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Blue low excitation radio galaxies are the result of recent galaxy interactions.
(Chapter 3 and 4)

Comparing the measured and expected photon noise limited NEP is the preferred
method to determine the detector efficiency of MKIDs. (Chapters 6 through 8)

Far-infrared observations are the key to reliably separating the mid-infrared
contributions of dust heated by AGN and stellar activity in a galaxy SED. (This thesis)

Observational astronomers buy instruments to make new discoveries. Experimental
astronomers make instruments to create new discovery space.

Astronomy is the best replacement of war when it comes to driving the development
of new technology.

The first goal in any interdisciplinary collaboration should be to understand each
other’s language.

The only way to really understand a subject, is to explain it to an interested layman.

Feeling at home somewhere depends more on the people surrounding you there than
the material aspects of the location.
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designers to Nolan Bushnell’s law: “All the best games are easy to learn and difficult
to master.”
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Chapter 1

Introduction

1.1 Galaxy evolution

The galaxies we observe today in the local universe are the result of over 13 billion
years of galaxy formation and evolution. This evolution has occurred in a universe
which consists of [1]: ~ 69% dark energy, ~ 26% dark matter and only ~ 5% baryonic
matter. Dark energy drives the expansion of the universe. Because of this expansion,
the electromagnetic (EM) radiation (or light) emitted by distant objects at wavelength
Aemit 18 Observed at a wavelength Agps = Aemis X (1+2). Here z is called the redshift, be-
cause the increased wavelength makes the EM radiation more red. In addition to being
redshifted, it takes time for light to reach earth due to the finite speed of light. Light
from the Andromeda galaxy, the nearest neighbour of the Milky Way, takes 2.5 million
years to reach earth. Thus observations of the distant universe are observations into
the history of the universe. The relation between redshift and the age of the universe
is shown by the two horizontal axes in Fig. 1.1.

Dark matter (DM) is called dark because it does not absorb, reflect or emit EM ra-
diation. However, it does have mass and exerts a gravitational attraction on other
masses. Because DM constitutes 85% of the mass in the universe, it dominates the
gravitational interactions on cosmological scales. Over the past 13 billion years the
small initial clumps of DM (or DM halos) have continued to grow in a hierarchical
way [2]. Through mergers with other halos the massive DM halos observed locally are
assembled from the bottom-up.

Baryonic matter is the ordinary matter we know and includes atoms, molecules, gas
and dust. Inside the ever more massive and dense DM halos, the baryonic matter has
formed stars and galaxies. A simple model to describe galaxy evolution [3] is to see a
galaxy as a reservoir of stars and gas inside a DM halo. In this reservoir the inflow of
gas into the halo must be balanced by the formation of stars and the ejection of gas
from the halo. The inflow in most galaxies is governed by the gravitational attraction
of cold gas from the dense filaments that make up the cosmic web. Galaxies that are
slowly but steadily forming stars from this inflow are associated with the main sequence
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Figure 1.1: Evolution of the global star formation rate as measured using infrared (red dots)
or ultraviolet (blue dots) observations [9, and references therein]. Also shown is the black
hole accretion rate (solid black line; 1o uncertainty is given by grey shaded area) modelled by
luminosity and density evolution [10]. The black hole accretion rate is scaled up by a factor
5000, which is approximately the same mass ratio found between the central black hole and
the mass of the galaxy bulge in its host galaxy [11, 12].

of star formation [4]: a strong (almost) linear correlation between the mass, M, (and
therefore gravitational attraction on gas) and star formation rate, SF'R, of a galaxy. In
the local universe the main sequence of star formation is populated by spiral galaxies.
These spiral galaxies generally have a M, < 1095 M and a blue colour in the visible
(VIS) light. The latter is the result of their young stellar population.

Alternatively, galaxies can grow through mergers just like their DM halos. While major
mergers are rare, they can have a dramatic effect on the evolution of a galaxy. The tidal
torques acting on the mass inside a galaxy can efficiently transport the large supply of
new gas to the centres of the galaxies [5, 6], which in turn triggers star formation [e.g. 7].
Therefore, major mergers are often seen as the triggering event for starburst galaxies.
Mergers can also convert spiral galaxies into elliptical galaxies [e.g. 8]. As such, merging
events are thought to have produced the population of massive (M, = 10'%5 M) ellip-
tical galaxies in the local universe. These massive ellipticals have little star formation
and an old stellar population, which gives them a red colour.

Fig. 1.1 shows the global star formation density throughout the history of the universe.
The SFR has been measured by observing both the ultraviolet (UV, blue dots) and
the far-infrared (far-IR) emission (red dots) of galaxies. In the UV the emission of
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massive young stars can be seen directly. Stars with a mass of 10 M, only live for 30
million years, which means their emission is a good indication of the ‘current’” SFR of a
galaxy. At high redshift the UV emission of galaxies is observable at VIS and near-IR
wavelengths. This has enabled Bouwens et al. [13, 14], among others, to determine
the global SFR out to z ~ 8 using the Hubble (Ultra) Deep Fields. The observations
show that the SFR increases by an order of magnitude between the local universe at
z =0 and z ~ 1 as shown in Fig. 1.1. After a peak between 1 < z < 2 the SFR
declines again. The decrease in the global SFR since z ~ 1 is the result of a decreasing
amount of cold gas. The large supply of cold gas at 1 < z < 2 allowed galaxies on
the main sequence of star formation to achieve a higher specific star formation rate,
sSFR = SFR/M,. This has allowed galaxies on the main sequence of star formation
to dominate the global SFR for at least the last 10 billion years [15].

With the increased gas content there is also an increased amount of dust at 1 < z < 5.
UV radiation is very sensitive to absorption by dust. The absorption of UV radiation
heats the dust which re-emits the absorbed energy at far-IR wavelengths. Through this
process half of the total energy generated by stars since the Big Bang reaches earth
in the IR as dust emission [16]. As such far-IR observations complement those of the
UV radiation in determining the star formation history. Surveys done using the Her-
schel Space Observatory [e.g. 17-19] have resolved 75% of the cosmic IR background
into individual galaxies. In particular, a large population of galaxies with a very high
IR luminosity (> 10'?Lg) and no visible optical counterpart was discovered at z > 1.
This population of galaxies was first identified in extragalactic sub-mm surveys using
the SCUBA camera [e.g. 20] and are thus called sub-mm galaxies (SMGs). The large
amount of dust in these galaxies reprocesses the UV and VIS radiation of the hundreds of
solar masses of young stars formed each year and re-emits it at far-IR wavelengths [21].
SMGs are rare in the local universe; only the brightest starburst galaxies resulting from
major mergers have the high IR luminosities and SFR > 100 My /yr associated with
SMGs. However, at z ~ 2 the main sequence of star formation is located at a higher
sSFR and is dominated by SMGs [22] instead of the blue spiral galaxies seen locally.

1.1.1 AGN feedback

Large scale cosmological simulations [23, 24] show that processes are required that
suppress or even terminate star formation [25] in order to reproduce

e the shape of global star formation rate shown in Fig. 1.1.

e the bimodality in the local galaxy population (blue star forming spirals vs red
quiescent ellipticals).

e the local galaxy luminosity function.
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The two prime candidates to provide this feedback are core collapse supernova explo-
sions (SNe) and active galactic nuclei (AGN) [26]. SNe are the explosions in which the
most massive (> 8M) stars end their life. These explosions inject kinetic energy into
the surrounding medium and can drive galactic winds [27]. The winds create an gas
flow out of the galaxy.

AGN are the result of matter being accreted by the super-massive (10° < Mgy <
10° Mg) black hole (SMBH) which is thought to be present at the centre of every
galaxy [28]. This process can release enormous amounts of energy: the brightest AGN
are 100 times more luminous than all the stars in their host galaxy combined. The
radiation pressure from the AGN emission can drive powerful winds. These winds are
thought to expel the gas out off the galaxy, thereby terminating star formation and
AGN activity [e.g. 29]. Alternatively, AGN may provide feedback by means of their
radio jet: streams of charged particles that are accelerated along magnetic fields, which
can be observed at radio wavelengths. Because of this, AGN with a radio jet are often
classified as radio-loud. The largest radio jets are seen far outside the visible extend
of the host galaxy. Both inside and outside the host galaxy, radio jets can heat gas
through shocks. This heating can regulate the inflow of gas from the halo of hot X-ray
gas seen around many elliptical galaxies and prevent them from growing any further [30].

1.2 Technology of multiwavelength observations

To investigate the co-evolution of galaxies and AGN through cosmic time, observations
across the EM spectrum are required. The EM spectrum is the collection of all EM
radiation, which as a function of decreasing wavelength includes radio, millimetre (mm)
and sub-mm, IR, VIS, UV, X-rays and gamma-rays.

e At radio wavelengths the synchrotron emission of electrons can be observed. These
are produced by the radio jet of AGN and the SNe with which massive stars end
their life. Radio observations are an important tool to find AGN, because dust is
transparent at radio wavelengths.

e About half the energy generated by stellar and accretion processes since the Big
Bang reaches earth at far-IR and sub-mm wavelengths [16]. This far-IR emission
is from dust, which has been heated by the aforementioned processes. Far-IR
observations enable us to measure the dust emission of galaxies. In particular,
they allow us to see a population of heavily dust obscured galaxies, which have
no or a very faint optical counterpart.

e The near-IR, VIS and UV part of the spectrum is dominated by emission from
stars. In addition, AGN can be identified at these wavelengths by their optical
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emission lines or the UV emission from the accretion process. However, VIS and
UV emission are sensitive to absorption by gas and dust.

e X-ray emission is (just like radio emission) primarily produced by SNe and AGN.
In the latter X-ray emission is produced close to the SMBH. X-ray emission is
also emitted by the hot halo gas observed in galaxy clusters.

To efficiently map the night sky at these different wavelengths astronomers use tele-
scopes in combination with large format imaging cameras. At the heart of any as-
tronomical camera are detectors (or sensors) that have the same function as the rods
and cones in the human eye: they absorb the incoming radiation, which changes the
electrical properties of the detector. This change can be measured, digitized and stored
on a computer where further image analysis can be performed. Throughout the EM
spectrum astronomers use different types of detectors to detect the radiation from the
universe.

e Radio telescopes which receive radiation at frequencies v < 20 GHz, use semicon-
ductor transistors to directly amplify the incoming signal before it is digitized on
integrated circuits similar to those found in modern computers [e.g. 31].

e At far-IR, sub-mm and mm wavelengths most astronomical instruments use bolome-
ter arrays to detect radiation. A bolometer consists of a membrane on which an
absorber and a thermometer are present. The absorber heats up when radiation
is absorbed, which changes the electrical resistance of the adjacent thermometer.
The classic astronomical bolometer uses a highly-doped semiconductor as tem-
perature dependent resistance (thermistor). For example, the PACS and SPIRE
instruments on the Herschel Space Observatory launched in 2009 used bolometers
made from doped germanium [32, 33]. New state-of-the-art instruments instead
use arrays of Transition Edge Sensors (TES) [e.g. 34, 35]. TES use a super-
conductor biased at the superconducting transition as a temperature-dependent
resistance. At this transition the electrical resistance of a superconducting mate-
rial drops from a finite value to 0 in a very small temperature range, which allows
TES to have a very high electrical response to a very small temperature change.

e Astronomical observations in the near-IR, VIS and UV are almost exclusively
done using semiconducting CCD imaging sensors [36]. The CCD chips in as-
tronomical instruments are very similar to the ones found in smartphones and
consumer digital cameras and generally contain over a million pixels. When light
is absorbed in the semiconductor it excites an electron, a so-called photo-electron.
By counting the number of electrons after a given integration time, the IR, VIS
or UV flux can be determined.
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e The two main X-ray telescopes, which are currently operational, are Chandra [37]
and XMM Newton [38]. Both telescopes employ multiple CCD imaging sensor
arrays to detect X-rays in their instruments [39-41]. In contrast to IR or VIS
CCDs, the absorption of an X-ray photon creates a number of photo-electrons
proportional to the frequency of the radiation. By counting the number of photo-
electrons generated in the CCD these instruments can achieve a spectroscopic
resolution of & ~ 50.

As can be seen from the above list, astronomers rely on semiconducting detectors for
observations in a large part of the EM spectrum. The advantage of CCDs over many
other detectors is that millions of pixels can be read out using just a single amplifier
located at the corner of the CCD chip. Reading out many pixels efficiently in terms of
complexity, mass, power and cost is the key to achieving large format detector arrays.
A good measure for this efficiency is the multiplexing (MUX) factor, which is defined
as the number of detectors per readout channel [42]. Large format imaging systems can
more easily be achieved using detectors that can achieve high MUX factors, such as the
pixels in a CCD sensor.

For the cryogenic detectors used at far-IR and sub-mm wavelengths achieving high
MUX factors is both more pressing and more complex as a result of their sub-K opera-
tion temperatures: every wire going from sub-K to room temperature is a thermal link
through which the warm environment can heat the sub-K environment. While TES can
meet the high sensitivities required for astronomical space applications, they suffer, like
all bolometers, from the problem that it is hard to read many detectors simultaneously
using just a few readout lines. To reduce the number of readout chains TES detector
arrays are connected to cryogenic multiplexing chips. A MUX factor of 128 pixels per
readout line will be achieved this way by the next generation readout systems [43].
Using these specifications a 10.000 pixel TES instrument would still require at least
20.000 interconnects between the detector and MUX chip and 80 readout lines going
from sub-K temperatures to 80 readout systems at room temperature. Furthermore,
the TES MUX is based on Superconducting Quantum Interference Devices (SQUIDs)
that are highly sensitive to changes in the external magnetic field such as generated by
electromotors or motion with respect to the earths magnetic field.

1.2.1 Microwave kinetic inductance detectors

Over the last 15 years Microwave Kinetic Inductance Detectors (MKIDs) have seen a
rapid development from a new detector concept [44] to operational instruments on as-
tronomical mm-wave [45] and optical [46] telescopes. Across the world research groups
have been striving to turn MKIDs into usable astronomical imaging arrays at far-IR and
sub-mm wavelengths [47]. However, MKIDs are also being developed for the detection
of near-IR/VIS/UV photons [48] and X-rays [49] as well as particle detection [50] and
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Figure 1.2: (a) photograph of a 1000 pixel MKID array. Each MKID is given a slightly
different length, thereby changing its resonance frequency. (b) The array mounted in the test
cryostat. Clearly visible is the cable pair used to read out the array and the lenslet array
mounted on top of the array. The lenslet array is used to focus light onto the most sensitive
part of each MKID. (¢) Transmission of the readout line of a 1000 pixel MKID array. Here
the red crosses show the resonance frequency of the individual MKIDs. Images courtesy of
SRON.

for observation of the cosmic microwave background [51].

MKIDs are superconducting resonators optimized for the detection of radiation. The
main advantage of MKIDs is that their resonance frequency can be changed by small
changes in the design. The 1000 pixel MKID array shown in Fig. 1.2 has been con-
structed such that each individual MKID creates a resonance signature at a different
read out frequency as shown in Fig. 1.2(c). This means all pixels in the array can
be read out using a single pair of co-axial cables and one set of room temperature
electronics. This inherent potential for frequency-domain multiplexing enables MKID
arrays to achieve MUX factors of 1000-8000 at read out frequencies of a few GHz. This,
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in combination with the high sensitivity MKIDs can achieve [52], makes them a very
attractive detector technology.

1.3 Outline of this thesis

Understanding the co-evolution of galaxies and their SMBHs through cosmic time is
one of the main goals of modern astronomy. There is increasing evidence that supports
a co-evolution. The growth rate of SMBHs, as measured by the AGN activity, through
cosmic time closely matches the growth of galaxies through star formation as shown in
Fig. 1.1 [9, 10]. In addition, the mass of the central SMBH strongly correlates with
the stellar mass of the galactic bulge in which the SMBH is located [11, 12]. The ratio
between these two masses is remarkably similar to the factor 5000 by which the SMBH
mass accretion rate in Fig. 1.1 has been scaled. However, many open questions remain:
Do SMBHs and galaxies grow simultaneously or does the growth of one precede the
other? How does AGN activity affect the star formation inside the host galaxy, and
vice versa? Or, is their growth independent and are the correlations observed between
SMBHs and their host galaxies the result of having the same ‘fuel’ source, the avail-
ability of gas?

To answer these question we need to know which galaxies host AGN and how these
change through cosmic time. This requires multiwavelength observations of both AGN
and their host galaxies. Observations at radio wavelengths are an important means
to identify AGN activity, because it is unaffected by dust obscuration, while the host
galaxies can be identified in VIS and far-IR observations. Far-IR observations become
particularly important at redshifts 1 < z < 5 where dust obscuration makes an increas-
ing fraction of galaxies faint at VIS wavelengths. However, since the Herschel Space
Observatory has stopped its operation, no instruments are available to efficiently per-
form blind large area far-IR surveys.

This thesis consists of two parts. In the first part (Chapters 2-5) we will make use of
existing large area VIS, IR and radio surveys to investigate:

e Which galaxies host radio-loud AGN in the local (z ~ 0.1) universe?

e How can radio-loud AGN be efficiently detected and classified at higher redshifts?

To understand the properties of AGN in dust obscured host galaxies, a new generation
of far-IR instruments is required that can create a large 3D map of the dust obscured
universe. MKIDs are the technology of the future for far-IR imaging and spectroscopy.
Hence, we will investigate the performance of hybrid NbTiN-Al MKIDs in the second
part of this thesis (Chapters 6-8) and answer the question:

e Can MKIDs meet the requirements to enable a new generation of large format
far-IR cameras and spectrometers?
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Chapter 2 gives an overview of the properties of AGN observed in the local universe.
Particular attention is given to radio-loud AGN, which exist in two modes. 1) Radiative-
mode AGN or high-excitation radio galaxies (HERGs) accrete matter at a high rate in
a radiatively efficient manner. They are thought to follow the orientation-based unifi-
cation model of AGN [53]. 2) Jet-mode AGN or low-excitation radio galaxies (LERGs)
are thought to have a much lower accretion rate and as a result are radiatively ineffi-
cient. Observationally, only the presence of a radio jet gives the presence of these AGN
away. At the end of Chapter 2 we will also give a more detailed description of the
feedback each of these AGN modes provides and how this can influence the evolution
of their host galaxy.

In Chapter 3 we investigate the population of radio-loud AGN in greater detail. For
this we use a (large) sample of approximately 7000 local radio-loud AGN, which have
been identified in a sample of more than half a million galaxies observed by the Sloan
Digital Sky Survey (SDSS). We investigate the probability that a galaxy in the local
universe hosts a jet-mode or radio-loud radiative-mode AGN as a function of the host
galaxies stellar mass, SFR, colour and radio power.

In Chapter 4 we take a closer look at the optical and radio morphology of the jet-mode
AGN hosted by massive blue galaxies identified in Chapter 3. For this we use mor-
phological classification by Galaxy Zoo [54]: an online citizen science project, in which
the general public classifies the morphology of galaxies in SDSS. In addition, we have
obtained deep optical imaging from public surveys and observations at the William
Herschel Telescope in La Palma. These are used to identify merger signatures. The
morphology of the radio jets is classified using images from the FIRST radio survey [55].
In Chapter 5 we continue to analyse our sample of local radio-loud AGN. The difference
between radiative-mode and jet-mode AGN is investigated using mid-IR observations
by the WISE satellite [56]. Our aim is to identify a broadband classification method
that capitalizes on the difference in mid-IR torus emission, which is only expected in
radiative-mode AGN.

Chapter 6 gives an introduction to MKIDs. It gives an introduction to superconductiv-
ity and explains the operational principle of MKIDs. It also discusses the experimental
setup required to accurately measure the optical sensitivity, expressed as the Noise
Equivalent Power (NEP), and optical coupling efficiency of antenna-coupled MKIDs.
In Chapter 7we present optical measurements of hybrid NbTiN-Al MKIDs using the ex-
perimental setup described in Chapter 6. We illuminate a small array of hybrid MKIDs
with a range of sub-mm powers and determine at which loading levels the noise spectra
are consistent with photon noise limited performance. Furthermore, a detailed analysis
of the optical throughput gives us the optical efficiency of the system and MKIDs.

In Chapter 8 we compare the response of hybrid NbTiN-Al MKIDs to sub-mm radia-
tion and temperature. Both responses are used to determine the NEP of the detectors.
Furthermore, we determine the error on both measurements. If sub-mm radiation and
temperature have an equivalent effect and give the same measure for the NEP, this will
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greatly simplify sensitivity measurements of large MKID arrays; thermal sensitivity

measurements can be performed in a closed cryostat in which disturbances can be more

easily eliminated.

In Chapter 9 conclusions are drawn from the research presented in this thesis. We will

discus their implications for research of AGN and galaxy evolution outside our local

universe.
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Chapter 2

Radio-loud active galactic nuclei

Active galactic nuclei (AGN) are the result of a super-massive black hole (SMBH) that
is growing through the accretion of matter. This accretion process can result in: an
increased infrared (IR), ultraviolet (UV) or X-ray emission with respect to the host
galaxy. In addition, one may observe broad emission lines from highly ionized elements
at visible (VIS) wavelengths. Moreover, some AGN have a bright radio nucleus and/or
extended radio emission. Furthermore, AGN show variability of over two orders of mag-
nitude of luminosity on timescales of days [1]. The presence or absence of the above
emission characteristics has resulted in a wide taxonomy of AGN based upon their ob-
servational characteristics. A few examples are given in Table 2.1.

Detailed studies of the AGN population in the local universe have shown that AGN
can be divided in two populations based on their SMBHs mass accretion rate, Mgy,
with respect to the SMBHs mass, Mgy [2-4]. AGN with a high accretion rate can ef-
ficiently turn the kinetic and potential energy of the accreted gas into electromagnetic
(EM) radiation. This results in a galactic nucleus which is bright across the entire EM
spectrum. As such, AGN of this population are often called ‘radiative-mode’ AGN.
Observationally the brightest of these sources are identified with quasars. At low accre-
tion rates the emission of EM radiation is inefficient and the primary method to release
energy is through a radio jet. The presence of a radio jet is often also the only obser-
vational indication of such AGN. Therefore this population of AGN is called ‘jet-mode’
AGN.

A useful quantity in this respect is the Eddington-scaled accretion rate or Eddington
ratio, Agqq:

Agdd = (Lrad + Liech)/LEda (2.1)

Here L,.q is the bolometric AGN luminosity and L. the mechanical work of the
AGNs radio jets on the surrounding gas. This combined energy output is expected to
be related to Mpy. Lgdq is the Eddington luminosity, which is a theoretical upper limit
on the AGN luminosity. Lggq can be estimated using [5]:

M
Mgy ~ 1.3 x 103 =28
ar ®

drGmpe

Liaq = W (2.2)
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Here G is the gravitational constant, ¢ the speed of light, m, the proton mass and o
the Thomson cross-section of an electron. Above the Eddington luminosity the radi-
ation pressure will exceed the gravitational attraction of the SMBH on the gas it is
accreting, thereby effectively terminating its food supply.

Fig. 2.1 shows the distribution of Agqq for two samples of radio-loud AGN [3]. Radiative-
mode AGN generally have a Agqq 2 0.01, while jet-mode AGN typically have a Aggq <
0.01. Fig. 2.2 illustrates the difference in central engines driving the two AGN popula-
tions [4, 6, 7], which will be further discussed in the following Sections.

2.1 Radiative-mode AGN

The SMBH at the centre of a radiative-mode AGN accretes matter at a high rate. At
high accretion rates the accreted material can form an optically thick, geometrically
thin accretion disk around the SMBH. This accretion disk is heated by internal friction
to an effective temperature of Tog ~ 10° K, which makes it a very bright source of UV
and X-ray emission. The total accretion luminosity, L., of this process is given by:

Lacc = 6AZBHCQ (23)

€ is the mass to energy conversion efficiency, which for radiative-mode AGN is found to
be € ~ 0.1 [10].

Radiative-mode AGN are thought to follow the classical unification scheme of AGN [9]
which uses AGN luminosity and inclination angle to explain the presence or absence

Table 2.1: Various (radiative-mode) AGN taxonomies and their observational properties.
Table reproduced from Krolik [8].

AGN Type Point- Broad- Broad Narrow Radio  Variable
like  band EM Lines Lines Luminosity

Radio-loud quasars Yes Yes Yes Yes Yes Some

Radio-quiet quasars Yes Yes Yes Yes Weak Weak

Broad line radio galaxies Yes Yes Yes Yes Yes Weak

(Fanaroff-Riley II only)

Narrow line radio galaxies No No No Yes Yes No

(FRI and FRII)

OVV quasars Yes Yes Yes Yes Yes Yes

(Optically violently variable)

BL Lac objects Yes Yes No No Yes Yes

Seyfert type I Yes Yes Yes Yes Weak Some

Seyfert type II No Yes No Yes  Weak No

LINERs No No No Yes No No
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Figure 2.1: The distribution of Eddington-scaled accretion rates for jet-mode and radiative-
mode radio galaxies. Original image from Best and Heckman [3].

of broad emission lines and highly energetic radiation in Type I and Type II AGN,
respectively. Fig. 2.2(a) shows a sketch of the gaseous and dust structures thought to
surround radiative-mode AGN. At the centre are the SMBH and the accretion disk.
When a radiative-mode AGN is observed ‘face-on’ (Type 1 AGN) the emission of the
accretion disk and the surrounding corona of hot X-ray gas is observed directly and
will dominate the UV and X-ray continuum of the AGN as shown in Fig. 2.3. Type 1
AGN are observed through the ionization cone of the AGN. In the ionization cone the
emission of the disk irradiates the gas clouds of the broad-line region and narrow-line
region. The gas is ionized by the radiation and emits characteristic emission lines at
visible wavelengths. Due to the random motion of the clouds the emission lines of
these highly ionized atoms are Doppler broadened. The higher velocities in the broad-
line region explain the increased linewidth of its emission. In addition to optical line
emission, Type 1 AGN often show a high variability due to the stochastic nature of the
accretion which is observed directly.

When the AGN is viewed ‘edge-on’ (Type 2 AGN) the broad-line region as well as the
emission from the accretion disk are obscured by a toroidal structure of gas and dust.
The exact mass, shape and composition of this torus is an open question (see Netzer
[11] for a review). Particular uncertainty exists with regards to the physical mechanism
that enables the torus to maintain its thick gaseous shape over a long period of time.
However, some general trends are seen within both hydrodynamical simulations and
phenomenological models used to explain the observed mid- and near-IR spectral energy
distributions (SEDs) observed at the centre of nearby AGN. The accretion disk, broad-
line region and torus are hypothesized to all be part of the accretion flow bringing gas
and dust from galactic scales (~ 100 pc) to the SMBH (~ 10~* pc). This accretion
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Figure 2.2: A schematic drawing of the central engine for (a) radiative-mode and (b) jet-
mode AGN (not to scale). Radiative-mode AGN follow the unification scheme by Urry and
Padovani [9]. Matter in the accretion disk accretes onto the super-massive black hole and
releases its kinetic and potential energy in the form of ultraviolet and X-ray radiation. This
radiation heats the surrounding structures of gas and dust. These structures re-radiate this
energy in the form of optical emission lines, in case of the broad- and narrow-line region, or
broadband infrared emission, in the case of the dusty obscuring structure (torus). About 5%
of the radiative-mode AGN also host radio jets: streams of electrons accelerated by magnetic
fields, which can be observed at radio wavelengths. Radio jets can extent to far outside the
host galaxy. Jet-mode AGN have an advection dominated accretion flow (ADAF), which is
geometrically thick and optically thin. Gas can not cool efficiently in these disks and therefore
does not produce the EM radiation seen in radiative-mode AGN. However, theoretical models
show that the increased vertical structure of the accretion disk could be beneficial to launching
a radio jet. Figure from Heckman and Best [4].

flow is thought to consist of high density gas and dust clumps moving in a much lower
density continuous gas medium. Inside the self-gravity radius (~ 0.05 pc) the vertical
component of the SMBH’s gravity exceeds the local gravity and the clumps will collapse
into the thin, radiatively efficient accretion disk described above. The radiation from
the accretion disk will irradiate the outer accretion flow. Because dust is opaque to
wavelengths below 1 um, the absorption of all this radiation heats the gas and dust
clouds. At a radius of ~ 1 pc temperatures will reach just over 1000 K, the dust
sublimation temperature. This creates an inner region between 0.05 pc and 1 pc of
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dust-free gas clouds, which are thought to be the broad-line region. Beyond 1 pc the
gas clouds will contain dust, which continues to absorb the radiation and provide the
classical obscuration of the torus. The gas in the outer dust rich accretion flow will reach
typical temperatures of a few hunderd K due to absorption of radiation. This makes the
torus a very bright source of IR radiation. Up to 50% of the total AGN luminosity can
be observed in the IR due to this process. A typical SED of the torus emission is shown
in Fig. 2.3 by the dashed red line. However, due to the many free parameters in the
various torus models such SED observation do not constrain them significantly. The
use of mid-IR interferometry could improve the constraints on torus model. Burtscher
et al. [12] used MIDI to observe 23 nearby AGN with a milliarcsecond resolution. This
equates to a few pc in linear distance at the source. Burtscher et al. [12] showed that
18 sources had two components: a point-source component or compact disk and an
extended component with an elongation along the polar axis, i.e. along the ionization
cone. These new insights do raise questions with regards to the more extended torus
model, which is not observed. The results of Burtscher et al. [12] suggest a small, more
central torus of hot dust near the sublimation temperature. The extended component
is most likely emission of warm dust in polar AGN winds.

In addition to the above sources of EM radiation, about 5% of the radiative-mode AGN
can also be observed at radio wavelengths. These radio-loud AGN have so-called radio
jets which can extend up to a few megaparsec outside the host galaxy. Radio jets
are streams of charged particles that are accelerated out off the galaxy along magnetic
field lines and emit synchrotron emission in this process. This synchrotron emission
produces a characteristic power-law spectral energy distribution, S, o« v, at radio
wavelengths [13]. For local radio-loud AGN a typical spectral index o ~ —0.8 is found
le.g. 14]. Even though both the magnetic field and the charged particles are thought
to originate from the galactic nucleus [15], the exact launching mechanism of the radio
jets is unknown. The parameters governing the presence or absence of a radio jet as
well as its morphology would further complete the AGN unification scheme.
Radiative-mode AGN have a wide nomenclature depending on their orientation and
luminosity. In addition to the variations given in Table 2.1, radiative-mode AGN may be
called ‘quasar-mode’, ‘cold-mode’, ‘high-excitation’, ‘radiatively efficient’ or ‘quenching-
mode’ AGN.

