley 2000) and lack of PDRs.
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These results agree to the raise of the red 2.5-5 µm continuum slope that is dominated by hot dust

emission from obscured AGNs (Risality et al. 2006; Sani et al. 2008). The 2.5-5 µm continuum

slopes of the three redshift-bins are 0.37, 0.41 and 0.42, with ascending order of redshift. Moreover,

the lower limits of the 6.2 to 3.3 µm PAH features flux ratio also increase with redshifts, being 7.52 ±

2.96 for the first bin and 16.55 ± 6.05 for the second bin, while for the local AGN-dominated LIRGs

of Inami et al. 2018 is 3.98 ± 0.74. This increase could be attributed to the rise of the 2.5-5 µm

continuum slope which probes the increasing AGN activity that suppresses the 3.3 µm emission flux

with respect to the 6.2 µm PAH emission. Alternatively, it could be attributed to the PAH emission

itself suggesting larger fraction of ionized PAH molecules with redshift. More sensitive observations

with the JWST could be able to detect the weak 3.3 µm PAH emission in high-redshift AGNs and

measurements of its equivalent width (EW3.3PAH) in comparison to the EW6.2PAH could make us

more confident about the validity of the second scenario.

4.2 H I G H - R E D S H I F T S B - D O M I N AT E D M E D I A N S P E C T R A

The median spectra of the SB-dominated sources, in different redshift-bins, from my sample are

shown in Figs. 24a and 24b. The first bin includes 8 sources, while the second includes 12 sources.

The median SED of local LIRGs with AGN fractions less than 30%, by Inami et al. 2018, is over-

plotted with the red curve and the green curve corresponds to the median SED of local LIRGs with

AGN fractions more than 60%, by Inami et al. 2018.

By normalizing the median spectrum of the sources in the first redshift bin and the median SB-

dominated SED by Inami et al. 2018, in order to have normalized flux density equal to unity at

the peak of the 6.2 µm PAH feature, it is obvious that the spectra display very similar major PAH

features (6-13 µm), but the 3.3 µm PAH feature is absent. Additionally, my 2.5-5 µm continuum

area is noisy and redder than the median SB-dominated SED of Inami et al. 2018, indicating either

high contribution by obscured AGN, or absence of the emission at the 3.3 µm that suggests small
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(a) (b)

Figure 24: Median spectra of the SB-dominated sources, separated into two bins, due to their redshift

(blue). The SB- and AGN-dominated median SEDs by Inami et al. 2018 are denoted

with the red and green curves, respectively. The spectra fluxes are manually scaled for

illustrative purposes.

dust grains ionization (Draine et al. 2007b). The other emission feature that rises from neutral PAHs

at 11.3 µm is distinctively detected. Smith et al. 2007 suggests that large SB magnitudes per unit

volume in ULIRGs, could produce stronger radiation fields destructing more effectively the carriers

of the 3.3 µm PAH emission than in local SB-dominated LIRGs. Hence, although the major PAH

features suggest a SB-dominated galaxy, the 3.3 PAH feature could be weak or even absent in the

SB-dominated sources of the first bin in the sample. The JWST/MIRI is expected to provide higher

S/N at the area of 3 µm shedding light on the quest of the 3.3 µm feature.

While the 2.5-5 µm continuum slope of the first bin SB-dominated median spectrum is equal

to 0.35, the slope of the same area in the second bin median spectrum is much redder and equal

to 0.69, showing a trend of increase with redshift as was also ascertained for the AGN-dominated

median spectra. However, this slope is surprisingly redder than all the slopes of the AGN-dominated

median spectra. As is shown in Fig. 24b this median spectrum is more similar with the AGN-

dominated median SED of Inami et al. 2018 than the SB-dominated one and has marginally detected
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PAH features. Its flux mostly increases following a power law and the absorption feature at 9.7 µm

typically traces the existence of buried AGN. This median spectrum could suggest strong AGN and

starburst contribution in the galaxies included in this bin. Additional diagnostic criteria that take into

account the EW6.2PAH, like Inami et al. 2018 use in their research, could make the selection more

robust and more sensitive observations could give more info about the characteristics of the PAH

features in general.

4.3 M A N UA L LY S E L E C T E D H I G H - R E D S H I F T S B - D O M I N AT E D M E D I A N S P E C T R A

The median spectrum of 19 sources selected by visual inspection, discussed in paragraph 3.1.2,

compared to the median SB-dominated SED by Inami et al. 2018 is shown in Fig. 25 (blue and

red curve, respectively). In the area of the major PAH features, the spectra are almost identical and

my stacked spectrum looks like a SB-dominated source, even though, the steep rise from 3 to 6 µm

resembles an AGN-dominated system.

This result makes necessary the usage of a more systematic way of selecting the spectra. Conse-

quently, I use the slope of the 2.5-5 µm area as a selection criterion of the already selected, by visual

inspection, sources. Setting a cut at the slope of 0.35, I separate the sources, assuming strong AGN

contribution at the sources with slope �0.35 and weak or no AGN contribution at those with slope

<0.35, naming them as ”red” and ”flat” sources, respectively. Thus, by fitting the continuum in the

2.5-5 µm area, and calculating its slope, avoiding the 3.3 µm emission, 8 sources were classified as

”flat” and 11 as ”red”.

The median spectra of the two groups of sources are presented in Fig. 26 where the median SED of

SB-dominated LIRGs by Inami et al. 2018 is also plotted. The stacked spectrum of the ”flat” sources

matches very well with the one of the local LIRGs as is shown in Fig. 26a, hence I could conclude

that the sources are SB-dominated with a very low AGN fraction. However, the 3.3 µm PAH feature



4.3 M A N UA L LY S E L E C T E D H I G H - R E D S H I F T S B - D O M I N AT E D M E D I A N S P E C T R A 38

Figure 25: The median spectrum of 19 sources with strong PAH features identified by visual inspec-

tion (blue curve) and the median SED of local SB-dominated LIRGs by Inami et al. 2018

(red curve). The spectra fluxes are scaled to have flux density equal to unity at the peak of

the 6.2 µm PAH feature.

is absent and the lower limit of the 6.2 to 3.3 µm flux ratio is 9.53 ± 3.03, but since the 2.5-5 µm

spectral region is very noisy, this flux ratio is not consistent.

Only one of the ”flat” sources has negative slope, being contaminated by strong stellar emission

and at the same time I have already avoided contribution by AGN, hence this two mechanisms are

not responsible for the absence of the 3.3 µm PAH feature. If the strong noise in the 2.5-5 µm region

is not the reason of the absence of the feature, the factor that may contribute at this absence, could be

the existence of large SB magnitudes that produce strong radiation fields and preferentially destroy

the 3.3 µm PAH carriers. A larger number of high-redshift flat sources and observations with better

spectral resolution could reduce the noise in the area and verify this conclusion.

The stacked spectrum of the ”red” sources, compared to the median SED of the local SB-dominated

LIRGs is presented in Fig. 26b. This stacked spectrum also shows strong major PAH features as it
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(a) (b)

Figure 26: The SB-dominated median spectra, (a) of the flat 2.5-5 µm continuum sources and (b) of

the red 2.5-5 µm continuum sources. The SB-dominated median SED by Inami et al. 2018

is denoted with the red curve. Both the spectra are normalized in order to have normalized

flux density equal to unity at the peak of the 6.2 µm PAH feature.

was expected. However, these features seem to be weaker compared to the underlying continuum

emission. The red slope of the 3-6 µm continuum indicates strong AGN contribution. However the

lower limit of the 6.2 to 3.3 µm flux ratio is equal to 13.34 ± 3.29 and lower than the flux ratio of the

median spectrum of the local SB-dominated LIRGS (19.04 ± 1.62) and with AGN fraction <30%.

