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Abstract

Infrared-faint radio sources (IFRSs) are objects found a decade ago that are characterised

by their infrared faintness and enormously high radio-to-infrared flux density ratios. The

nature of this extreme class of object was uncertain and several scenarios have previously

been suggested. This thesis presents new multi-wavelength data in the optical, far-infrared,

and radio regime that are used to study unexplored regimes of the spectral energy distribution

(SED) of IFRSs, crucially narrowing down the nature of this class of objects.

Optical spectroscopic data are used to measure spectroscopic redshifts of three IFRSs,

showing that these sources are at cosmologically relevant redshifts. Further, the spectra

themselves and the first redshift-based SED modelling show IFRSs to be consistent with

radio-loud active galactic nuclei (AGNs). The suggested presence of AGNs in IFRSs is con-

firmed based on very long baseline interferometry observations of a large sample of IFRSs

in the radio regime. Based on these data, it is also argued that IFRSs might be AGNs in

their earliest evolutionary stages. This suggestion is consistent with the results from a de-

tailed radio SED study over a wide frequency range presented in this thesis, finding steep

and a few curved radio SEDs. In the first far-infrared observations of IFRSs, all six targeted

sources remained undetected. The resulting flux density limits provide crucial constraints for

a comprehensive broadband SED modelling, showing that only high-redshift radio galaxies

(HzRGs) can reproduce the characteristics of IFRSs. Estimated limits of the infrared lumi-

nosity, star formation and black hole accretion rates are also found to be consistent with the

corresponding properties of HzRGs.

The thesis adds significant support to the suggestion that IFRSs are radio-loud AGNs

at high redshifts (z & 2) and similar to HzRGs, whereas other objects like heavily obscured

star forming galaxies or galactic objects could explicitly be ruled out. Further, it hypothesises

that IFRSs are young AGNs.
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1
Introduction

How did the global star formation rate (SFR) change with cosmic time? What is the lumi-

nosity function of galaxies with active cores and of star forming galaxies depending on the

redshift? When did the first galaxies form and how did they evolve until the present day?

What is the distribution of galaxies in the universe? These are some of the crucial questions

driving current astronomy. Qualitative and quantitative answers are sought out in order to

reach a better understanding of the universe. The open questions can be addressed using

astronomical surveys, deeply targeting an appropriate area of the sky.

Several large survey projects have been accomplished during the past decades in dif-

ferent wavelength regimes: the broadband optical Sloan Digital Sky Survey (SDSS; York

et al., 2000), the Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010), the far-

infrared Herschel Multi-tiered Extragalactic Survey (HerMES; Oliver et al., 2012), the Chan-

dra X-ray observatory surveys (Xue et al., 2011), or the NRAO Very Large Array Sky Sur-

vey (NVSS; Condon et al., 1998), among many others. Such surveys provide rich data sets
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over wide areas of the sky and enable many astronomers to address open issues in under-

standing the universe and its evolution.

The successes of the early surveys has spurred the establishment of some very large sur-

veys using multi-million dollar facilities, scheduled to start operation in the next decade: the

optical and near-infrared Large Synoptic Survey Telescope (LSST; Ivezić et al., 2008) or

the radio Square Kilometre Array (SKA; Dewdney et al., 2009). Data from these telescopes

will help answer known outstanding questions about the universe. However, answering open

questions is not the only—and potentially not even the most important—contribution from

astronomical surveys. The history of astronomy shows that several major discoveries have

been made unexpectedly as discussed by Ekers (2009): unexpected discoveries that were not

listed as science goal of any telescope proposal, survey description, or project plan. Exam-

ples include the discovery of pulsars (see Bell Burnell, 2009 for a review), of the cosmic

microwave background (CMB; Penzias and Wilson, 1965), or of dark energy (Riess et al.,

1998; Perlmutter et al., 1999). There is no reason why the next surveys should not provide

such “unexpected surprises” hidden in their data. Therefore, next-generation survey projects

will only spread their full impact if approaches are found how to track down these “un-

known unknowns” in complex and huge data sets. For example in the Evolutionary Map of

the Universe (EMU; Norris et al., 2011b) radio continuum survey—one of two key science

projects of the Australia SKA Pathfinder (ASKAP; Johnston et al., 2007, 2008; DeBoer et al.,

2009)—, this issue is addressed in the data mining project Widefield ouTlier Finder (WTF),

considering approaches like the k nearest neighbours (e.g. Polsterer et al., 2013) or citizen

science (“zoo”) projects (Lintott et al., 2008).

The Australia Telescope Large Area Survey1 (ATLAS) is one of the widest deep radio

surveys accomplished so far and revealed one of these “unknown unknowns”: the class of

infrared-faint radio sources, topic of this thesis. The ATLAS survey is briefly summarised

in section 1.1. An overview of active galactic nuclei (AGNs) is given in section 1.2 and the

class of infrared-faint radio sources is presented in section 1.3. This thesis is motivated in

section 1.4 and a few technical remarks are given in section 1.5.

1http://www.atnf.csiro.au/research/deep/index.html

http://www.atnf.csiro.au/research/deep/index.html
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1.1 The Australia Telescope Large Area Survey

Tracing galaxy formation and evolution in the early universe is one of the main goals of

ATLAS, using the Australia Telescope Compact Array (ATCA) in Narrabri, Australia. The

survey area of around 6 deg2 consists of two separate fields, the Chandra Deep Field-South

(CDFS) at a declination between −27◦ and −29◦, and the European Large Area Infrared

space observatory Survey-South 1 (ELAIS-S1) at a declination between −43◦ and −44◦.

The survey aimed at a sensitivity between 10 µJy beam−1 and 15 µJy beam−1 at 1.4 GHz

with an angular resolution of around 10 arcsec. With these characteristics, it was the widest

deep radio survey ever accomplished. It also is an important test for the proposed next

generation radio telescope, the SKA (Dewdney et al., 2009), and one of its pathfinders,

ASKAP (Johnston et al., 2007, 2008; DeBoer et al., 2009). Many techniques and methods

used for the EMU (Norris et al., 2011b) survey—the key science continuum project carried

out with ASKAP—has been and will be tested on the data from the ATLAS survey.

Observations for ATLAS were started in April 2002 and finished in June 2010. A first

data release (DR) has been presented by Norris et al. (2006) for CDFS and Middelberg

et al. (2008a) for ELAIS-S1, reaching sensitivities of 36 µJy beam−1 and 30 µJy beam−1,

respectively. Hales et al. (2014) presented the data from ATLAS DR2, and the work on

DR3 has been finished (Franzen et al., 2015). Using the entire data taken between 2002 and

2010, DR3 reaches sensitivities of 14 µJy beam−1 and 17 µJy beam−1, respectively. In order

to gather information about the spectral properties of the detected radio sources, both fields

were observed at 2.3 GHz with the ATCA as part of ATLAS (Zinn et al., 2012).

The ATLAS fields were also covered by the Spitzer Wide-area Infrared Extragalactic

survey (SWIRE; Lonsdale et al., 2003), providing near- and mid-infrared photometric data

that were cross-matched to the ATLAS data. For this purpose, data from the Infrared Array

Camera (IRAC; 3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm, with 5σ sensitivities of 5 µJy, 9 µJy,

43 µJy, and 40 µJy, respectively) and the Multiband Imaging Photometer for Spitzer (MIPS;

24 µm with a 5σ sensitivity of 192.5 µJy) instruments on board the Spitzer Space Telescope

were used. The combination of radio and infrared (IR) data enables studying the mecha-

nisms powering galaxies. Whereas galaxies mainly powered by star forming activity are

known to follow the radio-far-IR correlation (e.g. Dickey and Salpeter, 1984; de Jong et al.,

1985; Appleton et al., 2004), a departure from this correlation generally identifies a source as

containing an AGN. Of particular interest are galaxies that show the optical and IR spectral



4 Introduction

energy distribution (SED) of a typical star forming galaxy but also strong radio emission

from an AGN in the galactic centre. These objects are promising candidates for studying a

potential link between star forming activity and the central AGN, also known as “feedback”

of the AGN on its host galaxy.

Although it was known that some radio sources are very faint in the optical and near-IR

regime (Richards et al., 1999; Norris et al., 2005; Huynh et al., 2005), it was expected that

each radio source in the ATLAS survey has a near- or mid-IR counterpart in the SWIRE

survey, regardless of whether the radio emission is mainly powered by star forming or AGN

activity. In particular, the dust of optically and near-IR faint galaxies—which might obscure

the radio-emitting process—should be detected in the mid-IR SWIRE bands. However, un-

expectedly, a number of sources were found in the ATLAS survey that did not provide near-

or mid-IR counterparts. These sources—undetected at all Spitzer wavelengths—were named

“infrared-faint radio sources” (IFRSs; Norris et al., 2006), further introduced in section 1.3.

1.2 Active galactic nuclei

A plausible candidate to explain the characteristics of IFRS are active galaxies. Active galax-

ies are a fascinating class of objects with a wide impact on our understanding of the struc-

ture of the universe, cosmology, and the evolution of galaxies. Although first discovered

at the beginning of the 20th century (Fath, 1909), the study of active galaxies started in

the 1940s (Seyfert, 1943) and was accelerated by the detection of the first quasars in the

1960s (Schmidt, 1963). Active galaxies were then found to be powered by AGNs with a

massive black hole in their centre (Rees, 1984). Active galaxies are the most powerful and

luminous objects in the universe, showing emission over the entire electromagnetic spectrum.

1.2.1 The standard unified AGN model

The class of AGNs contains a zoo of objects, differing e.g. in their luminosities, emis-

sion lines, emission line widths, and line ratios. The so called “standard unified model”

of AGNs (Barthel, 1989; Antonucci, 1993; Urry and Padovani, 1995) links these objects

and unifies them as one type of object, though intrinsic differences with respect to black

hole mass, density, and luminosity are expected. In this unification scheme, the IR-optical-

ultraviolet-X-ray emission (see Urry, 2004, Netzer, 2006, or Netzer, 2015 for reviews) on
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the one hand and the radio emission (e.g. Tadhunter, 2008, and references therein) on the

other hand are generally considered separately. Therefore, based on the two characteristics,

an AGN can usually be labelled by more than one designation, implying potential confusion.

For example, a Fanaroff-Riley (FR) type II galaxy can be classified as type I or type II AGN

as described in detail below.

Further, names of different AGN subclasses are misleading and seem to be inappro-

priate from a current perspective, but were reasonable and well defined when introduced

some decades ago. Historically, the term “quasar”—a short version of “quasi-stellar radio

source”—was used for a radio-loud source, whereas “QSO” (quasi-stellar object) usually

referred to a radio-quiet object. Specifically, QSO meant an object whose host galaxy was

not visible, whereas advances in astronomical technology mean that almost all of the objects

once called QSOs now have a visible host galaxy. Nowadays, the term quasar is used to refer

to optically bright objects (e.g. MV < −23 mag), whereas the term QSO is hardly used. Also,

it should be kept in mind that dividing lines for different quantities were drawn in order to

classify AGNs. However, usually, these quantities are continuous, so that the classification

has no physical but only historical justification.

Despite these complicating conditions, the unification model (see e.g. Urry, 2004; Netzer,

2006, 2015 for reviews) successfully connects most of the different AGN subclasses discov-

ered in the past decades. Main components of this unification model—from the centre to

the outer parts as illustrated in Fig. 1.1—are as follows:

• a central supermassive black hole (SMBH) with a mass of 106 M� to 1010 M� ,

• a heated accretion disk,

• high- and low-velocity gas,

• an obscuring medium of gas and dust in some geometric form,

• and a relativistic jet2.

The first four components are relevant for the IR-optical-ultraviolet-X-ray unification, where-

as the last component is connected to the radio unification. In the following, the individual

components are described in more detail.

The central SMBH is the engine of the entire AGN system and converts potential energy

of the infalling material into kinetic and electromagnetic energy. Hard X-ray emission is

2In low-power AGNs, the jet is not necessarily relativistic.
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Figure 1.1: Illustration of the standard unified model of AGNs. The observed characteristics
are thought to be given by three parameters as illustrated in the graphics: (1) the viewing
angle with respect to the symmetry axis, (2) whether a significant jet is present (upper half
of the graphics) or not (lower half), and (3) whether the central engine is powerful (right
half of the graphics) or not (left half). Although not included in the illustration, Seyfert
galaxies can also have jets. Radio-quiet quasars are omitted in the illustration. They are seen
from the lower right, i.e. they are high-power, radio-quiet AGNs for which the BLR is seen.
Acronyms are explained in the text. Graphic: Beckmann and Shrader (2012) c©Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.

produced in this most central part of the AGN.

The infalling material forms an accretion disk because of its non-zero angular momen-

tum. This accretion disk is of sub-parsec scale and rotates around the SMBH, where the

most central part of the disk (∼ 10−5 pc) is known to be hottest (∼ 105 K) and to be an in-

tense contributor of thermal emission between 1 µm and 1000 Å. Generally, the accretion

disk radiates in the optical through soft X-ray regime, where the X-ray emission comes from

the inner parts of the disk because of the sufficiently high temperatures.

The high-velocity gas is referred to as broad-line region (BLR), characterised by emission
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line widths of a few thousand km s−1. It is of high density (∼ 1010 cm−3) and highly ionised

by the energetic X-ray and ultraviolet (UV) radiation from the central part of the AGN and

has temperatures of 15 000 K to 20 000 K. He iii, O iv-vi, and C iii-iv are amongst the most

abundant ions. Thus, Lyα (λ = 1216 Å), C iv (λ = 1549 Å), and O vi (λ = 1035 Å) are

typical strong emission lines. However, also some semi-forbidden emission lines like C iii]

(λ = 1909 Å) and O iii] (λ = 1663 Å) are predicted and observed despite the high density.

High-ionisation lines arise from regions closer to the centre compared to the emission regions

of low-ionisation lines. Furthermore, the gas distribution is non-uniform, but consists of

individual clouds or filaments as known from the ratio of emission lines and continuum

emission (e.g. Peterson, 2006). The BLR is between 0.01 pc and 1 pc away from the SMBH

and is too small to be resolved directly. The reverberation mapping technique is used to study

its properties.

Around 100 pc to 1000 pc away from the central SMBH is the low-velocity gas, known as

narrow-line region (NLR). The gas density is lower (∼ 104 cm−3) and the observed emission

lines are of lower ionisation and narrower (widths of a few hundred km s−1) than in the BLR.

Because of the lower density, the spectrum of the NLR contains strong forbidden emission

lines, whereas semi-forbidden and permitted emission lines are weak. Also, emission of fine-

structure transitions in the inner part of the NLR can be observed in the IR regime. Strongest

emission lines are O [iii] (λ = 5007 Å), N [ii] (λ = 6584 Å), O [ii] (λ = 3727 Å), O [iv]

(λ = 25.9 µm), Ne [v] (λ = 3426 Å), C iv (λ = 1549 Å), and the hydrogen Balmer and

Lyman lines. The NLR—which is much larger than the BLR—can be observed directly and

is found to be composed of clouds (e.g. Kaiser et al., 2000).

A key component of the unified AGN model is the obscuring medium of dust and gas,

located at 0.1 pc to 10 pc away from the SMBH. Originally, this obscuring medium was

expected to be torus-shaped (e.g. Krolik and Begelman, 1988). However, observational find-

ings indicate that a more complex structure and potentially clumpy distribution has to be

taken into consideration (e.g. Nenkova et al., 2002; Elitzur and Ho, 2009; Miniutti et al.,

2014; and references in Netzer, 2015). The density is around 104 cm−3 to 106 cm−3 with an

enormous column density of up to 1025 cm−2. The obscuring medium is located outside the

BLR but inside the NLR (Antonucci and Miller, 1985). In nearby AGNs, the dusty torus is

found to have a radius of up to a few hundred pc.

Radio-loud AGNs have relativistic jets. These jets consist of charged particles that are
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accelerated away from the central core in opposite directions. It is unclear whether the jet

material consists of electrons and ions or an electron-positron plasma. The jets are very

narrow and straight, suggesting that they are collimated close to the central engine. They are

formed around 100 AU outside the SMBH and can show lengths of tens or hundreds of kpc.

Even jets with a size of more than one Mpc have been observed. The charged particles in the

jet spiral in magnetic fields, radiating synchrotron emission as suggested by high brightness

temperatures and high degrees of polarisation. However, the jets themselves are rather weak

emission sites and usually contribute only a few percent to the total radio emission of a

radio galaxy. Regions of high surface brightness are observed along the jets, referred to

as knots or hot-spots. Their emission is explained either by in-situ particle acceleration

because of shocks (e.g. Rees, 1978) or by the interaction between the jet and an overdense

region (e.g. Blandford and Koenigl, 1979). When the jets run through higher-density regions

of the intergalactic medium (IGM) or intracluster medium (ICM), the jet particles collide

with the gas, form shock fronts, and are re-accelerated, emitting non-thermal synchrotron

radiation (Rybicki and Lightman, 1979). This emission is observed as lobes.

Since the processes in the central region of the AGN are highly relativistic, related effects

significantly affect how the source is observed (e.g. Kellermann and Owen, 1988). Assuming

that the charged particles forming the jet are moving with speed 3 ∼ c at an angle θ towards

the observer and the particles are emitting isotropic radiation S0(ν), this emission is confined

to the opening angle (“beaming angle”) 1/γ, where the Lorentz factor γ = 1/
√

1 − β2 is� 1

since β = 3/c ∼ 1. This phenomenon is called “beaming”. The apparent speed 3a is given

by

3a = 3 sin θ/(1 − β cos θ) (1.1)

which has its maximum 3m ≈ γc at an angle θ = 1/γ, corresponding to apparently superlu-

minal motion. Further, the observed emission S(ν) is given by

S(ν) = S(ν/δ)δ3 = S0(ν)δ3−α , (1.2)
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where α is the spectral index3 and δ the Doppler factor defined by

α =
log

(
S(ν1)
S(ν2)

)
log

(
ν1
ν2

) and δ =
1

γ(1 − β cos θ)
, (1.3)

respectively. This effect is known as Doppler boosting.

The radio emission referred to as “core emission” is just the emission of the jet close to

the central engine. Because of the high speeds in the centre, core emission is significantly

affected by the relativistic effects discussed above, whereas the jet and its particles gener-

ally decelerate with increasing distance. Therefore, synchrotron emission from these outer

components of radio galaxies are less affected by relativistic effects.

The AGN components listed above are generally expected to be present in any AGN with

the exception of the jets. The observed IR, optical, UV, and X-ray emission of most known

types of active galaxies can be unified by this model based on different viewing angles with

respect to the symmetry axis, resulting in changing observed emission because of (a) dust

obscuration and (b) beaming. First evidence for the unified model was found by Antonucci

and Miller (1985) who find broad polarised emission lines in Seyfert 2 galaxies which are

interpreted to be scattered into the line of sight.

It is widely accepted that significant solid angles are obscured by the dusty absorber

surrounding the accretion disk. If the AGN is seen edge-on—i.e. with a viewing angle of 90◦

to the symmetry axis in the most extreme case—, this obscuring medium blocks the emission

from the BLR, resulting in observing an object that lacks broad emission lines. These objects,

showing exclusively narrow emission lines (velocities of a few hundred km s−1), are called

type II AGNs and include NLR galaxies (NLRGs), type II quasars, and Seyfert 2 galaxies.

In contrast, if the AGN is observed face-on—viewing angle of around 0◦—, emission from

the BLR is not blocked and the observed object shows both narrow and broad emission lines

(velocities of a few thousand km s−1). Classes of object with these characteristics are known

as type I AGNs and include BLR galaxies (BLRGs), type I quasars, and Seyfert 1 galaxies.

Blazars are a special subclass of quasars characterised by high luminosities, high time

variability, high polarisation, and lacking emission lines. All these characteristics are ex-

plained by a jet pointing directly towards the observer. Therefore, the emission from the

highly relativistic processes in the centre of the AGN is beamed, explaining the high radio

3The spectral index is defined as S ∝ να .
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and blue optical continuum luminosities, thought to be caused by synchrotron emission. In

contrast, the emission lines arise from gas moving at significantly lower velocities and are not

beamed, i.e. they are much fainter and can therefore not easily be observed against the highly

beamed continuum emission. This class of AGN includes BL Lacs, optically violently vari-

able (OVV) quasars, and highly polarized quasars (HPQs). If the observed radio emission

is beamed, the core emission is dominating in the radio regime and the source is labelled as

flat-spectrum radio quasars (FSRQs; also known as core-dominated quasars, CDQs). There

is an overlap between FSRQs and blazars, but not all FSRQs are blazars.

Low-ionisation nuclear emission-line region galaxies (LINERs) are a subclass of Seyfert 2

galaxies, but with strong emission from low-ionisation lines and weak emission from high-

ionisation lines. This type of AGN is very common in the local universe. Weak line radio

galaxies (WLRGs) have the same emission line characteristics than LINERs. Narrow-line

X-ray galaxies (NLXGs) are also similar to LINERs, but characterised by strong X-ray emis-

sion.

Further, AGNs are classified as radio-loud (RL; upper part in Fig. 1.1) and radio-quiet

(RQ; lower part in Fig. 1.1) based on the ratio of radio to optical flux density. Usually, the

dividing line is defined by log10(S5 GHz/SB) = 1 (Kellermann et al., 1989), where the optical

B band is centred at 4400 Å. Around 10% of the AGN population is radio-loud, associated

with the observational presence of one or two jets. There are different theories whether RL

and RQ AGNs are generally similar—in this theory, differences in jet power and host galaxy

density are thought to be responsible for the different appearance of RQ and RL AGNs—or

whether these two types of AGNs are intrinsically different with respect to black hole mass

or central magnetic field. In any case, the formation of relativistic jets requires a certain

accretion and electromagnetic forces strong enough to collimate the jets.

For decades, there has been controversy whether a bimodality in the radio luminosity

distribution of AGNs exists (e.g. Kellermann et al., 1989; Ivezić et al., 2002) or not (e.g.

Lacy et al., 2001; Cirasuolo et al., 2003). This question, which is referred to as the “RL/RQ

dichotomy”, is still unsolved. Kimball et al. (2011) favour a bimodality and suggest that

the lower-luminosity end of the radio luminosity distribution is dominated by radio emission

from starburst activity in the host galaxy, whereas high-luminosity objects are dominated by

the AGN itself.

Similar to the IR-optical-UV-X-ray unification described above, the radio unification also



1.2 Active galactic nuclei 11

Figure 1.2: Qualitative representation of different AGN subclasses in the three-dimensional
parameter space of emission line width, nuclear luminosity, and radio power. Radio-loud
and radio-quiet subclasses are printed in green and magenta, respectively. RQQ means radio-
quiet quasar and RLQ refers to radio-loud quasar. All other acronyms are explained in the
text. Graphic adapted from Tadhunter (2008).

relates to the viewing angle, here with respect to the jet axis. This scheme divides RL AGNs

into core- and lobe-dominated sources. Core-dominated sources are characterised by their

flat radio spectra, interpreted in the way that the radio jet is pointing towards the observer.

Processes in the core are expected to be highly relativistic, resulting in significant beaming

effects and high Doppler factor(s). In contrast, if the observer does not look into the jet, the

core is Doppler suppressed and the lobes—the processes causing the emission in the lobes

are non-relativistic—dominate the observed radio emission, resulting in steep spectra. These

sources are classified as lobe-dominated RL AGNs.

Often, the symmetry axes of the IR-optical-UV-X-ray and the radio unification scheme

are the same. However, the dependency on the viewing angle is very different for the two

schemes. Fig. 1.2 shows different AGN subclasses discussed in this section in the three-

dimensional parameter space of emission line width, nuclear luminosity, and radio power.

Based on the power of the central engine, RL AGNs are again divided into two sub-

classes: FR type I and type II (Fanaroff and Riley, 1974). Observationally, FR I were found

to have the radio-brightest part of the jet close to the core, whereas FR II are brightest further
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away from the centre of the AGN. Also, FR II are known to be more radio-luminous than

FR I, with a dividing luminosity L178 MHz = 2 × 1025 W Hz−1 sr−1. However, the dividing

radio luminosity seems to slightly correlate with the optical luminosity (Owen and White,

1991; Ledlow and Owen, 1996).

Although this unification model connects many different AGN types based on very few

parameters and is likely to be correct to first order, the model is simplifying and does not

cover all observed characteristics of the various AGN classes. Further, crucial questions

about different classes of AGN and their connection to each other are still open and highly

debated. For example, there is observational evidence that Seyfert 2 lacking a hidden BLR

exist (e.g. Veilleux et al., 1997). This can be explained by AGN variability (“flickering”;

Schawinski et al., 2015) or by theories that systems with very weak AGNs—i.e. low ac-

cretion rates and luminosities—do not have a BLR (e.g. Nicastro, 2000; Elitzur and Ho,

2009). Also, AGNs are found without any evidence for an NLR, suggesting obscuration

in all directions (Armus et al., 2007). The other extreme case—a type I AGN without any

sign of hot and absorbing dust—is found at high and low redshifts (e.g. Jiang et al., 2010;

Hao et al., 2011). These findings suggest a more diverse obscuring geometry than accounted

for in the unified model. Another open question relates to the spins of the SMBH and the

circumnuclear matter and whether these spins are necessarily aligned. Whilst an alignment

seems to be reasonable because of angular momentum conservation, this might not be true

in more complex systems that are the result of several independent merger events (Bianchi

et al., 2012). Also highly debated is the finding that the covering factor of the obscuring

medium decreases with AGN luminosity (e.g. Ueda et al., 2003; Hasinger, 2008; Lawrence

and Elvis, 2010) and with redshift (e.g. La Franca et al., 2005; Hasinger, 2008; Gilli et al.,

2007). It is also suggested that the covering factor is intrinsically different for type I and

type II AGNs (Ricci et al., 2011). Other shortcomings of the standard unified AGN model

include that it does not account for the dichotomy of RL and RQ AGNs or for the evolution

of AGNs.

1.2.2 SMBHs and their host galaxies

For two decades it has been known that SMBHs are not only present in AGNs, but virtually

in all galaxies with a bulge (Kormendy and Richstone, 1995; Magorrian et al., 1998). It

was then found that those two components—SMBH and host galaxy—are not independent.
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Instead, a strong link between SMBH and host galaxy exists, i.e. they jointly evolve. For

example, the SMBH mass is found to be correlated to the luminosity, stellar mass, and ve-

locity dispersion of the host galaxy (e.g. McLure and Dunlop, 2001; Magorrian et al., 1998;

Kormendy and Bender, 2011).

Similarities are also found in the distribution of AGNs and star forming activity, directly

linked to SMBHs and the host galaxies, respectively. The AGN volume density is luminosity-

dependent, with that of low-luminosity AGNs peaking at lower redshifts (e.g. Hasinger et al.,

2005). A similar behaviour—decreasing star forming activity to low redshifts, known as

“cosmic down sizing”—is found for star forming galaxies (e.g. Cowie et al., 1996).

Over the past decade or two, observations and simulations pointed at a direct connection

between AGN activity and processes in the host galaxy, referred to as “feedback”. Croton

et al. (2006) simulated the growth of galaxies and SMBHs based on semi-analytic models

using data from the Millenium Run (Springel et al., 2005) and assuming a favoured ΛCDM

cosmology. Their results are inconsistent with the observed abundance of galaxies at the

high-mass and -luminosity end of the distribution. The number of massive and luminous

galaxies is overpredicted in the simulations by almost two orders of magnitude. Based on

this discrepancy, Croton et al. suggest negative AGN feedback present in most massive galax-

ies, suppressing star formation and, by this, decreasing the number of extremely massive

galaxies in their simulations. This suggested AGN feedback model involves two different

phases—cold mode and hot mode—and is expected to be triggered by a galaxy merger. It

is described by Hardcastle et al. (2007) and nicely illustrated by Hopkins et al. (2008b) as

shown in Fig. 1.3. The springboard involves two separated, gas-rich late-type galaxies, that

are approaching and finally start to merge. The interaction of these two galaxies triggers

heavy star formation, whereas AGN activity starts delayed and finally stops the star forming

activity. Left over is a red early-type galaxy.

The AGN is operating in the cold mode (e.g. Kauffmann et al., 2003; Croton et al., 2006;

Hardcastle et al., 2007)—also referred to as quasar, standard, radiative, high-excitation, and

wind mode—during the merger of the central SMBHs itself. Cold disk gas of the involved

host galaxies is driven onto the SMBH and the accretion is radiatively efficient with high

Eddington ratios of the order of a few per cent (Best and Heckman, 2012). This process

is accompanied by high star formation activity in the host galaxy. Because of the strong

emission from the accretion disk forming around the SMBH, X-ray emission is expected to
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Figure 1.3: Illustration of the standard AGN feedback model. Two gas-rich late-type galaxies
merge, accompanied by heavy star forming activity. Later, AGN activity starts, shutting
down star formation and leaving a red early-type galaxy. Graphic: Hopkins et al. (2008b) c©
AAS. Reproduced with permission.

be a good tracer for AGNs in cold accretion mode. Observational evidence has been found in

several objects that the most luminous RL AGNs show high star forming activity (Best and

Heckman, 2012; Ivison et al., 2012; Norris et al., 2012). The observational finding that AGN

activity and star formation density in the universe show the same behaviour—increasing from

z = 0, peaking at z = 2 − 3, and steadily decreasing towards higher redshifts—is considered

as evidence for this AGN mode.

Eventually, the AGN terminates star formation by heating or mechanically disrupting

the surrounding gas. Thus, the host galaxy is red and of early-type, and the AGN is in

radio mode (e.g. Narayan and Yi, 1995)—also referred to as hot, radiatively inefficient, low-

excitation, and kinetic mode. This mode is characterised by lacking cold gas, leaving the

SMBH with radiatively inefficient accretion of hot gas from the surrounding halo, well below

the Eddington limit (below 1%). In this mode, the feedback on the host galaxy is kinetic and

the mechanical power of the radio jets dominates the energy output, although radio jets are
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not limited to SMBHs accreting in hot mode. In particular, sources in cold and hot mode

have been found at all radio luminosities (Best and Heckman, 2012). The transition from

cold to hot mode is expected to be of the order of ∼ 108 yr (Hardcastle et al., 2007; Hopkins

et al., 2008a,b).

Although this negative feedback scenario is widely accepted and observational evidence

has been claimed (Page et al., 2012), it is not without controversy. Several examples are

observationally known where AGN activity enhances star formation (Klamer et al., 2004;

Gaibler et al., 2012; Zinn et al., 2013; Karouzos et al., 2014). In particular, powerful AGNs

at high redshifts are found to be associated with heavy star formation (Seymour et al., 2007;

Harrison et al., 2012). This positive AGN feedback is usually explained by gravitationally

collapsing gas as a result of shocks caused by the jets of the AGN propagating through the

surrounding gas (van Breugel et al., 2004).

1.3 Infrared-faint radio sources

When Norris et al. (2006) released the first ATLAS data for the CDFS, they presented a

catalogue of 726 radio sources with 1.4 GHz flux densities between 0.1 mJy and 1.35 Jy.

Out of these radio sources, 22 are found to lack IR counterparts in any of the four Spitzer

wavebands used in the SWIRE survey and are labelled as IFRSs. These 22 IFRSs in CDFS

have 1.4 GHz flux densities of a few hundred µJy up to 5 mJy, showing that at least the

radio-brightest objects of this class are unambiguous detections and not just noise peaks. In

particular, all these sources have 3.6 µm flux densities below 5 µJy. Two examples of IFRSs

found by Norris et al. are shown in Fig. 1.4. Possible explanations for these extreme objects

included at the time of discovery

(I) luminous star forming galaxies obscured by enormous amounts of dust,

(II) radio lobes of unidentified radio galaxies,

(III) high-latitude pulsars,

(IV) ultracool dwarf stars,

(V) RL AGNs,

(a) dwarf galaxies hosting an RL AGN,

(b) heavily obscured, moderate-redshift (z ∼ 1) RL AGNs,
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Figure 1.4: Two examples of the class of IFRSs: S114 (left) and S194 (right), found by
Norris et al. (2006) in the CDFS. Shown is the 3.6 µm SWIRE map (Lonsdale et al., 2003)
in greyscale, overplotted by the contours from the 1.4 GHz ATLAS DR3 data (Franzen et al.,
2015), starting at 2σ and increasing by factors of 2, where σ is the noise in the image. Both
sources are undetected in all Spitzer IR bands and their only information comes from the
radio.

(c) high-redshift (z & 2) RL AGNs,

(VI) misidentifications, or

(VII) unknown types of object, potentially of galactic origin.

It has also been argued that the class of IFRSs might be an inhomogeneous class of objects,

containing different types of object (e.g. Garn and Alexander, 2008).

1.3.1 Samples of IFRSs in different survey fields

Norris et al. (2006) reported the first IFRS and presented a sample of 22 of these objects—

defined as a radio source with signal-to-noise ratio (S/N) above five in the ATLAS DR1 data

and without IR counterpart between 3.6 µm and 24 µm—in CDFS. Later, samples of IFRSs

were found in other fields, continuously increasing their number and hence the possibility to

study these objects.

When Middelberg et al. (2008a) presented the first ATLAS data of the ELAIS-S1 field,

they also searched their catalogue—which had been cross-matched with the SWIRE cata-

logue—for IFRSs and find 31 examples of these objects. The first IFRSs outside the ATLAS

fields are presented by Garn and Alexander (2008) who used radio data from the Very Large

Array (VLA) and Spitzer IR data to detect 14 IFRSs in the Spitzer First Look Survey (xFLS)
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field. Later, Banfield et al. (2011) found 18 radio sources in the European Large Area In-

frared space observatory Survey-North 1 (ELAIS-N1) field without SWIRE counterparts.

Until then, the criteria to classify a source as IFRS was dependent on the sensitivity of

the respective radio and IR data. A solid radio detection (5σ) at 1.4 GHz lacking an IR

counterpart was classified as an IFRS. In order to obtain survey-independent criteria for the

selection of IFRSs, Zinn et al. (2011) defined two criteria:

S1.4 GHz/S3.6 µm > 500 and

S3.6 µm < 30 µJy .
(1.4)

The first criterion represents the enormous ratios between 1.4 GHz radio flux densities and

3.6 µm IR flux densities of IFRSs, inevitably resulting from their solid radio detection and

their IR faintness. However, Zinn et al. allowed radio sources with faint IR counterparts to be

included in the sample of IFRSs. This is given by the second criterion, limiting the observed

3.6 µm flux density to a maximum of 30 µJy. Whilst the first criterion implies that the objects

are clear outliers, the second criterion is connected to the distance. For example, nearby RL

AGNs like Cygnus A fulfil the flux density ratio criterion, but are excluded from the sample

of IFRSs based on their 3.6 µm flux density exceeding the limit of 30 µJy. If such objects

are at higher redshifts, the observed near-IR flux density is decreased by cosmic dimming

and the source fulfils both selection criteria of IFRSs as defined by Zinn et al.. However,

the second criterion does not exclude the selection of heavily dust-obscured objects at low

redshifts.

Although Norris et al. (2006) and Middelberg et al. (2008a) on the one hand and Zinn

et al. (2011) on the other hand used slightly different selection criteria, they selected objects

with the same characteristics and properties. Considering SWIRE data (σ3.6 µm ∼ 1 µJy), an

IR-undetected source has a 3.6 µm flux density of . 5 µJy. In order to fulfil the first crite-

rion from Zinn et al., the radio source needs to have a 1.4 GHz flux density above 2.5 mJy,

corresponding to an S/N of at least 40 in the central parts of the ATLAS fields in DR1. In

contrast, Norris et al. and Middelberg et al. selected their IFRSs to show a radio S/N of

only five, resulting in a higher chance that spurious sources resulting from noise peaks in the

radio maps were included in their IFRS catalogues. Thus, the criteria from Zinn et al. are

more conservative with respect to the radio counterparts of IFRSs. Also, the radio-to-IR flux

density criterion is more strict, considering that Norris et al. and Middelberg et al. selected
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objects with a ratio & 100. On the other hand, Zinn et al. are less strict with respect to the IR

faintness of IFRSs and allow sources with a detected faint 3.6 µm counterpart to be included

in the sample of IFRSs. Thus, the IR faintness of IFRSs is more extreme in the samples from

Norris et al. and Middelberg et al. compared to the sample from Zinn et al. However, the

overlap between the sources selected based on these different approaches is generally very

high. All IFRS samples studied in this thesis are consistent with the selection criteria from

Zinn et al.

Based on their selection criteria given in Eq. (1.4), Zinn et al. (2011) compiled the largest

catalogue of IFRSs at that time. Covering the CDFS, ELAIS-S1, xFLS, and Cosmological

Evolution Survey (COSMOS) fields, Zinn et al. present a sample of 55 IFRSs, using a total

survey area of 11.5 deg2. Based on these numbers, Zinn et al. estimate the observed IFRS

sky density to be ∼ 5 deg−2.

Currently, work is ongoing to find more IFRSs based on deeper Spitzer Extragalactic

Representative Volume Survey (SERVS; Mauduit et al., 2012) IR data with a 5σ sensitivity

of 1.9 µJy at 3.6 µm in already explored fields (CDFS, ELAIS-S1, ELAIS-N1) and in the

so-far unexplored XMM-Newton Large Scale Structure Survey (XMM-LSS) and Lockman

Hole (LH) fields (Maini et al., 2013). However, Maini et al. are aiming at studying the IR-

faintest IFRSs, however with a lower radio-to-IR flux density ratio, required to be at least

200.

In the course of this PhD project, another catalogue of IFRSs became public. Whereas

all previous attempts to find IFRSs were limited to deep survey fields of small area, Collier

et al. (2014) used shallower data, however covering large parts of the sky. Based on the

Unified Radio Catalogue (URC; Kimball and Ivezić, 2008, 2014)—combining radio data

from the Green Bank 6 cm survey (GB6), the Faint Images of the Radio Sky at Twenty

cm survey (FIRST), the NVSS, and the Westerbork Northern Sky Survey (WENSS)—and

IR data from the WISE (Wright et al., 2010) all-sky survey, Collier et al. present a sample

of 1317 IFRSs on the entire sky. All of their IFRSs have a detected near-IR counterpart,

nevertheless fulfilling both IFRS selection criteria from Zinn et al. (2011). It should be noted

that Collier et al. used the flux density at 3.4 µm instead of 3.6 µm because of the different

wavelength coverage of WISE compared to Spitzer. On average, the IFRSs from Collier

et al. are both IR- and radio-brighter than the sources in the sample from Zinn et al. (2011).



1.3 Infrared-faint radio sources 19

1.3.2 Deep infrared faintness of IFRSs

The unexpected finding of sources lacking an IR counterpart in ATLAS resulted in several

studies aiming at finding faint IR counterparts below the detection limit based on stacking

analyses. Norris et al. (2006) stacked the IR maps of their IFRSs sample in CDFS at all

Spitzer IR bands and did not find a detection. Based on this result, they conclude that the IR

emission of IFRSs is not just slightly below the detection threshold—which should result in

a detection in the stacked map—but that it is well below the threshold, potentially indicating

a bimodal distribution of the radio-to-IR flux density ratio of the radio-source population or

a long tail of the radio-to-IR flux density ratio distribution to very high values.

Garn and Alexander (2008) find six potential near-IR counterparts below the detection

limit (σ3.6 µm = 2.9 µJy) for their sample of 14 IFRSs and show that the other eight sources

are significantly IR-fainter by median-stacking the IR maps of these IFRSs. The most signifi-

cant constraint on the IR emission of IFRSs was obtained by Norris et al. (2011a). They used

3.6 µm data from SERVS, a survey covering parts of the ATLAS field in the Spitzer warm

mission and resulting in a lower noise than that of SWIRE. Norris et al. median-stacked the

3.6 µm maps of 39 IFRSs undetected in SERVS and set a conservative 3σ flux density upper

limit of 0.63 µJy at 3.6 µm. They conclude that this IR faintness and the related enormously

high radio-to-IR flux density ratios are uncommon in the local universe. Even stronger con-

straints are obtained by Maini et al. (2013) who median-stacked the 3.6 µm SERVS map

of 33 IFRSs undetected at that wavelength and find a flux density upper limit of 0.41 µJy,

however including sources that do not fulfil the first IFRS selection criterion from Zinn et al.

(2011).

1.3.3 IFRSs in the optical and X-ray regime

The class of IFRSs is also faint at observed optical wavelengths and indeed the vast majority

of IFRSs are lacking optical counterparts down to R = 24.5 mag (Vega; Norris et al., 2006;

Middelberg et al., 2008a). Garn and Alexander (2008) find faint optical counterparts for

eight out of their 14 IFRSs in xFLS. These sources have R band (Vega) magnitudes between

23.2 mag and 24.7 mag, whereas the undetected IFRSs are fainter than 24.5 mag. Huynh

et al. (2010) studied two IFRSs in deep optical fields in the extended CDFS (eCDFS) and

find one optical counterpart with a V band magnitude of 26.27 mag and one deep limit of
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> 28.9 mag (V band). Based on the optical and near-IR faintness of IFRSs, it is suggested

that these sources might suffer from heavy dust obscuration (e.g. Norris et al., 2011a; Zinn

et al., 2011).

Zinn et al. (2011) checked their IFRS sample for counterparts in the X-ray regime and

find that all IFRSs in the ELAIS-S1 field are undetected in the X-ray XMM Newton survey

by Puccetti et al. (2006), setting an upper limit of 5.5 × 10−19 W m−2 in the 0.5 − 2.0 keV

band4. Similarly, no IFRS in the COSMOS field was detected with XMM Newton in the

soft band down to 7.2 × 10−19 W m−2 (Cappelluti et al., 2007). One of the IFRSs in CDFS

analysed by Huynh et al. (2010) was covered by the Chandra 2 Ms survey with an average

sensitivity of 7.1 × 10−20 W m−2 by Luo et al. (2008) and remained undetected. There-

fore, no X-ray counterpart has been found for an IFRS by the start of this PhD project.

However, recently, Collier et al. (2014) found an X-ray counterpart for one IFRS from

their all-sky sample in the Chandra XBoötes survey (El Bouchefry, 2009) with a flux of

0.44 [0.46,0.99]× 10−18 W m−2 in the soft (0.5−2 keV) [hard (2−7) keV, full (0.5−7 keV)]

band. Based on its hardness ratio of −0.60, this source is classified as type I AGN. Zinn et al.

show that the class of IFRSs might significantly contribute to the missing X-ray background

reported by Moretti et al. (2003).

The class of IFRSs is defined based on the radio and IR flux densities, i.e. the IR faintness

of IFRSs is given by the selection. In contrast, the selection is independent of the observed

optical and X-ray faintness of IFRSs. Therefore, the faintness in these wavelength regimes

provides additional insights into this class of objects.

1.3.4 Radio properties of IFRSs

Because of the faintness of IFRSs in all other wavelength regimes, the radio waveband often

provides the most promising regime to study and constrain the origin of this extreme class of

objects. Very long baseline interferometry (VLBI) observations are sensitive to objects with

high brightness temperatures. Whereas thermal emission—dominating the energy output of

e.g. star forming galaxies—is usually undetected in VLBI observations, such observations

are generally sensitive to the compact radio emission of AGNs. Since the early hypotheses

about the nature of IFRSs included both star forming galaxies and AGNs, VLBI studies of

this class of objects were accomplished to narrow down the physical processes potentially

4Conversion between SI and cgs units: 1 W m−2 = 103 erg s−1 cm−2
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causing the relatively high radio flux densities of IFRSs.

Norris et al. (2007) targeted two IFRSs in CDFS with the Australian Long Baseline Ar-

ray (LBA) at 1.65 GHz and detected one of them, providing strong evidence that this source

contains an AGN. They find that most of the emission detected on arsec-scales in the ATLAS

data comes from compact emission, i.e. the radio emission of this IFRS is mainly produced

by activity of the AGN core. Furthermore, Norris et al. find the compact emission to be

unresolved, constraining the core size to less than 0.03 arcsec, corresponding to a physical

length of less than 260 pc at any redshift.

Similarly, Middelberg et al. (2008b) observed four IFRSs in the ELAIS-S1 field with the

LBA at 1.6 GHz or 1.4 GHz and detected compact emission in one source. This additional

VLBI detection of an IFRS adds evidence that at least some IFRSs contain AGNs.

Middelberg et al. (2011), Banfield et al. (2011), and Collier et al. (2014) searched for

polarised emission from IFRSs and find three, five, and 41 polarised IFRSs, respectively. The

fractional polarisation was between 1% and 16%. However, all these studies were affected

by incompleteness. Collier et al. conclude that these fractional numbers are consistent with

typical polarised radio sources.

Further insights into the characteristics of IFRSs based on radio observations were ob-

tained by Middelberg et al. (2011). They studied the radio properties of 17 IFRSs in the

CDFS and ELAIS-S1 fields based on observations with the ATCA at 4.8 GHz and 8.6 GHz

and archival data at 843 MHz, 1.4 GHz, and 2.4 GHz. They find a median spectral index

between 1.4 GHz and 2.4 GHz of α = −1.40. This is significantly steeper than the radio

SED of the general radio source population and the AGN population in the ELAIS-S1 field

and Middelberg et al. show that the spectral index distribution of IFRSs is intrinsically dif-

ferent from the spectral index distribution of these two broader populations. Furthermore,

the steep radio spectral indices of IFRSs found by Middelberg et al. (2011) also suggest that

these sources are at high redshifts since high-redshift galaxies tend to have steeper radio

spectra (e.g. Tielens et al., 1979; Chambers et al., 1996), although exceptions are known (see

Afonso et al., 2011, and references therein).

Based on their high-frequency data—resulting in high angular resolutions with a restor-

ing beam of 4.6×1.7 arcsec2—, Middelberg et al. (2011) find that some IFRSs are unresolved

and very compact. They conclude that the most compact IFRSs are smaller than 4.5 kpc ×

2.1 kpc, ruling out radio lobes as an explanation for these IFRSs. Garn and Alexander (2008)
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find most sources in their IFRS sample with angular sizes of less than 3 arcsec. They anal-

ysed the class of IFRSs in the context of sources from the Revised Revised Third Cambridge

Catalogue (3CRR; Laing et al., 1983) in the parameter space of 1.4 GHz luminosity and lin-

ear size and find that most IFRSs are limited to sizes of 20 kpc at any redshift. In particular,

Garn and Alexander conclude that most 3CRR sources are significantly larger than IFRSs

and, therefore, cannot be considered as local versions of IFRSs.

If IFRSs are at lower redshifts, it has been suggested that some IFRSs might be pulsars

since the observed radio flux densities and radio spectral indices of IFRSs are overlapping

with corresponding numbers of the known pulsar population. Although the population of

IFRSs has been found outside the galactic plane, Cameron et al. (2011) observed a sample

of 16 IFRSs with the Parkes radio telescope at high time resolution and conclude that none

of these sources are pulsars in our Galaxy.

1.3.5 Connection between IFRSs and other classes of objects

Modelling the SEDs of IFRSs was one of the first attempts to connect IFRSs to other classes

of galaxies (Garn and Alexander, 2008; Huynh et al., 2010; Zinn et al., 2011). In these

approaches, SED templates of known galaxies were modified—shifted to different redshifts

and scaled in luminosity—and tested whether they are consistent with the available photo-

metric data of the respective IFRSs. Huynh et al. also added templates of different stellar

populations, and Zinn et al. implemented additional dust extinction in their modellings. All

studies conclude that the radio emission of IFRSs cannot be explained by purely star forming

galaxies, i.e. ultraluminous IR galaxies (ULIRGs) like Mrk 231 or Arp 220 are inappropriate

to reproduce the characteristics of IFRSs. Instead, only RL galaxies at high redshifts (z & 1),

e.g. 3C 273 (an RL quasar with a one-sided jet at z = 0.158; Strauss et al., 1992; Bahcall

et al., 1995) or galaxies from the 3CRR catalogue (Laing et al., 1983), are found to be in

agreement with the photometric constraints of IFRSs. In particular, only galaxies of type

FR II (Fanaroff and Riley, 1974) match the photometric characteristics of IFRSs, whereas

FR I galaxies do not fulfil the requirements given by the IFRSs in any of the SED modelling

studies.

The discrepancy between the SEDs of IFRSs and starburst galaxies (Garn and Alexan-

der, 2008; Huynh et al., 2010; Zinn et al., 2011) can also be found based on the radio-IR-

correlation (e.g. Yun et al., 2001). Starburst galaxies are known to follow this correlation,
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whereas a deviation is a sign for an AGN. Galaxies with a radio excess are most likely

RL AGNs, whereas sources with an IR excess suggest to be RQ AGNs. Directly linked to

the radio-IR correlation is the q24 value defined by

q24 = log10

(
S24 µm

S1.4 GHz

)
, (1.5)

where S24 µm and S1.4 GHz are the flux densities at 24 µm and 1.4 GHz, respectively. Starburst

galaxies are found be characterised by q24 = 0.84 ± 0.28 at least up to z = 2 (Appleton

et al., 2004). In contrast, RL AGNs show significantly lower q24 values because of their

radio excess. For example, an IFRS with a 1.4 GHz flux density of 1 mJy and undetected in

the SWIRE survey at 24 µm (3σ ≈ 120 µJy) is characterised by q24 < −0.9. Similarly, using

the 1.4 GHz luminosity as a tracer for star formation (e.g. Bell, 2003) results in unphysically

high SFRs when assuming that IFRSs are at z & 1 (Zinn et al., 2011).

Norris et al. (2006) and others point out that the class of optically invisible radio sources

(OIRSs; Higdon et al., 2005, 2008) might be related to IFRSs. These compact radio sources

are optically undetected down to R-band magnitudes of 25 mag and lower. However, the

majority of OIRSs is detected at 3.6 µm, in contrast to most IFRSs found in the ATLAS fields.

Also, the radio flux densities of OIRSs are more than one order of magnitude lower than those

of IFRSs. These characteristics made Norris et al. suggest that an overlap between OIRSs and

IFRSs exists but that IFRSs are generally more extreme objects with respect to IR faintness

and radio-to-IR flux density ratios. Based on the different IR characteristics, Higdon et al.

(2008) conclude that OIRSs cannot be thought of a single source population, but contain

starburst-powered systems, AGN- and starburst-powered systems, and radio galaxies.

Norris et al. (2011a) accomplished a comprehensive approach to compare IFRSs to other

classes of objects frequently found at high redshifts. They started from the characteristic

feature of IFRSs—the enormous radio-to-IR flux density ratios—and analysed this ratio as

a function of redshift for different classes of objects. This is shown in Fig. 1.5 and em-

phasises that this ratio distinctly separates the class of IFRSs from other types of galaxies

like starburst galaxies or ordinary AGNs. Further, Norris et al. find that IFRSs share their

enormous radio excess exclusively with high-redshift radio galaxies (HzRGs). A potential

similarity between IFRSs and HzRGs had already been pointed out by Huynh et al. (2010)

and Middelberg et al. (2011).
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Figure 1.5: Radio-to-IR flux density ratio as a function of redshift for different classes of
objects typically found at high redshifts z & 1. Green lines represent the redshift tracks of
luminous IR galaxies (LIRGs) and ULIRGs (Rieke et al., 2009), both classes of star forming
galaxies. The tracks of RQ and RL QSOs (Elvis et al., 1994) are shown by a black dotted-
dashed and dotted lines, respectively. Yellow dots represent sub-mm galaxies (SMGs). The
sample of HzRGs from Seymour et al. (2007) is shown by black dots. The shaded area
represents the potential position of IFRSs in this parameter space. Whereas their radio-to-IR
flux density ratios exceed 500 as per definition from Zinn et al. (2011), their redshifts were
unknown at that time, though high redshifts z & 1 had been suggested. The blue lines show
the effect of adding 10 mag of extinction to the LIRG and ULIRG templates. However, the
radio emission of such objects at redshifts z & 2 is below the sensitivity of current surveys
and would not be detected as indicated by the dashed lines. Figure adapted from Norris et al.
(2011a).

High-redshift radio galaxies are defined based on their redshift (z > 1) and their radio

luminosity (L3 GHz > 1026 W Hz−1). These massive galaxies—the spiderweb galaxy is one

example of this class of object—are the most massive galaxies in the early universe and they

are expected to be the progenitors of massive elliptical galaxies in the local universe. HzRGs

host AGNs and show SFRs of the order of hundreds or thousands of solar masses per year.

However, HzRGs are very rare and less than 200 of these objects are known in the entire

sky (Seymour et al., 2007; De Breuck et al., 2010; Drouart et al., 2014).

An additional similarity between IFRSs and HzRGs is their steep radio spectrum as
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shown by Middelberg et al. (2011). Based on these findings, Norris et al. (2011a) suggest

that IFRSs might follow the correlation between 3.6 µm flux density and redshift found for

HzRGs (Seymour et al., 2007), similar to the K − z relation known for other radio galax-

ies (Willott et al., 2003). Following this correlation, Norris et al. hypothesise that the IR-

faintest IFRSs might be at redshifts z & 3.

Huynh et al. (2010) discuss that the radio flux densities of IFRSs can be produced by

ultracool dwarf stars. However, they conclude that such radio-detected objects should also

be detected in optical observations, inconsistent with the optical faintness of IFRSs. Huynh

et al. also compare the sky density of IFRSs to that of BzK galaxies—a color-selected class

of star forming and passive galaxies at z ∼ 2 (e.g. Daddi et al., 2004, 2007)—and dust-

obscured galaxies (DOGs; Dey et al., 2008) and find that these types of object are much

more abundant than IFRSs. Based on a comparison to optically faint RL AGNs, Huynh et al.

suggest that IFRSs are RL AGNs that have not been studied in other samples before.