2.2 Jet-mode AGN

In the local universe the bulk of the radio-loud AGN are from the jet-mode population
[22]. Observationally, jet-mode AGN lack the IR torus emission, optical emission lines,
and UV and X-ray emission associated with radiative-mode AGN [23-25]. On the other
hand, a survey of ~ 150 low-luminosity AGN by Nagar et al. [26, 27] shows that at
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Figure 2.3: A schematic representation of the spectral energy distribution (SED) of a
radiative-mode AGN loosely based on observations of radio-quiet quasars [e.g. 16, 17]. The
solid black curve represents the total of all six AGN components. The emission of each
component is given by the coloured curves, which have been offset for clarity. The emission
from the AGN accretion disk (blue dashed line) can be described by a modified blackbody
spectrum at T ~ 60000 K and peaks in the UV. Interaction of these UV photons with the
corona of hot gas around the accretion disk produces the X-ray emission. The torus a bright
source in the mid- and near-IR (red dashed line) [18]. Radio-loud AGN also have emission
from their radio jets that can be several orders of magnitude higher than radio-quiet AGN
(labelled yellow line). The extreme UV is, even with space telescopes, effectively unobservable
because the interstellar medium is opaque in this wavelength range at interstellar distances
[19]. Furthermore, in the mm-far-IR regime the AGN emission is widely believed to be
negligible compared to the emission of dust heated by star formation. For comparison the
SED of a local spiral galaxy, elliptical galaxy and starburst galaxy from GRASIL [20] are
shown in grey. In all these galaxy SEDs the stellar emission (near-IR-VIS) and dust emission
(mm—far-IR) is clearly distinguishable. Note that the relative strength of the AGN SED
components with respect to the host galaxy SED or each other can vary with the AGN and
galaxy luminosity as well as AGN type. Image courtesy of Harrison [21].
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least 40% has a radio core or radio jet. Deeper radio observations for smaller samples
find a radio jet in over 70% of the jet-mode AGN [28, 29]. This high fraction of radio
jets in low-luminosity AGN is thought to be the result of a different accretion structure
as shown in Fig. 2.2(b) [30]. The low accretion rates in jet-mode AGN result in an
advection-dominated accretion flow (ADAF), which is geometrically thick and optically
thin. Gas can not cool efficiently in these disks and therefore does not produce the EM
radiation seen in radiative-mode AGN. However, theoretical models show that the in-
creased vertical structure of the accretion disk could be beneficial to launching a radio
jet [5]. Jet-mode AGN release the bulk of their energy in the form of kinetic energy
carried by their radio jets. Some jet-mode AGN have been associated with LINERs
(Low Ionisation Nuclear Emission Line Regions) which would indicate that a weak
narrow-line region is present in some of these galactic cores. Jet-mode AGN nomen-
clature includes ‘radio-mode’, ‘hot-mode’; ‘low-excitation’, ‘radiatively inefficient’ or
‘maintenance-mode’ AGN.

2.3 AGN feedback

In the local universe radiative-mode AGN are predominantly found in galaxies at the
massive end (M, ~ 10'%% M) of the main sequence of star formation [31]. At these
masses the cold gas supply for star formation is large enough that also the SMBH can
accrete a significant amount of cold gas and form a radiative-mode AGN. The radiation
from this AGN can exert pressure on the surrounding medium and drive powerful winds.
Blue shifted absorption lines in the VIS/UV spectra of Type 1 AGN show winds with
velocities between a few hundred to a few tens of thousands kilometres per second [32,
and references therein|. These winds are thought to expel the gas out off the galaxy,
thereby quenching the star formation and terminating the AGN activity [e.g. 33]. The
quenching of star formation in galaxies is thought to be quick, based on the dearth of
galaxies in the green valley [34, 35]. Using mm-interferometry these gas outflows have
been resolved in nearby quasars on kiloparsec scales [e.g. 36]. They carry enough mass
to compensate the accretion onto the galaxy. As such luminous radiative-mode AGN
are the kill switch which terminates star formation and limits the formation of overly
massive galaxies [37]. However, the observational evidence is not as strong for lower
luminosity radiative-mode AGN. For example, a sample of Type 2 Seyfert galaxies by
Krug et al. [38] shows no evidence of high-velocity outflows.

Major mergers are often seen as the triggering event for starburst galaxies and the most
powerful radiative-mode AGN. During a merger the tidal torques acting on the mass
inside a galaxy can efficiently transport the large supply of new gas to the centres of
the galaxies [39, 40], which in turn triggers star formation [e.g. 41] and AGN activity
[e.g. 42]. However, recent observations suggest that mergers do not dominate the total
cosmic star formation and AGN activity [4, 43].
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Jet-mode AGN have a strong preference to be hosted by the most massive galaxies [44].
About 30% of the most massive (M, = 105 M) red elliptical galaxies shows signa-
tures of a radio-loud AGN. These massive galaxies are often located in the centre of
groups and clusters and are associated with a halo of hot X-ray gas. Both numerical
simulations and multiwavelength observations show that radio jets can blow bubbles in
the hot halo gas of a galaxy [e.g. 45, 46]. The mechanical energy of the jets can contin-
uously heat the X-ray gas and balance the gas cooling [e.g. 47]. Because jet-mode AGN
are thought to slowly accrete halo gas as their fuel [7] we observe a negative feedback
loop which regulates the total amount of halo gas that is allowed to cool into the galaxy.
Thereby the AGN prevents further growth through star formation in massive red ellip-
tical galaxies. However, also positive feedback from radio jets has been observed [e.g.
48-50]. In this scenario the radio jet compresses the gas inside the host galaxy. In these
increased densities new stars are able to form.
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Chapter 3

The triggering probability of radio-loud
AGN: A comparison of high- and

low-excitation radio galaxies in hosts of
different colours

Low-luminosity radio-loud active galactic nuclei (AGN) are generally found
in massive red elliptical galaxies, where they are thought to be powered
through gas accretion from their surrounding hot halos in a radiatively in-
efficient manner. These AGN are often referred to as ‘low-excitation’ radio
galaxies (LERGs). When radio-loud AGN are found in galaxies with a
young stellar population and active star formation, they are usually high-
power radiatively efficient radio AGN (‘high-excitation’, HERG). Using a
sample of low-redshift radio galaxies identified within the Sloan Digital Sky
Survey (SDSS), we determine the fraction of galaxies that host a radio-loud
AGN, frr, as a function of host galaxy stellar mass, M,, star formation
rate, colour (defined by the 4000 A break strength), radio luminosity and
excitation state (HERG/LERG).

We find the following: 1. LERGs are predominantly found in red galaxies.
2. The radio-loud AGN fraction of LERGs hosted by galaxies of any colour
follows a f5E oc M%® power law. 3. The fraction of red galaxies hosting a
LERG decreases strongly for increasing radio luminosity. For massive blue
galaxies this is not the case. 4. The fraction of green galaxies hosting a
LERG is lower than that of either red or blue galaxies, at all radio luminosi-
ties. 5. The radio-loud AGN fraction of HERGs hosted by galaxies of any
colour follows a fHE o M5 power law. 6. HERGs have a strong preference
to be hosted by green or blue galaxies. 7. The fraction of galaxies hosting
a HERG shows only a weak dependence on radio-luminosity cut. 8. For
both HERGs and LERGs, the hosting probability of blue galaxies shows a
strong dependence on star formation rate. This is not observed in galaxies
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of a different colour.

Our interpretation of these results is that the presence of cold gas in a
LERG enhances the probability that its super-massive black hole becomes
a luminous radio-loud AGN compared to the typical ‘model” LERG in a
red elliptical galaxy. If enough cold gas can be transported to the SMBH
a HERG can be created. However, the presence of cold gas does not au-
tomatically imply a HERG will be created. We speculate that feedback of
the enhanced AGN activity in blue galaxies is responsible for the reduced
probability of green galaxies to host a LERG.

This chapter was published as R. M. J. Janssen, H. J. A. Rottgering, P. N. Best, J. Brinchmann,
Astronomy & Astrophysics 541, A62 (2012).
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3.1 Introduction

It has been known for a long time that low-luminosity radio-loud (RL) active galac-
tic nuclei (AGN) are predominantly hosted by massive red elliptical galaxies [e.g. 1].
These AGN are thought to be the result of an accretion process in which hot gas from
the red elliptical’s X-ray halo is falling at low Eddington rates into the super-massive
black hole (SMBH) at its centre [e.g. 2]. Because this accretion process is radiatively
inefficient, halo-fed radio galaxies often lack the luminous emission lines, X-ray emis-
sion and infrared torus emission generally associated with AGN [e.g. 3-5]. Therefore,
they have been referred to as ‘radio-mode’ or ‘low-excitation’ radio galaxies (LERGs).
A limited number of LERGs have also been found in massive galaxies with a younger
stellar population [bluer colour; e.g. 6]. Because young stars require cold gas to form,
a young stellar population is often associated with the presence of a cold-gas reservoir
in the galaxy. If gas from this reservoir reaches the SMBH, it can be accreted at higher
rates in a radiatively efficient process, creating an AGN with many luminous emission
lines. This accretion process is more similar to the ‘standard” AGN accretion mode
found in quasars. Hence, the population of emission line rich RL AGN is referred to as
‘quasar-mode’ or ‘high-excitation’ radio galaxies (HERGs).

High- and low-excitation radio galaxies were shown to be two independent populations
[7-9] in which HERGs are typically hosted by lower mass, bluer galaxies [10] located in
less dense environments. Despite this preference, LERGs have been identified in blue
galaxies and HERGs in red galaxies. Because these populations are rare, the number of
observed examples has not been large enough for a statistical study. However, using the
Sloan Digital Sky Survey (SDSS) [11, 12, and references therein] in combination with
all sky radio surveys, a sample of radio galaxies can now be constructed that contains
the number statistics to analyse the host galaxies of R AGN in detail. Hereby we aim
to achieve new insights into the effect of the presence or absence of an internal reservoir
of cold gas on the creation of a RL AGN.

The sample of galaxies and RL AGN used to investigate this is described in Sect. 3.2.
After defining the RL AGN fraction in Sect. 3.3, we use this parameter in Sect. 3.4
and 3.5 to investigate the probability of hosting a RL AGN as a function of host galaxy
mass, SFR, colour and the RL. AGN’s radio luminosity and excitation. An interpreta-
tion of these results is discussed in Sect. 3.6 before we summarize our conclusions in
Sect. 3.7. Throughout this paper we assume the cosmological parameters Hy = 70 km
s~! Mpc!, Q,, = 0.3, and Q, = 0.7.

3.2 The radio-loud AGN sample

In this research we use the sample of RL AGN defined by Best and Heckman [10]. It
was constructed by cross-comparing the positions of galaxies in the seventh data release
(DR7) [14] of the SDSS spectroscopic sample with data from the National Radio As-



30 3. Triggering probability of radio-loud AGN

D 4000

Figure 3.1: A contour plot showing the distribution of galaxies with a mass 101025 Mg, <
M, < 1020 My, within the u* — r* vs D,4000 plane. The colourbar on the right indicates
the number of galaxies per bin of width 0.025 in both v* — r* and D,4000. If the number of
galaxies per bin is less than 5, these galaxies are shown as black dots instead. The vertical
red line indicates the optimum separation in the Petrosian colour, u* — r* = 2.22, proposed
by Strateva et al. [13]. Although this does indeed separate galaxies of the blue cloud and
red sequence, the separation between the two populations is more pronounced in D,4000.
Therefore the horizontal separation lines D,4000 = 1.45 and D,4000 = 1.7 are adopted in
this research. Galaxies between these two values are classified as green.

tronomy Observatory (NRAO) Very Large Array (VLA) Sky Survey (NVSS) [15] and
the Faint Images of the Radio Sky at Twenty centimetres survey (FIRST) [16]. The op-
tical parent sample consists of all galaxies in the value-added spectroscopic catalogues
(VASC) created by the Max Planck Institute for Astrophysics and Johns Hopkins Uni-
versity group [cf. 17]. These objects are either targets from the SDSS main galaxy
sample [18] with a usable spectrum, or QSOs with a spectrum that is clearly domi-
nated by the emission of stars in the host galaxy. For each galaxy the VASC contains
a number of derived quantities such as the stellar mass, M,, and star formation rate,
SFR [19, 20]. Within the 927522 galaxies of the VASC, Best and Heckman [10] iden-
tified a magnitude-limited sample of 18286 radio sources. This sample was shown to
have a completeness of 95% and a reliability of 99% [21]. Besides RL AGN, it also
contains radio sources in which the radio emission is associated with star formation.
Best and Heckman [10] separated the RL AGN and star forming galaxies using three
different criteria: emission line ratio diagnostics, such as the ‘BPT’ diagram [22]; the
radio luminosity, Ly 4gn,, versus Ha emission line luminosity [23]; the Ly sgn,/M. vs
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D,4000 plane [21]. Where possible, Best and Heckman [10] also classified each true RL
AGN as a ‘low-excitation’ (9863 sources) or ‘high-excitation’ (481 sources) radio galaxy,
using emission line properties. We will use these classification in the research presented
below.

From all the galaxies in the VASC we select the best observations of all unique objects
with a reliable redshift in the range 0.03 < z < 0.3. This redshift range is narrow
enough to exclude most evolutionary effects, whilst it is wide enough to keep the num-
ber statistics required for this work. We only consider galaxies in the mass range
1019% My, < M, < 10'° Mg, because of the limited number of RL AGN available
outside this mass range. Within the galaxy population a small contamination of stars
and QSOs was found. These objects were removed based on their point-source nature,
because galaxy parameter estimation is unreliable for these sources. Visual inspection
showed that our method removed all stars and QSOs.

A separation between galaxies of the red sequence, green valley and blue cloud is made
using the rest frame 4000 A break value (D,4000) [24]. In previous works this has
typically been done using broadband colours. For example, Strateva et al. [13] show
that the optimal separation in the u* — r* colour based on Petrosian magnitudes is
u* — r* = 2.22. This separation is indicated by the vertical red line in Fig. 3.2, which
shows the distribution of galaxies in the u* — r* vs D,4000 plane. However, from this
figure it is clear that the galaxy colour bimodality has a wider separation in D,4000
than u* —r*. Therefore we define galaxies with D,4000 > 1.7 as ‘red’ and galaxies with
D,4000 < 1.45 as ‘blue’. Any galaxy with an intermediate value (1.45 < D,4000 < 1.7)
is considered a ‘green’ galaxy. These two separation values are shown as horizontal red
lines in Fig. 3.2.

The number of galaxies (including those hosting a RL AGN) of each colour can be
found in Table 3.1. This table also gives the number of red, green and blue HERGs and
LERGs for 2 different radio luminosity cuts (L; 4om, > LPiy,)-

Table 3.1: The number of red, green and blue galaxies and radio-loud AGN with a mass
101025 My, < M, < 10'29 My. The number of high- and low-excitation radio galaxies is given
for 2 radio-luminosity cuts, Ly 4qp, > LTy, Here LR is given in W Hz~1. Note that
the number of galaxies includes the galaxies that host a radio-loud AGN.

Colour Galaxies LERG HERG
Ly agn, > 1020 Ly yon, > 10245 Ly agn, > 1020 Ly yon, > 10%45
Red 295523 6157 1546 94 40
Green 114210 363 &9 98 51

Blue 114947 171 83 60 40
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Figure 3.2: The fraction of galaxies hosting a high- (black) or low-excitation (magenta) radio
galaxy as a function of host galaxy stellar mass. Three radio-luminosity cuts are given for
each excitation. The error bars are determined by Poissonian statistics.

3.3 The radio-loud AGN fraction

We will investigate which galaxies preferentially host RL AGN by determining the
fraction of RL AGN, fgr, as a function of host galaxy mass, SFR, colour (z) and the
RL AGN’s radio luminosity and excitation (y). fz; is defined as

i~ (=) (o) o1

€Ay, Mmax FEGa

Here A and G are all RL AGN and galaxies (including AGN), respectively, in a particu-
lar bin. V. is the maximum volume in which each galaxy can be observed, as defined
by the Vpax-formalism [25]. This takes into account the redshift limits from both the
radio and optical selection criteria, as well as the limits due to the redshift range being
analysed. Previous works [e.g. 7] limited the volume studied at each radio luminosity
to produce a volume-limited sample. This allowed them to use simple fractions defined
as:

n = Ni" /NG (3.2)

Here N4 and Ng are the number of R AGN and galaxies in a bin. Such analysis
produces results that are equivalent to the results presented below, within the errors.
We estimate the error on the RL AGN fraction, o(frr), using Poissonian statistics [26].
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Figure 3.3: This contour plot shows the fraction of galaxies hosting a RL. AGN in the stellar
mass versus star formation rate plane. The value of log,o(f},;) for low-excitation (left panel)
and high-excitation (right panel) radio galaxies is given by colour gradients for which the
legend is found in the colorbars on the right. Only radio-loud AGN with a L; 4qm, > 10?40
W Hz~! were considered in the determination of f¥,. As the specific star formation rate
(SFR/M,) is broadly correlated with the D,4000 value of a galaxy, each panel contains 2
diagonals, which are a guide to the eye on where the red, green and blue galaxy population
are located.

3.4 Dependence on AGN excitation

Figure 3.2 shows the fraction of galaxies hosting either a HERG (black) or LERG (ma-
genta) more luminous than a given radio power, as a function of host galaxy mass. At
all radio luminosities the LERG population shows an increase in the RL AGN fraction
that is consistent with f5F oc M2®. The fraction of galaxies hosting a LERG saturates
at high masses (M, > 10 My) at a value of ~ 10%. These results are similar to what
was found by Best et al. [7]. Compared to the LERGs, HERGs have a far more shallow
dependence on mass, fHF oc M!®. In addition, the level of fHF is much less dependent
on the radio luminosity cut. Over the 1.5 orders of magnitude in radio luminosity shown
in Fig. 3.2, the fraction of galaxies hosting a HERG typically decreases by a factor of 3.
This is significantly less than the factor of 10 decrease found at masses M, < 10115 M
between f5E at the highest and lowest radio-luminosity cuts.

As discussed in the introduction, the presence or absence of cold gas is thought to be of
strong influence on the creation of either a HERG or LERG. Therefore it is of interest
to consider the fraction of galaxies hosting a HERG or LERG as a function of SFR.
Fig. 3.3 shows the SFR vs M, plane in which coloured contours are used to indicate
the value of logyy(f},;). The value of log,,(f%;) corresponding to each colour can be
found in the colorbars on the right of each panel. In the determination of f7,, only RL
AGN with a Ly 4qm, > 10?49 W Hz ™! are considered.

The ‘colourbands’ of the LERG population are all horizontally aligned over the consid-
ered range of SFR, as can be seen in the left-hand panel of Fig. 3.3. Only for galaxies
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with both a high mass (M, > 105 M) and a high SFR (SFR > 10 M, /yr) is the SFR
independence lost. However, given that there is little data in this region, this could very
well be due to the scarceness of high mass, high SFR galaxies in general. The right-hand
panel in Fig. 3.3 shows the probability to host a HERG. From this figure it is clear that
HERGs are preferentially hosted by a population of massive, M, ~ 105 My, galaxies
with a typical SFR = 3 Mg /yr. From this maximum the hosting probability rapidly
decreases to both lower mass and lower SFR.

The correlation between specific star formation rate (sSFR = SFR/M,) and D,4000
[17] allows us to give a guide to the eye on where the red, green and blue galaxy pop-
ulation approximately lie in the (SFR, M,)-plane. The left and right dashed diagonal
lines roughly correspond to D,4000 = 1.7 and D,4000 = 1.45, respectively. However,
there is considerable overlap between galaxies of the three colours. Therefore, we will
investigate the properties of the HERG and LERG population in red, green and blue
galaxies individually in the next section.

3.5 Dependence on galaxy colour

The left-hand panel of Fig. 3.4 shows the fraction of red, green and blue galaxies that
is host to a LERG as a function of host galaxy stellar mass and radio-luminosity cut.
For all combinations of colour and radio-luminosity cut the fraction of galaxies hosting
a LERG is consistent with the féfx o M?? power law dependence typical for LERGs.
A saturation at high masses similar to Fig. 3.2 is found as well. However, the most
striking feature of Fig. 3.4 (left panel) is that for an increasing value of the radio-
luminosity cut the fraction of LERGs in the red and green galaxy population drops
strongly, while in the blue population it is relatively unchanged. The left-hand panel of
Fig. 3.5 shows this effect in more detail. It shows the fraction of galaxies with a mass
1012 < M, /Mg < 10" that host a LERG with a radio luminosity above a given
Lmin, . The mass range 101125 < M, /Mg, < 105 was chosen because it has the high-
est number of LERGs in green (36) and blue (28) hosts. Because of their scarceness,
these LERG populations limit our statistics. At low L%, the probability of finding
a LERG in a red galaxy is significantly greater than the probability of finding one in a
blue galaxy. However, for increasing values of L = fLP"? decreases, while frr "™
remains almost constant out to L%, ~ 10*** W Hz~!. As a result, there is a cross-
over at LTt ~ 10*** W Hz~'. At higher radio luminosities the RL AGN fraction
can be higher for the blue galaxy population than it is for the red. For example, at a
Liagm, > 10%*° W Hz~! the fraction of RL AGN in a blue host, féf’bl“e, with a mass
in the range 1025 My < M, < 105 M, is 1.58 & 0.31 times higher than fap "

As can be seen in Fig. 3.4 and particularly in Fig. 3.5, the green population has a

LERG fraction, fhr 9" which is generally lower than féf’red and equal to or lower
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Figure 3.4: The fraction of red, green and blue galaxies hosting a LERG (left panel) or
HERG (right panel) as a function of stellar mass. In both panels two radio-luminosity cuts
are shown per colour. The error bars are determined by Poissonian statistics.
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Figure 3.5: The fraction of red, green and blue galaxies with a mass 10125 < M, /Mg <
10'? which host a LERG (left panel) or HERG (right panel), as a function of radio-luminosity

cut. The error bars are determined by Poissonian statistics.
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Figure 3.6: The fraction of red, green and blue galaxies hosting a LERG (left panel) or
HERG (right panel) as a function of star formation rate. In both panels two radio-luminosity
cuts are shown per colour. The error bars are determined by Poissonian statistics.



36 3. Triggering probability of radio-loud AGN

than féf’blue. Green galaxies are less likely to host LERGs than either blue or red
galaxies. In the example given above frr 9"/ fr7" = 0.5240.09. Only at the high-
est radio-luminosity cut considered, L; sqn, > 10**™ W Hz™!, is there an indication of
a cross-over between frr "’ and frP9"" . This is the result of the LERG fraction in
green galaxies decreasing more slowly with increasing radio luminosity than that in red
galaxies.

The right-hand panels of Fig. 3.4 and 3.5 are graphs equivalent to the left-hand pan-
els, only for the HERG population. Fig. 3.4 shows that HERGs have a preference

x . . .
seems fairly simi-

for galaxies with a bluer colour. The mass dependence of fgf ’
lar for all three colours. However, the probability of finding a HERG in a blue or
green galaxy is significantly higher than for a red galaxy, particularly at high masses.
This preference is illustrated even more clearly in Fig. 3.5. For galaxies with a mass
101125 M, < M, < 101° My, green and blue galaxies are most likely to host a HERG.
The probability of a red galaxy hosting a HERG is significantly lower at all radio lumi-
nosities. At LR, = 10** W Hz ™! the difference in hosting probability between green
and red is a factor of fE797" /fHPT*h =93+ 2.9 Tt can also be clearly seen in the
right-hand panel of Fig. 3.5 that the fraction of galaxies hosting a HERG is almost
independent of radio-luminosity cut for blue and green galaxies. For the LERGs this
was only observed in blue galaxies. The fraction of red galaxies hosting a HERG shows
a slope, but this is significantly shallower than that of the LERG hosting fraction of
red and green galaxies.
Fig. 3.6 shows the RL AGN fraction as a function of SFR and colour for LERGs (left
panel) and HERGs (right panel). The fraction of blue galaxies hosting a RL AGN of
either excitation increases strongly with increasing SFR. A linear least squares fit of
the data at a radio luminosity cut Ly 4qu, > 10** W Hz ! shows fhr """ oc SFRI16£0-15
for LERGs and frn, ™" oc SFR'*027 for HERCs. In addition, the normalization of
wblue is fairly similar for both excitations. This similarity in slope and normalization
is also found in the green galaxy population. In contrast to the blue galaxy population,
the fraction of green galaxies that hosts either a HERG or a LERG hardly shows any
SFR dependence. The red population does show a difference in its fly%’ged(SFR) when
comparing HERG and LERG. The probability for a red galaxy to host a LERG is typ-
ically 1 to 1.5 orders of magnitude higher than it is to host a HERG. f%7°* generally
does not depend strongly on SFR. However, if a trend had to be identified this would
be increasing with SFR for the red HERG population and decreasing with SFR for the
red LERG population. All these trends shown in Fig. 3.6 are largely independent of

the radio-luminosity cut.
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3.6 Discussion

The results presented in the previous sections generally support the ‘radio-mode’ vs
‘quasar-mode’ AGN paradigm in which RL AGN are preferentially hosted by old (red)
elliptical galaxies and radio-loud quasars by younger, star forming systems [27, 28]. It is
thought that the former are powered through the accretion of hot halo gas. Our results
support this scenario, as LERGs of all colours show the féf’x o M?5 power law, which
is indicative of the accretion of hot halo gas [2]. However, additional processes must
be occurring when cold gas is present inside the host galaxy. Our results indicate that
the probability that one of the rare massive (M, > 10'%8M) blue galaxies is host to
a luminous (Ly4qn, = 10*+® W Hz™!) LERG is higher than for one of the many red
galaxies with a similar mass. It is the scarceness of massive blue galaxies that results in
the fact that red LERGs dominate the radio AGN population in the local Universe; this
is a dominance, which can already be seen from the absolute numbers in Table 3.1. Red
LERGs are ten times more numerous than either LERGs of other colours or HERGs,
even at moderate radio luminosities (L 4qH, > 10245 W Hz™'). In addition, the abso-
lute value of féf’red is generally higher than for other combination of (y, x).

The strong SFR dependence of féf’blue found for the massive blue galaxies corrobo-
rates the idea that the enhanced probability and radio luminosity of blue LERG is the
result of the presence of cold gas within the host galaxy. We speculate that this cold
gas is the result of the higher cooling rates required to support the increased accretion
rate needed for a more powerful AGN. This increased amount of cooling gas could re-
sult in a level of cold gas within the host that equates to a significant amount of star
formation. Alternatively, the cold gas could be brought into the host galaxy through
merging events or tidal interactions with nearby galaxies. This supply mechanism for
cold gas is supported by a visual inspection of the SDSS images of all red, green and
blue radio galaxies with a redshift z < 0.1. At least five of the 18 blue LERGs show
morphological signs (such as tails) indicative of a merging event. Around 5% of the red
LERGs show signs of a merging event as well. However, all these mergers are in a very
early stage. This could be concluded from the fact that the two original nuclei could
still be identified in all cases.

The most important result with respect to the HERGs is the completely different mass
dependence compared to LERGs. The fraction of galaxies hosting a HERG follows a
JHE o M5 power law. This puts them, as expected, more in line with optically iden-
tified (‘quasar-mode’) AGN [7]. HERGs are thought to be accreting cold gas supplied
through galaxy interactions, which is in line with the fact that ~ 25% of the HERGs
at z < 0.1 show signs of a past merging event in their morphology. Galaxy interaction
are less dependent on galaxy mass, hence the lower mass dependence of the hosting
probability. However, the fact that HERGs still have some mass dependence and op-
tically identified AGN do not, suggests a mass dependence of radio-loudness even in
quasar-like states. In addition, it is worth noting that at the lowest masses consid-
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ered, 101925 < M, /Mg < 10195, the fraction of galaxies hosting a HERG and LERG is
approximately equal. This is the mass range in which Tasse et al. [8] found a switch
between HERG and LERG domination.

Green galaxies are generally considered to be the transitional stage when galaxies evolve
from the blue cloud to the red sequence. Therefore their properties are generally ex-
pected to be at intermediate levels, smoothly connecting the properties of the blue and
red galaxy population [29]. In this work we find this is not true with respect to green
galaxies hosting radio galaxies of either excitation. The left-hand panels of figures 3.4
and 3.5 show that the probability of hosting a LERG of a fixed radio luminosity is
lower for a green galaxy than for a red or blue galaxy of similar mass. In addition, the
probability of finding a HERG in a given galaxy peaks within the green population.
These results are also a clear indication that the green galaxy sample identified here is
not just a mixture of poorly separated blue and red galaxies. In that case all trends
would be in between those of red and blue, which is not the case. We speculate that
the reduced probability of finding a LERG in a green galaxy is due AGN feedback [27].
The quasar winds and radio jets that are the result of the high-excitation AGN activity
in massive blue and green galaxies will blow the remaining cold gas out of the galaxy,
stopping star formation and cold gas accretion. Meanwhile, the radio jets also reheat
the gas halo, which temporarily reduces the cooling flow of the halo gas to the SMBH.
This effectively stops all AGN activity and allows the stellar population to age across
the green valley. Only after the galaxy has reached the red sequence will the halo gas
have cooled enough to re-establish the cooling flow and trigger a new episode of RL
AGN activity through hot gas accretion.

3.7 Conclusion

We investigated the fraction of massive blue, green and red galaxies that are host to
a RL AGN. In this we consider RL AGN that are classified as LERG separately from
those classified as HERG. It is shown that:

1. RL AGN in the local Universe are dominated by LERGs. This is true even if the
red, green and blue galaxy population are considered individually. The probability
that a galaxy of any colour hosts a LERG follows a fgf“ o M2%5 power law. This
is much steeper than what is found for HERGs: fFF oc M}>.

2. The probability that a red galaxy of a given mass hosts a LERG depends strongly
on the applied radio luminosity cut. This radio power dependence is much weaker
for HERGs of any colour and LERGs hosted by the blue galaxy population.

3. The probability that a green galaxy of a given mass is host to a LERG is lower
compared to both the red and the blue galaxy population by a factor of 2-3 for
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Lo~ 1024 W Hz™!. The fE29*" depends on L% in a similar way as
f }%LE’Ted, but the slope is slightly weaker. However, the probability to host a HERG
in a blue or green galaxy is significantly higher than it is in red galaxies. The
maximum hosting probability for HERG is found for M, ~ 105 M, green galax-
ies with a typical SFR = 3 My /yr. The hosting probability of HERG deceases
towards lower masses and SFR and the maximum shifts to bluer galaxies for more
luminous radio sources.

Within the blue galaxy population the probability to host a RL AGN (both LERG
and HERG) shows a f}%’Lblue x SFR dependence. This SFR dependence is weaker
or absent in the red and green population. However, the absolute value of the
hosting probability of blue galaxies is too low to have an effect on the AGN
population as a whole.

These results suggest that the presence of cold gas in a galaxy enhances the probability
that its SMBH becomes a luminous (L 4gm, > 10?*° W Hz™!) RL AGN compared to
the typical ‘model’ LERG in red elliptical galaxies. However, the presence of cold gas

with the host galaxy does not automatically generate a high-excitation AGN. HERGs

clearly prefer galaxies rich in cold gas and typically host luminous AGN. We speculate
that feedback of this AGN activity is responsible for the reduced probability of green
galaxies to host a LERG.
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Chapter 4

Morphology of radio-loud AGN hosted by
massive blue galaxies

4.1 Introduction

Radio galaxies are hosted by massive red elliptical galaxies; this has been a classical
paradigm in astronomy since at least Moffet’s ARA&A article in 1966 [1]. But to
what extent is that an accurate assessment? We know that radio-luminous galaxies are
typically massive [e.g. 2] and that spiral galaxies are much less common at high mass
le.g. 3]. Furthermore, there are some radio galaxies, Centaurus A being a particularly
prominent example, which are disturbed but the overall structure is often elliptical in
nature [4]. This raises the question if the classical picture is just a reflection of the
dearth of massive spiral galaxies.

As first pointed out by Laing et al. [5], the radio galaxy population appears to fall
into two fairly well-defined classes: high-excitation radio galaxies (HERGs) and low-
excitation radio galaxies (LERGs). The former correspond to Active Galactic Nuclei
(AGN) with a high accretion rate. HERGs are often referred to as ‘quasar-mode’ or
‘radiative-mode’ AGN and follow the orientation-based AGN unification scheme [6].
HERGs typically reside in blue star forming galaxies at the massive end of the main
sequence of star formation, indicating that there is star formation associated with the
radio activity [7]. HERGs dominate the radio-loud AGN population at high radio lu-
minosities.