It is unclear how both strong AGN and SB activities contribute to this median spectrum and how

the neutral PAH carriers are maintained despite the strong radiation fields rising from the AGNs and

the SBs, while the opposite is suggested by all the other stacked spectra. More targeted observations

with the JWST/MIRI will give more information about this finding and X-ray observations with

the Chandra observatory could give more information about the apparent contribution of the AGN

radiation field in the sources.
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Figure 27: The source S495 (IRAS F14537+1950), with the detected, at 4.7s level, 3.3 µm PAH

feature. The source is at redshift 0.64. The PAH features are indicated with gray marks.

4.4 I N D I V I D UA L LY D E T E C T E D 3 . 3 µm PA H F E AT U R E

In my sample of 324 sources, the 3.3 µm PAH feature has been individually detected in only one

source. This source is the S295 (Tab. 5), at redshift 0.64 and its spectrum is illustrated in Fig. 27.

The 3.3 µm PAH feature has been detected at 4.7s level and the flux ratio of the 6.2 to 3.3 µm is

10.62 ± 2.39. Although this flux ratio is lower than the corresponding ratio of the median SED of

SB-dominated local LIRGs by Inami et al. 2018, it is a unique case in the sample and it is difficult

to come to any conclusion from this. However, it is an indication that there are also sources at high

redshifts with strong 3.3 µm emission with respect to the 6.2 µm feature and consequently, galaxies

with big amounts of neutral PAHs compared to the ionized ones.
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4.5 C O N C L U S I O N S

In this thesis, I investigated the 3.3 µm PAH feature of high-redshift star-forming and AGN-

dominated galaxies using all available mid-IR spectra in the literature obtained by Spitzer/IRS. The

main findings of the Thesis are summarized as follows:

1) The 3.3 µm PAH feature is not detected in the individual or the stacked spectra of high-redshift

AGN-dominated sources. Based on the upper limits of 3.3 µm PAH feature measured from the

stacked spectra in different redshift bins, we derive a lower limit for the ( F6.2
F3.3

) flux ratio that appears

to increase as a function of redshift, indicating weaker 3.3 µm PAH emission with respect to the 6.2

µm emission for AGN-dominated sources, as we move to higher redshifts.

2) Similar trends stand for the starburst-dominated high-redshift sources. The 3.3 µm PAH feature

is not detected in any of the stacks for the different redshift bins, while the lower limit of the ( F6.2
F3.3

)

increases as a function of redshift, again suggesting that the 3.3 µm PAH feature is weaker with

respect to the 6.2 µm emission at high-redshift SB-dominated sources.

3) We find a marginal 3.3 µm PAH emission feature detection (at 2.65s level) in the stacked spec-

trum of a sub-sample of galaxies with strong PAH features. The emerging lower limit of ( F6.2
F3.3

) of this

spectrum is comparable to the corresponding ratio of the median spectrum of SB-dominated local

galaxies. Hence, the 3.3 µm PAH feature is weaker also in this case.

Bringing these results together, suggests that the 3.3 µm PAH emission feature is weaker as we

move to higher redshifts. Future spectroscopic studies targeting the 3.3 µm PAH feature in high-

redshift galaxies with JWST, have to take into account this result. More specifically, there is a

tight correlation between the total infrared luminosity (LIR) and the integrated luminosity of the 6.2

µm PAH feature (L6.2PAH) for star-forming sources at both low and high redshifts (Schmidt 1959;

Kennicutt 1998; Roussel et al. 2001; Huang et al. 2009; Menéndez-Delmestre et al. 2009; Rujopakarn

et al. 2013; Cortzen et al. 2019). Thus, if the LIR (or equally the star formation rate) of a source is

known, the L6.2PAH can be easily predicted. Subsequently, the measured ( F6.2
F3.3

) presented in this
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Thesis, can be used to place upper limits to the expected strength of the 3.3 µm PAH feature. On the

other hand adopting the ( F6.2
F3.3

) flux ratio of local templates (Inami et al. 2018), is likely to overestimate

the strengths of the 3.3 µm PAH feature of high-redshift starburst- and/or AGN-dominated sources.



5
A P P E N D I C E S

In this chapter all the data used for this work are included in tables.

Tab. 6 contains the IRAC photometric data and the description of its columns is explained more

thoroughly by the Table 4.8 of the Spitzer Enhanced Imaging Products Explanatory Supplement1

There is also a collection of the spectra of all the sources in our sample.

1 https://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/SEIP/docs/seip explanatory supplement v3.pdf

43
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Table 5:Coordinates in decimal degrees (J2000), Redshift and the redshift verification Status for the

324 sources in the sample.

Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S1 10475264 213.96352 52.32354 0.62093 ROBUST

S2 10475520 213.87785 52.07759 0.6472 CONFIRMED

S3 10475776 213.63852 52.04891 0.77396 CONFIRMED

S4 10476288 213.89136 52.09948 0.9853 CONFIRMED

S5 10476544 214.42464 52.47315 1.14823 CONFIRMED

S6 10493952 287.09872 72.33663 3.536 ROBUST

S7 10494720 256.98541 56.50387 1.019 CONFIRMED

S8 10495488 303.71185 -27.17859 1.444 CONFIRMED

S9 10828032 214.78418 6.47638 1.43812 CONFIRMED

S10 10829568 261.07941 50.96117 1.079 CONFIRMED

S11 10830848 230.02266 20.26834 1.574 UNCHALLENGED

S12 10950144 359.97336 -12.69687 0.868 CONFIRMED

S13 10950656 333.88184 -17.73546 2.217 VERIFIED

S14 10950913 161.24843 36.93476 0.701 VERIFIED

S15 11296256 29.29375 28.86104 0.7348 CONFIRMED

S16 11298560 146.06891 9.77143 0.8177 VERIFIED

S17 11299584 176.37073 31.56343 0.811 CONFIRMED

S18 11302144 123.40014 48.21749 0.871 CONFIRMED

S19 11338496 248.10532 41.30663 1.54329 VERIFIED

S20 11338752 248.59224 41.73041 1.028 CONFIRMED

S21 11339520 248.81514 40.93563 2.5 UNCERTAIN

S22 11339776 248.90248 40.79832 0.619 CONFIRMED

S23 11341568 250.08351 42.01501 2.63259 UNCERTAIN
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S24 11342080 250.15445 41.21518 1.951 CONFIRMED