1.3.6 Remaining explanations for the characteristics of IFRSs

Based on the results outlined above, which were obtained during the first six years of re-

search after the first detection of IFRSs in 2006, some of the originally proposed, potential

explanations for the observed characteristics of IFRSs as listed at the beginning of Sect. 1.3

have been ruled out:

(I) The low q24 values of IFRSs make it very unlikely that IFRSs are heavily obscured

star forming galaxies. This conclusion has been supported by Norris et al. (2011a)

based on the evolutionary tracks of star forming galaxies (see Fig. 1.5).

(II) The VLBI detections of two IFRSs show that at least not all IFRSs can be lobes

of unidentified radio galaxies. Furthermore, the compact morphology of IFRSs in

high-resolution radio observations (Middelberg et al., 2011) argues against lobes as

explanations for a significant fraction of IFRSs.

(III) Radio observations provide direct evidence that the emission of IFRSs is not consis-

tent with that of pulsars.

(IV) Ultracool dwarf stars are excluded because of the optical faintness of IFRSs.

In contrast, the following explanations are consistent with all results obtained in the stud-

ies on IFRSs before this PhD project was started:
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(V) IFRSs might be a class of RL AGNs. The low q24 values point at RL AGNs and dif-

ferent SED modellings show that only RL AGNs can reproduce the characteristics of

IFRSs. Finally, the VLBI detections of two IFRSs show that at least some IFRSs are

AGNs. However, the more detailed characteristics remain unclear. Whereas dwarf

galaxies hosting an RL AGN (Va) are observationally unknown and theoretically un-

likely (Norris et al., 2011a) and RL AGNs at moderate redshifts (Vb) would need

enormous amounts of obscuring dust, high-redshift RL AGNs (Vc) were considered

to be the most likely explanation for the observed radio flux densities and IR faintness

of IFRSs.

(VI) It could not be ruled out that at least some IFRSs are misidentifications.

(VII) It is impossible to disprove that a new, unknown class of objects explains the char-

acteristics of IFRSs. However, since known objects were found to be consistent with

the phenomenon of IFRSs as discussed above, the invention of new objects is the

least favourable option, following Occam’s razor5.

Although the studies summarised above narrowed down potential explanations for the

observed characteristics of IFRSs, concluding that they are RL AGNs, the nature of this

extreme class of objects is not fully understood yet. In particular, the lack of redshift infor-

mation limits the interpretation of previous results and prevents a definite exclusion of some

of the potential explanations for IFRSs.

1.4 Motivation and outline

Despite the observations and analyses summarised above, the nature of the class of IFRSs

still remained unclear and vague. Several potential explanations for the phenomenon called

IFRS have been ruled out and studies show that high-redshift RL AGNs are consistent with

the observed characteristics of IFRSs. However, compact emission has been found in only

two out of six targeted IFRSs, leaving doubts that the vast majority of IFRSs contain AGNs.

Even more unclear is their redshift distribution, only indirectly constrained by SED mod-

elling which has even higher uncertainties because of potential but undetermined dust ob-

scuration.
5Occam’s razor is a theorem by William Ockham (1287–1347), stating that the hypothesis with the fewest

assumptions should be favoured in case of competing hypotheses performing equally well (e.g. Thorburn,
1915).
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This thesis addresses these suggestions and aims at directly testing the hypothesis that

IFRSs are high-redshift RL AGNs, presented in chapters 2 and 3. Chapter 2 is based on

optical spectroscopic data of four optically detected IFRSs and reveals the first redshifts of

IFRSs in the ATLAS fields. The presence of compact radio emission in IFRSs is tested

based on VLBI observations of a large sample of sources as presented in chapter 3. A so

far unexplored wavelength regime of IFRSs is unveiled in chapter 4, describing the first

far-IR (FIR) observations of this class of objects. Finally, a detailed study of the broad radio-

SEDs of IFRSs is presented in chapter 5, including the first observations of IFRSs in the

mm regime. A summary and outlook is given in chapter 6.

The thesis presents a multi-frequency analysis of a relatively new and unexplored class of

objects—the class of IFRSs—, combining results from photometric and spectroscopic obser-

vations and advanced observing strategies like VLBI. Based on these data, the contributions

from the two main mechanisms of powering galaxies—nuclear and star forming activity—

are explored. Further, the connections to the class of HzRGs and to young AGNs like GHz

peaked-spectrum (GPS) and compact steep-spectrum (CSS) sources are analysed.

The multi-frequency approach to study the class of IFRSs presented in this thesis means

that only partially overlapping sub-samples of IFRSs are used in the different analyses pre-

sented in chapters 2, 3, 4, and 5. Because of the faintness of IFRSs, only the most promising

candidates at the respective frequency could be targeted in the different observations. For

example, IFRSs with a detected optical counterpart are the best candidates to obtain spec-

troscopic redshifts (chapter 2). However, these sources are expected to be less affected by

obscuring dust, making them less promising for FIR observations (chapter 4). Further, the

detection of compact radio emission from these IFRSs is harder because they are radio-

fainter than other IFRSs and a different sub-sample of IFRSs has been used for the VLBI

observations (chapter 3). This is a typical shortcoming when multi-frequency datasets are

required and these data are not available for an appropriately large area of the sky. Limita-

tions arising from using non-overlapping subsamples are taken into account and summarised

in the conclusion (chapter 6).
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1.5 Technical remarks

Throughout this thesis, a Λ cold dark matter (ΛCDM) model is used to parameterise the

Big Bang cosmological model. It is usually referred to as the standard model of cosmology

and is characterised by the cosmological constant Λ—thought to be associated with dark

energy—and cold dark matter (CDM). The ΛCDM model is based on general relativity and

is consistent with cosmologically relevant observations like the accelerating expansion of

the universe, the CMB, and the distribution of galaxies in the universe. The consistency of

this model—described by six parameters—has recently been shown by the latest results of

the Planck collaboration (Planck Collaboration et al., 2015). In this thesis, cosmological

quantities are calculated based on the calculator by Wright (2006), using the parameters

ΩΛ = 0.7, ΩM = 0.3, and H0 = 70 km s−1 Mpc−1. The spectral index α is defined as S ∝ να,

where S denotes the flux density and ν is the frequency. SI units are used throughout this

thesis.

Chapters 2, 3, 4, and 5 contain manuscripts that I wrote as first author in the course of

this PhD project and that have been published or submitted for publication in peer-reviewed

journals. At the beginning of these chapters, the respective manuscript is put in the context

of this PhD thesis with respect to applied techniques and results. At a time, this is followed

by bibliographic details and a short description of the respective manuscript, set in a grey-

shaded box. These boxes also give details about the contribution of the individual authors.

The remainder of the respective chapters contain the manuscripts.



2
Infrared-faint radio sources

are at high redshifts

First suggestions about the nature of IFRSs included several, very different classes of objects:

star forming galaxies, AGNs, pulsars, and dwarf stars. They were all thought to be able to

reproduce the characteristics of IFRSs—IR faintness and enormous radio-to-IR flux density

ratios—under certain conditions, although these suggested objects are characterised by very

different emission mechanisms and linear sizes. In particular, the distance between these

objects and the Earth is extremely different. While dwarf stars and pulsars are sources in our

own Galaxy with distances in the order of parsecs or a few kiloparsecs, star forming galaxies

and AGNs are extragalactic objects at cosmologically relevant redshifts.

Although local objects like pulsars and dwarf stars were most likely excluded based on

pulsar radio observations and the optical faintness of IFRSs, respectively, most studies on

IFRSs were aiming at constraining the redshifts of these objects. Garn and Alexander (2008),

Huynh et al. (2010), and Zinn et al. (2011) used SED templates of AGNs and star forming
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galaxies, shifted them to different redshifts, scaled them in luminosity and tested whether

these modified SEDs reproduce the characteristics observed for IFRSs. Huynh et al. also

added a stellar population to their templates, whereas Zinn et al. used additional extinction.

Although differences between the samples exist, the results are all consistent that IFRSs can

only be reproduced by RL AGNs at redshifts z & 1. In particular, the IR-faintest IFRSs were

expected to be at higher redshifts based on the modelling.

Norris et al. (2011a) put a particular emphasis on the redshifts of IFRSs based on the

similarity of these objects with the class of HzRGs. Norris et al. show—based on the sample

of 69 HzRGs presented by Seymour et al. (2007)—that HzRGs are the only objects sharing

the enormous radio-to-IR flux density ratios of IFRSs of usually more than 1000. Since

HzRGs are on average brighter than IFRSs in all wavelength regimes, Norris et al. suggest

that IFRSs might be less luminous or higher-redshift siblings of HzRGs.

The sample of HzRGs presented by Seymour et al. (2007) is found to follow an anti-

correlation between 3.6 µm flux density and redshift, similar to the very tight K − z relation

known for ordinary radio galaxies which is also known as “observed near-IR Hubble rela-

tion” (e.g. Lilly and Longair, 1984; Willott et al., 2003; Rocca-Volmerange et al., 2004.)

The K band is a near-IR waveband—centred at 2.2 µm—and an important tool to study

galaxy evolution since it is sensitive to the emission of galaxies in the wide redshift range

0 ≤ z ≤ 4. At low redshifts, K band picks up the emission of the old low-mass red stellar

population, whereas the band is dominated by the emission of young massive blue stars at

higher redshifts. Because of these redshift-dependent characteristics, the cause of the na-

ture and tightness of the K − z correlation over this large redshift range remains unclear.

The slight dispersion in the correlation is usually explained by different radio power since

radio-luminous galaxies were found to be brighter in the K band (e.g. Willott et al., 2003).

Based on this S3.6 µm − z correlation known for HzRGs, Norris et al. (2011a) suggest that

IFRSs might follow the same relation. If so, IFRSs would be located at redshifts z & 2.

Furthermore, Norris et al. show based on a stacking analysis that the IFRSs undetected at

3.6 µm in SERVS do not have a 3.6 µm counterpart slightly below the detection limit, but

that they are significantly IR-fainter (S3.6 µm . 0.63 µJy). Based on this finding, Norris et al.

suggest that these IR-faintest IFRSs might easily be located at z ∼ 5 if this class of objects

indeed follows the correlation between 3.6 µm flux density and redshift found for HzRGs.
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Therefore, obtaining redshifts for the class of IFRSs is the crucial step to test the hypoth-

esis that IFRSs are high-redshift RL AGNs. However, the optical faintness and confusion

made this a challenging task. In the ATLAS survey, too many optical sources are located

within the positional accuracy of the 1.4 GHz radio sources of ∼ 2 arcsec. Therefore, a direct

cross-matching between radio and optical sources was impossible. Instead, radio sources

were first cross-matched to IR sources from SWIRE and then—based on the more precise

positional information from the IR detection—to the optical sources. Later, follow-up ob-

servations at higher radio frequencies and higher resolution showed that this cross-matching

was successful (R. P. Norris, private communication). However, the IFRSs found by Norris

et al. (2006) and Middelberg et al. (2008a) do not provide a near- or mid-IR counterpart per

definition—IFRSs were originally defined as radio sources without IR counterparts—, so

that finding an optical counterpart for these sources was impossible because of confusion.

The suggestion that most IFRSs were lacking an optical counterpart (R & 24.5 mag) because

of their intrinsic optical faintness and not because of confusion was later proven to be true

based on follow-up observations at higher radio frequencies (R. P. Norris, private communi-

cation). For example, Huynh et al. (2010) studied two IFRSs in the deep optical fields of the

eCDFS and found one with a V band magnitude of 26.27 mag and the other one > 28.9 mag.

When Zinn et al. (2011) defined their survey-independent criteria for the selection of

IFRSs, radio sources with a faint counterpart at 3.6 µm below 30 µJy were included in the

class of IFRSs if these sources exceed a radio-to-IR flux density ratio of 500. Four of these

sources—all located in the CDFS—have optical counterparts with R band (Vega) magnitudes

between 22.0 mag and 24.1 mag. Thus, these sources are the most promising candidates to

obtain spectroscopic redshifts for IFRSs, crucially needed to narrow down the nature of these

objects. However, a powerful telescope—the Very Large Telescope (VLT)—and a significant

on-source time of the order of an hour per source were required to observe even the most

promising—i.e. optically brightest—candidates.

These IFRSs were spectroscopically observed and provided redshifts of 1.84, 2.13, and

2.76 as presented in the paper below. This finding is crucial for the understanding of IFRSs

since it adds evidence that IFRSs are high-redshift objects as suggested before, e.g. based

on SED modelling (Garn and Alexander, 2008; Huynh et al., 2010; Zinn et al., 2011). In

particular, these redshifts rule out the hypothesis that the class of IFRSs contains a significant

number of galactic objects like pulsars or dwarf stars.
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At the same time when the paper below was submitted, Collier et al. (2014) presented a

new catalogue of IFRSs that is based on all-sky data. They also cross-matched their catalogue

of 1317 IFRSs with the SDSS data release 9 (Ahn et al., 2012) and obtained spectroscopic

redshifts for 19 sources. One IFRS is found to have a redshift of 0.0196 and is classified as

star forming galaxy. Collier et al. suggest that this source is either a misidentification or a

star forming galaxy with an AGN in its centre. The other 18 redshifts are found in the range

2.0 ≤ z ≤ 3.0.

Although the IFRSs sample from Collier et al. (2014) is generally both radio- and IR-

brighter than the IFRSs sample in the deep fields like ATLAS—from which the four spec-

troscopically observed IFRSs presented here were taken—, it was expected that the redshifts

found by Collier et al. and in the paper below are overlapping. The median 3.6 µm flux

density of the spectroscopic sample from Collier et al. is 26.7 µJy, compared to a median

of 25.5 µJy for the sample of IFRSs with spectroscopic redshifts in the ATLAS fields pre-

sented below. While the IFRSs with redshifts populate the overlapping region of 3.6 µm flux

density ranges of the two samples, the entire samples cover different flux density ranges.

The median IFRS in the sample from Collier et al. has a 3.6 µm flux density of 25.9 µJy,

whereas the median IFRS in the ATLAS fields is undetected at 3.6 µm in the SWIRE survey

or SERVS, corresponding to a flux density below 3 µJy.

All 22 IFRSs with spectroscopic redshifts—except for the one outlier discussed above—

are consistent with the suggestion by Norris et al. (2011a) that IFRSs might follow a corre-

lation between 3.6 µm flux density and redshift that was found for a sample of HzRGs (Sey-

mour et al., 2007). However, it remains unclear whether the S3.6 µm − z correlation holds

for IFRSs at redshifts z & 3. To test the correlation in this redshift range, IR-fainter IFRSs

would have to be spectroscopically observed. Because of the accompanying optical faint-

ness of these objects, such observations are highly challenging and time-intensive at optical

telescopes. In contrast, molecular lines like CO can be observed in the radio regime—e.g.

with the Atacama Large Millimeter Array (ALMA)—and seem to provide a more efficient

way to measure redshifts of IR-fainter IFRSs. The detection of an IR-fainter IFRS at z ∼ 5

would also argue against the alternative hypothesis that all IFRSs have redshifts in the range

1.8 . z . 3.0. Based on the available data, this hypothesis cannot be ruled out.

The redshifts found in the paper below and by Collier et al. (2014) also dispose of two

potential explanations for the majority of IFRSs: lobes of unidentified radio galaxies and
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misidentifications (see Sect. 1.3). If IFRSs are indeed lobes, there are two possibilities for

the IR counterparts: (a) The IR sources are the real counterparts of the radio detections, or

(b) the IR and radio sources are not associated. In case of (a), the redshift distribution of

these objects would be expected to follow that of RL AGNs with lobes, i.e. FR II galaxies.

This distribution peaks at z ∼ 1 (e.g. Fig. 5 in Norris et al., 2011b). However, if (b) IR and

radio counterparts are spurious associations, the redshift distribution should follow that of

arbitrarily selected galaxies, peaking at z ∼ 0.1 (e.g. Fig. 14 in Stoughton et al., 2002) and

decreasing to higher redshifts. If IFRSs are misidentifications, case (b) would be expected.

The observed redshift distribution of 1.8 . z . 3.0 for IFRSs is in clear disagreement with

both scenarios, ruling out that significant fractions of IFRSs are radio lobes or misidentifi-

cations. However, it cannot be ruled out that the class of IFRSs is contaminated by a few

lobes or misidentifications, as suggested by the low-redshift star forming galaxy discussed

by Collier et al.

Based on the available spectroscopic redshifts, even more conclusions can be drawn on

the nature of IFRSs and their connection to other classes of object as presented in the paper

below. In particular, all spectroscopically observed IFRSs are found to be powerful FR II ra-

dio galaxies with 1.4 GHz luminosities above 1026 W Hz−1, a significant fraction even above

1027 W Hz−1 which corresponds to the luminosity of the brightest RL AGNs (e.g. Urry and

Padovani, 1995; Tadhunter, 2008). Also, the optical spectra presented in the paper below are

typical broad line quasar spectra.

Moreover, the first redshift-based SED modelling—presented in the paper below—con-

firms the results from former modellings that only RL AGNs provide appropriate templates

to model the SED of IFRSs. In particular, the templates of the RL quasar 3C 273 and the CSS

source 3C 48 are found to properly reproduce the SEDs of the three IFRSs with spectroscopic

redshifts in the ATLAS fields. These templates have already been successfully used by Garn

and Alexander (2008), Huynh et al. (2010), and Zinn et al. (2011) in their modellings without

known redshifts.
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The remainder of this chapter has been published as

Infrared-faint radio sources are at high redshifts.
Spectroscopic redshift determination of infrared-faint radio sources

using the Very Large Telescope
A. Herzog, E. Middelberg, R. P. Norris, R. Sharp, L. R. Spitler, and Q. A. Parker

Astronomy & Astrophysics, 567, A104, 2014.

The paper presents data from optical spectroscopic observations with the VLT, re-
sulting in the first spectroscopic redshifts of IFRSs—all fulfilling both selection criteria
defined by Zinn et al. (2011)—in the ATLAS fields. It is shown that these sources have
radio luminosities of FR II galaxies and that they are consistent with the suggested cor-
relation between near-IR flux density and redshift. Further, the first redshift-based SED
modelling of IFRSs finds these three sources to be in agreement with lower-luminosity
siblings of the CSS source 3C 48 and the RL quasar 3C 273.

I was responsible for leading the work presented in the following manuscript. I cal-
ibrated the data using the Image Reduction and Analysis Facility (IRAF; Tody, 1986),
measured the redshifts from the spectra, derived intrinsic properties of the observed IFRSs,
modelled their SEDs, put them in the context of HzRGs, and wrote the manuscript.
E. Middelberg, R. P. Norris, and L. R. Spitler supervised this work with respect to method-
ology and scientific interpretation and continuously provided feedback. E. Middelberg
proposed and scheduled the observations, forming the basis of this work. R. Sharp mea-
sured the emission line widths from the spectra. All co-authors provided useful dis-
cussions towards the final manuscript. My contribution to the work presented in this
manuscript is 90%.

Credit: Herzog et al., A&A, 567, A104, 2014, reproduced with permission c© ESO.
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ABSTRACT

Context. Infrared-faint radio sources (IFRS) are characterised by relatively high radio flux densities and associated faint or even
absent infrared and optical counterparts. The resulting extremely high radio-to-infrared flux density ratios up to several thousands
were previously known only for high-redshift radio galaxies (HzRGs), suggesting a link between the two classes of object. However,
the optical and infrared faintness of IFRS makes their study difficult. Prior to this work, no redshift was known for any IFRS in
the Australia Telescope Large Area Survey (ATLAS) fields which would help to put IFRS in the context of other classes of object,
especially of HzRGs.
Aims. This work aims at measuring the first redshifts of IFRS in the ATLAS fields. Furthermore, we test the hypothesis that IFRS are
similar to HzRGs, that they are higher-redshift or dust-obscured versions of these massive galaxies.
Methods. A sample of IFRS was spectroscopically observed using the Focal Reducer and Low Dispersion Spectrograph 2 (FORS2) at
the Very Large Telescope (VLT). The data were calibrated based on the Image Reduction and Analysis Facility (IRAF) and redshifts
extracted from the final spectra, where possible. This information was then used to calculate rest-frame luminosities, and to perform
the first spectral energy distribution modelling of IFRS based on redshifts.
Results. We found redshifts of 1.84, 2.13, and 2.76, for three IFRS, confirming the suggested high-redshift character of this class of
object. These redshifts and the resulting luminosities show IFRS to be similar to HzRGs, supporting our hypothesis. We found further
evidence that fainter IFRS are at even higher redshifts.
Conclusions. Considering the similarities between IFRS and HzRGs substantiated in this work, the detection of IFRS, which have
a significantly higher sky density than HzRGs, increases the number of active galactic nuclei in the early universe and adds to the
problems of explaining the formation of supermassive black holes shortly after the Big Bang.

Key words. techniques: spectroscopic – galaxies: active – galaxies: distances and redshifts – galaxies: high-redshift

1. Introduction

Active galactic nuclei (AGN) at high redshifts are an important
field of current research since they play a crucial role in an-
swering basic questions about the evolution of the Universe. For
example, high-redshift AGN are used to study the evolution of
the link between black hole mass and the properties of its host
galaxy (e.g. Hopkins et al. 2005; Lamastra et al. 2010), their im-
pact on the reionisation and the structure formation in the uni-
verse (e.g. Fan et al. 2006; Robertson et al. 2010; Boutsia et al.
2011), and the growth of supermassive black holes (SMBHs)
with masses >109 M� in less than one billion years after the Big
Bang (e.g. Volonteri & Rees 2005). Infrared-faint radio sources
– a class of object whose detection was unexpected – could sig-
nificantly contribute to the population of high-redshift AGN.

1.1. Definition and discovery of IFRS

Infrared-faint radio sources (IFRS) are peculiar objects, char-
acterised by relatively high radio flux densities on the order

of 1 mJy at 1.4 GHz only associated with faint or even absent in-
frared (IR) counterparts. They are defined by Zinn et al. (2011)
by two criteria:

(i) radio-to-IR flux density ratio S 1.4 GHz/S 3.6 µm > 500 and
(ii) 3.6 µm flux density S 3.6 µm < 30 µJy.

The first criterion selects objects that are clear outliers from the
radio-IR correlation, while the second criterion prevents the se-
lection of low-redshift objects with z . 1.4 (Zinn et al. 2011).

The discovery of IFRS was unexpected. When Norris et al.
(2006) crossmatched the deep 1.4 GHz radio maps from the
Australia Telescope Large Area Survey (ATLAS) with the
data from the Spitzer Wide-area Infrared Extragalactic Survey
(SWIRE; Lonsdale et al. 2003), it was expected that SWIRE
would provide an IR counterpart for any extragalactic ra-
dio source detected in ATLAS. The spectral energy distribu-
tion (SED) of typical host galaxies at redshifts below 4, re-
gardless of whether the radio emission is dominated by AGN
or star forming activity, should place the IR flux above the
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SWIRE detection limit (Norris et al. 2006). However, 22 sources
were found in the Chandra Deep Field South (CDFS) with-
out an IR counterpart in the crossmatching process. These
sources – constrained at 3.6 µm by a 5σ upper limit of 5 µJy –
were labelled as IFRS. Using the same approach, Middelberg
et al. (2008a) identified 31 IFRS using ATLAS radio observa-
tions of the European Large Area IR space observatory Survey
South 1 (ELAIS-S1) field and SWIRE data. In total, 53 IFRS
were detected in the overlapping region between SWIRE and
ATLAS, with 1.4 GHz flux densities between tenths and tens
of mJy. Zinn et al. (2011) noted that none of those IFRS
has an X-ray counterpart in the XMM-Newton survey of the
ELAIS-S1 field (Puccetti et al. 2006). One IFRS is located in the
field of the CDFS Chandra 2 Ms survey (Giacconi et al. 2002;
Luo et al. 2008; minimum full band sensitivity around 3.3 ×
10−16 erg s−1 cm−2 over the Great Observatories Origins Deep
Survey-South field). However, this IFRS also remains unde-
tected in the X-ray regime.

1.2. VLBI observations and SED modelling

The first attempts to further characterise the properties of IFRS
used Very Long Baseline Interferometry (VLBI) observations.
Norris et al. (2007) observed two IFRS and identified an AGN
in one of them, showing a linear size of ≤260 pc at any
redshift. Furthermore, Middelberg et al. (2008b) detected one
of four targeted IFRS with VLBI and derived a brightness
temperature of 3.6 × 106 K, implying non-thermal emission
from an AGN since thermal emission processes cannot produce
such high brightness temperatures. Therefore, Norris et al. and
Middelberg et al. concluded that at least a fraction of all IFRS
contain AGN.

Garn & Alexander (2008) found a sample of 14 IFRS in
the Spitzer First Look Survey (FLS) field, using Spitzer Infrared
Array Camera (IRAC; Fazio et al. 2004) and Multiband Imaging
Photometer (MIPS; Rieke et al. 2004) data. They concluded
from SED modelling that IFRS are probably 3C sources red-
shifted to 2 ≤ z ≤ 5. Moreover, they excluded obscured star
forming galaxies (SFGs) as an explanation for the objects in their
sample because of the radio-to-IR flux density ratio upper limits,
differing significantly from corresponding values of SFGs.

The first SED modelling of ATLAS-IFRS was presented by
Huynh et al. (2010), using new ultra-deep imaging in the ex-
tended CDFS (eCDFS). From their detailed SED modelling of
four IFRS, Huynh et al. concluded that a 3C 273-like object can
reproduce the data when redshifted to z > 2. In agreement with
Garn & Alexander (2008), Huynh et al. showed that all four anal-
ysed IFRS fall well beyond the radio-IR correlation, suggesting
the radio emission is produced by the presence of an AGN, but
not by star forming activity.

1.3. Similarities between IFRS and HzRGs

Middelberg et al. (2011) studied the radio properties of 17
out of all 31 IFRS from the ATLAS ELAIS-S1 sample be-
tween 2.3 GHz and 8.4 GHz. They found a median radio spec-
tral index of α = −1.41 and no index larger than −0.7, which is
significantly steeper than the radio spectra of the general source
population (−0.86) and of the AGN source population (−0.82) in
the ATLAS ELAIS-S1 field. Furthermore, Middelberg et al. no-
ticed similarities between IFRS and the sample of high-redshift
radio galaxies (HzRGs) from Seymour et al. (2007). These

1 The spectral index is defined as S ∝ να.

HzRGs show steep radio spectra (median radio spectral index
of −1.02) like IFRS. Moreover, the extremely high radio-to-IR
flux density ratios of IFRS overlap with those of this HzRG sam-
ple. Recently, Singh et al. (2014) searched for HzRGs in faint
ultra steep spectrum (USS) radio sources and found several
sources overlapping with the selection criteria of IFRS.

The hypothesis of an AGN existing in at least a fraction
of all IFRS was supported by Middelberg et al. who identified
ten IFRS of their sample as AGN and the other seven as prob-
able AGN, based on radio-to-IR flux density rations, polarisa-
tion properties, radio spectral indices, VLBI detections, or radio
morphology.

These similarities between IFRS and HzRGs were empha-
sised by Norris et al. (2011) who showed that no other type
of object occupies the range of radio-to-IR flux density ratios
of IFRS except for HzRGs. The sample of HzRGs of Seymour
et al. (2007) shows a relation between the 3.6 µm flux density
and redshift similar to the K − z relation for other radio galaxies
(Willott et al. 2003). Norris et al. suggested that IFRS might fol-
low the same correlation. They used deep data from the Spitzer
Extragalactic Representative Volume Survey (SERVS; Mauduit
et al. 2012) with a 3σ noise level of ∼1.5 µJy at 3.6 µm in
the fields of CDFS and ELAIS-S1 and stacked the 3.6 µm im-
ages of 39 IFRS, which resulted in an upper flux density limit
of ∼0.2 µJy, but remained without a detection. This was inter-
preted as evidence for the significant IR faintness of IFRS.

1.4. IFRS catalogues

Zinn et al. (2011) compiled a catalogue of 55 IFRS in four
deep radio fields, CDFS, ELAIS-S1, FLS, and Cosmological
Evolution Survey (COSMOS, Schinnerer et al. 2007), based
on their criteria mentioned in Sect. 1.1 and derived a survey-
independent IFRS sky density of (30.8 ± 15.0) deg−2.

Recently, Maini et al. (in prep.) found 21 IFRS in the
Lockman Hole and looked for IR counterparts of IFRS located
in the SERVS deep fields. Collier et al. (2014) used data from
the all-sky survey Wide-Field Infrared Survey Explorer (WISE;
Wright et al. 2010) and the Unified Radio Catalog (URC;
Kimball & Ivezić 2008) and presented a catalogue of 1317 IFRS
that fulfill the selection criteria from Zinn et al. (2011) given in
Sect. 1.1 but are, on average, brighter than the IFRS found in
the ATLAS fields. Collier et al. suggested that their IFRS are
closer versions of the IFRS found by Norris et al. (2006) and
Middelberg et al. (2008a).

We note that IFRS were originally selected as radio sources
without any IR counterpart (i.e. Norris et al. 2006; Middelberg
et al. 2008a; Garn & Alexander 2008). Since this definition was
survey-specific, Zinn et al. (2011) generalised this criterion to
the two survey-independent selection criteria given in Sect. 1.1.
However, these two types of selection criteria are very similar in
the sense that they select the same class of object. The definition
by Norris et al. allows faint radio sources that are slightly above
the noise level and show no counterpart at 3.6 µm to be consid-
ered as an IFRS, whereas this is prevented by the Zinn et al.
criteria. On the other hand, Zinn et al. consider objects with a
faint near-IR counterpart as an IFRS, although only under the
condition that the source is sufficiently radio-bright to fulfill the
radio-to-IR flux density ratio criterion.

1.5. Current status of research

All observational findings so far are compatible with most, if
not all, IFRS being high-redshift (z > 2) radio-loud AGN,
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Table 1. Sample of spectroscopically observed IFRS.

IFRS RA Dec S 1.4 GHz S 3.6 µm S 1.4 GHz/S 3.6 µm R (Vega) tobs z
ID J2000.0 [mJy] [µJy] [mag] [min]
S212 03:29:48.942 –27:31:48.98 18.9 17.5 1080 22.0 44 2.76 ± 0.05
S265 03:30:34.661 –28:27:06.51 18.6 29.3 635 22.3 88 1.84 ± 0.03
S539 03:33:30.542 –28:54:28.22 9.1 14.2 641 24.1 45 –
S713 03:35:37.525 –27:50:57.88 16.4 25.5 643 22.4 128 2.13 ± 0.03

Notes. Listed are the ID, the position in RA and Dec, the radio flux density at 1.4 GHz, the IR flux density at 3.6 µm, the radio-to-IR flux density
ratio between 1.4 GHz and 3.6 µm, the optical R band (Vega) magnitude, the on-source time, and the redshift determined in this work. Positions,
flux densities, and magnitudes were taken from Norris et al. (2006).

potentially suffering from heavy dust extinction. Considering
their high sky density, IFRS could be a very numerous and so
far overlooked population of high-redshift AGN that could have
a significant impact on the evolution of the universe as suggested
by Zinn et al. (2011). Furthermore, Zinn et al. concluded that the
X-ray emission of AGN-driven IFRS is consistent with the un-
resolved components of the Cosmic X-ray background reported
by Moretti et al. (2003).

The current knowledge about IFRS is wholly based on pho-
tometric detections or upper limits, apart from the VLBI ob-
servations. In this paper, we present the first spectroscopic
data of IFRS in the ATLAS fields. Based on these obser-
vations made using the Focal Reducer and low dispersion
Spectrograph 2 (FORS2; Appenzeller et al. 1998) on the
Very Large Telescope (VLT), we present the first redshifts of
ATLAS-IFRS. Using these results we test the hypothesis that
IFRS are similar to HzRGs, derive their intrinsic properties,
compare them to other objects and model the SEDs of IFRS. The
sample of observed IFRS and the VLT FORS2 observations are
described in Sect. 2. In Sect. 3, we summarise the data reduction
and calibration and show the final spectra. In Sect. 4, redshifts
are measured and intrinsic properties derived for our sample of
IFRS. We test our hypotheses in Sect. 5 and present our conclu-
sions in Sect. 6. The cosmological parameters used in this paper
are ΩΛ = 0.7, ΩM = 0.3, H0 = 70 km s−1 Mpc−1 in combination
with the calculator by Wright (2006).

2. Sample and observations

The sample of IFRS consists of four objects, chosen by their de-
tected optical counterparts between 22.0 and 24.1 (Vega) magni-
tudes in the R band. The condition of an optical counterpart en-
sures that the sources are bright enough for optical spectroscopy.
All selected sources show a faint IR counterpart at 3.6 µm be-
tween 14.2 µJy and 29.3 µJy, fulfilling the selection criteria of
IFRS by Zinn et al. (2011). The presence of an IR counter-
part biases the observed sample towards less extreme IFRS,
i.e. with lower radio-to-IR flux density ratios. In the case of
the four observed IFRS, this ratio is between 600 and 1100,
whilst for the majority of ATLAS-IFRS, which do not show a
detected IR counterpart, lower limits of this ratio can be as high
as 8000. These IR-undetected IFRS do not show an optical coun-
terpart and, therefore, are not suitable for optical spectroscopy.
Although the observed sample is not representative of all IFRS,
it allows us to gather information about the intrinsic properties
of less extreme IFRS and to test the hypotheses about their re-
lation to other classes of object. Moreover, these findings will
also allow conclusions on the more extreme IFRS which can-
not be achieved by spectroscopy because of their deep optical

and IR faintness. We summarise the observed objects and their
characteristic properties in Table 1.

The longslit spectroscopic observations of these four IFRS
were carried out in project 087.B-0813(A) between July and
September 2011 (ESO Period 87) in service mode, using FORS2
on UT1 at the VLT. Using the GRISM_150I grism, covering
the wavelength range between 330 nm and 1100 nm, and a slit
width of 2 ′′, a high throughput is achieved at the cost of rel-
atively low resolution, although sufficient to provide reliable
redshifts. The dispersion was 3.45 Å/pixel, resulting in a reso-
lution of 54.76 Å. The total on-source times were 44 min for
S212, 88 min for S265, 45 min for S539, and 128 min for S713,
where the exposure time for each object was split into several
shorter exposures, enabling the correction of cosmic ray events.
The seeing varied during and between the different observations
from 0.86 ′′ to 2.46 ′′.

3. Data reduction and calibration

Data reduction was carried out using the standard Image
Reduction and Analysis Facility (IRAF; Tody 1986) procedures.
All exposures were bias-corrected and flatfielded, using nor-
malised masterflats based on the individual dome flat exposures,
whose faulty pixels were previously corrected using a bad pixel
mask.

We rejected some single flat field exposures where an im-
perfect illumination was obvious before creating the masterflat.
Cosmic rays were removed using the IRAF task cosmicrays
and through manual inspection. Since the objects are not located
in exactly one line in the two-dimensional spectra, i.e. the spa-
tial position changes as a function of wavelength, we corrected
the spatial axis for this distortion. Consequently, the wavelength
calibration was carried out using lamp exposures taken in every
observing night. Since all lamp exposures were saturated and the
determination of the lines’ peak positions was impossible, we
applied a block average with width 3 on the spectral axis to all
exposures used in the entire reduction procedure. At the end of
the wavelength calibration, the data cover the wavelength range
between 390 nm and 1100 nm. Consequently, we subtracted the
sky background using the IRAF task background. Finally, all
individual exposures of one object were averaged to increase
the signal-to-noise ratio and one-dimensional spectra were ex-
tracted by applying a suitable aperture at the object’s position
using the IRAF task apall. For IFRS S265, which was observed
on 2011 July 16 and 2011 July 30, we used only the data taken
on 2011 July 30 for the final spectrum because of the poor qual-
ity of the data taken on 2011 July 16, arising from seeing in the
range of 2.5′′compared to 0.9′′on the other day.
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Fig. 1. Spectra of IFRS S212 (upper left), S265 (upper right), S713 (lower left), and S539 (lower right). For each IFRS we show the two-
dimensional spectrum (upper plot) and the extracted one-dimensional spectrum (lower plot). We list the ID, the R band Vega magnitude, and
the 1.4 GHz radio flux density of each IFRS. In the one-dimensional spectrum, the solid line represents the spectrum of the IFRS while the dotted
line shows the sky background in arbitrary units. Additionally, the position of emission lines are marked by vertical lines for a redshift of z = 2.76
(S212), z = 1.84 (S265), and z = 2.13 (S713).

The resulting one- and two-dimensional spectra of
IFRS S212, S265, S713, and S539 are shown in Fig. 1.

4. Redshifts and intrinsic properties of IFRS

Using the one-dimensional spectra, we measured redshifts –
where applicable – from the Mg  line, which is generally con-
sidered to be the most reliable high ionisation line. Where Mg 
was not available, we used C  to derive the redshift, although
C  is known to be different from the galaxy’s redshift (Richards
et al. 2011). However, the effect is below one percent and we
therefore do not observe this effect in our low-resolution spectra.
The Lyα emission line is again less suitable for redshift determi-
nations because of uncertainties due to self-absorption.

Since the calibration uncertainties in the spectra are negligi-
ble compared to the uncertainties in the determination of the line
position, we determined the redshift uncertainties only from the
error in the line position which was obtained from a Gaussian fit
to the emission line. We note that all redshifts measured from all
available emission lines listed in Table 2 are within the uncer-
tainty of our best redshift measured from Mg  or C .

Using the obtained redshifts, we calculated K-corrected ra-
dio luminosities, assuming a power law S ∼ να with a ra-
dio spectral index of −1.4 which is the median spectral index
found by Middelberg et al. (2011) for a sample of 17 IFRS
from the ATLAS sample. We also used the flattest (−0.7) and
steepest (−2.4) spectral index from Middelberg et al. to con-
strain the expected radio luminosity range of the observed IFRS.

Table 2. Spectroscopic information of the four IFRS observed with
FORS2.

IFRS z Line FWHM
ID [km s−1]
S212 2.76 ± 0.05 C  8700 ± 600

2.75 ± 0.02 C ] 3300 ± 700
S265 1.85 ± 0.02 C  3900 ± 500

1.84 ± 0.02 C ] 4200 ± 300
1.84 ± 0.03 Mg  8400 ± 900

S713 2.13 ± 0.03 C  5400 ± 700
2.12 ± 0.03 C ] 5900 ± 400
2.13 ± 0.03 Mg  4600 ± 1000

S539 – – –

Notes. Listed are the IFRS ID, the spectrosopic redshift, and the emis-
sion line identified in the spectrum with the associated line width. We
obtain the final redshift of each IFRS from the Mg  emission line and
from C  where Mg  was not available.

Hereafter, we state these numbers in brackets. In the following,
we describe the individual spectra of our four observed IFRS,
S212, S265, S713, and S539, respectively.

4.1. S212

Three broad emission lines with full width at half maxi-
mum (FWHM) between 78 Å and 169 Å are visible in the spec-
trum of S212 which we identify as Lyα, C , and C ], at a
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redshift z = 2.76 ± 0.05 (see Fig. 1, upper left). Furthermore,
a less distinct emission line can be associated with Si  at
around 5260 Å. The broad emission lines of a few thousand
km s−1 suggest the presence of an AGN in S212. Using the de-
termined redshift and the measured radio flux density listed in
Table 1, S212 has a 1.4 GHz luminosity of 2.0 × 1027 W Hz−1

(8.8 × 1026−7.6 × 1027 W Hz−1).

4.2. S265

We found three broad emission lines with FWHM between 57 Å
and 223 Å in the spectrum of S265 in Fig. 1 (upper right)
which we identify as C , C ], and Mg , at a redshift z =
1.84 ± 0.03. These broad emission lines with line widths in
the range of 4000 km s−1 to 8000 km s−1 clearly suggest the
presence of an AGN in S265. We find a 1.4 GHz luminosity
of 6.7 × 1026 W Hz−1 (3.2 × 1026−1.2 × 1027 W Hz−1).

4.3. S713

Three broad emission lines are visible in the spectrum of S713,
with FWHMs between 884 Å and 134 Å, corresponding to line
widths about 5000 km s−1 and suggesting the presence of an
AGN. The lines are associated with C , C ], and Mg  at a
redshift z = 2.13±0.03 (see Fig. 1, lower left). We find a 1.4 GHz
luminosity of 8.7×1026 W Hz−1 (3.9×1026−2.7×1027 W Hz−1).

4.4. S539

The source S539 is the optically faintest IFRS in this observing
programme. Unfortunately, it was only observed with 44 min
on-source time, although 3 h had been requested. Therefore, the
resulting spectrum does not provide the quality of the other spec-
tra and we cannot use it to measure a redshift and line widths (see
Fig. 1, lower right). Despite the short integration time, emission
features are visible, although with poor signal-to-noise. We ten-
tatively interpret the emission feature at around 4970 Å as Lyα,
indicated by the related break towards lower wavelengths, and
a second emission feature at redder wavelengths as Si . We
suggest S539 to be at redshift z ∼ 3.1, although the low signal-
to-noise ratio prevents a reliable determination.

5. Discussion

We have obtained for the first time spectroscopic redshifts for
three out of four IFRS in the ATLAS fields selected on the
basis of their existing optical counterparts. All spectra provide
solid determinations of redshifts between 1.8 and 2.8, provid-
ing strong evidence that these sources are located at high red-
shifts. The fourth IFRS has a low signal-to-noise ratio spectrum
that indicates a redshift of 3.1 but needs additional confirmation.
These redshifts are in agreement with the conclusions of Garn
& Alexander (2008), Huynh et al. (2010), Norris et al. (2011),
and Zinn et al. (2011) who suggested that IFRS are located at
redshifts above 2, mainly from SED modelling. As mentioned in
Sect. 2, we are aware that the selection of the optically brightest
IFRS might bias our sample towards lower redshifts. This seems
to be in agreement with the measured redshifts, which are in
the lower part of the expected redshift range of IFRS. Recently,
Collier et al. (2014) presented 19 IFRS with spectroscopic red-
shifts from archival data. Their sample was extracted from a
shallow all-sky survey, in contrast to the IFRS analysed in this
paper which were found in the deep ATLAS fields. Therefore,

the IFRS found by Collier et al. were radio brighter and slightly
IR brighter than the ones presented in this work. Nevertheless,
Collier et al. found redshifts in the range 2 < z < 3, in agreement
with those presented here.

All spectra shown in Fig. 1 are broad-line quasar spectra,
characterised by high-ionisation emission lines with high equiv-
alent widths. This finding agrees with former suggestions by
Garn & Alexander (2008), Huynh et al. (2010), Norris et al.
(2011), and Zinn et al. (2011) that IFRS contain AGN.

5.1. Similarity between IFRS and HzRGs

In Sect. 4, we derived 1.4 GHz radio luminosities between 6.7×
1026 W Hz−1 and 2.0 × 1027 W Hz−1 (3.2 × 1026−7.6 ×
1027 W Hz−1) for the IFRS investigated in this work. The clas-
sical separation between Fanaroff & Riley (1974) types 1 and 2
is 4.8 × 1025 W Hz−1 (1.7 × 1025 W Hz−1) at 1.4 GHz, using a
steep (ultrasteep) radio spectral index α = −0.8 (−1.3) for the
conversion from the 178 MHz luminosity given by Fanaroff &
Riley. This clearly classifies IFRS as Fanaroff & Riley type 2.

Seymour et al. (2007) defined an HzRG as a radio galaxy
with z > 1 and a 3 GHz luminosity above 1026 W Hz−1, corre-
sponding to 1.8× 1026 W Hz−1 (2.7× 1026 W Hz−1) at 1.4 GHz.
We find the IFRS in agreement with the radio luminosity range
of HzRGs for the entire range of spectral indices of IFRS found
by Middelberg et al. (2011), supporting the hypothesis of Norris
et al. (2011) that IFRS might be siblings of HzRGs. We note that
most IFRS are radio-brighter and possibly more radio-luminous
than those analysed in this work.

Infrared-faint radio sources are characterised by their ex-
tremely high radio-to-IR flux density ratios typically in the range
of several hundreds to a few thousands. The redshifts determined
in Sect. 4 enable us to put these three IFRS in the plot showing
the radio-to-IR flux density versus redshift (Fig. 2). This plot
clearly separates IFRS from other classes of object which are
typically found at high redshifts and indicates a potential con-
nection between IFRS and HzRGs.

Based on this finding, Norris et al. (2011) suggested that
IFRS might follow a relation between redshift and 3.6 µm flux
density, similar to the correlation found for the sample of HzRGs
by Seymour et al. (2007). We can now test this hypothesis.

Figure 3 shows the 3.6 µm IR flux density versus redshift for
the three IFRS whose redshifts we determined in Sect. 4 and for
the HzRGs from Seymour et al. (2007). Our IFRS clearly fall
in the parameter space of HzRGs, supporting the hypothesis of
Norris et al. in the tested redshift range between 1.8 and 2.8. This
result provides evidence that the correlation works to redshifts
of 2 or 3. It seems that IFRS define the lower bound of HzRGs
in this plot.

5.2. Redshift-based SED modelling

The availability of redshifts for IFRS now allows us to per-
form a more accurate SED modelling. Garn & Alexander (2008),
Huynh et al. (2010), and Zinn et al. (2011) modelled SEDs to
constrain the redshift of IFRS.

Here, in contrast, we can use the redshift as an anchor and
use it to test different SED templates against available photo-
metric data. The method of our SED modelling is similar to the
approaches by Huynh et al. (2010) and Zinn et al. (2011).

We built the SED templates using photometric data and red-
shifts from the NASA/IPAC Extragalactic Database (NED), con-
necting the datapoints by lines and smoothing the template. We
used a variety of SED templates, including starburst, radio and
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Fig. 2. Ratio of 1.4 GHz and 3.6 µm flux densities for IFRS and several
other classes of object as a function of redshift, adapted from Norris
et al. (2011). It shows that the IFRS analysed in this paper (red crosses)
are more similar to HzRGs (black dots, Seymour et al. 2007) than to
other types of galaxies frequently found at high redshifts. The solid
lines indicate the expected loci of luminous and ultra-luminous infrared
galaxies (ULIRGs), using the templates from Rieke et al. (2009). The
dotted and dot-dashed lines indicate the loci of a classical radio-loud
and radio-quiet QSO, respectively, from Elvis et al. (1994). The loca-
tion of classical submillimetre galaxies is indicated by the orange dots.
We note that dust extinction could cause any of the calculated tracks to
rise steeply at high redshift, where the observed 3.6 µm emission is gen-
erated in visible wavelengths in the galaxy rest frame. This is illustrated
by the dashed lines which show the effect of adding Av = 8m of extinc-
tion to the two starburst tracks. However, the radio emission from these
galaxies would then be undetectable at z > 2 with current sensitivity.
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(2011). Shown is the sample of HzRGs from Seymour et al. (2007) as
black dots and the three IFRS whose redshifts are presented in this work
as red crosses. The IFRS are located in the same parameter range as the
HzRGs and seem to follow their S 3.6 µm−z relation. It appears that IFRS
define the lower bound of HzRGs.

dwarf galaxies, and quasars. Furthermore, we took all available
photometric data of the IFRS from Norris et al. (2006). These
data consist of optical (G and R bands), IR (3.6 µm and 4.5 µm),
and radio (1.4 GHz) flux densities for all three IFRS, while S212
and S265 provide more data points in the optical and IR range.

To model the SEDs of IFRS, we shifted the template SEDs
to the rest-frame and scaled them in luminosity to match the ob-
served 3.6 µm flux density of the IFRS. Extinction was added
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Fig. 4. Rest-frame SED modelling for the three IFRS whose redshifts
were determined in this work. All templates are shifted to the rest-frame
and scaled in luminosity to match the photometric data points shown by
red crosses (S212), orange triangles (S265), and purple circles (S713).
While the SED templates of star forming galaxy Arp 220 (green dashed
line) and Seyfert galaxy Mrk 231 (olive dashed-dotted line) clearly dis-
agree with the available photometric data, the templates of the radio-
loud quasar 3C 273 (black solid line) and the compact steep spec-
trum (CSS) source 3C 48 (blue dotted line) fulfill the requirements.

in the rest-frame optical and near-IR, following a Calzetti et al.
(2000) reddening law, where required by the photometric data.
Furthermore, all available photometric datapoints of the IFRS
from NED were also shifted to the IFRS rest-frames and used
to test the template SEDs for compatibility with these available
constraints.

Figure 4 shows the SED modelling for the three IFRS. We
find that S265 and S713 have very similar SEDs; Infrared-faint
radio source S212 is also similar, except that it is a factor of 2
or 3 brighter than the other two at all wavelengths. These SEDs
are consistent with either the 3C 273 or the 3C 48 templates. In
our modelling, we scaled down these two templates in lumi-
nosity by wavelength-independent factors of 17 and 10, respec-
tively, to match the observed 3.6 µm flux densities. In the case of
the templates of 3C 273 and 3C 48, no adding of extinction was
needed to match the available flux densities.

Except for 3C 273 and 3C 48, none of the templates applied
matches the SEDs of the IFRS, even with reddening applied.
This result is in agreement with the finding that IFRS are high-
redshift radio-loud AGN as confirmed by the spectra shown in
Fig. 1. Our SED modelling is inconsistent with the alternative
interpretation of IFRS mentioned by Norris et al. (2011), ex-
plaining IFRS as AGN that undergo heavy dust extinction.

5.3. Are IR-fainter IFRS at higher redshifts? Cosmological
relevance of IFRS

In Sect. 5.1, we showed that our results provide evidence for
the similarity between IFRS and HzRGs. In particular, we found
our IFRS to be in agreement with the redshift–3.6 µm flux den-
sity relation determined for HzRGs by Seymour et al. (2007) in
the redshift range probed by our sample. However, our sample
was essentially determined by observational constraints, since
fainter sources would have required unreasonably long integra-
tion times on the largest facilities.
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If we assume that IFRS follow the relation for at least some-
what higher redshifts, then most IFRS in the ATLAS fields
would be at even higher redshifts, potentially reaching 5 or 6,
since the IFRS analysed in this paper are the optically and
IR-brightest IFRS in the ATLAS fields (see Sect. 2). Whilst mea-
suring such redshifts in the optical regime requires prohibitive
amounts of observing time, the detection of molecular lines such
as CO at radio frequencies might be much more efficient. The
Atacama Large Millimeter Array (ALMA) is therefore the in-
strument of choice with which to test this hypothesis of an exten-
sion of the redshift–3.6 µm flux density relation towards higher
redshifts.

We have shown that IFRS have similar properties to HzRGs,
but they have a significantly higher sky density of a few per
square degree. If the IR-fainter IFRS are indeed at even higher
redshifts, the number of AGN in the early universe would be
larger, resulting in even greater problems with structure forma-
tion and the growth of SMBHs shortly after the Big Bang (see
Haiman 2013 for a recent review). This had already been empha-
sised by Zinn et al. (2011) under the assumption that IFRS are
AGN driven and are located at redshifts of 3. Since our evidence
supports their premises, we conclude that IFRS are likely to be
cosmologically relevant.

6. Conclusions

We present the first spectroscopic data of four IFRS in the
ATLAS fields from the VLT FORS2 and determine the prop-
erties of IFRS.

– We determined the first redshifts of ATLAS-IFRS and find
three IFRS at z = 1.84, 2.13, and 2.76, providing evidence
of the suggested high redshifts of IFRS.

– Broad emission lines with line widths between 3300 km s−1

and 8700 km s−1 found in all spectra substantiate the claim
that IFRS contain AGN.

– Using the redshifts measured in this work, we present the
first SED modelling of IFRS based on redshifts and find the
template SEDs of radio-loud quasars to agree with that of
IFRS.

– IFRS have derived radio luminosities similar to those of
HzRGs, providing further evidence of the similarity of IFRS
and HzRGs.

– We test the hypothesis that IFRS follow the same correla-
tion between 3.6 µm flux density and redshift as HzRGs. Our
findings support this hypothesis in the tested redshift range
and increase the likelihood that IR-fainter IFRS are at even
higher redshifts, potentially reaching 5 or 6. Considering
their sky density of a few per square degree, IFRS would sig-
nificantly increase the number of AGN in the early Universe,
leading to even more problems with structure formation and
the growth of SMBHs shortly after the Big Bang.
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3
Active galactic nuclei cores

in infrared-faint radio sources

The spectroscopic redshifts of IFRSs found by Collier et al. (2014) and in chapter 2 (Herzog

et al., 2014) provide crucial information on the nature and intrinsic properties of this class of

objects. In particular, the suggested, cosmologically relevant redshifts of IFRSs have been

confirmed for all observed sources, neglecting one outlier. Based on these results, closeby

or even galactic objects can be ruled out for the predominant fraction of IFRSs. Following

the list of potential explanations for IFRSs presented in Sect. 1.3, these results narrow down

the explanations to high-redshift RL AGNs. However, the evidence for IFRSs being AGNs

is mainly indirect.

Modelling the SED of IFRSs shows that only RL AGNs provide suitable templates to

reproduce the characteristics of IFRSs (Garn and Alexander, 2008; Huynh et al., 2010; Zinn

et al., 2011; Herzog et al., 2014). Further, the low q24 values of IFRSs are interpreted as

evidence for IFRSs being RL AGNs (e.g. Garn and Alexander, 2008; Huynh et al., 2010;
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Middelberg et al., 2011). First direct evidence for an AGN in an IFRS was found by Norris

et al. (2007) based on VLBI observations.

The VLBI technique makes use of long distances between the different antennas, result-

ing in high angular resolution down to a few milliarcseconds. Consequently, this technique is

sensitive only to objects with strong radio emission on small scales. This means spatially ex-

tended radio emission—for example from lobes of radio galaxies—cannot be accessed with

VLBI, thus the large-scale radio emission in a galaxy cannot be studied using this technique.