In contrast, the LERGs are predominantly located in massive red elliptical galaxies
and dominate at low radio luminosities. They are thought to be triggered by the slow
accretion of hot halo gas [e.g. 8]. Because this mode of accretion is radiatively ineffi-
cient, LERG lack the emission lines as well as the X-ray and infrared emission generally

Based upon the observation proposals W13ANO019 and W14AN024 by R. M. J. Janssen, H. J. A.
Rottgering, P. N. Best and J. Brinchmann, and the observational results of these proposals.
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associated with AGN. As such, they only have a clear AGN signature in the form of a
radio jet and as a result are often referred to as ‘radio-mode’ or ‘jet-mode” AGN.
Until recently, samples of these classes of radio galaxies were small, limiting statistical
studies. This has now changed; by combining all-sky optical (SDSS) and radio (NVSS
and FIRST) surveys Best and Heckman [7] have been able to create a large sample of
both HERGs and LERGs. Janssen et al. [9] used this sample to perform a statistical
analysis on the hosting probability as a function of host galaxy stellar mass, star for-
mation rate, radio luminosity and colour. Due to the large size of the sample Janssen
et al. [9] were able to identify a population of blue galaxies hosting a jet-mode AGN.
The fraction of blue galaxies hosting a radio-mode AGN depends on the host galaxy
mass as fpLere < M25. This mass dependence is the same for LERGs hosted by red
galaxies. The power law is thought to be the result of the accretion of hot halo gas to
power the AGN [8]. This suggests that the primary gas source of blue LERGs is hot
halo gas. However, these blue LERGs also show an enhanced radio luminosity with
respect to red LERGs at the same galaxy mass, which suggests an enhanced gas flow
to the super-massive black hole. Janssen et al. [9] found that at least 10% of the blue
galaxies hosting a LERG at z < 0.1 appears to have tails or other signs of recent in-
teraction, which suggest that galaxy interactions are responsible for the enhanced gas
flow. However, these conclusions were not very robust, because 90% of their sample of
blue LERGs reside at higher redshift ((z) ~ 0.18). Furthermore, the SDSS images are
too shallow and with too poor seeing to accurately trace the light profile and classify
the majority of galaxies in their sample into spirals or ellipticals on the basis of a Sersic
index. This is particularly true, if there are strong point sources in the objects as there
might be in the presence of an AGN.

We propose four hypotheses that explain the nature of these blue jet-mode AGN:

1. Blue LERGs are hosted by massive spiral galaxies where the (relatively) blue
colours reflect the on-going star formation in their disks.

2. Blue LERGs are hosted by massive ellipticals with an enhanced halo cooling,
which also increases their star formation with respect to their red counterparts.

3. Blue LERGs have undergone a recent merging event that has brought additional
gas into these blue galaxies to trigger star formation and enhanced AGN activity.

4. Blue LERGs have young radio jets, which are still actively interacting with the
gas inside the host galaxy. This positive feedback enhances the star formation in
the host galaxy regardless of the host galaxy’s optical morphology.

Comparing the optical and radio morphology of jet-mode AGN in massive blue galax-
ies to those in massive red galaxies and radio-quiet blue galaxies will be the key to
distinguishing between these scenarios. If we detect extended tails or a disturbed mor-
phology in the majority of the blue radio galaxies, mergers are a likely source of gas,
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while a smooth light profile with a high Sersic index would indicate that the galaxies
are structurally ellipticals despite their blue colours.

In this Chapter we will present preliminary results that investigate the optical and ra-
dio morphology of blue radio galaxies. In Sect. 4.2 we present the overall sample of
local radio galaxies and inactive galaxies. To get a better image of the contribution
of merger signatures, we have a subsample of blue radio galaxies for which deep ob-
servations from SDSS Stripe 82 [10], NOAO Deep Wide Field Survey (NDWES) [11],
the Kilo Degree Survey (KiDS) [12] and the Canada-France-Hawaii Telescope Legacy
Survey (CFHTLS)! [13] are available. While these surveys provide plenty of galaxies
for our reference samples (red radio galaxies and blue inactive galaxies) they only con-
tain 16 jet-mode AGN in a massive blue galaxies. Therefore we have taken additional
deep optical images of blue LERGs using the Prime Focus Imaging Platform on the
4.2 m William Herschel Telescope. These deep observations are found in Sect. 4.3. In
Sect. 4.4 we will investigate the optical morphology of both the entire sample and the
deep observations. In Sect. 4.5 we will perform a preliminary investigation of the radio
morphologies based on radio images from the Faint Images of the Radio Sky at Twenty
centimetres survey (FIRST) [14]. We will discuss the current weaknesses of these initial
results presented in this Chapter in Sect. 4.6 and suggest further work. We will draw
some preliminary conclusions in Sect. 4.7 and compare these to our hypotheses.
Throughout this Chapter we assume the cosmological parameters Hy = 70 km s*
Mpc™t, Q,, = 0.3, and Q4 = 0.7. The radio spectral index, «, is defined as S, oc v
and taken as a = 0.8 where necessary.

4.2 Jet-mode AGN hosted by blue galaxies

Following Janssen et al. [9, J12 hereafter] we use the sample of radio-loud AGN defined
by Best and Heckman [7, BH12 hereafter| as the basis for our investigation. The BH12
sample was constructed by cross-comparing the positions of galaxies in the seventh data
release (DR7) [15] of the SDSS spectroscopic sample with data from the National Radio
Astronomy Observatory (NRAO) Very Large Array (VLA) Sky Survey (NVSS) [16]
and FIRST [14]. The optical parent sample consists of all galaxies in the value-added
spectroscopic catalogues (VASC) created by the Max Planck Institute for Astrophysics
and Johns Hopkins University group [17]. These objects are either targets from the
SDSS main galaxy sample [18] with a usable spectrum, or QSOs with a spectrum that
is clearly dominated by the emission of stars in the host galaxy. For each galaxy the
VASC contains a number of derived quantities such as the stellar mass, M,, and star
formation rate, SFR [3, 19]. Within the 927522 galaxies of the VASC, Best and Heckman
[7] identified over 10000 radio-loud AGN. Of these radio-loud AGN 9863 sources are

http://www.cfht.hawaii.edu/Science/CFHLS/
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classified as LERGs and 481 as HERGs using emission line properties. In addition to
these classifications, we define all galaxies from the VASC not classified as a radio-loud
AGN as inactive or radio quiet.

In order to get a morphological classification for a large part of our sample we combine
the VASC with the results of Galaxy Zoo 1 (GZ1) [20]. Galaxy Zoo is a citizen science
project in which the general public is asked to assist in the classification of galaxies
observed by SDSS. For every galaxy in SDSS DR6 votes were collected for either an
elliptical morphology, various spiral morphologies or merger indications. We match the
data in Table 2 of the GZ1 data release [21] to the VASC using the sky positions of
the sources in both catalogues and a 5 arcsec matching radius. We find morphological
information for 703065 galaxies. The main reason that ~ 200000 galaxies do not have a
morphological classification from GZ1 is that the VASC uses SDSS DR7 whereas GZ1
is based upon DR6. We find 863 sources in the VASC with two potential matches in the
GZ1 data. These are generally the result of duplicate observations by SDSS or multiple
observations of very nearby galaxies. Given that both instances in GZ1 are classified
using the same image their voting fractions are extremely similar. As such we take the
nearest of the two instances.

We define our blue LERG sample as all spectroscopically classified LERGs, which are
hosted by a blue galaxy at 0.03 < z < 0.3 with a morphological entry in GZ1. Here we
define a galaxy as blue if their 4000 A break value [22] is D,4000 < 1.45 (see J12). Our
total blue LERG sample contains 138 sources, all of which have a host galaxy mass in
the range 10'0% < M, < 1029 M.

We compare the morphology of these blue LERGs to a matched sample of red LERGs
and inactive blue galaxies. Here red is defined as D,4000 > 1.70. Both samples are
constrained to the same redshift and mass range as the blue LERG sample. We have
GZ1 entries for 5464 and 109454 sources in the total red LERG and blue galaxy sample,
respectively. There are many correlations between galaxy properties and their stellar
mass. Furthermore, Best and Heckman [7] showed that the key parameter for radio-
loud AGN is the Eddington-scaled accretion rate, which for LERGs scales with the
radio luminosity per unit stellar mass. Therefore, we also define matched samples of
red LERGs and blue galaxies. This enables a fair comparison between the blue LERG
population and the comparison samples. Redshift is included as more distant objects
will appear smaller and as such are more readily classified as elliptical galaxies or radio
point sources. Following Pace and Salim [23] we select for every blue LERG the best
matches in the inactive blue galaxy population using the metric

ne(75) + (i) + (i) =

Here A indicates the difference between the properties of the blue LERGs and the
candidates from the control sample. ¢ is the standard deviation in the given quantity
from the combined blue LERG and control sample. For each blue LERG the 10 candi-
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Figure 4.1: The fraction of blue LERGs (blue) as a function of host galaxy stellar mass,
4000 A break value, radio luminosity and redshift. The same distribution is shown for the
matched samples of red LERGs (red) and blue inactive galaxies (black). 1o Poissonian errors
are shown in all distributions. We observe that the distributions of the matched samples are
identical (within the error bars) to that of the blue LERG for all parameters.

date blue inactive galaxies with the lowest R are selected for the matched sample. For
every blue LERG 5 red LERGs are selected following the same procedure. However,
log,o(L1.4gnz) is used instead of D,4000.

Fig. 4.1 shows the distribution of the blue LERGs and two matched samples in stellar
mass, 4000 A break value, radio luminosity and redshift. This figure clearly shows the
success of the matching procedure. In all 4 parameters the distribution of the matched
samples is within 1o of distribution set by the blue LERGs.

4.3 Deep optical imaging

In order to properly identify the optical morphology of LERGs at a redshift z > 0.1
deeper observations are required than those available from the SDSS. This is especially
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true for signatures of galaxy interactions. GZ1 does have an option to vote for mergers.
However, in addition to the difficulty of seeing merger signatures in SDSS images, peo-
ple are hesitant to vote for such an exclusive category. As a result, GZ1 underestimates
the number of mergers. Genuine mergers are found in galaxies that have merger vote
fractions as low as 20% [24, 25].

We have obtained deep optical imaging for 16 blue LERGs of the BH12 sample from
four deep imaging surveys: SDSS Stripe 82 [10], NOAO Deep Wide Field Survey
(NDWEFS) [11], the Kilo Degree Survey (KiDS) [12] and the Canada-France-Hawaii
Telescope Legacy Survey (CFHTLS)! [13]. Table 4.1 lists the number of blue and red
LERGs identified in their respective survey area. For reference, the number of red and
blue LERGs in the complete BH12 sample is given as well. The r-band image of the
blue LERGs from these four surveys are shown in Fig. 4.2 to 4.4.

As can be seen in Table 4.1 the deep surveys provide plenty of galaxies for the two
reference samples (red radio galaxies and blue inactive galaxies). However, they only
contain 16 massive blue LERGs. To supplement the subsample of blue LERGs with
deep imaging in public surveys we have obtained 6 dark nights of observation time on
the William Herschel Telescope (WHT) in May 2013 (2 nights, proposal W13ANO019)
and March 2014 (4 nights, proposal W14AN024). Unfortunately, the second run was
completely lost due to bad weather. In addition, the first run suffered from heavy cloud
coverage, which severely limited our effective observation time. Nevertheless, usable
data was obtained for 8 sources. Each of these sources was observed using the WHT
Prime Focus Imaging Platform (PFIP) and the TAURUS T6273 r-band filter. This fil-
ter was chosen because it allowed the largest field of view and could achieve the deepest
images in the shortest amount of time. This large field of view would also allow us
to do photometric calibration with sources in the field of view while using SDSS as a

Table 4.1: The number of blue and red LERGs from the BH12 sample found in the 4 deep
imaging surveys used in this work. The number of inactive blue galaxies (VASC) that are
covered by these surveys is given as well. In the final row the number of blue LERGs for which
usable data was obtained during the observation nights at the WHT is given. For reference
the number of inactive blue galaxies (VASC), red LERGs and blue LERGs in the complete
BH12 sample is given in the top row.

Survey blue LERG red LERG inactive blue galaxies reference
BH12 - SDSS 138 5464 109454 [7]
SDSS Stripe 82 4 140 3994 [10]
NDWES 1 8 112 [11]
KiDS 6 106 2121 [12]
CFHTLS-Wide! 5 34 652 [13]

WHT observations 8 0 0 this work
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reference. Our aim was to achieve a 1o surface brightness of 26.7 mag/arcsec? in 30
minutes of observation time per source. This image depth is approximately two mag-
nitudes deeper than the regular SDSS and comparable to the SDSS Stripe 82 co-added
data [26]. The latter would enable us to use red LERGs and inactive blue galaxies from
SDSS Stripe 82 as a reference sample without introducing a bias due to different image
depths.

We have observed the 8 sources between 1000 and 2340 seconds depending on weather
conditions. Sub-exposures of 3 or 6 minutes were used following a quincunx dither
pattern of 1.5 arcmin on the side. All images were corrected using a master bias and
master flat field. These were constructed using a series of 12 bias frames and 12 flat
fields taken during dusk. The corrected sub-exposures were stacked using the Astro-
matic? software tools SExtractor [27], SWARP [28] and SCAMP [29]. R-band imaging
data obtained from the regular SDSS DR7 was used as a reference in order to obtain a
world coordinate system for our observations. For all deep imaging data (both WHT
observations and survey data) a 1.5 arcmin square image was extracted and visualized
using STIFF [30]. These images are shown in Fig. 4.2 to 4.5. For two of the SDSS
Stripe 82 sources (Fig. 4.2(b,d)) an image with improved contrast was manually created
using SAOimage® DS9. This was done to compensate for a very bright source in the
1.5 arcmin field of view. The reason some cuts came out rectangular is unclear at this
moment. The long edge is 1.5 arcmin and the short edge has been cut smaller by the
software. It is confirmed that no image distortion has taken place.

4.4 Optical morphology

Following Bamford et al. [31] we interpret the debiased vote fractions of GZ1 as the
probability, p,, that a source has a spiral, x = S, or elliptical, x = E, morphology.
Fig. 4.6 shows the mean probability, P, = mean(p,), for blue LERGs, red LERGs and
inactive blue galaxies to be a spiral or elliptical galaxy as a function of galaxy mass.
The uncertainty on the mean is determined from the standard deviation in p, divided
by the square root of the number of sources in each mass bin. Each mass bin is 0.25
dex wide. The most massive bin is not shown, as it only contains a single blue LERG
(in an elliptical host).

It is clear from Fig. 4.6 that the morphology of blue LERG differs from the matched
comparison samples. At high masses (M, > 10! M) the fraction of blue LERGs in
elliptical galaxies is at least 0.2 higher than an inactive blue galaxy. Both P, and
Popiiptical of the blue and red LERGs are within 20 of each other at these high masses.
At lower masses the blue LERGs seem to be a mixed population with similar fractions

’http://wuw.astromatic.net/
Shttp://ds9.si.edu/site/Home.html
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Figure 4.2: Deep r-band observations for 4 LERG obtained from SDSS Stripe 82. Each
subfigure is a 1.5 arcmin on the side and centred on the blue host galaxy. The contrast in
images (b) and (d) had to be manually adjusted due to presence of a bright source. Detailed
information of each galaxy can be found in Table 4.2.

Figure 4.3: Deep r-band observations for 6 LERG obtained from the Kilo Degree Survey.
Each subfigure is a 1.5 arcmin on the side and centred on the blue host galaxy. Detailed
information of each galaxy can be found in Table 4.2.
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Figure 4.4: Deep r-band observations for 5 LERG obtained from the Wide CFHT Legacy
Survey (a—e) as well as 1 LERG from the NOAO Deep Wide Field Survey (f). Each subfigure
is a 1.5 arcmin on the side and centred on the blue host galaxy. Detailed information of each

galaxy can be found in Table 4.2.

Figure 4.5: Deep r-band observations for 8 LERG obtained using the WHT PFIP. Each
subfigure is a 1.5 arcmin on the side and centred on the blue host galaxy. Detailed information

of each galaxy can be found in Table 4.2.
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Figure 4.6: The fraction of blue LERGs (blue), red LERGs (red) and inactive blue galaxies
(black) with an elliptical (circles, solid line) or spiral morphology (squares, dashed line) as
a function of galaxy mass. Both the sample of inactive galaxies and red LERGs have been
matched in mass, redshift and either colour or radio luminosity to the sample of blue LERGs.
The 1o statistical error is given for all data points.

(both ~ 40%) of spirals and ellipticals. Red LERGs have a high (> 60%) fraction of
ellipticals and blue inactive galaxies a high (> 60%) fraction of spirals at these masses.
As an initial indication, we use the raw votes for GZ1 to determine the fraction of
mergers for our three samples. Blue LERGs have a fraction of mergers Pperger =
0.077 £ 0.012 with respect to the comparison samples: Pperger = 0.063 £ 0.005 for red
LERGs and Pperger = 0.064 = 0.004 for inactive blue galaxies. The fraction of mergers
in blue LERGs is slightly higher compared to the matched samples, but the difference is
not significant. However as stated earlier, GZ1 votes are for various reasons unreliable
in the identification of mergers.

Inspection of the deep imaging of blue LERGs in Fig. 4.2 to 4.5 shows tails, bridges or
a disturbed morphology in at least 10 out off the 24 sources. A summary of the visual
morphological classification of these 24 sources can be found in Table 4.2. This table
also lists the origin of their image, host galaxy mass, radio luminosity, redshift and the
subfigure in which their image is shown. The sources are listed in order of decreasing
host galaxy mass. Inspection of Table 4.2 supports our earlier finding that (especially
at high masses, M, > 10" My) a large fraction of the blue LERGs is hosted by a
galaxy, which is elliptical in nature. Merger signatures on the other hand, seem to be
more common at M, < 1012 M.
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Figure 4.7: The fraction of LERG in blue host galaxies (blue) with a given radio morphology
as classified using images from FIRST. For comparison the complete and matched sample of
LERGsS in red host galaxies (red) are shown. 1o Poissonian errors are shown for all fractions.
We observe a signification increase of point sources in the LERGs with blue hosts.

4.5 Radio morphology

To investigate the radio morphology of our LERG sample we have used the images
provided by FIRST [14]. For all radio sources in the BH12 sample we retrieved an image
of a 6.0’ x 6.0" region (200 x 200 pixels) around the position of the host galaxy from the
FIRST Cutout Server*. Based on these images the radio galaxies are manually classified
as point sources or extended sources. If possible, extended sources were classified as
Fanaroff-Riley (FR) type 1 or 2 [32]. We have classified 139 blue LERGs and 1234 red
LERGs. Following the methodology described in Sect. 4.2 we have constructed a new
matched sample of red LERGs, which contains 4 candidate red LERGs with a classified
radio morphology for each blue LERG. Due to the lower number of available red LERGs
the matching quality is slightly worse than that shown in Fig. 4.1. In particular the
blue LERGs have a slightly higher L; 4gu, and the red LERGs a slightly higher M,.
However, the differences remain within 20 Poissonian errors.

“http://third.ucllnl.org/cgi-bin/firstcutout
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Fig. 4.7 shows the fraction of blue and red LERGs classified as point source or extended
source. The errors were calculated using Poissonian statistics. Blue LERG are twice
more likely to be a point source compared to the matched red LERG sample. This
reduces all types of extended sources to a ~ 5% level, with the exception of FRI. These
results also hold when the fraction of point sources is considered as a function of host
galaxy mass.

4.6 Discussion

In this Chapter we have investigated the optical and radio morphologies of blue LERGs
with respect to red LERGs and blue inactive galaxies. We have used the debiased votes
from GZ1 to investigate the fraction of galaxies with an elliptical or spiral morphology
in our blue LERG and two matched comparison samples. Our main result from the GZ1
morphologies as shown in Fig. 4.6 is that at high masses M, > 10'* My, 65.4% £ 2.5%
of the blue LERGs has an elliptical mophology. This is significantly different from the
matched sample of inactive blue galaxies, which have a probability of 37.4% 4 0.9%
to have an elliptical morphology. The morphology of blue LERGs is more in line with
that of the matched sample of red LERGs, of which 75.0% =+ 0.8% have an elliptical
morphology. The selection method of matched samples as presented in Sect. 4.2 means
that 23% of the galaxies in the red LERG sample is present more than once. For the
blue inactive galaxies this is 9%. We have confirmed that these duplicates have a min-
imal effect on the results presented in Fig 4.6.

To investigate the effect of mergers we have obtained deep r-band observations of 24
blue LERGs. A preliminary investigation of these sources shows that at least 10 have
tidal features. These sources are predominantly found at M, < 1012 M,. However,
these initial results should be viewed with skepticism until the deep r-band images have
been subjected to a more quantitative analysis. Step one in this analysis would be de-
termining the imaging depth of all surveys and the WHT PFIP data. The observations
at the WHT were all aimed at high mass objects. As such these observations dominate
masses M, > 10'-2M,. At these masses nearly no mergers are observed, while below
this break many mergers are observed in the images of the public deep surveys. While
this could be a true difference, it could also be the result of shallow PFIP images in
which merger signatures are not yet visible. Given the high cirrus clouds during the
observations, this should be carefully checked.

Morphological classification of our deep images has now been done by eye. As a next
step, this could be quantified using, for example, GalFit [33]. Furthermore, matching
samples of red LERGs and inactive blue galaxies should be retrieved from the deep
surveys. Only comparison to these samples can show if the observed merger rate in
blue LERGs is exceptional at these image depths.

Finally, we have shown in Sect. 4.5 the radio emission of 80% of the blue LERGs is a
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point source. This is in stark contrast with a matched sample of red LERGs of which
only 40% has a radio point source. We believe this main result is robust due to the
simple nature of classifying point sources and the well matched comparison samples.
Nevertheless, there are quite a few improvements possible over the current classification
method of the radio morphologies. We believe that classification using combined op-
tical /radio images could be an improvement as it simultaneously checks the matching
by Best et al. [34]. To remove classifier bias, the most favourable method would be
to classify the entire BH12 sample, before making any distinctions between galaxies.
However, this would be extremely time consuming. Especially, if more than one ‘vote’
per object is desired instead of classification by a single astronomer as done in this
work. We expect these modifications to the classification procedure could very well
affect the distribution of extended morphologies. However, we expect it will not affect
the main result that blue LERGs are predominantly point sources. As such, the smart
way of classification will probably be selecting all blue LERGs and the matched red
LERG sample before classification. Automatic classification of point sources could be
an alternative way to reduce the time required for classification.

In Sect. 4.1 we have proposed four hypothesis that could explain the increased presence
and increased radio luminosity of jet-mode AGN in massive blue galaxies compared to
their red counterparts.

1. Blue LERGs are hosted by massive spiral galaxies where the (relatively) blue
colours reflect the on-going star formation in their disks.

2. Blue LERGs are hosted by massive ellipticals with an enhanced halo cooling,
which also increases their star formation with respect to their red counterparts.

3. Blue LERGs have undergone a recent merging event that has brought additional
gas into these blue galaxies to trigger star formation and enhanced AGN activity.

4. Blue LERGs have young radio jets, which are still actively interacting with the
gas inside the host galaxy. This positive feedback enhances the star formation in
the host galaxy regardless of the host galaxy’s optical morphology.

Based on the initial results presented in this Chapter we can reject our first hypothesis
that blue LERGs are hosted by massive spiral galaxies. All other three hypotheses
remain valid explanations. For high mass (M, > 10" My) LERGs, where merger
signatures are less common, the results suggest blue and red LERGs are very similar
in optical morphology. However, the blue LERGs have a much smaller radio jet. We
speculate that this is the result of an enhanced halo cooling and positive feedback
from the radio jets. The enhanced cooling flow increases the gas supply available
for both AGN activity and star formation. However, an increased gas density also
means that the radio jet is more easily contained within the galaxy. Hydrodynamical
simulations have shown that the collision between the radio jet and interstellar medium
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can induce shocks and turbulence, which enhances the formation of stars [35]. Our
finding, that blue LERGs have predominantly small radio jets is consistent with the
findings by Chandola and Saikia [36]. All compact LERGs in their sample have a WISE
colour [4.6 pm] — [12 pm] > 2 and > 70% of them has a strong HI detection. These
observations suggest that compact LERGs are predominantly found in gas and dust
rich systems, i.e. blue LERGs. To confirm the hypothesis of positive feedback by the
radio jet high resolution radio observations are unavoidable evidence. A point source
in FIRST corresponds to a physical diameter of 10 — 30 kpc for all sources in the BH12
sample. This diameter is equal to the typical size of a galaxy.

At low masses (M, < 101 My) our initial results suggest blue LERGs are triggered by a
recent merger with a gas rich galaxy. This merger has triggered both star formation and
a young (and therefore small) radio jet. The triggering of LERGs by minor mergers
has been speculated upon in recent works [37]. It is also consistent with the initial
findings of Janssen et al. [9] on the nature of blue LERGs. However, we do note that
the triggering by mergers as well as masses M, ~ 10'%% M, are reminiscent of radiative-
mode AGN [38]. Furthermore, we observe the potential beginning of a big blue bump
in the SDSS spectra of 3 out off the 24 blue LERGs with deep imaging. On the other
hand, none of these blue LERG have a strong [OIII] emission line (and as such they are
classified as LERGs). Future work should investigate the possibility that blue LERGs
are radiative-mode AGN caught at a time when the accretion rate is low. Signatures of
such a weak radiative-mode AGN could be masked by the emission of the star forming
galaxy in which they are hosted. This state might, for example, occur when the AGN
first switches on, which would be consistent with our finding that blue LERGs are
predominantly point-like radio sources. If blue LERGs are indeed AGN fuelled in the
same manner as HERGs (e.g. by cold gas) observed during a period of low accretion
rate, this would support the hypothesis by Best et al. [39] that the cosmic evolution of
LERGs is driven by a contribution from ‘HERG-like’ sources at low accretion rate.

4.7 Conclusion

In this Chapter we have presented a preliminary investigation of the optical and radio
morphology of LERGs hosted by blue galaxies. These preliminary results indicate that:

1. At M, > 10" Mg, 65.4% £2.5% of the blue LERGs have an elliptical morphology.
This is significantly different from inactive blue galaxies which have a probability
of 37.4% +0.9% to have an elliptical morphology. The morphology of blue LERGs
is more in line with that of red LERGs which have a probability of 75.0% + 0.8%
to have an elliptical morphology.

2. At least 10 out off the 24 blue LERGs with deep r-band observations show sig-
natures of recent galaxy-galaxy interactions. These mergers are predominantly
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found at M, < 10'2? M, although observational effects could be affecting this
break.

3. 80% of the blue LERGs are point sources at radio wavelengths compared to 40%
of the red LERGs.

Based on these results we can reject our first hypothesis that blue LERGs are hosted
by massive spiral galaxies. All other three hypotheses remain valid explanations. The
evidence supports a scenario of a recent merger with a gas rich galaxy, which has
triggered star formation and a young (and thereby small) radio jet. This is especially
true at low masses. At higher masses (M, > 10'! M), where merger signatures are less
common, the results can be explained by enhanced halo cooling and positive feedback
from the radio jets. However, higher resolution radio images will be required to confirm
the latter.
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Chapter 5

Classification of radio galaxies using
broadband mid-infrared observations

Currently, the most reliable way to classify radio-loud AGN as high- and low-
excitation radio galaxies (HERGs-LERGS) is using optical spectral lines.
We investigate methods to perform this separation using broadband mid-
infrared observations, where the presence or absence of a torus is antici-
pated to differentiate the two populations. We obtained near- and mid-
infrared fluxes from the Wide-Field Infrared Survey Explorer (WISE) for
8263 LERGs and 272 HERGs identified in SDSS and classified using their
optical spectra. We find that LERGs have the same mid-infrared luminos-
ity distribution as inactive galaxies with similar mass, star formation rate
and redshift. HERGs on the other hand typically have a mid-infrared lu-
minosity comparable to or in excess of the 5% most luminous radio-quiet
galaxies with matching properties. As a result of this, the mean 22 pum
luminosity of all HERGs in our sample is 0.5 dex higher than that of the
LERG population. Despite these trends we have not identified a way to
separate HERGs and LERGs with a > 70% completeness and reliability for
both populations using only broadband observations. This is the result of:
1. The large spread in 22 pm luminosity of both radio-loud AGN popu-
lations, which is (at least partially) due to the emission of dust heated by
young stars. 2. The numerical dominance of LERGs within our sample. 3.
A subpopulation of HERGs without an observed excess of 22 pm emission.
Based on their properties we speculate that this subpopulation of HERGs
represent episodes of weak AGN activity during the later stages of an active
period.

This chapter was submitted for publication
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5.1 Introduction

Steep-spectrum radio sources are a class of active galactic nuclei (AGN), which play a
key role in regulating galaxy formation processes through the interplay of their expand-
ing radio jets with the intracluster and interstellar medium [e.g. 1-5]. The population of
steep-spectrum radio sources can be further divided into two subclasses: high-excitation
radio galaxies (HERGs) and low-excitation radio galaxies (LERGs). HERGs are ‘stan-
dard’ AGN, which accrete cold gas at rates close to the Eddington limit in a radiatively
efficient manner. They are most likely merger driven. In addition to their radio emis-
sion HERGs also emit X-ray and infrared emission as well as optical emission lines
typically associated with quasars. Therefore, they have been referred to as ‘cold-mode’
or ‘quasar-mode’ radio galaxies. LERGs on the other hand have been argued to accrete
hot gas directly from their halo at sub-Eddington (< 1%) rates. As this is a radiatively
inefficient process LERGs only exhibit radio jets, which identifies them as AGN. Thus,
they are referred to as ‘hot-mode’ or ‘radio-mode’ AGN. Cold-mode sources are typi-
cally the more powerful of the two classes. However, it should be noted that sources of
both types exist at all powers. [c.f. 6, and references therein].

Studying the behaviour of the radio galaxy population across cosmic time is essential
for understanding the timescales upon which their feedback processes occur. This evo-
lution of the radio luminosity function has generally been measured for the population
as a whole, and then only for luminosities > 10** W/Hz at 1.4 GHz [7, 8]. For a
complete picture of these objects, LERGs and HERGs should be considered separately.
However, this critically depends on accurate classification of the two AGN modes out to
high redshifts and across large samples. By definition, classification using spectral lines
is the most reliable method of HERG/LERG categorization. However, it is currently
too observationally expensive to obtain spectra in the quantities needed to constrain
the evolving radio luminosity functions (RLFs). A first attempt at this was made by
Best et al. [9], who constructed a spectroscopically classified sample of 211 radio-loud
AGN with 0.5 < z < 1.0 and compared this to an equivalent large sample of local AGN
from the Sloan Digital Sky Survey (SDSS) [10, 11] . Their results raised the intriguing
possibility of a contribution to the hot-mode population by cold-mode sources at an
early stage of their growth, but they were unable to investigate this fully due to the
limitations of their sample.

It is clear that a simple method for HERG/LERG identification using easily obtain-
able datasets would be a valuable asset for RLF evolution studies. In this Chapter we
investigate HERG/LERG separation using broadband observations, in particular focus-
ing on mid-infrared (mid-IR) observations. Recent work [e.g. 12, 13] has shown that
HERGs have a significantly higher mid-IR luminosity compared to LERGs. This excess
emission is attributed to the dusty torus thought to be present in radiatively efficient
accretion-mode AGN (i.e. HERGs). We will study the mid-IR properties of HERGs
and LERGs using a large sample of low-redshift, low-luminosity radio-loud AGN [14].
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The details of this sample are described in Section 5.2. In Sect. 5.3 we investigate the
mid-IR of this sample as a function of host galaxy redshift, mass, star formation rate
and colour. We formulate a break luminosity, Logum break, that provides the optimal
separation between the two AGN populations. In Sect. 5.4 we compare the mid-IR
luminosity of HERGs and LERGs to that of inactive galaxies with similar broadband
optical properties. We will compare the different separation methods discussed in this
Chapter in Sect. 5.5 and summarize our conclusions in Sect. 5.6.