S25 11342848 250.56541 41.14204 1.593 UNCERTAIN

S26 11343104 248.60474 40.69806 1.70055 UNCHALLENGED

S27 11343360 248.87952 41.00767 1.1525 CONFIRMED

S28 11343616 248.9735 41.34896 1.25684 VERIFIED

S29 11343872 249.23256 40.98629 2.5918 ROBUST

S30 11344384 249.41373 40.94553 1.426 VERIFIED

S31 11344640 249.41437 41.73003 1.41679 ROBUST

S32 11344896 249.69757 42.19501 1.77597 CONFIRMED

S33 11345408 249.9702 41.06256 1.60462 UNCHALLENGED

S34 11345664 250.0423 41.08961 1.099 CONFIRMED

S35 11345920 250.06699 41.35041 1.75639 UNCHALLENGED

S36 11346176 240.7123 54.84946 1.19801 CONFIRMED

S37 11346432 241.65781 53.8357 2.94765 UNCHALLENGED

S38 11346688 242.52946 53.97067 2.0321 UNCHALLENGED

S39 11346944 243.86093 54.50182 1.367 CONFIRMED

S40 11347200 243.93134 54.80809 1.692 UNCHALLENGED

S41 11347456 242.80267 55.14004 0.8785 ROBUST

S42 11347968 243.12054 54.47557 2.024 UNCHALLENGED

S43 11348224 243.22986 54.1235 0.907 CONFIRMED

S44 11348480 243.24695 54.25108 1.17813 VERIFIED

S45 11348736 243.38683 54.80869 0.827 ROBUST

S46 11348992 243.43243 54.20575 1.593 CONFIRMED

S47 11349248 243.45782 54.44146 1.154 CONFIRMED

S48 11350272 243.96378 55.12316 1.1 CONFIRMED

S49 11350528 244.34351 54.35839 1.578 UNCERTAIN
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S50 11351296 241.15753 53.83279 0.956 CONFIRMED

S51 11351552 241.2854 54.79168 0.838 CONFIRMED

S52 11352064 241.89177 53.79678 0.60879 PROBABLE

S53 11352320 242.56477 54.10448 1.019 ROBUST

S54 11352576 7.35764 -43.8221 3.094 CONFIRMED

S55 11352832 7.49671 -43.8098 2.039 CONFIRMED

S56 11353088 7.56249 -43.0593 1.564 UNCHALLENGED

S57 11353344 7.74852 -44.3592 2.101 UNCHALLENGED

S58 11353600 8.05468 -43.76488 1.707 CONFIRMED

S59 11353856 8.14316 -43.32727 1.637 UNCHALLENGED

S60 11354112 8.53721 -43.17013 1.065 CONFIRMED

S61 11354368 9.16849 -43.6573 1.181 CONFIRMED

S62 11354624 9.31502 -42.58731 2.19 UNCHALLENGED

S63 11354880 9.55853 -43.55415 1.4 CONFIRMED

S64 11355136 9.62455 -43.74841 1.567 ROBUST

S65 11355392 10.2316 -44.21375 1.38 CONFIRMED

S66 11860224 260.85141 59.41552 1.92 UNCERTAIN

S67 11861760 259.84348 60.08345 2.23 UNCERTAIN

S68 11866112 259.61136 58.71174 1.77 VERIFIED

S69 11867392 258.90906 59.42794 2.31497 ROBUST

S70 11867904 259.685 59.3335 2.03877 ROBUST

S71 11869440 259.49377 59.47148 1.96819 ROBUST

S72 12502784 159.73723 58.87898 1.89926 VERIFIED

S73 12503040 162.16364 59.36354 1.924 VERIFIED

S74 12503296 161.5844 59.55124 1.84 UNCERTAIN
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S75 12503808 159.43497 58.4976 1.85039 ROBUST

S76 12504064 159.65454 58.37061 1.66568 ROBUST

S77 12504576 160.57199 57.91602 1.91088 CONFIRMED

S78 12504832 160.81223 58.93493 2.25 UNCERTAIN

S79 12505088 163.52231 58.23336 1.82485 VERIFIED

S80 12505600 261.41724 58.83154 1.80375 VERIFIED

S81 12505856 257.73901 60.12931 2.33993 UNCERTAIN

S82 12506624 259.86356 59.26024 2.25 UNCERTAIN

S83 12506880 258.42813 59.6557 2.022 UNCERTAIN

S84 12507136 261.20255 60.2443 2.22 UNCERTAIN

S85 12507392 258.64371 60.47464 2.13 UNCERTAIN

S86 12507648 257.96228 58.85117 1.97562 VERIFIED

S87 12508416 257.41333 59.4579 2.53052 ROBUST

S88 12508672 258.02097 59.25242 2.38871 ROBUST

S89 12508928 258.66965 58.6847 1.97116 CONFIRMED

S90 12509440 260.00595 60.42917 2.15 UNCERTAIN

S91 12509696 260.19986 59.72251 2.20256 CONFIRMED

S92 12509952 261.7851 59.62447 1.96 UNCERTAIN

S93 12513280 218.54539 33.29253 2.656 UNCHALLENGED

S94 12513536 217.10034 35.43866 1.325 CONFIRMED

S95 12517120 216.59174 34.88046 2.0 UNCERTAIN

S96 12517632 217.61877 34.53936 2.178 ROBUST

S97 12518144 217.79074 34.46745 2.08778 CONFIRMED

S98 12518400 217.40276 32.64915 2.4 UNCERTAIN

S99 12518912 219.35481 34.25076 2.01004 VERIFIED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S100 12519168 217.75914 32.86451 2.0 UNCERTAIN

S101 12519936 217.89705 32.91567 1.46813 CONFIRMED

S102 12520192 219.53459 34.17104 2.5 UNCHALLENGED

S103 12520448 217.60847 33.2545 1.9 UNCERTAIN

S104 12520704 218.93793 34.4754 2.41592 ROBUST

S105 12520960 216.5473 35.20498 1.6 UNCERTAIN

S106 12521216 218.30293 34.33636 2.114 CONFIRMED

S107 12521472 218.35779 33.62695 1.85752 VERIFIED

S108 12521728 217.61877 34.53932 2.178 CONFIRMED

S109 12524800 161.36806 59.22403 2.34494 ROBUST

S110 12525056 161.04164 58.87347 2.54 UNCERTAIN

S111 12525568 161.77927 59.33643 1.73452 VERIFIED

S112 12526336 161.2213 58.91464 1.89 UNCERTAIN

S113 12526592 161.02632 58.66494 2.43 UNCERTAIN

S114 12526848 161.55656 58.99471 2.1 UNCERTAIN

S115 12527360 219.53302 34.27012 2.2 UNCERTAIN

S116 12527616 217.60719 34.49925 2.545 CONFIRMED

S117 12527872 219.18422 35.10751 1.84 UNCERTAIN

S118 12528384 216.95197 34.81422 2.2 UNCHALLENGED

S119 12529408 218.78539 33.79438 2.0 UNCERTAIN

S120 12529920 216.7039 33.49084 1.85324 ROBUST

S121 13010432 53.08774 -27.59171 0.70912 CONFIRMED

S122 13011200 53.205 -27.68074 1.222 CONFIRMED

S123 13011712 53.11029 -27.67654 1.031 CONFIRMED

S124 14014208 257.82339 58.69 0.61587 CONFIRMED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S125 14014464 259.57587 58.81805 0.63382 CONFIRMED