In radio astronomy, the brightness temperature TB is defined as the temperature of a black

body showing the observed flux density at the respective frequency. The temperature TB of

a black body—given by Planck’s law—can be approximated for low frequencies and high

temperatures (hν � kBTB, where h is the Planck constant, ν the frequency, and kB the

Boltzmann constant) as

TB =
c2

2kBν2Ω
Sν , (3.1)

following the Rayleigh-Jeans law. Here, c is the speed of light, and Sν is the flux density at

frequency ν. The beam solid angle Ω is given by

Ω =
πΘmajΘmin

4 ln 2
, (3.2)

where Θmaj and Θmin are the major and minor axes of the beam, respectively. This can be

combined to

TB =
1225 Sν[mJy beam−1]

ν2[GHz] Θmaj[arcsec] Θmin[arcsec]
K . (3.3)

For example, the Very Long Baseline Array (VLBA) has an angular resolution of around

10 milliarcseconds at 1.4 GHz. If a source shows a peak flux density of 200 µJy beam−1 in

these observations, this corresponds to a brightness temperature of around 106 K.

Brightness temperatures of the order of 106 K and higher are characteristic for the core

emission of AGNs. The compact radio emission of star forming galaxies—usually domi-

nated by thermal free-free emission—shows brightness temperatures of around 104 K (e.g.

Condon et al., 1991). Therefore, the detection of a source in VLBI observations provides

strong evidence that the emission comes from nuclear activity. It has been shown that very
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luminous radio supernovae can also produce brightness temperatures of 106 K (Huang et al.,

1994; Smith et al., 1998). However, the maximum 1.5 GHz luminosity of these objects on

VLBI scales is around 1021.5 W Hz−1 (Yin and Heeschen, 1991; Smith et al., 1998), i.e. they

are only bright enough to be detected out to z ∼ 0.1. Kewley et al. (2000) conclude that it is

very unlikely to detect such a supernova in VLBI observations of a galaxy sample.

Norris et al. (2007) made use of this observational technique and targeted two IFRSs in

CDFS with the LBA at 1.6 GHz. One source—with an arcsec-scale 1.4 GHz flux density of

5.7 mJy—was detected with a milliarcsecond-scale flux density of 5.0 mJy, whereas the other

source (arcsec-scale 1.4 GHz flux density of 4.6 mJy beam−1) remained undetected with a

milliarcsecond-scale flux density < 1.0 mJy beam−1.

The detection of one IFRS with the LBA suggests that at least some IFRSs are powered

by nuclear activity. In particular, the radio emission of this detected source is dominated

by the emission of the core since almost the entire arcsec-scale flux density was found to

be emitted by the central core. On the other hand, the non-detection of the other IFRSs in

these observations does not necessarily imply that this source does not have a compact core.

Instead, the non-detection implies that the compact emission of the core is below the detec-

tion sensitivity, corresponding to an accordingly higher extended emission. Beaming effects

might be relevant since the emission of the core can be highly beamed or Doppler-suppressed

in contrast to the beaming-unaffected extended emission as discussed in section 1.2.1. This

can result in different observed ratios between compact and extended emission. Also ra-

dio variability might prevent the detection of a source in VLBI observations if the compact

emission is close to the detection sensitivity.

After the discovery of IFRSs in the ELAIS-S1 field (Middelberg et al., 2008a), Mid-

delberg et al. (2008b) targeted four IFRSs in that field with the LBA, similar to the obser-

vations by Norris et al. (2007). The sample from Middelberg et al. (2008b) has a wider

spread in arcsec-scale flux density, ranging between 0.2 mJy and 22.2 mJy at 1.4 GHz. The

second-brightest source was detected with a milliarcsecond-scale flux density of 12.5 mJy,

contributing more than half of the arcsec-scale flux density of 21.4 mJy. Middelberg et al.

(2008b) derive a lower limit of the brightness temperature of 3.6× 106 K for this source. The

other three IFRSs remained undetected with compact flux densities below 0.27 mJy beam−1.

These two observing projects provide evidence that at least a fraction of IFRSs contain

AGNs. However, a larger sample of objects targeted in VLBI observations was needed to



46 Active galactic nuclei cores in infrared-faint radio sources

find final evidence for the suggested AGN content in the majority of IFRSs. Because of the

relatively radio-faint IFRSs in the ATLAS field and the comparatively insensitive LBA, such

a project was hardly feasible for the IFRSs in the ATLAS fields.

When Collier et al. (2014) presented their catalogue of 1317 IFRSs located on the entire

sky, conditions changed. This IFRS sample provides an enormous number of potential tar-

gets because (a) the total number of known IFRSs was increased by one order of magnitude,

(b) the sources are located on the entire sky north of −10◦ declination, making them observ-

able with different telescopes, and (c) the IFRSs presented by Collier et al. are radio-brighter

than the IFRSs observed by Norris et al. (2007) and Middelberg et al. (2008b), resulting in

shorter on-source times or—equivalently—higher sensitivity. All sources in the sample from

Collier et al. fulfil both IFRS selection criteria from Zinn et al. (2011).

The VLBA with its ten antennas spread across North America provides long baselines

and high sensitivity and was the instrument of choice to test the hypothesis that the majority

of IFRSs contain AGNs. Since VLBI observations require high phase coherence between

phase calibrator and target, all IFRSs from the sample presented by Collier et al. (2014)

within 1 deg of a VLBA phase calibrator—which has a 2.3 GHz flux density of more than

0.2 Jy on a baseline of 5000 km—were selected, resulting in a subsample of 110 IFRSs. The

main goal of these observations was the detection of compact emission, i.e. the quality of the

resulting map and—equivalently—the uv coverage was not crucially important. Therefore,

not all ten antennas were necessarily required to achieve the science goal. Using only six an-

tennas, an on-source time of 45 min corresponds to a sensitivity of 66 µJy beam−1. However,

the applied phase referencing1 technique results in a reduced sensitivity because of lower

coherence though not changing the noise. Since (a) the targets were spread over the entire

northern sky, (b) the observations were independent of the weather because of the observing

frequency of 1.4 GHz, and (c) the individual observing sessions were of only one hour in

duration, the project ideally suited the criteria for filler time projects and was proposed as

such.

Out of the 110 IFRSs from the subsample, 57 were observed with the VLBA in se-

mester 14A, resulting in 35 detections and increasing the number of VLBI-detected IFRSs

from 2 to 37 as presented in the paper below. The detection fraction of 61% in the VLBA

1Phase referencing means that target and phase calibrator are alternately observed. This technique is used
when target and phase calibrator are not located within one primary beam. The closer these two sources are,
the higher is the phase coherence.
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observations provides strong evidence that most IFRSs contain AGNs, considering that non-

detected sources might still have compact cores. Further, the data show an intrinsically

higher VLBI detection fraction compared to the broader RL AGN population and suggest

that IFRSs contain young AGNs in the earliest stages of their evolution from compact sources

to extended radio galaxies (FR I/II).

The disk size of an average galaxy with fixed mass is known to scale as R ∝ 1/(1 +

z) (Bouwens et al., 2004, 2006; Oesch et al., 2010). VLBI observations, however, do not

measure the size of the galaxy, but trace the nucleus itself or hot-spots in the jets, i.e. regions

of radio emission with high brightness temperature. The size of these regions is presumably

determined by fundamental physics of the jet. Therefore, the size of an AGN in VLBI

observations is not expected to scale with 1/(1+z). In particular, the extended radio emission

of a galaxy is not detected in VLBI observations because of its low brightness temperature.

Thus, the putative correlation between compactness and redshift found for IFRSs in the

paper below (Fig. 6) is not expected to be explained by the scaling of the galaxy disk size

R ∝ 1/(1 + z), but is pointing at intrinsic characteristics of the class of IFRSs. The finding is

interpreted that IFRSs might contain young AGNs as discussed in more detail in the paper.

New spectroscopic redshifts of IFRSs

In the course of the project involving the VLBA observations, the sample of observed sources

has been cross-matched with SDSS DR10 (Ahn et al., 2014) as described in the paper below.

Collier et al. (2014) used DR9 for their catalogue. Therefore, I not only cross-matched the

sample of VLBA-observed sources but the entire IFRS catalogue from Collier et al. with

SDSS DR10 to obtain more photometric and spectroscopic information about the class of

IFRSs in the optical regime and, in particular, to add redshift information. I used the same

approach as presented by Collier et al., i.e. applying a cross-matching radius of 2 arcsec,

resulting in 39 spectroscopic redshifts. 19 of these 39 redshifts were already reported by

Collier et al. Out of the remaining 20 spectroscopic redshifts, I dropped two because they

were flagged with a redshift warning. Therefore, I report 18 new spectroscopic redshifts

for the class of IFRSs. They are listed in Table 3.1. One of these 18 spectroscopic SDSS

counterparts has been classified as STAR in DR10 based on its optical spectrum with a redshift

of z = 0.0004 ± 0.0003. Most likely, this is a misidentification and the SDSS counterpart

is not associated with the IFRS. In particular, the angular separation between SDSS object
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Table 3.1: Spectroscopic redshift information for IFRSs from SDSS DR10. Listed are only
those 18 IFRSs that did not have spectroscopic redshifts in the catalogue presented by Collier
et al. (2014) based on SDSS DR9. The IDs follow the designation from Collier et al. The
listed position is the SDSS position. Also listed is the angular separation between the SDSS
and FIRST counterparts. The classification is taken from SDSS DR10.

IFRS RA Dec zspec Separation Classification
ID J2000 J2000 [arcsec]

F0418 14:11:57.56 +44:28:03.71 2.2646 ± 0.0004 0.237 BROADLINE QSO
F0426 14:13:09.26 +24:07:00.65 2.3486 ± 0.0005 0.215 BROADLINE QSO
F0514 14:31:30.84 +23:34:22.22 3.5929 ± 0.0004 0.115 BROADLINE QSO
F0519 14:32:43.17 +23:20:09.42 2.8866 ± 0.0007 0.439 BROADLINE QSO
F0564 14:40:48.57 +36:35:35.51 3.1474 ± 0.0006 0.079 BROADLINE QSO
F0575 14:42:26.70 +13:29:56.28 3.0760 ± 0.0003 0.217 BROADLINE QSO
F0643 14:55:06.58 +13:59:27.61 2.4011 ± 0.0006 1.429 BROADLINE QSO
F0653 14:56:27.56 +43:55:00.03 2.9491 ± 0.0004 0.194 BROADLINE QSO
F0671 14:59:31.19 +14:56:50.37 2.6197 ± 0.0004 0.469 BROADLINE QSO
F0682 15:00:48.63 +45:28:05.82 2.7350 ± 0.0003 0.641 BROADLINE QSO
F0952 15:45:21.49 +41:30:25.17 2.8759 ± 0.0003 0.291 BROADLINE QSO
F0956 15:46:04.41 +44:49:10.50 2.7888 ± 0.0004 0.108 BROADLINE QSO
F0957 15:46:25.33 +36:53:13.23 1.9386 ± 0.0005 0.593 QSO
F1061 16:09:06.09 +42:53:23.41 2.4789 ± 0.0010 1.117 BROADLINE QSO
F1086 16:15:20.31 +43:47:25.29 2.8991 ± 0.0006 0.058 BROADLINE QSO
F1168 16:38:17.38 +41:27:29.91 2.2276 ± 0.0007 0.341 BROADLINE QSO
F1224 17:04:08.58 +44:08:39.78 3.2625 ± 0.0003 0.312 BROADLINE QSO
F1239 17:08:57.64 +38:13:07.78 0.0004 ± 0.0003 1.990 STAR

and the IFRS radio position is 1.99 arcsec, i.e. very close to the cross-matching radius of

2 arcsec. All other 17 IFRSs show redshifts in the range 1.94 ≤ z ≤ 3.59. I find four IFRSs

with z ≥ 3.0, exceeding the redshift of the most distant IFRS at z = 2.99 as presented by

Collier et al. Combining the data from Collier et al. based on SDSS DR9, the spectroscopic

observations presented in chapter 2 (Herzog et al., 2014), and the additional data from SDSS

DR10 reported here, spectroscopic redshifts for 40 IFRSs are known to date. They cover the

redshift range 1.84 ≤ z ≤ 3.59, excluding two potential misidentifications.

I suggest that the observed redshift distribution of IFRSs towards low redshifts—showing

no IFRS at z < 1.8—is not just a cosmological selection effect. The comoving volume

corresponding to the redshift range z ≤ 1.8 (1.8 ≤ z ≤ 3.6) is 486 Gpc3 (875 Gpc3), i.e. the

fact that IFRSs are not found at z < 1.8 cannot be explained by a small probed volume for

that redshift regime.

Another potential reason for the observed break in the redshift distribution of IFRSs at
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Figure 3.1: Observed near-IR 3.6 µm flux density as a function of redshift for all IFRSs
with known spectroscopic redshifts. Red open diamonds represent IFRSs with new redshift
information from SDSS DR10 presented here. Data from Collier et al. (2014) and Herzog
et al. (2014) are shown by black open circles and black crosses, respectively. The sample of
HzRGs from Seymour et al. (2007) is represented by grey dots. Two IFRSs were found to be
at very low redshifts—potentially misidentifications as discussed in the main text—and are
not visible in this plot.

z < 1.8 is the redshift desert2. For the IFRS sample from Collier et al. (2014), the observed

redshift distribution—compiled in this thesis and by Collier et al.—might indeed be affected

by the redshift desert. For this sample, it is unknown how many sources are lacking spectro-

scopic redshift information because they are just located in the redshift desert. In contrast,

all four spectra presented in chapter 2 (Herzog et al., 2014) show distinct spectral features,

i.e. these objects are not in the redshift desert. However, the low number of objects in this

study prevents a general statement on the class of IFRSs. Further, the redshift desert cannot

explain why no IFRS has been found at z . 1.4.

Figure 3.1 shows the observed 3.6 µm near-IR flux density as a function of redshift for

2The so-called redshift desert refers to the redshift range 1.4 . z . 1.8 in which many optical spectroscopic
features are moved into the near-IR regime, preventing measuring redshifts from optical spectra. At z & 1.4, the
lowest-wavelength strong emission line—O [II] at λ = 3727 Å—is moved out of the optical window, defining
the beginning of the redshift desert. At z & 1.8, the Lyα line at λ = 1216 Å is shifted into the optical window,
closing the redshift desert.
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the 40 IFRSs with spectroscopically confirmed redshifts, similar to the plot presented by

Norris et al. (2011a). The additional 17 IFRSs with reliable spectroscopic redshifts presented

above all fall in the region covered by HzRGs in this parameter space, adding evidence to

the suggestion by Norris et al., Collier et al. (2014), and Herzog et al. (2014) that IFRSs

might follow the correlation between 3.6 µm flux density and redshift that has been found

for HzRGs.

Broad optical emission lines in the spectra of IFRSs

Out of the 37 IFRSs with spectroscopic redshifts from SDSS DR10 discussed above, 35 have

been classified in SDSS as QSO, one as GALAXY—the star forming galaxy discussed by Collier

et al. (2014)—, and one as STAR as mentioned above. 31 out of the 35 IFRSs classified as QSO

have been assigned the subclass BROADLINE, whereas the remaining four spectra do not have

a subclass. However, studying the spectra of these four sources shows that they also have

broad emission lines. Adding the spectra presented in chapter 2 (Herzog et al., 2014), all

38 reliable optical spectra of IFRSs show broad emission lines, revealing that these objects

are type I AGNs. This conclusion can be confidently drawn for the IR and optically brightest

IFRSs, i.e. those sources that have been targeted by spectroscopic observations. However,

it still has to be tested whether these characteristics are also given for the optically fainter

IFRSs. This most extreme subclass of IFRSs has not yet been spectroscopically observed

because of its faintness.

Black hole mass estimates for IFRSs

The Hβ emission line (λ = 4861 Å) can be used as a tracer of the black hole mass MBH

(Kaspi et al., 2000, 2005). However, this only works at low redshifts since this line is shifted

out of the optical window at redshifts z & 0.75. Instead, the Mg ii emission line (λ = 2798 Å)

can be used as a tracer for higher-redshift objects as shown by McLure and Jarvis (2002) and

Trakhtenbrot and Netzer (2012) if the line width is below 6000 km s−1. The black hole mass

is then given by

MBH = 6.79 × 106
(

L(Mg II)
1035 W

)0.5

·

(
FWHM(Mg II)

103 km s−1

)2

M� , (3.4)
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where L(Mg II) denotes the luminosity and FWHM(Mg II) the full width at half maximum

(FWHM) of the Mg ii emission line, tracing the size of the BLR and the velocity dispersion,

respectively (Trakhtenbrot and Netzer, 2012). The proportionality between these quantities

is then given by the virial theorem (described e.g. in Fine et al., 2006). Out of the 37 optical

spectra for IFRSs from SDSS DR10 with QSO classification, 17 reveal the Mg ii emission

line, showing Mg ii line widths between 800 km s−1 and 3200 km s−1. I used the relation

from Trakhtenbrot and Netzer and find BH masses between 1.2 × 107 M� and 4.3 × 108 M�

for these 17 IFRSs. The mean is (1.7±1.0) × 108 M� and the median is (1.6±0.3) × 108 M�.

These black hole masses have been calculated for IFRSs in the redshift regime 1.9 . z . 2.7.

At higher redshifts, the Mg ii line is shifted out of the optical window.

Franceschini et al. (1998), Laor (2000), and Lacy et al. (2001) show that the radio lu-

minosity can also be used as a tracer for the black hole mass of quasars. I derived black

hole masses for all 37 IFRSs with an SDSS spectrum classified as QSO using the 5 GHz lu-

minosity, approximated based on the 1.4 GHz flux density and the spectral index between

6 cm and 20 cm presented by Collier et al. (2014). If no spectral index was available for an

individual source, I used the median spectral index of the entire IFRS sample from Collier

et al. In the approach presented by Lacy et al., the black hole mass depends on the Eddington

ratio, defined as the ratio between bolometric luminosity and Eddington luminosity. Inde-

pendent on this ratio, the black hole masses of IFRSs derived from the radio luminosities are

> 109 M�, i.e. at least one order of magnitude higher than estimated from the Mg ii emission

line. However, the Mg ii emission line and the radio luminosity are indirect tracers of the

black hole mass, and a significant scatter in the respective correlations is known (Lacy et al.,

2001; Trakhtenbrot and Netzer, 2012). Therefore, this discrepancy between the black hole

masses derived from different tracers should not be overinterpreted.

The class of HzRGs is found to have black hole masses of up to a few 1010 M�, accreting

at Eddington ratios between 0.1 and 1 (Nesvadba et al., 2011; Drouart et al., 2014). Assum-

ing this ratio for the subsample of IFRSs, I obtained black hole masses between 109 M� and

1010 M� based on the radio luminosity. These numbers suggest that the black holes of IFRSs

are slightly less massive than those of HzRGs.
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Stellar mass estimates for IFRSs

In the following paper, the software EAZY (Brammer et al., 2008) was used to measure

photometric redshifts for those eleven IFRSs which have optical counterparts in SDSS DR9.

Based on these photometric redshifts and using the SED templates of the best fit, stellar

masses can be obtained. To gain new insights into the class of IFRSs, I used this EAZY

feature and estimated stellar masses for nine of these eleven IFRSs. The photometric redshift

fit failed for one IFRS as discussed in the paper below, and the redshift uncertainty for one

other IFRS was very large, preventing a reliable stellar mass estimate for these two sources.

Stellar masses estimated with EAZY for the remaining nine IFRSs are in the range between

1010.0 M� and 1010.9 M� with a median 1010.7±0.1 M�. These numbers provide a rough idea

about the masses of this class of objects. However, the optical faintness of these objects

introduces significant uncertainties to the EAZY fitting and thus to the stellar masses.

The stellar masses estimated in this thesis suggest that IFRSs are massive galaxies. How-

ever, IFRSs are less massive than HzRGs which are known to be the most massive galaxies

in the early universe. Seymour et al. (2007) studied their HzRG sample based on Spitzer data

and find stellar masses of the order of 1011−11.5 M�, even at the highest redshifts z ∼ 5. De

Breuck et al. (2010) present similar results with median stellar masses of 1011.4 M� at z < 3

and 1011.2 M� at z > 3. Comparing the stellar masses derived for IFRSs, these sources are

around half an order of magnitude less massive than HzRGs. However, this is not necessarily

true for the entire population of IFRSs since stellar masses could only be estimated for those

IFRSs with SDSS counterparts, i.e. for the optically brightest IFRSs.

Continuing VLBA observations of IFRSs

The paper below presents VLBA data of 57 IFRSs and suggests that IFRSs might be young

AGNs, for example based on a putative correlation between redshift and compactness3. How-

ever, the analysis suffers from low-number statistics since spectroscopic or photometric red-

shifts could be derived for only ten IFRSs. To address this shortcoming, I proposed further

VLBA observations of 74 additional IFRSs which are currently carried out in semester 15A.

These observations are similar to the first VLBA project of IFRSs, but the targets were se-

lected in a different way. In order to benefit from ancillary data, I considered only IFRSs

3Compactness is defined as ratio between milliarcsecond-scale and arcsec-scale radio flux density.
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with photometric SDSS counterparts from the catalogue by Collier et al. (2014). In particu-

lar, these optical data enable to measure photometric redshifts as shown in the paper below.

74 IFRSs with a VLBA phase calibrator (S2.3 GHz > 0.2 Jy on a baseline of 5000 km) within

2 deg and not observed in the first VLBA project were found and constitute the target list

of the VLBA project BH207. Naturally, this second sample is affected by a selection bias

since the sources were required to be detected in SDSS. However, a sample unaffected by

selection bias has already been studied and presented: the sample of 57 IFRSs observed in

the first VLBA project, resulting in the paper presented below.
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The remainder of this chapter has been published as

Active galactic nuclei cores in infrared-faint radio sources:
Very long baseline interferometry observations

using the Very Long Baseline Array
A. Herzog, E. Middelberg, R. P. Norris, L. R. Spitler, A. T. Deller, J. D. Collier,

and Q. A. Parker
Astronomy & Astrophysics, 578, A67 (2015).

The paper presents the most comprehensive project to test the hypothesis that IFRSs
contain AGNs. Based on VLBI observations of 57 IFRSs using the VLBA, compact
emission has been detected for the majority of IFRSs, adding evidence that most—if not
all—IFRSs have active compact cores. Further, IFRSs seem to be slightly more compact
than ordinary AGNs of the same flux density and their ratio of milliarcsecond- to arcsec-
scale flux density is correlated with redshift and anti-correlated with arcsec-scale flux
density. Based on these results, it is suggested that IFRSs are young AGNs in the earliest
stages of their evolution to extended radio galaxies. The paper also discusses two peculiar
IFRSs that were found to be composed of two compact components.

I was responsible for leading the work presented in the following manuscript. I pro-
posed the observations with the VLBA and was awarded the proposed 110 hours of filler
time. I then scheduled the observations based on sched4, a program to schedule VLBI
observations. 57 of the 110 awarded hours were carried out, forming the basis for the
paper below. Further, I calibrated and imaged the data. For this purpose, I wrote scripts in
ParselTongue (Kettenis et al., 2006)—the python implementation of the Astronomical
Image and Processing System5 (AIPS)—to automatise these steps. I used components
from template scripts provided by E. Middelberg and A. T. Deller, but built my own
script. I then measured flux densities from the maps, cross-matched the observed sample
of IFRSs with SDSS DR10, and measured photometric redshifts using EAZY (Brammer
et al., 2008) for those IFRSs with photometric detections. I carried out the entire analy-
sis presented in the paper below and wrote the manuscript. E. Middelberg, R. P. Norris,
and L. R. Spitler supervised the work and provided continuous feedback and discussion.
E. Middelberg and A. T. Deller provided helpful discussions with respect to the data cal-
ibration and imaging. J. D. Collier provided unpublished ancillary data for the IFRSs
sample. All co-authors contributed by commenting on the manuscript. My contribution
to the work presented in this manuscript is 95%.

Credit: Herzog et al., A&A, 578, A67, 2015, reproduced with permission c© ESO.

4http://www.aoc.nrao.edu/software/sched/

5http://www.aips.nrao.edu/
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ABSTRACT

Context. Infrared-faint radio sources (IFRS) form a new class of galaxies characterised by radio flux densities between tenths and tens
of mJy and faint or absent infrared counterparts. It has been suggested that these objects are radio-loud active galactic nuclei (AGNs)
at significant redshifts (z & 2).
Aims. Whereas the high redshifts of IFRS have been recently confirmed based on spectroscopic data, the evidence for the presence of
AGNs in IFRS is mainly indirect. So far, only two AGNs have been unquestionably confirmed in IFRS based on very long baseline
interferometry (VLBI) observations. In this work, we test the hypothesis that IFRS contain AGNs in a large sample of sources using
VLBI.
Methods. We observed 57 IFRS with the Very Long Baseline Array (VLBA) down to a detection sensitivity in the sub-mJy regime
and detected compact cores in 35 sources.
Results. Our VLBA detections increase the number of VLBI-detected IFRS from 2 to 37 and provide strong evidence that most – if
not all – IFRS contain AGNs. We find that IFRS have a marginally higher VLBI detection fraction than randomly selected sources
with mJy flux densities at arcsec-scales. Moreover, our data provide a positive correlation between compactness – defined as the
ratio of milliarcsec- to arcsec-scale flux density – and redshift for IFRS, but suggest a decreasing mean compactness with increasing
arcsec-scale radio flux density. Based on these findings, we suggest that IFRS tend to contain young AGNs whose jets have not formed
yet or have not expanded, equivalent to very compact objects. We found two IFRS that are resolved into two components. The two
components are spatially separated by a few hundred milliarcseconds in both cases. They might be components of one AGN, a binary
black hole, or the result of gravitational lensing.

Key words. techniques: interferometric – galaxies: active – galaxies: high-redshift – galaxies: nuclei – radio continuum: galaxies

1. Introduction

One of the most controversially discussed topics in current as-
trophysics is the question of how active galactic nuclei (AGNs)
influence star forming activity in their host galaxies. This in-
teraction is known as feedback, and both negative and positive
feedback of the AGN have been proposed.

Negative AGN feedback is thought to be caused by the AGN
heating or disrupting the surrounding gas and, by this, quenching
star formation. This scenario consists of two consecutive phases
and may be caused by a merger of two galaxies. In the first phase,
which is called cold mode (or quasar mode; e.g. Kauffmann et al.
2003; Croton et al. 2006; Hardcastle et al. 2007), cold gas from
the galaxies involved in the merger fuels the accretion accom-
panied by high star forming activity. Finally, the AGN heats or
blows away the remaining gas and star formation ends. This rep-
resents the transition to the second phase, the so-called hot mode
accretion (also known as radio mode; e.g. Narayan & Yi 1995).
In this phase, the supermassive black hole (SMBH) can only
accrete hot gas from the halo in so-called advection dominated
accretion flows.

The accretion in the cold mode phase is radiatively efficient
and observational evidence is difficult because of the highly ob-
scured nucleus. In contrast, accretion in the hot mode phase is
typically well below the Eddington limit and the accretion flow
radiatively inefficient. In hot mode, AGN feedback is kinetic
and the total energy output usually dominated by the mechan-
ical power of the radio jets. Radio jets are associated with both
accretion modes and the radio emission can be used to trace
the mechanical jet power (e.g. Alexander & Hickox 2012 and
references therein).

This scenario of negative AGN feedback is an important in-
gredient for the current preferred cosmological Λ cold dark mat-
ter (ΛCDM) model. In this model, negative AGN feedback is
needed to make the number of massive and luminous galaxies in
simulations consistent with the observed number (Springel et al.
2005; Croton et al. 2006).

Contrary to this widely accepted negative AGN feedback,
examples have been found where AGN activity enhances star
formation, i.e. showing a positive feedback (e.g. Klamer et al.
2004; Gaibler et al. 2012; Zinn et al. 2013; Karouzos et al. 2014).
These observations are explained by the AGN jets propagating
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through the gas of the host galaxy, generating shocks that trig-
ger the gravitational collaps of the gas and, by this, boost star
formation.

One important class of object in studying AGN feedback
processes is the class of high-redshift radio galaxies (HzRGs)
since these galaxies can be observed out to high redshifts.
HzRGs are very powerful radio-galaxies that contain significant
emission both from a starburst activity and AGN activity. They
are expected to be the progenitors of the most massive galaxies
in the local universe (e.g. Seymour et al. 2007; De Breuck et al.
2010). Only around 200 of these objects – which are defined by
z > 1 and L3 GHz > 1026 W Hz−1 – are known in the entire sky.
However, a new class of object has recently been found that sug-
gests a link to HzRGs: the class of infrared-faint radio sources.

1.1. Discovery and definition of infrared-faint radio sources

Infrared-faint radio sources (IFRS) are characterised by radio
emission of the order of tenths to tens of mJy and associated
deep near-infrared faintness. Norris et al. (2006) and Middelberg
et al. (2008a) discovered these objects in the deep radio maps
of the Australia Telescope Large Area Survey (ATLAS) in the
Chandra Deep Field South (CDFS) and the European Large
Area IR space observatory Survey South 1 (ELAIS-S1) as lack-
ing infrared (IR) counterparts in the co-located Spitzer Wide-
area Infrared Extragalactic Survey (SWIRE; Lonsdale et al.
2003). Zinn et al. (2011) defined two survey-independent criteria
for the selection of IFRS:

(i) S 1.4 GHz/S 3.6 µm > 500 and
(ii) S 3.6 µm < 30 µJy.

The high radio-to-IR flux density ratios, ensured by the first cri-
terion, show that IFRS are clear outliers from the radio-to-IR
correlation. The second criterion is equivalent to a distance se-
lection and prevents ordinary objects at z . 1.4 from being in-
cluded in this class of object.

Based on the two selection criteria, Zinn et al. (2011) com-
piled a catalogue of 55 IFRS in the deep fields of the CDFS,
ELAIS-S1, Spitzer extragalactic First Look Survey (xFLS),
and the Cosmological Evolution Survey (COSMOS), based on
the work by Norris et al. (2006), Middelberg et al. (2008a),
and Garn & Alexander (2008). Later, IFRS were also found
in the European Large Area IR space observatory Survey
North 1 (ELAIS-N1) field by Banfield et al. (2011) and in the
Lockman Hole field by Maini et al. (2013). Around 100 IFRS
have been found in these deep fields, covering a total area of
around 35 deg2.

Recently, Collier et al. (2014), for the first time, used a dif-
ferent approach and looked for IFRS in much shallower radio
and IR data, which covered a much larger area compared to
the deep fields mentioned above. Collier et al. used data from
the Unified Radio Catalogue (URC; Kimball & Ivezić 2008;
Kimball & Ivezic 2014) and from the all-sky Wide-Field IR
Survey Explorer (WISE; Wright et al. 2010). Based on these
data, Collier et al. compiled a catalogue of 1317 IFRS, all of
them fulfilling both selection criteria from Zinn et al. (2011).

1.2. The properties of IFRS

Since the first detection of IFRS by Norris et al. (2006) it has
been suggested that IFRS are radio-loud AGNs at significant
redshifts (z & 2). Different studies found evidence for this sug-
gestion. Norris et al. (2007) and Middelberg et al. (2008b) pre-
sented very long baseline interferometry (VLBI) observations

of IFRS and detected compact cores in two IFRS. Norris et al.
used the Australian Long Baseline Array (LBA) and targeted
two IFRS from the CDFS, out of which one was detected, show-
ing a total VLBI flux density of 5.0 mJy at 1.6 GHz. The source
was unresolved on VLBI scales and its size measured to be less
than 0.03′′, corresponding to less than 260 pc at any redshift.
Middelberg et al. also used the LBA and observed four IFRS
from the ELAIS-S1 field at 1.6 GHz or 1.4 GHz. One out of these
four IFRS was detected with a VLBI flux density of 12.5 mJy at
1.6 GHz. Based on a flux density of 7 mJy on the longest base-
lines, Middelberg et al. measured a lower limit on the brightness
temperature of 3.6 × 106 K. Three IFRS were included in the
sample observed with the Very Long Baseline Array (VLBA) in
the CDFS by Middelberg et al. (2011a); however, they remained
undetected. The two VLBI detections of IFRS showed that at
least a fraction of IFRS contain AGNs.

Garn & Alexander (2008) and Huynh et al. (2010) found that
obscured star forming galaxies cannot reproduce the character-
istics of IFRS because IFRS clearly deviate from the radio-IR
correlation, providing another hint for the AGN content in IFRS.
Furthermore, Garn & Alexander and Huynh et al. presented the
first spectral energy distribution (SED) modelling of IFRS and
showed that 3C sources like 3C 273 are in agreement with the
characteristics of IFRS if these sources are at redshifts z & 2.
Herzog et al. (2014) showed that the SED of their sample of
IFRS can only be explained by radio-loud AGN templates.

A potential link between IFRS and HzRGs was first sug-
gested by Huynh et al. (2010) based on the similarly high radio-
to-IR flux density ratios. Middelberg et al. (2011b) showed
that IFRS have steeper radio spectra1 (median spectral index
α = −1.4) than the general radio source population (α = −0.86)
and the AGN source population (α = −0.82), using data in
the ELAIS-S1 field between 2.3 GHz and 8.4 GHz. Moreover,
Middelberg et al. found that the radio spectrum of IFRS is
even steeper than that of HzRGs (α = −1.02). Norris et al.
(2011) pointed out that HzRGs are the only objects known at
high redshifts that share the extreme radio-to-IR flux density ra-
tios with IFRS. Based on this similarity and the deep IR faint-
ness of IFRS, Norris et al. suggested that IFRS might follow
the correlation between 3.6 µm flux density and redshift found
for HzRGs (Seymour et al. 2007), similar to the K − z rela-
tion (Willott et al. 2003). Herzog et al. (2015) showed that the
non-detection of IFRS in deep far-IR Herschel observations can
only be explained by SED templates of HzRGs.

Collier et al. (2014) and Herzog et al. (2014) presented the
first spectroscopic redshifts of IFRS and found all of 22 but one –
which is most likely a misidentification or a star forming galaxy
with an AGN – redshifts in the range 1.7 ≤ z ≤ 3.0, confirming
the suggested high-redshift nature of IFRS. Furthermore, both
studies found their data in agreement with the suggested corre-
lation between near-IR flux density and redshift, indicating that
most IFRS in deep fields – which were summarised by Zinn
et al. (2011) and Maini et al. (2013) – might be at even higher
redshifts.

1.3. Populations of IFRS found in deep and shallow surveys

Here, we consider the relationship between IFRS found in deep
surveys of small area and those found in shallow all-sky surveys.
First, all IFRS found in the various works mentioned above fulfil
the – in some cases slightly changed – selection criteria by Zinn
et al. (2011) and therefore qualify as IFRS. Maini et al. (2013)

1 The spectral index is defined as S ∝ να.
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lowered the radio-to-IR flux density criterion and replaced the
IR flux density criterion by an extension criterion. Others – like
Norris et al. (2007) and Middelberg et al. (2008a) – required
IFRS to be undetected at 3.6 µm without applying a radio-to-
IR flux density criterion. Nevertheless, these IFRS, which were
selected based on slightly different criteria, are close to fulfil the
criteria by Zinn et al..

While the IFRS in deep fields usually have 1.4 GHz flux den-
sities of tenths of mJy to a few mJy, the IFRS in the all-sky sur-
vey have median radio flux densities of several tens of mJy, some
reaching even several hundred mJy. Similarly, each IFRS in the
sample from Collier et al. (2014) provides an IR counterpart at
3.4 µm with a mean flux density of around 25 µJy, while a signif-
icant fraction of IFRS in deep fields has no IR counterpart in the
even deeper 3.6 µm data. Thus, the median IFRS in deep fields is
both radio and IR-fainter than the median IFRS in the shallower
all-sky sample from Collier et al..

All spectroscopic redshifts of IFRS from both the deep fields
and the shallow survey were found to be in the same redshift
range 1.7 . z . 3.0. However, a selection effect putatively biases
the observed spectroscopic redshift distribution of IFRS in the
deep fields since the IFRS with known spectroscopic redshifts
in these fields are the optically and IR brightest IFRS in that
sample. Since their optical, IR, and radio properties are similar to
those of the all-sky IFRS, it is expected that these IFRS represent
the overlap between the fainter IFRS population in deep fields
and the brighter all-sky IFRS population (Herzog et al. 2014).

It has been suggested by Collier et al. (2014) that their
IFRS sample consists of the lowest-redshift IFRS while the IFRS
found in deep fields are on average at higher redshifts. This sug-
gestion is in agreement with the correlation between 3.6 µm flux
density and redshift discussed by Norris et al. (2011), Collier
et al., and Herzog et al. (2014). The overlapping spectroscopic
redshifts found for both subsets are in agreement with this sug-
gested unification, too.

Collier et al. (2014) could only set a lower limit of
∼0.1 deg−2 for the sky density of IFRS with S 1.4 GHz ≥ 7.5 mJy
because of the non-uniform sensitivity of the WISE survey. In
contrast, the sky density of IFRS in deep fields is of the order
of a few per square degree and might reach 30 deg−2 (Zinn et al.
2011).

In this paper, we test the AGN content in IFRS based on
VLBI observations with the VLBA of a large number of sources
taken from the all-sky catalogue of IFRS (Collier et al. 2014). In
Sect. 2, we describe our sample and the observing strategy. We
discuss data calibration, imaging, flux measuring, and redshifts
in Sect. 3. We analyse our data in Sect. 4 with respect to detec-
tion fraction (Sect. 4.1), compactness (Sect. 4.2), and individual
sources (Sect. 4.3). We discuss the implications of our analysis in
Sect. 5, and present our conclusions in Sect. 6. Throughout this
paper, we use flat ΛCDM cosmological parameters ΩΛ = 0.7,
ΩM = 0.3, H0 = 70 km s−1 Mpc−1 and the calculator by Wright
(2006). We quote 1σ confidence intervals of binomial population
proportions based on the Bayesian approach, following Cameron
(2011).

2. Sample and observations

We selected all IFRS from the catalogue from Collier et al.
(2014) which were located within 1 deg of a VLBA calibrator.
This low angular separation between source and calibrator en-
sured the phase coherence required for VLBI observations. Since
1.4 GHz VLBI observations of the calibrators were not available,
we required the calibrators to have a 2.3 GHz flux density of at

least 0.2 Jy on a baseline of 5000 km. Out of the 1317 IFRS pre-
sented by Collier et al., 110 were found to provide a calibrator
which fulfills the given conditions.

A VLBI detection provides unambiguous evidence for an
AGN because compact radio emission in AGNs is a non-thermal
process and results in brightness temperatures of more than
106 K to which our observations are sensitive. In contrast, com-
pact radio emission in starburst galaxies, which is usually dom-
inated by thermal free-free emission, is represented by bright-
ness temperatures of around 104 K (e.g. Condon et al. 1991).
Although brightness temperatures of 106 K can also be produced
by very luminous radio supernovae (SNe; Huang et al. 1994;
Smith et al. 1998), Kewley et al. (2000) showed that the proba-
bility for a VLBI-detected radio SN in a galaxy sample is very
low. Therefore, a VLBI detection provides strong evidence for
an AGN. However, it should be noted that the reverse is not true,
i.e. the non-detection of a source in a VLBI observation does
not imply the non-existence of an AGN. Instead, a VLBI non-
detection implies significant extended emission compared to the
compact core. The ratio of extended emission to core emission
depends on beaming which can boost or suppress the compact
core emission, AGN age, and the surrounding medium, affecting
the brightness and extent of the diffuse radio lobes.

Since this is a detection experiment, the uv coverage is not
critically important and a minimum number of six out of ten
VLBA antennas was requested. Since the individual observa-
tions were short and independent of the weather conditions be-
cause of the observing frequency of 1.4 GHz, the observations
were scheduled in filler time. Although the maps resulting from
the data will be of rather poor quality, they will unambiguously
resolve potential compact components.

Out of 110 proposed objects, 57 IFRS were observed in
semester 14A in project BH197. The 57 observed IFRS were
randomly selected based on the IFRS positions and available
filler time at the VLBA. These observed sources have 1.4 GHz
integrated flux densities between 11 mJy and 183 mJy in the
NRAO VLA Sky Survey (NVSS; Condon et al. 1998). The
VLBA observations were set to a bandwidth of 32 MHz in each
of the eight basebands which were observed in dual polarisation
at 1.4 GHz, resulting in a total data rate of 2048 Mbps.

Each of the 57 epochs had a total observing time of one hour.
We decided to use two different approaches for the scan settings,
depending on the distance between source and calibrator. If the
separation between source and calibrator was less than 25′, we
continuously pointed at the position in between IFRS and cali-
brator to prevent unnecessary nodding between the two sources.
If the separation was more than 25′, we alternately observed the
calibrator for 60 s and the source for 225 s, starting and ending
with a scan on the calibrator. The resulting observing time on
the IFRS was around 45 min. The data were correlated using the
VLBA Distributed FX (DiFX) software correlator (Deller et al.
2007, 2011).

3. VLBA data calibration, optical properties,
and redshifts

3.1. Data calibration, imaging, and flux measurement
of the VLBA data

Calibration and imaging of the individual epochs was carried out
based on a ParselTongue script. ParselTongue (Kettenis et al.
2006) is a Python-based interface to the Astronomical Image
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and Processing System2 (AIPS). The calibration and imaging
strategy used here is very similar to the procedure described by
Deller & Middelberg (2014). However, we calibrated the ampli-
tudes using the technique suggested by VLBA Scientific Memo
#37 (R. Craig Walker; Dec. 15, 2014).

In the pipeline, we loaded the data into AIPS and applied a
priori flags and manual flags. We then corrected for ionospheric
effects using the task TECOR, applied the latest earth orienta-
tion parameters, and corrected for parallactic angles, in the latter
cases using the task CLCOR. Amplitudes were calibrated based
on autocorrelation data using the task ACCOR. We corrected for
primary beam effects using the task CLVLB, following the pro-
cedure outlined by Middelberg et al. (2013). Delay correction
was carried out based on the calibrator, using the task FRING
and a solution interval of 2 min. We applied a bandpass correc-
tion using the task BPASS. The new task ACSCL, implemented in
AIPS in consequence of the flux density calibration errors de-
scribed in the VLBA Scientific Memo #37, kept the calibrated
autocorrelation values at unity. The flux density calibration was
completed by using APCAL, calibrating the amplitudes based on
system temperatures and gains. We used the AIPS/ParselTongue
implementation of Pieflag (Middelberg 2006), dynspec-flagger,
to automatically flag data affected by interference. Using the
task CALIB, we performed one iteration of phase and ampli-
tude self-calibration on the calibrator and applied the solution
on the target. Finally, we imaged the UV data based on the
task IMAGR into a map of 2048×2048 pixels with a pixel size
of 1 milliarcsecond (mas) – matching the angular resolution of
∼5 mas – using uniform weighting. In this step, we cleaned the
dirty image in a given box, down to a flux of three times the root
mean square (rms) or up to 500 iterations.

The mean synthesised beam size in our observations is 14.3×
4.7 mas2. Because the linear scale is limited in a ΛCDM cosmol-
ogy at redshifts 0.5 ≤ z ≤ 12 between 4 kpc/′′ and 8.5 kpc/′′, we
were able to convert this beam size over this redshift range to an
area of between 57 pc× 19 pc and 122 pc× 40 pc. The rms in the
final maps is around 60 µJy beam−1, depending on the number of
antennas. Of the 57 observations, 31, 21, 4, and 1 were carried
out with 10, 9, 8, and 7 antennas, respectively. Since the longest
VLBA baseline of 8611 km – between the stations Mauna Kea
and St. Croix – was available in all observations, the east-west
angular resolution of around 5 mas is similar for all 57 observa-
tions, whereas the north-south angular resolution varies slightly
because of changing antenna availability. As an example, Fig. 1
shows the final map of IFRS F0398.

We measured the flux density of each component using the
AIPS task JMFIT, setting a box of size of 40 pixels around the
components. For a few sources, image artefacts resulted in un-
reasonable fluxes. In these cases, we manually measured flux
densities using the task TVSTAT. Checks on control sources re-
sulted in consistent flux measurements based on TVSTAT and
JMFIT. For the brighter component in IFRS F0030, we measured
the flux density using the blobcat package (Hales et al. 2012)
because of the complex structure of this source. Following Deller
& Middelberg (2014), we set a 6.75σ detection limit for all
sources, corresponding to a mean detection sensitivity of around
450 µJy beam−1. Most of our sources are slightly resolved, but
insufficiently resolved to determine the morphology. The result-
ing flux densities und flux density upper limits are summarised
in Table 1. Since observations and data calibration are very sim-
ilar to the approach taken by Deller & Middelberg who tar-
geted more than 20 000 sources in their mJy Imaging VLBA

2 http://www.aips.nrao.edu/

Fig. 1. VLBA map of IFRS F0398. The source is slightly resolved with
a peak flux density of 13.7 mJy beam−1 and an integrated flux density
of 17.2 mJy.

Exploration (mJIVE) survey, we expect our flux densities to be
of similar accuracy of 20%.

3.2. Optical properties and redshifts

Our sample was taken from the all-sky IFRS catalogue from
Collier et al. (2014) who cross-matched their sources with the
Sloan Digital Sky Survey (SDSS) DR9 (Ahn et al. 2012). For
the purpose of this work, we cross-matched our sample of
VLBA-observed IFRS to the recent SDSS DR10 (Ahn et al.
2014). 53 (93+2

−5%) out of our IFRS are covered by SDSS DR10.
Eleven (21+7

−4%) out of these 53 IFRS provide photometric coun-
terparts which are all close to the sensitivity limit of SDSS.

We used the software EAZY (Brammer et al. 2008) with
the standard template set to derive photometric redshifts for our
sources. Since most IFRS in the catalogue from Collier et al.
(2014) are only detected in the WISE bands W1 (3.4 µm) and
W2 (4.6 µm) – apart from the radio detections which are not
used in the redshift fitting – measuring photometric redshifts
is impossible for most of the IFRS in our sample. However,
measuring photometric redshifts is possible for those IFRS with
SDSS counterparts. For these eleven IFRS in our sample with
SDSS counterparts, we obtained ten photometric redshifts using
EAZY. As examples, we show the resulting fits for IFRS F0197
and F0273 in Fig. 2. The fitting of IFRS F0277 failed. Table 2
summarises the photometric redshifts and – where applicable –
spectroscopic redshifts for our subsample of IFRS with SDSS
DR10 counterparts. Figure 3 shows the photometric redshifts as
a function of the spectroscopic redshifts for the three IFRS in our
sample for which SDSS DR10 provides spectroscopic redshifts.

Based on the SEDs resulting from the fitting of photomet-
ric redshifts, we find that most of our fitted IFRS are very blue.
These characteristics can be explained by a Type I AGN in the
optical. However, we stress that we might be significantly af-
fected by selection bias since these IFRS are very close to the
detection sensitivity of SDSS and SDSS is more sensitive to blue
objects. Nevertheless, this study shows that at least some IFRS
are very blue, non-dusty galaxies.
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A. Herzog et al.: Active galactic nuclei cores in infrared-faint radio sources

Fig. 2. Resulting photometric redshift fit from EAZY for IFRS F0197 (left) and F0273 (right). The SED (orange line) shows the best fit template
based on the peak redshift in the observer’s frame. Black dots with error bars represent photometric data points of the IFRS, whereas black
triangles show the flux density of the fitted SED at the same wavelengths. The subplots in the upper right of both plots show the redshift-probability
distribution. The redshift of the peak in the probability distribution is quoted below each subplot.

Table 2. Redshift information for those IFRS with SDSS DR10
detections.

IFRS u zphot zspec

ID [mag]
F0146 20.21 ± 0.05 1.26+0.29

−0.25 –
F0194 23.82 ± 0.95 0.78+0.42

−0.34 –
F0197 22.83 ± 0.32 2.54+0.14

−0.22 2.1150 ± 0.0014
F0273 20.84 ± 0.08 1.65+0.20

−0.18 –
F0277 24.16 ± 0.86 – –
F0293 22.94 ± 0.33 3.02+0.09

−0.08 –
F0398 20.49 ± 0.06 2.24+0.07

−0.08 2.55265 ± 0.00021
F0726 23.21 ± 0.52 3.07+0.26

−0.24 –
F0732 22.88 ± 0.27 2.26+0.27

−0.28 –
F0912 21.55 ± 0.10 2.47+0.06

−0.06 2.61873 ± 0.00023
F1037 25.14 ± 0.79 0.39+3.77

−0.08 –

Notes. Listed is the IFRS ID, the u-band model magnitude from SDSS
DR10, the photometric redshift measured in this work using EAZY, and
the spectroscopic redshift from SDSS DR10. The SED fitting for F0277
failed.

4. Analysis

4.1. VLBI detection fraction

In our VLBA observations, we detected 35 (61+6
−7%) out

of 57 observed IFRS, showing peak flux densities between
0.4 mJy beam−1 and 26.4 mJy beam−1 and integrated flux den-
sities between 0.6 mJy and 40.4 mJy as listed in Table 1.

The detection of a source in VLBI observations with bright-
ness temperatures above 106 K – which is reached for our VLBA
observations – is an unambiguous sign for an AGN as discussed
in Sect. 2. However, we note that the reverse is not true, i.e. the
non-detection of a source in VLBI observations does not exclude
the existence of an AGN. The detection of 35 out of 57 IFRS in
our VLBA observations provides strong evidence that most – if
not all – IFRS contain AGNs.

Fig. 3. Comparison of the photometric redshifts obtained from EAZY
and the spectroscopic redshifts from SDSS DR10. The error bars show
the 1σ uncertainties in the photometric redshifts as determined by
EAZY. The solid line represents the positions of exact agreement be-
tween photometric and spectroscopic redshifts.

4.1.1. VLBI detection fraction compared to other samples

The detection fraction in our VLBA observations of 61+6
−7%

down to a 6.75σ detection limit of ∼0.45 mJy beam−1 is signif-
icantly higher than the detection fractions found by Garrington
et al. (1999) or Deller & Middelberg (2014) who targeted large
samples of sources from the Faint Images of the Radio Sky at
Twenty centimetres (FIRST; Becker et al. 1995) survey in VLBI
observations and detected 35% and 20%, respectively. However,
the sensitivity of the respective VLBI observations and the sam-
ple selection criteria were different. Garrington et al. had a de-
tection sensitivity between 1 mJy and 2 mJy and targeted FIRST
sources with 1.4 GHz peak flux densities above 10 mJy, whereas
Deller & Middelberg targeted all kinds of FIRST sources with-
out any preselection at a varying detection sensitivity. In order
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Fig. 4. Histogram of the VLBA detection and non-detection fraction,
binned by the flux density at 3.4 µm. The horizontal lines show the over-
all detection and non-detection fraction of the observations presented in
this work. 1σ confidence intervals are shown in grey.

to compare their detection fraction with that of Garrington et al.,
Deller & Middelberg cut their catalogue to FIRST sources with
S 1.4 GHz > 10 mJy beam−1 and to the VLBI detection sensitivity
from Garrington et al. Deller & Middelberg found a detection
fraction of 36% in that subsample, in agreement with the num-
ber from Garrington et al.

We followed the approach from Deller & Middelberg (2014)
and compiled a subsample of our IFRS sample by including only
those sources with an arcsec-scale 1.4 GHz flux density above
10 mJy beam−1, ending up with 56 IFRS. Setting our detec-
tion sensitivity to 1.5 mJy, we would have detected 25 (45+7

−6%)
out of these 56 IFRS, i.e. a slightly higher fraction than those
from Garrington et al. (1999) and Deller & Middelberg. Using a
Fisher’s exact test (e.g. Wall & Jenkins 2012), we found a prob-
ability of 0.88 that our sample has a higher VLBI detection frac-
tion than the sample from Deller & Middelberg.

It is known that the radio source population at 1.4 GHz
with flux densities above 1 mJy consists almost exclusively of
AGNs (e.g. Condon et al. 2012, Fig. 11). This implies that the
VLBI-observed subsamples from Garrington et al. (1999) and
Deller & Middelberg (2014) and the sample presented in this
work – all cut to 10 mJy and matched to the same sensitivity
as discussed above – contain virtually only AGNs. Thus, based
on the numbers given above, we find a tendency of a higher
VLBI detection fraction for IFRS compared to the general AGN
population.

Collier et al. (2014) discarded all objects from their IFRS
catalogue which provided a spurious WISE counterpart to one of
the radio lobes. It is unclear whether this selection criterion can
explain the higher VLBI detection fraction of IFRS compared to
the general AGN population. Apart from that, the only difference
in selecting the objects of the general AGN sample and the IFRS
sample is the application of the IFRS selection criteria from Zinn
et al. (2011) mentioned in Sect. 1.1.

Figure 4 shows the VLBA detection fraction binned in the
3.4 µm flux density for our sample of IFRS. We do not find any
evidence for a dependence of the VLBI detection fraction on the

3.4 µm flux density. We also tested the detection fraction against
the arcsec-scale 1.4 GHz flux density, the radio-to-IR flux den-
sity ratio, and the WISE colour [W1-W2] and found no signifi-
cant correlation.

Compact radio cores are detected in eight (73+9
−16%) of the

eleven IFRS with SDSS counterpart and in 24 (57+7
−8%) of the

42 IFRS covered by SDSS without SDSS counterpart. However,
we do not consider this a significant difference (a) because these
two subsamples are not flux-complete; (b) because of the non-
uniform sensitivity of SDSS; and (c) because SDSS is biased
towards detecting blue objects as discussed above.