In this Chapter values for the cosmological parameters of Hy = 70 km s~ !Mpc™1,
O, = 0.3 and Q2 = 0.7 are used. The radio spectral index, « is defined as S, o =%,
and taken as a = 0.8 where necessary. For clarity cold- and hot-mode sources will be

referred to as HERGs and LERGs, respectively, in the remainder of this work.

5.2 Low-redshift sample of radio-loud AGN

Best and Heckman [14, hereafter BH12] constructed a large, local radio galaxy sample
by combining spectroscopic data from SDSS [10, 11] with radio data from National Ra-
dio Astronomy Observatory Very Large Array Sky Survey (NVSS) [15] and the Faint
Images of the Radio Sky at Twenty centimetres (FIRST) survey [16]. This resulted in
a catalogue of over 10000 radio galaxies, which were classified as LERGs (9863 sources)
or HERGs (481 sources) on the basis of their emission line flux measurements. These
emission line measurements were taken from the value added spectroscopic catalogue
(VASC) created by the Max Planck Institute for Astrophysics and Johns Hopkins Uni-
versity [cf. 17]. The VASC is the parent sample for the BH12 radio-loud AGN sample
and we will use it as the reference sample of inactive galaxies. We classify a galaxy as
inactive if it has not been identified as a radio-loud AGN by BH12. The VASC also
provides derived quantities such as stellar masses, M,, and star formation rates, SFR,
used in this paper. These derived quantities are obtained by fitting a spectral energy
distribution (SED) to the optical broadband measurements from SDSS.

The corresponding near- and mid-IR data for the galaxies in the VASC comes from the
Wide-Field Infrared Survey Explorer (WISE) [18], which observed the sky in four bands
(3.4, 4.6, 12 and 22 pm). We use the near- and mid-IR fluxes, in particular at 22 um,
from the SDSS-WISE catalogue of Chang et al. [19]. Chang et al. [19] cross-matched
the SDSS spectroscopic galaxy sample as compiled in the New York University value-
added galaxy catalogue (NYU-VAGC) [20] with the AIWISE source catalogue with a
search radius of 6 arcsec. Thus, we obtain 8263 LERGs and 272 HERGs with a 22
pm flux from the AIWISE catalogue in the redshift range 0.03 < z < 0.4. 91% of the
LERG and 49% of the HERG with an entry in the AIIWISE catalogue has a 20 upper
limit on the detected 22 pm flux instead of a > 20 detection. From the WISE fluxes,
S, the IR luminosity is calculated using L, = v x S, x 47 D? . Given the low redshift

lum*
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of our sample we do not include a K-correction.

5.2.1 Volume-limited sample

The high fraction of upper limits on the WISE mid-IR luminosities can make interpre-
tation of the results complex. Therefore, we define a pseudo-volume-limited sample by
selecting all galaxies that satisfy the following criteria:

e 2<0.15

® Znazradio = 0.1

® Znazoptical = 0.15

e a > 20 detection in Looym
o Loyym > 10%0 W

o M, /M, > 10105

e 0.5 < D,4000 < 2.5

The mass limit is not strictly necessary in this definition as it does not remove any
radio-loud AGN from the sample. However, it does remove low-mass galaxies from
the inactive galaxy population used as a comparison sample. As such, the mass limit
creates a more representative comparison sample. The above criteria select a sample of
26275 galaxies, 159 of which are classified as radio-loud AGN. Due to the non-uniform
depth of the WISE survey over the area of the SDSS there is a large number of galaxies
(45862 of which 951 are radio-loud AGN) that satisfy the above criteria, but have a
20 upper limit on Lgg,y,. This upper limit is equivalent to a mid-IR luminosity in the
range 1000 > Log ., [W] > 1034, We nevertheless decide to keep the luminosity cut at
Looum > 10°%% W, which corresponds to the detection limit for the deepest WISE areas,
as it enables us to study the behaviour of galaxies and AGN well below the apparent
HERG/LERG cross-over at Lag,m = 10°%6 W (see further Fig. 5.1).

Throughout this paper we will refer to the pseudo-volume-limited sample as the volume-
limited sample (VLS) and present only the results from the sources with mid-IR detec-
tions. All galaxies with an upper limit on Loy, follow the trends set by the detected
counterparts of their subpopulation, if we assume that Lgg,m is equal to the value set
by the 20 upper limit. Any significant or notable deviations induced by the inclusion
of the upper limit population will be mentioned explicitly.



5.3 The mid-IR luminosity of radio-loud AGN 67

39.0 3.0
38.5 {285
38.0 1380
37.5 1375
g 37.0 1370
S
5 36.5 16
=
g 36.0 1360
(@]
(@)
— 355 .
35.0 1250
——= HERG 207 limit
345 L22pm,break 134.5
34.0 L L L L +134.0
23.0 24.0 25.0 26.0 0 0.1 0.2
log, (L, 4gn, W/HZ]) fraction

Figure 5.1: (left) 22 pm luminosity vs. 1.4 GHz radio luminosity for the LERGs (red circles)
and HERGs (blue squares) from the BH12 sample investigated in this paper. The solid black
line indicates the optimal separation between HERGs and LERGS Lao,m break = 10366 W.
Upper limits on the L, of HERGs are indicated by open squares with arrows. Upper limits
for LERG are not shown for clarity. However, the 20 values span the same parameter space
as the LERG detections shown in the figure. (right) A histogram showing the distribution of
Looyum for HERGs (blue squares) and LERGs (red circles). The solid lines include only > 20
detections, while the open symbols connected by dashed lines also include upper limits.

5.3 The mid-IR luminosity of radio-loud AGN

Fig. 5.1 shows Log,m as a function of Ly 4gu, for the HERGs (blue squares) and LERGs
(red circles) in the BH12 sample. Upper limits on the Log,,, of HERGs are shown by
blue arrows. Upper limits for LERGs are not shown for clarity, but span the same
parameter space as the LERGs with a 22 ym detection. The HERG population does
appear to be offset with respect to the LERGs in Lagy,. This is confirmed by the right-
hand side panel of Fig. 5.1. This panel shows the Log,m, distribution of HERGs (blue
squares) and LERGs (red circles). The solid lines include only > 20 detections, while the
open symbols connected by dashed lines also include upper limits. Both populations
can be described by a Gaussian distribution with (log,q(Lazum)) = 36.83 £ 0.48 for
HERGs and (logy(Logum)) = 36.34 = 0.58 for LERGs. A log-rank test that takes into
account censored data [21] confirms that HERGs and LERGs are a statistically different
population in Lag,m.

Following Giirkan et al. [12] we define a break luminosity, Lasum break, that separates
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the two populations as

loglo (L22um,break [W]) = LO (51)

We determine Ly by minimizing the fraction of sources that is misidentified, fiisq-

I 2 I 2
= (s’ (f) o2

Nugrc NiLERG

Here I, is the number of incorrectly classified HERGs or LERGs and N, the total num-
ber of these AGN. Considering only the radio-loud AGN with a detection at 22 pym we
find Ly = 36.57 at fuisia = 0.41. If the AGN with an upper limit on Ly, are included
Ly increases slightly to 36.64 at fuisiq = 0.56. Fig. 5.1 shows Log;m break = 10366 W as
a solid black line. It is obvious from Fig. 5.1 as well as the values of fsq that this
method of separation suffers from a strong cross-contamination. 31% of the LERG with
a 22 pm detection are located above the empirical separation line. In addition, 30% of
the HERG with a detection at 22 pum and 35% of the HERG with an upper limit on
Lo are located below Loom break = 10366 W,

5.3.1 Influence of star formation

Figure 5.2 shows the 22 pym luminosity distribution of the VLS as a function of galaxy
colour: Red (1.7 < D,4000 < 2.5), Green (1.45 < D,4000 < 1.7), Blue (0.5 < D,4000 <
1.45) and All (0.5 < D,4000 < 2.5) [22]. The error bars are determined using Poissonian
statistics. We observe that LERGs have Lgy,m comparable to the population of inactive
galaxies, while HERGs have a clear excess of 22 pym emission. Loaum break = 10366 W is
included in Fig. 5.2 as a visual aid in the form of a vertical dashed line. This reveals
the origin of the poor performance of Logm break = 1096 W as a separator between
HERGs and LERGs. Blue star forming galaxies have an inherently higher Lgs,,,. This
gives LERGs hosted by blue (and to a lesser degree green) galaxies a mid-IR luminosity
that is typically associated with HERGs. In turn, there appears to be a population of
green HERGs with an untypical low mid-IR luminosity. Inclusion of the upper limit
sources from the VLS shows a similar population in the red galaxy population.

These two phenomena are again observed in Fig. 5.3. Fig. 5.3 shows the Loy,m —
SFR—plane. The grey contours show the distribution of inactive galaxies from the
VLS. The blue cloud (at high SFR) and the top end of the red sequence (at low SFR)
are clearly recognizable. With the exception of a few outliers, the LERG population
(red symbols) follows the distribution of the inactive galaxy population. As a result, a
number of LERGs with a high SFR have a mid-IR luminosity which is unusually high
compared to the LERG hosted by red galaxies (the numerically dominant part of the
LERG population). HERGs (blue) generally have excess mid-IR emission in comparison
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Figure 5.2: The luminosity distribution of LERGs (red), HERGs (blue) and regular galaxies
(black) as a function of galaxy colour for the volume limited sample defined in Section 5.2.1.

The error bars are based upon Poissonian statistics. The vertical dashed line is L2g;m break =
10366 W.

with inactive hosts. Taking into account the presence of the blue cloud we can refine
the Logum break Criteria to separate HERGs and LERGs. We redefine Lagm break as

logyo (L2ggm break[W]) = min (Lo, L1 + ALy X log;, (SFR [Mg/yr])) (5.3)

We determine Lo, Ly and AL; by minimizing fisq. For the VLS we obtain a minimum
fmisia = 0.18 with the parameters Ly = 36.41, L1 = 36.46 and AL; = 0.41. This gives
a completeness of 90% and 88% for LERGs and HERGs, respectively. The reliability
for the separation is 97% for LERGs and 66% for HERGs. The inclusion of the upper
limit population in Fig. 5.3 accentuates the location of the red sequence as well as the
dominance of LERGs in this region. The distribution of these sources suggests a slight
increase of Ly to the range 36.5 < Ly < 36.7. However, the most notable difference is
the presence of another 4 HERGs with low mid-IR luminosity.
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Figure 5.3: Lgo,m as a function of the host galaxies star formation rate for LERGs (red
circles) and HERGs (blue squares) in the volume limited sample defined in Sect. 5.3.1. The
background contours shows the distribution of the regular galaxies from the same sample in
the Log;m — SF R—plane. The greyscale on the right indicates the number of galaxies per bin
of size (6SF R, 010g1o(La2um)) = (0.1,0.2). If the number of galaxies is less than 5, the galaxies
are shown as black dots instead. The black dashed line indicates the Log,m break = 10%6-6 W
separation line, while the black solid line indicates the more advanced separation given in
Section 5.3.1.

5.3.2 Influence of redshift and host galaxy mass

Closer inspection of the VLS shows that it is effectively equivalent to a redshift cut
0.10 < z < 0.15. In addition, host galaxy mass is known to be a dominant factor in
the properties of both the AGN and its host [6]. To investigate how robust our ad-
vanced separation criterion is against these two parameters, we investigate the mid-IR
luminosity of radio-loud AGN as a function of redshift and host galaxy mass. Starting
from the complete flux limited population we select all galaxies in two redshift bins:
0.03 < 2 < 0.15 and 0.15 < 2z < 0.30. Within each redshift bin we split the galaxies
in three stellar mass bins: 10.5 < log;, (M./Mg) < 11.0, 11.0 < log,, (M./My) < 11.5
and log,, (M./Mg) > 11.5. Fig. 5.4 shows the distribution of inactive galaxies (grey
contours), HERGs (blue squares) and LERGs (red circles) with a detection in Loy, in
the Looum — SFR—plane for these six (z, M,)—bins. The number of inactive galaxies
(black), HERGs (blue) and LERGs (red) with a Lgg,m detection in each redshift bin
is listed in the bottom right of each figure. In brackets the number of sources with a
20 upper limit on their 22 pym emission is listed for each population. 97.5% and 2.5%
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Figure 5.4: Loy, as a function of the host galaxies star formation rate for LERGs (red
circles) and HERG (blue squares) for two redshift (rows) and three mass bins (columns). The
background contours shows the distribution of the inactive galaxies from the same bin in the
L32;m — SFR—plane. The greyscale on the far right indicates the number of galaxies per bin
of size (6SF R, 01og(Lazum)) = (0.1,0.2). Contour levels are located at 5, 30, 100, 250 500,
1000 and 2000 sources, which is indicated by the black lines in the greyscale on the right. If
the number of galaxies is less than 5, the galaxies are shown as black dots instead. The dashed
black line indicates the Lag;m break = 10366 W separation line. The solid black line shows it’s
SFR-dependent counterpart identified in Section 5.3.1. The green lines indicates Lao,m below
which 97.5%, 50% and 2.5% of all upper-limits in that bin are located. The numbers in the
bottom right of each figure indicate the number of HERGs (blue), LERGs (red) and inactive
galaxies (black) from the complete sample presented in Sect. 5.2 that satisfy the redshift and
mass requirements and have a Loy, detection or upper limit (in brackets).

of these upper limits on Ly, are located below the upper and lower dashed green
line, respectively. The median Loy, of of all galaxies with an upper limits on this in
each (z, M,)—bin is indicated by the solid green line. Between the dashed green lines
the luminosities equivalent to the upper limits follow the distribution of their detected
counterparts. It is worth noting that the HERGs with upper limits on Lgg,m are predom-
inantly located at the top of the red sequence; SFR < 3 My /yr and SFR <1 Mg /yr
for the middle and low mass bins, respectively.
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These six bins all show the trends set by the VLS: LERGs follow the distribution of
the inactive galaxy population. At the highest masses there appear to be almost exclu-
sively LERGs. However, the few HERGs that are present in these massive galaxies, are
also clearly the most luminous sources in the mid-IR. The offset in Lgg,m between the
HERGs and LERGs decreases for a decrease in host galaxy mass. In the lowest mass
bin, the HERG population overlaps with the top of LERGs and inactive galaxy popu-
lation. For increasing redshift the opposite appears to happen as an increased amount
of LERGs crosses Logm break- 1t is clear from Fig. 5.4 that Lagum break = 10306 W (black
dashed line) as well as its SFR-dependent counterpart identified in Sect. 5.3.1 (solid
black line) both fail to consistently separate the two populations with a high complete-
ness and reliability.

5.4 Comparison between radio-loud AGN and inac-

tive galaxies

Fig. 5.4 shows that Log,m break Would have to be re-optimized for every redshift and
mass in order to achieve an effective separation between HERGs and LERGs. This
would result in a separation criterion which is dependent on at least three derived
quantities. Obtaining these is an additional step in the separation of the two radio-loud
AGN populations. In addition, it would require significant knowledge about the sample
under investigation to define Lag,m break at all. In order to avoid this we also investigate
a different separation method.

Pace and Salim [13] have shown that HERGs, LERGs and inactive galaxies have very
similar optical magnitudes for a given set of host galaxies properties. For every HERG
and LERG in the BH12 sample with a detection in Lgg,, we identify a luminosity
matched comparison sample of inactive galaxies. The comparison sample of a radio-
loud AGN contains all similar inactive galaxies from the VASC. Here similar is defined
as: the inactive galaxies have a property X within dX of the radio-loud AGN under
investigation. Here X is allowed to be any absolute optical magnitude as observed
by SDSS, the absolute IR magnitude as observed at 3.4 and 4.6 pum, or any colour
between these broadband observations. Furthermore, the redshift is allowed to be
constrained. After identifying the comparison sample for a radio-loud AGN the fraction
of inactive galaxies that are more luminous at 22um is determined. A minimum, f,,in,
and maximum, f,,.., fraction is determined to take into account the inactive galaxies
that have only upper limits on Lag,m.

fmin = N>L22Mm,det/Ninactive (54&)
fmaa: - (N>L22um,det + N>L22um,ul) /Ninactive (54b)
fmean =0.5 % (fm'm + fmax) (54(3)
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Here N.r,,,, is the number of inactive galaxies in the comparison sample that are
more luminous at 22 pm than the radio-loud AGN. Lay,y, is determined either from a
detection by WISE (det) or by assuming that the 20 upper limit represents the actual
luminosity (ul). Nipaetive 1 the total number of inactive galaxies in the comparison
sample. Fig. 5.5(a) shows the range |fmin, fmaz| for all radio-loud AGN with a 22 ym
detection in our AGN sample. The constraints imposed on the reference sample of each
AGN are

o redshift [zagn — dz, zagn + dz] with dz = 0.06
e optical magnitude [Myony —dM, Magny+dM] with dM = 0.5 for U,R, and I band.

e optical color [Cugy — dC, Cagy + dC| with dC' = 0.3 for U — R and R — I optical
colors.

HERGs typically are in the top 5% of mid-IR luminosity distribution set by the ref-
erence sample. They have a small range spanned by f,.;n and fi... as their detected
mid-IR luminosity is higher than the luminosity set by upper limits. LERGs typically
have a large range between f,;, and f,... Only a few of the inactive galaxies need to
have an actual luminosity close to the upper limit, to set the mid-IR luminosity of the
LERG in the bottom 95% of the Lag,, distribution set by the reference sample.

Fig. 5.5(b) shows this even more clearly. Fig. 5.5(b) shows the distribution of f,,cq, for
HERGs (blue) and LERGs (red) using 1% wide bins. Negative values are radio-loud
AGN that don’t have at least 100 inactive galaxies within the constraints set above.
HERGs show a clear peak at fcen = 0.005 with a rapid decline to the 3% level at
fmean = 0.035. LERGs have a uniform distribution over the range 0.02 < f,,can < 0.6.
The distribution of both HERGs and LERGs becomes 0 at values f,can > 0.6, because
of the large number inactive galaxies with only an upper limit on their 22 gm lumi-
nosity. This means [fiin, fmaz] regularly spans a large part of its maximum range, i.e.
[0, 1], especially for LERGs (as also shown in Fig. 5.5(a)). The peak at fycan = 0.005
of the LERGs is most likely the consequence of an Eddington bias. Our analysis only
uses radio-loud AGN with a mid-IR detection, which favours the selection of the most
luminous galaxies in each population. When compared to the luminosity distribution
set by the total population of comparable galaxies these will naturally cluster towards
the high luminosities. The peak at f,eqn = 0.005 of the LERGs disappears when a
comparison is made using only galaxies with a mid-IR detection or when using the
VLS. In both cases the distribution of HERGs is not altered compared to that shown
in Fig. 5.5(b). It should also be noted that fiin, fimean a0d fia: show a decreasing
trend with redshift for LERGs at z < 0.1. This is the result of the imbalance in the
redshift of comparison galaxies. The higher redshift comparison galaxies generally have
a higher (equivalent) 22 pm luminosity. At z < 0.09 the AGN under investigation have
an increasing fraction of luminous high redshift sources for a decreasing redshift. This
means the nominator of f,,;, and f,,.; increases with decreasing redshift. HERGs are
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Figure 5.5: (a) Fraction of comparable inactive galaxies that have a Log,m greater than
the HERG (blue) or LERG (red) under investigation. Most radio-loud AGN have a range of
potential fractions, as defined in Equation 5.4, due to the large number of upper limits on
the WISE detections. The solid black line at 5% indicates the proposed separation between
HERG and LERG. (b) Distribution of fyeqn for HERGs (blue) and LERGs (red) for the
constraints on the reference sample given in Sect. 5.4. Bins of 0.01 are used along the x-axis.
The absolute values on the y-axis will depend on this bin width. Negative values of fiean
indicate that there are less than 100 galaxies in the reference sample of inactive galaxies.

less susceptible to this effect due to their (on average) higher Los,y,. Considering this
redshift effect dz = 0.06 is quite large. However, the large redshift range is required to
obtain at least 100 comparison galaxies for each radio-loud AGN.

Based on the clear difference in the distribution of f,,c., We can define a separation
criterion between HERGs and LERGs. The magnitude constraints given above and
the requirement that f,,.., < 0.05 give the highest completeness and reliability for
this separation method. We achieve a completeness of 87% and 52% for LERGs and
HERGsS, respectively. The reliability for the separation is 91% for LERGs and 46%
for HERGs. These numbers are primarily driven by the redshift constraints and the
numerical difference of the two populations. While the fraction of HERGs and LERGs
at fiean = 0.005 is significantly different, in absolute number they are about equal.
In addition, we find that the specifications above do not constrain the similarity of
galaxies as well as derived quantities such as SFR and M,. In particular, despite the
colour constraints the match in SFR is poor to negligible.
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5.5 Discussion

We have investigated the mid-IR properties of HERGs and LERGs using a sample of
low-redshift radio-loud AGN. Our results are generally consistent with the current view
on these two populations of radio-loud AGN as presented by Heckman and Best [6].
HERGs show an increased mid-IR emission with respect to inactive galaxies similar
to the host galaxy of the HERG. This excess emission is attributed to the presence of
a torus. LERGs follow the mid-IR luminosity distribution set by the inactive galaxy
population. In this Section we will first discuss the effects of different mid-IR luminosity
calculations on the results. After this we will compare our detailed findings for HERGs
and LERGs as well as the potential of separating the two using mid-IR observations
with results found in recent literature.

5.5.1 K-correction

Motivated by the low redshift of our sample we have chosen not to include a K-correction
in the calculation of Lag,y,. Other authors, such as Giirkan et al. [12, hereafter G14],
included a K-correction by assuming the mid-IR spectrum can be described by a power
law given by S, oc v, Fig. 5.6 shows the value of ay as a function of the 4000 A
break [23] for HERGs (blue squares) and LERGs (red circles) in the BH12 sample as
well as the regular galaxies from the VASC (grey contours) with detections in both the
12 and 22 pm WISE bands. We observe that LERGs follow the distribution of spec-
tral slopes found by the regular galaxy population. HERGs on the other hand show
azq = 1.69 £ 0.55 (yellow lines) independent of host galaxy colour. This value is lower
than asy = 2.4540.88 (Fig. 5.6, green lines) found by G14 using only narrow-line radio
galaxies in the 3CRR population.

Based on Fig. 5.6 one can argue that HERGs and LERGs have a different K-correction.
To check the effect of this Lag,m is recalculated using the following scheme to determine
agzq: 1) if the source has a 20 detection in both the 12 and 22 pm bands of WISE, ay
is derived directly from these fluxes. If either W3 or W4 is an upper limit then 2a) a
HERG uses agq = 1.69, 2b) a LERG or inactive galaxy uses the median value of asy
found for all galaxies with similar mass and 4000 A break. Here similar is defined as a
maximum difference of 0.15 and 0.3 in D,4000 and log,;,(M./Mg), respectively. This
method of calculating Lag,y, introduces negligible differences in our results. A compar-
ison between the corrected (using the above scheme or gy = 2.45) and uncorrected
luminosities shows we underestimate Lo, by up to 50%.

The low redshift of our sample allows us to ignore the K-correction and avoid introduc-
ing an a-priori bias through a different a34. However, at higher redshifts a K-correction
will be crucial, but this will require a well constrained SED. As shown by Fig. 5.6 there
is a large spread in the slope of the SED between 12 and 22 um for both LERGs and
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Figure 5.6: a4 as a function of the host galaxies 4000 A break for the LERG (red cir-
cles) and HERG (blue squares) from the BH12 sample investigated in this paper. The
background contours shows the distribution of the regular galaxies from the VASC in the
asq — Dp4000—plane. The greyscale on the right indicates the number of galaxies per bin of
size (0D,4000,0a34) = (0.1,0.1). If the number of galaxies is less than 5, the galaxies are
shown as black dots instead. The green lines indicate the mean (solid) and +1o (dashed)
vales of agq = 2.45 4+ 0.88 found by G14. The yellow lines show a34 = 1.69 £ 0.55 found for
the HERG in the BH12 sample.

HERGs. Large differences in the SED of various AGN have also been identified in higher
redshift AGN [e.g. 24]. Extrapolation using a single value of a4 therefore appears a
precarious exercise. Alternatively, one could consider using a lower base wavelength,
for example 12 pm. This would allow for a more secure K-correction as the use of asy
would be an interpolation. However, at 12 ym the trends presented in this paper are
present, but significantly less pronounced.

5.5.2 High-excitation radio galaxies

At least 50% of the HERGs in the BH12 sample show a clear excess of mid-IR emission
with respect to comparable inactive galaxies. The additional emission is assumed to
be associated with the AGN torus present in these radiatively-efficient accretors. How-
ever, there is a subpopulation of HERGs that deviates from this trend. Throughout
our analysis we observe a population of HERGs with a very low mid-IR luminosity. For
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all these sources the HERG classification was confirmed by visual inspection of their
optical spectra from SDSS. A closer inspection of this population of low Ly, HERGs
shows:

e They are predominantly hosted by galaxies in the green valley or red sequence

that have low SFRs (SFR < 1.0Mg/yr).

e We have performed a visual inspection of the radio morphologies of the HERG
population as observed by FIRST. Sources were classified as extended (FRI /
FRII if possible), point source and unclassifiable. Approximately 65% of the mid-
IR weak HERGs are point sources compared to ~ 50% of the HERGs with excess
mid-IR emission. The additional fraction of point sources is predominantly due
to a decrease in the fraction of FRII sources.

e The HERGs with an excess Lag,m luminosity have more OIII emission than their
counterparts without the excess Lgs,, emission. The median equivalent width
(EW) of the OIII emission line is 7 A for the HERGs with a low Looum while the
population with a high Lo, has EW[OIIT] ~ 13A.

e The fundamental difference between HERGs and LERGs has been suggested to
be the Eddington scale accretion rate, A = Lﬁ’”h Fig. 5.7 shows Loy,m as a
function of A for all radio-loud AGN in the BH12 sample with a z < 0.1. A was
calculated following the method outlined in Best and Heckman [14]. For a secure
A value the redshift of the sources shown is limited to z < 0.1. No trends are
visible within the limited number of HERGs shown in Fig. 5.7. This is confirmed
by a partial correlation analysis that takes into account censored data [25] as
shown in Table 5.1. However, when a larger number of (higher redshift, z < 0.3)
sources are included a significant positive partial correlation is present.

Based on this evidence we hypothesize that the HERGs with low mid-IR luminosities
are weak HERGs that have only a small gas supply available to them. This results
in an AGN with a lower power and a shorter lifetime. Therefore the host galaxy will
dominate the observed mid-IR emission [26] instead of the weaker torus emission. The
jet will not have the strength or duration to grow large, thereby explaining the increased
number of radio point sources.

Based on the location of composite, Seyfert 2 and LINER galaxies from the SDSS in
the SFR — M,—plane Leslie et al. [27] presented a scenario in which galaxies have
episodes of increasingly weaker AGN activity during their evolution from the main
sequence of star formation to the red sequence. Analogous to this we speculate that
the high power HERGs are the radio-loud equivalent of quasars and are responsible for
the initial quenching of its host galaxy and its departure from the main sequence of
star formation. During the subsequent evolution to the red sequence further episodes



78 5. Mid-IR classification of radio-loud AGN

40 30 20  -10 0.0

C Ll Ll Ll n T

S

©

o

E 38.0

375

_ 1370
z 1365

€

S : 136.0
_ R 2

G355 o Sagt : " {355

35.0 e LERG {35.0
s HERG
34.5 o— = HERG 20 limit 134.5
L
34.0 L - 22y ek 1340
-4.0 -3.0 -2.0 -1.0 0.00.10.2
IoglO(Lrad+Lmech)/LEdd) fraction

Figure 5.7: 22 pym luminosity as a function of the Eddington-scaled accretion rate, A, for all
LERGs (red circles) and HERGs (blue squares) with a z < 0.1. The black line indicates the
empirical separation between HERGs and LERGs at Loo;m break = 10366 W found in Sect.
5.3. Upper limits on the Loo,, of HERGs are indicated by open squares. Upper limits for
LERG are not shown for clarity. However, the 20 values span the same parameter space as
the LERG detections shown in the figure. (right) A histogram showing the distribution of
Looym for HERGs (blue squares) and LERGs (red circles). (top) A histogram showing the
distribution of A for HERGs (blue squares) and LERGs (red circles). In both histograms
the solid lines include only sources with > 20 detections in Lgg;m, while the open symbols
connected by dashed lines also include upper limits.

of radio-loud AGN activity will be observable as the low power (mid-IR weak) HERGs.
Alternatively, the low mid-IR luminosity could be attributed to the orientation of the
HERGs. Podigachoski et al. [28] found that powerful radio galaxies seen on-axis have
higher mid-IR luminosities with respect to their edge-on counterparts. These results
are supported by radiative transfer models of AGN torii [e.g. 29]. However, a larger
fraction of extended radio sources is expected for the less luminous edge-on HERGs.
This is the opposite of our observations. Furthermore, the VASC (and by extension
the BH12 sample) is inherently biased against quasars and broad-line radio galaxies as
their spectra do not allow a reliable derivation of secondary quantities. Based on these
arguments we deem this a less likely explanation.
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5.5.3 Low-excitation radio galaxies

Our results support the view that LERGs lack an obscuring structure and thus lack
the additional mid-IR emission associated with it. Throughout this paper LERGs have
followed the mid-IR luminosity distribution set by the inactive galaxy population, sug-
gesting that their mid-IR luminosity is dominated by their host galaxy. This finding is
in line with the work of Pace and Salim [13], but in contrast with the findings of G14,
which showed a correlation between the luminosity of the radio core and mid-IR lumi-
nosity. The latter suggests that there is a jet contribution to the mid-IR luminosity. A
partial correlation analysis [25] shows no correlation between the radio and mid-IR lu-
minosity of LERGs. It should be noted, however, that the BH12 sample predominantly
contains much weaker radio sources (S74an, > 5 mJy or 29.7 mJy at 151 MHz; ~16
times fainter than the faintest sample in G14), which might be too weak to provide a
measurable contribution to the mid-IR luminosity.

The subpopulation of LERG with high mid-IR luminosities in the BH12 sample is the
result of radio-loud AGN being hosted by a population of blue, actively star form-
ing galaxies. These LERGs hosted by the most massive blue galaxies were previously
identified by Janssen et al. [22]. The IR-luminous LERGs all have Eddington-scaled
accretion rates at the high end of the LERG distribution, as seen in Fig. 5.7. It is
also worth noting that LERGs have a weak, but significant, correlation between A and
Logum (Table 5.1).

5.5.4 Broadband separation methods

As described above, the HERGs and LERGS follow clear trends with respect to their
mid-IR luminosity. Despite these trends we have not been able to identify a criterion
that separates the two AGN populations with both a high (> 70%) completeness and
reliability. Table 5.2 lists for each of the three methods discussed in this paper the com-
pleteness and reliability achieved. Besides the obvious issue with the low Lgg,, HERGs,
we have shown that a reliable separation criterion takes into account star formation,
redshift and galaxy mass. This would require a lot of additional derived quantities
and a-priori calibration using a known dataset before classification is possible. The
main weakness of using exclusively optical through mid-IR broadband magnitudes and
colours as presented in Sect. 5.4 is the poor constraint on SFR. If this can be remedied
with additional observations, this might appear to be a very promising approach.