S126 14015232 259.45187 59.80573 0.76332 CONFIRMED

S127 14015488 258.39185 59.84125 0.61479 CONFIRMED

S128 14016000 257.94775 58.97766 0.79975 CONFIRMED

S129 14016256 258.35074 58.93027 0.60958 CONFIRMED

S130 14016512 259.63211 59.88802 0.7 VERIFIED

S131 15499264 259.23239 59.42778 1.46459 CONFIRMED

S132 15501824 260.07034 59.45924 2.35 UNCERTAIN

S133 15505920 258.51389 60.28236 2.0 UNCERTAIN

S134 15510528 259.46121 58.79596 2.34494 ROBUST

S135 15523584 258.70337 59.47996 3.49 UNCERTAIN

S136 15526400 260.39093 59.84636 1.64 UNCERTAIN

S137 15527680 260.40341 59.26885 1.58173 VERIFIED

S138 15528192 260.02493 59.2959 1.82062 ROBUST

S139 15533312 258.35614 60.12231 2.74508 ROBUST

S140 15534080 258.03687 59.50692 1.69 ROBUST

S141 15534336 260.75201 59.18549 1.67369 VERIFIED

S142 15536128 260.0549 60.17471 2.72 UNCERTAIN

S143 15722240 189.25699 62.19613 1.73 UNCERTAIN

S144 15738368 189.20667 62.12731 1.54 PROBABLE

S145 16157184 217.71004 33.64915 2.75821 UNCERTAIN

S146 16160768 241.38635 53.87397 2.75 UNCERTAIN

S147 16161280 243.02003 54.69704 1.87472 VERIFIED

S148 16161792 244.43573 54.00877 1.80515 VERIFIED

S149 16162048 251.00572 40.95405 1.98307 CONFIRMED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S150 16162304 242.71384 53.39081 2.22506 UNCERTAIN

S151 16162560 250.57051 41.02459 2.4 UNCERTAIN

S152 16162816 244.72058 54.56016 1.87759 UNCERTAIN

S153 16163584 248.79759 41.38251 2.95287 ROBUST

S154 16163840 244.10107 55.27049 2.27543 UNCERTAIN

S155 16164096 250.24408 41.9089 1.74137 ROBUST

S156 16164864 247.59247 40.83263 1.68306 VERIFIED

S157 16165120 249.95718 41.43884 2.14858 UNCERTAIN

S158 16166400 219.31305 34.88994 2.00102 UNCERTAIN

S159 16166656 219.64549 34.64422 2.59644 CONFIRMED

S160 16167168 218.25612 34.39499 2.12193 ROBUST

S161 16168448 216.5374 33.55105 2.00553 UNCERTAIN

S162 16168960 217.70146 32.42561 1.70461 CONFIRMED

S163 16169472 160.67001 32.52531 0.633 CONFIRMED

S164 16175616 341.79199 -2.09932 1.161 CONFIRMED

S165 16347392 217.88399 34.23819 1.03957 CONFIRMED

S166 16348160 217.99144 34.28064 0.71569 CONFIRMED

S167 17412352 163.51802 56.64607 1.66701 ROBUST

S168 17412864 162.1963 57.39372 1.55476 VERIFIED

S169 17413888 159.46727 57.84687 1.55 UNCERTAIN

S170 17539584 218.29292 33.76796 2.4 CONFIRMED

S171 17540352 138.75703 24.30346 0.84441 CONFIRMED

S172 17542912 197.61938 32.34541 0.99801 PROBABLE

S173 17543936 222.47375 44.69731 0.66525 VERIFIED

S174 17644288 260.21063 59.25337 1.44 CONFIRMED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S175 18980096 338.15173 11.73088 1.037 VERIFIED

S176 18983168 338.15161 11.73081 1.037 CONFIRMED

S177 19715840 343.49072 16.14822 0.859 VERIFIED

S178 21649408 261.76947 59.62681 1.1284 CONFIRMED

S179 21651968 258.25989 59.60305 0.668 CONFIRMED

S180 21655552 218.08406 33.25351 1.20433 CONFIRMED

S181 21758720 217.46112 35.14523 2.1017 UNCERTAIN

S182 21767936 14.18816 -27.63754 1.776 ROBUST

S183 21768960 239.14073 35.29943 1.45214 VERIFIED

S184 21824512 34.53953 -4.99613 1.094 PROBABLE

S185 23002112 161.04143 58.87361 2.57136 UNCERTAIN

S186 24143104 3 162.77562 59.27365 0.76921 CONFIRMED

S187 24143104 4 162.99397 59.11444 1.82178 UNCHALLENGED

S188 24143360 1 250.08995 41.65699 0.60236 VERIFIED

S189 24145920 2 158.31271 58.13803 0.85 CONFIRMED

S190 24146176 1 164.02039 57.70828 0.81208 ROBUST

S191 24147712 240.36874 54.75589 0.72953 CONFIRMED

S192 24150272 36.27277 -3.35486 2.24284 UNCERTAIN

S193 24151296 1 158.80727 57.57905 1.537 CONFIRMED

S194 24152064 1 36.1316 -5.47192 2.068 UNCHALLENGED

S195 24154624 2 249.28886 41.67521 0.76082 VERIFIED

S196 24160256 1 160.7319 57.93058 1.47253 CONFIRMED

S197 24163072 260.66147 58.85196 1.6237 CONFIRMED

S198 24165888 2 35.75824 -5.39324 0.70059 CONFIRMED

S199 24166656 1 158.86336 58.62013 0.885 CONFIRMED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S200 24167168 243.21231 55.59644 1.545 UNCERTAIN

S201 24167936 2 160.76456 58.9551 0.63964 ROBUST

S202 24168960 160.85641 58.31461 0.6862 VERIFIED

S203 24169984 159.51401 57.45053 1.2855 ROBUST

S204 24172032 2 261.58249 60.26673 0.92391 CONFIRMED

S206 24172800 2 159.66306 58.22383 0.67779 VERIFIED

S205 24172800 3 159.90567 58.13262 0.85238 CONFIRMED

S207 24173312 159.35332 58.08696 1.52253 CONFIRMED

S208 24175360 2 243.52164 53.77547 3.4346 UNCERTAIN

S209 24175872 1 260.61688 60.25725 0.74195 CONFIRMED

S210 24176128 34.42933 -4.60704 0.784 CONFIRMED

S211 24176640 260.18683 58.48997 1.697 UNCHALLENGED

S212 24178176 2 162.41751 55.96793 0.96299 VERIFIED

S213 24179456 2 35.02469 -3.26254 1.56 UNCHALLENGED

S214 24180224 1 34.58801 -4.64462 1.16402 UNCERTAIN

S215 24180224 4 34.87605 -4.59378 2.35738 UNCERTAIN

S216 24180736 2 245.45241 55.28201 0.96398 ROBUST

S217 24182272 34.1697 -4.7348 0.87464 VERIFIED

S218 24182528 1 243.93251 55.82845 1.33255 UNCERTAIN

S219 24182528 2 244.18616 55.77746 0.98173 VERIFIED

S220 24185088 1 2.04789 35.21 2.04789 UNCERTAIN

S221 24186368 241.41486 56.41769 2.55 UNCERTAIN

S222 24188160 2 259.47754 60.15374 4.27 VERIFIED

S223 24188416 160.3826 59.38285 1.06054 VERIFIED

S224 24190464 1 241.62747 54.33543 0.8205 CONFIRMED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S225 24190464 3 242.14841 54.39159 1.3 UNCHALLENGED