Three out of the eleven IFRS with SDSS counterpart are
classified as “galaxy” in SDSS. We detected two (67+14

−28%) of
these three galaxy-type IFRS in our VLBA observations. The
other eight IFRS with SDSS counterpart are classified as “star”
in SDSS. We note that this photometry-based classification is
based on the extension of the object, i.e. objects classified as
star are point-like, whereas extended objects are classified as
galaxy. Out of these eight IFRS classified as star, we detected
six (75+9

−19%) in our VLBA observations. Deller & Middelberg
(2014) found a higher VLBI detection fraction for sources clas-
sified as star-like in SDSS. Our results are in agreement with this
finding.

4.1.2. Dependence of the VLBI detection fraction
on radio properties

Gigahertz peaked spectrum (GPS) and compact steep spec-
trum (CSS) sources are very compact AGNs and expected to be
the earliest phases in the evolution of AGNs. GPS sources have
a turnover frequency of around 1 GHz and are usually less than
1 kpc in size, whereas CSS sources are more extended with a
size of a few kpc or a few tens of kpc. CSS sources are named
for their steep radio spectra (α ≤ −0.5; e.g. Randall et al. 2011).

Based on data at 6 cm, 20 cm, and 92 cm, Collier et al. (2014)
classified 124 of their IFRS as CSS sources and 32 as GPS
sources. Out of the 57 IFRS observed with the VLBA, five IFRS
were classified as CSS sources and two as GPS sources. In our
VLBA observations, we detected four out of five IFRS which
were classified as CSS sources and both IFRS which were clas-
sified as GPS sources so that CSS/GPS sources have a higher
detection rate (85+5

−21%) than the non-classified sources (58+6
−7%).

Collier et al. (2014) used the lower-resolution data of NVSS
for the flux densities in their IFRS catalogue. They also listed
the number of sources in the higher-resolution FIRST survey as-
sociated with the NVSS source. IFRS detected with more than
one FIRST component are clearly extended radio galaxies and
not GPS or CSS sources. Out of the 57 IFRS observed with
the VLBA, 47 are associated with exactly one FIRST source,
while ten IFRS are associated with two or three FIRST sources.
Out of these ten IFRS with two or three FIRST counterparts,
we detected one (10+17

−3 %) in our VLBA observations, whereas
34 (72+5

−7%) out of 47 IFRS with exactly one FIRST counterpart
were detected with the VLBA. We found a statistically signifi-
cantly higher VLBA detection fraction for IFRS with exactly one
FIRST counterpart compared to the detection fraction of IFRS
with more than one FIRST counterpart.

We also compared our VLBA detection fraction of IFRS
with exactly one FIRST counterpart to the detection fraction
found by Deller & Middelberg (2014) for the general radio
source population. As described above, we matched the arcsec-
scale radio flux density and the VLBA detection sensitivity to
10 mJy beam−1 and 1.5 mJy beam−1, respectively. We found a
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Fig. 5. Histogram of the VLBA detections and non-detections, binned in
the compactness at 1.4 GHz. Compactness is defined as the ratio of mas-
scale flux density to arcsec-scale flux density. The vertical lines show
the mean compactness – from left to right – of all VLBA-undetected
IFRS, of all VLBA-observed IFRS, and of all VLBA-detected IFRS,
respectively. The former two lines represent upper limits as indicated
by the horizontal arrows.

detection fraction of 54+7
−7% for those IFRS with exactly one

FIRST counterpart, compared to a detection fraction of 36% for
the general radio source population above 10 mJy beam−1 mea-
sured by Deller & Middelberg. Thus, our sample of IFRS with
exactly one FIRST counterpart is statistically different to the
general radio source population, based on a probability of 0.01
in a Fisher’s exact test (e.g. Wall & Jenkins 2012) that the two
samples are taken from the same parent population.

4.2. Compactness

We determined ratios of the integrated mas-scale flux density
in the VLBA observations at 1.4 GHz to the integrated arcsec-
scale flux density in NVSS at 1.4 GHz to fall between 0.86
and 0.014 for the IFRS detected in our VLBA observations.
On average, this ratio, which we refer to as compactness, was
0.33 ± 0.23. Figure 5 shows the number of detections binned by
the compactness.

The mean compactness of our detected IFRS of 0.33 ± 0.23
is lower than that of the two former VLBI detections of IFRS
where Norris et al. (2007) and Middelberg et al. (2008b) de-
tected 88% and 58%, respectively, of the arcsec-scale flux den-
sity. This discrepancy may be due to small-number statistics or
because our fluxes are measured on smaller scales than those
from Norris et al. and Middelberg et al. The restoring beam
of the LBA observations presented by Middelberg et al. was
51.7 mas ×23.6 mas, i.e. 17 times larger compared to the median
beam of 14.3 mas × 4.7 mas in our VLBA observations. Norris
et al. did not image their uv data because of the poor uv coverage,
but their angular resolution was similar to that of Middelberg
et al. Therefore, a lower fraction of detected flux in our VLBA
observations could be expected.

Fig. 6. Compactness as a function of redshift for those IFRS with red-
shift information. VLBA-detected IFRS are shown by crosses and the
6.75σ upper limits on the compactness of VLBA-undetected IFRS are
shown by arrows. Three spectroscopic (red markers) and seven photo-
metric (black markers) redshifts were used in this analysis. Note that
the errors on the compactness are around 20%.

4.2.1. Dependence of the compactness on the redshift

In the following, we tested our data against a potential corre-
lation between redshift and compactness. SDSS DR10 provides
spectroscopic redshifts for three out of our 57 IFRS. Two (z =
2.11 and z = 2.62) of those are undetected and one (z = 2.55)
is detected in the VLBA observations. However, IFRS F0912 at
z = 2.62 was observed for only ∼25 min with the VLBA, re-
sulting in a sensitivity only half that of the other sources. Since
the number of objects in this subsample is too low to test our
data, we extended our subsample by including those IFRS with
photometric redshifts presented in Sect. 3.2.

Figure 6 shows the compactness as a function of the red-
shift for all ten VLBA-observed IFRS with redshift informa-
tion. The data do not provide compact objects at low redshifts,
whereas compact objects were found at higher redshifts. The
data suggest a possible correlation between compactness and
redshift for IFRS. We tested the data using a Spearman rank
correlation test (e.g. Wall & Jenkins 2012) and found a corre-
lation coefficient between 0.66 and 0.52, indicating a positive
correlation between redshift and compactness. A correlation co-
efficient of +1 and −1 represents an ideal correlation and anticor-
relation, respectively, whereas an uncorrelated data set is repre-
sented by a coefficient of 0. In our case, the probability that the
two parameters are uncorrelated is between 0.019 and 0.063. The
margin arises from the unknown compactnesses of the VLBA-
undetected sources for which only upper limits are known. We
determined this margin using a permutation test. Based on the
strong positive correlation coefficients, we suggest a correlation
between compactness and redshift for our sample of IFRS. When
considering only the VLBA-detected sources, we found a corre-
lation coefficient of 0.96 and a probability of 4.5 × 10−4 that the
parameters are uncorrelated. We cautiously note that the putative
positive correlation seems to be mainly based on the two highest-
redshift IFRS in Fig. 6 which might be outliers. Therefore, we
emphasise that this suggested correlation needs further testing.
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Fig. 7. Compactness as a function of the arcsec-scale 1.4 GHz flux den-
sity. VLBA-detected IFRS are shown by crosses and the 6.75σ upper
limits on the compactness of VLBA-undetected IFRS are shown by
black arrows. The grey horizontal lines represent – from top to bot-
tom – the mean compactness of all VLBA-detected IFRS, of all VLBA-
observed IFRS, and all VLBA-undetected IFRS, respectively. The latter
ones represent upper limits as indicated by grey arrows. The black line
shows the minimal detectable compactness depending on the arcsec-
scale flux density, based on an mean detection sensitivity of 450 µJy in
our VLBA observations.

4.2.2. Dependence of the compactness on the 1.4 GHz flux
density

Figure 7 shows the compactness as a function of the arcsec-scale
1.4 GHz flux density and includes detections and upper limits for
the non-detections. We did not find compact radio-bright IFRS,
whereas compact radio-faint IFRS are common in our sample. If
we divide our sample at an arcsec-scale flux density of 60 mJy,
we find twelve (25+7

−5%) sources with compactnesses above 0.4
and 36 (75+5

−7) sources with compactnesses below 0.4 in the
fainter subsample. At arcsec-scale flux densities above 60 mJy,
we find nine (100−17%) sources with compactnesses below 0.4
and no (0+17%) source with a compactness above 0.4. This is in
agreement with results from Deller & Middelberg (2014), who
found a statistically significant anti-correlation between com-
pactness and arcsec-scale 1.4 GHz flux density in their sample
of randomly selected radio sources. We used a Spearman rank
correlation test (e.g. Wall & Jenkins 2012) to test for putative
correlations. However, because of the significant fraction of up-
per limits in this plot, we can only narrow down the correlation
coefficient to a rather broad range. We found that the correla-
tion coefficient is between 0.39 and −0.15. Based on this test,
we cannot exclude either a positive or a negative correlation or a
decorrelation.

4.3. Individual sources

In the following, we discuss three individual sources which are
of particular interest.

Fig. 8. VLBA map of IFRS F0030. The brighter component (upper left)
has a complex morphology and a flux density of 21.8 mJy. The sec-
ond component (lower right) has a flux density of 6.0 mJy and is sepa-
rated by 442.1+0.3

−0.3 mas, corresponding to a distance between 1.7 kpc and
3.8 kpc at any reasonable redshift.

4.3.1. F0398

The only VLBA-detected IFRS with spectroscopic redshift is
F0398 at z = 2.55, showing an arcsec-scale 1.4 GHz integrated
flux density of 62.9 mJy. This corresponds to a K-corrected
1.4 GHz rest-frame luminosity of 2.3 × 1027 W Hz−1, using the
radio spectral index α = −0.72 between 20 cm and 92 cm from
Collier et al. (2014). In our VLBA observations, the source –
shown in Fig. 1 – is slightly resolved with a peak flux density
of 13.7 mJy beam−1 and an integrated flux density of 17.2 mJy,
corresponding to a luminosity of 6.3 × 1026 W Hz−1 on scales
smaller than 146 pc × 43 pc. Based on this luminosity, F0398
can be classified as Fanaroff-Riley (FR; Fanaroff & Riley 1974)
Type II. The source has a compactness of 0.283.

4.3.2. F0030

A particularly interesting source is F0030 which has two spa-
tially separated components in the VLBA map shown in Fig. 8.
The first, brighter component shows a mas-scale flux density of
21.8 mJy (S/N = 55) and is spatially resolved with a complex
morphology which is unique in our observations. The second
component shows a flux density of 6.0 mJy (S/N = 46) and
is separated by 442.1+0.3

−0.3 mas. The linear distance between both
components is between 1.7 kpc and 3.8 kpc at any redshift in the
range 0.5 ≤ z ≤ 12.

In order to obtain a rough spectral index of the components,
we separately imaged the four lower-frequency basebands and
the four higher-frequency basebands centred at 1.380 GHz and
1.508 GHz, respectively. Fluxes were measured as described in
Sect. 3.1. We obtained spectral indices of −1.2 ± 1.2 and −1.2 ±
0.6 for component 1 and 2, respectively.

4.3.3. F0257

Source F0257 – shown in Fig. 9 – consists of two individual
components. While the brighter component shows a flux density
of 5.7 mJy (S/N = 77), the weaker component is 155.5+0.2

−0.2 mas
distant and shows less than half of the other component’s flux
density (2.1 mJy beam−1, S/N = 36). This angular distance
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Fig. 9. VLBA map of IFRS F0257. The brighter component (left) has a
flux density of 5.7 mJy. The second component (right) has a flux den-
sity of 2.1 mJy and is separated by 155.5+0.2

−0.2 mas, corresponding to a
distance between 0.6 kpc and 1.3 kpc at any reasonable redshift.

corresponds to a linear distance between 0.6 kpc and 1.3 kpc. We
measured mas-scale radio spectral indices between 1.380 GHz
and 1.508 GHz of −0.3±0.4 and 0.2±0.9, respectively, for com-
ponent 1 and 2. Collier et al. (2014) measured an arcsec-scale
radio spectral index of −0.6 between 6 cm, 20 cm, and 92 cm.

4.3.4. Could double component sources be a coincidence?

Sources F0030 and F0257 have both two compact components
separated by 445 mas and 155 mas, respectively. In the follow-
ing, we estimate the probability that two close by components
are unrelated background sources. NVSS found 1.8 million ra-
dio sources in an area of 3×104 deg2, out of which less than 50%
have compact cores detectable in VLBI observations (Deller
& Middelberg 2014). This corresponds to a sky density of
1.8 × 10−6 arcsec−2. The probability of finding an additional un-
related source at a given position in an area of 0.5′′ × 0.5′′ is
therefore of the order of 5 × 10−7. Thus, we can effectively rule
out any chance that the two components found both in F0030
and F0257 are physically unrelated.

5. Discussion

Our observations increase the number of VLBI-detected IFRS
from 2 to 37. Based on our detection fraction of 61+6

−7% and a
reasonably large sample size, we find strong evidence that most
– if not all – IFRS contain AGNs. This result confirms ear-
lier studies by e.g. Garn & Alexander (2008), Middelberg et al.
(2011b), and Herzog et al. (2014), who suggested compact cores
in IFRS based on SED modelling, radio-to-IR flux density ratios,
and emission lines in optical spectra. With higher sensitivity, we
would have most likely detected more sources in our VLBA ob-
servations.

We also tested our data for different potential correlations
in Sect. 4. Although not all of them are statistically significant,
in the following, we explore the astrophysical consequences if
these results are confirmed by subsequent observations and de-
scribe how these hypotheses can be tested.

In Sect. 4.2.2, we found a tendency that radio-brighter IFRS
are less compact. Deller & Middelberg (2014) found the same

behaviour when testing the general AGN population and argued
that this anti-correlation might be explained by Doppler boosting
effects as presented by Mullin et al. (2008). Mullin et al. studied
a complete sample of narrow-line and broad-line radio galaxies
and found an anti-correlation between radio luminosity and core
prominence. They argued that higher-luminosity sources have
higher boosting factors, associated with narrower boosting solid
angles and a higher fraction of sources for which a Doppler sup-
pressed core is seen. In contrast, lower-luminosity sources have
lower boosting factors and wider solid angles, corresponding to
a lower core supression fraction and a higher compactness.

We argue that another factor might contribute to the observed
behaviour in our sample. It is known that AGNs evolve from
very compact to extended objects by forming and expanding
jets, associated with an increasing total luminosity. Namely, GPS
sources are most compact and evolve into CSS sources and fi-
nally into the largest radio galaxies, FR Type I or II (e.g. O’Dea
1998; Snellen et al. 1999; Fanti 2009). Following this sequence,
we would expect younger AGNs to be more compact than old
AGNs.

We note that both effects might overlap since they both pre-
dict a lower compactness at higher luminosities. Based on the
slightly higher VLBI detection fraction of IFRS – which is ex-
pected to be a result of higher compactnesses – compared to
the general AGN population as found in Sects. 4.1.1 and 4.1.2,
we suggest that IFRS are on average younger than the general
AGN population. This would be in agreement with results by
Middelberg et al. (2011b) and Collier et al. (2014) who found
some IFRS to be GPS and CSS sources. The higher VLBI detec-
tion fraction for IFRS classified as GPS and CSS sources com-
pared to non-classified IFRS reported in Sect. 4.1.2 also agrees
with this reasoning.

We suggest that – at least some – IFRS are young AGNs.
However, the sample presented by Collier et al. (2014) contains
IFRS with different characteristics. IFRS, which are associated
with more than one FIRST source, are clearly no GPS or CSS
sources but extended radio galaxies. Those sources would be
expected to be older and less compact than IFRS with exactly
one FIRST counterpart. We found evidence for this expected be-
haviour in Sect. 4.1.2 based on a lower detection fraction for
IFRS that are extended in arcsec-resolution images. We there-
fore suggest that these extended IFRS are on average older and
more evolved than the VLBA-detected IFRS.

We found lower mean compactnesses of our VLBA-detected
IFRS compared to the other two VLBI-detections of IFRS by
Norris et al. (2007) and Middelberg et al. (2008b). In addi-
tion to the technical explanations given in Sect. 4.2, this dis-
crepancy can also be explained by boosting effects. The IFRS
from Norris et al. and Middelberg et al. are radio-fainter than the
IFRS analysed in our work. Following the reasoning by Deller
& Middelberg (2014) that brighter objects are more likely to be
Doppler suppressed, lower compactnesses for our IFRS com-
pared to the fainter IFRS from Norris et al. and Middelberg et al.
could be expected.

In Sect. 4.2.1, we found a statistically significant corre-
lation between redshift and compactness, with higher-redshift
IFRS being more compact. Two arguments can explain this
correlation. (a) Higher-redshift objects have a tendency to be
younger than low-redshift versions of the same class of object.
Combining the increasing luminosity of GPS and CSS sources
with time and the boosting-related argument of decreasing com-
pactness with luminosity, higher-redshift – and thus younger and
fainter – IFRS would be expected to be more compact. (b) At
higher redshifts, IFRS are more likely to be located in gas-rich
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environments as shown for high-redshift galaxies (Klamer et al.
2006). The higher gas density confines these objects and keeps
them more compact.

These results are all in agreement with the scenario that IFRS
are younger and therefore less luminous compared to the general
AGN population, resulting in higher compactnesses and higher
detection fractions. However, we stress that this putative con-
nection between the age of IFRS and their VLBI properties is
not statistically significant and needs further testing.

Alternatively, the slightly higher VLBI detection fraction of
IFRS compared to the general AGN population could also be
explained by a higher dust content of IFRS, making it harder
for the jets to expand and resulting in a more compact object.
However, no evidence has been found that IFRS are obscured
by dust. On the contrary, Collier et al. (2014) and Herzog et al.
(2014) argued that the IR faintness of IFRS is not caused by dust
extinction. The SEDs resulting from our photometric redshift fit-
ting presented in Sect. 3.2 also indicate that at least some IFRS
are very blue and do not support the hypothesis that a significant
fraction of IFRS is associated with dusty galaxies.

Future observations will help to test the hypotheses made in
this work. In particular, additional VLBA observations – simi-
lar to the observations presented in this work – scheduled for
semester 15A will increase the sample size of VLBI-observed
IFRS, providing the basis for more robust tests.

We plan to match arcsec-resolution radio data at higher and
lower frequencies, enabling the measurement of spectral indices
and turnover frequencies of IFRS. This information will bring
out a putative overlap between IFRS and GPS/CSS sources and
provide further insights into the evolutionary status of IFRS
(Herzog et al., in prep.).

Radio observations – exposing the intermediate-resolution
morphologies of IFRS – could discriminate between the two
mechanisms which may be responsible for the lower compact-
ness of brighter objects: beaming and age. If beaming is the
predominant cause for this effect, the radio-fainter IFRS should
mainly be one-sided objects (core-jet) since a beaming effect is
more likely to be seen for fainter objects as discussed above.
In contrast, radio-brighter IFRS would be expected to show a
more symmetric structure. However, if the anti-correlation be-
tween compactness and arcsec-scale radio flux density is mainly
driven by the age of the objects, no difference in the morphol-
ogy would be expected, although radio-brighter objects should
be larger.

Two IFRS stand out from our sample since they were found
to be composed of two mas-scale components, separated by a
few hundred mas. There are four different explanations for those
sources which we now discuss.

(i) GPS/CSS double lobe sources: it is known that GPS and
CSS double lobe sources can appear as separate compo-
nents in VLBI observations (Snellen et al. 2003). In that
case, the two components would be hot-spots in the two jets
and steep spectral indices would be expected (e.g. Hovatta
et al. 2014), while the VLBI-undetected core of the source
would be between both components. GPS sources are usu-
ally smaller than 1 kpc (O’Dea 1998), whereas CSS sources
show extensions of a few to a few tens of kpc (Fanti 2009;
Randall et al. 2011).

(ii) Compact core and jet of a GPS or CSS source: related to
the first scenario, the two components could be the com-
pact core of the AGN and a hot-spot in one jet. In that
case, the spectral indices of both components can be dif-
ferent. While the hot-spot should provide a steep spectrum

as discussed above, the core component would most likely
provide a flat spectrum. However, the core spectrum could
also be steep (Hovatta et al. 2014).

(iii) Gravitational lensing: the appearence of two components
can also be explained by gravitational lensing (e.g. Porcas
1998). In that case, the emission seen as two components
would originate from one distant source whose emission is
deflected by the gravitation of a nearby object. Therefore,
similar spectral indices for the two components are ex-
pected. In F0030 and F0257, the two components are too
close to find a potential gravitational lensing effect in opti-
cal images.

(iv) Binary black hole: the two components could also be a bi-
nary black hole (e.g. Burke-Spolaor 2011). In that case, the
spectral indices of the components could be flat or steep or
mixed as discussed in (ii) for the compact core.

Based on the available data, we are not able to exclude any of
those four different explanations because of the large error bars
on the spectral indices. F0030 is unlikely to be a GPS source
because of the linear size of more than 1.7 kpc. Following the
correlation between intrinsic peak frequency and linear size of
compact AGNs presented by O’Dea & Baum (1997), F0030
would be expected to show a rest-frame turn-over frequency of
less than a few hundred MHz. Particularly, F0030 has different
characteristics than the high-redshift (z = 5.774) steep spectrum
source J0836+0054 (Petric et al. 2003; Frey et al. 2005). This
RL quasar shows arcsec-scale properties (S 1.4 GHz = 1.75 mJy,
α = −0.8) similar to those of IFRS. However, in contrast to
F0030, J0836+0054 has a second arcsec-scale radio component
which was undetected in VLBI observations and is most likely
associated with a lower-redshift galaxy.

6. Conclusion

We observed 57 IFRS with the VLBA and detected compact
emission in 35 of them. Based on these observations, we draw
the following conclusions.

– We tested the hypothesis that IFRS contain AGNs. Our ob-
servations finally confirm the suggested compact cores in
the majority of – if not all – IFRS, establishing IFRS as a
new class of AGN. Our data increase the number of VLBI-
detected IFRS from 2 to 37.

– Our data suggest that radio-brighter IFRS are on average less
compact. This finding agrees with the evolutionary scenario
that young AGNs evolve by expanding jets, becoming radio
brighter and less compact with time. However, boosting ef-
fects may play a role, too.

– We found a marginal tendency for IFRS to show a higher
VLBI detection fraction compared to randomly selected
sources with mJy arcsec-scale flux densities, i.e. mainly
AGNs. In our sample, the detection fraction is higher for
IFRS with exactly one FIRST counterpart and for IFRS clas-
sified as GPS and CSS sources.

– A statistically significant correlation between redshift and
compactness was found in our data for IFRS with higher-
redshift sources to be more compact. This is in agreement
with higher-redshift sources being located in denser environ-
ments and having a tendency to be younger.

– Two sources show two components each, separated by be-
tween 0.4 kpc and 3 kpc at any reasonable redshift. These
components might be jet/jet or core/jet components of an
AGN, a binary black hole, or arising from gravitational
lensing.
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All our findings are in agreement with the scenario that IFRS
contain young AGNs which are in an early stage of their evolu-
tion. Their jets are not yet formed or expanded significantly, re-
sulting in a very compact source. When evolving, the jets expand
and the total radio fluxes of the sources increase, while the com-
pactnesses decrease at the same time. We note that some IFRS
already formed jets as known from arcsec-resolution maps.

Our analyses in this work were limited because of the low
number of objects in relevant subsamples. Based on new data
from VLBA observations of IFRS in semester 15A and planned
lower-resolution observations, we are aiming at extending our
study and further testing the hypotheses presented in this work.
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4
Infrared-faint radio sources remain

undetected at far-infrared wavelengths

The extreme character of IFRSs has been quantified by their enormous radio-to-IR flux den-

sity ratios (e.g. Huynh et al., 2010; Middelberg et al., 2011; Norris et al., 2011a). Whereas

starburst galaxies are known to have ratios of the order of one, RQ and RL quasars are char-

acterised by ratios below one and a few tens, respectively (Norris et al., 2011a). In contrast,

IFRSs have radio-to-IR flux density ratios exceeding 500, following the selection criterion

from Zinn et al. (2011). However, most IFRSs show significantly higher ratios. Since most

IFRSs are undetected at 3.6 µm, only lower limits on the ratio are known, where these limits

easily exceed a few thousand. Zinn et al. find IFRS CS703 to have the highest radio-to-IR

flux density ratio of an IFRS, given by a lower limit of 8700. Maini et al. (2013) update this

limit to > 12 784.

Norris et al. (2011a) show that this ratio of IFRSs is significantly different from that of

most classes of galaxy frequently found at high redshifts. However, a class of very rare
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objects has been found to show similar radio-to-IR flux density ratios to those of IFRSs: the

class of HzRGs, with ratios of a few hundred up to tens of thousand.

High-redshift radio galaxies are very powerful radio galaxies at high redshifts, defined

by two selection criteria (Seymour et al., 2007; De Breuck et al., 2010):

z ≥ 1 and

L3 GHz ≥ 1026 W Hz−1 ,
(4.1)

where the highest-redshift HzRG has been found at z = 5.2 (Seymour et al., 2007). These

galaxies are very massive with stellar masses of 1011 − 1011.5 M� even at highest redshifts.

They are expected to be the progenitors of the most massive elliptical galaxies in the local

universe and to be located in dark matter overdensities (Miley and De Breuck, 2008).

Evidence for this hypothesis has been added based on the K− z correlation which HzRGs

were found to follow. The K − z correlation has been known for radio galaxies for three

decades (Lilly and Longair, 1984; Jarvis et al., 2001; Willott et al., 2003; Rocca-Volmerange

et al., 2004). It connects the near-IR K band—centred at 2.2 µm—magnitude with the red-

shift (“Hubble K band diagram”) and reveals a tight correlation holding to z ∼ 1. Towards

higher redshifts, the observed K band starts to sample rest-frame optical emission, resulting

in moderate scatter in the continuing correlation. Therefore, the existence of this correlation

to z ∼ 4 is still puzzling. In any case, the K − z correlation has been used as a successful tool

to find radio galaxies at high-redshift.

The class of HzRGs has IR luminosities L8−1000 µm above 1011 L�, 1012 L�, or 1013 L�

which would classify these objects as LIRGs, ULIRGs, and hyper-luminous IR galaxies

(HyLIRGs), respectively, if their enormous radio power was unknown (Seymour et al., 2007;

Drouart et al., 2014). Similar IR luminosities are found for some quasars and radio galax-

ies in the 3CRR catalogue, suggesting that HzRGs have a hidden quasar in their centre, i.e.

a SMBH accreting at rates (1 M� yr−1 to 100 M� yr−1) close to the Eddington limit (Ogle

et al., 2006; Fernandes et al., 2011; Drouart et al., 2014). The SMBHs of HzRGs are known

to be very massive (3 × 109 − 2 × 1010 M�; Nesvadba et al., 2011). Instead, star forming

activity cannot explain the IR luminosities (Seymour et al., 2007), although SFRs between

100 M� yr−1 and 5000 M� yr−1 are suggested (Archibald et al., 2001; Reuland et al., 2004;

Drouart et al., 2014). Since HzRGs are known to harbour active SMBHs and vigorous star
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formation, these galaxies are important objects to study the highly debated connection be-

tween AGN and star forming activity, referred to as feedback (see section 1.2.2).

Crucial for understanding the evolution of star forming activity is knowledge about the

content of molecular gas—the key ingredient for star formation activity—in the galaxy. Ob-

servational studies and simulations find evidence that galaxies at high redshifts have a much

larger ratio of molecular gas to total mass than nearby spirals (Obreschkow and Rawlings,

2009; Daddi et al., 2010; Tacconi et al., 2010). Carbon monoxide 12CO is a tracer of H2

and is used to estimate the molecular hydrogen content in some HzRGs, suggesting a few

1010 M� (Emonts et al., 2011a,b). In particular, 12CO is found to be aligned with the radio

jets in some of the sources, potentially pointing at jet-induced star formation (Emonts et al.,

2014).

The object MRC 1138-26, also referred to as spiderweb galaxy, is a prominent example

of the class of HzRGs at z = 2.156. Its name was inspired by several satellite galaxies,

interpreted as “flies”, with the radio galaxy as centre of this proto-cluster. It is expected that

the central galaxy will further on interact with these companion galaxies, e.g. by merging.

The spiderweb galaxy is very radio-luminous (L500 MHz = 1.2 × 1029 W Hz−1; De Breuck

et al., 2010) with a massive black hole (2 × 1010 M�; Nesvadba et al., 2011), accreting at

20% of the Eddington rate (Seymour et al., 2012). It is expected to harbour one of the most

powerful AGNs, providing no evidence for significant extinction (Seymour et al., 2012). The

spiderweb galaxy also shows high star forming activity (SFR ∼ 1200 M� yr−1; Ogle et al.,

2012). Seymour et al. (2012) suggest that the spiderweb galaxy is undergoing a transition

from merger-induced starburst phase to an AGN phase.

Since HzRGs are the only known high-redshift objects sharing the enormous radio-to-IR

flux density ratios of IFRSs, a connection between those two classes of objects has been

suggested (Norris et al., 2011a). All IFRSs with spectroscopic redshifts fulfil the selection

criteria of HzRGs as shown in chapters 2 (Herzog et al., 2014) and 3 and were found to

be consistent with the S3.6µm − z correlation of HzRGs. However, HzRGs are generally

radio-brighter than IFRSs with flux densities of a few hundred mJy compared to a few or

a few tens of mJy for the IFRSs in the deep fields. Also the brighter IFRSs, presented by

Collier et al. (2014), are radio-fainter than HzRGs. For those IFRSs with spectroscopic

redshifts, the radio luminosities were found to be around one order of magnitude lower than

those of HzRGs (see chapter 2; Herzog et al., 2014). Similarly, IFRSs are IR-fainter than
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HzRGs. Whereas most IFRSs in the deep fields are undetected at 3.6 µm down to 3 µJy,

the vast majority of HzRGs have detected 3.6 µm counterparts of a few tens of µJy, some

even above 100 µJy (Seymour et al., 2007). However, there is an overlap with the class of

IFRSs since one third of the sample of HzRGs presented by Seymour et al. have 3.6 µm flux

densities below 30 µJy, fulfilling the IFRS selection criteria from Zinn et al. (2011).

Further, the sky density of IFRSs—a few per square degree—is three orders of magni-

tude higher than that of HzRGs of which less than 200 are known on the entire sky (Miley

and De Breuck, 2008). Based on the suggested link between IFRSs and HzRGs and the

fainter appearance of the former class, Norris et al. (2011a) hypothesise that IFRSs might be

(a) higher-redshift versions of HzRGs, or (b) fainter siblings of HzRGs at similar redshifts.

Based on the spectroscopic redshift presented in chapter 2 (Herzog et al., 2014), IFRS

S265 has been observed with the ATCA in a pilot project to search for CO in this source

and to test whether IFRSs have similar CO properties than HzRGs (M. Y. Mao, A. Herzog,

et al., in prep.). The data provide a tentative detection, though additional observations are

needed for confirmation. However, this preliminary result adds evidence to the suggested

link between IFRSs and HzRGs. In particular, the CO in S265 is not detected in the centre of

that galaxy, but aligned with a radio extension, similar to the finding by Emonts et al. (2014)

for HzRGs. If IFRSs have high masses of cold molecular gas as indicated by the tentative

detection, blind CO observations with radio telescopes covering a wide bandwidth and high

sensitivity—e.g. ATCA, VLA, or ALMA—would be very promising to measure redshifts

using the CO emission lines. Redshift information for the median IFRS in deep fields is

crucial. However, since these IFRSs are undetected in the optical and IR regime, it is hardly

feasible to obtain this information from optical spectroscopic observations.

The presence of active SMBHs in the majority of IFRSs has been confirmed based on

VLBI observations as presented in chapter 3 (Herzog et al., 2015a). This finding implies

that nuclear activity is a significant contributor to the bolometric luminosity of these ob-

jects. Generally, the bolometric luminosity of high-redshift galaxies is dominated by emis-

sion from the AGN or by starburst activity. Therefore, it is crucial to study the star forming

properties of IFRSs and to determine how this process contributes to their energy output.

In particular, the question arises whether IFRSs show similar starburst activity than HzRGs

with SFRs of the order of hundreds or thousands of solar masses per year. In the following

paper, these questions were asked. Basis for this study are FIR observations of six IFRSs,
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fulfilling the selection criteria from Zinn et al. (2011), carried out with the Herschel Space

Observatory (Pilbratt et al., 2010) between 100 µm and 500 µm, covering a so-far unexplored

wavelength regime of IFRSs.

Observations using the two photometric instruments on board the Herschel Space Ob-

servatory1—the Photodetecting Array Camera and Spectrometer (PACS; Griffin et al., 2010)

and the Spectral and Photometric Imaging Receiver (SPIRE; Poglitsch et al., 2010)—enable

studies of IR emission produced by both star forming and AGN activity. SPIRE observed

simultaneously in three wavebands centred at 250 µm, 350 µm, and 500 µm, picking up the

starburst emission in high-redshift (z & 2) AGNs (Hatziminaoglou et al., 2010). In contrast,

the three wavebands of PACS—centred at 70 µm, 100 µm, and 160 µm, whereof two could

be used simultaneously—mainly trace the rest-frame mid-IR emission of the high-redshift

AGN itself.

These Herschel FIR observations of the six most extreme IFRSs—characterised by radio-

to-IR flux density ratios exceeding 2300, two even above 12 000—are presented in the paper

below. All targeted sources remain undetected at all five wavelengths, putting valuable con-

straints on the SEDs of these sources. In the paper, these constraints are used to model

the broadband SEDs of IFRSs in the redshift range 1 ≤ z ≤ 12. SED templates of dif-

ferent galaxies—including starburst galaxies and AGNs—were shifted to different redshifts.

Figure 4.1 presents the results of this modelling in a different way than in the paper below.

Whereas Fig. 5 in the paper shows the cumulative fractional deviation of the respective tem-

plates from the photometric data of IFRSs as a function of redshift, the plots here visualise

whether the templates are consistent with the individual characteristics of IFRSs. These are

(a) the 1.4 GHz flux density, (b) the 3.6 µm flux density upper limit, (c) the radio-to-IR flux

density ratio, and (d) the FIR non-detections, represented by the 100 µm flux density. The

1.4 GHz flux densities of these IFRSs are between 7 mJy and 28 mJy, their median 3.6 µm

flux density is below 1.2 µJy, their radio-to-IR flux density ratio above 2000, and their me-

dian 100 µm flux density below 2.3 mJy. These allowed ranges in the respective parameter

spaces are indicated by the green shaded areas.

All galaxies exclusively powered by star forming activity—M 82 and Arp 220—cannot

reproduce the radio flux densities of IFRSs at any redshift in the range 1 ≤ z ≤ 12. Only RL

1The operation of Herschel stopped on 29 April 2013 when the telescope ran out of liquid helium which
was needed to cool the instruments.
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Figure 4.1: Broadband SED modelling for the IFRSs observed with Herschel. Presented are
(from top to bottom) the 1.4 GHz flux density, the 3.6 µm flux density, the 1.4 GHz to 3.6 µm
flux density ratio, and the 100 µm flux density, as a function of redshift for different galaxies.
No scaling has been applied and no extinction added to the templates, corresponding to
Fig. 4 and the upper left subplot in Fig. 5 in the paper below. Green shaded areas show the
allowed regions of IFRSs in the respective parameter space; objects in red shaded areas are
inconsistent with the photometric constraints of the IFRSs observed with Herschel.
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objects—3C 273, 3C 48, Cygnus A, F00183, the RL HyLIRG, and the spiderweb galaxy—

are able to meet the radio criterion. However, F00183 and the RL HyLIRG are inconsistent

with the IR flux densities and the flux density ratio. 3C 273 and 3C 48 have radio-to-IR

flux density ratios of around 2000—consistent with the ratio of IFRSs—but these sources

are too bright at 3.6 µm even if shifted to z & 5. In contrast, the spiderweb galaxy and

Cygnus A in the redshift ranges z & 8 and 5 . z . 8.5, respectively, are consistent with the

observed radio and near-IR flux densities of IFRS as presented in the paper below. These

redshifts obtained from the SED modelling are higher than any spectroscopic redshift found

for IFRSs as discussed in chapters 2 (Herzog et al., 2014) and 3. However, these six IFRSs

observed with Herschel are fainter at 3.6 µm than all IFRSs with spectroscopic redshifts.

Assuming the suggested correlation between 3.6 µm flux density and redshift (see chapters 2

and 3) applies to these IR-faintest IFRSs, it is speculated that this sub-class of IFRSs may

exist at z & 5. This is consistent with the findings in the SED modelling presented in the

paper below.

Near-IR flux densities of a few tens of µJy prevented the templates of 3C 48 and 3C 273

at z & 5 to meet the photometric characteristics of IFRSs. Additional dust obscuration—

suggested e.g. by Norris et al. (2011a) to cause the IR faintness of IFRSs—could dim the

observed near-IR flux. At the expected redshifts of IFRSs, the observed 3.6 µm emission

corresponds to the optical rest-frame regime. To test whether dust obscuration can make

these SED templates consistent with the IR faintness of IFRSs, the Calzetti et al. (2000)

reddening law was used to modify the templates by additional amounts of extinction. The

wavelength-dependent observed flux density Sobs(λ) is given by Sobs(λ) = Sint(λ)10−0.4Aλ ,

where Sint is the intrinsic flux density. The extinction Aλ at wavelength λ is related to the

colour excess E(B − V ) by Aλ = k (λ)E(B − V ) =
k (λ) AV

RV
with RV = 4.05 and the extinc-

tion AV . Calzetti et al. parameterised the reddening curve k (λ) by

k (λ) =


2.659

(
− 2.156 + 1.509

λ − 0.198
λ2 + 0.011

λ3

)
+ RV 0.12 µm ≤ λ ≤ 0.63 µm

2.659
(
− 1.857 + 1.040

λ

)
+ RV 0.63 µm ≤ λ ≤ 2.20 µm .

(4.2)

The energy absorbed by dust at optical and near-IR wavelengths is then reprocessed and

re-emitted at rest-frame mid- and far-IR wavelengths. In the SED modelling presented in

the paper below, energy conservation was applied to test whether the FIR non-detections are
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consistent with additional dust needed to squeeze the SED templates below the near-IR flux

density upper limits of IFRSs. The thermal dust emission Sν was assumed to be given by a

modified black-body spectrum,

Sν ∝ Bν (T )ε ν , (4.3)

where ε ν ∝ ν β is the emissivity function at frequency ν (e.g. Franceschini, 2000). The

spectral index β depends on dust grain size and composition and is expected to be between

1 and 2 (Draine and Lee, 1984). Bν (T ) is the black-body spectrum given by

Bν (T ) =
2hν3

c2

1

exp
(

hν
kBT

)
− 1

, (4.4)

where h is the Planck constant, c the speed of light in the medium, kB the Boltzmann con-

stant, and T the temperature. The model was simplified by assuming that the thermal emis-

sion is given by only one dust temperature.

To test whether the SED templates of 3C 273 or 3C 48 can be modified to be consistent

with the characteristics of IFRSs, extinction was added to these—and all other—templates

if the observed 3.6 µm flux densities were inconsistent with the flux density upper limit of

IFRSs. This is presented in the paper below (lower left subplot in Fig. 5). Here, additional

diagnostic plots of the resulting modelling are shown in Fig. 4.2, providing more informa-

tion about the consistency between the different templates,—obscured by additional dust if

required—and the characteristics of IFRSs. The analysis shows that the templates of 3C 273

and 3C 48 can indeed be modified to match the 3.6 µm non-detections of IFRSs. Additional

dust extinction of the order of 1 mag needed to be added to the 3C 48 SED template in the

redshift range 5 . z . 9. For 3C 273, around 2 mag of extinction were needed at z & 8.

However, at z . 7, both templates exceed the 24 µm flux density upper limits of IFRSs.

This is not visible from Fig. 4.2 and shows the complexity of the parameter space that has

to be controlled to model the broadband SEDs of IFRSs. Summarising, some RL AGN tem-

plates can be modified by additional dust extinction to be consistent with the characteristics

of IFRSs if placed at redshifts z & 5.

A detailed description of the different approaches carried out to compare modified SEDs

of known galaxies to the characteristics of IFRSs is given in the paper below. These ap-

proaches include shifting the SED templates to different redshifts, scaling them in luminos-

ity, and adding dust extinction. The paper concludes that all modified templates found to be
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Figure 4.2: Broadband SED modelling for the IFRSs observed with Herschel, similar to
Fig. 4.1. However, here, extinction has been added to the templates where required, corre-
sponding to the lower left subplot in Fig. 5 in the paper below.
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consistent with the data of IFRSs would be classified as HzRGs. In particular, the modelling

is consistent with IFRSs being (a) siblings of HzRGs with similar luminosities at higher red-

shifts (z & 5), and (b) fainter versions of HzRGs at similar redshifts (2 . z . 5). Also,

upper limits of IR luminosity, SFR, and black hole accretion rate of IFRSs—obtained from

modelling the radio-IR SED of IFRSs based on the FIR flux density upper limits—are found

to be consistent with numbers of HzRGs.

The remainder of this chapter has been accepted for publication as

Infrared-faint radio sources remain undetected at far-infrared wavelengths:
Deep photometric observations using the Herschel Space Observatory

A. Herzog, R. P. Norris, E. Middelberg, L. R. Spitler, C. Leipski, and Q. A. Parker
Astronomy & Astrophysics, 580, A7 (2015).

This paper presents photometric Herschel observations of six IFRSs, leaving all sources
undetected in any of the five FIR wavebands. Also a stacking analysis did not provide
a detection. Based on these results and ancillary data in the radio and near- and mid-IR
regime, a comprehensive broad-band SED modelling was accomplished. In this approach,
SED templates of known galaxies were tested against the photometric data of IFRSs. First,
the templates were only shifted in redshift; in later attempts, they were modified in lumi-
nosity and additional dust extinction was added. The analysis shows that all consistent
SED templates fulfil the selection criteria of HzRGs. Finally, the IR SED of IFRSs was
modelled to constrain the maximum luminosity based on the FIR flux density upper lim-
its. Luminosities and estimates on star formation and accretion rates were found to be
consistent with corresponding numbers of HzRGs.

I was responsible for leading the work presented in the following manuscript. I cali-
brated the Herschel data and measured flux densities using the Herschel Interactive Pro-
cessing Environment (HIPE; Ott, 2010) based on template pipeline scripts provided in
HIPE and by C. Leipski that I used to build an appropriate pipeline script for our obser-
vations. I then stacked the near-, mid-, and far-IR maps using my own python script.
Further, I used the available photometric data to model the broad-band SEDs of IFRSs
based on an automatised python script that I wrote for this purpose. I also modelled
the IR SEDs of IFRSs, again using python. Finally, I wrote the manuscript. R. P. Norris,
E. Middelberg, and L. R. Spitler supervised the work and provided continuous discussions
on the methodology and astrophysical interpretation. E. Middelberg proposed and sched-
uled the Herschel observations providing the basis of this work. C. Leipski contributed
with helpful discussions about the data calibration and photometry. He also provided
template scripts for the calibration and photometry. All co-authors contributed with dis-
cussions to the final manuscript. My contribution to the work presented in this manuscript
is 90%.

Credit: Herzog et al., A&A, 580, A7, 2015, reproduced with permission c© ESO.
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ABSTRACT

Context. Showing 1.4 GHz flux densities in the range of a few to a few tens of mJy, infrared-faint radio sources (IFRS) are a type of
galaxy characterised by faint or absent near-infrared counterparts and consequently extreme radio-to-infrared flux density ratios up to
several thousand. Recent studies showed that IFRS are radio-loud active galactic nuclei (AGNs) at redshifts &2, potentially linked to
high-redshift radio galaxies (HzRGs).
Aims. This work explores the far-infrared emission of IFRS, providing crucial information on the star forming and AGN activity of
IFRS. Furthermore, the data enable examining the putative relationship between IFRS and HzRGs and testing whether IFRS are more
distant or fainter siblings of these massive galaxies.
Methods. A sample of six IFRS was observed with the Herschel Space Observatory between 100 µm and 500 µm. Using these results,
we constrained the nature of IFRS by modelling their broad-band spectral energy distribution (SED). Furthermore, we set an upper
limit on their infrared SED and decomposed their emission into contributions from an AGN and from star forming activity.
Results. All six observed IFRS were undetected in all five Herschel far-infrared channels (stacking limits: σ = 0.74 mJy at 100 µm,
σ = 3.45 mJy at 500 µm). Based on our SED modelling, we ruled out the following objects to explain the photometric characteristics
of IFRS: (a) known radio-loud quasars and compact steep-spectrum sources at any redshift; (b) starburst galaxies with and without an
AGN and Seyfert galaxies at any redshift, even if the templates were modified; and (c) known HzRGs at z . 10.5. We find that the
IFRS analysed in this work can only be explained by objects that fulfil the selection criteria of HzRGs. More precisely, IFRS could be
(a) known HzRGs at very high redshifts (z & 10.5); (b) low-luminosity siblings of HzRGs with additional dust obscuration at lower
redshifts; (c) scaled or unscaled versions of Cygnus A at any redshift; and (d) scaled and dust-obscured radio-loud quasars or compact
steep spectrum sources. We estimated upper limits on the infrared luminosity, the black hole accretion rate, and the star formation rate
of IFRS, which all agreed with corresponding numbers of HzRGs.

Key words. techniques: photometric – galaxies: active – galaxies: high-redshift – galaxies: star formation – infrared: galaxies

1. Introduction

A new class of extreme radio galaxies, which are characterised
by their infrared (IR) faintness and their enormous radio-to-
IR flux density ratios, has recently been found in deep sur-
veys: the class of infrared-faint radio sources (IFRS; Norris et al.
2006). While various suggestions had been presented to explain
the extreme characteristics of these objects, recent observations
clearly indicate that IFRS are radio-loud (RL) active galactic
nuclei (AGNs) at high redshifts.

Infrared-faint radio sources were first discovered in the
Chandra Deep Field South (CDFS) and the European Large
Area Infrared space observatory Survey South 1 (ELAIS-S1)
field of the Australia Telescope Large Area Survey (ATLAS) by
Norris et al. (2006) and Middelberg et al. (2008a), respectively.

? Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with
important participation from NASA.

The radio maps at 1.4 GHz provided detections with flux densi-
ties in the order of tenths to tens of mJy, whilst the co-located
Spitzer Wide-area Infrared Extragalactic Survey (SWIRE;
Lonsdale et al. 2003) showed only a faint or, in most cases, no
IR counterpart at 3.6 µm with a noise σ = 1 µJy. Later, Zinn
et al. (2011) defined the class of IFRS by two selection criteria:

(i) radio-to-IR flux density ratio S 1.4 GHz/S 3.6 µm > 500; and
(ii) 3.6 µm flux density S 3.6 µm < 30 µJy.

The enormous radio-to-IR flux density ratios imply that IFRS are
clear outliers from the radio-IR correlation. The second criterion
implicates a distance selection, preventing ordinary objects of
redshift .1.4 from being included in the class of IFRS. In ad-
dition to the detections by Norris et al. (2006) and Middelberg
et al. (2008a), IFRS were later found in the Spitzer extragalactic
First Look Survey (xFLS) field by Garn & Alexander (2008),
in the Cosmological Evolution Survey (COSMOS) by Zinn
et al. (2011), in the European Large Area IR space observatory
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Survey North 1 (ELAIS-N1) by Banfield et al. (2011), and
in the Lockman Hole field by Maini et al. (2015). In total,
around 100 IFRS have been found in these deep fields at a sky
density of a few per square degree.

Recently, Collier et al. (2014) found 1317 IFRS in shal-
low all-sky catalogues, that satisfied both selection criteria given
above. They used the Unified Radio Catalog (URC; Kimball
& Ivezić 2008) based on the NRAO VLA Sky Suvey (NVSS;
Condon et al. 1998) and data from the all-sky Wide-Field
Infrared Survey Explorer (WISE; Wright et al. 2010). Collier
et al. replaced S 3.6 µm by S 3.4 µm. All IFRS in that sample pro-
vide an IR counterpart at 3.4 µm and have radio flux densities
above 7.5 mJy at 1.4 GHz, some of them exceeding 100 mJy. By
this, the IFRS in this sample are on average radio-brighter than
the IFRS found in the deep fields by around one order of mag-
nitude. Since the WISE sensitivity is non-uniform, Collier et al.
could only set a lower limit on the sky density of IFRS with a
radio flux density above 7.5 mJy of ∼0.1 deg−2.

First attempts to explain the existence of IFRS included
lobes or hotspots of radio galaxies, obscured star forming galax-
ies (SFGs), pulsars or high-redshift RL galaxies. Later re-
sults (for an overview, see Collier et al. 2014 and references
therein) provided evidence that IFRS are indeed RL AGN at high
redshifts.

Norris et al. (2007) and Middelberg et al. (2008b) used very
long baseline interferometry (VLBI) to confirm the presence of
active nuclei in two IFRS. Recently, Herzog et al. (2015) de-
tected 35 out of 57 IFRS in VLBI observations, unquestion-
ably confirming that at least a significant fraction of all IFRS
contains AGN.

Garn & Alexander (2008) and Huynh et al. (2010) present
the first spectral energy distribution (SED) modelling of IFRS
and find that 3C sources (for example 3C 273) can reproduce the
observational data when redshifted to z & 2. Furthermore, Garn
& Alexander and Huynh et al. conclude that obscured SFGs can-
not explain the characteristics of IFRS since the radio-to-IR flux
density ratios of IFRS significantly exceed those of SFGs. This
finding suggests the presence of an AGN in IFRS, too.

Recently, the first spectroscopic redshifts of IFRS were
found, confirming the suggested high-redshift character of this
class of objects. Collier et al. (2014) find 19 redshifts for their
all-sky sample of IFRS, all but one in the range 2 < z < 3.
The outlier is expected to be a misidentification or an SFG with
an AGN in its centre. Herzog et al. (2014) measured redshifts
of three IFRS in the deep ATLAS fields based on optical spec-
troscopy from the Very Large Telescope (VLT) and found them
to be in the range 1.8 < z < 2.8. The IFRS with spectroscopic
redshifts, both from Collier et al. and Herzog et al., lie at the
IR-bright boundary of this class of objects with IR flux densities
between 14 µJy and 30 µJy at 3.6 µm or 3.4 µm. Both Collier
et al. and Herzog et al. suggest that the IFRS with measured
spectroscopic redshifts are the closest ones and that IR-fainter
IFRS are at even higher redshifts.

Additionally, the results by Collier et al. (2014) and Herzog
et al. (2014) finally disposed of the alternative hypothesis that
IFRS are hotspots of spatially separated radio galaxies. If the
IR detections were real counterparts of the radio detections, the
redshift distribution of these objects would be expected to fol-
low that of Fanaroff Riley type 2 (FRII) galaxies which peaks
at z ∼ 1. In contrast, if the IR detections were spurious asso-
ciations to the radio emission, their redshift distribution would
be expected to follow that of star forming galaxies, peaking at
z ∼ 0. Both cases are in clear disagreement with the observed

redshift distribution of IFRS, providing redshifts only in the
regime 1.8 . z . 3.0.

Based on the redshifts measured in their work, Herzog
et al. (2014) present the first redshift-based SED modelling
of IFRS. They find the templates of an RL AGN (3C 273)
and a compact-steep spectrum (CSS) source (3C 48) in agree-
ment with all available photometric data, while an ultraluminous
IR galaxy (ULIRG, Arp 220) or a Seyfert galaxy (Mrk 231) are
clearly ruled out.

Huynh et al. (2010) and Middelberg et al. (2011) first pointed
out a potential similarity between IFRS and high-redshift radio
galaxies (HzRGs). HzRGs are a class of powerful radio galax-
ies (L3 GHz > 1026 W Hz−1) at high redshifts (z ≥ 1). They are
amongst the most massive and most luminous galaxies in the
early universe and are expected to be the progenitors of the most
massive galaxies in the local universe (e.g. Seymour et al. 2007;
De Breuck et al. 2010). Moreover, HzRGs are known to host
powerful AGNs and to show high star formation rates (SFRs).
Therefore, they are an important tool to study galaxy evolu-
tion and the interplay between AGNs and star forming activity.
However, HzRGs are rare objects; only around 100 of these ob-
jects are known in the entire sky, located at redshifts 1 ≤ z . 5.

Huynh et al. note that IFRS have similar mid-IR to radio flux
density ratios to those of HzRGs. Middelberg et al. studied the
radio properties of IFRS in the ELAIS-S1 field and find steep
radio spectra between 2.3 GHz and 8.4 GHz with a median of
α = −1.41 and no index larger than −0.7. This is steeper than
the general radio souce population (α = −0.86) and the AGN
source population (α = −0.82) in that field. Middelberg et al.
find that the radio spectra are even steeper than those of the sam-
ple of HzRGs by Seymour et al. (2007), showing a median radio
spectral index α = −1.02. HzRGs are the only objects known at
significant redshifts sharing the extreme radio-to-IR flux densi-
ties of IFRS in the order of thousands as shown by Norris et al.
(2011). Furthermore, Norris et al. suggest that IFRS might fol-
low the correlation between 3.6 µm flux density and redshift
found for the sample of HzRGs by Seymour et al., similar to
the K − z relation for other radio galaxies (Willott et al. 2003).