The poor separation performance is in stark contrast to the findings of G14, who con-
cluded that there exists an empirical cut-off between LERGs and HERGs of Log;m =
5 x 10% erg/s = 10%7 W. This break is remarkably similar to Lagum preax = 10306 W
found in this work. However, were G14 find this cut to be very clean for their sam-
ple of radio-loud AGN from the 3CRR, 2Jy, 6CE and 7CE catalogues Fig. 5.1 shows
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Table 5.1: Results of the partial correlation analysis following Akritas and Siebert [25].
The significance of the Kendall 7 (column 5) indicates the strength of the partial correlation
between the variables listed in columns 1 and 2 whilst taking into account the presence of
redshift. A is the Eddington-scale accretion rate of the AGN as described in Section 5.5. The
analysis takes into account upper limits. The analysis has been performed on three samples:
1) BH12; the complete sample studied in this paper and described in Section 5.2. 2) Eq.S.;
the sample of radio-loud AGN selected in Appendix A to mimic the original sample of G14.
3) z < 0.1; all sources in the BH12 sample with z < 0.1 to allow a reliable determination of

A as described in Section 5.5.

Abscissa  Ordinate Sample No. Sources T/o
Liscny Looym LERG (BH12) 1000¢ 0.79
HERG (BH12) 272 1.56

Ly scHy Looym LERG (Eq.S.) 70 1.63
HERG (Eq.S.) 151 1.76

A Logym  LERG (2 <0.1) 950 7.10
HERG (z < 0.1) 29 0.73

¢ 1000 LERGs are randomly selected from the complete BH12 sample containing
8263 sources to limit the required computation time.

it performs very poorly for the lower luminosity BH12 sample. Using mock samples
drawn from the BH12 catalogue to mimic the G14 samples we show that the observed
differences are the result of the differences in sample size, flux limit and relative number
of HERGs and LERGs between the G14 and BH12 samples (See Appendix A). When
looking at a low number of BH12 sources with a relatively high HERG fraction and high
radio luminosities the empirical cut-off by G14 also appears as a clean separator. This
clearly shows that the numerical dominance of LERGs within the BH12 sample has a

Table 5.2: The completeness and reliability of the three separation criteria discussed in
this paper: single valued break in Loo,m (Section 5.3); advanced SFR-dependent Loom-
break (Section 5.3.1); comparison with inactive galaxies (Section 5.4). For each criteria the
completeness and reliability is listed if only > 20 detections in Loo,m, are taken into account.
In addition, for the first two criteria the best and worst case values are listed (in brackets)
when the upper limits on Lag,m are taken into account.

G14 Logum-break Advanced Log,m-break  frean < 0.05

Completeness LERG  73% (97% - 58%) 67% (97% - 43%) 87%
HERG  68% (65% - 22%)  75% (74% - 25%) 52%
Reliability LERG  93% (98% - 94%)  94% (99% - 92%) 91%

HERG  31% (94% - 2%) 29% (55% - 2%) 46%
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strong impact on the performance of any separation criterion. The number of LERGs
in the BH12 sample as a whole is so great that their completeness and reliability are
not significantly affected by the exact separation criterion. In turn, a few misidentified
LERGs have a dramatic effect on the performance of the HERG population.

5.6 Conclusion

We examined the mid-IR properties of a sample of HERGs and LERGs identified within
the SDSS using WISE observations. Using these measurements we have investigated
the potential to separate the two populations of radio-loud AGN based exclusively on
broadband observations. We conclude, that:

1. LERGs have the same mid-IR luminosity distribution as inactive galaxies with
the same mass, star formation rate and redshift as the LERG’s host.

2. HERGs, generally, have a mid-IR luminosity comparable to or in excess of the
top 5% most luminous inactive galaxies similar to the AGN host.

3. There is a subpopulation of HERGs that have a Ly, in line with inactive galax-
ies. These are predominantly found in the red sequence and green valley.

4. As a result of the above the HERG population has 0.5 dex higher Log,m, than the
LERG population.

Despite these trends we have not been able to identify a clear criterion using exclusively
broadband observations based on which HERGs and LERGs can be separated with-
out significant cross-contamination. This is not only the result of the low-luminosity
HERGs, but also due to:

e The large inherent spread in the mid-IR luminosity of radio-loud AGN and inac-
tive galaxies. This intrinsic spread is (at least partially) due to dust heated by
young star, which dominates Log,m, in LERGs and a fraction of the HERGs [26].

e The poor constraint on active star formation provided by using only optical
through mid-IR observations.

e The numerical dominance of LERGs within the BH12 sample.

Comparing Lo,m of a radio-loud AGN to that of similar inactive counterparts has
shown to be a powerful way to identify HERGs. This is especially true, if host galaxy
mass, star formation rate and redshift can all be properly constrained. However, ad-
ditional multiwavelength observations (other than SDSS and WISE) will be required
to achieve this. Far-IR and UV observations would be first additions to enable a rigid
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estimation the star formation contamination. The next step in HERGs and LERGs

separation will be using SED decomposition which measures the stellar, dust and AGN
components by fitting them to UV through far-IR broadband data. [30, 31].
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Chapter 6

Controlled illumination of microwave
kinetic inductance detectors

6.1 Microwave kinetic inductance detectors

Microwave Kinetic Inductance Detectors (MKIDs) [1] are microwave resonators made
from a superconducting material and optimized to absorb radiation of a desired fre-
quency. Inside a superconductor the electrons form Cooper pairs, which can carry
current without resistance. However, in an alternating electric field the inertia of the
Cooper pairs can be expressed as a kinetic inductance. Hence, the inductance and
resistance in a superconducting resonator depends on the number of Cooper pairs and
unpaired electrons (or quasiparticles). When electromagnetic (EM) radiation is ab-
sorbed with an energy larger than the binding energy of the Cooper pairs (hv > 2A),
the Cooper pairs are broken and quasiparticles are created (Fig. 6.1(a)). This changes
the resistance and inductance of the superconductor. These changes can be observed
by creating a resonant circuit out of the superconducting material. Superconducting
microwave resonators upon which MKIDs are based may be represented by the RLC-
circuit shown in Fig. 6.1(b). The variable resistance and inductance are the result of
the superconductor’s sensitivity to radiation. This resonant circuit is coupled either
capacitively or inductively to a feedline. The forward transmission of the feedline will
show a dip at the resonance frequency of the resonator as shown in Fig. 6.1(c). For
increased illumination the increased resistance decreases the depth and increases the
width of the resonance feature. In addition, the change in kinetic inductance decreases
the resonance frequency. This is also shown in Fig. 6.1(c).

Two incarnations of MKIDs are currently actively investigated for application in as-
tronomy: Lumped Element KIDs (LEKIDs) and antenna-coupled KIDs. LEKIDs are
based on a lumped capacitor and inductor [2]. An example is shown in Fig. 6.2(a).
LEKIDs are generally simple planar structures making fabrication easier. Radiation
is directly absorbed in the inductor, which enables LEKIDs to detect throughout the
EM spectrum. However, the direct absorption in the resonator couples the absorption
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properties of the LEKID to the resonator properties, which determines their sensitivity.
This makes the design of LEKIDs more challenging [3].

An example of an antenna-coupled MKID is shown in Fig. 6.2(b). Antenna-coupled
MKIDs use a distributed resonator into which radiation is coupled using a planar an-
tenna. The advantage of this implementation is that the radiation coupling and detector
performance are decoupled and can be individually optimised. However, their applica-
tion is limited to frequencies below 10 THz due to the fabrication limits on the antenna
dimensions.

In this Chapter we will review the operational principle of antenna-coupled MKIDs.
Sect. 6.2 discusses the conductivity of metals, insulators and semiconductors using the
semi-classical Drude-Sommerfeld model. In addition, it describes the microscopic pro-
cess responsible for superconductivity and the complex conductivity that results from
the formation of Cooper pairs. Sect. 6.3 uses this complex conductivity to review
the response to temperature and radiation of distributed superconducting microwave
resonators, which are at the heart of antenna-coupled MKIDs. A summary of known
noise sources is given as well. Sect. 6.4 presents the cryogenic (optical) setup used
in Chapters 7 and 8 to perform a controlled optical measurement of MKIDs. We will
focus on the optical aspects and mathematically define the emission seen by MKIDs
mounted in the setup. Sect. 6.5 discusses the coupling of radiation into an MKID.
After a discussion of the general formalism, we will apply this to determine the optical
throughput in the setup discussed in Sect. 6.4. Sect. 6.6 discusses some considerations
in MKID design to achieve photon noise limited performance. It summarizes how a
measurement of the photon noise can be used to experimentally determine the detector
efficiency of MKIDs. Finally, Sect. 6.7 will give in detail the fabrication procedure used
to manufacture the hybrid NbTiN-Al MKIDs used in Chapters 7 and 8.

6.2 Electrical conductivity

6.2.1 Metals, insulators and semiconductors

The (crystalline) solids observed in the world around us can be divided into three
categories based on their electrical conductivity at room temperature: metals, semicon-
ductors and insulators. Metals (both elemental and alloys) have a high conductivity,
o > 103 Q7 lem™!. Plastics and ceramics, which typically are insulators, have a con-
ductivity o < 1078 Q 'em~!. Semiconductors have a room temperature conductivity
in-between these values. This difference in electrical resistance is the result of the num-
ber of electrons that are free to move through the material, n., and their mobility, ..
In a single atom, electrons occupy the quantized energy levels of the orbitals. How-
ever, when multiple atoms together form the lattice of a solid, these orbitals broaden
and together form a quasi-continuous energy band: a region in energy in which many
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Figure 6.1: Operational principle of MKIDs. (a) Inside a superconductor electrons form
(Cooper) pairs, which can carry current without resistance. However, these Cooper pairs act
as a (kinetic) inductance when an alternating electric field is applied. When EM radiation
with a energy larger than the binding energy of the pairs (hv > 2A) is absorbed in a super-
conductor the Cooper pairs are broken. This changes the resistance and (kinetic) inductance
of the superconductor and makes the resistance and inductance of the resonator luminosity
dependent. (b) The circuit diagram for an electrical RLC resonator, which is capacitively
coupled to the feedline. In the case of an MKID R and L are determined by the supercon-
ductor and therefore depend on the intensity of the pair-breaking radiation. (¢) The RLC
resonator shown in (b) creates a dip in the forward transmission of the feedline at its reso-
nance frequency. For increased illumination the increased resistance decreases the depth of
the resonance feature. In addition, the change in kinetic inductance decreases the resonance
frequency.

Figure 6.2: Examples of a lumped element KID (left) and an antenna-coupled MKID, which
uses a distributed resonator (right). The lumped element KID consists of a meandering induc-
tor in the bottom of the image and a capacitor at the top. This KID is capacitively coupled to

the feedlines on both sides of the resonator. The distributed resonator is capacitively coupled
to the feedline at the bottom of the image. A microlens focusses the light on the sensitive
part of each resonator. Image of the lumped element KID is taken from McCarrick et al. [4].
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Figure 6.3: The density of electronic states for metals, insulators, semiconductors and super-
conductors. In black the occupation of states at a low temperature is shown. The horizontal
edge of this region is located at the Fermi energy. The Fermi-Dirac distribution at low temper-
atures creates free electrons in the metal and superconductor, but not in the semiconductor
and insulator, both of which have a larger gap. Image courtesy of Endo [5]

states are available for electrons to occupy. Each of these states is associated with an
energy, E. Due to the Pauli exclusion principle only a single electron can occupy a state.
As such, the lowest energy available to the system is when all states up to an energy
Er, the Fermi energy, are filled. In the case of insulators or semiconductors the Fermi
level is located in the energy gap between two bands, as shown in Fig. 6.3. For metals
Er is located inside a band.

This difference in their density of states, g(F)dFE, which describes the number of states
in an energy range dFE around energy F, plays a key role in the conductivity of a
material. The ability of electrons to act as charge carriers depends on the availabil-
ity of vacant electronic states. This allows the electrons to increase their energy (i.e.,
accelerate) when an electric field is applied. In metals these vacant states are readily
available as the Fermi energy is located inside an energy band and the typical energy
change of ~ peV can be accommodated for many electrons. As a result metals have
a high number of electrons (n, ~ 10" um™2 [6]) which can participate in the electrical
conduction.

In semiconductors and insulators no vacant states are available in the lower energy
band or ‘valence’ band. For conduction to occur, external energy needs to be supplied
to generate electrons in the higher energy conduction band where vacant states are
present (as well as creating a limited amount of free states in the valence band) [7].
The two most common mechanisms to excite electrons are thermal fluctuations or the
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absorption of photons. The latter is readily used in digital cameras, which use semicon-
ducting detectors. The energy gap of semiconductors is ~ 1 eV (Si Egp = 1.09 €V, Ge
Eqyp = 0.72 €V), which enables near-infrared and optical photons to create conduction
electrons. Hence the conductivity of the semiconductor depends on the flux of optical
photons. Thermal fluctuations redistribute the electrons by providing energy during
collisions between the electrons and the lattice vibrations (phonons). The energy dis-
tribution function of fermions f(E,T) in thermal equilibrium at temperature 7" is given
by the Fermi-Dirac distribution

1
Jeo(BT) = T (B = FehnT) (6.1)

where kg is Boltzmann’s constant. It can be seen from this equation that the number
of conduction electrons in an insulator which has an Fy,, 2 10 eV, will be negligible. In
addition, UV or X-ray photons will be required for photo-excitation. This means that
the flow of electrons from the valence to the conduction band in insulators is negligible
under normal conditions.

The density of conduction electrons may be estimated by [6]

n(1) = [ " W(E)f(E) dE (6.2)

Ec

Here FE. is the lowest energy available in the conduction band.
An intuitive model to understand the conduction of metals and semiconductors in the
presence of a charge carrier density, n., is the classical Drude model [7]. This model
describes the motion of conducting particles in a lattice as competition between the
acceleration by the electric field, E, and relaxation by scattering events.

m% =eF — @ (6.3)
Here m, e and v are the mass, charge and average velocity of the charge carriers. 7 is
the relaxation time, or equivalently the mean time between two scattering events. In
the presence of an alternating electric field E(t) = Re (E(w)e_w) and considering
Ohm’s law

J(W) = nee? = o(w)E(w) (6.4)

we can obtain the complex conductivity o of the material [6]

Ne€>T Mg B nee*r , nee?r?

1 —iwr  meg(l+ (w7)?) * Mmeﬂf(l + (w7)?)

o(w) = =0y + 109 (6.5)
In the crystal lattice of a metal the collisions are either with thermally excited phonons
or impurities in the lattice. Following Matthiessen’s rule 1/7(T) = 1/7,n(T") + 1/70.
Tph describes the temperature dependent electron-phonon interactions. 7y, is in the
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order of 10~ s at room temperature and decreases with temperature as the number of
thermally excited phonons decreases. Near room temperature 7, oc 7! for most met-
als. 71y describes the temperature independent impurity scattering. For metals, where
On./0T =~ 0, this results in a linear decrease of the resistivity at high temperatures
(> 50 K). However, at low temperatures (< 15 K) impurity scattering dominates and
a residual resistance remains. This residual resistance is determined by the purity of
the metal as can be seen in the left-hand side panel of Fig. 6.4, which shows the resis-
tivity of copper as a function of temperature [8]. While conduction electrons inside a
semiconductors also experience scattering, they have a strong increase in conductivity
with temperature. This is driven by the increase in n. with increasing 7. Around
room temperature the changes in n, and 7, become comparable and the conductivity
becomes a weak function of temperature [7].

In Eq. 6.5 both the resistive (real) part of the conductivity and inductive (imaginary)
part can be recognized. The imaginary part is the result of the inertia of the charge
carriers and is often called the kinetic inductance. Because of the short scattering times
in normal metals (even at low temperatures), both the inductive term of the complex
conductivity and the w?72 term are negligible.

The classical Drude model discussed above disregards the Coulomb interactions between
the electrons and ions and between different electrons. A quantum mechanical descrip-
tion of these effects would consider the collective behaviour of all particles. However,
due to screening effects, this collective behaviour can be described in terms of ‘electron-
like’ quasiparticles. The Landau quasiparticles in a normal metal have only subtle
differences with the free electrons of the Drude-Sommerfeld model, which can be cap-
tured using an effective mass, meg, or an effective density of states [9)].

6.2.2 Superconductivity

When researching the low temperature electrical properties of pure metals [11], Kamer-
lingh Onnes [12] discovered in 1911 that the electrical resistance of mercury disappeared
at temperatures below a critical temperature, T,. He later found the same behaviour
for lead and tin [13]. This fourth category of electrical conduction is superconductivity.
Superconductivity has two characteristic macroscopic effects: absence of DC resistance
and the exclusion of a magnetic field from the interior of the superconductor, i.e. the
Meissner effect [14]. The latter is true both when a superconductor enters a magnetic
field and when the sample is cooled through 7, while in a magnetic field.

A microscopic description of these phenomena was given in 1957 by the BCS theory [15].
Inside a superconductor the conduction electrons form Cooper pairs. Cooper pairs are
pairs of electrons with opposite momentum and spin, which are weakly bound through
electron-phonon interaction. A simplified description of this process is the following.
As an electron passes it attracts the nearby lattice ions through Coulomb interaction.
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Figure 6.4: The resistivity of copper (left) and niobium (right) as a function of temperature.
At temperatures above ~ 50 K the resistivity increases linearly with temperature. Below
~ 50 K the resistivity saturates at a limiting value pg. pg decreases for increasing purity of
the material. This effect can be seen for copper in the left panel. The insets of the right panel
shows the transition of Niobium into the superconducting state at a temperature of T, = 9.4
K. Below this temperature the resistivity is negligible. Images reproduced from Powell and
Fickett [8] and Soni and Okram [10].

However, as the ions are much more massive their displacement will remain after the
electron has moved on. This leaves a positively charged wake behind the electron. The
positively charged region attracts further electrons, thereby coupling their presence to
that of the first electrons. The sphere of influence of this first electron or the size of the
Cooper pair is called the coherence length, £, = hvp /7y, with vp the Fermi velocity
and & the reduced Planck constant and A, the energy gap at T' = 0.

As a result of the weak attractive interaction, the electrons condense into a collective
superconducting state. This state can be described by a single wavefunction |Ale’ with
a well-defined phase ¢. The Cooper-pair density ngy oc |A[>. A is half the size of the
energy gap created in the superconducting density of states as a result of the attractive
electron-phonon interaction. The superconducting bandgap is illustrated in Fig. 6.3
and is typically in the order of a few meV. The temperature dependence of A can be
obtained numerically by inversion of

ksTp o
L / L= 2(E) g (6.6)
NoVie A(T) E? — AX(T)

Here N is the single spin density of states at the Fermi energy, V. is the potential energy
describing the attractive electron-phonon interaction and Tp the Debije temperature
which represents the highest energy state available to phonons in the system. In thermal
equilibrium, f(F) is the Fermi-Dirac distribution given by Eq. 6.1, with the Fermi
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Figure 6.5: (a) The superconducting gap, A as a function of temperature. A is nomalized to
the value at 7' = 0 and the temperature is scaled to T;,. (b) The quasiparticle density, nqp, in Al
as a function of the normalized temperature T'/T,. At T < 0.17, nqp decreases exponentially.
The inset in panel (b) shows the error in ngp calculated by Eq. 6.10. This error (ngp—nqp) /Nap
is determined by comparing ngp to ngp determined using the full integrals of Eq. 6.8 and a
temperature dependent gap. Images inspired by de Visser [16] and Vardulakis [17].

energy taken as the zero level, i.e. Er = 0. The resulting temperature dependence of
A is shown in Fig. 6.5(a). At T'=0 A is given by the BCS value Aq [15].

2Ay = 3.52kpT, (6.7)

Quasiparticle generation

Due to the absence of states around the Fermi energy, the superconducting electrons
cannot be scattered unless an energy > 2A is invested to break the Cooper pair and
bridge the superconducting energy gap. The breaking of Cooper pairs creates excita-
tions inside the superconductor, which are generally referred to as (Bogoliobov) quasi-
particles. The quasiparticles describe the collective behavior of all filled states above
the Fermi energy and all empty state below it. However, they can be treated as a single
fermionic particle.

Three main processes have been identified inside MKIDs, which are responsible for
the generation of quasiparticles: temperature, absorption of pair breaking photons
(hv > 2A) [18, 19] and the absorption of microwave photons from the readout sys-
tem (hv < 2A) [16, 20, 21]. Each of these processes changes the quasiparticle energy
distribution f(E) = f(E,T, Popt, Puw), which in turn changes the density of quasipar-
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ticles, ngp, inside the superconductor.
nplT) =480 [ N(E.T)H(E)E (6.8)
0

Here Nj is the normalized BCS quasiparticle density of states [15].

E
NJ(E,T) = Re 6.9
. ( (B —A?(T)) .

In thermal equilibrium f(F) is given by the Fermi-Dirac distribution presented in Eq.
6.1. The quasiparticle density in Al (Ag = 193 ueV, Ny = 1.74 x 10 eV~ ym=3 [17])
as a function of T'/T. is shown in Fig. 6.5(b). At low temperatures the density of
thermally excited quasiparticles may be approximated using

~A
nl = 2Ny/2mkpTAg exp ( 0) (6.10)

kgT

This approximation is correct within 5% for T' < 0.27, as shown by the inset of
Fig. 6.5(b). However, instead of a ‘random’ error it is a systematic underestimation
which can influence the response analysis of MKIDs as shown in Ch. 8.

When photons with an energy hv > 2A are absorbed in a superconductor, these can
directly break Cooper pairs. If the photon arrival rate is high with respect to the quasi-
particle recombination time, 7, (discussed below), the superconductor will experience
a continuous influx of absorbed power, P,;;. The number of additional quasiparticles,
Nyp generated by P,ps in a steady state can be estimated using [22]

NpA

qp

NpbLabs = (6.11)
Npb 1S the pair breaking efficiency which reflects the fact that the complex conduc-
tivity discussed in Sect. 6.2.2 is most sensitive to quasiparticles at £ = A. High
energy (X-ray) photons will create a photo-electron, which through electron-electron
and electron-phonon interactions will cascade down in energy to create many quasipar-
ticles with an average energy of 1.7A or equivalently 7., = 0.57 [23, 24]. Most of this
energy is lost in the slower, final stage of electron-phonon interactions. In this stage
energy is carried away by the lattice in the form of phonons with an energy < 2A,
which can no longer break Cooper pairs. Recent simulations by Guruswamy et al. [19]
for photons with energy 2 < E,;,/A < 10 have shown that pair breaking photons ac-
tually create a non-equilibrium distribution, f(£). The effective n,, experienced by
MKIDs depends on the electron-phonon interaction time, the phonon escape time and
the photon energy. 7., = 1 for E,, ~ 2A and decreases to n,, ~ 0.6 for E,, > 4A.
This was experimentally verified by de Visser et al. [25].

The absorption of microwave photons by already existing quasiparticles also creates
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a non-thermal f(E) that shows an increased occupation of states at multiples of hv
above the energy gap [20, 26]. Through sequential absorption of multiple microwave
photons quasiparticles can reach energies > 4A. When these quasiparticles decay to
a state near the gap they release a phonon with an energy > 2A, which can in turn
break a Cooper pair. This method of quasiparticle generation through the absorption
of microwave power is extensively discussed by de Visser [16]. Through the redistri-
bution of quasiparticles the microwave photons effectively ‘cool” the superconductor at
high temperatures [21]. Ground-based MKID cameras can benefit from this effect as it
effectively increases the internal quality factor of the resonator by a factor of a few. In
turn this increases the resonator response by the same factor (see also Sect. 6.3.3).

Quasiparticle recombination

Both phonons and photons can generate quasiparticles in a superconductor. However,
even in thermal equilibrium or under a continuous illumination the quasiparticle density
will vary in time. This is a result of the continuous competition between quasiparticle
creation and recombination. The superconductor will tend towards the lowest energy
state by recombining pairs of quasiparticles into Cooper pairs. At temperatures T < T,
and for quasiparticles near the gap, F ~ A, the quasiparticle lifetime in thermal equi-
librium can be approximated by [27]

7o ksT o2 [T 7o NO(kBTc)3

Tp is the characteristic electron-phonon interaction time, which is 79 ~ 450 ns for Al [28].
The proportionality between the quasiparticle lifetime and density, 7, & 1/nq, has only
been proven mathematically for a thermal quasiparticle distribution. de Visser et al.
[21] found that this proportionality also holds for non-equilibrium distributions due to
the microwave readout power of the MKIDs. However, the full range of non-equilibrium
distributions for which 7y, o 1/n, remains applicable is unknown.

Complex conductivity

Under normal conditions a superconductor will contain two charge carriers: quasipar-
ticles and Cooper pairs. To describe the complex conductivity of a superconductor
London and London [29] added to the Drude model a kinetic term describing the su-
perconducting electrons. In this two fluid model part of the current is carried by the
quasiparticles and part by the Cooper pairs.

2 2
_ Nap€’T  Nse

o(w) =01 — 109 (6.13)

m wm
Here ng is the density of electrons bound into Cooper pairs. The first term is the
resistance due to the scattering of quasiparticles. The second term can be identified as
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an inductive term due to the inertia of the superconducting electrons. It can also be

derived by equating the energy stored in an inductor, %L[ 2 to the kinetic energy of the

superconducting electrons, $nsev?.

In addition to the complex conductance London and London [29] derived the magnetic
penetration depth

(6.14)

Here pg is the magnetic permeability of vacuum. A is the length scale over which a
magnetic field decays inside a superconductor. A magnetic field will induce a screening
current near the surface of a superconductor, which creates an equal and opposite
field. As a result, the interior of the superconductor will be free of magnetic fields.
Because the screening current experiences no resistance, it can be maintained even if
the magnetic field is static.

However, the first measurements of A found values larger than those predicted by the
London expression. This is the result of a non-local response of the superfluid. In a
normal metal the current at a given location depends on the electric field in a volume
around it. The size of this volume is given by the mean free path, | = vpr, which is
related to the mean scattering time through the Fermi velocity. In a superconductor
the size of the response volume is given by the effective coherence length [30]: 1/£ =
1/1+1/&.

MKIDs generally use thin film superconductors in which the mean free path is limited
by the thickness of the film ¢t < [ and the motion of the superconducting electrons is
governed by diffusion. In this so-called dirty limit the effective magnetic penetration
depth can be generalised to Aeg = 0.615)\L\/§T/Z [31]. When a perpendicular magnetic
field is applied to a thin film, the magnetic penetration depth is given by the Pearl
length, A\ ~ A\?/t, due to the interaction of magnetic vortices created by the field [32].
As a result of the above, the electromagnetic response of a thin film superconductor is
generally that of a superconductor in the dirty (t = | < &) local (A > [ = t) limit.
In this limit the magnetic penetration depth can be rewritten into the experimentally
convenient form [33, 34]

p [pS2em]

A~ 105 [nm] x T K

(6.15)
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Expressions for the complex conductivity ¢ = o1 —i0 in the dirty and extreme anoma-
lous limit (£ > A, 1> &) were derived by Mattis and Bardeen [35].

2 [e.e]
g_; =, [f(E) — f(E + hv)|g1(E)dE
~A
+ hi 1= 2f(E + hv))gi(E)dE (6.16)
v min(A—hv,—A)
09 . 1 A
a B % max(Ath,fA)[l - 2f(E ’ hy)]QZ(E)dE (617)

where oy is the normal state conductivity and

E*+ A’ + hvE
g(E) = (B2 — ADI2[(E + hv)2 — A1/ (6.18)

_ (1 . m) N,(E)N,(E + hv)
E? + A’ + wE
92(E> (AQ I E2)1/2[(E + hl/)2 _ Ag]l/g (619)
g(E) = —ixg(F)

The integration limits assume a density of states with no available states at |E| < A (a
hard gap). When a broadened density of states or subgap states are introduced, these
boundaries have to be reconsidered [36]. Fig. 6.6(a) shows the imaginary and real parts
of the complex conductivity as a function of temperature for the material parameters of
Al. oy increases and o9 decreases with temperature. This may be directly understood
from Eq. 6.13 due to a decreasing number of Cooper pairs and increasing number of
quasiparticles. Fig. 6.6(b) shows o7 and oy as a function of frequency, also using Al as
an example. At frequencies below the gap, ~ 90 GHz, photons can only be absorbed by
the existing quasiparticles and the first integral in Eq. 6.16 dominates. As soon as the
photons become pair breaking the second integral in Eq. 6.16 starts to dominate and
the superconductor obtains a resistivity as if it were a normal metal, o; = o,. Note
that even pair-breaking photons experience a significant inductive response, o, as a
result of the Cooper pairs.

For a thermal quasiparticle distribution, fpp(F,T) and kT ,hrv < 2A Eqgs. 6.16 and
6.17 reduce to [37]:

o1 4A . hv hv
—_ = — —A/kgT) sinh K 2
ox oy SXP(=A/keT) sin <2k:BT) 0<2k;BT) (6.20)

oy TA —hv hv
o = 1 —2exp(—A/kgT) exp (m)lo (m)] (6.21)



6.3 Superconducting microwave resonator 97

40 [(a) 200, _ (b)
- T 10° S
30 ~ o
~N
\\
Z Z 107 Sso
< 20} B o~
10
10|
ag
1
-6}
" \ S
0 : : :
0.0 0.5 1.0 10?1 102 103
Temperature [K] Frequency [GHZz]

Figure 6.6: The real (solid line) and imaginary (dashed line) part of the superconducting
complex conductivity as a function of temperature (a) and frequency (b). These relations are
calculated using the integral equations given by Eq. 6.16-6.17 and a temperature dependent
gap given by Eq. 6.6. A constant frequency hv = A/10 and a constant temperature T' = Tt /8
are assumed in panels (a) and (b), respectively. These parameters correspond to the typical
MKID operating temperature and readout frequency for the material parameters of Al which
has a T, ~ 1.27 K and 2Aq/h ~ 90 GHz. Note that o; is scaled by a factor 20 in panel (a).
Image inspired by de Visser [16].

Here Iy and K are the modified Bessel functions of the first and second kind, respec-
tively. Combining the above equations with Eq. 6.10 do/dny, may be obtained [3§]

doy 1 2o . hv hv

~ h 22
dng NNohw \ 7heT * (szT) (QkBT) (6.22)
d0'2 hv

~ 2/ Io 6.23
dne, 0N2N0hu bt kaTeXp (szT) (szT) (6.23)

Fig. 6.7 shows do/dng, as a function of temperature (a) and frequency (b) for Al [16].
A constant frequency hr = A/10 and a constant temperature 7' = T;./8 are assumed
in panels (a) and (b), respectively. These values correspond to typical operational
conditions of MKIDs for the material parameters of Al. In panel (a) we observe that
do/dng, changes slowly with temperature. Thus for not too large changes in ng, the
complex conductivity changes approximately linearly with ny,. Panel (b) shows that the
inductive response to a changing quasiparticle number is stronger at lower frequencies.
Hence a lower readout frequency is desirable to maximize the phase response of MKIDs
as given in Eq. 6.51 [34].
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Figure 6.7: The response of the real (solid line) and imaginary (dashed line) part of the
superconducting complex conductivity to a change in quasiparticle density as a function of
temperature (a) and frequency (b). A constant frequency hv = A/10 and a constant tempera-
ture T' = T, /8 are assumed in panels (a) and (b), respectively. These parameters correspond to
the typical MKID operating temperature and readout frequency for the material parameters
of Al which has a T, &~ 1.27 K and 2A/h = 90 GHz. Image inspired by de Visser [16].
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Figure 6.8: The geometry of a coplanar waveguide. A film of thickness ¢ is present on top
of a substrate. The metallic film consist of a central conductor of width S, which is separated
from two ground planes by slots of width W. The inset shows the electric field lines present
in the TEM mode transmission of this line. Figure and inset were taken from Vardulakis [17]

and Collins [39], respectively.
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6.3 Superconducting microwave resonator

6.3.1 Superconducting transmission line

The MKIDs studied in this thesis are transmission line resonators based on a supercon-
ducting coplanar waveguide (CPW). A CPW is the planar version of a coaxial cable and
consists of a central conductor of width S, which is separated from the ground plane
by a slot of width W on either side. This is illustrated in Fig. 6.8. The characteristic
impedance, Zj, and complex propagation constant, v, of a CPW transmission line are

given by [40]:
R+ 1iwL
Zy = —_— 6.24
° VG riwC (6.24)
vy = a+if=+(R+iwL)(G +iwC) (6.25)
e R is the resistance per unit length in Q/m for current travelling along the line.