S226 24191744 258.58322 60.4568 2.99 CONFIRMED

S227 24192000 164.96545 58.30088 2.3352 UNCHALLENGED

S228 24193536 2 258.13916 58.60289 1.663 CONFIRMED

S229 24194304 1 34.53428 -4.97924 0.712 VERIFIED

S230 24194304 2 34.62741 -4.93968 1.401 CONFIRMED

S231 24194560 1 162.73192 57.93369 0.95 UNCERTAIN

S232 24194560 2 163.51709 57.67222 1.10531 VERIFIED

S233 24792064 343.49051 16.1482 0.859 VERIFIED

S234 25272064 217.50745 32.836 0.64786 PROBABLE

S235 25273089 218.92181 33.70784 2.85528 UNCERTAIN

S236 25273600 216.78407 34.35507 2.92333 UNCERTAIN

S237 25273857 219.24454 34.54168 3.79193 UNCERTAIN

S238 25274881 218.08733 35.51348 0.67193 PROBABLE

S239 25275137 218.39864 35.71191 1.297 ROBUST

S240 25276160 164.06546 57.39614 0.64951 CONFIRMED

S241 25276416 161.97221 58.35186 0.8898 VERIFIED

S242 25277440 161.07773 56.33541 1.845 ROBUST

S243 25278208 161.71875 57.19864 0.99865 VERIFIED

S244 25278464 163.49675 59.35092 0.83763 VERIFIED

S245 25278976 159.29688 58.98022 0.93184 VERIFIED

S246 25387264 163.69693 58.31932 1.65997 UNCHALLENGED

S247 25388032 162.97391 56.83498 1.98306 VERIFIED

S248 25388288 240.0179 55.07499 1.99871 UNCHALLENGED

S249 25388544 159.87968 58.28598 1.83621 VERIFIED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S250 25388800 160.47987 57.26747 1.72347 UNCHALLENGED

S251 25389056 160.3102 57.84002 1.91 UNCHALLENGED

S252 25389312 160.98119 56.46585 1.95692 CONFIRMED

S253 25389568 162.50435 59.18667 2.16909 VERIFIED

S254 25389824 216.87598 32.68522 1.79512 UNCHALLENGED

S255 25390080 217.47791 33.02629 2.07945 CONFIRMED

S256 25390336 217.76225 32.65788 1.64743 UNCHALLENGED

S257 25390592 219.02115 33.71188 1.9917 CONFIRMED

S258 25390848 242.46124 53.48604 1.71655 UNCHALLENGED

S259 25391104 261.34189 59.8807 1.89547 ROBUST

S260 25976832 151.00523 42.52312 1.66574 CONFIRMED

S261 25977088 228.28233 60.9992 1.83061 ROBUST

S262 25977344 200.33549 57.71642 1.77894 ROBUST

S263 25977600 147.69812 48.01321 1.742 ROBUST

S264 25977856 164.96277 9.15153 1.68975 ROBUST

S265 26415104 324.45831 -20.70879 0.63634 CONFIRMED

S266 26419712 62.20211 -75.12185 0.693 CONFIRMED

S267 26680576 160.39905 58.65382 1.95487 VERIFIED

S268 26701056 25.28831 13.89109 0.621 CONFIRMED

S269 26702848 115.29462 31.20007 0.63196 PROBABLE

S270 26703360 152.00018 7.50453 0.877 VERIFIED

S271 26705408 275.33701 39.71241 0.798 CONFIRMED

S272 26705664 277.81171 29.11952 0.842 CONFIRMED

S273 26706432 356.01578 82.44466 0.735 CONFIRMED

S274 26904832 35.27285 35.9371 0.68466 VERIFIED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S275 27426048 343.49069 16.14824 0.859 VERIFIED

S276 27428352 343.4906 16.14819 0.859 VERIFIED

S277 27428864 82.73514 13.53204 2.06 CONFIRMED

S278 27430912 82.73505 13.53193 2.06 VERIFIED

S279 27435008 343.49069 16.14825 0.859 VERIFIED

S280 27440384 343.49069 16.14823 0.859 VERIFIED

S281 3732736 156.14397 47.15271 2.2856 VERIFIED

S282 3732992 213.94258 11.49561 2.55109 CONFIRMED

S283 4670976 37.16294 -10.18611 2.256 CONFIRMED

S284 4671232 337.1265 -5.31519 1.981 CONFIRMED

S285 4732160 194.24969 4.45949 1.02558 ROBUST

S286 4732416 231.47449 51.61357 2.88409 ROBUST

S287 4733184 131.411 34.34543 2.13781 CONFIRMED

S288 4733440 192.30779 -5.9887 2.247 VERIFIED

S289 4733952 239.7299 33.38858 1.65348 CONFIRMED

S290 4738560 151.4693 49.58019 1.12 ROBUST

S291 4964352 12.54092 -0.65025 0.7293 CONFIRMED

S292 4965632 24.86317 1.26304 0.612 CONFIRMED

S293 4967424 41.48018 1.39107 0.798 ROBUST

S294 4974592 160.66995 32.52536 0.633 CONFIRMED

S295 4981760 224.02507 19.64443 0.64 VERIFIED

S296 4983552 233.18338 32.71297 0.9257 CONFIRMED

S297 4984832 243.59215 32.56766 0.71 CONFIRMED

S298 4986880 261.28085 37.15897 0.689 CONFIRMED

S299 4990720 322.97278 -1.69538 0.72802 VERIFIED
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Source ID AORkey RA (deg) DEC (deg) redshift zveri f ication

S300 5072640 160.45354 59.37569 2.84 UNCERTAIN

S301 9819904 219.1844 35.10748 1.84043 VERIFIED

S302 9820672 217.50801 33.76071 2.46 UNCERTAIN

S303 9820928 218.91412 33.69982 2.62 UNCERTAIN

S304 9821440 217.49316 32.43773 2.64 UNCERTAIN

S305 9821696 218.49193 33.43549 1.9416 VERIFIED

S306 9821952 218.76709 35.79549 2.01004 VERIFIED

S307 9822208 217.01724 33.35992 2.34 UNCERTAIN

S308 9822464 218.32755 33.35767 2.69117 UNCERTAIN

S309 9822720 217.41321 35.59957 2.498 UNCHALLENGED

S310 9822976 218.69887 33.04171 1.85467 VERIFIED

S311 9823232 217.35367 35.55577 2.65445 ROBUST

S312 9823488 217.38095 32.30783 2.2 UNCHALLENGED

S313 9824000 216.69054 35.31704 1.7703 VERIFIED

S314 9824512 216.61057 34.79195 2.10481 VERIFIED

S315 9824768 217.4202 34.68014 1.98606 ROBUST

S316 9825024 218.17734 34.37549 2.2 UNCERTAIN

S317 9825280 218.62325 34.6092 2.00402 CONFIRMED

S318 9825536 218.83667 34.0716 2.10947 ROBUST

S319 9825792 217.11653 33.76401 2.772 UNCHALLENGED

S320 9826048 218.60214 33.76217 2.263 UNCHALLENGED

S321 9826816 218.21613 33.5936 1.80655 ROBUST

S322 9827072 216.68469 33.51435 3.312 CONFIRMED

S323 9827328 218.85008 33.11877 2.59 UNCERTAIN

S324 9827584 216.72182 33.03922 1.87328 CONFIRMED
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Table 6: The IRAC photometry of the 221 sources in the sample, which have been observed in all 4

IRAC channels. The second row includes the names of the columns as they are provided by the SEIP.