Collier et al. (2014) and Herzog et al. (2014) tested this hy-
pothesis in the reachable redshift range between 2 and 3 and find
IFRS follow this correlation. This adds evidence to the sugges-
tion that IR-fainter IFRS are located at even higher redshift, po-
tentially reaching z ≈ 5 or 6. Furthermore, Herzog et al. show
that the radio luminosities of IFRS are in the same range as
for HzRGs, although IFRS lie at the lower bound of the radio
luminosity distribution of HzRGs.

Besides these similarities between IFRS and HzRGs, there
is one significant difference. While HzRGs are rare objects of
which only around 100 are known in the entire sky, IFRS are
much more abundant. The observed sky density of IFRS in the
ATLAS fields is around 5 deg−2; Zinn et al. (2011) estimate a
survey-independent sky density of (30.8 ± 15.0) deg−2.

Summarising, there is growing evidence that IFRS are re-
lated to HzRGs in the sense that IFRS are fainter, but much
more abundant siblings of HzRGs, potentially at even higher red-
shifts. HzRGs are known to be vigorously forming stars while
harbouring AGNs in their centres. Both components dominate
the emission of galaxies in the IR regime. Observations at far-
infrared (FIR) wavelengths are a key test for the hypothesis that
IFRS are related to HzRGs.

Here, we analyse the IR and particularly the FIR regime of
IFRS based on Herschel observations. Results in this wavelength

1 The spectral index is defined as S ∝ να.
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range will enable us to further study the suggested link between
IFRS and HzRGs.

This paper is organised as follows. In Sect. 2, we describe the
sample selection of the observed IFRS and the observations with
Herschel. The calibration of the resulting data and the mapping
is presented in Sect. 3. In Sect. 4, we describe the photometry
and the consequent stacking analysis. We use the resulting flux
density upper limits in Sect. 5 for two different modelling ap-
proaches. First, we model the broad-band SED of IFRS based
on SED templates of known galaxies (Sect. 5.1). In a second ap-
proach, we set an upper limit on the IR SED of IFRS in order
to constrain their IR emission (Sect. 5.2). Based on the latter fit-
ting, we estimate the black hole accretion rate and upper limits
for the star formation rate. Finally, in Sect. 6, we present our
conclusion. In this paper, we use flat ΛCDM cosmological pa-
rameters ΩΛ = 0.7, ΩM = 0.3, H0 = 70 km s−1 Mpc−1 and the
calculator by Wright (2006).

2. Sample and observations

Six IFRS from the sample compiled by Zinn et al. (2011)
were photometrically observed with the ESA Herschel Space
Observatory (Pilbratt et al. 2010), using the instruments
PACS (Photodetecting Array Camera and Spectrometer; Griffin
et al. 2010) and SPIRE (Spectral and Photometric Imaging
Receiver; Poglitsch et al. 2010). The sources were selected to
be comparatively bright in the radio regime, showing 1.4 GHz
flux densities between 7 mJy and 26 mJy, and to provide high
radio-to-IR flux density ratios (see Table 1 also in the follow-
ing). Since all observed sources are undetected in the SWIRE
data between 3.6 µm and 24 µm, their S 1.4 GHz/S 3.6 µm lower
limits based on SWIRE range between 2300 and 8700. Five ob-
served IFRS are located in the field of ELAIS-S1 and one in
the CDFS. No IFRS located in the ELAIS-S1 field has been de-
tected in the X-ray XMM-Newton survey (flux limit of ∼5.5 ×
10−16 erg cm−2 s−1 in the 0.5–2 keV band; Puccetti et al. 2006)
as mentioned by Zinn et al. (2011). IFRS S703, located in the
CDFS field, has not been covered by the CDFS Chandra 4 Ms
survey (Xue et al. 2011). No optical counterpart is known for the
six observed IFRS (Norris et al. 2006; Middelberg et al. 2008a).
By these characteristics, the six observed sources are prototypi-
cal for the class of IFRS. We note that Maini et al. (2015) find
a 3σ counterpart at 3.6 µm based in the Spitzer Extragalactic
Representative Volume Survey (SERVS; Mauduit et al. 2012)
for IFRS S427 after the observations with Herschel were carried
out.

Figure 1 shows the SWIRE 3.6 µm maps of all IFRS ob-
served with Herschel, overlaid by the 1.4 GHz radio contours.
IFRS S427, S509, and S798 are point-like sources and show al-
most no extended structure. For S703, in contrast, it might be
suggested because of the additional radio component at around
RA 03h35m33.5s Dec−27◦26′40′′ and the bridge to the IFRS
itself that the IFRS is part of a double lobe radio source with
the IFRS and the additional component as radio lobes and the
host galaxy in between those two components. However, the
additional radio component shows a weak 3.6 µm counterpart,
excluding this component as a radio lobe. Therefore, S703 can
be considered as a proper IFRS.

Infrared-faint radio source S973 shows an ex-
tended structure and has been listed as two compo-
nents (RA 00h38m44.723m Dec−43◦19′14.58′′ and
RA 00h38m43.489s Dec−43◦19′26.94′′) by Middelberg
et al. (2008a), with the source position in between the two
components. Here, however, we considered the position of the

Fig. 1. SWIRE 3.6 µm maps (greyscale; Lonsdale et al. 2003) of all
six IFRS observed with Herschel overlaid by the 1.4 GHz radio con-
tours (ATLAS data release 3; σ ≈ 20 µJy beam−1; Franzen et al. 2015).
Shown are the contours at 2σ, 4σ, 8σ, 16σ, etc. Top down and from left
to right: S703, S427, S509, S749, S798, and S973.

second, radio-brighter component to be the centre of the host
with the weaker component more likely to be a jet. However, the
choice of host position does not affect our overall conclusion.
The position of the brighter component is listed in Table 1.

Infrared-faint radio source S749 shows an extended struc-
ture in the radio map, too. However, this source is located close
to the edge of the ATLAS ELAIS-S1 field and, therefore, the
noise is higher than for the other IFRS discussed in this work.
In the scheduling of the Herschel observations, a slightly wrong
position of IFRS S749 had been used. Thus, this source is not
located in the centre of the Herschel maps but closer to the edge,
resulting in a higher noise compared to the other sources, partic-
ularly at shorter wavelengths. Therefore, we exclude this source
from our stacking analysis in Sect. 4.

The PACS observations of these six objects were carried out
in July and December 2011 (observation IDs 1342224373,
1342224374, 1342233615, 1342233616, 1342233617,
1342233618, 1342233619, 1342233620, 1342233621,
1342233622, 1342233623, 1342233624). Using the mode
mini-scan map, each observation was divided into two parts,
arising from two different scan angles. Both scanning parts were
centred on the source, observing simultaneously at 100 µm
and 160 µm with a total on-source time of 22.5 min for each
source.

The SPIRE observations were carried out in December 2011
and January 2012 (observation IDs 1342234729, 1342234730,
1342234731, 1342234732, 1342234733, 1342238290). Using
the observing mode SpirePhotoSmallScan, the sources were
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Table 1. Sample of IFRS observed with Herschel.

IFRS RA σRA Dec σDec S 1.4 GHz S 3.6 µm S 24 µm S 1.4 GHz/S 3.6 µm References
ID J2000.0 [arcsec] J2000.0 [arcsec] [mJy] [µJy] [µJy]

S703 03:35:31.025 0.11 –27:27:02.20 0.12 26.1 <2.04 <115 >12 784 (1), (4)
S427 00:34:11.592 0.01 –43:58:17.04 0.00 21.4 1.77 ± 0.54 <150 12 000 (2), (4)
S509 00:31:38.633 0.01 –43:52:20.80 0.01 22.2 <3 <150 >7400 (2), (3)
S749 00:29:05.229 0.04 –43:34:03.94 0.04 7.0 <3 <150 >2337 (2), (3)
S798 00:39:07.934 0.04 –43:32:05.83 0.03 7.8 <3 <150 >2597 (2), (3)
S973 00:38:43.489 0.04 –43:19:26.94 0.04 9.1 <2.70 <150 >3385 (2), (4)

Notes. Infrared-faint radio source S703 is located in CDFS while the other five sources are located in the ELAIS-S1 field. All six IFRS are
undetected at 3.6 µm in the SWIRE survey (3σ ∼ 3 µJy) as presented by Zinn et al. (2011). Maini et al. (2015) analysed the deeper SERVS data
for three IFRS observed with Herschel and find one week counterpart. All upper limits represent 3σ. S973 consists of two radio components.
Here, we used the position of the strongest component as the position of the source, in contrast to Middelberg et al. who used the centre between
both components. Positions, position uncertainties, radio and 24 µm flux densities were taken from the first reference listed in each row, S 3.6 µm
and S 1.4 GHz/S 3.6 µm from the second reference.

References. (1) Norris et al. (2006); (2) Middelberg et al. (2008a); (3) Zinn et al. (2011); (4) Maini et al. (2015).

observed simultaneously at 250 µm, 350 µm and 500 µm
for 12 min each.

We recognise that, since these observations were made and
this analysis was performed, additional Herschel data on IFRS
have been released into the public domain by the Herschel
Multi-Tiered Extragalactic Survey (HerMES; Oliver et al. 2012),
the PACS Evolutionary Probe (PEP; Lutz et al. 2011), and
the Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey (CANDELS; Grogin et al. 2011). These data have not
been used for the study presented in this work, but will be dis-
cussed in a future paper.

3. Data calibration and mapping

The data sets were calibrated using the Herschel Interactive
Processing Environment (HIPE; Ott 2010, version 12.1.0). We
followed the steps presented in the PACS photometer pipeline
for deep survey maps provided within HIPE to process the
PACS data sets from level 0 to level 2. During the processing
to level 1, a mask was created and applied in the task highpass
filter to prevent artefacts in this median-subtraction process
arising from nearby bright sources. The position of the IFRS has
also been masked. We obtained the best results using a high-
pass filter radius of 15′′. The final maps were built using the
task photProject, setting the parameter pixfrac to 0.5, both
for 100 µm and 160 µm. Output pixel sizes of 1.5′′ (for 100 µm)
and 2.1′′ (for 160 µm), respectively, were found to provide
the best maps. Both quantities are parameters of the task
photProject which is based on the Drizzle method (Fruchter
& Hook 2002). Finally, we matched the two maps of each ob-
ject, obtained from the two different scan angles, using the task
mosaic. The final PACS maps have a size of around 3.5′ × 6.5′.
The central region with a diameter of around 50′′ provides the
highest and an almost uniform sensitivity. Figure 2 (upper sub-
plots) shows the final PACS maps of IFRS S509.

Correspondingly, for the SPIRE data sets, we followed
the steps in the appropriate HIPE standard pipeline – the
“Photometer Small Map user pipeline” – to calibrate the data.
The maps were built using the task Destriper, an iterative al-
gorithm to remove the baseline signal in the timeline data. In
this task, the implemented deglitcher was used. We used the
algorithm naive mapping implemented in HIPE to build the
final maps, projecting the full power seen by each bolometer
timeline step to the closest sky map pixel with the pixel sizes
given in Table 2. The usable area of the final SPIRE maps is

Fig. 2. Final Herschel maps (greyscale) of IFRS S509 overlaid by
the 1.4 GHz radio contours (ATLAS data release 3; σ ≈ 20 µJy beam−1;
Franzen et al. 2015). Shown are the contours at 2σ, 4σ, 8σ, 16σ, etc.
Top down and from left to right: 100 µm, 160 µm (both PACS), 250 µm,
350 µm, and 500 µm (SPIRE) maps. None of the five maps provides a
detection of S509.

around 8′ × 10′. Figure 2 (lower three subplots) shows the re-
sulting SPIRE maps of IFRS S509.

4. Photometry and stacking

4.1. Photometry

We used the HIPE task AnnularSkyAperturePhotometry for
photometry on the PACS maps, performing aperture photometry
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Table 2. Characteristics of the instruments and parameters of the data
reduction and photometry, used in HIPE for the different channels.

Band FWHM Pixel size Exposure time
[arcsec2] [arcsec pixel−1] [s]

PACS 100 µm 6.69 × 6.89 1.5 1354
PACS 160 µm 10.65 × 12.13 2.1 1354
SPIRE 250 µm 17.6 × 17.6 6 721
SPIRE 350 µm 23.9 × 23.9 10 721
SPIRE 500 µm 35.2 × 35.2 14 721

Notes. The numbers of the FWHM are taken from “PACS Observer’s
Manual” version 2.5.1 and from “The SPIRE Handbook” version 2.5,
respectively.

on a chosen target based on a circular aperture. The related task
PhotApertureCorrectionPointSource corrected the mea-
sured flux density for the finite size of the applied aperture,
yielding the requested flux density of the nominal source. We
used aperture radii of 5.6′′ and 10.5′′ for the PACS maps
at 100 µm and 160 µm, respectively. The background was es-
timated und subtracted based on a ring between 20′′ and 25′′,
and 24′′ and 28′′, respectively. The flux density uncertainties
were obtained from 100 similar apertures randomly placed on
the map where the coverage was at least 75% of the maximum
coverage. We fit a Gaussian to the histogram of these back-
ground flux densities, providing the Gaussian width σ. We re-
peated this procedure ten times and took the median of these
Gaussian widths as the uncertainty of the measured flux density.
For S749, where the IFRS was not in the centre of the Herschel
maps as discussed in Sect. 2, we placed 100 similar apertures
in a field with a maximum distance to the source of five times
the full width at half maximum (FWHM) of a point source to
estimate the flux uncertainty.

Our six nominal objects were not detected at 100 µm or
at 160 µm. Table 3 summarises the resulting point source flux
density uncertainties σ for the six observed IFRS.

Photometry on the SPIRE maps was carried out using the
HIPE task sourceExtractorSussextractor based on the
SUSSEXtractor algorithm (Savage & Oliver 2007). Adapting
this task to the maps, sources were extracted, providing data
about brightnesses, positions, and related errors of the sources
as well as a cleaned map. The extracted sources were checked
for their angular distance to the known position of IFRS
(<0.5 FWHM). We repeated this procedure as a second level
source extraction on the cleaned map. Again, we checked the
extracted sources for their distance to the IFRS′ positions. By
this, we were able to extract sources which had been overseen in
the first extraction step because of bright and close by sources in
the map. These sources had been eliminated in the cleaned map.

For five out of the six IFRS, the source extraction did not
provide any FIR component in any SPIRE channel, neither by
the source extraction performed on the map itself nor on the
cleaned map. For S973, we found 3σ detections in the cleaned
maps at 350 µm and 500 µm. The positions of these two FIR
counterparts were in agreement with each other and were 12′′
distant from the IFRS radio position, which is only slightly be-
low our distance criterion. However, we found that these FIR de-
tections were very close to one source which was detected with a
flux density of 6.1 µJy at 3.6 µm in the SERVS survey. Because
of those three reasons – weak flux, relatively large distance to
the IFRS position, and overlap with a SERVS source – we sug-
gest that these FIR counterparts are associated with the SERVS
source and not with our SERVS-undetected IFRS.

We summarise that none of the six observed IFRS was
detected in any SPIRE channel. The flux density uncertain-
ties were obtained from the cleaned map by fitting a Gaussian
to the pixel values within a square of the size of eight times
the FWHM of a point source (see numbers in Table 2). The
SPIRE flux density uncertainties at the positions of the IFRS
are summarised in Table 3. Our mean noise is lower than
the overall confusion noise of 5.8 mJy, 6.3 mJy, and 6.8 mJy
at 250 µm, 350 µm, and 500 µm, respectively (Nguyen et al.
2010). However, Nguyen et al. also showed that the residual con-
fusion noise after removing bright sources is lower. Our noises
are in agreement with these numbers.

4.2. Stacking of Herschel maps

Since no counterpart of an IFRS was detected in the Herschel
maps, we performed a stacking analysis to search for a poten-
tially weak counterpart slightly below the detection limit. The
positional uncertainties for our sources are at least one order of
magnitude lower than the pixel size of the Herschel maps (see
Tables 1 and 2). For each observed wavelength, we stacked the
maps centred on the known position of the IFRS. However, we
excluded IFRS S749 from the stacking analysis because of the
higher noise in the FIR maps (see discussion in Sect. 2). The
stacking maps are the results of median stacking the Herschel
maps for all the five sources with proper centring and signal-
to-noise ratio at each wavelength. In case of SPIRE maps, we
stacked the cleaned maps, resulting from the first iteration of
source extraction described above. The stacking map at 100 µm
is shown in Fig. 3 and did not provide a detection. Corresponding
stacking maps at 160 µm, 250 µm, 350 µm, and 500 µm, re-
spectively, were similar and did not provide a detection either.
We performed photometry on the stacked maps in the same way
as described in Sect. 4.1 for the individual maps. The resulting
flux density uncertainties are summarised in the last column in
Table 3.

4.3. Stacking in the near- and mid-infrared regime

Since the six observed IFRS were also undetected in the SWIRE
maps at 3.6 µm and 24 µm, we performed a stacking analysis at
these wavelengths to obtain mean properties of our IFRS popu-
lation in the following analysis.

At 3.6 µm, all six IFRS were covered by SWIRE, but only
four by the deeper SERVS survey. We median stacked the 3.6 µm
maps at the positions of the six sources. We carried out aperture
photometry using an annulus of 1.9′′ in radius and a background
ring between 3.8′′ and 7.6′′ and applied aperture corrections. No
source was found in the stacked map. The uncertainty was ob-
tained based on 225 randomly placed apertures and background
rings of same size and iteratively removing those apertures re-
sulting in flux densities exceeding 3σ. We found an uncertainty
of σ3.6 µm = 0.397 µJy in the stacked map.

At 24 µm, all six IFRS were covered by SWIRE. We median
stacked the six individual maps and carried out aperture pho-
tometry using an annulus of 3.5′′ in radius and a background
ring between 6.0′′ and 8.0′′and applying aperture corrections.
No source was found in the stacked map either. We obtained the
uncertainty in the same was as described for the stacked map
at 3.6 µm and found it to be σ24 µm = 31.3 µJy.
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Table 3. Resulting point source flux density uncertainties for the six IFRS at the five observed wavelengths.

Band σS703 σS427 σS509 σS749 σS798 σS973 σstacked
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

PACS 100 µm 1.78 1.40 1.83 2.17 1.51 1.43 0.76
PACS 160 µm 4.02 3.56 2.43 6.09 2.84 2.77 1.66
SPIRE 250 µm 5.03 4.20 4.51 4.43 4.94 4.99 2.68
SPIRE 350 µm 4.61 3.81 4.42 4.59 3.87 5.71 2.52
SPIRE 500 µm 5.50 4.80 4.85 6.24 5.36 7.23 3.53

Notes. The last column shows the respective uncertainties in the stacked maps, resulting from a median stack of five individual maps at each
wavelength.

5. Modelling and analysis

The Herschel observations between 100 µm and 500 µm of the
six IFRS presented in this work did not provide a detection. A
stacking analysis did not show an FIR counterpart below the de-
tection limit either. However, the flux density upper limits mea-
sured in Sect. 4 put constraints on the SED of IFRS.

The six IFRS observed with Herschel were selected to show
high radio-to-IR flux density ratios (>2000; see Sect. 2). Five of
these IFRS are undetected in the near-IR regime while SERVS
provides a 3.2σ couterpart at 3.6 µm for one IFRS as reported by
Maini et al. (2015). This counterpart was unknown at the time
when the observations with Herschel were carried out. Except
for this single near-IR detection, these six IFRS are solely de-
tected in the radio regime. Thus, no redshift is known for these
sources. By these characteristics, the six IFRS observed with
Herschel are among the most extreme objects in the class of
IFRS.

All IFRS with known spectroscopic redshifts, presented by
Collier et al. (2014) and Herzog et al. (2014), are faintly detected
in the near-IR regime. Their redshifts, 1.8 . z . 3, are in agree-
ment with the suggestion by Norris et al. (2011) that IFRS follow
the correlation between 3.6 µm flux density and redshift found
for HzRGs by Seymour et al. (2007). Assuming that this cor-
relation holds at lower IR flux densities, as it does for HzRGs,
the IFRS observed with Herschel would be placed at redshifts
of z & 4 or higher because of their 3.6 µm faintness.

We emphasise that no redshift above z & 3 has been mea-
sured for an IFRS, presumably because those are too faint for
spectroscopic observations. Although we speculate that the IFRS
discussed here are at z & 4, we consider the broad redshift range
1 ≤ z ≤ 12.

In the following, we tried to limit possible explanations for
the phenomenon of IFRS, performing a broad-band SED mod-
elling based on SED templates of known galaxies (Sect. 5.1). We
started with the simplest approach and shifted these templates
in a broad redshift range, testing them against the photometric
data of IFRS (Sect. 5.1.1). Subsequently, we broadened the pa-
rameter space by modifying our broad-band SED templates. We
scaled the templates in luminosity (Sect. 5.1.2), added extinction
(Sect. 5.1.3), and finally modified them simultaneously in lumi-
nosity and extinction (Sect. 5.1.4). In each approach, we tested
their compatibility with the photometric constraints of IFRS.
Finally, we constrained the IR SED of IFRS based on decompos-
ing their IR SED into an AGN and a starburst (SB) component
(Sect. 5.2), both putatively contributing to the total emission of
this peculiar class of objects.

Fig. 3. Resulting stacking map obtained from a median stack of the five
IFRS at 100 µm. IFRS S749 was excluded because of the higher noise as
discussed in Sect. 2. The individual maps were centred on the position
of the IFRS which is marked by a cross in the centre of the map. No
detection has been found in the stacking map.

5.1. Broad-band SED modelling

In order to model the broad-band SED of IFRS, we used pho-
tometric data of our objects in all available wavelength regimes.
The IFRS observed with Herschel provided 1.4 GHz flux den-
sities between 7 mJy and 26 mJy. In the modelling, we used a
median 1.4 GHz flux density of 15 mJy, but also discuss the out-
come for higher and lower radio flux densities. Furthermore, we
used available constraints at 3.6 µm and 24 µm. At 3.6 µm, we
used a median 3σ flux density upper limit of 1.19 µJy as dis-
cussed in Sect. 4.3. In the mid-IR at 24 µm, we used a 3σ flux
density upper limit of 94 µJy based on the stacking described
in Sect. 4.3. Furthermore, we made use of the FIR flux density
upper limits at five wavelengths between 100 µm and 500 µm
measured in this work. More precisely, we used 3σ flux density
upper limits based on the uncertainties in the median stacked
maps presented in Sect. 4.2 and summarised in the last column
in Table 3.

Based on photometric data and redshifts from the
NASA/IPAC Extragalactic Database (NED), we built SED tem-
plates for different objects by connecting the data points and
smoothing the template where appropriate. We used templates
of the spiderweb galaxy (an HzRG, also known as MRC 1138-
262), the local radio galaxy Cygnus A (also known as 3C 405),
the CSS source 3C 48, the RL quasar 3C 273, the local ULIRG
Arp 220, the Seyfert galaxy Mrk 231, the local SB galaxy
M82, an RL hyper-luminous infrared galaxy (HyLIRG;
IRAS F15307+3252), IRAS F00183-7111 (referred to as
F00183; this object is a ULIRG, showing contribution of an
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Fig. 4. Broad-band SED modelling for IFRS, using the FIR flux density upper limits measured in this work (red arrows), SERVS/SWIRE near- and
mid-IR flux density upper limits (black arrows), and the detections at 1.4 GHz (black bar). The template SEDs were shifted to redshifts between
z = 1 and z = 12. Shown are the results at z = 1 (upper left subplot), z = 4 (upper right), z = 8 (lower left), and z = 10 (lower right), respectively.
The legend shown in the upper left subplot is valid for all four subplots. At redshifts z . 5, no template is in agreement with the photometric
constraints of IFRS. However, if shifted to the redshift regime 5 . z . 8.5, Cygnus A (orange solid line) is in agreement with all constraints.
The spiderweb galaxy (black dashed line) provides an appropriate template if shifted to very high redshifts z & 10.5. The CSS source 3C 48 (blue
dotted line) and the RL quasar 3C 273 (magenta dashed-dotted line) fulfil the constraint in the radio regime at redshifts 6 . z . 9 and 8 . z . 12,
respectively, but disagree with the 3.6 µm flux density upper limits at these redshifts.

RL AGN combined with significant SB activity), and the qui-
escent elliptical brightest cluster galaxy NGC 1316. We added
photometric IR data between 100 µm and 870 µm from Seymour
et al. (2012) to the template of the spiderweb galaxy since the
IR coverage of this template is poor in NED and this wavelength
regime is crucial for our analysis. All photometric data points
from Seymour et al. are at least 4σ detections.

5.1.1. Shifting broad-band SED templates to various
redshifts

As a simplest approach, we tested whether any SED template of
a known galaxy is in agreement with the available photometric
data of IFRS when these templates were shifted to different red-
shifts, keeping constant rest-frame luminosity and scaling flux
densities using a flat ΛCDM cosmology (ΩΛ = 0.7, ΩM = 0.3,

H0 = 70 km s−1 Mpc−1). The resulting plots for redshifts of 1,
4, 8, and 10, respectively, are shown in Fig. 4.

In the redshift regime 1 . z . 5, no template fulfils all avail-
able photometric constraints, i.e. none of these objects would
produce the observational characteristics of IFRS if placed at
redshifts z . 5. However, for redshifts in the range 5 . z . 8.5,
Cygnus A provided an appropriate template to fulfil the pho-
tometric constraints of IFRS. The spiderweb galaxy SED was
in agreement with all available photometric data of IFRS when
shifted to z & 10.5. At lower redshifts, the radio and the near-,
mid-, and FIR flux densities of the spiderweb galaxy exceeded
the measured fluxes of IFRS. We also tried templates of other
HzRGs (e.g. 3C 470, 4C 23.56) and found the same qualitative
result.

The CSS source 3C 48 and the RL quasar 3C 273 matched
the measured radio flux density of IFRS if shifted to the redshift
regimes 6 . z . 9 and 8 . z . 12, respectively. However, at
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Fig. 5. Score for different SED templates as a function of redshift, measured in our broad-band SED modelling. A score of 1 implies that the SED
is in agreement with all photometric constraints of the IFRS discussed in this work. Shown is the score resulting from modelling without scaling
and without additional extinction (upper left), with scaling and without additional extinction (upper right), without scaling and with additional
extinction (lower left), and with scaling and with additional extinction (lower right subplot), respectively. In both plots on the right hand side, the
templates were scaled to a 1.4 GHz flux density of 15 mJy. The legend shown in the upper left subplot is valid for all four subplots.

these redshifts, their 3.6 µm flux densities exceeded the related
measured flux density upper limits of IFRS up to a factor of ten,
ruling out these templates. All other templates were found to be
in strong disagreement with the IFRS data at all redshifts be-
tween 1 and 12. Either the radio flux densities of the templates
exceeded the measured flux density of IFRS or the templates
disagreed with the near-, mid-, and FIR flux density upper limits
of IFRS by several orders of magnitude.

We also estimated a score for each SED template at each red-
shift. For this purpose, we derived the score s based on a modi-
fied L1 norm (e.g. Horn & Johnson 1985) given by

s = 10
−

∑
i

∣∣∣ log10
yi
mi

∣∣∣ − ∑
j

H[m j−3σ j]
∣∣∣ log10

3σ j
m j

∣∣∣
. (1)

The first sum in the exponent runs over the wavelengths i at
which our sample of IFRS is detected, where y denotes the
flux density of IFRS and m the flux density of the respective
SED model. The second sum accounts for deviations of the SED
model from the flux density upper limits of IFRS and sums over
the wavelengths j at which the IFRS are undetected with an
rms σ, using a Heaviside step function H. In order to avoid an

overweighting of the FIR regime when deriving a score due to
the five independent flux density measurements in this regime,
we only used one out of the five Herschel wavelengths. Thus,
the wavelength resulting in the highest addend | log10(3σ j/m j)|
was used for this purpose.

This implies that a score of 1 is obtained by an SED which is
in agreement with all eight photometric constraints of the IFRS
considered in this work. We emphasise that a score of 1 does not
imply that the SED of IFRS necessarily follows the respective
template. However, the score provides useful insights how well
a template agrees with the data of IFRS at a respective redshift.
The upper left subplot in Fig. 5 shows the score as a function of
redshift for different templates.

We found only the spiderweb galaxy and Cygnus A are con-
sistent with the photometric data of IFRS when shifted to appro-
priate redshifts. If IFRS have the SED of a known galaxy, IFRS
have to be at redshifts z & 5. This is consistent with the sug-
gestion by Norris et al. (2011), Collier et al. (2014), and Herzog
et al. (2014) that the IFRS observed with Herschel are at red-
shifts z & 4 because of their faintness at 3.6 µm as discussed
above.
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5.1.2. Modifying broad-band SED templates in redshift
and luminosity

In the broad-band SED modelling presented in Sect. 5.1.1, red-
shift was the only free parameter. We found that only HzRGs
(e.g. the spiderweb galaxy) and Cygnus A provide appropriate
templates to explain the emission characteristics of IFRS, and
only if shifted to redshifts z & 5. In the following, however, we
aimed at testing whether the SED characteristics of IFRS can be
reproduced by objects at lower redshifts. For this purpose, we
broadened the parameter space and used templates modified by
varying their luminosity.

In this approach, we included a wavelength-independent lu-
minosity scaling factor as an additional parameter. This allowed
the templates to be scaled to match the mean radio flux density
of the IFRS observed with Herschel (S 1.4 GHz ≈ 15 mJy), since
these sources are solely detected in the radio regime apart from
the weak 3.6 µm counterpart of S427.

The upper right subplot in Fig. 5 shows the score versus red-
shift for the different templates when they were scaled in lu-
minosity to match the median radio flux density of the IFRS
discussed in this work. In this approach, we found the spider-
web galaxy is in agreement with the available photometric con-
straints at redshifts in the range 4 . z . 6.5 when scaled in
luminosity by factors between 0.08 and 0.4. At higher redshifts,
the scaled template SED exceeded the 24 µm flux density upper
limits and therefore resulted in a score below 1. The SED tem-
plate of Cygnus A was also found to be in agreement with the
data at z ∼ 1 and in the redshift range 4 . z . 10 when scaled in
luminosity by factors between 0.007 and 2. In the redshift range
1.5 . z . 4, the scaled template disagreed with the 3.6 µm flux
density upper limit. All other templates were in disagreement
with at least one upper limit at any redshift.

When scaling the templates to match the faint end of the
observed radio flux density range of IFRS of 7 mJy, the spi-
derweb galaxy template was in agreement with all constraints
when shifted to the redshift range z & 3.5, and Cygnus A if
shifted to the range z . 2 or 3 . z . 10.5. None of the other
templates agreed with all photometric constraints. In contrast, if
the templates were scaled to the radio flux density of the radio-
brightest IFRS in our sample (26 mJy), only the template of
Cygnus A was in agreement with the IR flux density upper limits
(4.5 . z . 10). However, at z ∼ 4, the template of the spiderweb
galaxy only slighly violated the 24 µm flux density upper limit.

5.1.3. Modifying broad-band SED templates in redshift
and extinction

We found in Sect. 5.1.1 that the redshifted SED templates
of 3C 48, and 3C 273 were in agreement with the radio flux den-
sity range and the FIR flux density upper limits of IFRS, how-
ever exceeding the near- or mid-IR flux density upper limits.
Therefore, here, we tested whether some of our templates could
be squeezed below these IR flux density upper limits when ad-
ditional extinction was added to the templates.

For this purpose, we added extinction in the rest-frame op-
tical and near-IR regime of the template SEDs if required. We
used the Calzetti et al. (2000) reddening law which reduces emis-
sion at rest-frame wavelengths between 0.12 µm and 2.2 µm.
We limited the additional extinction to an arbitrary number
of 500 mag. In our modelling, we applied energy conservation
by calculating the power hidden by the additional amount of dust
in the rest-frame optical and near-IR regime and re-radiating this
power at mid- and FIR wavelengths. We implemented this power

conservation in our modelling by adding a dust emission com-
ponent of the same power as hidden by the additional extinction
in the optical and near-IR regime.

The emission of dust is usually described by a modified
black-body spectrum, i.e. S ν ∝ Bν(T )εν, where Bν(T ) is the
black-body emission given by the temperature T and εν is the
emissivity function at a frequency ν. We followed simple ap-
proaches, using only one dust temperature T = 70 K and as-
suming ε ∝ νβ with β = 1.5. The emissivity spectral index β
depends on dust grain properties as size and composition and
usually ranges between 1 and 2. We note that the choice of this
spectral index in the given range did not qualitatively change
our results; neither did changing the dust peak temperature be-
tween 30 K and 100 K.

The plot of the scores resulting from this modelling approach
– adding extinction to the redshifted SED templates – is shown
in the lower left subplot in Fig. 5. It should be noted that no scal-
ing in luminosity as presented in Sect. 5.1.2 had been applied
in this approach. We found the spiderweb galaxy template in
agreement with the data at redshifts z & 9.5. At z ∼ 10, 5.6 mag
of additional extinction brought this SED template in agreement
with the data. At higher redshifts, no additional extinction was
required. Cygnus A was in agreement with all flux density upper
limits in the redshift range 5 . z . 9 without adding extinc-
tion as shown in Sect. 5.1.1. 3C 273 matched the data at red-
shifts z & 7.5 if between 8.6 mag and 1.4 mag of extinction
were added. 3C 48 was in agreement with all IR flux density up-
per limits at z & 7 if between 1.4 mag and 0.2 mag of extinction
were added. However, the radio flux density of 3C 48 deceeded
the minimum flux density of 7 mJy at high redshifts z & 9.5. All
other SED templates were found to be in disagreement with the
data at any redshift.

Even enormous and unphysically high amounts of extinc-
tion of 500 mag were insufficient to squeeze the near-IR emis-
sion of some templates below the flux density upper limit at
the observed wavelength of 3.6 µm. In that case, we did not
add extinction to the templates, resulting in the appropriately
low score at the respective redshift. This happened for all radio-
quiet templates like Arp220, Mrk231, or M82 at redshifts z . 5.
However, at higher redshifts, when additional extinction was
able to squeeze the templates below the IR flux density upper
limits, the templates were by far too faint in the radio regime to
explain the emission features of IFRS.

5.1.4. Modifying broad-band SED templates in redshift,
luminosity, and extinction

Finally, in the last step of our broad-band SED modelling, we
combined the approaches presented in Sects. 5.1.2 and 5.1.3.
Here, we modified the SED templates by shifting them in the
redshift range 1 ≤ z ≤ 12, scaling them in luminosity to match
the observed radio flux density, and adding extinction – if re-
quired – to squeeze the SED templates below the near- and mid-
IR flux density upper limits. IR re-radiation was implemented as
described in Sect. 5.1.3.

The resulting plot of the score as a function of redshift is
shown in the lower right subplot in Fig. 5. We note that each tem-
plate at each redshift had been modified by an individual scaling
factor and – if necessary – an individual amount of extinction
had been added.

Similar to the approaches presented before, we only found
the spiderweb galaxy, Cygnus A, the CSS source 3C 48, and
the RL quasar 3C 273 to provide suitable templates to explain
the observational data of IFRS. The spiderweb galaxy was in

A7, page 9 of 15



A&A 580, A7 (2015)

agreement with the data at all redshifts except for the range
6.5 . z . 9.5. In this redshift range, the template exceeded
the 24 µm flux density upper limit despite adding additional ex-
tinction. The template of Cygnus A matched all constraints at
z . 10 and 3C 273 at redshifts z & 2.5. 3C 48 was in agreement
with the data at any redshift except for very low redshifts z . 1.5
and except for the range 2.5 . z . 7.

In the respective redshift ranges, an appropriate scaling fac-
tor and an appropriate amount of extinction was found for the
spiderweb galaxy, Cygnus A, 3C 48, and 3C 273 to match all
photometric constraints known for these IFRS. For example at
z = 4, the spiderweb galaxy and Cygnus A needed to be scaled
down in luminosity by a factor of 10 and 3, respectively, to match
the radio flux density of 15 mJy. No extinction was needed in
these cases. In contrast, 3C 273 required 3.2 mag of extinction
when scaled down by a factor of 5 to match the radio data point,
while 3C 48 could not be modified at this redshift to match all
constraints.

Matching the radio flux densities of the radio-brightest IFRS
in our sample (26 mJy at 1.4 GHz), again in case of a shift
to z = 4, an additional extinction of 1.3 mag was required in
case of Cygnus A, whereas no reasonable amount of extinc-
tion could be added to the templates of the spiderweb galaxy,
3C 48, and 3C 273, to match the near- and mid-IR flux den-
sity upper limits. Considering the radio-brightest IFRS in our
sample, at z . 4.5, only the Cygnus A SED template could be
brought in agreement with the constraints of these most extreme
– i.e. with the highest radio-to-IR flux density ratios – IFRS,
if up to 4.1 mag of extinction were added. At higher redshifts
z & 10, 3C 48 and the spiderweb galaxy provided appropri-
ate templates, too. 3C 273 was in agreement with the data at
4.5 . z . 5.5 and 7.5 . z ≤ 12. In contrast, if the templates
were scaled to a 1.4 GHz flux density of 7 mJy, the spiderweb
galaxy, Cygnus A, 3C 273, and 3C 48 could be modified to be in
agreement with all photometric constraints at any redshift, ex-
cept for Cygnus A at very high redshifts z & 10.

All other templates used in this broad-band SED modelling
disagreed with the observational data when shifted to the red-
shift range 1 ≤ z ≤ 12, scaled in luminosity, and extinction
was added. These templates were clearly ruled out by their dis-
agreement with the flux density upper limits of IFRS in the FIR
regime measured in this work. Particularly, the templates of an
RL HyLIRG or F00183, representing common classes of lumi-
nous objects at z & 2, were found to be inappropriate to repro-
duce the SED constraints of IFRS at any redshift.

5.1.5. Summary of broad-band SED modelling

We summarise our findings from the broad-band SED mod-
elling as follows. When using templates of existing galaxies
(Sect. 5.1.1), the SED characteristics of IFRS can only be ex-
plained by the SEDs of Cygnus A and HzRGs, however only at
high redshifts 5 . z . 8.5 and z & 10.5, respectively. If IFRS
are at lower redshifts (z . 5), their SED constraints can be ful-
filled by fainter versions of an HzRG or Cygnus A (Sects. 5.1.2
and 5.1.4), by a dust-obscured CSS source, or by a dust-obscured
RL quasar (Sects. 5.1.3 and 5.1.4).

If IFRS are linked to HzRGs as suggested by Middelberg
et al. (2011), Norris et al. (2011), Collier et al. (2014), and
Herzog et al. (2014), there are two different suggested options:
(a) IFRS are very similar to HzRGs – i.e. with similar lumi-
nosities – however at higher redshifts (z & 5); or (b) IFRS are
fainter siblings of HzRGs at similar redshifts (1 ≤ z . 5).
Based on the template of the spiderweb galaxy, we found that

both options are consistent with the FIR flux density upper lim-
its of IFRS measured in this work and the related broad-band
SED modelling. If IFRS have the same intrinsic properties as
HzRGs, represented by no scaling and no adding of extinction
in our modelling, they have to be located at very high redshifts
z & 10.5 (Fig. 5, upper left subplot). Alternatively, if IFRS are
fainter siblings of HzRGs, i.e. they are scaled down in luminos-
ity and potentially more dusty, they could be located at lower
redshifts z ≥ 1 (Fig. 5, lower right subplot). It should be noted
that extinctions between 14 mag and 5 mag had to be added to
the scaled spiderweb galaxy SED template at redshifts z ≤ 2 to
match the IR flux density upper limits.

Two of the templates, 3C 48 and 3C 273, were found to be in
agreement with the data of IFRS only if additional extinction in
the order of up to several magnitudes was added to the templates
as discussed in Sect. 5.1.4. Particularly, these modified templates
did not exceed the FIR flux density upper limits of IFRS mea-
sured in this work. This implies that a significant dust obscu-
ration in IFRS, explaining the optical and near-IR faintness of
these objects, cannot be ruled out. In fact, if the IFRS observed
here are similar to 3C 48 or 3C 273, these sources have to be dust
obscured to produce the photometric constraints of IFRS.

The results of this broad-band SED modelling are generally
in agreement with the findings by Herzog et al. (2014). Herzog
et al. measured spectroscopic redshifts of three IFRS detected in
the optical and near- and mid-IR regime and did the first redshift-
based SED modelling for the class of IFRS. They find the mod-
ified templates of 3C 48 and 3C 273 in agreement with all avail-
able photometric data of these three IFRS, whereas the templates
of star forming galaxies and Seyfert galaxies were clearly ruled
out. We also agree with the finding that only RL objects can
explain the photometric constraints of IFRS. However, Herzog
et al. find that no additional extinction is required for 3C 48
and 3C 273 in their SED modelling. Here, in contrast, we found
that IFRS might be dust obscured RL quasars with spectra sim-
ilar to 3C 48 or 3C 273. However, Herzog et al. studied the
IR-brightest IFRS, whereas the IR-faintest IFRS are studied in
the current work, providing a valid reason for the discrepancy.
Huynh et al. (2010) modelled the SED of individual IFRS and
find that the scaled SED template of 3C 273 is in agreement with
their data if around one magnitude of extinction was added. This
is in agreement with our modelling, considering that the IFRS
from Huynh et al. are more than ten times fainter in the radio
compared to the IFRS discussed in the present work. We found
that IFRS have to be dust obscured, too, if IFRS are similar to
HzRGs at z . 3.5. However, if the spectral shape of IFRS is
related to that of HzRGs, no extinction is required to explain
the SED characteristics of IFRS if these templates are shifted to
higher redshifts.

Our broad-band SED modelling showed that the SED tem-
plates of the spiderweb galaxy and of Cygnus A can be shifted
to 1 ≤ z ≤ 2 and modified to agree with the photometric obser-
vations of IFRS. However, in contrast, all 21 spectroscopic red-
shifts of IFRS are in the range 1.8 < z < 3, i.e. no IFRS has been
found at lower redshifts z ∼ 1. There are two potential reasons
for this discrepancy. (a) Our modelling – by shifting the tem-
plates in redshift, scaling them in luminosity, and adding extinc-
tion – is not physically realistic for galaxies at z ∼ 1. At these low
redshifts, all appropriate templates needed to be scaled down in
luminosity up to factors of 500. Presumably, the black hole mass
needs to be scaled down by a similar factor. However, RL AGN
with lower-mass black holes are very rare (Rees et al. 2015). If
the galaxy loses its radio excess by scaling down the black hole
mass, the characteristically high radio-to-IR flux density ratio of
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IFRS would not be reached and the galaxy would not be consid-
ered as an IFRS. Furthermore, in case of the spiderweb galaxy
template, the required high amounts of additional extinction of
around 10 mag at low redshifts are very rare and decrease the
possibility to observe such extreme objects. (b) The IFRS dis-
cussed in this work are intrinsically different to the IFRS with
known spectroscopic redshifts. Cygnus A provided the only tem-
plate which can reproduce the characteristics of IFRS at z ∼ 1
without additional dust obscuration. However, it is known that
Cygnus A contains a hidden quasar (Antonucci et al. 1994), re-
sulting in narrow emission lines, whereas IFRS were found to
show broad emission lines in their optical spectra (Collier et al.
2014; Herzog et al. 2014). If the IFRS discussed in this work
are indeed fainter versions of Cygnus A at redshifts z ∼ 1, these
IFRS would have different properties than the IR-detected IFRS
presented by Collier et al. and Herzog et al.. They would form a
separate subclass with different redshift and emission line prop-
erties. However, so far, no evidence has been found that the pop-
ulation of IFRS might be divided into two sub-classes.

We note that the modified templates of Cygnus A, 3C 48, and
3C 273 – found to match all photometric constraints of IFRS
– can be considered as HzRGs in our modelling at z ≥ 1. At
these redshifts, they fulfil both selection criteria of HzRGs: z > 1
and L3 GHz > 1026 W Hz−1. Although we scaled down the tem-
plates in luminosity at lower redshifts, they were radio-luminous
enough to be considered as HzRGs. We can therefore conclude
that only HzRGs can explain the photometric characteristics of
IFRS.

Our broad-band SED modelling showed several templates
that contain a significant SB contribution in disagreement with
the available photometric data (Arp220, M82, RL HyLIRG,
F00183). In contrast, the highly star forming spiderweb galaxy
fulfilled the photometric data constraints of IFRS. Therefore, in
the following, we analysed a potential star forming contribution
to the SED of IFRS, instead or in addition to an RL AGN.

5.2. IR SED modelling

One of the crucial questions in revealing the nature of IFRS con-
sists in unmasking the star forming activity and its contribution
to the energy output in contrast to the activity of the galactic
nucleus. In the IR regime, the emission of galaxies is mainly
given by these two components, i.e. AGN and SB. The AGN
emission comes from dust, reprocessing far-UV through optical
light, and peaks at around 10 µm, corresponding to a dust tem-
perature of 300 K. In contrast, the stellar component is strongest
in the FIR and arises from stellar emission reprocessed to the
FIR regime by dust grains with a maximum at a wavelength
around 100 µm, corresponding to 30 K.

5.2.1. IR SED fitting based on IR flux density upper limits

In order to decompose the IR emission of HzRGs, Drouart et al.
(2014) fit the IR SED of HzRGs constrained by Herschel and
ancillary IR data. They used an IR SED model based on the as-
sumption that the IR emission comes from dust heated by star
forming activity and an AGN. They built template SEDs, adding
an empirical AGN template and one SB template out of a set of
empirical SB templates.

Here, we followed this approach, aiming at setting upper lim-
its on the IR SED of IFRS based on the available FIR flux den-
sity upper limits measured in Sect. 4. We used templates derived
by Mullaney et al. (2011), covering the rest-frame wavelength

Fig. 6. IR SED modelling for IFRS at redshift z = 4, using the FIR flux
density upper limits (red arrows) measured in this work. The total (black
solid line) IR emission is composed of an AGN component (red dotted
line) and a SB component (blue dashed line). The maximum model
represents an upper limit on the IR emission of IFRS and is defined by
the highest IR flux which is in agreement with all available flux density
upper limits.

range between 6 µm and 1090 µm. Mullaney et al. empirically
built five different SB templates, differing in their peaking tem-
perature as well as in the strength of the emission of the poly-
cyclic aromatic hydrocarbon (PAH) molecules. These templates
cover the entire range of host galaxies (see Mullaney et al. 2011
for a detailed description of the SEDs). Based on these SB tem-
plates, they derived one AGN template as the residual SED after
removing the SB contribution.

We used these templates and built the total IR SED by mul-
tiplying the AGN template by a wavelength-independent lumi-
nosity scaling factor and adding one SB template which was also
multiplied by a wavelength-independent luminosity scaling fac-
tor. We set an upper limit on the IR emission by modelling the
SED in order to minimise the deviation between the total SED,
i.e. the sum of SB and AGN template, and the available ob-
served 3σ FIR flux density upper limits from the stacked maps
(see last column in Table 3). It was required that the available
flux density upper limits were fulfilled in the modelling. In this
procedure, the most appropriate SB template out of the five avail-
able templates was determined based on the lowest deviation. At
redshifts z ≤ 3, the observed 24 µm emission fell into the tem-
plates’ wavelength coverage. At these redshifts, we used the 3σ
flux density upper limit at 24 µm – measured in Sect. 4.3 from
the stacked map – in addition to the FIR flux density upper limits
measured in the present work.

By this approach, we determined exactly that total IR SED
– consisting of the AGN template and one SB template – which
has maximum IR flux but is still in agreement with all avail-
able flux density upper limits. Figure 6 shows the resulting
IR SED modelling for z = 4. We emphasise that our modelling
represents an upper limit on the total IR emission of IFRS.

This approach implies that the true AGN contribution to the
emission of the IFRS could be higher than the contribution cal-
culated from the maximum total model described above, though
accompanied by a lower SB contribution, and the other way
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Fig. 7. Infrared luminosity versus redshift for the SB (blue) and
AGN (red) component as well as for the total IR luminosity (black).
The dashed lines show the data of the maximum IR SED model, com-
bining the AGN and the most appropriate SB template. The solid lines
show the IR luminosity upper limits for both components, assuming
that the other component does not contribute to the IR emission at each
time.

around. However, the difference to the highest possible contri-
bution of each component is generally rather low.

By this modelling, aiming at setting upper limits on the
IR emission and referred to as “maximum model”, we decom-
posed the maximum IR SED into an AGN component and an
SB component. Based on this decomposition, we were able to
derive IR luminosities of both components by integrating the
flux density in the rest-frame wavelength range between 8 µm
and 1000 µm. Figure 7 shows the IR luminosities versus redshift
for both components and the total IR luminosity of the maximum
model. Furthermore, the figure shows the absolute upper limit
for both the SB and the AGN IR luminosity, assuming that the
other IR emitting process does not contribute at each time. For
both components, the luminosities of the maximum model are
generally only slightly lower than the absolute upper limit lumi-
nosities, except for the SB component at very high redshifts. We
note that the jump in the maximum IR luminosity of the AGN
and of the SB component at z = 3 is related to the flux density
upper limit at 24 µm which only coincides with the template’s
wavelength range at redshifts z ≤ 3.

We emphasise that almost any decomposition of the IR SED
into SB and AGN component is possible for IFRS since
this wavelength regime is only constrained by upper limits.
Therefore, we are only able to set upper limits on the luminosity.
Particularly, we note that the maximum model shown in Figs. 6
and 7 is not more likely than any other combination of SB and
AGN components which is in agreement with the flux density
upper limits. However, the maximum model represents exactly
that combination of SB and AGN components which results in
the highest total flux but is still in agreement with all flux den-
sity upper limits. Therefore, this maximum model sets the upper
limit on the total IR luminosity.

We found that the FIR flux density upper limits measured
in this work constrain IFRS to have total IR luminosities of
<1012 L� at redshifts z . 1.5. At z . 2.5, IFRS can have a maxi-
mum IR luminosity between 1012 L� and 1013 L�. Such sources

are labelled as ULIRGs. At redshifts z . 6, the IR luminosity of
IFRS can be at most 1014 L� which allows IFRS to be HyLIRGs.

Drouart et al. (2014) find absolute numbers and upper limits
for the total IR luminosity of HzRGs in the range of a few to a
few tens of 1012 L�. Our redshift-dependent IR luminosity upper
limits of IFRS are in agreement with these numbers of HzRGs.

We note that the maximum model shown in Fig. 7 (dashed
lines) is unphysical for redshifts z . 2.5. For these redshifts,
the AGN contribution to the maximum model is very low,
corresponding to a very low AGN activity or even an absent
AGN. Instead, according to that model, the IR emission is
mainly or even completely produced by SB activity. In case of a
purely star forming galaxy, a direct connection between the radio
and the IR emission was found (i.e. Yun et al. 2001), known as
radio-IR correlation. Using the outcome of the maximum model
that the emission of IFRS is dominated by the SB component for
redshifts z . 2.5, we could estimate the radio luminosity from
the IR luminosity. Using our FIR luminosity upper limits, we
found that this radio luminosity is at least two orders of magni-
tude lower than the radio luminosity calculated from the mea-
sured 1.4 GHz flux density of IFRS. This discrepancy clearly
showed that the existence of an AGN in the IFRS is essential
to explain their radio flux densities. Modelling their IR SED by
only an SB template is inappropriate. The existence of an AGN
in IFRS is also in agreement with VLBI observations by Norris
et al. (2007), Middelberg et al. (2008b), and Herzog et al. (2015).

5.2.2. Including the radio data point into the IR SED
modelling

The IR SED modelling presented above, aiming at setting upper
limits on the total IR flux of IFRS, led to unphysical results be-
cause it neglected the measured radio flux density of IFRS. In
this section, we attempted to address this issue by expanding our
modelling to the radio regime based on an RL AGN template.

In Sect. 5.1, we showed that all SEDs in agreement with the
photometric characteristics of IFRS were HzRGs and that the
spiderweb galaxy provided an appropriate SED template in the
broad-band SED modelling. It is known that both star forming
activity and an AGN contribute to the emission of this power-
ful galaxy. Therefore, in the following, we used the broad-band
SED of the spiderweb galaxy, built from NED and the additional
IR data from Seymour et al. (2012) as described in Sect. 5.1, as
a basic template, modified by a wavelength-independent lumi-
nosity scaling factor. Beyond that, to account for an SB com-
ponent independent of the component already present in the
spiderweb galaxy template, we added the most appropriate SB
template from the sample by Mullaney et al. (2011). Similar to
our approach in Sect. 5.2.1, we modified this SB template by
a wavelength-independent luminosity scaling factor. However,
here, we also used the radio-IR correlation (Yun et al. 2001) to
estimate the radio luminosity of the star formation component,
in addition to that from the RL AGN.

Recapitulating, similar to the approach presented in
Sect. 5.2.1, we composed our total SED of two different com-
ponents. The spiderweb galaxy contributed SB and AGN emis-
sion, while the additional SB component contributed additional
SB emission. Based on the two independent scaling factors, both
the AGN contribution and the SB contribution could be varied
independently. We note that the scaling factor of the additional
SB component could also be negative, i.e. representing a lower
star forming activity than that in the spiderweb galaxy.

Similar to our approach in Sect. 5.2.1, we modelled the max-
imum IR SED by maximising the flux of the total template
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Fig. 8. IR SED modelling for IFRS at redshift z = 4, using the
FIR flux density upper limits (red arrows) measured in this work, the
SERVS/SWIRE flux density upper limits (black arrows), and the mea-
sured radio flux density of 15 mJy at 1.4 GHz. The total (solid line)
emission is composed of the scaled spiderweb galaxy template (dotted
line) and one scaled SB component (dashed line). Note that the lim-
ited wavelength coverage of the SB template caused the leaps at 30 µm
and 5450 µm. The fit represents an upper limit on the IR emission
of IFRS and is defined by matching the radio flux density of 15 mJy
at 1.4 GHz and providing the lowest deviation between all available flux
density upper limits and the total SED. Note that the dash at 21 cm (flux
density of ≈20 µJy) is the contribution of the additional SB component
to the 1.4 GHz flux density.