In the case of our superconducting resonators R = g.fisc + ggRs g, Where R, and
R, are the sheet resistance of the central line and ground plane, respectively. g
and g, are geometry factors and are discussed below.

e [ is the inductance per unit length in H/m experienced by the current travelling
along the line. In case of a superconducting line this is the sum of the kinetic

inductance Ly, = gcLsc + 9o Ls and the geometric inductance L, = %%’:)) [39].

e (' is the capacitance per unit length in F/m between the central line and ground
planes. Analogous to the geometric inductance, this is given by the geometry of
the CPW: Cy = 460663%, where €. is the effective dielectric constant. Because
roughly half the electric field lines are in the substrate g ~ (14 €supstrate) /2 [39]-

e G is the shunt conductance per unit length in S/m = 1/(Q2m). By using highly
resistive substrates, this is assumed to be negligible, G = 0, for most practical
MKID applications However, the losses as a result of two-level systems also may
be included here.

In the above, K (z) is the complete elliptic integral, k = S/(S + 2W) and k* + k% = 1.
The geometric factors g. and g, for a CPW are given by [39]

= e [ (25 - ()] 626

1 G ) R (o |

where ¢ is the film thickness. These equations are valid for ¢ < S/20 and k£ < 0.8.
The latter is practically always satisfied to get a transmission line impedance close to
Z ~ 50 Q. For MKIDs the first condition is barely satisfied or broken as typical values
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for t and S are 50 < t < 300 nm and S 2 1 pm. The limit on S is driven by the use of
optical lithography. Even though sub-micron CPW resonators have been made using
electron beam lithography by Janssen et al. [41], optical lithography is still the most
reliable and reproducible way to fabricate kilopixel MKID arrays. Eqgs. 6.26 and 6.27
have been experimentally verified for superconducting resonators with ¢ > S/3 by Gao
et al. [42]. They showed that at S/t = 7.5 the above equations incur an error of ~ 15%
[43]. The equations derived [44] and tested by Booth and Holloway [45] are essentially
equivalent to Eqs. 6.26 and 6.27.

Using the above information and g = g.+¢, we can rewrite the characteristic impedance
of a superconducting CPW as

s +iw(gLs + L Zg + iwlL
o [ _ o

iwCly twCy

This assumes a single superconducting material with surface impedance, Z;, for both
the ground plane and central line. In the local dirty limit the surface impedance of a
superconductor is given by [46]

' t
Z, = Ry +iwLy = | —% coth <—, /1+ zﬂ) (6.29)
o1 — 109 A 09

Here )\ is the penetration depth of the bulk material. At low temperatures and micro-
wave readout frequencies o3 > 071, as can be seen in Fig. 6.6(a). This makes it possible
to split Zg into Ry and Ly [37].

How 01 t
R A/ po 202Ccot ()\) (6.30)
Ho 3
Ly = ——coth | — 31
”waQCO ()\) (6.31)

where ( takes into account the thickness of the film with respect to the bulk magnetic
penetration depth. ¢ varies between 1 (thick films) and 2 (thin films).

2t/\
=14+ ——F——= 6.32
¢ * sinh(2t/\) (6.32)
The relation between the magnetic penetration depth and o is given by [47]
M, T) ! (6.33)
w,T)= | ——————— .
powos(w, T)

This relation can be easily derived using the London equations (Egs. 6.13 and 6.14) and
the assumption o &~ —ioy. The effective magnetic penetration depth for perpendicular
magnetic fields is Aeg = A coth(t/A) [48].

At pair breaking frequencies, hv > 2A, the approximation ¢ ~ —ioy is no longer valid



6.3 Superconducting microwave resonator 101

as 01 becomes comparable to gy. For hv > 2A a superconductor behaves as if it were a
normal metal and the surface impedance is dominated by Rs. The attenuation constant
« for pair breaking radiation is given by [40]

CRS C RS
o = Jeltse + gsPsg

6.34
27, (6.34)

The fraction of the power absorbed in a superconducting CPW of length [ is given by
Naps = 1 — e 2 (6.35)

Here the factor 2 in the exponent is the result of measuring the attenuation to power
instead of current or voltage.

6.3.2 Superconducting )\/4 resonator

Antenna-coupled MKIDs, such as shown in Fig. 6.2, use a quarterwave (I = \/4)
transmission line resonator, which consists of a transmission line with an open end near
the feedline and a shorted end near the antenna. Their resonance frequency, wy = 27 fy,
is determined by their length, [, and the phase velocity, v, = w/f ~ 1/ VLC, inside the
superconducting transmission line [37].

27

wo = (6.36)
A1\/(Lg + Lin)Cy

The input impedance, Zgtr,, of a shorted transmission line of length [ is given by [40]

1 —itanh(al) cot(Bl)
tanh(al) — i cot(51)

ZSTL = Zo tanh(vl) = Z() (637)

For a low loss (tanh(al) ~ al) superconducting microwave resonator near resonance
(w = wp + dwp) this may be approximated by [40]

1
Zjs = Z

VGl (7 /2) (5o feo0) (6.38)

This equation is identical to the impedance of a lumped element parallel RLC circuit
as shown in Fig. 6.1(b). The lumped element equivalent values are [43]

Zo 2Ly + Lyn

R = 22— 6.39
al 1 gRCy (6.39)

~ 47y 8l
[ = = — (L L in 6.40
=0 = (L + L) (6.40)

~ T l
= =-C 6.41
4&)020 2 & ( )
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The quality factor of a resonator is defined as the energy inside the resonator divided
by the energy lost per cycle. The quality factor of a superconducting quarterwave
resonator is given by

wly

i = woRC =
Q o akinRs

(6.42)

Here ouin = Liin/(Lg + Liin) is the kinetic inductance fraction. Due to the low losses
in a superconducting resonator the internal quality factor @; can easily be > 10°.

Coupled resonator

The presence of the coupling capacitance C. changes the impedance, resonance fre-
quency, wres, and total or loaded quality factor, @), of the resonator.

—1

A = Z 4

res 1/4 + WCC (6 3)
OWres dwo 2

_ v 44

Wres Wo 7TC\?c (6 )

Qch
= =x°* 6.45
o Qe + Qi (6.45)

Here the coupling quality factor is given by Q. = —7cz and determines the

fraction of the power entering or leaving the reson;fg;dlg;iis cycle. C. is determined
by the length of the resonator’s transmission line that is parallel to the feedline and
the distance between the two. This section of the resonator is generally referred to
as the coupler and is located in 6.2(b) at the bottom of the image. However, instead
of designing C. explicitly, the Q). of a resonator is designed instead by simulation the

transmission from a feedline into the coupler of resonator using software such as Sonnet
(17, 22].

6.3.3 Response

A quarterwave resonator creates a parallel-type (anti)resonance in the feedline trans-
mission, Soq, which near resonance, w = wyes + Owres, can be described with

2 _Q/Qi + 20 %=

Sor = ~
4 2+ Zfeedline/Zres 1+ ZQQI%

(6.46)

w
27

shown in Fig. 6.1(c). The Lorentzian resonance feature has a minimum transmission

This transmission can be represented as |Ss1| as a function of frequency, f = as

min — (,/Q; at the resonance frequency of the resonator. The full width half maxi-
mum of the resonance feature is given by FWHM(f) = fres/@1. For increasing optical
loading the resonance feature shifts to lower frequencies and becomes shallower, i.e.

min

M increases. Generally, the FWHM of the resonance feature is (nearly) independent
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Figure 6.9: The microwave transmission S9; around the resonance frequency of an MKID
represented in the imaginary plane. The solid black line shows a measured frequency sweep,
which traces a circle in the complex plane. This circle has been translated by xz. = % =+ %Sg‘f“
such that the circle is centred on the origin and the resonance frequency located at (—0.5,0)
in case of SH = 0. Frequency increases in a clockwise direction. The blue dots show the
response to optical power at constant frequency. This response can be described as a change
in phase, 0, and amplitude, A. The temporal fluctuation at constant optical power (noise)
are shown in red. For illustrative purposes the scatter in the noise with respect to their mean

value has been increased by a factor of four.

of P,y as () is limited by ().. Distortion of the resonance feature with respect to the
Lorentzian shape given by Eq. 6.46 may be the result of heating by readout power
[49] or an impedance mismatch between the on-chip feedline and the 50 € microwave
cables in the setup [50]. Estimating the impedance of the on-chip feedline is particularly
difficult for disordered superconductors such as TiN [51].

Alternatively the forward transmission of the feedline can be represented in the complex
plane as shown in Fig. 6.9. The frequency trace translates into a clockwise circle in the
complex plane. To calculate the changes in phase, #, and amplitude, A, with respect
to this KID circle, it is translated from its original location at (x.,0) to the origin such
that f.es is located at ((S;™ — 1)/2,0). Fig. 6.9 shows two changes in So;(fres): the
response to a changing optical power (blue) and the temporal changes (noise) at con-
stant loading (red).

Based on the above we can identify four observables that measure the response of
MKIDs to a change in optical power, Py, or equivalently a change in the quasiparticle
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density, nqp,

dr dNg, dr _ mppTep dr
APy dPppy dNyy A dNy,

(6.47)

The four observables, x, are resonance frequency, internal quality factor, amplitude and
phase. Their responsivities are given by [16, 22]

dfres _ akingfres doy (6 48)
dNyp 4oV dngp .
d(1/Qi) _  axmG doy (6.49)
dNyp 20|V dngp .
dA _ _ xinCQ doy (6.50)

N, o]V dng, '
do _ _ axinCQr do (6.51)
N, o]V dng, '

Here V' is the volume of the superconductor in which ng, is changed and ¢ depends
on the thickness of the superconductor as given by Eq. 6.32. In these equations @)
is assumed constant i.e. not limited by quasiparticle losses. In addition, the effective
temperature is assumed to be T < T.. At these temperatures, doy ~ 3do; and |o| = 0.
Note that changes in A and @); represent changes in o1, whereas frequency and phase
are sensitive to changes in oy. In practical applications, phase [52] or frequency [53,
54] readout are preferred to amplitude readout, because of the higher response in os.
The response of an MKID to radiation of a given frequency may be increased by a
higher kinetic induction fraction, smaller volume, higher quasiparticle lifetime, smaller
superconducting gap and higher Q.

6.3.4 Noise

Three main sources of noise have been identified that can limit the performance of
MKIDs designed for the detection of sub-mm radiation. For these three noise sources
we will discuss their origin and their noise spectra. Experimentally, noise spectra are
obtained by taking a time trace of Re(S21) and Im(S1) at constant operation conditions.
The results of such a time trace are shown by the red dots in Fig. 6.9. From the time
trace an autocorrelation of 8 and A can be obtained, which can be transformed into a
power spectral density (PSD) using a Fourier transform.

In addition to the three noises below, MKIDs detecting near-infrared photons or more
energetic particles also suffer from Fano noise [55].

Generation-recombination noise

Generation-recombination (GR) noise is the result of the dynamic equilibrium between
Cooper pairs and quasiparticles inside a superconductor [28, 56]. Both generation by
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phonons and recombination are Poissonian processes in which the variance is deter-
mined by the number of quasiparticle, N, in the superconductor. As such it is driven
primarily by temperature and the microwave readout power [57]. The PSD of GR noise
in both amplitude, x = A, and phase, = 0, is given by [16]

ANgpTqp ((dx/qup) > ’ (6.52)

2.2 2.2
I+ wtg, \ 1+ wry,

SGR,x -

Note that the GR noise level at low temperatures T' < T, /4 will be effectively constant
with Ng,. This is due to the proportionality ng, o« 1/7, found in Sect. 6.2.2 and
the fact that the responsivity is only very weakly dependent on 7. The latter can be
quickly seen from Egs. 6.50 and 6.51 and Figs. 6.6(a) and 6.7(b). At low temperatures
|o| = o9, which is nearly temperature independent. This is also true for the quality
factor if @ = Q.. In addition do/dng, varies only weakly with temperature. As a
result, only a change in the roll off will be observed as a result of a temperature change,
given that 7., < Tyes. This signature behaviour of GR noise has experimentally verified

by de Visser et al. [57].

Two-level system noise

The dominant noise source in phase readout intrinsic to MKIDs is the so-called two-
level systems (TLS) noise. This noise has been extensively studied [e.g. 37, 43] and is
the result of fluctuations by TLS with a dipole moment. The fluctuations of these TLS
change €., which in turn results in fluctuations of C, and increased microwave losses,
G. The TLS noise spectrum has a characteristic Strg g w™ %% slope and rolls off with
the resonator ring time. Key TLS noise properties, which can be used to minimize their
effect, are:

e The effects of TLS decrease in bigger structures [58-60]. It is therefore advan-
tageous to use a wide CPW near the open end of a CPW resonator or a large
capacitor in the case of a LEKID. In these regions the TLS have the strongest
effect due to the high electric fields.

e TLS are predominantly located in the oxides located at the metal-air, metal-
substrate and substrate-air interfaces [61]. Oxides in the metal-air interface can
be reduced by using materials that do not oxidise, such as NbTiN and TiN [59, 62].
The metal-substrate interface can be chemically cleaned of oxides before metal
deposition. The lowest TLS is found for high-resistivity crystalline silicon that
has been dipped into hydrofluoric acid [59]. The effect of TLS on the substrate-air
interface can be reduced by etching trenches in the substrate [63-65].

e Both the TLS noise and losses are decreased by increasing the microwave readout
power, Peaq. The noise level Stpg o pY 2, where P, is the power inside the

int
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resonator [58, 59, 66]. Hence, one of the simplest ways to limit the effects of TLS
is to use a higher readout power. This simultaneously decreases the amplifier
noise as discussed in the next paragraph. However, in practice Piea.q is limited by
the resonators, which show non-linear behaviour and hysteretic switching when
overdriven [e.g. 67].

Amplifier noise

Although not a noise source inherent to the MKID, the system noise often limits the
amplitude noise [1] and at high modulation frequencies in both quadratures. The noise
PSD of the system is white and given by [16]

ksTx 2 2
Ss stem — : 6.53
vet Pread (1 - QHim) ( )

Here P,c.q is the readout power used in the feedline near the MKIDs. This is typically
Preag ~ —80 dBm. The first term in the above equation is the noise of the impedance
matched amplifier. For most realistic readout systems the system noise temperature is
limited by the low-noise cryogenic amplifier. In case of the system discussed in Sect.
6.4 this is the HEMT with a noise temperature Ty ~ 5 K.

The second term in Eq. 6.53 corrects for the MKID dip depth. Using the definition of

min

51 we can write
kT -\’
Ssystem = PB dN (1 + g—) (654)

To reduce the effect of the amplifier noise a high readout power and a low Q./Q); ratio are
favourable. However, reducing Q. to make S:™ smaller also reduces the responsivity
of the resonator. Hence, typically the ideal case is Q). = @);, which corresponds to

min — _6 B,

6.4 Experimental setup

Fig. 6.10(a) shows a schematic representation of the experimental cryogenic setup
[16, 68] used in this thesis to measure the performance of hybrid NbTiN-Al MKIDs.
The cryogenic system is based on a dual-stage adiabatic demagnetization refrigerator
(ADR), which is pre-cooled using a pulse tube. The pulse tube has an intermediate
stage at 50K and reaches a base temperature of 3.5 K. On this ‘4K-stage’ the ADR is
mounted which provides both a 500 mK stage for thermal anchoring and the 100 mK
experimental stage. The experimental stage can reach temperatures as low as 30 mK,
but operation at 100 mK increases the hold time to 36 hours. 100 mK is low enough
that the number of thermally generated quasiparticles in Al is much lower than those
generated by either the sub-mm or readout signal [16].
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Figure 6.10: (a) A schematic representation of the cryogenic layout used for the controlled
illumination of MKIDs [68]. The sample is located inside two 100 mK boxes, which have
been coated in carbon-loaded epoxy [69] to minimize stray light. Home-made coax filter [70]
suppres EM radiation of the 4K-stage entering through the microwave read out. Light from
a blackbody located at the 4K-stage reaches the sample through 2 filters: a 1.1 THz low-pass
filter located near the blackbody and a 350 GHz band-pass filter located on the outer 100
mK box. The transmission of both these filters is shown in (b). A third filter position is
available on the inner sample box. A 2 mm diameter aperture at a height of 15 mm above
the sample further constrains the radiation. These dimensions are shown on scale. This is
also true for the relative angular dimensions of the main beam and aperture opening angle.
The beam pattern of a single lens antenna is a simulation obtained using CST MWS. The
matching efficiency, 7n,, as given by CST MWS [71] is shown in (c).

On the experimental stage a ‘box-in-a-box’ design contains the MKIDs. This geome-
try is designed to minimize stray light from the 4K-stage onto the MKIDs. The chip
with MKIDs is mounted in a gold-plated copper sample holder, which is surrounded
by an outer box of the same material. The lid of both boxes is coated in 3 mm thick
carbon-loaded epoxy mixed with 1 mm SiC grains. The carbon-loaded epoxy consist
of 3% by weight lamp black (pure carbon powder) in Epotek-920 epoxy [72, 73]. The
absorber layer needs to be thick enough to absorb the radiation of the lowest frequency
that is able to break Cooper pairs. In the case of Al thisis v ~ 80 GHz or A ~ 3.7 mm.
Furthermore, both lids are equipped with labyrinths that are filled with carbon-loaded
epoxy. A separate labyrinth with carbon-loaded epoxy is used to shield two 2 mm holes
that are used to evacuate the outer box. These holes do not have direct line of sight to
the inner box.

To eliminate stray light entering through the coaxial cables used for the microwave
measurement, home-made feedthrough filters [70] are used to connect the wires at the
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4K-stage and the inside of the outer box. The filters contain a dielectric of epoxy and
bronze powder, which creates a low-pass filter. The filter transmission can be described
by a single exponential roll-off with a characteristic frequency of 10.4 GHz. This func-
tional form would imply an attenuation of -45 dB at 80 GHz.

The performance of the box-in-a-box design in combination with the filters has been
verified by a measurement of the quasiparticle lifetime in Al MKIDs. A lifetime of 2
ms was measured independent of the temperature of the 4K-stage. An upper limit of
0.06 fW of absorbed stray light per MKID has been experimentally determined [68].
An outer shield of cryoperm and an inner shield coated with superconducting lead-tin
surround the entire box-in-a-box design as well as a blackbody radiator. These shields
are used to shield the sample from magnetic fields, especially those needed for the op-
eration of the ADR.

6.4.1 Illumination source

The MKIDs are illuminated using a cryogenic blackbody radiator that is made from a
40 mm diameter copper cone, coated with 2 layers of carbon-loaded epoxy containing 1
mm grains of SiC. The cone is connected to the 4K-stage using a 18 mm long, 0.3 mm
thick phosphor-bronze wire. The blackbody radiator can be heated by three resistors
placed around the cone to ensure a uniform temperature profile. The temperature of
the blackbody, Tgg, can be varied between the temperature of the 4K-stage and 30 K.
The blackbody radiation reaches the MKIDs through up to three filter stacks located
at the blackbody, on the lid of the outer 100 mK box and on the lid of the sample
holder. In the experiments presented in Chapters 7 and 8 a 1.1 THz low-pass filter
is placed at the blackbody and a 50 GHz wide band-pass filter centred at 345 GHz is
located at the outer box. The transmission of these filters can be seen in Fig. 6.10(b).
Note the > 1% filter transmission at v > 780 GHz. Approximately 10% of the total
power emitted into the 100 mK environment is at v > 425 GHz for Tgg = 9 K. This
percentage increases to ~ 35% for the highest Tgg. More recent experiments [74] have
alleviated this problem by moving the 345 GHz band-pass filter to the sample box and
placing two additional low-pass filters on the outer 100 mK box. These filters have
cut-off frequencies at 400 and 600 GHz as shown by the dashed dark grey lines in Fig.
6.10(b). The addition of these filters reduces the out-of-band radiation by 4 orders of
magnitude. These additional filters also reduce the out-of-band infrared radiation that
can be absorbed by the final filter. Absorption of infrared radiation heats the metal
mesh filters used in this setup and creates additional loading on the MKIDs [75]. This
additional loading can be reduced to negligible levels by using enough filters.

For the experiments presented in the next Chapters an R,, = 1 mm radius aperture
is placed on the lid of the outer 100 mK box. The centre of the aperture is located
at (z,y,2) = (0,0, H). Here H = 15.05 mm is the height of the aperture above the
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MKIDs. Because the rest of the MKIDs environment both minimizes stray light and is
made from the same black material as the blackbody radiator, it can be considered to
be Ty = 100 mK blackbody. Therefore we can define the source distribution, S, (6, ¢),
seen by the MKIDs as:

1
S8, 9) = { zBV(TO) otherwise (6:55)
Here (0, ¢) are the angles in a spherical coordinate system, F, is the combined trans-
mission of all filters and B, (T) the blackbody spectrum. ep is the emissivity of the
filters. The factor % is due to the fact that basic LEKIDs and most antenna-coupled
MKIDs are sensitive to a single polarization, while blackbody radiation is unpolarised.
Because the flux of v > 80 GHz photons decreases exponentially below 4K, we can as-
sume that the contribution of B, (Tj) to the load on the MKIDs is negligible. If enough
filters are used, such that also the filter temperature, Tf, is low and the filter emission

is negligible, then S, reduces to

5F, B,(Tgp) ifa®>+y* <R and z=H
0 otherwise

S,(0,0) = { (6.56)

6.4.2 Lens-antenna system

Fig. 6.11 shows the design of the Si microlens (a) and the antenna (b) used to cou-
ple radiation into the MKIDs presented in the next Chapters. The microlens has an
elliptical design [76] in which the eccentricity is matched to the index of refraction of
Si (ng; = 3.42). This ensures that the optical focus is located at the geometric focus
of the ellipse. A twin-slot antenna designed to receive radiation at 350 GHz is located
in the second focus of the ellipse as indicated by the blue line in Fig. 6.11(a). The
detailed design of the planar antenna is shown in Fig. 6.11(b). In red the central line
of the CPW MKID is shown. The blue outline encompassed all areas in which the
ground plane is removed. All dimensions are given in um. Yates et al. [18] used the
sample planar antenna and lens design. However, the lenses used in Yates et al. [18]
were smaller: a = 586.56 pm, b = 613.35 pum, Rjens = 0.5 mm and ¢y = 45°.

The beam pattern of these lens-antenna systems have been simulated using CST Micro-
wave Studio (MWS) [71]. The shape of the gain, G(0, ¢), for the larger lenses is shown
in Fig. 6.10(a). Even though Fig. 6.10(a) is (in general) not to scale, the relative
dimensions of H and R, are correct in this image. This is also true for the angular size
of the main beam. Fig. 6.10(c) shows n,(v) = 1 — S as obtained from CST MWS. Sy,
is the scattering matrix element of the electrical system describing the reflections back
to port 1 which is feeding the antenna at the end of the short piece of CPW shown in
Fig. 6.11.
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Figure 6.11: Design of the Si lens (a) and planar antenna (b) attached to the resonators for
which experiments are presented in Ch. 7 and 8. The lens is a true ellipse [76] with a semi-
major axis b = 1036.82 ym and a semi-minor axis a = 991.52 um. The antenna is located in
the second focus of the ellipse as shown by the blue line in (a). The opening angle ¢y = 58°
results in an effective lens radius of Rjens = 0.95 mm. Further dimensions in both panels are
given in um. Yates et al. [18] used the sample planar antenna and lens design. However, the
lenses used in Yates et al. [18] were smaller: a = 586.56 um, b = 613.35 pum, Rjeps = 0.5 mm
and ¢g = 45°.

6.4.3 Microwave setup

Fig. 6.12 shows the microwave setup used to measure the properties of the MKIDs
presented in Ch. 7 and 8. The system consists of room temperature electronics as
well as cryogenic components. The microwave signal from the signal generator (Agilent
E8257D) is split in two. One part of the signal is fed into the cryogenic system using
steel coax cables (down to the 4K-stage) and NbTi SMA cables (at lower temperatures).
Because NbTi is a superconductor, these cables have negligible microwave losses and a
low thermal conductance. This minimizes the thermal loading and maximizes the sig-
nal transmission. Single and double DC blocks interrupt the galvanic connection of the
microwave lines at each thermal stage, which reduces the thermal conductivity. Fur-
thermore, the signal is attenuated at each thermal stage to reduce the Johnson-Nyquist
(thermal) noise. The microwave signal enters and leaves the light-tight box-in-a-box
setup at 100 mK through the home-made coax filters discussed in the beginning of
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Figure 6.12: Detailed layout of the microwave components used to read out the MKIDs in
Chapters 7 and 8. This signal from the generator is split. One part is fed into the cryogenic
system using flexible SMA cables made from either steel or NbTi. At each temperature stage
the signal is attenuated to minimize the Johnson-Nyquist (thermal) noise from higher temper-
ature stages. The signal line is interrupted by DC blocks to reduce the thermal conductivity
between each stage. The signal enters the 100 mK stage through home-made coax filters
aimed to minimize the transmission of pair breaking radiation (v > 80 GHz). The signal
leaves the sample box through a similar filter and it subsequently amplified by a low-noise
HEMT amplifier located on the 4K-stage. Further amplification occurs at room temper-
ature. The two variable attenuators in this chain are used to maintain a constant signal
power at the IQ-mixer, while varying the read power at the sample. The two parts of the
microwave signal (the original and the signal that travelled through the cryogenic system) are
combined in an IQ-mixer. Alternatively, the signal generator and IQ-mixer can be replaced
by a vector network analyser (VNA). The VNA is primarily used for rapid characterisation
and of the microwave transmission and replaces everything above the black dots. Figure
from de Visser [16].
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this section. Cu cables are used to connect the filters and the sample box in which
the MKIDs are coupled to feed line that carries the microwave signal between the two
connectors. The returning signal is amplified at the 4K-stage using a low-noise high-
electron-mobility transistor (HEMT) amplifier (CITCRYO4-12A Wadefalk/Weinreb)
which is similar to the amplifiers used in modern radio telescopes [77]. Two additional
amplifiers which are located at room temperature, further amplify the signal before
it is combined with the original signal in the IQ-mixer (Miteq IRM0218LC1Q). Two
variable attenuators (Aeroflex/Weinschel 8310) are used to maintain a constant signal
power at the entrance of the IQ-mixer, while varying the signal power used to read the
MKIDs. A 2-channel ADC (National Instruments PXI-5922) digitizes the output of the
IQ-mixer with a maximum rate of 2 MHz. The entire system is calibrated for phase
imbalance, gain imbalance and DC offset using the calibration procedure presented by
Barends [37]. T and Q directly correspond to the real and imaginary part of Sy;. For
a rapid characterisation of Sy, over a wide frequency range, the signal generator and
[Q-mixer can be replaced by a vector network analyser (Agilent PNA-L N5230A).

6.5 Coupling radiation into an MKIDs

The two incarnations of MKIDs presented in Sect. 6.1 use different methods to couple
radiation into the superconductor. The meandered inductor of a LEKID can be con-
sidered as a resistive sheet which absorbs light which has its electric field parallel to the
strips. The absorbed power can be calculated using the geometric throughput of the
light. The lens-antenna systems used to couple radiation into distributed resonators are
more sensitive to the direction of the light source. This directivity can be described by
their beam pattern. In the following subsections we will formulate the power absorbed
by an MKID from a source distribution, S, (6, ¢), using both geometrical arguments
and information from beam pattern simulations.

6.5.1 Geometrical throughput

The power received by an absorber from sources around it can be determined using

P= / / S, (0, 0)n?>s dvd*E (6.57)
vd 4w
Here 1* is the frequency dependent absorption efficiency of the resistive sheet. 72>

is generally dominated by the impedance mismatch between the absorber and the sur-
rounding medium. Rosch [78] reviews a number of common scenarios for LEKIDs. d?&
is the so-called throughput, or etendue. The geometrical definition of the etendue for
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light crossing an infinitesimal surface element, dS, at an angle 6 with respect to the
vector, 1g, which is perpendicular to dS, is

d*€ = n dScos(d) do (6.58)
d*E = n* dScos(f) dS (6.59

in 2D and 3D, respectively. Here n is the refractive index of the medium in which
dS is immersed and df2 is the solid angle in which the light crossing the surface dS
is confined. The product dS cos@ is the area of dS projected in the direction of the
light propagation. Because angles, solid angles, and refractive indices are dimensionless
quantities, etendue has units of area (given by dJS).

In the cryogenic setup presented in Sect. 6.4 the radiation will travel through vacuum
which has n = 1 at all frequencies. This means d?£ is frequency independent. Using
the source distribution given by Eq. 6.56 we can rewrite Eq. 6.57.

1
P = /§Fy B,,(TBB)nfj‘bSdu/ dS cos(0) d (6.60)
v aperture

The second integral is often called the total throughput, £, from the aperture to the
MKID.

&= /d2€ = /dScos(@) dQ (6.61)
For a circular absorber with radius Raps and centred on (z,y, z) = (0,0,0) in combina-

tion with a circular aperture with radius R, centred on (z,y,z) = (0,0, H), £ can be
evaluated to be

T R2 R?
o ap” “abs
&= B R, + I (6.62)
ap abs
if H* > R}, + RZ,,. Or equivalently
E=1"R2%, (1—cos’(7)) (6.63)

Here v = arctan(R,,/H) is the aperture opening angle. A circular absorber might seem
weird for MKIDs, which typically have a rectangular absorber. However, to minimize
the volume of the inductor (and increase the responsivity) many LEKIDs use a lens
to increase the filling factor of the array. The inductor of the LEKID is placed in the
focus of a lens with radius Rjens. In this situation we can assume R, = Raps. For an
aperture of radius R,, = 1 mm, at a height # = 15.05 mm the etendue of a 1 or 1.9
mm diameter lens is £ = 1.08 x 107® and £ = 3.92 x 1078, respectively, using Eq. 6.63.
Eq. 6.62 gives values, which are 0.1% and 0.4% lower for the smaller and larger lens,
respectively. This is well below any experimental errors.
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Note that in both Eq. 6.62 and Eq. 6.63 the area of the absorber can be recognized as
mwR? .. Hence, we can write

E = mA s (1 — 0052(7)) (6.64)

This equation is valid regardless of the shape of the absorber, if the maximum linear
dimension of the absorber is smaller than H.

6.5.2 Lens-antenna coupling

Alternatively, the sub-mm radiation can be launched into a superconducting resonator
using the combination of a lens and a planar antenna. In this case the power received
by the MKID can be calculated using the beam pattern of the lens-antenna system.
The power received by any antenna is given by [79]

p- / S,(6,6) Aut(6,6) d2l (6.65)
vJam

Here A.g is the effective area of the antenna, which is equal to the area that would
absorb an equivalent amount of radiation as the antenna. For any lossless antenna this
value is normalised to A2, which is the throughput of a single mode.