Source ID f3.6µm (µJ) err3.6µm (µJ) f4.5µm (µJ) err4.5µm (µJ) f5.8µm (µJ) err5.8µm (µJ) f8.0µm (µJ) err8.0µm (µJ)

i1 f ap1 i1 df ap1 i2 f ap1 i2 df ap1 i3 f ap1 i3 df ap1 i4 f ap1 i4 df ap1

S1 66.8 0.1 79.8 0.1 156.5 0.8 376.5 0.8

S2 420.8 0.2 460.1 0.2 583.5 0.7 668.9 0.7

S3 140.4 0.1 199.4 0.2 341.3 0.7 671.4 1.0

S4 484.7 0.2 719.8 0.3 1078.2 0.9 1534.6 0.8

S5 502.3 0.2 823.8 0.3 1316.6 1.0 1983.4 0.9

S6 192.2 1.5 206.1 1.8 247.1 4.9 471.3 7.0

S9 1580.7 4.5 2289.5 6.0 3576.0 16.4 5826.0 16.9

S10 113.6 1.2 109.3 1.5 151.5 4.4 393.8 7.4

S11 305.2 1.8 402.9 2.4 544.4 6.6 836.0 8.2

S19 76.4 0.7 188.5 1.2 435.0 3.6 946.8 4.9

S21 32.8 0.6 68.1 0.9 188.7 3.8 564.9 5.6

S22 99.4 0.5 82.4 0.4 110.1 2.7 127.9 2.9

S23 48.2 0.6 83.4 1.0 172.1 3.7 517.6 5.7

S24 101.0 0.7 200.8 1.0 406.0 3.6 722.5 4.5

S25 178.5 0.9 334.5 1.6 553.4 4.5 906.8 5.7

S28 163.1 0.8 216.1 1.1 339.8 3.5 778.1 6.0

S29 27.8 0.2 52.2 0.3 133.9 1.3 397.3 1.7

S30 191.8 1.0 374.0 1.6 574.2 3.3 1085.8 4.9

S31 159.4 0.8 259.4 1.1 400.5 3.8 666.9 4.4

S32 203.7 1.0 249.7 1.3 593.3 4.7 951.2 6.1

S33 238.8 1.0 396.5 1.4 594.8 4.5 948.1 5.1

S34 1683.0 2.4 2650.8 3.2 4005.8 9.1 5707.2 7.9

S35 320.2 1.1 441.0 1.5 733.2 4.8 1269.7 6.2

S36 242.1 0.9 372.6 1.4 657.6 5.1 1071.5 5.5

S37 112.9 0.8 170.1 1.2 307.8 4.5 655.7 5.7

S38 174.9 0.9 260.6 1.5 506.7 5.6 940.8 5.4

S39 207.5 0.9 343.8 1.4 531.8 6.3 825.2 6.3

S40 287.0 1.0 402.3 1.9 645.8 6.1 1111.2 6.5

S41 149.6 0.8 155.9 1.1 280.4 5.2 573.7 6.2

S42 25.3 0.5 42.9 0.9 97.9 4.2 240.5 5.4
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Source ID f3.6µm (µJ) err3.6µm (µJ) f4.5µm (µJ) err4.5µm (µJ) f5.8µm (µJ) err5.8µm (µJ) f8.0µm (µJ) err8.0µm (µJ)

i1 f ap1 i1 df ap1 i2 f ap1 i2 df ap1 i3 f ap1 i3 df ap1 i4 f ap1 i4 df ap1

S43 247.3 1.0 321.1 1.4 475.1 5.6 674.2 6.3

S44 400.2 1.6 589.2 2.2 818.4 7.4 1097.6 6.6

S45 231.1 1.0 237.6 1.1 286.1 5.1 354.0 4.5

S46 196.5 1.1 329.6 1.6 492.0 6.8 752.2 5.4

S48 252.8 1.0 362.9 1.8 535.2 5.7 822.9 6.5

S49 174.0 0.8 391.6 1.3 860.5 5.2 1524.1 5.2

S51 62.1 0.6 68.9 1.0 118.4 3.8 277.2 5.1

S52 94.7 0.7 73.9 1.0 95.1 4.9 153.3 6.0

S55 526.7 1.3 771.8 1.9 1431.4 6.2 2496.7 7.8

S56 193.8 0.9 370.0 1.4 656.6 4.9 1393.2 6.8

S57 515.1 1.5 642.7 1.9 1045.3 6.5 1837.8 8.1

S58 913.9 1.8 1568.2 2.6 2595.3 10.9 4411.9 8.8

S59 151.3 0.9 241.2 1.3 443.8 5.0 738.3 7.1

S61 335.3 0.9 526.6 1.2 729.5 4.6 1081.8 5.2

S62 195.4 1.0 313.3 1.5 640.5 5.2 1372.1 7.6

S63 423.8 1.7 655.3 1.8 811.1 5.5 1372.6 7.4

S64 710.6 1.9 1187.1 2.2 1993.0 7.0 3288.5 7.3

S65 338.5 1.1 597.2 1.8 994.5 5.4 1698.2 7.5

S66 19.4 1.1 40.0 1.5 90.1 7.0 197.7 7.0

S67 16.1 1.0 23.9 1.2 48.2 6.9 199.5 7.4

S69 18.1 1.1 37.4 0.9 73.9 3.8 286.3 5.7

S70 24.5 0.7 45.3 1.0 134.6 4.4 511.1 6.1

S71 23.6 0.8 46.7 0.6 188.4 2.7 708.8 4.4

S73 74.8 0.6 96.1 1.0 122.8 2.9 118.0 5.5

S78 10.0 0.3 20.8 0.5 57.0 1.8 111.7 4.2

S79 36.2 0.5 47.6 0.7 56.6 3.8 42.4 4.7

S82 41.4 0.3 79.2 0.5 171.8 1.9 302.5 4.1

S83 32.9 0.2 59.5 0.3 127.3 1.1 342.4 1.5

S85 41.9 1.1 70.3 1.6 194.3 6.7 350.4 8.4

S86 60.0 1.1 104.4 0.9 187.3 4.4 379.5 4.7

S88 53.4 0.9 92.9 0.9 192.9 5.7 371.6 8.2
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Source ID f3.6µm (µJ) err3.6µm (µJ) f4.5µm (µJ) err4.5µm (µJ) f5.8µm (µJ) err5.8µm (µJ) f8.0µm (µJ) err8.0µm (µJ)