– i.e. composite from the spiderweb galaxy template and one
additional SB template – however, requesting the template to
be in agreement with all available flux density upper limits.
Furthermore, here, we required the total template to match the
median measured 1.4 GHz flux density of the observed IFRS
of 15 mJy. Figure 8 shows the resulting maximum model for
z = 4.

We found that the contribution of the additional SB
component to the radio emission, calculated based on the
radio-IR correlation, is negligible compared to the radio emis-
sion of the spiderweb galaxy template. In case of z = 4, this SB
contribution is around 20 µJy at 1.4 GHz which is more than two
orders of magnitude lower than the contribution of the spiderweb
galaxy template at this frequency.

Based on the results of this modelling, we calculated the
maximum total IR luminosity by integrating the flux density of
the total SED template between 8 µm and 1000 µm in the rest
frame. Furthermore, we decomposed the maximum IR luminos-
ity in the SB contribution and the AGN contribution. Seymour
et al. (2012) studied the IR properties of the spiderweb galaxy
and find that 59% of its IR luminosity is contributed from the
AGN and 41% from the star forming activity. We used these
fractional numbers and decomposed the contribution of the spi-
derweb galaxy template correspondingly. The maximum total
IR luminosity and its decomposition in AGN and SB contri-
bution as a function of redshift are shown in Fig. 9. We found
that, based on this modelling, IFRS are constrained to IR lu-
minosities below 1012 L� at redshifts z . 2. At z . 5, IFRS
can have a maximum luminosity of 1013 L�. At higher redshifts,
we cannot exclude IFRS to be HyLIRGs which are defined by
IR luminosities above 1013 L�.

Fig. 9. Maximum infrared luminosity versus redshift for the AGN (red
dotted line) component, the SB (blue dashed line) component, and
for the total IR luminosity (black solid line). The underlying model
(see Fig. 8 for an example) matched the measured radio flux density
of 15 mJy at 1.4 GHz. We note that the total IR luminosity and the
SB IR luminosity are upper limits.

We note that the luminosity upper limits obtained in this ap-
proach are up to one order of magnitude lower than those in-
ferred in Sect. 5.2.1 and presented in Fig. 7. This shows that
it is crucial to include the measured radio flux density in the
IR SED modelling. A modelling just based on the IR flux density
upper limits is physically inappropriate and results in excessive
IR luminosities.

The numbers of the maximum total IR luminosity and the
SB contribution are upper limits since they were obtained by a
model aiming at the lowest deviation to the available IR flux
density upper limits. In contrast, the IR luminosities of the AGN
component can be considered to be rough estimates because of
their direct link to the measured radio flux density. However,
we point out that the IR emission of AGNs at high redshifts is
known to spread by more than one order of magnitude (Drouart
et al. 2014). It should be emphasised that we assumed IFRS to be
similar to HzRGs in this approach. Although several indications
for this similarity have been found so far, it is not proven yet.
While the luminosities shown in Fig. 9 can be considered to be
more realistic numbers, the IR luminosity upper limits presented
in Fig. 7 are absolute upper limits which should not be exceeded,
independent of the nature of IFRS.

In our broad-band SED modelling described in Sect. 5.1,
we found that the local radio galaxy Cygnus A, the local CSS
source 3C 48 and the RL quasar 3C 273 provide appropriate tem-
plates to explain the SED characteristics of IFRS, too. As men-
tioned above, these modified templates shifted to z ≥ 1 fulfil the
selection criteria of HzRGs. Therefore, we also used the SEDs
of these galaxies as basic templates, i.e. containing an AGN and
potentially a certain contribution from star forming activity, in-
stead of the spiderweb galaxy. We performed the modelling in
the same way as described above, i.e. using the scaled SED of
Cygnus A, 3C 48 and 3C 273, respectively, as basic template and
adding the most appropriate and scaled SB template, matching
all available flux density upper limits and the measured 1.4 GHz
flux density. However, in case of Cygnus A, 3C 48 and 3C 273,
we did not find appropriate numbers in the literature to convert
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the IR emission of these objects into an AGN and an SB con-
tribution as we did for the spiderweb galaxy based on the re-
sults from Seymour et al. (2012). Therefore, we could only com-
pare the total IR luminosity upper limits. We found that these
numbers derived based on Cygnus A, 3C 48 and 3C 273 as ba-
sic templates are very similar to the numbers based on the spi-
derweb galaxy template shown in Fig. 9, differing by not more
than a factor of two. This finding provides evidence that the total
IR luminosity upper limits presented in Fig. 9 are indeed general
upper limits, independent on the assumed nature of IFRS.

5.2.3. Estimates of star formation and black hole accretion
rate upper limits

Based on the maximum IR luminosities measured in Sect. 5.2.2,
we derived upper limit estimates of the star formation rate (SFR),
causing the IR emission given by the SB component, and esti-
mates of the black hole accretion rate, generating the AGN con-
tribution to the IR flux. Since these numbers can only be con-
sidered as rough estimates, we used very general and simple ap-
proaches. We calculated the SFR based on the IR luminosity LIR

SB
integrated between 8 µm and 1000 µm,

SFR [M� yr−1] = 1.72 × 10−10 × LIR
SB [L�], (2)

following the relation for local galaxies from Kennicutt (1998).
We estimated the black hole accretion rate (Ṁacc

BH) from the
equation

κBol
AGNLIR

AGN = εṀacc
BHc2, (3)

based on the IR luminosity LIR
AGN of the AGN. This relation as-

sumes that a fraction of the rest-frame energy of the matter ac-
creting onto the black hole is converted into radiation over the
whole electromagnetic spectrum. The conversion is given by the
efficiency factor ε, only slightly constrained by empirical stud-
ies. While for example Shankar et al. (2010) suggest ε > 0.2
based on quasar clustering, others like Davis & Laor (2011) find
0.06 < ε < 0.4, depending on the mass. Here, we used a con-
servative number ε = 0.1 since we were interested in upper lim-
its for the black hole accretion rate. Furthermore, we needed to
make an assumption for the factor κ, converting the IR AGN lu-
minosity to the bolometric luminosity. This factor is uncertain
and can vary between 1.4 and 15. We adopted the number from
Drouart et al. (2014), κ = 6, assuming an RL AGN template.

Figure 10 shows the estimated upper limit of the SFR and
an estimate of the black hole accretion rate versus redshift based
on the maximum IR luminosities derived in Sect. 5.2.2. For the
accretion rate, we also showed the related uncertainty, arising
from the assumptions made for the efficiency factor ε and the
conversion factor κ as discussed above. Varying ε between 0.06
and 0.4, and κ between 1.4 and 15, representing the range of
reasonable numbers, results in the uncertainties shown by the
red shaded area in Fig. 10.

We found that IFRS at z . 4.5 are constrained by SFRs
of a few hundred solar masses per year. The SFR upper limit
increases with redshift and exceeds 104 M� yr−1 at z ≈ 11.
Drouart et al. (2014) find SFRs for their HzRGs in the range
of 100 M� yr−1 to 5000 M� yr−1. These numbers are in agree-
ment with our results, considering that the SFRs calculated here
are meant to be upper limits.

The estimates of the black hole accretion rate are be-
low 1 M� yr−1 at z . 3 and below 10 M� yr−1 at z ≈ 6. At
redshifts z ≥ 10, the accretion rate is below a few tens of solar

Fig. 10. Star formation rate (blue line) and accretion rate (red line) ver-
sus redshift. The calculation of both rates is based on the modelling
described in Sect. 5.2.2, matching the measured 1.4 GHz flux density
of 15 mJy and providing the lowest deviation to all available flux den-
sity upper limits. The red shaded area represents the uncertainty in the
determination of the BH accretion rate, based on varied numbers for the
efficiency factor ε and the conversion factor κ. We note that the SFR is
meant to be an upper limit since the SB contribution is only constrained
by upper limits.

masses per year. Drouart et al. (2014) find accretion rates be-
tween 1 M� yr−1 and 100 M� yr−1 for their sample of HzRGs.
Again, our results are in agreement with the numbers presented
by Drouart et al.. Considering that the HzRGs in the sample of
Drouart et al. are at z . 5, IFRS seem to show lower accretion
rates if they are located at similar redshifts. In contrast to the
SFR estimated in this work, which are meant to be upper limits
as discussed above, the black hole accretion rates are considered
to be rough estimates under the assumption that the SEDs of
IFRS are similar to those of HzRGs. However, the assumption
for the conversion factor κ and the efficiency factor ε and the
scattering of the IR luminosity of AGNs (Drouart et al. 2014)
add significant uncertainties.

All our findings in this IR SED modelling are in agreement
with the results by Drouart et al. (2014) for HzRGs. The redshift-
dependent IR luminosity upper limits and the directly related
SFRs and black hole accretion rates derived in this work agree
with the numbers calculated by Drouart et al. for their sources
which, in contrast to IFRS, partially provide FIR detections. In
our IR SED modelling, we did not find any evidence disproving
the hypothesis that IFRS are similar to HzRGs.

6. Conclusion

In this work, we presented the first FIR data of IFRS. Six
IFRS have been observed between 100 µm and 500 µm with
the instruments PACS and SPIRE on board the Herschel Space
Observatory. None of the observed IFRS has been detected at
any of the five FIR wavelengths down to median 3σ levels be-
tween 4.4 mJy at 100 µm and 17.6 mJy at 500 µm. Even the
stacking of the five maps of five IFRS at each wavelength did
not provide a detection.

We used the FIR flux density upper limits combined with
the radio detections and the SERVS/SWIRE flux density upper
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limits to model the broad-band SED of IFRS. The characteristics
of IFRS can only be explained by known SEDs of HzRGs (e.g.
the spiderweb galaxy) if these templates are shifted to z & 10.5
or by the SED of Cygnus A at 5 . z . 8.5. All other tem-
plates, for example RL HyLIRGs, ULIRGs with an AGN in
their centre, or RL quasars fail to reproduce the SED constraints
of IFRS. We also tested whether modified templates of known
galaxies can explain the characteristics of IFRS at lower red-
shifts z . 5. In this approach, we scaled the templates in lu-
minosity to match the measured flux densities at 1.4 GHz or
added extinction in the rest-frame optical and near-IR regime if
required. We found that the templates of the spiderweb galaxy,
Cygnus A, the CSS source 3C 48, and the RL quasar 3C 273
can be modified to match all photometric constraints of IFRS.
However, at low redshifts, additional obscuration by dust was
needed for most SED templates to match the near-IR faintness
of IFRS.

Although no IFRS has been found at low redshifts z ∼ 1, our
modelling provided appropriate modified templates for this sce-
nario. This implies that our modelling is physically unrealistic at
low redshifts, potentially because of scaling down the luminos-
ity and – by this – the supermassive black hole (SMBH) mass
which might prevent the object to be an RL AGN. On the other
hand, if the IFRS analysed in this work are indeed at z ∼ 1, they
would form a new subclass of IFRS with different characteristics
than the IFRS with known spectroscopic redshifts. Particularly,
we showed that SED templates of star forming galaxies, Seyfert
galaxies, ULIRGs, and HyLIRGs are inappropriate to reproduce
the photometric constraints of IFRS.

We modelled the maximum IR SED of IFRS based on a set
of SB templates and an AGN contribution and using all avail-
able flux density upper limits, aiming at measuring the maximum
IR flux of IFRS. We found that this model is unphysical at lower
redshifts because of its disagreement with the radio-IR corre-
lation. We found that the IFRS could also be modelled by the
spiderweb galaxy template, together with an additional SB com-
ponent. The related IR luminosity upper limits are in agreement
with those of HzRGs. Using these maximum IR luminosities,
we estimated black hole accretion rates and upper limits for the
SFR. These numbers agree with the numbers of HzRGs, too.

In summary, the IFRS discussed here might be (a) objects
identical to known HzRGs, but at high redshifts (z & 10.5);
(b) objects similar to Cygnus A, but at high redshifts 5 . z . 8.5;
(c) objects similar to known HzRGs or Cygnus A, but scaled
down in luminosity; or (d) objects similar to CSS sources or RL
quasars, but modified by significant additional extinction and
scaled in luminosity which makes these templates to HzRGs,
too. In any case, objects which reproduce the characteristics
of IFRS fulfil the selection criteria of HzRGs. We estimated
that IFRS contain SMBHs accreting at the rate of 1 M� yr−1

to 50 M� yr−1, together with star formation at a rate of up to
several thousand solar masses per year in case of an additional
SB component.
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5
The radio spectral energy distribution

of infrared-faint radio sources

The class of IFRSs is characterised by their relatively bright radio and faint observed near-IR

faintness emission, separating these objects from other galaxies. The observed 3.6 µm flux

density of IFRSs in the deep fields like the ATLAS and xFLS fields are usually below 3 µJy.

IFRSs are also very faint in the observed optical regime and usually remain undetected down

to ∼ 24.5 mag. The few optically detected IFRSs have R band magnitudes between 22.0

and 24.6; one IFRS has been detected with 26.3 mag in V band. In chapter 4 (Herzog et al.,

2015b), the first FIR observations of IFRSs were presented and yield no detection down

to a limit of 4.5 mJy at 100 µm. Even stacking analyses in the near- and mid-IR (Norris

et al., 2006; Garn and Alexander, 2008; Norris et al., 2011a) and FIR (chapter 4 of this

thesis, Herzog et al., 2015b) regimes did not reveal detections, showing that the respective

counterparts are not only slightly below the detection sensitivity, but emphasising the deep

faintness of IFRSs in the entire IR regime.
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Though observations at observed optical wavelengths revealed crucial information about

the nature of IFRSs as presented in chapter 2 (Herzog et al., 2014) and FIR flux density up-

per limits provided useful constraints on the SEDs of this class of object (chapter 4; Herzog

et al., 2015b), studying IFRSs in the optical and IR regimes is challenging and expensive

in observing time. In contrast, IFRSs are relatively radio-bright with 1.4 GHz flux densi-

ties of the order of mJy or tens of mJy and can therefore be studied rather easily at radio-

wavelengths. For example, observations in the radio regime unveiled the presence of AGNs

in a large number of IFRSs as described in chapter 3 (Herzog et al., 2015a).

The first targeted radio observations of IFRSs were carried out by Norris et al. (2007)

and Middelberg et al. (2008b) and resulted in the detection of compact emission in two out

of six observed sources. Middelberg et al. analysed IFRS S427—one of these two detected

sources—and conclude that it is most likely not a typical FR I/II radio galaxy based on its

putative luminosity and the ratio of compact to total radio emission. Further, Middelberg

et al. suggest that this source is physically smaller than typical FR I/II galaxies, following

from its angular size.

The angular size θ of an object is defined as

tan θ =
x
d

(5.1)

in Euclidean geometry, where x is the linear size of the object and d the distance between that

object and the observer. When θ is small, Eq. (5.1) can be approximated by θ ≈ x
d . In a non-

Euclidean space, the relation is more complex and the so-called angular diameter distance dA

needs to be defined to hold the approximated equation (see e.g. Weinberg, 2008 for details).

Remarkable is the fact that objects appear larger with increasing redshift at z & 1.6. This

can be seen from Fig. 5.1, showing the scale in kpc/arcsec as a function of redshift for

a standard ΛCDM cosmology. Increasing with redshift, the scale reaches a maximum of

around 8.5 kpc/arcsec at z ≈ 1.6. Towards higher redshifts, the scale decreases as a weak

function of redshift. In particular, the scale is between 4.5 kpc/arcsec and 8.5 kpc/arcsec in

the redshift range 0.5 ≤ z ≤ 8.0 .

Middelberg et al. (2008b) used this relation in combination with the deconvolved angular

size of IFRS S427 of 3.30 × 2.74 arcsec2 in the 1.4 GHz ATLAS DR1 map and suggest

that the linear size of this source is of the order of 24 kpc. This is significantly smaller
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Figure 5.1: Scale as a function of redshift in standard ΛCDM cosmology, assuming ΩΛ =

0.7, ΩM = 0.3, and H0 = 70 km s−1 Mpc−1. At z & 0.5, the scale only weakly depends on
the redshift. The formula to calculate the scale has been taken from Wright (2006).

than ordinary FR I/II galaxies with sizes of the order of 100 kpc and adds evidence to the

hypothesis that IFRSs are indeed different than extended radio galaxies. Garn and Alexander

(2008) present the same conclusion based on their sample of 14 IFRSs in the xFLS field,

suggesting a typical linear size of less than 20 kpc. Further, Middelberg et al. measured a

spectral index α = −1.31 for S427 between 843 MHz and 8.6 GHz. Combining this steep

radio SED with the compact morphology and low linear size of this source, Middelberg et al.

suggest that S427 might be a compact steep-spectrum (CSS) source.

The class of CSS sources contains compact radio galaxies with linear sizes of a few or a

few tens of kpc and steep radio SEDs (α . −0.6). Further, CSS sources show a turnover in

their radio SED at frequencies below 500 MHz (see O’Dea, 1998 for a review, and references

in Randall et al., 2011). Related to the class of CSS sources are GPS sources. With linear

sizes of less than 1 kpc, they are more compact than CSS sources and even smaller than the

NLR. As indicated by their name, GPS sources peak at frequencies above 500 MHz, usually

at a few GHz (O’Dea, 1998; Randall et al., 2011). Finally, the class of high-frequency

peakers (HFPs) is most compact (sizes of a few pc) and shows turnovers at frequencies

above 5 GHz (Dallacasa et al., 2000; Stanghellini et al., 2009; Orienti and Dallacasa, 2014).
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In the generally accepted picture, these three classes of objects are put in an evolution-

ary scenario where linear size correlates with age (Dallacasa et al., 2000). Thus, HFPs are

expected to be the youngest AGNs. These objects are very rare since they evolve quickly—

within a few tens of years (Dallacasa, 2003)—to GPS sources, by shifting their peak in the ra-

dio SED to lower frequencies. The relativistic jets expand into the interstellar medium (ISM)

of the host galaxy. They first penetrate the NLR—during the GPS phase—, followed by more

homogeneous regions of the ISM—corresponding to the CSS phase—, and finally extend

into the IGM and forming an extended radio galaxy (Dallacasa, 2003). During this evolu-

tion, the radio luminosity increases in the GPS phase and then decreases in the CSS phase

because of expansion losses (Fanti et al., 1995; Readhead et al., 1996; Snellen et al., 2000).

Alternative scenarios suggest that these compact AGNs are “frustrated” sources that are

confined by dense gas, preventing the jets from expanding (O’Dea et al., 1991), or dying

AGNs without further energy supply (Fanti, 2009).

The radio emission of these sources—and generally all AGNs—is dominated by syn-

chrotron emission. The observed turnover in the radio SED of HFPs, GPS sources, and

CSS sources is generally thought to be caused by absorption of synchrotron emission. How-

ever, different physical processes causing the absorption have been suggested and this issue

is still highly debated. Free-free absorption (FFA) between the synchrotron electrons and

ionised gas in the host galaxy can cause the turnover. On the other hand, synchrotron self

absorption (SSA) in the synchrotron-emitting region itself might also explain the observed

decreasing flux densities towards low frequencies (see the introduction in Marr et al., 2014

for a comprehensive overview).

For these classes of AGN, O’Dea and Baum (1997) present a correlation that describes

how the radio peak frequency νp relates to the linear size l, quantified by

log
(
νp

GHz

)
= −(0.21 ± 0.05) − (0.65 ± 0.05) log

(
l

kpc

)
. (5.2)

This correlation holds for the entire data set of GPS and CSS sources, characterised by peak

frequencies in the range 0.05 GHz ≤ νp ≤ 20 GHz and linear sizes in the range 0.01 kpc ≤

l ≤ 20 kpc.

The steep radio SED of S427 presented by Middelberg et al. (2008b) as discussed above

is not an outlier in the class of IFRSs but rather common. Middelberg et al. (2011) analysed
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the radio spectral indices of 17 IFRSs and find a median index of −1.4 between 1.4 GHz and

2.4 GHz and no index flatter than −0.7. Considering the compact morphology of the majority

of IFRSs and the related low linear sizes (Middelberg et al., 2008b; Garn and Alexander,

2008; Middelberg et al., 2011), the class of IFRSs seems to be prototypical for CSS and

potentially GPS sources as pointed out by Middelberg et al. (2008b) for the individual IFRS

S427.

Generally, different emission regions contribute to the total radio luminosity of radio

galaxies (see e.g. Miley, 1980; Bridle et al., 1981; Begelman et al., 1984). If the jets are still

fed, the core of a radio galaxy—i.e. the innermost parts of the jets, at the centre of the host

galaxy—is characterised by the continuous injection of jet material, emitting synchrotron

emission. This region typically shows a flat or inverted radio SED with a spectral index

in the range −0.5 . α . 1.0. Inverted SEDs are expected to arise from optically thick

regions where low-frequency photons are suppressed by FFA or SSA. Flat SEDs are thought

to be the result of superpositions of SEDs from different emission regions along the jet with

progressively lower turnover frequency. In evolved radio galaxies, the radio core emission

hardly contributes to the total radio emission of the galaxy. The contribution of the jets

themselves and knots1 in the jets is similarly low. These components usually have spectral

indices in the range −0.8 . α . −0.5. Hot-spots2 have similar spectral indices. The total

radio emission of evolved radio galaxies—i.e. FR I/II—is dominated by the lobes. Spectral

indices depend on the size—or equivalently, the age—of the radio galaxy, but are typically

in the range −1.0 . α . −0.7.

The following paper studies the radio SED of IFRSs and addresses the question whether

the majority of IFRSs are young AGNs, i.e. GPS or CSS sources, as suggested based on the

results from studying the compact radio emission of IFRSs presented in chapter 3 (Herzog

et al., 2015a). Radio SEDs of 34 IFRSs were built using data in up to 15 wavebands, covering

the frequency range between 150 MHz and 34 GHz. Indeed, the data pick up the suggested

turnover in the radio regime for some IFRSs. However, the abundance of young AGNs is

not higher than for the ordinary RL AGN population, potentially because of higher redshifts

of IFRSs which would shift the turnover into the lower, unexplored frequency regime. The

SEDs show that IFRSs have steeper radio SEDs than the general RL source population. In

1Knots are high surface brightness regions in the jet, interpreted as resulting from interactions between the
jet particles and overdense regions or from particle re-acceleration.

2Hot spots are regions of particle shock-acceleration at the edges of the lobes.
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particular, the steep SEDs and the absence of flat or inverted SEDs shows that the radio

emission of IFRSs is not affected by beaming effects and that IFRSs are very unlikely to be

blazars.

In the paper below, several IFRSs are found to have ultra-steep radio SEDs, characterised

by spectral indices α < −1.3. Following the correlation that higher-redshift sources show

steeper radio SEDs (e.g. Klamer et al., 2006), these ultra-steep IFRSs are suggested to be at

high redshifts. Since observational confirmation of the putatively very high redshifts of the

IR-faintest IFRSs—suggested to be at z ∼ 5 by Norris et al. (2011a), Collier et al. (2014),

and Herzog et al. (2014)—is challenging and requires time at the most advanced telescopes

as discussed in chapters 2 and 3, it is important to select the most promising sources for such

future observations. Knowledge of the radio SED steepness as presented in the following

paper might provide crucial information to select the targets, and these ultra-steep spectrum

sources are good candidates to find IFRSs at very high redshifts.
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ABSTRACT

Context. Infrared-faint radio sources (IFRS) are a class of radio-loud (RL) active galactic nuclei (AGNs) at high redshifts (z ≥ 1.7)
that are characterised by their relative infrared faintness, resulting in enormous radio-to-infrared flux density ratios of up to several
thousand.
Aims. Because of their optical and infrared faintness, it is very challenging to study IFRS at these wavelengths. However, IFRS are
relatively bright in the radio regime with 1.4 GHz flux densities of a few to a few tens of mJy. Therefore, the radio regime is the most
promising wavelength regime in which to constrain their nature. We aim to test the hypothesis that IFRS are young AGNs, particularly
GHz peaked-spectrum (GPS) and compact steep-spectrum (CSS) sources.
Methods. We use the rich radio data set available for the Australia Telescope Large Area Survey fields, covering the frequency range
between 150 MHz and 34 GHz with up to 15 wavebands from different telescopes, and build radio spectral energy distributions (SEDs)
for 34 IFRS. We then study the radio properties of this class of object with respect to turnover, spectral index, and behaviour towards
higher frequencies. We also present the highest-frequency radio observations of an IFRS, observed with the Plateau de Bure Interfer-
ometer at 105 GHz, and model the multi-wavelength and radio-far-infrared SED of this source.
Results. We find IFRS usually follow a single power law down to observed frequencies of around 200 MHz. Mostly, the radio SEDs
are steep (α < −0.8; 85+4

−8%), but we also find ultra-steep SEDs (α < −1.3; 12+8
−4%). In particular, IFRS show statistically significantly

steeper radio SEDs than the broader RL AGN population. Our analysis reveals that the fractions of GPS and CSS sources in the
population of IFRS are consistent with the fractions in the broader RL AGN population. We find that at least 15+8

−4% of IFRS contain
young AGNs, although the fraction might be significantly higher as suggested by the steep SEDs and the compact morphology of
IFRS. Furthermore, IFRS with a turnover in their radio SED are found to be radio- and infrared-fainter than IFRS without observed
turnover. The detailed multi-wavelength SED modelling of one IFRS shows that it is different from ordinary AGNs, although it is
consistent with a composite starburst-AGN model with a star formation rate of 170 M� yr−1.

Key words. Galaxies: active – Galaxies: high-redshift – Radio continuum: galaxies

1. Introduction

Infrared-faint radio sources (IFRS) are comparatively bright ra-
dio sources with a faint or absent near-infrared counterpart. They
were serendipitously discovered in the Chandra Deep Field-
South (CDFS) by Norris et al. (2006) in the Australia Telescope
Large Area Survey (ATLAS) 1.4 GHz map and the co-located
Spitzer Wide-area Infrared Extragalactic Survey (SWIRE; Lons-
dale et al. 2003) infrared (IR) map. Based on the SEDs of ordi-
nary galaxies, it was expected that every object in the deep ra-
dio survey (rms of 36 µJy beam−1 at 1.4 GHz in CDFS) would

? Based on observations carried out with the IRAM Plateau de Bure
Interferometer. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain).

have a counterpart in the SWIRE survey (rms of ∼ 1 µJy at
3.6 µm). However, Norris et al. found 22 radio sources with
1.4 GHz flux densities of a few or a few tens of mJy with-
out 3.6 µm counterpart and labelled them as IFRS. Later, IFRS
were also found in the European Large Area IR space observa-
tory Survey South 1 (ELAIS-S1) field, the Spitzer extragalac-
tic First Look Survey (xFLS) field, the Cosmological Evolution
Survey (COSMOS) field, the European Large Area IR space ob-
servatory Survey North 1 (ELAIS-N1) field, and the Lockman
Hole field (Middelberg et al. 2008a; Garn & Alexander 2008;
Zinn et al. 2011; Banfield et al. 2011; Maini et al. 2013), result-
ing in around 100 IFRS known in deep fields.
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While IFRS were originally defined as radio sources with-
out IR counterpart in the first works, Zinn et al. (2011) set two
criteria for the survey-independent selection of IFRS:

(i) radio-to-IR flux density ratio S 1.4 GHz/S 3.6 µm > 500 , and
(ii) 3.6 µm flux density S 3.6 µm < 30 µJy .

The first criterion accounts for the enormous radio-to-IR flux
density ratios resulting from the solid radio detection and the IR
faintness. These ratios identify IFRS as clear outliers. The sec-
ond criterion selects objects at cosmologically significant red-
shifts because of cosmic dimming or heavily obscured objects.

Collier et al. (2014) followed a different approach than used
in the previous studies and searched for IFRS based on shal-
lower data, but in a much larger area. Using the Unified Ra-
dio Catalog (URC; Kimball & Ivezić 2008) based on the NRAO
VLA Sky Survey (NVSS; Condon et al. 1998) and IR data from
the all-sky Wide-Field Infrared Survey Explorer (WISE; Wright
et al. 2010), they found 1317 IFRS fulfilling both selection cri-
teria from Zinn et al. (2011). Whereas some of the IFRS in deep
fields are lacking a 3.6 µm counterpart, all IFRS from the cata-
logue compiled by Collier et al. have a detected 3.4 µm counter-
part. Also, these sources are on average radio-brighter than the
IFRS in deep fields.

Since the first IFRS were identified, it has been argued
that these objects might be radio-loud (RL) active galactic nu-
clei (AGNs) at high redshifts (z & 1), potentially heavily ob-
scured by dust (Norris et al. 2006, 2011). Whereas other explana-
tions like pulsars have been ruled out (Cameron et al. 2011), the
suggested high redshifts of IFRS have been confirmed by Collier
et al. (2014) and Herzog et al. (2014); all spectroscopic redshifts
are in the range 1.7 . z . 3.0. The first two very long baseline
interferometry (VLBI) detections of IFRS were carried out by
Norris et al. (2007) and Middelberg et al. (2008b) who targeted
six IFRS in total and show that at least some IFRS have high
brightness temperatures, indicating the presence of an AGN. Re-
cently, Herzog et al. (2015a) found compact cores in the majority
of IFRS based on a large sample of 57 sources. Middelberg et al.
(2011) show that IFRS have significantly steeper radio SEDs
(median index1 of −1.4 between 1.4 GHz and 2.4 GHz) than or-
dinary AGNs.

An overlap between the populations of IFRS on the one
hand and GHz peaked-spectrum (GPS) and compact steep-
spectrum (CSS) sources on the other hand is suggested and
found by Middelberg et al. (2011), Collier et al. (2014) and Her-
zog et al. (2015a). GPS sources are very compact and power-
ful AGNs with linear sizes below 1 kpc, showing a turnover in
their radio spectral energy distribution (SED) at frequencies of
500 MHz or higher. CSS sources are similarly powerful, but are
more extended (linear sizes of a few or a few tens of kpc) and
show their turnover at frequencies below 500 MHz (e.g. O’Dea
1998; Randall et al. 2011). Further, CSS sources are charac-
terised by their steep radio SEDs (α . −0.5). GPS and CSS
sources are usually considered to be young versions of extended
radio galaxies, but it has also been suggested that they are frus-
trated AGNs confined by dense gas (O’Dea et al. 1991) or dying
radio sources (Fanti 2009).

Modelling the multi-wavelength SED of IFRS was accom-
plished by Garn & Alexander (2008), Huynh et al. (2010), Her-
zog et al. (2014), and Herzog et al. (2015b), and shows that these
sources can only be modelled as high-redshift RL AGNs, po-
tentially suffering from heavy dust extinction. The strong link

1 The spectral index α is defined as S ∝ να throughout this paper where
S is the flux density and ν the frequency.

between IFRS and high-redshift radio galaxies (HzRGs)—first
suggested by Huynh et al. and Middelberg et al. (2011) and later
emphasised by Norris et al. (2011)—has also been found in the
modelling by Herzog et al. (2015b). HzRGs are massive galax-
ies at high redshifts (1 ≤ z ≤ 5.2) which are expected to be the
progenitors of the most massive elliptical galaxies in the local
universe (e.g. Seymour et al. 2007; De Breuck et al. 2010). They
host AGNs and undergo heavy star forming activity. IFRS have
a significantly higher sky density than HzRGs (a few IFRS per
square degree versus around 100 HzRGs known on the entire
sky) and are suggested to be higher-redshift or less luminuous
siblings of these massive galaxies.

The correlation between K band magnitude and redshift
has been known for radio galaxies (e.g. Lilly & Longair 1984;
Willott et al. 2003; Rocca-Volmerange et al. 2004) for three
decades and was used to find radio galaxies at high redshifts.
In particular, HzRGs were also found to follow this correla-
tion (Seymour et al. 2007). Although IFRS are on average fainter
than HzRGs in the near-IR regime, an overlap between both sam-
ples exists. Norris et al. (2011) suggest that IFRS might also
follow a correlation between near-IR flux density and redshift.
This suggestion has been supported by Collier et al. (2014) and
Herzog et al. (2014) who find that those IFRS with spectro-
scopic redshifts are consistent with this suggested correlation.
Similarly, ultra-steep radio spectra (α . −1.0) are known to be
successful tracers of high-redshift galaxies (e.g. Tielens et al.
1979; McCarthy et al. 1991; Roettgering et al. 1994). The classes
of HzRGs and IFRS were both found to have steep radio spec-
tra (Middelberg et al. 2011).

Studying IFRS in the optical and IR regime is challenging
because of their faintness at these frequencies. In contrast, IFRS
are relatively bright in the radio regime, making detailed radio
studies feasible. Since the radio emission of RL galaxies is dom-
inated by the AGN, radio studies of IFRS can provide insights
into the characteristics of the active nucleus, e.g. its age.

This paper aims at studying the broad radio SEDs of IFRS,
spanning a frequency range of more than two orders of mag-
nitude. In Sect. 2, we present our sample of 34 IFRS from the
ATLAS fields and describe the available data for the ELAIS-
S1 and CDFS fields which includes the first data on IFRS be-
low 610 MHz and above 8.6 GHz. Among others, we are us-
ing data of two of the new-generation radio telescopes and
Square Kilometer Array (SKA; Dewdney et al. 2009) pre-
cursors, Murchison Widefield Array (MWA; Lonsdale et al.
2009; Tingay et al. 2013) and Australian Square Kilometer Ar-
ray Pathfinder (ASKAP; Johnston et al. 2007, 2008; DeBoer
et al. 2009). We also describe the Plateau de Bure Interferom-
eter (PdBI) observations—the highest-frequency radio observa-
tions of an IFRS so far—and ancillary data of one IFRS in the
xFLS field. Based on the available data, we build and fit radio
SEDs for the IFRS in the ATLAS fields in Sect. 3 and analyse
them with respect to spectral index, turnover, and high-frequency
behaviour in Sect. 4. In Sect. 5, we present a multi-wavelength
and radio SED modelling for the IFRS observed with the PdBI.
Our results are summarised in Sect. 6. The photometric data ob-
tained in Sect. 2 are summarised in Appendix A. Throughout this
paper, we use flat ΛCDM cosmological parameters ΩΛ = 0.7,
ΩM = 0.3, H0 = 70 km s−1 Mpc−1, and the calculator by
Wright (2006). The linear scale in ΛCDM cosmology is lim-
ited in the redshift range 0.5 ≤ z ≤ 12 between 4 kpc/arcsec
and 8.5 kpc/arcsec. Following Cameron (2011), we calculate 1σ
confidence intervals of binomial population proportions based
on the Bayesian approach.
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2. Observations and data

Aiming at building the broad radio SEDs of a larger number of
IFRS, we based our sample on the IFRS catalogue compiled
by Zinn et al. (2011). This catalogue contains 55 IFRS in the
ELAIS-S1, CDFS, xFLS and COSMOS fields. Because of the
rich radio data set in the ELAIS-S1 and CDFS fields, we limited
our study to IFRS in these two fields only. However, we dis-
carded the source ES11 from our sample since it was recently
found to be putatively associated with a 3.6 µm SWIRE source
in high-resolution radio observations (Collier et al., in prep.), not
fulfilling the selection criteria from Zinn et al. any more. Thus,
we used 28 IFRS from the sample presented by Zinn et al. for
our study: 14 IFRS in ELAIS-S1, and 14 in CDFS.

Maini et al. (2013) presented a catalogue of IFRS based
on the deeper Spitzer Extragalactic Representative Volume Sur-
vey (SERVS) near- and mid-IR data, also covering parts of the
ELAIS-S1 and the CDFS fields. Because of the deeper 3.6 µm
data, Maini et al. were able to identify some IFRS that were
not listed in the IFRS catalogue from Zinn et al. (2011). These
sources were undetected in the shallower SWIRE survey. How-
ever, because of their 1.4 GHz flux densities of around 1 mJy,
they did not fulfil criterion (i) from Zinn et al. but meet the cri-
terion based on a SERVS detection below the SWIRE limit. In
order to study the less extreme versions of IFRS, Maini et al.
lowered the first IFRS selection criterion from Zinn et al. and
included sources with a radio-to-IR flux density ratio above 200
in their sample. Aiming at studying the originally very extreme
class of IFRS, in our work, we limited our sample to a radio-to-
IR flux density ratio of 500 for the definition of IFRS and added
only those sources in ELAIS-S1 and CDFS from Maini et al. to
our sample that fulfil this stronger criterion. Adding one IFRS in
ELAIS-S1 and five IFRS in CDFS, we ended up with a sample
size of 34 IFRS for our radio SED study: 15 in ELAIS-S1 and
19 in CDFS. Throughout this paper, we use identifiers from Zinn
et al. and Maini et al. which are identical to the identifiers in the
first ATLAS data release (DR1) presented by Norris et al. (2006)
and Middelberg et al. (2008a).

We describe our radio data in Sects. 2.1 and 2.2 for ELAIS-
S1 and CDFS, respectively. All observations are summarised in
Tables 1 and 2, listing frequency, telescope, angular resolution,
maximum sensitivity, and the number of detected IFRS, unde-
tected IFRS, and IFRS outside the field, respectively. All photo-
metric data are listed in Appendix A in Tables A.1 and A.2 for
ELAIS-S1 and CDFS, respectively. We comment on our cross-
matching approach in Sect. 2.3 and clarify our way of dealing
with flux density uncertainties in Sect. 2.4. Issues arising from
different angular resolutions are discussed in Sect. 2.5 and a con-
trol sample is introduced in Sect. 2.6. In Sect. 2.7, we present
observations of the IFRS xFLS 478 with the PdBI, describe the
data calibration, and collect ancillary data.

2.1. Radio data for ELAIS-S1

2.1.1. 1.4 GHz ATLAS DR3 data

Since the definition of IFRS is based on the observed 1.4 GHz
flux density, all IFRS are detected at this frequency. Zinn et al.
(2011) used data from ATLAS DR1 (Norris et al. 2006; Middel-
berg et al. 2008a) for their IFRS catalogue. Here, we used the
recent ATLAS data release 3 (DR3; Franzen et al. 2015). AT-
LAS DR3 has a resolution of 12 × 8 arcsec2 and a sensitivity of
∼ 17 µJy beam−1 (up to 100 µJy beam−1 at the edges) at 1.4 GHz
in ELAIS-S1. Franzen et al. applied three criteria for their com-

ponent catalogue: (1) local rms noise below 100 µJy beam−1, (2)
sensitivity loss arising from bandwidth smearing below 20%,
and (3) primary beam response at least 40% of the peak re-
sponse. Sources in ATLAS DR3 have been fitted with one or
more Gaussians, where each Gaussian is referred to as a single
“component”. Thus, a source can consist of one or more compo-
nents.

We extracted all components from the ATLAS DR3 compo-
nent catalogue by Franzen et al. (2015) that we deemed to be
associated with our 15 IFRS in ELAIS-S1. Eleven component
counterparts were found for eight IFRS, fulfilling all three se-
lection criteria from Franzen et al. Seven IFRS did not provide
counterparts in ATLAS DR3. These sources are located close to
the field edges and the respective sources in the DR3 map do not
fulfil the primary beam response criterion (3). Therefore, these
components are not listed in the component catalogue presented
by Franzen et al. Middelberg et al. (2008a) used different com-
ponent selection criteria which allowed sources at the field edges
to be included in their catalogue.

Component extraction was performed on those seven IFRS
without counterpart in the DR3 catalogue in the same way as
presented by Franzen et al. (2015), however at the cost of lower
beam response and higher local rms noise. Thus, nine compo-
nent counterparts were found for the seven remaining IFRS, i.e.
1.4 GHz ATLAS DR3 counterparts could be extracted for all
IFRS from our sample in ELAIS-S1.

We visually inspected the 1.4 GHz map along with the
3.6 µm SWIRE map to check whether all components found in
our manual cross-matching were associated with the IFRS. If
a source is composed of more than one Gaussian component
in DR3, these components are clearly separated, and we found
a 3.6 µm counterpart for more than one of these radio compo-
nents, we disregarded those additional radio components with IR
counterparts. Because of their IR counterparts, these components
are putatively not radio jets of a spatially separated galaxy. In
this approach, we discarded one out of 20 Gaussian components
found for our 15 IFRS in ELAIS-S1. Therefore, the grouping
of Gaussian components to sources differed from the automatic
approach used by Franzen et al. (2015) in some cases.

We extracted integrated flux densities at 1.4 GHz from AT-
LAS DR3. If the counterpart of an IFRS was confirmed to be
composite of more than one component in DR3 as described
above, we added the integrated flux densities of the individual
components and propagated the errors. Because of discarding
components as described above, the 1.4 GHz flux densities of
the IFRS in our sample might differ from the respective numbers
in the ATLAS DR3 source catalogue.

2.1.2. 610 MHz GMRT data

The ELAIS-S1 field was observed with the Giant Metrewave
Radio Telescope (GMRT) at 610 MHz with a resolution of
11 × 11 arcsec2 (Intema et al., in prep.) down to a median
rms of 100 µJy beam−1 over large parts of the field and up to
450 µJy beam−1 at the edges. Nine out of our 15 IFRS in ELAIS-
S1 were located in the final map of this project. Five more IFRS
were also covered by these observations, but are located out-
side the final map where the primary beam response is low and
the beam shape is poorly known, resulting in higher noise and
uncertainty. We measured integrated flux densities from the ex-
tended map using JMFIT2—also including data with low beam

2 JMFIT is a task of the Astronomical Image and Processing Sys-
tem (AIPS); http://www.aips.nrao.edu/
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Table 1: Characteristics of the observations of the ELAIS-S1 field, covering 15 IFRS from our sample.

Frequency Telescope Angular resolution Sensitivity # det # undet # outside Reference
[MHz] [arcsec2] [µJy beam−1]

200 MWA 140 × 130 7600 13 2 . . . (1)
610 GMRT 11 × 11 100 14 . . . 1 (2)
843 MOST 62 × 43 600 15 . . . . . . (3)

1400 ATCA 12 × 8 17 15 . . . . . . (4)
2300 ATCA 33.56 × 19.90 70 15 . . . . . . (5)
4800 ATCA 4.6 × 1.7 130 5 1 9 (6)
8640 ATCA 4.6 × 1.7 130 3 3 9 (6)

34 000 ATCA 7 × 7 110 2 1 12 (7)

Notes. Columns 5, 6, and 7 list the number of detected IFRS, undetected IFRS, and IFRS outside the field, respectively.

References. (1) Hurley-Walker et al. (in prep.); (2) Based on the map from Intema et al. (in prep.); (3) Based on the map from Randall et al.
(2012); (4) Franzen et al. (2015); (5) Based on the map from Zinn et al. (2012); (6) Middelberg et al. (2011); (7) Emonts et al. (in prep.)

Table 2: Characteristics of the observations of the CDFS field, covering 19 IFRS from our sample.

Frequency Telescope Angular resolution Sensitivity # det # undet # outside Reference
[MHz] [arcsec2] [µJy beam−1]

150 GMRT 25.2 × 14.7 2000 12 7 . . . (1)
200 MWA 135 × 120 6200 10 9 . . . (2)
325 GMRT 11 × 7 100 18 1 . . . (1)
610 GMRT 7.7 × 3.7 100 10 . . . 9 (3)
843 MOST 95 × 43 1700 8 9 2
844 ASKAP-BETA 91 × 56 450 18 1 . . . (4)

1400 ATCA 16 × 7 14 19 . . . . . . (5)
2300 ATCA 57.15 × 22.68 70 19 . . . . . . (6)
4800 ATCA 4.6 × 1.7 100 5 3 11 (7)
5500 ATCA 4.9 × 2.0 12 2 . . . 17 (8)
8640 ATCA 4.6 × 1.7 90 5 3 11 (7)

20 000 ATCA 29.1 × 21.9 40 2a 10 7 (9)
34 000 ATCA 8.2 × 5.1 30 3 . . . 16 (10)

Notes. Columns 5, 6, and 7 list the number of detected IFRS, undetected IFRS, and IFRS outside the field, respectively. (a) These two IFRS were
also detected in the follow-up observations by Franzen et al. (2014) at 5.5 GHz, 9 GHz, and 18 GHz.

References. (1) Based on the map from Sirothia et al. (in prep.); (2) Hurley-Walker et al. (in prep.); (3) Based on the map from Intema et al. (in
prep.); (4) Based on the map from Marvil et al. (in prep.); (5) Franzen et al. (2015); (6) Based on the map from Zinn et al. (2012); (7) Middelberg
et al. (2011); (8) Huynh et al. (2012); (9) Franzen et al. (2014); (10) Emonts et al. (in prep.)

response—for all 14 IFRS covered in these observations and
accounted for the higher uncertainty as described in Sect. 2.4.
IFRS ES1259 was not targeted by these observations.

2.1.3. 200 MHz GLEAM data

The Galactic and Extragalactic MWA Survey (GLEAM) targeted
the entire sky south of +30◦ declination at 72−231 MHz (Wayth
et al. 2015) with the MWA. Here, we used preliminary GLEAM
data (Hurley-Walker et al., in prep.) which are reliable but in-
complete. The used catalogue has been selected at 200 MHz
with 60 MHz bandwidth. The beam size in ELAIS-S1 is around
140×130 arcsec2 and the rms around 7.6 mJy beam−1. We found
counterparts for 13 out of 15 IFRS in ELAIS-S1. For the two
IFRS undetected in the GLEAM survey, we set flux density up-
per limits based on the mean rms in ELAIS-S1. Since the local
rms at the position of the undetected IFRS is unknown, we set a
conservative 4σ flux density upper limit—using the mean rms—
of 30 mJy beam−1 at 200 MHz.

2.1.4. 843 MHz MOST data

Randall et al. (2012) presented observations of the ELAIS-S1
field at 843 MHz with the Molonglo Observatory Synthesis Tele-
scope (MOST). The data have a resolution of 62×43 arcsec2 and
an rms of around 0.6 mJy beam−1. The observations from Ran-
dall et al. use the same frequency and resolution as the Sydney
University Molonglo Sky Survey (SUMSS; Bock et al. 1999;
Mauch et al. 2003), but are twice as sensitive.

To be consistent with MOST observations of the CDFS de-
scribed below, we measured flux densities in the same way in
both fields using JMFIT. As reported by Randall et al. (2012),
there are two types of artefacts in their final map: grating rings
and radial spokes, where the former one is relevant for our flux
measurements. One of these rings interferes with one of our
sources (ES1259) and neither a flux density nor an upper limit
could be reliably measured. In SUMSS, this source is also af-
fected by this artefact.

Furthermore, sources in the final map from Randall et al.
(2012) are surrounded by a ring of negative pixel values
(“holes”). We accounted for this issue by fitting a background
level and subtracting this background from the measured flux
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densities using JMFIT. We found 843 MHz flux densities for all
15 sources but ES1259. These flux densities were found to be
in agreement with those reported by Randall et al. and also in
agreement with the SUMSS flux densities for sources listed in
that survey catalogue.

2.1.5. 2.3 GHz ATLAS data

The ELAIS-S1 field was observed with the Australia Telescope
Compact Array (ATCA) at 2.3 GHz (Zinn et al. 2012) as part
of the ATLAS survey. The observations resulted in an rms of
70 µJy beam−1 and a resolution of 33.56 × 19.90 arcsec2. We
cross-matched our IFRS sample with the source catalogue from
Zinn et al. and found six out of 15 IFRS in ELAIS-S1 to have a
counterpart at 2.3 GHz.

At the positions of all nine IFRS without catalogued 2.3 GHz
counterpart by Zinn et al. (2012), unambiguous detections are
visible in the 2.3 GHz map. Seven of these IFRS are located close
to the edges of the field and their 2.3 GHz counterparts might
therefore not be listed by Zinn et al. It is unclear why ES419 and
ES427 in the centre of the field do not have catalogued 2.3 GHz
counterparts.

Due to these missing 2.3 GHz counterparts, we measured
flux densities from the 2.3 GHz map from Zinn et al. (2012) us-
ing JMFIT for all IFRS in ELAIS-S1. For the IFRS with 2.3 GHz
counterparts listed by Zinn et al., we found that the flux densities
measured in our work are in agreement with the flux densities
from Zinn et al. For consistency purposes, we used 2.3 GHz flux
densities measured in our work for all 15 IFRS in ELAIS-S1.

2.1.6. Higher-frequency radio data

Middelberg et al. (2011) studied the higher-frequency radio
SEDs of IFRS and observed nine sources in the ELAIS-S1 field
with the ATCA at 4.8 GHz and 8.6 GHz down to an rms of
around 130 µJy beam−1. Six IFRS from our sample in ELAIS-
S1 were observed in this study, resulting in five detections at
4.8 GHz and three detections at 8.6 GHz. The observations had
an angular resolution of 4.6×1.7 arcsec2 at both frequencies. We
used the integrated flux densities and flux density upper limits
presented by Middelberg et al. in our study.

Three IFRS from our sample in ELAIS-S1 were observed
with the ATCA at 34 GHz, resulting in a resolution of around
7 arcsec and an rms of around 110 µJy beam−1 (Emonts et al., in
prep.). Two of the targeted IFRS were detected and one IFRS
was found to be undetected. We used the related flux densities
and upper limits in our study.

2.2. Radio data for CDFS

2.2.1. 1.4 GHz ATLAS DR3 data

The 1.4 GHz ATLAS DR3 data (Franzen et al. 2015) of the
CDFS field with a resolution of 16 × 7 arcsec2 and a sensitiv-
ity of ∼ 14 µJy beam−1 (up to 100 µJy beam−1 at the field edges)
was used. We extracted all components from the ATLAS DR3
component catalogue that we deemed to be associated with our
19 IFRS in CDFS as described in Sect. 2.1.1 for the ELAIS-S1
field. We found 29 component counterparts for 17 IFRS. Coun-
terparts in DR3 for the other two IFRS were missing because of
the primary beam criterion as mentioned in Sect. 2.1.1. Again,
component extraction was performed on the ATLAS DR3 map at
the respective positions in the same way as presented by Franzen
et al. and three component counterparts were found for these two

IFRS. The resulting component catalogue was analysed and used
as described in Sect. 2.1.1. In the visual inspection, we discarded
six Gaussian components.

We emphasise that IFRS CS618 is peculiar and differs from
all other IFRS in our sample because of its morphology. In the
1.4 GHz ATLAS map, this source appears as a typical double-
lobed radio galaxy, consisting of three clearly separated emis-
sion regions, which were fitted by four Gaussian components in
DR3. In Sect. 4.10, we discuss the characteristics of this source
in detail.

2.2.2. 150 MHz, 325 MHz, and 610 MHz GMRT data

The maps of the CDFS at 150 MHz and 325 MHz (Sirothia et
al., in prep.) are based on data from the GMRT and have reso-
lutions of 25 × 15 arcsec2 and 11 × 7 arcsec2, respectively. The
sensitivities reach around 2 mJy beam−1 and 100 µJy beam−1, re-
spectively. We found counterparts for twelve IFRS at 150 MHz
and measured their flux densities using JMFIT. Seven IFRS re-
mained undetected at 150 MHz. At 325 MHz, we found counter-
parts for 18 IFRS using JMFIT. The only undetected IFRS at this
frequency is CS94. This source is located in an area where the
noise is significantly higher and neither a counterpart nor a flux
density upper limit could be reliably determined for this IFRS.

The TIFR GMRT Sky Survey3 (TGSS) aims to observe
37 000 deg2 at 150 MHz with a sensitivity of 7 mJy beam−1.
TGSS DR5 (November 2012) covers parts of the CDFS at a
sensitivity of around 8 mJy beam−1, and is assumed to have an
uncertainty of 25% in flux density. Three IFRS from our sample
are detected in TGSS DR5 and we found our flux densities mea-
sured with JMFIT in agreement with the TGSS results. However,
for consistency, we used our flux densities for all sources in our
study at 150 MHz and 325 MHz.

Three parts of the CDFS were observed with one pointing
each with the GMRT at 610 MHz (Intema et al., in prep.). These
pointings were centred on the IFRS CS114, CS194, and CS703.
Five additional IFRS (CS97, CS265, CS292, CS618, CS713) are
also located in the pointing fields. These observations reach sen-
sitivities of 95 µJy beam−1, 150 µJy beam−1, and 80 µJy beam−1,
respectively, at a resolution of around 7.7 × 3.7 arcsec2. We
measured flux densities from the maps using JMFIT and found
610 MHz counterparts for all eight IFRS.

2.2.3. 200 MHz GLEAM data

We cross-matched our IFRS sample in CDFS with a prelim-
inary GLEAM catalogue (Hurley-Walker et al., in prep.), se-
lected at 200 MHz and covering a bandwidth of 60 MHz as
presented in Sect. 2.1.3. This catalogue has an angular resolu-
tion of around 135 × 120 arcsec2 and an average rms of around
6.2 mJy beam−1 in CDFS. We found counterparts for ten out of
19 IFRS in CDFS. For eight out of the nine IFRS undetected in
the GLEAM survey, we set conservative 4σ flux density upper
limits of 25 mJy beam−1 at 200 MHz as described in Sect. 2.1.3.
Since the local rms around CS194 was found to be higher, we
set a flux density upper limit of 39 mJy beam−1 for this source.