2

/ Awr(6,0) d2 = N> = = (6.66)
47 v

Here X is the wavelength of the radiation and c the speed of light. The weak reciprocity
theorem of antennas states [79]: The power pattern of an antenna is the same for
transmitting and receiving. Therefore, we can relate Aqz(6, @) to the directivity, D(6, ¢),
or beam pattern using

)\2
4r

D(ea ¢) = Aeff(ev ¢) (667)

Like the effective area of a lossless antenna, the total directivity is normalized

/ D(0, 6) d = 4r (6.68)

This normalization follows directly from the conservation of energy. Power delivered to
a point in space will, in principle, radiate to all directions equally, D = 1. An antenna
can only focus this radiation towards certain directions, D > 1, if in other direction
the emitted power is reduced D < 1. An antenna can never emit more power than it
receives at its feed. Combining Eqgs. 6.65 and 6.67 allows us to calculate the power
received by an antenna once the beam pattern is known.

)\2
p=2 / /4 S$.(6.6) D(0.0) dSdy (6.69)
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Comparison with Eq. 6.57 shows that the etendue is equivalent to

2
42 = i—ﬁp(e, $)d) (6.70)

This assumes perfect absorption by the absorber i.e. 72 = 1 and a lossless antenna.
However, just like absorbers are not perfect, a lens-antenna system will also not launch
all the received radiation into the MKID. We can define the antenna gain G(6,¢) =
Neeed D (0, @). Here neeq is the lens-antenna feed efficiency which is given by the fraction
of the power send to the port of an antenna that ends in the far-field beam pattern.

Four loss components can be identified in the emission process:

e the impedance mismatch between the antenna and the port (waveguide) that
feeds it. This is given by the matching efficiency, 7,.

e ohmic or resistive losses by the metal structure of the antenna. Because the
antennas in this work are made from superconducting material with a gap, 2A,
which is larger that the energy of the received EM radiation, we expect no ohmic
losses. Hence, this efficiency is expected to be unity, ng = 1

e Reflection losses at the interface between the lens dielectric and the air/vacuum.
These reflection losses are captured by the reflection efficiency, 7.

e A fraction of the power emitted by the antenna will be emitted into the Si wafer
or the flange of the lens array as shown in Fig. 6.11(a). Any power emitted with
an angle ¢ > ¢ will not reach the emitting surface of the lens and as such is lost
to the emission process. The fraction of the power lost this way is captured by
the lens spill-over efficiency, n®.

The total lens antenna feed efficiency is given by:

Nteed = TZTRNref U;gns (6 71)

In addition to losses in the lens-antenna system, there are also losses in the MKID
detector. These are given by the detector efficiency, 14e, which describes the fraction of
power launched into the superconducting transmission line that is seen by the detector.
Naet Will include n,,s as given by Eq. 6.35, but may for example also include losses
due to the creation of quasiparticles in the ground plane of the transmission line. The
combination of the feed efficiency and detector efficiency is called the radiation efficiency

Tlrad = TfeedT]det (6 72)

The formalism presented above enables us to calculate the power detected by MKIDs
in our cryogenic system. Eq. 6.69 can be specified using the description of our source
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as given by Eq. 6.56 and the simulated beam patterns, G(6, ¢), shown in Sect. 6.4.2.

2
P= e [gaals) Fo BTa) dv [ DO, a5 (6.73)
™ v2 ap

Splitting the frequency integral and the spatial integral is allowed, if the directivity of
the beam does not change significantly over the frequency in which radiation is received.
For the narrow-band twin-slot antenna used in this work, for which the directivity at
350 GHz is know, this is a valid assumption if F), restricts the out-of-band radiation.
The directivity is obtained by normalizing the gain pattern

L [.G(6,) do
P / a(¥) B B(Ton) d TG00 (6.74)

Within this equation we recognize the spill-over efficiency of the far-field beam pattern
with respect to the source.

0s fapG 6, ¢) dS2

Nso = W (6.75)

The use of nSls is preferred with respect to the direct use of the simulated gain, because
it leaves all the efficiency terms in the frequency integral. This enables us to take any
known frequency dependency into account. Furthermore, 7 allows a direct comparison
to the values of £ found in Sect. 6.5.1.

S, G(0,¢) d€
[,.G(0,¢) d)

Fig. 6.13 compares the geometric etendue as given by Eq. 6.63 (dashed lines) and
the throughput determined from a simulated beam pattern (Eq. 6.76, solid lines) as

ng == /\2 nso )\2 (676)

a function of the aperture opening angle v. In general the geometric etendue will
overestimate the actual throughput, especially at large 7. For the 2 mm lenses used in
this thesis (see Sect. 6.4.2) the geometric etendue is an overestimation even at small
opening angles. This is the result of the highly directive beam created by the 2 mm
lenses. As shown in Fig. 6.10(a) the gain varies within the solid angle spanned by
the aperture. This decreases the total radiation received. The geometric throughput
assumes equal response to radiation from all directions. For the wider beam of the 1
mm lenses the assumption of constant gain is valid for v < 9°.

Off-axis aperture

A co-alignment of aperture and the lens-antenna is a convenient situation to evaluate
the performance of a detector. However, in reality this situation will not often be the
case if a small aperture is used. In the case of a small aperture not all pixels in an
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Figure 6.13: The etendue £ as a function of the opening angle, « of the aperture. Both the
geometric etendue (dashed) as given by Eq. 6.63 and the beam pattern throughput (solid)
as given by Eq. 6.76 are shown. The black lines are for the lens-antenna system used in this
work, whereas the blue lines show the results for Yates et al. [18] who used smaller lenses.

array will view the aperture at broadside. Furthermore, the alignment of a single pixel
also incurs tolerances. To investigate the effect of a non-coaxial setup, S, (6, ¢) needs
to be determined for an aperture located at (z,y, 2) = (Zap, Yap, H). The focal point of
the lens-antenna system is assumed to located at the origin of this Cartesian coordi-
nate system. In this case the surface integral in (6, ¢)-space over the aperture present
in Eq. 6.74 is significantly more complex due to interdependence of the integration
boundaries.

Using the dummy parameter « the outside of the pinhole can be parametrized in Carte-
sian

T = Rapcos(a) + Tap (6.77)

y = Rapsin(a) + yap (6.78)

and ISO80000 spherical coordinates (see App. B).
r? = Rip + xip + yZp + H? 4 2R, (Tap cos(@) + yap sin(a)) (6.80)

cos(f) = H/r (6.81)

tan(g) R sin(a) + yap
Rap cos(av) + Tap

We would like to know for a given 6, which values of ¢ are inside the aperture, or vice
versa. Note that « is in this respect a convenient intermediate parameters. The above
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Figure 6.14: The location of an off-axis aperture in ISO80000 spherical coordinates. In
Cartesian coordinates the aperture is located a (0, yap, H), where H = 15 mm, y,j, is indicated
by the legend and R,, =4 mm. The limiting values of §(a_) (solid line) and () (dashed
line) surrounding the apertures as a function of ¢ are shown. Note the mirror image of the
aperture at ¢. + 7 and the switch between the role as upper and lower limit at ¢ = 0.57 and
¢ = 1.57.

equation for tan(¢) is solved for a.

oy = —iln (% (:Bap(l — ) i yap(1 4 e¥?) + \/W)) (6.83)

B(gb) = (xap(l - e%(b) +1 yap(l + eQM)) — 2 Rap ei¢) 6.84

X (Zap(1 — €%9) + 1 Yap(1 + ) + 20 Ry, ) (6.84)
For every value of ¢ the two limiting values of # can be determined by substituting the
two values of « into Eqs. 6.80 and 6.81. Fig. 6.14 shows the solutions 6 as a function
of ¢ for five different offsets in the positive y direction (colours). Solutions for both a_
(solid line) and are a; (dashed line) shown. In these examples H = 15 mm and R,, = 4
mm. It is clear from Fig. 6.14 that the solution of an aperture centred at ¢ = ¢, is
mirrored at ¢ = ¢, + m. Furthermore, the role of minimum and maximum boundary
of 6(¢) switches between the two solutions. This switch always occurs at ¢ = 0.57 and
¢ = 1.57 and is independent of ¢.. Both these effects have to be accounted for in order
to select the right angles that together span the aperture.
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6.6 Photon noise limited performance by MKIDs

The most precious commodity during any astronomical observation is observation time.
To achieve the deepest images in the shortest observation time possible photon noise
limited detectors are required that, ideally, detect every single photon within the obser-
vational bandwidth. These two requirements can be expressed as two key performance
measures for a single MKID pixel: the sensitivity and the radiation efficiency, 1;.q.

6.6.1 Sensitivity

The sensitivity of any detector may be expressed in terms of the noise equivalent power
(NEP). The NEP is defined as the signal power that yields a signal-to-noise of unity in
a 1 Hz bandwidth. For MKIDs using phase, x = 6, or amplitude, x = A, readout the
NEP it is given by

dx

NEP,(w) = /Sz(w) (ﬁ) i V1 + W0 p V1 + WP (6.85)

Here 75 = @Q1/ (7 fres) is the resonator ring time and w the modulation frequency. The
goal for MKIDs is to achieve photon noise limited performance at the loading levels
relevant for the envisioned application. Photon noise is the noise in a detector due to
the random arrival rate of photon. Photon noise limited performance is achieved if
NEP,(w) is identical to the photon noise limited NEP, which implies that the detector
does not add any noise of its own. The NEP of a photon noise limited MKID is given
by [80]

NEP™ (Pas) =/ 2Puss (h(1+ 5 (0)B) + A /) (6.56)

Here P, is the power absorbed in the MKID and B the photon occupation number
of the (single) mode received by the detector. 7’ is the optical coupling efficiency
between the radiation source and the detector, which is given by

772?(’/) = Thad (V) Fuﬁs%S (6'87)

The first term in the square root of Eq. 6.86 describes the random photon arrival rate.
In this term 1+ 7% B is the correction to Poisson statistics due to wave bunching. The
second term describes the recombination of the optically excited quasiparticles. The
photon noise limited NEP is independent of the response and as such will be equal in
phase and amplitude. The photon noise limited noise PSD can be obtain by multiplying
Eq. 6.86 by the relevant response an squaring the result. Note that following the same
reasoning as for the GR noise, the photon noise level is independent of the absorbed
power. Photon noise limited performance at loading levels expected on ground based
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sub-mm telescopes was first achieved by Yates et al. [18] using MKIDs in amplitude
readout. However, to achieve this performance trade-offs have to be made in the choice
of superconducting materials and geometry.

Superconducting resonators made from aluminium have a long quasiparticle lifetime
(Tqp ~ 1 ms) and can achieve internal quality factors @; ~ 107 [81]. Aluminium res-
onators have shown GR noise limited performance [28], which is ultimate performance
limit of MKIDs. The NEP limited set by the GR noise is given by [26, 82]

2A | N,
NEpPCH === |- ® (6.88)
Tlpb | Tap

GR noise limited aluminium MKIDs have shown photon noise limited performance down
to 0.1 fW of 1.5 THz radiation, which is equal to NEP4 = 4 x 10~ W/v/Hz. This
sensitivity would be sufficient for a far-infrared camera on a cold 3 meter class space
telescope [83]. However, the use of amplitude readout limits the extension into large
format arrays. Furthermore, aluminium has a very low sheet resistance, which makes
direct absorption as used by LEKIDs challenging. Other elemental superconductors,
such as tantalum and niobium, can be used to fabricate high-Q resonators. However,
they have a lower quasiparticle lifetime, which reduces the sensitivities that can be
achieved by these materials.

Leduc et al. [84] proposed TiN as an alternative to aluminium. TiN has a high Q;,
low TLS noise and Arjn > Aa;. The latter means TiN can achieve a higher kinetic
induction fraction than aluminium for the same geometry and can reach the same
resonance frequency using a smaller volume. In addition, TiN has a high normal-state
surface resistance, which makes direct absorption of radiation from free space easier.
Furthermore, the T, of TiN can be changed by varying the nitrogen fraction. Photon
noise limited performance has been shown for TiN LEKIDs [85] at powers > 1 pW. This
‘poor’ performance of such a promising material is attributed to the anomalous response
of TiN [86, 87]. The hypothesis is that the high normal-state resistivity of TiN is the
result of an extremely short mean free path, which means localisation effects affect the
superconducting state [88]. This means that the response of high resistivity (disordered)
superconductors cannot be described by Mattis-Bardeen theory [36]. Nevertheless,
disordered superconductors are an attractive material for LEKIDs and research into
different superconducting compounds is ongoing [e.g. 89].

Besides a choice of material, a choice in geometry has to be made. In this not only the
choice of LEKID or distributed resonator is important, but also the dimensions of their
structures. For example, the suppression of TLS noise would favour large structures.
However, this is in conflict with the small volume required to maximize responsivity. In
LEKIDs this can be accommodated by using a large interdigitated capacitor to suppress
the TLS noise and a small inductor to increase the response. However, in distributed
resonators this is more difficult, because the electric and magnetic fields are present
throughout the resonator.
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Another geometrical design is that of C,.. Generally, the optimum value of Q). is a
value equal to @); at the expected optical loading. Minimization of (). decreases the
system noise as shown in Eq. 6.53, because more readout power enters the resonator.
However, as soon as (). < @) it also reduces the MKIDs response. Furthermore it
increases the width of the resonator, which decreases the number of resonators (pixels)
per unit readout bandwidth.

6.6.2 Radiation efficiency

The efficiency of a detector in detecting incoming photons is often expressed in terms
of the optical efficiency: The fraction of photons from a given source detected by the
detector. The disadvantage of this definition is that it depends on the definition of
the optical system: the optical efficiency depends on the coupling between the source
and detector. To alleviate this problem the optical performance of an MKID may be
separated into a system independent aperture efficiency, 7, and a radiation efficiency
Mrad = Nfeeddet, Which describes the losses inside the entire MKID detector.

N2 D(0gs, ¢Bs)
NA = MteedTdet T (689)

Here (0ps, ¢ps) is the direction of maximum gain of the detector and A its physical area.
As can be seen it requires knowledge about the beam pattern, which may be obtained
using simulation software such as CST microwave studio [71]. This software can also
give an accurate measure of ngeq for the intended device geometry.

MNraq Will capture any losses in the detector. For example, we will find a reduction of 7,4
through 74, if the CPW is not sufficiently long to absorb all the incoming radiation,
ie. Maps < 1. To determine n,,q experimentally we follow the procedure presented
in Chapter 7. The power absorbed by MKIDs in a given experimental setup can be
calculated using Eq. 6.74. Based on this calculated power, P.,., we can determine an
expected photon noise limited NEP, NE P

calc

(Peale) using Eq. 6.86. However, the true
power absorbed by the MKID, i.e. the power to which it responds, is € P,.. Differences
may be the result of minor difference between the simulated and real geometry or an
improper description of loss mechanisms within the resonator. The measured photon
noise limited NEP will be given by NEPPIL (eP,s). The ratio between the expected

and the measured photon noise limited NEP is

NEPS e (Peac) _ VPaa \f
NEPIII)‘l}elaS ( Pcalc) EPCia«lC

(6.90)

This assumes that the N E'P as a result of detector related noise is negligible or corrected
for. More importantly, it assumes that either the photon bunching is negligible or the
coupling efficiency between the radiation source and the detector is well known and as
a result € is close to 1. If photon bunching is significant and e deviates significantly
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from 1 this implies that n{®s is poorly understood and the photon bunching term is not
correctly estimated.

Note that for a correct determination of both nx and 7,,4 an experimental verification
of the shape of the beam pattern is required. If the shape of the pattern is verified,
the maximum directivity obtained from normalizing the gain can be used to determine
na. Furthermore, the complete shape of the gain is used in Eq. 6.74 to calculate the
coupling efficiency, 1'%, between between the MKID and the radiation source in the
given setup.

6.7 Fabrication of hybrid MKIDs

The hybrid NbTiN-Al MKIDs for which results are presented in the next Chapters were
fabricated [90] in the cleanrooms at the Kavli Nanolab at Delft and SRON at Utrecht
in June 2011.

The MKIDs are produced on a 4 inch diameter wafer of high resistivity (p > 10 kQcm
at room temperature) undoped Si. The 350 pm thick wafer is cleaned using a O,
descum in a TePla 300. The substrate’s native oxide is removed by a 1 minute dip in
a buffered hydrogen fluoride (HF') solution. This process also passivates the surface.
Immediately after the HF dip, the wafer is loaded in the Nordiko 2000 system at the
Kavli Nanolab and 200 nm NbTiN is deposited using DC reactive magnetron sputtering.
This system achieves a base pressure of 2 x 10~7 Torr using an 11 K cryopump. An
operational pressure of 6 mTorr is created using an inflow of 100 sccm Ar and 8.4 sccm
Ns. A power-biased plasma is maintained with 300 W of forward power at ~ 320 V.
A deposition rate of 25 nm/min is achieved using these parameters, as such taking 8
min for the complete deposition process. NbTiN with a 7, > 15 K and a resistivity
p < 100 pf2em was achieved under these conditions. Bos et al. [91] and Thoen et al.
[92] describe a recent re-optimization of both the Nordiko 2000 and the Evatec LLS801
(described below) to reliably achieve NbTiN with these properties in both the Kavli
and SRON cleanroom.

After deposition the wafer is spin-coated with hexamethyldisilazane (HMDS), which
improves the adhesion of a photoresist. Subsequently, the photoresist AZ5214 is spun
onto the wafer. Both fluids are spun at 4000 rpm for 65 s which includes a 5 s ramp at
both the beginning and the end. The resist is baked at 90 °C for 60 s on a hot plate to
allow use in positive mode. The feedline, ground planes and MKIDs are defined with
UV contact lithography in which the mask is pressed to the wafer using hard contact
and a vacuum. An illumination time of 10 s is used, which is equivalent to a dose of
200 mJ/cm?. The resist is developed by submerging the wafer in MF321 for 60 s and
pure H,O for 30 s.

The photoresist pattern is transferred to the NbTiN using reactive ion etching. The
etch is performed inside the Leybold reactive ion etcher and uses a gas mixture of SFg
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(13.5 sccm) and Oy (20 scem). At a pressure of 8 pbar a plasma is maintained with
~ 345 V and 50 W of forward power. This process creates a sloped edge in the NbTiN,
which helps the step coverage during the deposition of Al. The etch is monitored with a
camera to determine the termination point. A typical overetch of 15 s is used to ensure
all NbTiN is removed where required.

When a complete etch is achieved the resist is removed using acetone. The wafer is then
rinsed with isopropanol and blown dry. New resist is spun onto the wafer following the
above procedure to protect the wafer during shipment to Utrecht.

After arrival in Utrecht the protective resist is removed using acetone and isopropanol.
The Si wafer with patterned NbTiN layer is then dipped in a solution containing 5%
(volume) HF for 10 seconds to remove any oxides formed on the exposed Si. A 48
nm thick layer of Al is sputter-deposited over the patterned NbTiN layer in an Evatec
LLS801 system which is an extensively customized version of an industrial Balzers
LLS801. The LLS801 is equipped with a cryopump and a load-lock and is able to
achieve a background pressure below 2 x 10~7 mbar. The Al is grown at a rate of 0.4
nm/s by DC magnetron sputtering, at a power of 800 W and a pressure of 5 mTorr
(Ar).

The wafer is spin-coated with HMDS and a 1.2 pm thick layer of AZ6612 photoresist.
The wafer is then baked on a hot plate for 60 s at 100 °C. The aluminium central
lines are patterned using contact UV lithography. The resist is exposed for 5 s, which
equals a dose of 100 mJ/cm?, and developed by suspending it in AZ Developer 111 for
25 s. After development de alignment between the patterned NbTiN and photoresist is
checked using an optical microscope. If the alignment is found to be acceptable, any
unwanted leftovers of the resist are removed by reactive ion etching using an oxygen
plasma for 15 s. If the patterns are misaligned the HMDS and AZ6612 are stripped
from the wafer and the lithography process is repeated.

The pattern in the photoresist is transferred onto the Al using wet etching. The wafer
is submerged for 105 s in a mixture of phosphoric acid, acetic acid, water and nitric
acid (also known as PAWN or Transene A). Acetone is spun onto the wafer to remove
the remaining resist pattern.

AZ6612 resist is spun onto the wafer and baked for 30 s at 110 °C on a hot plate.
The resist protects the wafer during dicing and is removed before mounting by soaking
the chips in acetone and rinsing them with isopropanol. The chip is placed in the
sample holder with the MKIDs facing down and fixed using 4 small flat phosphor-
bronze springs. A microlens array is then mounted onto the chip. The microlens
array is produced by Veldlaser! using commercial laser ablation of high resistivity Si
(p > 5 kQem) and receives and anti-reflection coating of Parylene with a A/4 thickness
after production. The following procedure is used to accurately align the lens centres
with the planar antennas on the chip. The sample holder is placed on an x-y-rotation
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stage of a microscope and aligned for rotation. Using the absolute calibration of the
microscope, the distance between a chip corner and antenna centre is measured. A
second alignment stage holds the microlens array and presses it to the backside of
the wafer whilst still allowing movement. The microlenses are aligned for rotation and
subsequently in the x-y-direction. The x-y-alignment is done using the absolute distance
calibration and the previous distance measure between a chip corner and antenna centre.
Once the lens and antenna centres are aligned, the lens array is glued to the chip using
two droplets of cyanoacrylate glue at the sides of the lenses. The glue will flow under
the lensarrray due to capillary action and hardens in 10 min. This procedure achieves a
typical alignment accuracy of 10 um, but only works for small chips. Large arrays on Si
require alignment markers on the back to align the lens array accurately. Alternatively,
sapphire wafers are transparent, which makes lens alignment easier.
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Chapter 7

High optical efficiency and photon noise
limited sensitivity of microwave kinetic
inductance detectors using phase readout

We demonstrate photon noise limited performance in both phase and ampli-
tude readout in microwave kinetic inductance detectors (MKIDs) consisting
of NbTiN and Al, down to 100 fW of optical power. We simulate the far-
field beam pattern of the lens-antenna system used to couple radiation into
the MKID and derive an aperture efficiency of 75%. This is close to the
theoretical maximum of 80% for a single-moded detector. The beam pat-
terns are verified by a detailed analysis of the optical coupling within our
measurement setup.

This chapter is based upon R. M. J. Janssen, J. J. A. Baselmans, A. Endo, L. Ferrari, S. J. C. Yates,
A. M. Baryshev, T. M. Klapwijk, Applied Physics Letters 103, 203503 (2013).
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7.1 Introduction

In the next decades millimetre (mm) and sub-mm astronomy require [1] large for-
mat imaging arrays to complement the high spatial resolution of the Atacama Large
Millimetre /sub-millimetre Array [2]. The desired sensors should have a background
limited sensitivity and a high optical efficiency and enable arrays of up to megapixels
in size. The most promising candidate to fulfil these requirements are microwave ki-
netic inductance detectors (MKIDs) [3] due to their inherent potential for frequency
domain multiplexing. MKIDs are superconducting resonators, thousands of which can
be coupled to a single feedline. Each resonator is sensitive to changes in the Cooper
pair density induced by absorption of sub-mm radiation. By monitoring the change
in either phase or amplitude of the complex feedline transmission at the MKID reso-
nance one can measure the absorbed photon power. Using amplitude readout photon
noise limited performance has been shown [4]. However, for practical applications two
key properties need to be demonstrated: (1) Photon noise limited operation in phase
readout. (2) A measurement of the aperture efficiency [5], which describes the absolute
optical coupling of a MKID imaging array to a plane wave.

In this letter we present antenna-coupled hybrid NbTiN-Al MKIDs designed for ground-
based sub-mm astronomy. We show that these devices achieve photon noise limited
performance in both amplitude and phase readout. Through a detailed analysis of the
optical coupling within our setup we validate the simulation of the lens-antenna far-field
beam pattern. From this we derive an aperture efficiency of 75%. This is close to the
theoretical maximum of 80% for a single-moded detector.

7.2 Device design

The device design, shown in Fig. 7.1, aims to simultaneously maximize the phase
response and minimize the two-level system (TLS) noise contribution [6]. The device is
a L ~ 5 mm long quarter-wavelength coplanar-waveguide (CPW) resonator consisting
of two sections. The first section (~ 4 mm), at the open end of the resonator, is a
wide CPW made entirely from 200 nm thick NbTiN. NbTiN has 10 dB lower TLS noise
than conventional superconductors such as Al [7]. The TLS noise is further reduced
by the width of the CPW [7], 23.7 pm and 5.4 pm for the CPW gap and central line,
respectively.

The second section (1 mm), at the shorted end of the resonator, is a narrow CPW
with NbTiN ground planes and a 48 nm thick Al central line. The Al is galvanically
connected to the NbTiN central line (Fig. 7.1 inset) and the NbTiN ground plane at
the resonator short. The NbTiN is lossless for frequencies up to the gap 2Aq/h = 1.1
THz (T, ~ 14 K). Any radiation with a frequency 0.09 < v < 1.1 THz is therefore
absorbed in the Al (T, = 1.28 K) central line of the second section. The optically
excited quasiparticles are trapped in the Al, because it is connected to a high gap
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Figure 7.1: Scanning electron micrograph of the antenna-coupled hybrid NbTiN-Al MKIDs
used. A wide NbTiN CPW resonator is used to minimize the two-level system noise contri-
bution. At the shorted end, where the planar antenna is located, one millilitre of CPW is
reduced in width and the central line is made from thin Al. The Al is galvanically connected
to the NbTiN at both ends (inset).

superconductor. This quantum well structure confines the quasiparticles in the most
responsive part of the MKID and allows us to maximize the response by minimizing
this active volume. Therefore, we use a narrow CPW in section two, 2.3 ym and 3.7 ym
for the central line and slots, respectively. Using a narrow Al line at the shorted end
of the MKID does not increase the TLS noise significantly, because of the negligible
electric field strength in this part of the detector.

At the shorted end of the resonator light is coupled into the device through a single-
polarization twin-slot antenna, which is optimized for v = 350 GHz. The advantage of
using antenna-coupling is that it can be designed independently from the distributed
CPW resonator. The disadvantage is that the antenna occupies only ~ 1% of the total
pixel footprint. To achieve a high filling fraction we use elliptical lenses to focus the
light on the antennas.

The design presented here is an improvement on that by Yates et al. [4]. Our design
has a wider body in section one, which provides ~ 7 dB reduction of the TLS noise.
In addition we have thinner Al, 48nm instead of 80 nm. This increases the kinetic
inductance fraction by 45% to v = 0.09 and reduces the volume by 40%. Both give a
linear increase in the phase response. An array of 24 pixels has been fabricated! [8] on
a high-resistivity (> 10 k© c¢cm) (100)-oriented Si substrate. All pixels are capacitively
coupled to a single feedline with a coupling ). ~ 58k, which is matched to the @;

IMeasurements have shown that the amount of direct absorption by the resonator is negligible
when lenses are used. Therefore, we do not use air bridges to connect the ground planes of the CPW
resonator.
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Figure 7.2: (a) The power spectral density of the amplitude (dashed) and phase (solid)
noise measured under various optical loading. A white noise spectrum is observed, the level
of which is constant with loading power, for P350qm, > 100 fW. The roll-off above 1 kHz is
due to the quasiparticle lifetime, which is reduced by an increasing optical load. Note that
the photon noise level is 16 dB higher in phase readout. Nevertheless, at a given loading the
NEP is the same for phase and amplitude readout as shown in (b). (b) The optical NEP? [10]
for amplitude (dashed) and phase (solid) readout as a function of optical loading. (c) The
optical NEP measured at a modulation frequency of 200 Hz, NEPF,,, as a function of the
estimated optical loading, P... For every optical loading the NEP in phase (magenta dots)
and amplitude (black dots) readout is equal, if for the latter the amplifier contribution (black
diamonds) is subtracted. This contribution is insignificant in phase readout. The error bars
on the NEP measurement are of the order of the symbol size. The measured NEP follows
the same slope as NEP.;. < \/P.q. (dashed black line). By fitting the relation between
measured amplitude NEP and N E P,y (solid black line) e = 1.06 4 0.06 is determined.

expected for an optical loading of ~ 10 pW. After mounting an array of 16 laser
machined Si lenses with a diameter of 2 mm on the central pixels, the array is evaluated
using a pulse tube pre-cooled adiabatic demagnetization refrigerator with a box-in-
a-box cold stage design [9]. In this design the array is fully enclosed in a 100 mK
environment with the exception of a 2 mm aperture, which is located 15.05 mm above
the approximate centre of the MKID array. This aperture is isotropically illuminated
by a large temperature-controlled blackbody [10]. Two metal mesh filters provide a
minimum rejection of 20 dB at all wavelengths outside the 50 GHz bandpass centred
on v = 350 GHz. This allows us to create a variable unpolarised illumination over a
wide range of powers.

2For clarity the factor \/(1 + (27 F)?72) (1 + (2 F)272

2 ) is not included.
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7.3 Photon noise limited performance

Fig. 7.2(a) shows the amplitude and phase noise spectra measured for a typical device
as a function of the optical power absorbed in the Al, P350cn.. In this figure we observe
two characteristics that prove our device is photon noise limited:

1. The noise spectra in both phase and amplitude are white with a roll-off given by
the quasiparticle lifetime, 7,,, or resonator ring time, 7,.;. For our devices we
observe a white noise spectrum for Ps5oqy. > 100 fW, which has a roll-off due to
Typs DECAUSE Top > Tres.

2. When reducing the optical loading from the photon noise limited situation one
should observe at negligible power levels the transition to a noise spectrum that
is limited by intrinsic noise sources of the detector. At a negligible optical loading
(Pssocm. = 4 fW) the phase noise spectrum is no longer white and the noise level
in both phase and amplitude readout is lower with respect to Pssoqm. > 4 fW.

Fig. 7.2 shows three more features, which may be present in a photon noise limited
MKID.

The photon noise level of the spectra observed in Fig. 7.2(a) is independent of the
optical loading, because the product of quasiparticle number and quasiparticle lifetime
is constant[10, 11] and the loaded Q did not change.

By fitting a Lorentzian roll-off [10] to the spectra presented in Fig. 7.2(a) we derive
the quasiparticle lifetime as a function of the optical loading. Fig. 7.3 shows that the
quasiparticle lifetime obtained from phase and amplitude readout is equal for all load-
ing levels. For Pssoqm. > 100 fW the quasiparticle lifetimes show a 7., oc Pyogrr
relation, which matches the expected 7,, o< 1/v/Pssocm- relation [11-13] for a homoge-
neously illuminated superconductor. At Pssoqn. = 4 fW we observe 7, = 150 us, which
deviates from the trend set by the photon noise limited regime and is significantly lower
than the 7, ~ 2 ms observed by de Visser et al. [14] in similar Al. Measurements on
hybrid NbTiN-Al MKIDs with a varying length of the Al section show that the quasi-
particle lifetime increases with the Al length. Based on this we tentatively conclude
that the reduced lifetime we observe is due to poisoning by quasiparticles entering from
the NbTiN.

Fig. 7.2(b) and 7.2(c) show the observed Noise Equivalent Power (NEP)? [10], the level
of which only depends on the optical loading and is thus equal in amplitude and phase
readout. The NEP follows the NEP o /Pssoci- relation expected for photon noise
limited MKIDs? [4, 11].