i1 f ap1 i1 df ap1 i2 f ap1 i2 df ap1 i3 f ap1 i3 df ap1 i4 f ap1 i4 df ap1

S90 37.8 1.1 82.3 1.6 190.9 7.2 415.9 7.9

S91 8.4 0.6 21.1 1.2 77.1 3.1 290.5 6.5

S93 18.0 0.3 24.3 0.4 35.8 1.5 84.7 3.3

S94 232.4 0.7 291.7 0.8 253.6 2.3 228.7 3.4

S95 3.9 0.3 4.5 0.4 8.6 1.7 40.5 3.3

S96 27.2 0.2 46.6 0.3 112.9 1.3 299.7 1.9

S97 7.3 0.2 9.1 0.4 31.0 1.4 68.9 3.3

S98 14.1 0.3 21.2 0.5 36.6 1.9 134.1 3.4

S99 51.9 0.4 87.2 0.7 163.6 2.1 278.7 3.6

S101 65.3 0.4 133.9 0.7 252.6 2.3 504.3 3.2

S103 69.4 0.4 137.6 0.6 299.9 1.9 577.7 3.3

S105 45.6 0.2 75.1 0.4 157.5 1.8 400.5 3.2

S106 26.4 0.3 33.8 0.5 64.0 2.0 102.6 3.3

S107 60.4 0.3 80.3 0.5 110.5 1.7 141.3 3.3

S109 30.2 0.3 44.3 0.5 87.5 1.6 198.8 4.0

S110 62.3 0.4 145.0 0.6 404.8 2.2 1058.0 4.0

S111 138.0 0.7 136.1 0.9 130.7 2.2 167.7 5.1

S112 69.0 0.4 144.6 0.6 284.9 2.1 495.8 2.7

S113 45.4 0.6 64.9 0.7 128.2 2.3 242.1 3.9

S114 26.6 0.3 33.1 0.4 55.9 1.4 125.8 2.3

S115 19.0 0.2 32.0 0.3 68.8 1.4 180.2 2.5

S116 19.2 0.2 49.5 0.5 150.7 1.9 530.1 2.6

S117 35.6 0.3 99.3 0.6 298.7 2.2 743.8 3.9

S118 13.7 0.3 47.8 0.5 163.6 1.7 479.7 4.0

S120 54.0 0.4 178.9 0.7 470.9 2.7 959.6 3.9

S121 147.3 0.8 143.7 1.1 172.9 3.7 307.5 6.2

S122 130.1 0.7 220.6 1.1 349.3 3.7 606.6 4.9

S123 180.2 0.8 255.8 1.0 358.9 3.3 548.8 4.1

S124 1148.7 3.6 1479.4 3.7 1948.7 10.2 2432.8 10.0

S125 658.2 2.2 865.4 3.0 1145.7 9.6 1560.9 9.5

S126 605.2 1.0 876.3 0.9 1272.1 3.3 1681.0 2.7
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Source ID f3.6µm (µJ) err3.6µm (µJ) f4.5µm (µJ) err4.5µm (µJ) f5.8µm (µJ) err5.8µm (µJ) f8.0µm (µJ) err8.0µm (µJ)

i1 f ap1 i1 df ap1 i2 f ap1 i2 df ap1 i3 f ap1 i3 df ap1 i4 f ap1 i4 df ap1

S127 737.6 1.4 1017.5 1.7 1306.6 5.2 1718.7 5.9

S128 478.6 1.4 787.8 1.7 1212.3 5.4 1877.9 7.2

S129 176.8 0.8 332.5 1.1 694.7 4.6 1349.2 4.7

S130 149.6 0.8 243.1 1.2 517.7 3.8 1203.8 4.2

S131 129.5 1.4 242.3 1.0 292.3 4.3 455.9 5.1

S132 133.8 0.7 226.6 1.5 396.8 3.4 612.9 6.6

S134 38.0 0.9 107.4 1.7 301.9 6.2 943.5 8.8

S136 87.0 0.7 205.8 1.4 424.0 4.5 728.4 8.3

S139 158.1 0.8 251.6 1.7 510.8 3.4 1022.4 6.6

S140 52.4 0.4 106.5 0.6 184.5 2.1 351.4 3.6

S141 58.7 1.2 107.9 1.6 160.1 7.5 346.1 7.9

S142 61.1 0.8 115.3 1.6 180.6 5.0 276.3 8.3

S143 49.6 0.0 67.3 0.0 68.7 0.1 54.0 0.1

S144 30.6 0.0 52.0 0.1 95.1 0.2 220.4 0.3

S145 36.3 0.2 56.5 0.4 100.1 1.5 215.9 2.6

S147 33.9 0.5 46.7 0.7 48.0 4.2 54.9 3.8

S149 37.5 0.9 55.4 0.8 74.1 4.0 139.9 4.3

S151 64.3 0.7 174.0 1.4 432.2 4.2 1143.0 6.9

S152 61.7 0.6 76.5 1.0 95.8 5.0 67.8 5.8

S153 14.3 0.5 18.6 0.8 37.7 2.8 111.1 5.2

S157 19.0 0.6 31.9 0.8 61.7 3.3 90.5 5.6

S158 162.5 0.6 274.6 0.7 546.7 2.5 1016.7 3.5

S159 49.1 0.4 96.8 0.7 242.7 2.8 573.2 4.0

S160 96.2 0.4 164.4 0.6 331.7 2.0 633.2 3.0

S161 48.9 0.3 67.4 0.5 107.0 1.8 194.6 2.4

S162 119.1 0.5 217.6 0.7 401.0 2.7 713.4 3.3

S164 130.7 0.8 127.2 1.1 107.0 2.7 92.3 5.6

S165 1234.2 1.0 1775.2 1.3 2539.0 3.7 3615.6 3.3

S166 1202.9 1.0 1672.5 1.3 2491.6 3.6 3853.6 3.4

S168 157.0 0.9 279.6 1.2 448.3 3.9 778.2 6.1

S170 631.5 0.9 896.0 1.0 1661.8 3.5 3428.6 4.0

S174 234.9 0.5 678.5 1.6 1559.6 2.5 3716.8 4.7
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Source ID f3.6µm (µJ) err3.6µm (µJ) f4.5µm (µJ) err4.5µm (µJ) f5.8µm (µJ) err5.8µm (µJ) f8.0µm (µJ) err8.0µm (µJ)

i1 f ap1 i1 df ap1 i2 f ap1 i2 df ap1 i3 f ap1 i3 df ap1 i4 f ap1 i4 df ap1

S176 3074.9 18.6 4230.8 21.1 6866.9 62.7 11244.2 49.2

S179 103.9 0.5 254.4 0.7 645.1 3.0 2505.8 5.3

S180 415.3 0.6 716.3 1.0 1118.8 2.6 1822.2 3.9

S181 512.9 0.8 693.9 1.0 940.3 2.6 1577.5 2.5

S184 81.9 0.2 132.3 0.3 314.1 1.1 909.2 1.7

S185 62.3 0.4 145.0 0.6 404.8 2.2 1058.0 4.0

S186 934.3 1.8 1206.0 2.3 1537.1 6.8 2024.6 6.6

S187 347.0 1.1 552.1 1.6 956.9 5.2 1575.1 6.3

S188 668.7 2.1 1009.3 2.1 1463.2 6.1 2009.4 7.7

S189 323.3 1.1 464.8 1.5 726.1 4.7 1138.9 5.7

S190 58.9 0.4 88.1 0.6 150.3 1.8 419.8 3.1

S191 1184.0 2.0 1836.1 2.7 2662.5 8.3 3886.3 7.3

S192 36.0 0.7 82.0 1.2 285.8 5.5 901.9 8.7

S193 54.0 0.6 81.6 1.0 120.3 4.2 326.0 6.1

S194 797.1 1.7 1209.8 2.3 2327.5 7.9 4126.4 9.7

S196 655.2 1.5 1106.4 2.2 1761.8 6.4 2837.2 7.0

S198 789.9 1.6 1318.9 2.3 1982.1 7.0 3504.5 8.8

S199 203.9 1.2 311.4 1.8 501.3 4.3 1057.8 6.8

S200 729.6 1.6 1150.3 2.2 2251.3 7.6 3775.6 7.0

S201 291.6 1.1 347.0 1.3 594.1 3.8 1112.0 5.1

S202 203.2 0.9 192.0 1.0 332.1 3.6 1167.9 5.2

S203 600.2 1.5 1173.9 2.3 1990.0 7.1 3478.0 8.3

S204 1015.9 2.7 1521.5 3.7 2116.8 10.4 2955.6 10.3

S206 896.0 1.7 1291.9 2.3 1728.8 6.5 2541.6 7.8

S205 253.8 1.0 363.6 1.4 585.3 4.8 931.3 6.0

S207 771.8 1.5 1349.5 2.3 1975.0 6.4 3598.3 8.2

S208 476.7 1.3 629.1 1.8 879.1 6.0 1322.5 6.8

S210 540.0 0.4 805.2 0.6 1182.3 2.1 1742.6 1.7

S211 90.5 0.4 181.1 0.5 370.7 1.9 821.3 3.9

S212 200.8 0.9 455.1 2.1 957.3 6.6 1767.8 8.0

S213 248.6 1.1 405.3 1.6 678.7 6.0 1300.3 8.6

S214 286.5 0.3 526.5 0.5 887.5 1.5 1457.3 1.5
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Source ID f3.6µm (µJ) err3.6µm (µJ) f4.5µm (µJ) err4.5µm (µJ) f5.8µm (µJ) err5.8µm (µJ) f8.0µm (µJ) err8.0µm (µJ)