2.2.4. 843 MHz MOST data

The CDFS was observed with MOST at 843 MHz over several
epochs in 2008, very similar to the observations of the ELAIS-S1

3 http://tgss.ncra.tifr.res.in/
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field described in Sect. 2.1.4. In CDFS, the map reaches a sensi-
tivity of around 1.7 mJy beam−1 at a resolution of 95×43 arcsec2.
We measured flux densities in the same way as described for
ELAIS-S1 in Sect. 2.1.4. Two IFRS are located outside the field
and one IFRS is affected by radial spokes. Of the remaining
16 IFRS from our sample, nine sources provided a counterpart
at 843 MHz; all other sources were undetected.

2.2.5. 844 MHz ASKAP-BETA data

The six antennas of the Boolardy Engineering Test Ar-
ray (BETA; Hotan et al. 2014), a subset of ASKAP4, were used
by the ASKAP Commissioning and Early Science (ACES) team
to observe a region of around 22 deg2 at 844 MHz (Marvil et al.,
in prep.). The rms in this field is around 450 µJy beam−1 and the
angular resolution 91× 56 arcsec2. The field includes the CDFS,
i.e. all IFRS in CDFS were covered by these observations and we
found counterparts for 18 sources using JMFIT. Flux densities
for sources detected both in the MOST observations (Sect. 2.2.4)
and in the ASKAP-BETA observations agree within the uncer-
tainties.

2.2.6. 2.3 GHz ATLAS data

The 2.3 GHz survey of the CDFS presented by Zinn et al.
(2012) has an rms of 70 µJy beam−1 at a resolution of 57.15 ×
22.68 arcsec2. 13 out of 19 IFRS in the CDFS field have a
2.3 GHz counterpart listed in the source catalogue from Zinn
et al. The other six IFRS show 2.3 GHz counterparts in the map,
too. Four sources are located close to the field edges and there-
fore might not be listed in the 2.3 GHz source catalogue. CS265
and CS538 are in the centre of the field and it is unclear why
their 2.3 GHz counterparts are not listed in the source catalogue
from Zinn et al.

To obtain 2.3 GHz flux densities for all IFRS in CDFS, we
measured flux densities of all IFRS as described in Sect. 2.1.5.
For the 13 IFRS with 2.3 GHz counterpart presented by Zinn
et al. (2012), we found the 2.3 GHz flux densities measured in
our work to be consistent with the flux densities listed by Zinn
et al. For consistency in our study, we used our own 2.3 GHz flux
densities for all IFRS in CDFS.

2.2.7. Higher-frequency radio data

Middelberg et al. (2011) observed eight IFRS from our sample
in CDFS with the ATCA at 4.8 GHz and 8.6 GHz at a resolu-
tion of 4.6×1.7 arcsec2 and an rms of around 90 µJy beam−1 and
100 µJy beam−1, respectively. Five of these IFRS were detected
both at 4.8 GHz and 8.6 GHz, the other three IFRS remained un-
detected at both frequencies. We used the integrated flux densi-
ties from these observations in our study.

Huynh et al. (2012) observed the 0.25 deg2 field of the ex-
tended CDFS (eCDFS) with the ATCA at 5.5 GHz at a resolu-
tion of 4.9 × 2.0 arcsec2, resulting in an rms of 12 µJy beam−1.
Two of our IFRS—CS520 and CS415—lie in the field covered
by this survey and both were detected. We extracted integrated
flux densities with respective errors from Huynh et al.

Higher-frequency data used for our study were taken
from the Australia Telescope 20 GHz (AT20G) deep pilot sur-
vey (Franzen et al. 2014). Among other fields, this survey tar-
geted the CDFS at 20 GHz at resolution of 29.1 × 21.9 arcsec2

down to an rms of 0.3 mJy beam−1 or 0.4 mJy beam−1.

4 See http://www.atnf.csiro.au/projects/askap

Two IFRS—CS265 and CS603—were detected, whereas ten
IFRS remained undetected at 20 GHz at this sensitivity and the
other seven IFRS were located outside the final AT20G field.

This project also included follow-up observations at 18 GHz,
9 GHz, and 5.5 GHz of the sources detected at 20 GHz. The an-
gular resolutions were around 10 arcsec, 25 arcsec, and 40 arcsec
at 18 GHz, 9 GHz, and 5.5 GHz, respectively. The IFRS CS265
and CS603 were both detected at all three follow-up frequencies.
We used the integrated flux densities at all four frequencies from
the AT20G project (Franzen et al. 2014) for CS265 and CS603
and conservative flux density upper limits at 20 GHz for the un-
detected IFRS in the survey field.

Three IFRS from our sample (CS114, CS194, CS703) were
observed with the ATCA at 34 GHz, resulting in a resolution of
8.2 × 5.1 arcsec2 and an rms of around 30 µJy beam−1 (Emonts
et al., in prep.). All three targeted IFRS were detected.

2.3. Cross-matching of radio data

Cross-matching of data from different catalogues—characterised
by different angular resolution, sensitivity, and observing
frequency—is a crucial step in order to gain broad-band infor-
mation about the SEDs of astrophysical objects. Sophisticated
methods such as the likelihood ratio (Sutherland & Saunders
1992) or Bayesian approaches (Fan et al. 2015) were unneces-
sary in our case as we were matching radio data with other radio
data, the sky density of objects in these different surveys is com-
paratively low, and the mean distance between sources is much
greater than our beamwidth. Thus, when cross-matching differ-
ent catalogues, we followed a nearest-neighbour approach and
checked by eye whether the cross-matching was correct and un-
ambiguous.

2.4. Flux density uncertainties

Uncertainties on flux densities of radio sources are composed of
a number of different contributions, namely errors on gain fac-
tors and source fitting, the local background rms noise, CLEANing
errors and other errors. Since this work is based on radio data
from several projects, a proper derivation of errors for individ-
ual flux density measurements is challenging due to the different
characteristics of telescopes, surveys, and observations.

For flux densities S measured in this work, we derived the
related flux density uncertainties S err using the approach

S err =

√
(acalib · S )2 + dS 2 + (aedge · S )2 , (1)

where acalib is the fractional calibration error, dS is the flux den-
sity error obtained from the source fitting using JMFIT, and aedge
is an additional fractional error for some observations that ap-
plies when a source is located close to the primary beam edges.
We note that the error obtained from JMFIT includes exclusively
the rms of the image since the error resulting from fitting a Gaus-
sian to the source is tiny and is therefore neglected in this task.

For observations with the GMRT (150 MHz, 325 MHz,
610 MHz), we assumed a calibration uncertainty of 25%, i.e.
acalib = 0.25. The quoted accuracy of the 843 MHz flux den-
sities from MOST in ELAIS-S1 is 0.05 (Randall et al. 2012).
Since the MOST observations of the CDFS were carried out and
calibrated in the same way, we also used an accuracy of 0.05.
For the ASKAP-BETA data at 844 MHz, we set acalib = 0.1. At
2.3 GHz, we assumed an accuracy of 0.1. An additional error
applies in the GMRT observations at 610 MHz for some sources
located at the edges of the respective fields because of pointing
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errors. In this case, we set aedge to 0.15. In all other cases, aedge
was set to zero.

When using data from published catalogues (1.4 GHz,
4.8 GHz, 5.5 GHz, 8.6 GHz, 9 GHz, 18 GHz, 20 GHz), we used
the flux density errors quoted in the respective catalogue. For
GLEAM counterparts, we added in quadrature a fractional un-
certainty of 0.1 to the catalogued uncertainty since it does not
contain the absolute flux density uncertainty.

In case of non-detections, we used flux density upper lim-
its in our study. Since all sources are detected at 1.4 GHz in
the ATLAS survey at a confidence of at least 9σ in DR3, all
sources can be considered as unambiguous detections at this fre-
quency. Therefore, we used 3σ flux density upper limits in case
of non-detections at other wavelengths when using our own flux
density measurements. Since flux density upper limits of faint
sources are dominated by the local rms of the map and the cal-
ibration error hardly contributes, it is valid for our study to ne-
glect the fractional calibration error in case of non-detections.
For non-detections at 4.8 GHz, 8.6 GHz, and 34 GHz, we used
the 3σ flux density upper limits quoted by Middelberg et al.
(2011) and Emonts et al. (in prep.). The 20 GHz catalogue from
Franzen et al. (2014) contains sources with S/N higher than 5.
Therefore, we used 5σ flux density upper limits for undetected
sources at 20 GHz. In case of non-detections at 200 MHz in the
GLEAM survey, we set flux density upper limits as discussed in
Sects. 2.1.3 and 2.2.3.

2.5. Effects of different angular resolutions on our analysis

In our analysis, we were using data covering a wide fre-
quency range and taken with different telescopes as described
in Sects. 2.1 and 2.2. These observations therefore cover a wide
range of resolution, from a few arcsec to more than 100 arcsec.
We carefully checked that our analysis is not affected by resolu-
tion effects.

Most sources from our sample are lacking complex structure
and are point-like at any frequency, so there are no significant
resolution effects. However, flux densities measured from lower-
resolution maps can be increased because of confusing, nearby
radio sources. We checked all photometric detections for poten-
tially confusing radio sources—detected at higher resolution in
the 610 MHz and 1.4 GHz observations—that might be located
in the respective beam covering the IFRS. If a measured flux
density is or might be affected by confusion, we did not use this
data point in our analysis but considered it as a flux density up-
per limit. We found potential issues in the 150 MHz map, the
325 MHz map, the 843 MHz maps, the 844 MHz map, and the
2.3 GHz map and discarded one, one, one, four, and three detec-
tions, respectively.

Particular caution had to be used with respect to the GLEAM
counterparts because of the large beam size. We found seven
GLEAM counterparts of IFRS to be potentially confused by
other sources inside the GLEAM beam that are visible in the
higher-resolution data at 610 MHz and 1.4 GHz. GLEAM flux
densities are corrected for the local background, i.e. faint con-
fusing sources of the order of the local GLEAM rms do not
contribute to the catalogued 200 MHz flux density. This was
the case for three of these seven GLEAM counterparts. The
other four GLEAM counterparts, however, have strong closeby
sources in the beam and confusion is likely. Therefore, we used
the GLEAM flux densities as upper limits on the 200 MHz flux
densities of these four IFRS.

All flux density upper limits that were set because of con-
fusion are specially marked in Tables A.1 and A.2. Our data

might also be affected by low surface brightness features that
are measured at low frequencies but are resolved out at higher
frequencies. This would result in decreasing high-frequency flux
densities.

2.6. Control sample

We built a control sample of the broader RL galaxy population—
i.e. non-IFRS—to compare the results from our IFRS sample.
For this, we randomly selected 15 sources in ELAIS-S1 and
19 sources in CDFS, ensuring that they had similar 1.4 GHz flux
densities than the IFRS from our sample described above. Cross-
matching with published source catalogues, measuring flux den-
sities, and dealing with flux density errors and confusion issues
was carried out in the same way as for the IFRS sample. How-
ever, since the observations at 4.8 GHz, 8.6 GHz, and 34 GHz
were targeted observations of IFRS, no data are available for the
sources in the control sample at these frequencies.

2.7. PdBI observations and ancillary data of IFRS xFLS 478

To complement the cm-wave observations described above, we
observed one of the brightest IFRS in the Zinn et al. (2011)
catalogue, IFRS xFLS 478 (35.8 mJy at 1.4 GHz), with the
PdBI. The source is located in the xFLS (Condon et al. 2003)
field at RA 17h11m48.526s and Decl. +59d10m38.87s (J2000).
Zinn et al. found an uncatalogued IR counterpart of around
20 µJy at 3.6 µm, resulting in a radio-to-IR flux density ratio
S 1.4 GHz/S 3.6 µm = 1831.

2.7.1. PdBI observations

The IFRS xFLS 478 was observed in continuum with the PdBI
at 105 GHz (2.9 mm), covering a bandwidth of 3.6 GHz. The ob-
servations were carried out on 25-Aug-2013 and 13-Sep-2013
in 5Dq configuration and on 25-Sep-2013 and 02-Oct-2013 in
6Dq configuration. The field of view was 51.2×51.2 arcsec2 and
the synthesised beam was 6.03 × 3.81 arcsec2. The seeing var-
ied between 0.95′′and 2.44′′. The data were correlated with the
wide-band correlator WideX.

In all observations, MWC 349 was observed as flux calibra-
tor, while 1637+574 was used as phase and amplitude calibrator.
Each of the four observing sessions was divided into different
scans. One scan consisted of 30 subscans of 45 sec each, corre-
sponding to a total scan length of 22.5 min. The phase and am-
plitude calibrator were observed for 45 sec after each scan on the
target.

2.7.2. PdBI data calibration, mapping, and flux measurement

Data calibration was carried out using the Grenoble Image and
Line Data Analysis Software5 (GILDAS) packages. We followed
the different tasks in the Standard Calibration section of the
CLIC software included in GILDAS. Automatic flagging was
applied and phases were corrected for atmospheric effects. We
measured the receiver bandpass on 1803+784 (25-Sep-2013) or
3C 454.3 (all other observing dates). In the following, we de-
parted from the standard calibration and calibrated phases and
amplitudes by averaging both polarisations, following a recom-
mendation by the PdBI staff. Phases and amplitudes were cali-
brated based on 1637+574, and the flux density scale was then
tied to MWC 349.
5 http://www.iram.fr/IRAMFR/GILDAS
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Fig. 1: Plateau de Bure Interferometer map (greyscale) of IFRS
xFLS 478 at 105 GHz (2.9 mm) overlaid with the VLA 1.4 GHz
radio contours from Condon et al. (2003), starting at 3σ and in-
creasing by factors of 4.

Since the antenna configuration was changed immediately
before the observations on 25-Aug-2013, an incorrect base-
line solution would have been used by the standard calibration.
Therefore, at the beginning of the data calibration, the most suit-
able baseline solution—taken on 02-Sep-2013—was applied to
these data.

We performed a final flagging step on the calibrated data by
flagging all visibilities with phase losses > 40◦ RMS or ampli-
tude losses > 20% as recommended for a detection experiment.
57 116 visibilities remained after this flagging process, corre-
sponding to an effective on-source time on IFRS xFLS 478 of
11.9 hrs with six antennas. A more strict phase loss criterion in
the flagging process did not improve our data.

Data analysis was done using the task MAPPING from the
GILDAS software package. We built the dirty image by apply-
ing natural weighting and using a pixel size of 0.6 arcsec and
subsequently CLEANed the map. The CLEANed map is shown in
Fig. 1.

Since the source appeared to be point-like in the CLEANed
map, we fitted the uv data with the Fourier transform of a point
source and found this fit to be consistent. Based on the fit,
we obtained a flux density of 220 µJy beam−1 for xFLS 478 at
105 GHz. With a measured rms noise of 36 µJy beam−1, this cor-
responds to a 6.1σ detection. This is the highest-frequency de-
tection of an IFRS in the radio regime. The absolute flux uncer-
tainty is 10%.

2.7.3. Ancillary data of IFRS xFLS 478

Counterparts of xFLS 478 have been detected at
610 MHz (GMRT; Garn et al. 2007), 325 MHz (Westerbork
Northern Sky Survey; Rengelink et al. 1997), and 151 MHz (6th
Cambridge Survey; Hales et al. 1990). In the near- and mid-IR
regime, xFLS 478 was observed with Spitzer and and detected
at 4.5 µm, but remained undetected at 3.6 µm, 5.8 µm, and
8.0 µm (Lacy et al. 2005). Furthermore, the source xFLS 478
was observed by the Herschel Multi-tiered Extragalactic Sur-
vey (HerMES; Oliver et al. 2012) and was detected at 250 µm,
350 µm, and 500 µm. Source xFLS 478 remained undetected in
the Sloan Digital Sky Survey data release 10 (SDSS DR10; Ahn

et al. 2014) and also in the R band survey (50% completeness at
24.5 Vega mag; Fadda et al. 2004) with the Mosaic-1 camera on
the Kitt Peak National Observatory. Hence, the redshift of this
source is unknown.

3. Building and fitting the radio SEDs

Using the data presented in Sects. 2.1 and 2.2, we built radio
SEDs for all 34 IFRS from our sample in CDFS and ELAIS-
S1 based on all photometric detections and flux density upper
limits. The resulting radio SEDs are shown in Fig. 2.

(1) For each source, as the simplest approach, we fitted a single
power law based on a least-squared method to all available
photometric detections of the radio SED, weighting the data
by their respective uncertainties. The resulting fitted single
power laws are shown in Fig. 2.
We considered the fitted single power law as an appropriate
description of the radio SED if (I) the low-frequency tail (be-
low 1.4 GHz) and (II) the high-frequency (above 1.4 GHz)
tail of the radio SED—considering detections and upper
limits—were consistent with the fit, and (III) no turnover
was seen in the central part of the radio SED. More pre-
cisely, for (I) and (II), we required that the lowest-frequency
(highest-frequency) data point constraining the SED was
consistent with the fit and that the low-frequency (high-
frequency) cumulative deviation was below 1σ. In all cases,
we considered the 1σ uncertainties of fit and data.

(2) If the single power law in (1) was rejected because of (I)
or (III), we fitted a radio SED model with a turnover to the
photometric detections based on a least-squared method and
weighting the data points by their uncertainties. The differ-
ent models explaining this turnover can be divided by the
location of the related physical process: internal or external
to the synchrotron-emitting region (Kellermann 1966). If an
external process is thought to cause the turnover, the physi-
cal process is expected to be free-free absorption by ionised
gas outside the radio-emitting region. However, if the physi-
cal process is internal, synchrotron self-absorption (SSA) in
the synchrotron-emitting region itself is usually assumed to
cause the turnover. Since we found our data to trace only—if
at all—the turnover in the radio SEDs but not the slope to-
wards low frequencies (see Fig. 2), we were not able to study
the physical processes causing the turnover. Therefore, the
decision which model to use for the fit was not relevant for
our study and did not change our results. We decided to use
an SSA model (e.g. Tingay & de Kool 2003) given by

S ν = S 0

(
ν

ν0

)− β−1
2 1 − e−τν

τν
, τν =

(
ν

ν0

)− β+4
2

, (2)

where S 0 denotes the zero flux density, ν the frequency, ν0
the frequency where the synchrotron optical depth is equal to
1, β the power law index of the relativistic electron energy
distribution, and τν the frequency-dependent optical depth.
If the low-frequency end of the radio SED was constrained
by flux density upper limits and these limits were inconsis-
tent with the fitted single power law, we included these lim-
its in the fitting to obtain a lower limit on the peak frequency
since lower flux densities at low frequencies will push the
peak towards higher frequencies. Sources fitted by the SSA
model are discussed in Sect. 4.6. The fitted SSA model is
shown for these sources in Fig. 2.

Article number, page 8 of 23



A. Herzog et al.: The radio spectral energy distribution of infrared-faint radio sources

Fig. 2: Radio SEDs of IFRS in CDFS and ELAIS-S1, using all available flux density data points and upper limits. The solid line
shows the fit which was found to best describe the photometric detections as discussed in Sect. 3. Spectral index and—if applicable—
turnover frequency of the best fit are quoted. We also show the first approach to describe the data—a single power law fitted to all
photometric detections—by a dotted line if this fit was discarded later in the analysis. 1σ uncertainties of the single power law fits
are represented by the shaded areas. Error bars show 1σ uncertainties. The frequency coverage varies from one IFRS to another and
the flux density scales are different. Article number, page 9 of 23
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Fig. 2: continued.
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Fig. 2: continued.
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Fig. 2: continued.
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(3) Sources that were found to be poorly described by a single
power law because of (II) can be divided in two subclasses,
depending on the departure of the fitted power law from the
SED:
(a) If the highest frequency data points departed upwards

from the fitted single power law, the source was consid-
ered as showing an upturn in the radio SED. A new sin-
gle power law was then fitted to the data of this source,
while ignoring the deviating high-frequency data points,
and this fit is also shown in Fig. 2. These sources are
discussed in Sect. 4.5.

(b) If high-frequency flux densities or upper limits were
found to depart downwards from the fitted single power
law, the source was considered to steepen towards higher
frequencies. This subclass is discussed in Sect. 4.4.

The classification of each IFRS and the spectral index at the
high-frequency side of the synchrotron bump—obtained from
the best fit as described above—are summarised in Table 3. Also
listed is the IAU designation, the position, and the radio-to-IR
flux density ratio from Zinn et al. (2011) or Maini et al. (2013).
We do not quote reduced chi-squared numbers for the fits since
upper limits were used as constraints in some cases as discussed
above. A statistical comparison between the fits based on these
numbers would be incorrect.

The SEDs of the sources in our control sample were built and
fitted in the same way. We found the SEDs to be self-consistent,
i.e. without spectral features that might arise from flux density
measurements at different angular resolutions. Since the IFRS
and control samples would suffer from the same effects, we are
confident that our analysis is not significantly affected by chang-
ing resolution. In particular, we found that our approach to clas-
sify radio SEDs as described above works for the IFRS sample
and for the control sample. In the subsequent analysis, we quote
numbers for the control sample in square brackets.

The class of IFRS has not been studied with respect to ra-
dio variability. Therefore, variability effects on the radio SEDs
presented here cannot be ruled out. In general, long-term vari-
ability (of the order of a year) of radio sources is low at 1.4 GHz
and lower frequencies (e.g. Ofek & Frail 2011; Thyagarajan
et al. 2011; Mooley et al. 2013). However, this is not necessar-
ily the case at higher frequencies & 5 GHz where a significant
fraction—a few tens per cent—of sources show variability of
the order of 10% or more (e.g. Bolton et al. 2006; Sadler et al.
2006; Franzen et al. 2009; Chen et al. 2013). In particular, flat-
or inverted-spectrum radio sources are variable because of their
dominating, beamed core emission (e.g. Franzen et al. 2014).
These classes of object usually dominate samples selected at
∼ 20 GHz. So it is very unlikely that the 1.4 GHz flux densi-
ties of our sample are significantly affected by variability, but we
have no information about variability at higher frequencies.

4. Discussion: Radio SEDs of IFRS

4.1. Sources following a single power law

Out of our sample of 34 IFRS, the SEDs of 24 IFRS [30 sources
from the control sample] were well described by a single power
law fitted to all available photometric data as described in Sect. 3.
These sources do not show any evidence for a deviation from
this fit, neither at low nor high frequencies. However, we note
that nine [eight] of these sources are comparatively faint or are
affected by confusion in some of the observations, reducing the
number of photometric detections and, consequently, the num-
ber of data points constraining their radio SEDs. Therefore, we

Fig. 3: Histogram of the spectral indices, resulting from the best
fit to the radio SED of each individual source in our sample as
described in Sect. 3. The IFRS sample is represented by blue bars
and the control sample by grey bars. The vertical lines show the
median spectral indices of the IFRS sample (−0.95; black dashed
line) and the control sample (−0.79; black dotted line).

were able to exclude a deviation from the fitted single power
law—by increasing or decreasing flux density at low or high
frequencies—for only 15 [22] of these 24 IFRS [30 sources]
based on the available data.

Klamer et al. (2006) studied the radio SEDs of a sample of
37 HzRGs, selected at observed frequencies between 843 MHz
and 1.4 GHz. The majority of their sources (89%) were found to
be well described by a single power law in the studied frequency
range between 843 MHz and 18 GHz. Our frequency coverage
extends significantly to lower frequencies compared to theirs.
If considering only the radio SEDs above 800 MHz, we found
85+4
−8% of our IFRS to be well described by a single power law,

consistent with the HzRG sample from Klamer et al. Emonts
et al. (2011a) and Emonts et al. (2011b) found three HzRGs to
follow single power laws up to frequencies of 36 GHz. This is
consistent with all five IFRS with 34 GHz detections presented
in our work.

4.2. Radio spectral index

Based on the best fit found for each IFRS as described in
Sect. 3, we found spectral indices between −0.52 and −1.53 [be-
tween −0.09 and −1.73] on the high-frequency side of the syn-
chrotron bump for the 34 IFRS in our sample. The median
index is −0.95 ± 0.05 [−0.79 ± 0.06] and the mean index is
−0.97 ± 0.23 [−0.77 ± 0.30]. The histogram of these spectral
indices is shown in Fig. 3. We found that the IFRS sample has a
steeper median SED than the control sample and that the spec-
tral index distribution of IFRS is shifted towards steeper SEDs
compared to the control sample, describing the broader, flux
density-matched radio source population. The intrinsic differ-
ence between these two populations is also shown by a two-
sample Anderson-Darling (A-D) test (Scholz & Stephens 1987).
The A-D test measures the sum of the squared deviations of the
samples and is more sensitive than a Kolmogorov-Smirnov (K-
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Table 3: Characteristics and results of our sample of 34 IFRS in ELAIS-S1 and CDFS.

IFRS IAU designation RA Dec S 1.4 GHz/S 3.6 µm α Classification
ID J2000 J2000

CS94 ATCDFS J032740.72–285413.4 03:27:40.727 –28:54:13.48 801 −0.89 ± 0.12 pl, poss. peak
CS97 ATCDFS J032741.70–274236.6 03:27:41.700 –27:42:36.61 614 −0.86 ± 0.14 pl

CS114 ATCDFS J032759.89–275554.7 03:27:59.894 –27:55:54.73 > 2400 −1.23 ± 0.17 peak
CS164 ATCDFS J032900.20–273745.7 03:29:00.200 –27:37:45.70 640 −0.61 ± 0.29 peak, st
CS194 ATCDFS J032928.59–283618.8 03:29:28.594 –28:36:18.81 > 2033 −1.02 ± 0.04 pl
CS215 ATCDFS J032950.01–273152.6 03:29:50.010 –27:31:52.60 > 733 −0.91 ± 0.16 pl, poss. peak
CS241 ATCDFS J033010.21–282653.0 03:30:10.210 –28:26:53.00 > 908 −1.10 ± 0.48 pl, poss. peak
CS265 ATCDFS J033034.66–282706.5 03:30:34.661 –28:27:06.51 634 −0.86 ± 0.02 pl
CS292 ATCDFS J033056.94–285637.2 03:30:56.949 –28:56:37.29 1842 −1.10 ± 0.01 pl
CS415 ATCDFS J033213.07–274351.0 03:32:13.070 –27:43:51.00 > 1186 −0.89 ± 0.09 pl, poss. peak
CS520 ATCDFS J033316.75–280016.0 03:33:16.754 –28:00:16.02 500 −0.86 ± 0.03 pl
CS538 ATCDFS J033330.20–283511.1 03:33:30.200 –28:35:11.10 > 648 −1.39 ± 0.39 peak
CS539 ATCDFS J033330.54–285428.2 03:33:30.542 –28:54:28.22 640 −1.01 ± 0.05 pl
CS574 ATCDFS J033353.27–280507.3 03:33:53.279 –28:05:07.31 1091 −0.78 ± 0.05 pl, poss. peak
CS603 ATCDFS J033413.75–283547.4 03:34:13.759 –28:35:47.47 709 −0.64 ± 0.05 upturn
CS618 ATCDFS J033429.75–271744.9 03:34:29.754 –27:17:44.95 1660 −1.06 ± 0.05 pl
CS649 ATCDFS J033452.84–275813.0 03:34:52.846 –27:58:13.05 1838 −0.81 ± 0.20 peak
CS703 ATCDFS J033531.02–272702.2 03:35:31.025 –27:27:02.20 > 8700 −0.98 ± 0.02 pl
CS713 ATCDFS J033537.52–275057.8 03:35:37.525 –27:50:57.88 643 −0.67 ± 0.03 pl

ES5 ATELAIS J003709.36–444348.1 00:37:09.365 –44:43:48.11 1082 −1.40 ± 0.06 pl
ES66 ATELAIS J003942.45–442713.7 00:39:42.452 –44:27:13.77 1865 −0.89 ± 0.07 pl

ES201 ATELAIS J003130.06–441510.6 00:31:30.068 –44:15:10.69 > 1683 −1.36 ± 0.16 pl
ES419 ATELAIS J003322.76–435915.3 00:33:22.766 –43:59:15.37 557 −0.52 ± 0.34 pl, poss. peak
ES427 ATELAIS J003411.59–435817.0 00:34:11.592 –43:58:17.04 > 7120 −1.05 ± 0.03 pl
ES509 ATELAIS J003138.63–435220.8 00:31:38.633 –43:52:20.80 > 7400 −1.05 ± 0.03 pl
ES645 ATELAIS J003934.76–434222.5 00:39:34.763 –43:42:22.58 780 −1.08 ± 0.07 pl, poss. peak
ES749 ATELAIS J002905.22–433403.9 00:29:05.229 –43:34:03.94 > 2337 −1.05 ± 0.07 pl
ES798 ATELAIS J003907.93–433205.8 00:39:07.934 –43:32:05.83 > 2597 −1.03 ± 0.12 st
ES973 ATELAIS J003844.13–431920.4 00:38:44.139 –43:19:20.43 > 3046 −1.15 ± 0.18 st, poss. peak

ES1018 ATELAIS J002946.52–431554.5 00:29:46.525 –43:15:54.52 1012 −0.82 ± 0.01 pl
ES1021 ATELAIS J003255.53–431627.1 00:32:55.534 –43:16:27.15 575 −0.81 ± 0.03 pl, poss. peak
ES1156 ATELAIS J003645.85–430547.3 00:36:45.856 –43:05:47.39 2888 −0.82 ± 0.13 peak
ES1239 ATELAIS J003547.96–425655.4 00:35:47.969 –42:56:55.40 1220 −0.90 ± 0.01 pl
ES1259 ATELAIS J003827.17–425133.7 00:38:27.170 –42:51:33.70 > 2063 −1.53 ± 0.07 pl

Notes. The IAU designations and positions are taken from Norris et al. (2006) and Middelberg et al. (2008a), radio-to-IR flux density ratios from
Zinn et al. (2011) and Maini et al. (2013). Spectral indices α and classification of the radio SEDs are results of our work as described in Sect. 3. If
a source was found to show a turnover, it is classified by “peak” and the quoted spectral index was obtained from fitting the SSA model to the data.
Sources with data that are well described by a single power law are labelled as “pl”. The additional classification “poss. peak” indicates sources
for which a turnover cannot be ruled out down to 200 MHz, mainly because of their faintness. Sources steepening towards higher frequencies are
labelled as “st”. Sources with increasing flux densities at the highest frequencies are indicated by “upturn”. Spectral indices were measured over
different frequency ranges as discussed in Sect. 3.

S), in particular at the tails of the distribution (Babu & Feigelson
2006). We rejected the null hypothesis that the spectral indices in
the IFRS sample and in the control sample have the same parent
distribution (probability p < 0.001).

Our median spectral index for IFRS of −0.95 is flatter
than the median index of −1.4 for IFRS found by Middel-
berg et al. (2011). However, we measured the spectral in-
dex over a wider frequency range—particularly towards lower
frequencies—, whereas the median index from Middelberg et al.
has been measured between 1.4 GHz and 2.4 GHz. Middelberg
et al. also find a spectral steepening towards higher frequencies
which is discussed in detail in Sect. 4.4. They present a me-
dian spectral index for HzRGs of α = −1.02 between 1.4 GHz
and 2.4 GHz which is close to the number found in our study
for IFRS. Our median spectral index is steeper than the median
spectral index of the entire radio source population (α = −0.74)
and the AGN population (α = −0.63) in the ATLAS fields as

presented by Zinn et al. (2012) between 1.4 GHz and 2.3 GHz.
The median spectral index of the broader radio source population
presented by Zinn et al. is consistent with the median spectral in-
dex of −0.79 found for our control sample.

4.3. Ultra-steep, steep, flat, and inverted radio SEDs

The IFRS in our sample show generally steep radio SEDs. How-
ever, there is no generally accepted definition for steep and ultra-
steep spectrum (USS) sources and selection criteria differ be-
tween studies with respect to frequencies and critical spectral
index. Steep radio SEDs might be defined based on a spectral in-
dex α < −0.8. Following this criterion, 29 (85+4

−8%) [14; 41+9
−8%]

out of 34 IFRS can be classified as steep-spectrum sources.
Afonso et al. (2011) point out that a significant number of

sources with measured spectral indices steeper than a critical in-
dex are likely to be intrinsically flatter due to the long tail of the

Article number, page 14 of 23



A. Herzog et al.: The radio spectral energy distribution of infrared-faint radio sources

spectral index distribution. They argue that α < −1.0 is a reason-
able definition for USS sources and used a conservative cut α <
−1.3 between 610 MHz and 1.4 GHz for their sample. We found
four IFRS (12+8

−4%; CS538, ES5, ES201, ES1259) [2; 6+7
−2%]

in our sample with a spectral index steeper than −1.3. They
are most likely to be USS sources. Further, twelve (35+9

−7%) [3;
9+7
−3%] IFRS have a spectral index in the range −1.3 ≤ α ≤ −1.0.

These sources are also good candidates for USS sources. In par-
ticular, we found statistically significantly more steep-spectrum
sources in the IFRS sample than in the control sample. Based on
a Fisher’s exact test (e.g. Wall & Jenkins 2012), we found a prob-
ability p < 0.001 that the subsets of sources with α < −0.8 in
the IFRS sample and the control sample were obtained from the
same parent spectral index distribution and, therefore, rejected
this hypothesis.

USS sources in IFRS samples were already found by Garn
& Alexander (2008) who classify three (21+14

−7 %) IFRS in
their sample as USS sources based on a spectral index α <
−1 between 610 MHz and 1.4 GHz. Collier et al. (2014) find
155 (16+1

−1%) USS sources—defined by α . −1.0—in their all-
sky sample of IFRS.

Steep-spectrum radio sources tend to be at higher red-
shifts (e.g. Tielens et al. 1979; McCarthy et al. 1991; Roettger-
ing et al. 1994; Chambers et al. 1996; Klamer et al. 2006), al-
though exceptions in both directions are known (see references
in Afonso et al. 2011). The suggested high redshifts of IFRS—
the highest known redshift is z = 2.99 (Collier et al. 2014)—
have been confirmed based optical spectroscopy (Collier et al.
2014; Herzog et al. 2014). However, it has been argued that the
IR-faintest IFRS might be at even higher redshifts (Norris et al.
2011; Collier et al. 2014; Herzog et al. 2014). Our finding that
the fraction of steep-spectrum sources is higher in the IFRS sam-
ple than in the control sample can be interpreted that IFRS might
be at higher redshifts than ordinary RL AGNs.

Two IFRS from our sample have spectroscopic redshifts:
CS265 (z = 1.84) and CS713 (z = 2.13). They are among the IR
and optically brightest IFRS in the ATLAS fields and are there-
fore expected to be at the lower tail of the redshift distribution
of IFRS. Following the connection between steepness of the ra-
dio SED and redshift, the radio spectral indices for these sources
presented in this work of −0.88 and −0.66—lower than the me-
dian spectral index—suggest that these sources have lower red-
shifts than the median IFRS in our sample, consistent with the
argument based on the IR flux densities.

We found one (3+6
−1%) IFRS in our sample [6; 18+8

−5%] with a
flat (−0.6 ≤ α ≤ 0) and none (0+5%) [0; 0+5%] with an inverted
(α > 0) radio SED. Based on these numbers, we are confident
that the radio SEDs presented in this work are not significantly
affected by radio variability as discussed in Sect. 3.

4.4. Radio SEDs steepening towards higher frequencies

We found three IFRS (9+8
−3%; CS164, ES798, ES973) [none;

0+5%] in our sample that show a steepening radio SED towards
higher frequencies, suggesting that a single power law does not
properly describe the data. This spectral behaviour was already
found for two of these IFRS by Middelberg et al. (2011) and can
be explained by a recently inactive AGN. In a magnetic field,
higher-energy electrons lose their energy faster than low-energy
electrons. If a region of synchrotron emission is not fed by the
continuous injection of new particles, the highest-energy parti-
cles are cooled quicker by energy losses than low-energy parti-
cles, resulting in a lack of radiated high-energy photons and a

steepening in the SED towards higher frequencies (e.g. Karda-
shev 1962).

Middelberg et al. (2011) matched the uv coverage of their
observations at 4.8 GHz and 8.6 GHz to eliminate the possi-
bility that the observed spectral steepening between 4.8 GHz
and 8.6 GHz might be caused by resolution effects. Therefore,
this can be ruled out for ES798 and ES973—both detected at
4.8 GHz but undetected at 8.6 GHz—and CS164 which was de-
tected at both frequencies.

Based on their resolution-matched spectral indices between
1.4 GHz and 2.4 GHz on the one hand and between 4.8 GHz and
8.6 GHz on the other hand, Middelberg et al. (2011) find that
the radio SEDs of IFRS generally steepen towards higher fre-
quencies. Some IFRS in our sample are also steepening towards
higher frequencies. However, our data at high frequencies are
generally not sensitive enough to detect or constrain the radio
SED of our IFRS. Only four IFRS were detected in the higher-
frequency surveys by Huynh et al. (2012) and Franzen et al.
(2014); these are the only IFRS from our sample detected at a
frequency above 2.3 GHz that were not covered in the observa-
tions by Middelberg et al. For these four sources, we did not find
evidence for a steepening. In contrast, one of those four IFRS
even shows an upturn as discussed in the following Sect. 4.5.

We did not find a steepening radio SED towards higher fre-
quencies for any source in our control sample. However, few
high-frequency data are available in the control sample since the
observations at 4.8 GHz, 8.6 GHz, and 34 GHz were targeted ob-
servations of IFRS and no data are available at these frequen-
cies for the sources in the control sample. Therefore, we can-
not exclude the possibility that a steepening occurs for some of
the control sources but is not seen in our data because of poor
high-frequency coverage and sensitivity. Klamer et al. (2006)
did not find any HzRG in their sample of 37 sources that steep-
ens at higher frequencies. If the fraction of steepening sources
is higher for IFRS than for HzRGs, this might suggest an intrin-
sic difference. In that case, IFRS might be recently inactive and
restarted RL AGNs, whereas HzRGs do not show any evidence
for a changing activity of their active nucleus.

4.5. IFRS with an upturn in their radio SED

The radio SED of IFRS CS603 follows a single power law in the
frequency range between 800 MHz and 10 GHz. At higher fre-
quencies, however, the SED departs from this power law, show-
ing an increasing flux density with increasing frequency. This is
indicated by the 18 GHz detection and clearly visible from the
20 GHz detection. There are two potential explanations for this
behaviour.

A flattening or upturning SED at high frequencies can be
explained by a flat or inverted SED of an AGN core that is dom-
inating over the steep synchrotron SED of the lobes at these fre-
quencies. Alternatively, the upturn might be caused by dust. It
is known that thermal free-free and dust emission start to dom-
inate over the non-thermal synchrotron emission at rest-frame
frequencies above ∼ 100 GHz in starburst galaxies (e.g. Mur-
phy 2009; Fig. 2), though thermal dust emission significantly
depends on the size and composition of the dust grains. Con-
sidering that IFRS are known to be AGNs and that no evidence
for heavy dust obscuration in IFRS has been found (Collier et al.
2014), the flat or inverted radio SED of an AGN core seems to be
the most plausible explanation. Higher-frequency observations
would be needed to add evidence to this hypothesis.

Since we found an upturning SED at high frequencies also
for one source in the control sample, this spectral behaviour does
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not seem to be a characteristic feature of IFRS, but to occur in
the broader RL AGN population, too. The results from Klamer
et al. (2006), finding 11% of their HzRGs flattening at higher
frequencies, is also consistent. The putative causes for this effect
discussed with respect to the IFRS are also valid for HzRGs and
ordinary AGNs without IR-faintness.

4.6. Radio SEDs showing a turnover

Covering the frequency regime between 200 MHz and 34 GHz in
ELAIS-S1 and between 150 MHz and 34 GHz in CDFS, our data
enabled us to detect the turnover in the radio SEDs of IFRS in a
wide frequency range. In particular, GPS sources with a turnover
frequency above 500 MHz and CSS sources, peaking at frequen-
cies below 500 MHz, should be detectable based on our rich data
set. It has been argued by Middelberg et al. (2011) and Herzog
et al. (2015a) that an overlap between the population of GPS and
CSS on the one hand and IFRS on the other hand might exist.
Collier et al. (2014) find that at least a few IFRS are GPS or CSS
sources.

The radio SEDs shown in Fig. 2 revealed that CS164 and
ES1156 have a turnover in the frequency range of a few hundred
MHz [three sources in the control sample]. Based on fitting an
SSA model to the data, we found peak frequencies in the ob-
served frame of 350 MHz and 680 MHz [220 MHz – 1 GHz]. In
addition to these two IFRS, the radio SEDs of CS114, CS538,
and CS649 [no source] also suggest a turnover in the frequency
regime covered by our data. However, the putative peak in the ra-
dio SEDs of these three sources is indicated only by flux density
upper limits. Based on fitting the SSA model to the flux density
upper limits, we obtained lower limits of the peak frequencies
between 200 MHz and 300 MHz for these three sources.

Summarising, we found five (15+8
−4%) IFRS [3; 9+7

−3%] in our
sample of 34 sources that show a clear turnover in their ra-
dio SED based on photometric detections or flux density up-
per limits. Out of these peaking sources, one IFRS [one] was
found to peak at an observed frequency above 500 MHz, fulfill-
ing the selection criterion of GPS sources (note that GPS sources
are usually defined based on their observed peak frequency;
O’Dea 1998). Based on these numbers, we suggest that 3+6

−1% of
IFRS [3+6

−1%] are GPS sources. Considering that we cannot rule
out a turnover in the frequency range above 200 MHz for nine
[eight] other sources since their low-frequency regime is only
constrained by upper limits, we conclude that between 15+8

−4%
and 41+9

−8% of IFRS [between 9+7
−3% and 32+9

−7%] show a turnover
at a frequency above 150 MHz. However, since CSS sources
can also have their turnover at frequencies below 150 MHz—
i.e. even IFRS following a single power law down to 150 MHz
might be CSS sources—, we are not able to set an upper limit
on the fractional overlap between IFRS and CSS sources. How-
ever, we suggest that this overlap is ≥ 9+7

−3% [≥ 6+7
−3%]. The

class of CSS sources (e.g. O’Dea 1998) is defined by steep ra-
dio SEDs (α . −0.5) and compact morphology (a few or a few
tens of kpc). Since IFRS are known to be compact with linear
sizes of not more than a few tens of kpc (e.g. Garn & Alexan-
der 2008; Middelberg et al. 2011) and to have steep radio SEDs
(Middelberg et al. 2011; and discussion in Sects. 4.2 and 4.3),
IFRS are prototypical for the class of CSS sources. In particular,
we found three additional sources (CS415, CS574, ES645) that
slightly departed from the fitted single power law at low frequen-
cies and might be CSS sources not represented in our statistics.
Therefore, we suggest that the fraction of CSS sources is puta-
tively significantly higher than the observed fraction of 9+7

−3%.

In our control sample, we found 3+6
−1% and ≥ 6+7

−3% of the
sources to be GPS sources and CSS sources, respectively. These
numbers are consistent with those found by O’Dea (1998) in the
broader population of RL AGNs (∼ 10% and ∼ 30%, respec-
tively). Comparing these numbers to those found for our IFRS
sample, we did not find any evidence for a higher fraction of GPS
and CSS compared to samples of ordinary RL AGNs. However,
the potentially high redshifts of our IFRS sample might prevent
us from picking up the expected peak in the radio SED covered
by our data. Although suffering from small number statistics, the
lower turnover frequencies found in the IFRS sample compared
to the control sample is consistent with putatively higher red-
shifts of IFRS.

It has already been argued that a significant fraction of IFRS
might be young AGNs in their earliest evolutionary stages (Col-
lier et al. 2014; Herzog et al. 2015a). Although our results based
on the turnover do not provide evidence for a higher fraction
of GPS and CSS sources in the IFRS population, they do not
exclude this possibility either. Instead, a high fraction of CSS
sources is likely because of the steep radio SEDs and the com-
pact morphology of IFRS. If IFRS are indeed younger—i.e. with
turnovers at high rest-frame frequencies—and at higher redshifts
than the broader AGN population, these two effects would work
against each other. A younger radio galaxy is expected to peak at
a higher rest-frame frequency, but a high redshift shifts this peak
to a lower frequency, resulting in similar observed fractions of
GPS and CSS sources in the IFRS population and in the broader
RL AGN population. Since we are lacking redshifts for the vast
majority of IFRS in our sample, we are unable to distinguish
between these two effects contributing to the observed peak fre-
quency: evolution of the AGN, and cosmology.

4.7. Connection between turnover frequency and linear size

Based on samples of GPS and CSS sources, O’Dea & Baum
(1997) presents an anti-correlation between intrinsic turnover
frequency and linear size (their Fig. 3). In the evolutionary sce-
nario for AGNs described in Sect. 4.6, this correlation implies a
shift of the turnover to lower frequencies while the AGN evolves
and the jets expand. Here, we analyse our sample in the context
of this scenario.

The typical linear size of fully evolved RL AGNs, i.e.
FRI/FRII, is around 100 kpc or higher (Pentericci et al. 2000).
Higher resolution data used in our work show that the major-
ity of IFRS are smaller than 100 kpc as already mentioned by
Garn & Alexander (2008) and Middelberg et al. (2011). How-
ever, generally, the angular resolution of our observational data
is not high enough to test whether the correlation between in-
trinsic turnover frequency and linear size holds for our sources.
The plot from O’Dea & Baum (1997) shows sources with linear
sizes of around 10 kpc and smaller. Furthermore, the two corre-
lated quantities are redshift-dependent, resulting in an additional
uncertainty for the redshift-lacking IFRS sample.

Even for the most compact IFRS, the correlation from O’Dea
& Baum (1997) provides only weak constraints. Middelberg
et al. (2011) concluded that three IFRS (CS703, ES427, ES509)
are even smaller than 4.5 kpc × 2.1 kpc since they do not show
any evidence for being resolved at any of the five frequencies
used in their study. Following O’Dea & Baum, a source limited
to that linear size is expected to show a turnover at a rest-frame
frequency of around 300 MHz or higher. Already at a redshift
of z = 1, this turnover would have been shifted out of the fre-
quency range covered by our data. This is consistent with our
finding, that the radio SEDs of these three sources clearly follow
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single power laws down to observed frequencies of 200 MHz or
150 MHz without indicating a turnover.

Going the other way around and using the fitted peak fre-
quencies of 350 MHz and 680 MHz, the rest-frame peak fre-
quencies are above 1 GHz and 2 GHz, respectively, assuming
that these sources are at z & 2. Following the correlation pre-
sented by O’Dea & Baum (1997), these objects are expected to
be smaller than ∼ 300 pc and ∼ 100 pc, respectively. In all avail-
able maps, CS164 and ES1156 were found to be very compact.
In particular, CS164 was observed by Middelberg et al. (2011)
at high angular resolution and did not reveal any substructure,
suggesting an angular size of less than 1 arcsec, consistent with
the linear size estimated from the oberved turnover frequency.

4.8. Comparison of peaking and non-peaking sources

As presented above, we found five IFRS that show a turnover
in their radio SEDs and 20 IFRS unambiguously without a peak
in the frequency range covered by our data. We compared the
median properties of these two subsamples and found a 1.4 GHz
flux density of 6.3 mJy (13.7 mJy), a 3.6 µm flux density of <
3 µJy (= 11.1 µJy), and a radio-to-IR flux density ratio of ≥ 1838
(= 1660) for the peaking (non-peaking) subsample.

Summarising, the peaking subsample is both radio- and IR-
fainter than the non-peaking subsample. An A-D test (Scholz &
Stephens 1987) with respect to the 1.4 GHz flux density showed
that the null hypothesis—the peaking and non-peaking subsam-
ples have the same parent population—can be rejected at a 0.07
significance level. Though not statistically significant, it might
indicate an intrinsic difference between those two subsamples.
However, we emphasise that this result has to be considered with
caution since it is based on small number statistics.

Our subsample of peaking sources putatively contains GPS
and young CSS sources, whereas the non-peaking subsample is
expected to contain older CSS sources peaking at observed fre-
quencies below 150 MHz. At first glance, a difference in the ra-
dio brightness found for the two subsamples is unexpected since
O’Dea & Baum (1997) showed that GPS and CSS have simi-
lar radio luminosities, i.e. young AGNs do not become radio-
brighter while evolving and expanding. Potentially, a different
redshift distribution in the two subsamples is responsible for the
differences in the 1.4 GHz flux densities. Since we found the
peaking subsample to be IR-fainter, we expect these IFRS to
be at higher redshifts—following the suggested correlation be-
tween 3.6 µm flux density and redshift for IFRS (Norris et al.
2011; Collier et al. 2014; Herzog et al. 2014)—, resulting in
1.4 GHz luminosities potentially similar to those of the non-
peaking subsample. On the other hand, the IR faintness and ex-
pected higher redshifts of the peaking subsample make a detec-
tion of the peak less likely since the turnover would be redshifted
out of the frequency regime covered by our data. Redshift infor-
mation is crucial to disentangle these two effects—evolution and
cosmology—, contributing in opposite directions.

4.9. Radio spectral index as a function of IR and radio
properties

So far, we have focused on the radio SEDs of our IFRS sample
and found that the population of IFRS does not necessarily de-
viate from the general RL source population with respect to the
fraction of GPS and CSS sources. However, IFRS were found to
have steeper radio SEDs than the ordinary AGN and star form-

Fig. 4: Radio spectral index α as a function of the 3.6 µm flux
density for our sample of 34 IFRS. Green dots represent sources
with a detected turnover. Sources with a possible peak are shown
by purple squares, and sources without a peak by black crosses.
IR flux density upper limits are represented by arrows. The grey
horizontal line indicates the median spectral index.

ing galaxy populations. Here, we link the radio SEDs to the IR
properties of IFRS.

As discussed in Sect. 4.4, higher-redshift radio galaxies have
generally steeper radio SEDs. Connecting this correlation to the
suggested relation between 3.6 µm flux density and redshift for
IFRS (Norris et al. 2011; Collier et al. 2014; Herzog et al. 2014),
IR-fainter IFRS would be expected to have steeper radio SEDs.
We tested our data for this potential correlation and show the
spectral index as a function of 3.6 µm flux density in Fig. 4. Our
data do not exclude a correlation, but do not find statistically
significant evidence for it either. When splitting our sample at a
3.6 µm flux density of 15 µJy, we found only one (13+20

−4 %) out
of eight IFRS in the IR-brighter subsample with a radio SED
steeper than the median, whereas 16 (61+8

−10%) out of 26 IFRS
in the IR-fainter subsample have a steeper spectral index than
the median. We also tested the data based on a Spearman rank
correlation test (e.g. Wall & Jenkins 2012) and found a corre-
lation coefficient r between 0.25 and 0.56, considering the un-
known relation between the IR-undetected sources. A coefficient
of 1 (−1) corresponds to an ideal (anti-)correlation, whereas 0 in-
dicates a lacking correlation. The probability p that 3.6 µm flux
density and spectral index are uncorrelated is between 0.075 and
0.0003. For the control sample, we found a correlation coeffi-
cient of −0.04, indicating no evidence of a strong correlation.

We also looked at the spectral index as a function of 1.4 GHz
flux density and found no correlation, neither in the IFRS nor
in the control sample. Based on 15.7 GHz data, Franzen et al.
(2014) showed that the general radio source population with
15.7 GHz flux densities above ∼ 25 mJy and below ∼ 1 mJy is
dominated by flat (α > −0.5) spectrum sources, whereas the in-
termediate flux density range is dominated by sources with steep
(α < −0.5) radio SEDs. We did not find any dependence at
1.4 GHz. However, our sample has been selected at lower fre-
quencies and our sample covers only one order of magnitude in
1.4 GHz flux density, in contrast to the sample by Franzen et al.
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Fig. 5: 3.6 µm SWIRE map (Lonsdale et al. 2003; greyscale) of
CS618 overplotted by the 1.4 GHz ATLAS DR3 (Franzen et al.
2015) contours. Contours start at 3σ and increase by factors of 4.
CS618 is an evolved FRII radio galaxy with an unresolved core
(centre of the shown map) and two slightly resolved lobes.

4.10. Radio SED of IFRS CS618

The IFRS CS618 is peculiar and has a different morphology
than any other source in our IFRS sample. The 3.6 µm map
of CS618 overplotted by the 1.4 GHz ATLAS DR3 contours is
shown in Fig. 5. It appears as a double-lobed FRII radio galaxy
with an angular size of around 1.7 arcmin. Its total radio SED
(containing the core and the two lobes) is well described by
a single power law with a spectral index α = −1.06 ± 0.05
(see Fig. 2). All three components are separately detected at
325 MHz, 610 MHz, 1.4 GHz and 2.3 GHz, but are indistinguish-
able at 200 MHz, 843 MHz, and 844 MHz because of the lower
resolution. The radio SEDs of all three individual components
are well described by single power laws. The central component
(1.6 mJy at 1.4 GHz) is unresolved with a spectral index between
325 MHz and 2.3 GHz of +0.33 ± 0.17, whereas the two lobes
are slightly resolved with 1.4 GHz flux densities of 34.5 mJy and
11.4 mJy, and spectral indices between 150 MHz and 2.3 GHz of
−1.01±0.09 and −1.23±0.13. These characteristics are common
for FRII radio galaxies (e.g. Hovatta et al. 2014) and so CS618
seems to differ from the majority of IFRS in our sample, which
are dominated by more compact and putatively younger radio
sources as discussed above.

4.11. Comparison to sources used in broad-band SED
modellings

Herzog et al. (2014) presented the first redshift-based SED mod-
elling of IFRS and find all three studied IFRS in agreement with
scaled templates of 3C 48 and 3C 273. Two of these three IFRS
are also in our sample: CS265 and CS713. The radio SEDs of
these IFRS were found to be in good agreement with single
power laws with spectral indices of−0.86±0.02 and−0.67±0.03,
respectively. 3C 48 is a CSS source with a spectral index of
α ∼ −0.8, and the core of the RL quasar 3C 273 is known to
have a flat radio SED. Based on the spectral index found in our
work, the core of 3C 273 seems to provide an inadequate tem-
plate to explain the characteristics of IFRS CS265. In contrast,
the spectral index of CS713 matches the flat radio SED known
for 3C 273, whereas the steeper SED of 3C 48 disagrees with the
characteristics of CS713.