i1 f ap1 i1 df ap1 i2 f ap1 i2 df ap1 i3 f ap1 i3 df ap1 i4 f ap1 i4 df ap1

S215 56.7 0.3 161.4 0.5 463.8 5.6 1134.6 7.1

S216 600.8 1.5 931.2 2.1 1387.9 7.1 2143.4 8.3

S217 1956.8 0.8 2831.9 1.0 4154.6 3.7 6362.4 2.9

S218 199.7 0.5 376.7 1.0 843.9 2.7 1880.3 5.4

S219 764.3 1.0 1189.5 1.3 1828.5 3.7 2641.9 2.8

S222 502.3 1.3 458.0 1.2 626.5 3.3 1443.2 9.5

S224 709.6 1.5 1023.6 2.0 1539.0 7.9 2241.8 6.7

S225 897.3 1.7 1530.5 2.5 2147.7 8.0 3248.3 6.8

S226 166.6 1.5 251.1 1.8 465.5 7.6 1062.4 7.5

S227 289.6 1.1 427.1 2.0 854.1 5.2 1750.4 7.3

S228 425.9 2.5 659.8 2.7 1015.6 9.1 1611.8 9.3

S229 1439.4 0.7 2086.4 0.9 3041.3 2.8 4108.8 2.1

S230 645.0 0.4 1224.0 0.7 2039.4 2.2 3338.9 2.2

S231 402.1 1.2 627.7 1.7 981.0 5.6 1647.9 6.5

S232 747.8 1.0 1142.5 1.4 1932.6 4.0 2737.9 3.7

S234 181.6 0.5 274.9 0.9 522.7 3.2 1014.1 3.5

S235 237.0 0.6 494.5 1.0 927.6 3.0 1935.5 3.9

S236 173.8 0.4 266.8 0.8 541.7 3.0 1363.4 4.5

S237 355.3 0.9 504.4 0.9 820.0 2.9 1321.9 3.7

S238 99.6 0.4 78.8 0.6 96.9 1.6 289.3 3.3

S239 225.6 0.6 435.0 1.0 801.3 3.1 1598.1 4.2

S240 404.1 0.9 719.1 1.3 1110.6 3.9 1866.8 6.4

S241 426.9 1.2 639.0 2.2 726.6 5.1 1574.4 6.8

S243 171.1 0.8 312.1 1.3 689.2 4.8 1518.6 6.3

S245 90.3 0.7 172.9 1.1 355.2 4.4 849.2 6.0

S246 540.9 0.9 967.6 1.4 1653.2 6.1 2860.4 6.5

S247 254.5 1.0 409.1 1.5 769.0 4.9 1283.5 6.3

S248 189.6 1.1 319.6 1.4 579.1 5.9 1029.3 5.8

S249 247.3 1.0 384.9 1.5 674.8 5.0 1037.9 7.3

S250 414.6 1.3 662.9 1.8 1117.7 5.8 1794.5 6.9

S252 559.0 1.4 754.9 2.1 1378.2 6.3 2439.1 10.2

S253 190.5 1.1 331.8 1.3 677.4 3.6 1162.8 6.8
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Source ID f3.6µm (µJ) err3.6µm (µJ) f4.5µm (µJ) err4.5µm (µJ) f5.8µm (µJ) err5.8µm (µJ) f8.0µm (µJ) err8.0µm (µJ)

i1 f ap1 i1 df ap1 i2 f ap1 i2 df ap1 i3 f ap1 i3 df ap1 i4 f ap1 i4 df ap1

S254 199.8 0.5 370.4 0.8 718.0 2.8 1335.7 3.7

S255 291.8 0.8 443.6 0.9 855.1 3.5 1546.4 4.0

S256 326.4 0.6 515.8 1.2 809.1 3.5 1302.8 3.9

S257 255.0 0.6 398.1 0.9 731.6 2.8 1264.5 3.9

S258 540.1 1.4 956.2 2.1 1648.5 7.3 2925.9 7.4

S259 187.2 1.4 322.4 2.1 578.6 7.2 1044.4 9.0

S269 3755.3 1.2 4985.7 1.5 6754.3 3.9 9264.1 3.3

S277 1729.1 6.8 2373.1 8.6 3541.8 26.7 5688.4 21.3

S281 262.7 1.9 291.3 2.8 420.4 11.0 919.8 9.7

S285 4760.7 7.8 7292.8 10.6 11349.0 29.9 16738.5 25.0

S291 277.8 2.5 415.1 3.0 980.5 12.1 3215.7 15.9

S292 288.8 2.2 488.7 3.4 1109.3 13.2 3285.1 18.4

S293 187.3 1.8 319.2 2.8 810.1 11.0 3189.7 15.0

S300 5.0 0.5 12.0 0.9 39.0 3.0 112.1 6.6

S303 13.3 0.3 22.0 0.5 58.9 1.6 251.6 3.5

S304 26.9 0.3 46.9 0.5 106.6 1.9 210.3 3.4

S305 15.9 0.2 22.4 0.4 38.4 1.2 102.1 2.1

S308 3.6 0.2 7.0 0.4 28.9 1.1 83.7 3.0

S309 40.3 0.3 85.2 0.6 179.7 2.0 417.9 3.5

S310 19.5 0.3 31.2 0.5 46.6 2.1 84.5 3.3

S311 5.5 0.3 11.0 0.5 23.0 1.7 73.2 3.6

S312 8.8 0.3 13.4 0.5 19.0 1.9 64.0 3.5

S313 32.3 0.2 52.4 0.4 83.5 1.7 157.4 2.7

S314 17.3 0.3 26.0 0.5 38.9 1.8 38.7 3.0

S315 9.3 0.2 18.1 0.4 52.6 1.7 116.4 2.8

S316 35.2 0.3 57.5 0.5 122.0 1.9 228.3 3.6

S317 7.0 0.3 11.8 0.5 16.8 1.5 107.9 3.2

S319 49.8 0.3 79.1 0.5 147.1 2.0 298.1 3.4

S320 13.9 0.3 22.9 0.5 58.8 1.7 158.4 3.3

S321 40.1 0.3 56.9 0.3 65.4 2.2 102.6 1.6

S322 60.0 0.4 91.3 0.5 153.0 2.3 383.7 3.5

S323 16.5 0.3 35.2 0.5 92.0 1.7 263.7 3.4

S324 18.1 0.3 29.1 0.5 31.0 2.2 61.0 3.1
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Figure 28: The 324 IRS spectra included in the thesis sample. For the sources with available IRAC

photometry, the photometric points are depicted by the red dots. The red and brown

vertical dashed lines correspond to the wavelengths where the 3.3, 6.2, 7.7, 8.6, 11.3 and

12.7 µm PAH lines, respectively, are expected to be. With different colors are indicated

the bands of the 5.340 FeII (orange), the 5.511 H2 S(7), 6.909 H2 S(5) and H2 S(3) (blue)

and 10.511 SIV (yellow). The gray shaded area shows flux error that is the aggregation of

the statistical (RMS) error, which is poissonian or gaussian (for very faint sources), plus

the systematic (SYS) error that comes from the combination of the two nod spectra.
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