An extended sample of SED templates was used by Herzog
et al. (2015b) to constrain the broad-band SED of six IFRS ob-

Fig. 6: Radio SED of IFRS xFLS 478. Error bars represent 1σ
uncertainties. The black solid line shows the best fit of an SSA
model. The fitted single power law is shown as black dotted
line. The shaded area represents the 1σ uncertainty of the sin-
gle power law fit.

served with Herschel. All sources are also in our radio sample
of IFRS and we found radio spectral indices between −0.98 and
−1.15, i.e. all have steep or ultra-steep SEDs. Herzog et al. find
only the redshifted broad-band SED templates of the spiderweb
galaxy, Cygnus A, 3C 48, and 3C 273 to be in agreement with
the data, even if the templates were scaled in luminosity and ex-
tinction was added. The flat radio SED of the core of 3C 273 is
in clear disagreement with the steep radio SEDs found for all
six sources. Also the radio SED of 3C 48 is flatter than any ra-
dio SED in that sample of six IFRS, although an overlap with
the flattest sources in the IFRS sample cannot be ruled out. In
contrast, both the spiderweb galaxy and Cygnus A are known to
have ultra-steep radio SEDs with spectral indices of around −1.3
and −1.2, respectively. Thus, the radio spectral indices measured
in our work add evidence to the conclusion presented by Herzog
et al. that the spiderweb galaxy and Cygnus A provide adequate
templates to explain the broad-band characteristics of IFRS.

5. The radio and multi-wavelength SED of IFRS
xFLS 478

In Sect. 4, we analysed the broad radio SEDs of a large sample
of IFRS in the ELAIS-S1 and CDFS fields. To complement this
study, we present the detailed analysis of one IFRS (xFLS 478)
in the following. This study is not limited to the radio regime,
but also links to the far-IR (FIR) detections of this source. IFRS
xFLS 478 is particularly suitable for this study since it provides
the highest-frequency radio data point of an IFRS (at 105 GHz
as presented in Sect. 2.7.2) and ancillary data in the radio and IR
regime, described in Sect. 2.7.3.

Figure 6 shows the radio SED of this source—including
all available data between 150 MHz and 105 GHz—, similar to
the SEDs shown in Fig. 2. To describe the radio emission over
this wide frequency range of almost three orders of magnitude,
we followed the same approach as described in Sect. 3. Fit-
ting a single power law to the data resulted in a spectral index
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α = −1.15 ± 0.09. However, the low-frequency data at 150 MHz
and 325 MHz depart from the single power law, indicating a po-
tential turnover. An SSA model was found to better describe the
data, resulting in a turnover at 180 MHz and a spectral index
of −1.19 ± 0.31 at the high-frequency side of the synchrotron
bump. However, a turnover can only be suggested based on
the available data; its frequency remains unclear. In any case,
IFRS xFLS 478 has a steep radio SED and might—depending on
the definition as discussed in Sect. 4.3—be classified as a USS
source according to both fits.

If the radio SED of xFLS 478 indeed follows the fitted sin-
gle power law or the SSA model up to an observed frequency
above 100 GHz, this provides interesting new constraints on the
properties of IFRS. As shown by Collier et al. (2014) and Her-
zog et al. (2014), all known redshifts of IFRS are in the range
1.7 . z . 3.0. Assuming that xFLS 478 is at a similar redshift,
the observed 105 GHz detection is at a rest-frame frequency
∼ 300 GHz. It is known that the thermal free-free and dust emis-
sion in star forming galaxies start to dominate over non-thermal
synchrotron emission at around 100 GHz (e.g. Murphy 2009) as
discussed in Sect. 4.5. This would imply for xFLS 478 that the
AGN emission of this source dominates over the emission from
star forming activity even in the mm regime despite the Herschel
detection at 250 µm. The alternative explanation for a flattening
of the radio SED at higher frequencies—a dominating AGN core
as discussed in Sect. 4.5—can also be excluded for xFLS 478 up
to this frequency.

The same behaviour—following a power law up to the mm
regime—was found for the source F00183-7111 (Norris et al.
2012), referred to as 00183. 00183 is one of the most luminous
ULIRGs, being heavily obscured and undergoing vigorous star
forming activity, at z = 0.3276. In VLBI observations, a core-
jet structure was found in its centre with an extension of only
1.7 kpc, however the source is radio-loud. Norris et al. suggested
that this source is undergoing a transition from a merging star-
burst with a quasar-mode AGN in its centre to an RL quasar.
Emonts et al. (2011a) and Emonts et al. (2011b) found three
HzRGs to follow single power laws up to 36 GHz (115 GHz in
the restframe).

We emphasise that while the suggested single power law
or SSA model for xFLS 478 are the simplest explanation, it is
based on only one detection in the mm regime. Other inter-
pretations are also possible, such as a steepening SED above
1.4 GHz, followed by a minimum between 10 GHz and 100 GHz,
and increasing thermal dust emission—dominating over syn-
chrotron emission—at 105 GHz. Further high-frequency obser-
vations would be required to distinguish between these hypothe-
ses In Sect. 4.5, we presented one IFRS that did not follow a
power law up to high frequencies but showed deviations at ob-
served frequencies around 20 GHz. Most likely, this deviation is
caused by the flat or inverted SED of an AGN core.

We now consider the multi-wavelength SED of IFRS
xFLS 478, including all ancillary data presented in Sect. 2.7.3
and following the approach used by Herzog et al. (2015b). In
this modelling, SED templates of different galaxy classes typ-
ically found at high redshifts—including star forming galaxies
with and without AGN, Seyfert galaxies, and RL AGNs—were
used, shifted in the redshift range 0.5 ≤ z ≤ 12, scaled in lu-
minosity, and obscured by additional dust. These templates were
then tested whether they are consistent with the photometric data
of IFRS. In this comprehensive approach, we did not find any
SED template that could reproduce the characteristics of IFRS
xFLS 478 in the redshift regime 0.5 ≤ z ≤ 12. In particular,
the most promising templates—RL AGNs at high redshifts, e.g.

Fig. 7: Modelling the radio-FIR SED of IFRS xFLS 478. The
total SED (solid line) is composed of the SED of a star forming
galaxy (dashed line) from Murphy (2009) and the radio SED of
00183 (dotted line) from Norris et al. (2012). The star forming
SED template is again composed of synchrotron, free-free, and
thermal dust components. The best model was found at z = 1.1
and is shown in this figure. Black dots represent the photometric
data points of xFLS 478 with respective 1σ uncertainties.

HzRGs—were found to be inconsistent with the FIR detections
of xFLS 478. Herzog et al. (2015b) observed six IFRS with Her-
schel that are only slightly radio-fainter than xFLS 478 but none
was detected; the detection sensitivities were similar to the ob-
served FIR flux densities of xFLS 478.

Consequently, we asked the question what properties a
galaxy would need to have to be consistent with the photometric
constraints of xFLS 478. To account for the HerMES FIR detec-
tions with flux densities of a few tens of mJy, we used the radio-
FIR SED template of a star forming galaxy from Murphy (2009).
This template is composed of synchrotron, free-free, and ther-
mal dust components as shown in Fig. 7 for z = 1.1. However,
the observed radio emission of xFLS 478 cannot be explained
by star foming activity at any redshift. Therefore, we added the
radio emission from an RL AGN, consistent with the finding
that the majority of IFRS—if not all—contain AGNs (Herzog
et al. 2015a). We used the radio SED of 00183 from Norris et al.
(2012). This source is known to host an RL AGN and to show
similarities to xFLS 478 as discussed above. We shifted these
templates in the redshift range 0.5 ≤ z ≤ 8.0 and built the total
SED by summing both individual templates, each of them scaled
by an individual factor. The best modelling was found at z = 1.1
and is shown in Fig. 7. We note that the fractional contributions
from synchrotron, free-free, and thermal dust emission to the star
forming galaxy template were fixed as described by Murphy and
were not varied in our modelling.

The photometric data of the IFRS are well described by the
model at z = 1.1, particularly in the FIR and mm regimes. The
radio SED of xFLS 478 seems to be flatter at higher frequencies
than that of 00183. Norris et al. (2012) fitted a broken power
law to the radio SED of 00183, finding a break at around 5 GHz
and spectral indices of −0.43 and −1.49 at low and high fre-
quencies, respectively. We measured a spectral index of −1.19
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for xFLS 478 as described above and did not find clear evidence
for a break at higher frequencies.

At z = 1.1, the 00183 radio template had to be scaled up
in luminosity by a factor of 3.0. The star forming galaxy tem-
plate had to be scaled up by a factor of 1.9, giving a star forma-
tion rate of around 170 M� yr−1. This model, if confirmed, makes
xFLS 478 the lowest-redshift IFRS known.

6. Conclusion

We built radio SEDs for 34 IFRS in the CDFS and ELAIS-
S1 fields, covering the frequency range between 150 MHz and
34 GHz. Based on these SEDs, we found the vast majority
of IFRS (85+4

−8%) to show steep radio SEDs defined by α <

−0.8. 12+8
−4% of the IFRS in our sample are classified as USS

sources (α < −1.3) and are therefore good candidates for high-
redshift sources. The sample of IFRS shows statistically signifi-
cantly steeper radio SEDs than the broader RL AGN population.
The median spectral index in our IFRS sample is −0.95.

We found 3+6
−1% of our sample are GPS sources and ≥ 9+7

−3%
are CSS sources. These numbers are consistent with the general
fraction of GPS and CSS sources in the RL AGN population.
This finding implies that at least some IFRS are young AGNs
in the earliest stages of their evolution to powerful and extended
FRI/FRII radio galaxies. However, the intrinsic fraction of GPS
and CSS sources in the IFRS population might be higher than in
the general RL source population if IFRS are at higher redshifts.
Generally, IFRS are prototypical for the class of CSS sources be-
cause of their steep radio SEDs and their compactness. Our anal-
ysis showed that IFRS with an observed peak in their radio SED
are radio- and IR-fainter than IFRS without a turnover, putatively
explained by higher redshifts in the subsample of peaking IFRS.
The complete GLEAM survey (Hurley-Walker et al., in prep.),
covering the full bandwidth between 72 MHz and 231 MHz, will
provide a clearer picture on the low-frequency turnover of IFRS.

We also carried out a detailed analysis of the broadband SED
of IFRS xFLS 478. This source was observed with the PdBI at
105 GHz and provided the highest-frequency radio detection of
an IFRS. The source was found to have a steep radio SED, po-
tentially indicating a turnover at around 150 MHz. We did not
observe an upturn or flattening in the radio SED at high fre-
quencies, indicating that synchrotron emission dominates over
thermal dust emission at least down to a rest-frame frequency of
300 GHz (1 mm) if the source is at z & 2.

Modified SED templates of known galaxies were found to be
inconsistent with the multi-wavelength data of xFLS 478. How-
ever, the data are well described by a radio-FIR SED template
composed of a star forming galaxy and an RL AGN at z = 1.1
which would make this object the lowest-redshift IFRS known.
This model suggests a star formation rate of around 170 M� yr−1.
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Appendix A: Photometric data of IFRS in ELAIS-S1
and CDFS

The photometric data used to study the radio SEDs of 15 IFRS in
ELAIS-S1 and 19 IFRS in CDFS are summarised in Tables A.1
and A.2, respectively.
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Table A.1: Flux densities used in this work for the IFRS located in the ELAIS-S1 field.

IFRS S 200 MHz S 610 MHz S 843 MHz S 1.4 GHz S 2.3 GHz S 4.8 GHz S 8.6 GHz S 34 GHz
ID [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

ES5 177 ± 19 26.6 ± 6.7 22.5 ± 2.0 11.51 ± 0.49 5.21 ± 0.72 . . . . . . . . .
ES66 183 ± 19 67.0 ± 19.6 61.6 ± 4.5 34.37 ± 1.74 20.84 ± 2.16 . . . . . . . . .

ES201 67 ± 11 8.5 ± 2.1 < 11.3? 4.62 ± 0.23 2.18 ± 0.26 . . . . . . . . .
ES419 < 30 2.2 ± 0.6 < 4.3? 1.45 ± 0.08 < 1.31? < 0.39 < 0.33 . . .
ES427 152 ± 17 47.7 ± 11.9 36.8 ± 2.1 21.82 ± 1.09 12.63 ± 1.26 6.54 ± 0.46 2.83 ± 0.36 0.575 ± 0.098
ES509 153 ± 17 49.2 ± 12.3 36.6 ± 2.2 22.73 ± 1.14 13.18 ± 1.33 5.94 ± 0.45 3.51 ± 0.39 0.550 ± 0.096
ES645 < 30 10.7 ± 3.1 8.5 ± 2.7 4.66 ± 0.25 2.67 ± 0.41 . . . . . . . . .
ES749 73 ± 11 15.7 ± 4.7 12.6 ± 1.7 9.22 ± 0.62 4.99 ± 0.69 2.63 ± 0.29 0.82 ± 0.26 . . .
ES798 77 ± 11 14.6 ± 3.7 12.7 ± 1.7 7.48 ± 0.38 4.37 ± 0.51 3.07 ± 0.37 < 0.33 . . .
ES973 < 121? 12.1 ± 3.0 17.2 ± 2.6 7.88 ± 0.32 4.05 ± 0.44 1.93 ± 0.29 < 0.27 < 0.385
ES1018 140 ± 16 58.0 ± 16.9 42.0 ± 2.5 27.87 ± 1.40 18.89 ± 1.92 . . . . . . . . .
ES1021 < 162? 30.3 ± 7.6 24.8 ± 1.6 16.31 ± 0.74 10.88 ± 1.09 . . . . . . . . .
ES1156 44 ± 8 55.1 ± 13.8 46.6 ± 2.9 31.92 ± 1.60 20.13 ± 2.02 . . . . . . . . .
ES1239 140 ± 16 48.9 ± 14.3 37.1 ± 2.3 23.88 ± 1.19 15.31 ± 1.54 . . . . . . . . .
ES1259 81 ± 11 . . . af 4.08 ± 0.22 2.31 ± 0.82 . . . . . . . . .

Notes. Flux density upper limits resulting from confusion are marked by (?). Sources for which the flux density could not be measured at the
respective frequency because of image artefacts are marked by “af”. Sources that were outside the survey fields or not targeted by the observations
at the respective frequency are represented by ellipsis dots (. . .).

Table A.2: Flux densities used in this work for the IFRS located in the CDFS..

IFRS S 150 MHz S 200 MHz S 325 MHz S 610 MHz S 843 MHz S 844 MHz S 1.4 GHz S 2.3 GHz
ID [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

CS94 89 ± 27 < 114? af . . . < 55.6 < 27.7? 13.49 ± 0.64 8.12 ± 0.93
CS97 27 ± 9 < 25 16.4 ± 4.1 6.1 ± 1.4 < 8.6 5.9 ± 1.0 4.53 ± 0.23 2.11 ± 0.26
CS114 < 29 < 25 31.1 ± 7.8 16.1 ± 3.7 14.8 ± 3.6 11.1 ± 1.4 7.34 ± 0.38 3.02 ± 0.36
CS164 < 8 < 25 0.8 ± 0.4 1.8 ± 0.6 < 6.4 1.7 ± 0.8 1.29 ± 0.07 0.81 ± 0.16
CS194 63 ± 28 < 39 23.8 ± 6.0 11.5 ± 2.9 < 14.1 7.4 ± 1.7 6.26 ± 0.32 3.10 ± 0.37
CS215 < 195? < 174? < 102.4? . . . < 32.6? < 51.0? 2.03 ± 0.11 < 13.29?
CS241 < 13 < 25 8.1 ± 2.1 1.2 ± 0.3 < 7.3 < 1.8 1.10 ± 0.06 0.43 ± 0.14
CS265 161 ± 41 124 ± 14 91.0 ± 22.7 27.8 ± 7.0 29.9 ± 3.8 29.7 ± 3.2 19.13 ± 0.83 12.10 ± 1.22
CS292 252 ± 63 185 ± 20 104.2 ± 26.1 60.7 ± 15.2 38.9 ± 4.3 37.3 ± 3.9 21.99 ± 0.80 12.22 ± 1.27
CS415 < 7 < 25 8.3 ± 2.1 . . . < 5.5 < 7.1? 1.38 ± 0.08 0.90 ± 0.22
CS520 37 ± 10 < 25 18.8 ± 4.7 . . . 7.0 ± 4.1 5.0 ± 0.9 4.19 ± 0.22 2.17 ± 0.27
CS538 < 9 < 25 8.2 ± 2.1 . . . < 5.4 < 3.9? 1.14 ± 0.06 < 1.06?
CS539 82 ± 21 66 ± 9 45.0 ± 11.3 . . . 18.3 ± 4.3 14.2 ± 1.6 9.82 ± 0.50 4.72 ± 0.53
CS574 55 ± 12 61 ± 9 49.4 ± 12.3 . . . 22.9 ± 3.9 19.1 ± 2.0 12.95 ± 0.65 8.24 ± 0.84
CS603 78 ± 20 70 ± 9 52.5 ± 13.1 . . . 28.5 ± 5.0 18.6 ± 2.0 13.71 ± 0.69 9.55 ± 0.97
CS618 441 ± 111 357 ± 37 236.3 ± 59.1 69.2 ± 17.3 85.8 ± 9.2 84.8 ± 8.6 45.86 ± 1.66 25.90 ± 2.65
CS649 < 7 < 25 16.8 ± 4.2 . . . < 6.5 8.5 ± 1.2 6.26 ± 0.32 3.88 ± 0.43
CS703 232 ± 58 173 ± 18 128.5 ± 32.1 43.5 ± 10.9 . . . 42.1 ± 4.3 25.89 ± 1.30 15.18 ± 1.56
CS713 69 ± 18 58 ± 8 54.4 ± 13.6 30.0 ± 7.5 . . . 22.6 ± 2.4 16.62 ± 0.85 11.42 ± 1.18

Notes. Flux density upper limits resulting from confusion are marked by (?). Sources for which the flux density could not be measured at the
respective frequency because of image artefacts are marked by “af”. Sources that were outside the survey fields or not targeted by the observations
at the respective frequency are represented by ellipsis dots (. . .).
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Table A.2: continued.

IFRS S 4.8 GHz S 5.5 GHz S 8.6 GHz S 9 GHz S 18 GHz S 20 GHz S 34 GHz
ID [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

CS94 . . . . . . . . . . . . . . . . . . . . .
CS97 . . . . . . . . . . . . . . . < 2.0 . . .

CS114 2.07 ± 0.36 . . . 0.50 ± 0.19 . . . . . . < 2.0 0.120 ± 0.036a

CS164 0.76 ± 0.19 . . . 0.21 ± 0.11 . . . . . . < 2.0 . . .
CS194 1.69 ± 0.23 . . . 1.19 ± 0.25 . . . . . . < 2.0 0.205 ± 0.034
CS215 0.73 ± 0.17 . . . 0.28 ± 0.15 . . . . . . . . . . . .
CS241 < 0.24 . . . < 0.21 . . . . . . < 2.0 . . .
CS265 . . . 6.33 ± 0.34 . . . 3.83 ± 0.25 2.18 ± 0.16 2.42 ± 0.34 . . .
CS292 . . . . . . . . . . . . . . . . . . . . .
CS415 < 0.33 0.429 ± 0.020 < 0.27 . . . . . . < 2.0 . . .
CS520 . . . 1.292 ± 0.013 . . . . . . . . . < . . .
CS538 < 0.21 . . . < 0.27 . . . . . . < . . .
CS539 . . . . . . . . . . . . . . . . . . . . .
CS574 . . . . . . . . . . . . . . . < 2.0 . . .
CS603 . . . 6.90 ± 0.39 . . . 5.00 ± 0.32 4.30 ± 0.29 5.25 ± 0.48 . . .
CS618 . . . . . . . . . . . . . . . . . . . . .
CS649 . . . . . . . . . . . . . . . < 2.0 . . .
CS703 8.60 ± 0.82 . . . 4.22 ± 0.37 . . . . . . . . . 1.150 ± 0.118
CS713 . . . . . . . . . . . . . . . . . . . . .

Notes. (a) Detection at 33 GHz.
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6
Conclusion and outlook

Are IFRSs a class of high-redshift RL AGNs? That was the pressing question about these

sources when this PhD project was started. Former studies suggest these characteristics.

However, direct evidence had not been found.

This thesis presents new and direct evidence which supports the hypothesis that IFRSs

are high-redshift RL AGNs. All three IFRSs with optical spectra in the ATLAS fields have

redshifts z > 1.8, showing the suggested high redshifts of this class of objects (chapter 2;

Herzog et al., 2014). Adding the 18 spectroscopic redshifts presented in chapter 3, spec-

troscopic redshift information is known for 40 IFRS. 38 of them are in the redshift range

1.8 ≤ z ≤ 3.6. The remaining two are at very low redshifts and might be misidentifica-

tions. Although all redshifts of IFRSs are at z ≤ 3.6, there are reasons to suggest that other

IFRSs might be at higher redshifts. The sources with spectroscopic information are amongst

the near-IR brightest IFRSs. Extrapolating the correlation between near-IR flux density and

redshift and using their near-IR flux densities, it is suggested that the near-IR faintest IFRSs

are at even higher redshifts (z ∼ 5). All spectroscopic redshifts of IFRSs are found to be
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consistent with this correlation. However, the alternative hypothesis that all IFRSs are in the

given redshift range cannot be discarded based on the available data.

Measuring redshifts for some of the IR-faintest IFRSs is one of the key challenges in

future work on this extreme class of objects. Such data would directly test the hypothesis

that the population of IFRSs extends to redshifts of 5 or 6 and the suggested correlation

between near-IR flux density and redshift holds at higher redshifts. However, such a project

is hardly feasible with optical telescopes because of the IR and optical faintness of the desired

targets. Therefore, searching for molecular emission lines like CO in the mm regime with

ALMA might be a more promising and more efficient way of measuring redshifts for the

most extreme sources in the class of IFRSs.

Strong evidence is found in this thesis (chapter 3; Herzog et al., 2015a) for the hypothesis

that the majority of IFRSs contain AGNs. VLBI observations of a large sample of IFRSs

increase the number of IFRSs with detected compact radio emission from 2 to 37 and show

that most—if not all—IFRSs have AGNs in their centres. Further, these data suggest that

IFRSs might be a class of young AGNs, potentially overlapping with the populations of

GPS and CSS sources. Currently, additional observations with the VLBA are being carried

out, increasing the sample size of VLBI-observed IFRSs and enabling a deeper study of the

compact emission characteristics of IFRSs, in particular linked to optical ancillary data and

photometric redshifts.

Based on studying the radio SEDs of IFRSs (chapter 5; Herzog et al., 2015c), the sug-

gested overlap between this class of objects and the populations of GPS and CSS sources

has been directly shown for the first time. Using observational data covering more than

two orders of magnitude in frequency—significantly extending the explored radio regime

of IFRSs towards lower and higher frequencies—, the turnover in the radio SED has been

traced for several IFRSs. Redshift information for this sample of IFRSs is needed to draw fi-

nal conclusions on the observationally unbiased abundance of young AGNs in the population

of IFRSs. The Multifrequency Snapshot Sky Survey (MSSS; Heald and LOFAR Collabo-

ration, 2014) using the LOw Frequency ARray (LOFAR; van Haarlem et al., 2013) will

provide low-frequency radio data for the IFRS sample presented by Collier et al. (2014), pu-

tatively unveiling the turnover for more IFRSs and potentially for some IFRSs with redshift

information.

The highest-frequency observations of IFRSs in the radio regime presented in chapter 5
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(Herzog et al., 2015c) show that the data of this particular source can be explained by a com-

bined AGN-starburst SED template. Disentangling the contribution of AGN activity on the

one hand and starburst activity on the other hand—the former definitely, the latter potentially

contributing to the emission of IFRSs—was also the aim of the first FIR observations of this

class of objects (chapter 4; Herzog et al., 2015b). Though all six targeted sources remain un-

detected in all wavebands, a comprehensive multi-wavelength SED modelling—making use

of the measured FIR flux density upper limits—shows that only HzRGs can reproduce the

emission characteristics of IFRSs, strengthening the suggested link to these massive galax-

ies. In a separate analysis (chapter 5), one IFRS is found to be detected in the FIR regime

based on recently released survey data. These data from HerMES (Oliver et al., 2012), the

PACS Evolutionary Probe (PEP; Lutz et al., 2011), and the Cosmic Assembly Near-infrared

Deep Extragalactic Legacy Survey (CANDELS; Grogin et al., 2011) cover more IFRS and

enable further FIR studies of IFRSs.

Recalling the list of remaining potential explanations for the “IFRS phenomenon” given

in section 1.3.6, the multi-frequency data and analyses presented in this thesis increase the

knowledge of IFRSs. Strong direct evidence is found that IFRSs are high-redshift RL AGNs

with massive black holes in the centres. Further, the analyses finally dispose of some origi-

nally suggested explanations. In particular, the redshift distribution found in chapters 2 (Her-

zog et al., 2014) and 3 shows that IFRSs are extragalactic objects, eliminating pulsars and

ultracool dwarf stars. The observed redshifts also rule out radio lobes and misidentifications

as explanation for the majority of IFRSs. Heavily obscured star forming galaxies are elim-

inated based on the redshift distribution and the high detection fraction of IFRSs in VLBI

observations. Also, medium-redshift (z ∼ 1) RL AGNs suffering from heavy dust extinc-

tion are unlikely to explain the class of IFRSs because of the observed redshift distribution.

Generally, significant dust extinction cannot be ruled out to cause the IR-faintness of IFRSs,

however no evidence is found to support this hypothesis. Although it is now established

based on the work presented in this thesis that the vast majority of IFRSs are high-redshift

RL AGNs, it cannot be ruled out that a few individual sources in the sample of IFRSs may

be caused by other phenomena. In particular, no evidence is found that the population of

IFRSs is an inhomogeneous class, consisting of more than one type of object as originally

suggested.

Table 6.1 summarises the current status of research of the class of IFRSs in the ATLAS
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Table 6.1: Median broadband characteristics of the sample of IFRSs in the ATLAS fields.
The subsamples of IFRSs used to derive the median characteristics vary and are potentially
affected by different selection biases.
References: (1) Zinn et al. (2011), (2) Norris et al. (2006), (3) Middelberg et al. (2008a),
(4) Herzog et al. (2014), (5) Norris et al. (2011a), (6) Herzog et al. (2015b), (7) Maini et al.
(2013), (8) Norris et al. (2007), (9) Middelberg et al. (2008b), (10) Middelberg et al. (2011),
(11) Herzog et al. (2015c). Work that is part of this thesis is indicated by (?).

Regime Quantity Median IFRS characteristic Reference

X-ray F0.5−2.0 keV . 5.5 × 10−19 W m−2 (1)

optical R band . 24.5 mag (Vega) (2), (3)

optical emission line width broad (4)?

near-IR S3.6 µm . 0.63 µJy (5)

mid-IR S24 µm . 90 µJy (6)?

far-IR S100 µm . 2.3 mJy (6)?

radio S1.4 GHz ∼ 9 mJy (1), (2), (3), (7)

radio compact (VLBI) emission . 0.62 mJy (8), (9)

radio spectral index steep (α . −1.0) (10), (11)?

radio SED shape power law down to 200 MHz (10), (11)?

radio linear scale smaller than FRI/II (10), (11)?

radio-IR S1.4 GHz/S3.6 µm & 1100 (1), (7)

redshift & 2 (4)?

sky density ∼ 5 deg−2 (1), (7)

fields. The IFRSs in these fields are the best studied objects of their class and provide a

broad wavelength coverage, significantly extended by this thesis. Although the median IFRS

is only constrained by flux density upper limits in most wavelength regimes, IFRSs are now

established as a relatively new class of RL AGNs at high redshifts.

Analysing more detailed characteristics of IFRSs, all spectroscopically observed IFRSs

are found to have radio luminosities of FR II galaxies and to have broad optical emission

lines, showing that these IFRSs are type I AGNs. Since the class of IFRSs has been missed

in former AGN studies, this class—showing a sky density of around five per square degree

in the deep fields—increases the number of RL AGNs in the early universe. The cosmolog-

ical relevance of IFRSs would be even higher if the redshift distribution extends to z ∼ 5

or 6 as hypothesised in this thesis and other studies. If the entire IFRS population contains

only type I AGNs as suggested by the findings presented in chapter 3—i.e. all IFRSs are
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RL quasars—the class of IFRSs would considerably increase the known quasar sky den-

sity which is around 26 deg−2 (∼ 18 deg−2 with z > 2.15) in the latest SDSS quasar cata-

logue (Pâris et al., 2014).

Based on all available data, IFRSs and HzRGs are believed to be identical with one

characteristic difference. All IFRSs with redshift information meet the selection criteria of

HzRGs and the broad-band SED modelling shows that results—including estimated limits

on SFR and black hole accretion rate—for the class of IFRSs are consistent with those of

HzRGs, although the IFRSs have lower luminosities, lower stellar masses, and lower-mass

black holes than HzRGs. The only difference between IFRSs and HzRGs is the optical emis-

sion line width. HzRGs are known to be type II AGNs, whereas all IFRSs with optical spec-

tra show broad emission lines, classifying the latter as type I AGNs and raising the question

why no type II IFRS has been found yet. If type II IFRSs do not exist, it would be challeng-

ing to include this class of objects in the unified AGN model which is already experiencing

problems with unifying some classes of AGNs as discussed in chapter 1.2.1 (see Tadhunter,

2008 and Netzer, 2015). However, so far, spectroscopic data are only available for the op-

tically brightest IFRSs, preventing a generalisation of the finding that all spectroscopically

observed IFRSs have broad emission lines. Spectroscopic information on the IR-faintest

IFRSs is needed to test whether these most extreme IFRSs show the same characteristics

than HzRGs with respect to redshift, luminosity, and emission line width.

Following the finding that the populations of IFRSs and HzRGs are similar, the class of

IFRSs significantly increases the number of known HzRGs because of its sky density which

is around two orders of magnitude higher than that of HzRGs. Whilst radio galaxies at high

redshifts are often selected based on their faintness in K band, the class of IFRSs might

establish the faintness at 3.6 µm as a new tool to select high-redshift objects. However,

spectroscopic observations of IR-fainter IFRSs are needed to confirm the relation between

3.6 µm flux density and redshift.

High-redshift radio galaxies are crucial objects when studying the link between AGN and

starburst activity (“feedback”), one of the most pressing, open questions in current astrophys-

ical research (see references e.g. in Zinn et al., 2013 and Karouzos et al., 2014). Since IFRSs

are found to be similar to HzRGs—as lower luminosity or more distant siblings as discussed

in chapter 4—, IFRSs might be interesting objects in order to find answers to the contro-

versially discussed feedback question. However, the faintness of IFRSs at all wavelengths
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outside the radio regime makes studying these objects challenging. In particular, conclu-

sions on the host galaxies harbouring the AGNs of IFRSs is hardly possible. Therefore, the

faintness of IFRSs might prevent insights into galaxy evolution and the putative interplay

between AGN and host galaxy from this class of objects in the near future. However, it is

suggested that IFRSs are AGNs at the beginning of their evolution to extended radio galaxies

(chapter 3).



References

Afonso, J., Bizzocchi, L., Ibar, E., et al., 2011, Ultra Steep Spectrum Radio Sources in the
Lockman Hole: SERVS Identifications and Redshift Distribution at the Faintest Radio
Fluxes, ApJ, 743, 122.

Ahn, C. P., Alexandroff, R., Allende Prieto, C., et al., 2012, The Ninth Data Release of the
Sloan Digital Sky Survey: First Spectroscopic Data from the SDSS-III Baryon Oscillation
Spectroscopic Survey, ApJS, 203, 21.

Ahn, C. P., Alexandroff, R., Allende Prieto, C., et al., 2014, The Tenth Data Release of
the Sloan Digital Sky Survey: First Spectroscopic Data from the SDSS-III Apache Point
Observatory Galactic Evolution Experiment, ApJS, 211, 17.

Antonucci, R., 1993, Unified models for active galactic nuclei and quasars, ARA&A, 31,
473.

Antonucci, R. R. J. and Miller, J. S., 1985, Spectropolarimetry and the nature of NGC 1068,
ApJ, 297, 621.

Appleton, P. N., Fadda, D. T., Marleau, F. R., et al., 2004, The Far- and Mid-Infrared/Radio
Correlations in the Spitzer Extragalactic First Look Survey, ApJS, 154, 147.

Archibald, E. N., Dunlop, J. S., Hughes, D. H., et al., 2001, A submillimetre survey of the
star formation history of radio galaxies, MNRAS, 323, 417.

Armus, L., Charmandaris, V., Bernard-Salas, J., et al., 2007, Observations of Ultraluminous
Infrared Galaxies with the Infrared Spectrograph on the Spitzer Space Telescope. II. The
IRAS Bright Galaxy Sample, ApJ, 656, 148.

Bahcall, J. N., Kirhakos, S., Schneider, D. P., et al., 1995, Hubble Space Telescope and
MERLIN Observations of the Jet in 3C 273, ApJ, 452, L91.

Banfield, J. K., George, S. J., Taylor, A. R., et al., 2011, Polarized Radio Sources: A Study
of Luminosity, Redshift, and Infrared Colors, ApJ, 733, 69.

Barthel, P. D., 1989, Is every quasar beamed?, ApJ, 336, 606.

Beckmann, V. and Shrader, C. R., 2012, Active Galactic Nuclei, Wiley-VCH, Wein-
heim/Berlin.

Begelman, M. C., Blandford, R. D., and Rees, M. J., 1984, Theory of extragalactic radio
sources, Reviews of Modern Physics, 56, 255.

Bell, E. F., 2003, Estimating Star Formation Rates from Infrared and Radio Luminosities:
The Origin of the Radio-Infrared Correlation, ApJ, 586, 794.



134 References

Bell Burnell, J., 2009, Reflections on the discovery of pulsars, in Proceedings of the spe-
cial session ”Accelerating the Rate of Astronomical Discovery” of the 27th IAU General
Assembly. August 11-14 2009. Rio de Janeiro, Brazil, page 14.

Best, P. N. and Heckman, T. M., 2012, On the fundamental dichotomy in the local radio-
AGN population: accretion, evolution and host galaxy properties, MNRAS, 421, 1569.

Bianchi, S., Maiolino, R., and Risaliti, G., 2012, AGN Obscuration and the Unified Model,
Advances in Astronomy, 2012, 782030.

Blandford, R. D. and Koenigl, A., 1979, A model for the knots in the M87 jet, Astro-
phys. Lett., 20, 15.

Bouwens, R. J., Illingworth, G. D., Blakeslee, J. P., Broadhurst, T. J., and Franx, M., 2004,
Galaxy Size Evolution at High Redshift and Surface Brightness Selection Effects: Con-
straints from the Hubble Ultra Deep Field, ApJ, 611, L1.

Bouwens, R. J., Illingworth, G. D., Blakeslee, J. P., and Franx, M., 2006, Galaxies at z ∼ 6:
The UV Luminosity Function and Luminosity Density from 506 HUDF, HUDF Parallel
ACS Field, and GOODS i-Dropouts, ApJ, 653, 53.

Brammer, G. B., van Dokkum, P. G., and Coppi, P., 2008, EAZY: A Fast, Public Photometric
Redshift Code, ApJ, 686, 1503.

Bridle, A. H., Fomalont, E. B., Palimaka, J. J., and Willis, A. G., 1981, VLA observation of
radio/optical knots in 3C 277.3 = Coma A, ApJ, 248, 499.

Calzetti, D., Armus, L., Bohlin, R. C., et al., 2000, The Dust Content and Opacity of Actively
Star-forming Galaxies, ApJ, 533, 682.

Cameron, A. D., Keith, M., Hobbs, G., et al., 2011, Are the infrared-faint radio sources
pulsars?, MNRAS, 415, 845.

Cappelluti, N., Hasinger, G., Brusa, M., et al., 2007, The XMM-Newton Wide-Field Survey
in the COSMOS Field. II. X-Ray Data and the logN-logS Relations, ApJS, 172, 341.

Chambers, K. C., Miley, G. K., van Breugel, W. J. M., and Huang, J.-S., 1996, Ultra–Steep-
Spectrum Radio Sources. I. 4C Objects, ApJS, 106, 215.

Cirasuolo, M., Celotti, A., Magliocchetti, M., and Danese, L., 2003, Is there a dichotomy in
the radio loudness distribution of quasars?, MNRAS, 346, 447.

Collier, J. D., Banfield, J. K., Norris, R. P., et al., 2014, Infrared-faint radio sources: a new
population of high-redshift radio galaxies, MNRAS, 439, 545.

Condon, J. J., Cotton, W. D., Greisen, E. W., et al., 1998, The NRAO VLA Sky Survey, AJ,
115, 1693.

Condon, J. J., Huang, Z.-P., Yin, Q. F., and Thuan, T. X., 1991, Compact starbursts in ultra-
luminous infrared galaxies, ApJ, 378, 65.

Cowie, L. L., Songaila, A., Hu, E. M., and Cohen, J. G., 1996, New Insight on Galaxy
Formation and Evolution From Keck Spectroscopy of the Hawaii Deep Fields, AJ, 112,
839.



References 135

Croton, D. J., Springel, V., White, S. D. M., et al., 2006, The many lives of active galactic
nuclei: cooling flows, black holes and the luminosities and colours of galaxies, MNRAS,
365, 11.

Daddi, E., Bournaud, F., Walter, F., et al., 2010, Very High Gas Fractions and Extended Gas
Reservoirs in z = 1.5 Disk Galaxies, ApJ, 713, 686.

Daddi, E., Cimatti, A., Renzini, A., et al., 2004, A New Photometric Technique for the Joint
Selection of Star-forming and Passive Galaxies at 1.4 . z . 2.5, ApJ, 617, 746.

Daddi, E., Dickinson, M., Morrison, G., et al., 2007, Multiwavelength Study of Massive
Galaxies at z ∼ 2. I. Star Formation and Galaxy Growth, ApJ, 670, 156.

Dallacasa, D., 2003, High Frequency Peakers, PASA, 20, 79.

Dallacasa, D., Stanghellini, C., Centonza, M., and Fanti, R., 2000, High frequency peakers.
I. The bright sample, A&A, 363, 887.

De Breuck, C., Seymour, N., Stern, D., et al., 2010, The Spitzer High-redshift Radio Galaxy
Survey, ApJ, 725, 36.

de Jong, T., Klein, U., Wielebinski, R., and Wunderlich, E., 1985, Radio continuum and
far-infrared emission from spiral galaxies - A close correlation, A&A, 147, L6.

DeBoer, D. R., Gough, R. G., Bunton, J. D., et al., 2009, Australian SKA Pathfinder: A High-
Dynamic Range Wide-Field of View Survey Telescope, IEEE Proceedings, 97, 1507.

Dewdney, P. E., Hall, P. J., Schilizzi, R. T., and Lazio, T. J. L. W., 2009, The Square Kilo-
metre Array, IEEE Proceedings, 97, 1482.

Dey, A., Soifer, B. T., Desai, V., et al., 2008, A Significant Population of Very Luminous
Dust-Obscured Galaxies at Redshift z ∼ 2, ApJ, 677, 943.

Dickey, J. M. and Salpeter, E. E., 1984, 1.4 GHz continuum sources in the Hercules cluster,
ApJ, 284, 461.

Draine, B. T. and Lee, H. M., 1984, Optical properties of interstellar graphite and silicate
grains, ApJ, 285, 89.

Drouart, G., De Breuck, C., Vernet, J., et al., 2014, Rapidly growing black holes and host
galaxies in the distant Universe from the Herschel Radio Galaxy Evolution Project, A&A,
566, A53.

Ekers, R. D., 2009, Big and Small, in Proceedings of the special session ”Accelerating the
Rate of Astronomical Discovery” of the 27th IAU General Assembly. August 11-14 2009.
Rio de Janeiro, Brazil, page 7.

El Bouchefry, K., 2009, X-ray identifications of FIRST radio sources in the XBoötes field,
MNRAS, 396, 2011.

Elitzur, M. and Ho, L. C., 2009, On the Disappearance of the Broad-Line Region in Low-
Luminosity Active Galactic Nuclei, ApJ, 701, L91.



136 References

Elvis, M., Wilkes, B. J., McDowell, J. C., et al., 1994, Atlas of quasar energy distributions,
ApJS, 95, 1.

Emonts, B. H. C., Feain, I., Mao, M. Y., et al., 2011a, Molecular CO(1-0) Gas in the z ∼ 2
Radio Galaxy MRC 0152-209, ApJ, 734, L25.

Emonts, B. H. C., Norris, R. P., Feain, I., et al., 2011b, CO observations of high-z radio
galaxies MRC 2104-242 and MRC 0943-242: spectral-line performance of the Compact
Array Broadband Backend, MNRAS, 415, 655.

Emonts, B. H. C., Norris, R. P., Feain, I., et al., 2014, CO(1-0) survey of high-z radio galax-
ies: alignment of molecular halo gas with distant radio sources, MNRAS, 438, 2898.

Fanaroff, B. L. and Riley, J. M., 1974, The morphology of extragalactic radio sources of high
and low luminosity, MNRAS, 167, 31P.

Fanti, C., Fanti, R., Dallacasa, D., et al., 1995, Are compact steep-spectrum sources young?,
A&A, 302, 317.

Fanti, R., 2009, CSS and GPS research: A status report, Astronomische Nachrichten, 330,
303.

Fath, E. A., 1909, The spectra of some spiral nebulae and globular star clusters, Lick Obser-
vatory Bulletin, 5, 71.

Fernandes, C. A. C., Jarvis, M. J., Rawlings, S., et al., 2011, Evidence for a maximum jet
efficiency for the most powerful radio galaxies, MNRAS, 411, 1909.

Fine, S., Croom, S. M., Miller, L., et al., 2006, The evolution of host mass and black hole
mass in quasi-stellar objects from the 2dF QSO Redshift Survey, MNRAS, 373, 613.

Franceschini, A., 2000, High-Redshift Galaxies: The Far-Infrared and Sub-Millimeter View,
ArXiv e-prints: 0009121.

Franceschini, A., Vercellone, S., and Fabian, A. C., 1998, Supermassive Black Holes in
Early-Type Galaxies: Relationship with Radio Emission and Constraints on the Black
Hole Mass Function, MNRAS, 297, 817.

Franzen, T. M. O., Banfield, J. K., Hales, C. A., et al., 2015, ATLAS – I. Third Release of
1.4 GHz Mosaics and Component Catalogues, submitted to MNRAS.

Gaibler, V., Khochfar, S., Krause, M., and Silk, J., 2012, Jet-induced star formation in gas-
rich galaxies, MNRAS, 425, 438.

Garn, T. and Alexander, P., 2008, Deep 610-MHz Giant Metrewave Radio Telescope obser-
vations of the Spitzer extragalactic First Look Survey field - III. The radio properties of
infrared-faint radio sources, MNRAS, 391, 1000.

Gilli, R., Comastri, A., and Hasinger, G., 2007, The synthesis of the cosmic X-ray back-
ground in the Chandra and XMM-Newton era, A&A, 463, 79.

Griffin, M. J., Abergel, A., Abreu, A., et al., 2010, The Herschel-SPIRE instrument and its
in-flight performance, A&A, 518, L3.



References 137

Grogin, N. A., Kocevski, D. D., Faber, S. M., et al., 2011, CANDELS: The Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey, ApJS, 197, 35.

Hales, C. A., Norris, R. P., Gaensler, B. M., et al., 2014, ATLAS 1.4 GHz Data Release 2 - I.
Observations of the CDF-S and ELAIS-S1 fields and methods for constructing differential
number counts, MNRAS, 441, 2555.

Hao, H., Elvis, M., Civano, F., and Lawrence, A., 2011, Hot-dust-poor Quasars in Mid-
infrared and Optically Selected Samples, ApJ, 733, 108.

Hardcastle, M. J., Evans, D. A., and Croston, J. H., 2007, Hot and cold gas accretion and
feedback in radio-loud active galaxies, MNRAS, 376, 1849.

Harrison, C. M., Alexander, D. M., Mullaney, J. R., et al., 2012, No Clear Submillimeter
Signature of Suppressed Star Formation among X-Ray Luminous Active Galactic Nuclei,
ApJ, 760, L15.

Hasinger, G., 2008, Absorption properties and evolution of active galactic nuclei, A&A, 490,
905.

Hasinger, G., Miyaji, T., and Schmidt, M., 2005, Luminosity-dependent evolution of soft
X-ray selected AGN. New Chandra and XMM-Newton surveys, A&A, 441, 417.

Hatziminaoglou, E., Omont, A., Stevens, J. A., et al., 2010, HerMES: Far infrared properties
of known AGN in the HerMES fields, A&A, 518, L33.

Heald, G. and LOFAR Collaboration, 2014, The LOFAR Multifrequency Snapshot Sky Sur-
vey (MSSS): Status and Results, in American Astronomical Society Meeting Abstracts
#223, volume 223 of American Astronomical Society Meeting Abstracts, page 236.07.

Herzog, A., Middelberg, E., Norris, R. P., et al., 2014, Infrared-faint radio sources are at
high redshifts. Spectroscopic redshift determination of infrared-faint radio sources using
the Very Large Telescope, A&A, 567, A104.

Herzog, A., Middelberg, E., Norris, R. P., et al., 2015a, Active galactic nuclei cores in
infrared-faint radio sources. Very long baseline interferometry observations using the Very
Long Baseline Array, A&A, 578, A67.

Herzog, A., Norris, R. P., Middelberg, E., et al., 2015b, Infrared-faint radio sources remain
undetected at far-infrared wavelengths. Deep photometric observations using the Herschel
Space Observatory, A&A, 580, A7.

Herzog, A., Norris, R. P., Middelberg, E., et al., 2015c, The radio spectral energy distribution
of infrared-faint radio sources, submitted to A&A.

Higdon, J. L., Higdon, S. J. U., Weedman, D. W., et al., 2005, Spitzer Observations of
Optically “Invisible” Radio and X-Ray Sources: High-Redshift Active Galactic Nuclei,
ApJ, 626, 58.

Higdon, J. L., Higdon, S. J. U., Willner, S. P., et al., 2008, Radio and Infrared Selected
Optically Invisible Sources in the Boötes NDWFS, ApJ, 688, 885.



138 References

Hopkins, P. F., Cox, T. J., Kereš, D., and Hernquist, L., 2008a, A Cosmological Framework
for the Co-evolution of Quasars, Supermassive Black Holes, and Elliptical Galaxies. II.
Formation of Red Ellipticals, ApJS, 175, 390.

Hopkins, P. F., Hernquist, L., Cox, T. J., and Kereš, D., 2008b, A Cosmological Framework
for the Co-Evolution of Quasars, Supermassive Black Holes, and Elliptical Galaxies. I.
Galaxy Mergers and Quasar Activity, ApJS, 175, 356.

Huang, Z. P., Thuan, T. X., Chevalier, R. A., Condon, J. J., and Yin, Q. F., 1994, Compact ra-
dio sources in the starburst galaxy M82 and the Sigma-D relation for supernova remnants,
ApJ, 424, 114.

Huynh, M. T., Jackson, C. A., Norris, R. P., and Prandoni, I., 2005, Radio Observations of
the Hubble Deep Field-South Region. II. The 1.4 GHz Catalog and Source Counts, AJ,
130, 1373.

Huynh, M. T., Norris, R. P., Siana, B., and Middelberg, E., 2010, Evidence for Infrared-faint
Radio Sources as z > 1 Radio-loud Active Galactic Nuclei, ApJ, 710, 698.
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Two-component Radio Luminosity Function of Quasi-stellar Objects: Star Formation and
Active Galactic Nucleus, ApJ, 739, L29.

Klamer, I. J., Ekers, R. D., Bryant, J. J., et al., 2006, A search for distant radio galaxies
from SUMSS and NVSS - III. Radio spectral energy distributions and the z-α correlation,
MNRAS, 371, 852.

Klamer, I. J., Ekers, R. D., Sadler, E. M., and Hunstead, R. W., 2004, Molecular Gas at High
Redshift: Jet-induced Star Formation?, ApJ, 612, L97.

Kormendy, J. and Bender, R., 2011, Supermassive black holes do not correlate with dark
matter haloes of galaxies, Nature, 469, 377.

Kormendy, J. and Richstone, D., 1995, Inward Bound—The Search For Supermassive Black
Holes In Galactic Nuclei, ARA&A, 33, 581.

Krolik, J. H. and Begelman, M. C., 1988, Molecular tori in Seyfert galaxies - Feeding the
monster and hiding it, ApJ, 329, 702.

La Franca, F., Fiore, F., Comastri, A., et al., 2005, The HELLAS2XMM Survey. VII. The
Hard X-Ray Luminosity Function of AGNs up to z = 4: More Absorbed AGNs at Low
Luminosities and High Redshifts, ApJ, 635, 864.



140 References

Lacy, M., Laurent-Muehleisen, S. A., Ridgway, S. E., Becker, R. H., and White, R. L., 2001,
The Radio Luminosity-Black Hole Mass Correlation for Quasars from the FIRST Bright
Quasar Survey and a “Unification Scheme” for Radio-loud and Radio-quiet Quasars, ApJ,
551, L17.

Laing, R. A., Riley, J. M., and Longair, M. S., 1983, Bright radio sources at 178 MHz -
Flux densities, optical identifications and the cosmological evolution of powerful radio
galaxies, MNRAS, 204, 151.

Laor, A., 2000, On Black Hole Masses and Radio Loudness in Active Galactic Nuclei, ApJ,
543, L111.

Lawrence, A. and Elvis, M., 2010, Misaligned Disks as Obscurers in Active Galaxies, ApJ,
714, 561.

Ledlow, M. J. and Owen, F. N., 1996, 20 CM VLA Survey of Abell Clusters of Galaxies.
VI. Radio/Optical Luminosity Functions, AJ, 112, 9.

Lilly, S. J. and Longair, M. S., 1984, Stellar populations in distant radio galaxies, MNRAS,
211, 833.

Lintott, C. J., Schawinski, K., Slosar, A., et al., 2008, Galaxy Zoo: morphologies derived
from visual inspection of galaxies from the Sloan Digital Sky Survey, MNRAS, 389, 1179.

Lonsdale, C. J., Smith, H. E., Rowan-Robinson, M., et al., 2003, SWIRE: The SIRTF Wide-
Area Infrared Extragalactic Survey, PASP, 115, 897.

Luo, B., Bauer, F. E., Brandt, W. N., et al., 2008, The Chandra Deep Field-South Survey:
2 Ms Source Catalogs, ApJS, 179, 19.

Lutz, D., Poglitsch, A., Altieri, B., et al., 2011, PACS Evolutionary Probe (PEP) - A Herschel
key program, A&A, 532, A90.

Magorrian, J., Tremaine, S., Richstone, D., et al., 1998, The Demography of Massive Dark
Objects in Galaxy Centers, AJ, 115, 2285.

Maini, A., Prandoni, I., Norris, R. P., et al., 2013, Searching for Infrared-Faint Radio Sources
in the SERVS deep fields, submitted to A&A.

Marr, J. M., Perry, T. M., Read, J., Taylor, G. B., and Morris, A. O., 2014, Multi-frequency
Optical-depth Maps and the Case for Free-Free Absorption in Two Compact Symmetric
Radio Sources: The CSO Candidate J1324 + 4048 and the CSO J0029 + 3457, ApJ, 780,
178.

Mauduit, J.-C., Lacy, M., Farrah, D., et al., 2012, The Spitzer Extragalactic Representative
Volume Survey (SERVS): Survey Definition and Goals, PASP, 124, 714.

McLure, R. J. and Dunlop, J. S., 2001, The black hole masses of Seyfert galaxies and quasars,
MNRAS, 327, 199.

McLure, R. J. and Jarvis, M. J., 2002, Measuring the black hole masses of high-redshift
quasars, MNRAS, 337, 109.



References 141

Middelberg, E., Norris, R. P., Cornwell, T. J., et al., 2008a, Deep Australia Telescope Large
Area Survey Radio Observations of the European Large Area ISO Survey S1/Spitzer
Wide-Area Infrared Extragalactic Field, AJ, 135, 1276.

Middelberg, E., Norris, R. P., Hales, C. A., et al., 2011, The radio properties of infrared-faint
radio sources, A&A, 526, A8.

Middelberg, E., Norris, R. P., Tingay, S., et al., 2008b, The first VLBI image of an infrared-
faint radio source, A&A, 491, 435.

Miley, G., 1980, The structure of extended extragalactic radio sources, ARA&A, 18, 165.

Miley, G. and De Breuck, C., 2008, Distant radio galaxies and their environments,
A&A Rev., 15, 67.

Miniutti, G., Sanfrutos, M., Beuchert, T., et al., 2014, The properties of the clumpy torus
and BLR in the polar-scattered Seyfert 1 galaxy ESO 323-G77 through X-ray absorption
variability, MNRAS, 437, 1776.

Moretti, A., Campana, S., Lazzati, D., and Tagliaferri, G., 2003, The Resolved Fraction of
the Cosmic X-Ray Background, ApJ, 588, 696.

Narayan, R. and Yi, I., 1995, Advection-dominated Accretion: Underfed Black Holes and
Neutron Stars, ApJ, 452, 710.
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