3The NEP o /Pssoqr, expected for photon noise limited MKIDs would also be observed for
amplifier limited MKIDs, due to the 74, o< 1/v/Pssocm. relation. However, in this situation the roll-off
in the spectra of Fig. 7.2(a) would not be observed.
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Figure 7.3: The quasiparticle lifetime, determined from the phase (magenta) and amplitude
(black) noise roll-off, as a function of optical power absorbed by the MKID, Ps50cm.. The
Lorentzian fit gives a typically error of 5% in the estimated lifetime. As a result, error bars
are usually smaller than the symbol size. A fit to the measured lifetimes for Pssogp, > 100
fW shows that 74, oc nggg%izo.og

7.4 Readout

Once photon noise limited performance is achieved the NEP in both phase and ampli-
tude readout is equal as it is determined by the loading. However, as shown in Fig.
7.2(a), the photon noise level in phase readout is significantly higher than that in am-
plitude readout. Fig. 7.4(a) shows the measured amplitude (blue) and phase (red)
noise spectra for an optical loading of 550 fW. The photon noise level in phase readout
is 16 dB higher than that in amplitude readout, thereby relaxing the dynamic range
requirements of the readout electronics. Fig. 7.4(b) shows the expected noise contri-
bution (black dashed line) by a state-of-the-art readout system based upon the E2V
EV10AQ190 analogue-to-digital converter (ADC) [15] for a given number of tones. We
used an effective number of bits (ENOB) of 8 for this calculation and a ADC bandwidth
of 1.25 GHz. If we allow for a 10% of observation time or ~ 1 dB of added noise by the
ADC alone, we estimate [16, 17] that we can simultaneously read out approximately
1800 of the presented NbTiN-Al MKIDs in phase readout. Using the same electronics
amplitude readout would only allow 30 pixels.

7.5 Aperture efficiency

In the photon noise limited regime it is favourable to have a high optical or aperture
efficiency [5], n4, because the observation time required to achieve a given signal-to-
noise follows ¢, oc n;". The most reliable way to determine the aperture efficiency of
a MKID is through the measurement of the photon noise. Yates et al. [4] used this
approach and determined the aperture efficiency by comparing the measured NEP to
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Figure 7.4: (a) The measured amplitude (blue) and phase (red) noise spectra for an optical
loading of 550 fW. We observe photon noise limited white noise spectra at a —78.5 dBc/Hz and
—94.9 dBc/Hz level for phase and amplitude, respectively. (b) The noise contribution (black
dashed line) by a state-of-the-art readout system based upon the E2V EV10AQ190 ADC [15]
for a given number of readout tones. The solid lines indicate the sum of the photon and readout
noise for phase (red) and amplitude (blue). If we allow for a 10% degradation of observation
time due to the noise added by the ADC alone, we can simultaneously operate 30 or 1800
tones in amplitude and phase readout, respectively. Figure inspired by Janssen et al. [18]

the NEP expected for a perfect absorber with the same area as a single pixel. The
latter was determined using the geometrical throughput between the detector and the
illuminating aperture. However, this approach is only valid if the gain of the antenna
is equal to its maximum value within the entire angle spanned by the aperture.

We determine the aperture efficiency from the full far-field beam pattern, which is ob-
tained from a simulation of the complete lens-antenna system using CST Microwave
Studio. This gives us the freedom to adjust the design as required and allows a cal-
culation of 74 independent of the measurement setup. However, the simulated beam
pattern does require experimental verification. We will first show how we verify the
coupling efficiency, C,,, which describes the reflection losses due to mismatches between
the antenna and the resonator CPW, and the gain pattern*, G, (f2), as a function of the
angular direction, €2, from the microlens focus. The gain pattern of our lens-antenna
system is shown in Fig. 7.5(b). After the verification we will use C, and G,(£2), which
we obtain from CST Microwave Studio, to calculate 4.

We verify C, and G,(2) using the photon noise limited optical NEP, NEP,,, as the
experimental observable. We compare NEPF,, to the photon noise limited NEP we

4We manually normalize the simulated beam pattern to obtain G,,.
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expect, NEP.,., from the resonator. To calculate NEP,,. we need to know the power
coupled to the lens-antenna system, Py, which is given by

2
P.oe = c_// £,B,(Tss) C,G,(Q) dQdv (7.1)
47T v QeAap

212

Here c is the speed of light, F, the filter transmission and B,(Tzg) Planck’s law for a
blackbody temperature Tgp. The factor 1/2 takes into account that we receive only a
single polarization. The second integral evaluates the solid angle € over the aperture
area, A,,. The rest of the detector enclosure is a 100 mK absorber that has a negligible
emission at 350 GHz. Included in this calculation is the experimentally measured
lateral shift between each pixel and the aperture. The effect of lateral deviations from
co-alignment are shown in Fig. 7.5(a). The contours in this figure show the predicted
reduction in received power as a function of the lateral translation between the lenses’
optical axis and aperture center. The contours are normalized to a co-aligned system.
The circles in Fig. 7.5 indicate the positions of the 16 lensed pixels. The colour indicates
the relative frequency change between 5 and 90 fW of optical loading, which roughly
approximates the relative absorbed power for all 16 pixels. The qualitative match is
striking and assures us of the shape of G, (£2).

We can now define the power error ratio e as the discrepancy between the calculated
and measured photon noise limited NEP.

NEP?

calc

NEPZ,

2P.qic(hv(1 +mB) + A/ny)
NEP§;, — NEP;,

€ =

(7.2)

Here hv is the photon energy of the incoming radiation, (1 + mB) the correction to
Poisson statistics due to wave bunching [10], A the superconducting energy gap of
the absorbing material and 7,, = 0.57 the pair breaking efficiency inside this material.
NEPF,, is equal to the measured NEP at a modulation frequency of 200 Hz, N E Pyyop,
after correction for any detector noise contribution to the NEP, NEP,.;. In amplitude
readout this is the amplifier noise contribution, which we estimate from the NEP value
at a modulation frequency of 300 kHz (black diamonds in Fig. 7.2(b)). In phase readout
NEP;; =0 as both the frequency independent amplifier noise contribution, observed
above the roll-off frequency, and the 1/ vF TLS noise contribution, observed below 10
Hz, are insignificant at 200 Hz. We expect € = 1, if the description of the optical power
flow is complete and the simulated beam patterns are correct. Fig. 7.2(c) shows the
measured optical NEP, NEP,,, as a function of P for phase (magenta dots) and
amplitude (black dots) readout. The measured photon noise NEPs from phase and
amplitude are within 20 of each other at all loading levels. The solid black line shows
the best fit for the expected linear relation, NEP,,; = NEP,,./+/c. For the presented
MKID, numbered 16, € = 1.06 +0.06, if we disregard the lowest loading. For a different
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Figure 7.5: (a) This contour plot shows the power received by the hybrid MKIDs as a
function of the offset between the lens and aperture centre. The scale is normalized to the
power received at co-alignment. Overlaid in black circles are the positions of the 16 MKIDs
with lenses. The colour inside each circle indicates the relative change in resonance frequency
between 5 and 90 fW of optical loading, which is a proxy for the relative absorbed power. (b)
The gain (in dB) of the complete lens-antenna system as a function of angle (in degrees) as
obtained from CST. The red and blue line are the two orthogonal cross-sections. The black
solid lines show the opening angle of the aperture used in this experiment.

MKID, numbered 3, the above analysis yields ¢ = 1.09 & 0.13.
From the verified far-field beam pattern we can determine 74, which is mathematically
defined as

Ae X2G,(Q0)C,

A= A 4T A (7.3)

Here A is the physical area covered by the pixel; A and v are the wavelength and fre-
quency of the observed radiation, respectively; and €2 is the direction of the maximum
gain. Using the circular area of the lenses A = 7 mm?, Cs50qm. = 0.98 and the gain
of the CST beam pattern at broadside, G,(€y) = 5.0 dB, an aperture efficiency of
75% is determined for a single pixel. The maximum achievable aperture efficiency of
a circular antenna illuminated by a single-moded Gaussian beam is 74 = 0.80 [19].
For the measured array the filling fraction of the square packing means we have a total
array aperture efficiency of 57%. Using an array with hexagonal packing the total array
aperture efficiency can be increased to 66%.
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7.6 Conclusion

In conclusion, we present hybrid NbTiN-Al MKIDs, which are photon noise limited

in both phase and amplitude readout for loading levels Pssoqm. > 100 fW with an

aperture efficiency of 75%. The photon noise level will allow us to simultaneously read

out approximately 1800 pixels using state-of-the-art electronics to monitor the phase.
Given these specifications, hybrid NbTiN-Al MKIDs should enable astronomically us-
able kilopixel arrays for sub-mm imaging and moderate resolution spectroscopy.
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Chapter 8

Equivalence of optical and electrical noise
equivalent power of hybrid NbTiN-Al
microwave kinetic inductance detectors

We have measured and compared the response of hybrid NbTiN-Al Micro-
wave Kinetic Inductance Detectors (MKIDs) to changes in bath temperature
and illumination by sub-mm radiation. We show that these two stimulants
have an equivalent effect on the resonance feature of hybrid MKIDs. We
determine an electrical NEP from the measured temperature responsivity,
quasiparticle recombination time, superconducting transition temperature
and noise spectrum, all of which can be measured in a dark environment.
For the two hybrid NbTiN-Al MKIDs studied in detail the electrical NEP is
within a factor of two of the optical NEP, which is measured directly using
a blackbody source.

This chapter was published as R. M. J. Janssen, A. Endo, P. J. de Visser, T. M. Klapwijk, J. J. A.
Baselmans, Applied Physics Letters 105, 193504 (2013).
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8.1 Introduction

In the development of megapixel sub-millimetre cameras for ground-based astronomy
two different implementations of the Microwave Kinetic Inductance Detector (MKID)
[1] are currently being pursued. One implementation is the Lumped Element MKID
(LEKID) [2] made from TiN [3]. The high normal state resistance of TiN allows direct
photon absorption and a lower readout frequency without a dramatic increase in pixel
size [4]. A lower readout frequency reduces the cost of readout electronics. However,
LEKIDs made from this high resistivity material have shown an anomalous optical re-
sponse [5, 6]. An alternative MKID implementation is the lens-antenna-coupled hybrid
NbTiN-Al MKID [7], which integrates an Al absorber in a NbTiN resonator. Sub-
mm radiation creates quasiparticles in the Al, which will be trapped there, because
the superconducting gap of NbTiN is much larger than that of Al. The lens-antenna-
coupled hybrid MKIDs have shown the expected photon noise limited performance in
both phase and amplitude readout down to 100 fW of optical loading as well as a high
optical efficiency [7, 8].

A Noise Equivalent Power (NEP) in the 10~ W /v/Hz range has been measured electri-
cally for MKIDs [3, 9]. The electrical NEP is determined from the MKIDs temperature
responsivity, quasiparticle recombination time, superconducting energy gap and noise
spectrum, all of which can be measured in a dark environment. Based on a simplified
model-analysis Gao et al. [10] have argued that the change in complex conductivity
due to thermally and optically excited quasiparticles is equivalent. This would imply
that the electrical NEP is a convenient alternative to a full optical evaluation, which
requires a time-consuming measurement and a dedicated setup with a controlled il-
lumination source [8]. However, the relationship presented by Gao et al. [10] is not
universally applicable to MKIDs, as illustrated in Fig. 8.1(b). Fig. 8.1(b) compares
the response to thermal and optical excitations of well-studied Al coplanar waveguide
(CPW) MKIDs[11]. Clearly, the temperature response deviates significantly from the
optical response.

In this Letter we report a thorough analysis of the optical and electrical NEP of lens-
antenna-coupled hybrid NbTiN-Al MKIDs. In Fig. 8.1(a) we show that, unlike the fully
Al CPW MKIDs, hybrid MKIDs have an identical response to optical illumination and
a change in bath temperature. We define a conversion between temperature and optical
power based on energy arguments and show that for these hybrids the electrical NEP,
which is determined from the temperature response, quasiparticle recombination time,
superconducting energy gap and noise spectrum, is within a factor of two of the directly
measured optical NEP.
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Figure 8.1: (a) The evolution of the resonance curve as a function of increasing temperature
(grey) and increasing optical loading (colour) of a hybrid NbTiN-Al MKID. We see that this
evolution is identical, as can be seen from the relative change in resonator losses, (1/Q; —
1/Qi0), as a function of the change in resonance frequency, (fres — fres,0)/ fres,0 (inset). (b)
As (a), but for a fully Al CPW MKID [11]. Here a difference in the effect temperature and
sub-millimetre radiation have on the complex conductivity is observed.

8.2 Measurement setup

The hybrid NbTiN-Al MKIDs [8] we study are quarter-wavelength CPW resonators
(length ~ 5 mm), which consist of two sections. In the first section, at the open end of
the resonator, the CPW is wide and made from NbTiN. In the second section, which
is approximately 1 mm in length and located at the shorted end of the resonator, the
NbTiN CPW is narrow and the central line is made from Al instead of NbTiN. This
hybrid MKID design simultaneously maximizes the responsivity and minimizes the two-
level system (TLS) noise [12] contribution.

We measure the properties of two representative devices (numbered No. 1 and No. 2)
using a pulse tube pre-cooled adiabatic demagnetization refrigerator with a box-in-a-
box cold stage design [13]. In this design the 4-by-4 array of MKIDs is fully enclosed in
a 100 mK environment with the exception of a 2 mm aperture, which is located 15 mm
above the approximate centre of the MKID array. The aperture is isotropically illumi-
nated by a large blackbody [11]. Metal mesh filters define a 50 GHz bandpass around a
central frequency of 350 GHz. The passband is matched to the antenna design [8]. This
allows us to create an unpolarised illumination over a wide range of powers. From the
blackbody temperature, Ty, the filters and the optical coupling between the blackbody
and the MKIDs we can determine the absorbed photon power, Py, to within 6% [8].
The magnetic field strength of the ADR is used to control the temperature, T, of the
sample. Magnetic shielding prevents these fields from entering our sample stage. In
our experiment we use a bath temperature 7y = 100 mK and a blackbody temperature
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Tibo = 4.2 K as our initial condition for both our optical and thermal measurement.
Quantities measured at these initial conditions will be denoted with subscript zero.
Starting from (Typ 0, 7o) we change either Ty, or 7' in the optical and thermal measure-
ments, respectively. All measurements are made at a fixed readout power Pieaq = —80
dBm. In general the effect of microwave power on a quasiparticle distribution, which is
modified from our baseline by an elevated temperature or optical illumination, is differ-
ent [14, 15]. However, we expect that for the same number of quasiparticles, generated
either thermally or optically, the effect of readout power is comparable.

8.3 Optical noise equivalent power

In order to determine the optical NEP of our detectors we first determine the base
temperature resonance frequency of the MKID, fes0, and we measure at feso the noise
spectrum in phase readout, Sy, and amplitude readout, Ss0. Second, we measure
the optical responsivity of the device, 2/ Popt, by monitoring x = 6, A at fieso, while
increasing P,,. Fig. 8.2(a) shows the measured phase (blue dots) and amplitude (red
dots) response as a function of P,,;. We determine the optical responsivity directly from
this measurement by a linear fit to the measured response at B, < 1.1F,0. These
fits are shown in Fig. 8.2(a) for phase readout (blue line) and amplitude readout (red
line) and their slopes give the optical responsivity values presented in Table 8.1. Table
8.1 also lists the uncertainty of the measured optical responsivity. The uncertainty is
5 — 10% and the result of uncertainty in the fit (~ 4%) and the uncertainty in P,y

(~ 6%).

Table 8.1: The optical and electrical phase and amplitude responsivity as well as their
uncertainty for the two MKIDs.

MKID No. 1 Optical Electrical
df/dP (47.5 4+ 2.0) x 10!2 (35.5 4+ 6.3) x 10!2
dA/dP (—4.59 £0.29) x 10" (—4.29 +£0.70) x 102
MKID No. 2 Optical Electrical
df/dpP (32.7 £ 3.5) x 102 (20.3 & 3.6) x 10'2

dA/dP (—3.39 4+ 0.37) x 10'2  (—2.41 4 0.43) x 10*2
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Figure 8.2: (a) The measured change in phase (blue dots) and amplitude (red dots) as a
function of the absorbed sub-millimetre radiation. From this measurement the phase (blue
line) and amplitude (red line) responsivity is determined using a linear fit. (b) The measured
(dots) change in resonance frequency (blue) and resonator loss (red) as a function of the
number of thermally generated quasiparticles as given by Eq. 8.2. A linear fit (lines) to this
data gives us a quantity, which is proportional to the temperature responsivity (see Eq. 8.4).

8.4 Electrical noise equivalent power

An electrical NEP can only be used as a proxy for the optical NEP, if the response to
temperature and sub-mm radiation is equivalent. Fig. 8.1(a) shows the evolution of the
resonance curve of a hybrid NbTiN-Al MKID as a function of increasing temperature
(solid black lines) and increasing optical loading (dashed coloured lines). For every
optical loading a temperature can be found, which shows an identical resonance feature.
This shows that, in case of the hybrid MKIDs, temperature generates an identical
response in the MKIDs as sub-mm radiation. This shows sub-mm radiation and thermal
excitation modifies the quasiparticle energy distribution in the Al in a comparable way
and corroborates our expectation that alterations due to P,e.q are a second order effect,
which is below the measurement accuracy. This is further illustrated by the inset of
Fig. 8.1(a), which shows the change in internal quality factor, Q;, as a function of the
change in resonance frequency, fres, for changing 7" (solid blue line) and P, (red dots).
In contrast to hybrid MKIDs, radiation induces less losses for the same frequency shift
in fully A1 CPW MKID [11] as shown in Fig. 8.1(b).

We determine the electrical (dark) responsivity [16], d2/0 Pyark, which based on energy
arguments we expect to be equivalent to the optical responsivity, by

ox _ NobTap(T)  Ox
6Pdark A(O) 5qu (T)

(8.1)
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Here d2/0Np(T) is the temperature responsivity, 7, is the quasiparticle recombina-
tion time, A(0) is the BCS superconducting energy gap and 7,y is the pair breaking
efficiency. Table 8.1 gives the measured electrical responsivity and their uncertainty for
our MKIDs. In the paragraphs below we detail how each of the parameters required
for the calculation of dx/d Py.y as well as their individual measurement uncertainty is
obtained.

At temperatures 7' < T, Mattis-Bardeen theory [17] predicts a linear relation between
the number of thermal quasiparticles and the real and complex part of the conductivity
[10] or equivalently the internal losses and MKID resonance frequency. Fig 8.2(b) shows
the measured (dots) linear relation between the number of quasiparticles, Ng,(T), and
the resonance frequency (blue) or the resonator losses (red). We determine Ny, (T") from
the bath temperature, T', using

N, (T) =V x 4N, / NJ(E,T) frn(E, T)dE (8.2)
0
Here V & 135 pum? is the volume of the Al in the MKID, Ny = 1.7 x 10 ym=3 eV~ the

single spin density of states of Al at the Fermi energy [18], frp(F,T) is the Fermi-Dirac
energy distribution and Ny(FE,T') the normalised BCS quasiparticle density

N,(E) = Re < L ) (8.3)

E? — A2(T)

From a linear fit to temperatures 0.187, < T < 0.257, we obtain the temperature re-
sponsivity, 6y/0N,,, of the resonance frequency, y = (fres(T') — fres0)/ freso, and internal
quality factor, y = 1/@Q;. The fit range and resulting function are shown in Fig 8.2(b).
From 6y/0N,, we obtain the temperature responsivity, dz/d N, for phase, z = 6, and
amplitude, r = A.

59 o —4Q (S(fres - fres,O)

- ; 84&
5qu fres70 5qu ( )
6A 6(1/Q:)

Here () is the measured (total) resonator quality factor.

By selecting T > 0.187, as a fit range for the temperature response we avoid the region
below N,, &~ 0.4 x 10° where the non-linear TLS response dominates over the quasi-
particle response, as shown by the measurements in Fig 8.2(b). At 7' > 0.187, our
minimum blackbody temperature, Ty, 0 = 4.2 K, which corresponds to P,y 0 = 4.5 fW,
generates a negligible amount of quasiparticles compared to those generated thermally.
The commonly used approximation for Eq. 8.2 given by Eq. 6.10 systematically un-
derestimates Ny, (7T") by up to 5% at T' = 0.257, as shown by the inset of Fig. 6.5(b).
As a result we would overestimate dx/d Ny, by 5.6%. To eliminate this error we use the
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full BCS integral.

A quasiparticle recombination time 7,0 = 138 £ 20 us is determined from the roll-off
in the noise spectrum [8]. This method is ideal, because one observes the MKID in an
equilibrium situation. However, this can only be done if photon noise [7] or generation-
recombination noise is observed [19]. Alternatively, the recombination time can be
obtained by measuring the MKID’s response to short high energy pulses® [19)].

We determine the superconducting energy gap using A(0) = 1.76k,T.. We find a
T. = 1.283 £0.019 K for the Al used in the hybrid MKIDs. This 7, is the mid-point
value from four-point DC measurements of the film resistance, R(T), as a function of
temperature. The DC measurement uses Al Hall bars of 3 and 100 ym wide, fabricated
simultaneously with the MKIDs. We observe a change in 7. between the two Hall bars.
Inspection of a 4”7 wafer excludes any effects due to changes in Al thickness, but shows
a variation of 0.5 um in the width of lines with the same design, due to the wet etch
of the Al. We infer a 1.5% uncertainty in 7, due to these lithographic variations. We
do not understand the physical mechanism responsible for the observed T, variation.
Nevertheless, the uncertainty in 7. is important, because it introduces an exponential
uncertainty in the temperature responsivity through Eq. 8.2. A change of 1.5% in T,
introduces a 10% change in dz/JNq,.

The pair-breaking efficiency is usually taken to be [20, 21] n,, = 0.57. Recent sim-
ulations by Guruswamy et al. [15] of the absorption of sub-millimetre radiation by
superconductors has corroborated this value for thick films of a BCS superconductor.
However, they have also shown that 7,, depends on the device materials, geometry and
the photon energy. For the hybrid NbTiN-Al MKIDs in this experiment, which uses
48 nm thick Al [8] and receives photons with an energy hv ~ 7.5A(0), the simulations
show an 7, ~ 0.4. Accordingly, we have used 7,, = 0.4 in our analysis.

8.5 Optical versus electrical noise equivalent power

Fig. 8.3 shows the optical (solid) and electrical (dashed) NEP for phase (blue) and
amplitude (red) readout for KID No. 1. The NEPs are determined from the measured
noise spectra and responsivities. The spectral shape of the optical and electrical NEP
is identical, because they are both based on the noise spectrum measured at the base
temperatures. Therefore, the difference between the optical and electrical NEP level is
entirely due to the difference in the optical and electrical responsivity. The measured
responsivities are given in Table 8.1. It is clear from Fig. 8.3 that the electrical NEP
coincides with the optical NEP to within 37% for phase readout and within 7% for
amplitude readout. For MKID No. 2 the optical and electrical NEP are within 62%
and 41%, respectively.

"While the pulse method is easier to implement in a dark environment, it is prone to introducing
additional errors due to the non-equilibrium nature of the measurement.
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Figure 8.3: The optical NEP (solid line) compared to the electrical NEP (dashed line) for
phase (blue) and amplitude (red) readout. The spectral shape of the electrical and optical
NEP is identical, because they are both based on the noise spectrum measured at the base
temperatures Ty, 0 = 4 K and Ty = 100 mK.

8.6 Discussion

With the exception of the amplitude responsivity of MKID No. 1, the difference between
the measured optical and electrical NEP is larger than the measurement uncertainties.
A(0) and 7, are the most likely candidates causing this discrepancy. We anticipate
that the responsivity discrepancy is the result of not knowing the exact value of A(0),
which we obtain from the mean-field 7,.. However, the BCS factor of 1.76 used in this
conversion is a theoretical quantity obtained in the limit of weak electron-phonon cou-
pling. It is known to increase for a more realistic electron-phonon coupling, although
for aluminium we do not expect a large deviation. A factor of 1.85 would bring all
responsivities to within 1.1o. Only, a direct measurement of A(0) would resolve this
uncertainty. 7, can resolve the discrepancy to a similar degree. This would require a
phonon lifetime to phonon trapping time ratio four times larger than literature values
(15, 22, 23].

The sensitivity to the exact value of Ay and 7, as well as the already large (~ 20%)
uncertainties in the electrical NEP makes clear that it is impossible to determine the
optical efficiency by the comparison between the optical and electrical NEP. A very
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reliable way to determine the optical efficiency is to use the photon noise limited NEP
as described in detail by Janssen et al. [§].

A possible equivalence between the optical and electrical NEP, and therefore respon-
sivity, is based on the assumption that illumination by sub-millimetre radiation and
providing an elevated temperature creates the same change in the weighted spatial av-
erage of the complex conductivity measured by the resonator. As shown in Fig. 8.1
for a hybrid MKID the evolution of the resonance feature is identical for temperature
and optical loading. However, in a full Al MKID radiation induces less losses for the
same frequency shift [11]. We interpret this difference as a result of the hybrid MKID
geometry in which only the short aluminium section acts as the absorber. The 1 mm
Al section is long enough to absorb the incoming radiation, but is shorter than the
quasiparticle diffusion length. In addition, the electric field is roughly constant over
this section of the MKID, which means that over the whole length of the aluminium
the quasiparticle density has an identical contribution to the responsivity, regardless of
its position.

Consequently, we show that for the specific case of hybrid MKIDs it is justified to
assume the electrical NEP to be identical to the optical NEP. The geometrical advan-
tage of hybrid NbTiN-Al CPW MKIDs is also present in fully Al LEKIDs [24], where
both the radiation absorption and current are uniform within the inductive end of the
resonator. This advantage is absent in Al CPW MKIDs. For fully TiN MKIDs, as
mentioned in the introduction, it appears to be impossible to rely on an electrical NEP,
as defined in this Letter, as a measure for the optical performance, because the response
to radiation is in many aspects anomalous and possibly related to the inhomogeneous
nature of the superconducting state [6].

8.7 Conclusion

In conclusion, we have shown for hybrid NbTiN-Al MKIDs that

1. the weighted spatial average of the complex conductivity measured by hybrid
MKIDs is the same for thermal and optical excitation.

2. the electrical NEP, which is determined from the temperature responsivity, quasi-
particle recombination time, superconducting transition temperature and noise
spectrum, is within a factor of two of the optical NEP, which is measured directly
using sub-millimetre radiation.

We argue that this is the result of the specific implementation of the hybrid NbTiN-Al
MKID, and that in different MKID embodiments the equivalence between optical and
electrical response is not a priori justified.
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Chapter 9

Conclusions and future perspectives

9.1 Conclusions

This thesis presents a multiwavelength approach to study active galactic nuclei (AGN)
and their role in galaxy evolution. In the first part, radio-loud AGN and their host galax-
ies in the local universe are studied using existing large area surveys (Chapters 2-5)
and dedicated observations on the William Herschel Telescope. This large collection
of optical, mid-infrared (mid-IR) and radio observations has enabled us to answer the
question: “Which galaxies host radio-loud AGN in the local universe?” The second
part of this thesis focusses on the performance of microwave kinetic inductance detec-
tors (MKIDs). The MKID is a novel detector technology based on superconducting
resonators (Chapters 6-8). Due to their inherent potential for frequency domain multi-
plexing MKIDs are expected to enable a new generation of large format (far-IR) cameras
and spectrometers for astronomy. These instruments are expected to make key con-
tributions in tracing the complete evolution of galaxies and their super massive black
holes through cosmic time by observing the dust obscured universe.

9.1.1 Radio-loud AGN in the local universe

In the local universe radio-loud AGN can be divided into two populations: radiative-
mode an jet-mode AGN. Radiative-mode AGN are thought to accrete matter at a high
rate in a radiatively efficient way. These AGN are thought to follow the orientation-
based unification model of AGN. Jet-mode AGN accrete matter at a low rate in a
radiatively inefficient way. As a result they lack the broadband X-ray and IR emission
and optical emission lines generally associated with AGN (Chapter 2).

We have performed a detailed analysis of these two AGN populations in the local uni-
verse using a combination of optical (SDSS) [1, 2], IR (WISE) [3] and radio (FIRST,
NVSS) surveys [4, 5]. Chapter 3 shows that more than 95% of the jet-mode AGN are
hosted by red galaxies. The fraction of galaxies with a jet-mode AGN is proportional
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t0 fiet—mode X M?25 regardless of host galaxy colour or star formation rate (SFR). This
proportionality is thought to be the result of the accretion of hot halo gas [6]. Radiative-
mode AGN are primarily found in blue and green galaxies. These results are consistent
with literature (Chapter 2), but our large sample enables us to look at more details. We
show that the fraction of galaxies hosting a radio-loud radiative-mode AGN increases
with host galaxy mass as fradiative—mode < M. This is in contrast with radio-quiet
radiative-mode AGN, for which the hosting probability shows no dependence on host
galaxy mass [7]. In addition, we have identified 171 jet-mode AGN in massive blue
galaxies. Given a red and a blue galaxy of the same mass, the probability of finding a
jet-mode AGN in a blue galaxy is higher. These blue jet-mode AGN are generally also
more powerful than their red counterparts.

The nature of these jet-mode AGN in blue host galaxies is investigated in Chapter 4
using optical and radio images. Public data from the Galaxy Zoo project shows that
a significantly higher fraction of blue galaxies have an elliptical morphology, if they
have a jet-mode AGN. This brings them at M, > 1012 Mg, in line with the morpho-
logical classification of red galaxies which are the classical hosts of jet-mode AGN. At
M, < 102 Mg, more than half of the blue galaxies hosting a jet-mode AGN show signs
of mergers. Furthermore, the radio jets in blue galaxies (of all masses) appear to be
small: more than 80% of them are point sources in the FIRST radio survey, whereas
only 40% of the radio sources in a matched sample of red host galaxies are point sources.
Based on this evidence we speculate that in the case of the low mass sources the AGN
is just turning on and has been initiated by the recent galaxy interaction. In the high
mass sources confinement of the radio jet inside the galaxy and/or positive feedback
could also be the case.

To extend the above analysis to higher redshifts a method is required to classify radio-
loud AGN as radiative-mode or jet-mode. At low redshifts this is done using optical
spectra, but obtaining these spectra in large numbers is observationally expensive. In
Chapter 5 we investigate the mid-IR properties of radiative-mode and jet-mode AGN
in the local universe. We show that jet-mode AGN have a mid-IR luminosity compa-
rable to the general galaxy population, while at least 50% of the radiative-mode AGN
has an excess emission. We attribute this excess mid-IR emission to the presence of a
torus. Despite the above trends, we found that it is impossible to classify the two AGN
populations with a high completeness and reliability. The key to achieving this will be
a reliable constraint on the mid-IR emission by dust which has been heated by stars.

9.1.2 Performance of hybrid NbTiN-Al MKIDs

In the second part of this thesis we present performance measurements of Microwave
Kinetic Inductance Detectors (MKIDs) made from a combination of NbTiN and Al
(Chapter 7). Optical measurements show that hybrid NbTiN-Al MKIDs are photon
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noise limited down to 100 fW of sub-mm radiation. This performance is achieved both
in amplitude and phase readout. As a result of the high phase response, the photon
noise level in phase readout is high enough to allow over 1000 pixels to be read simul-
taneously using state-of-the-art electronics. Owing to the combination of NbTiN and
Al hybrid MKIDs can be used as detectors in the frequency range 0.1 < v < 1.1 THz.
Within these limits, the observation frequency of hybrid MKIDs can be easily adjusted
by changing the planar antenna [8]. This can be done without affecting the performance
of the distributed resonator which is used to sense the radiation. In this work we have
used a twin-slot antenna at 350 GHz. With this antenna we have achieved an aperture
efficiency of 75% which is close to the theoretical maximum of 80%.

Furthermore, Chapter 8 shows that hybrid MKIDs have an equivalent response to tem-
perature and sub-mm radiation. This is the result of the specific implementation of
the hybrid MKIDs and not a priori true for any MKID. The optical and electrical
noise equivalent power (NEP) of hybrid MKIDs is within a factor of two of each other.
However, the error on the optical NEP determined using the methods described in
Chapters 6 and 7 is smaller than the error on the electrical NEP.

9.2 Future perspectives: tracing the co-evolution of
galaxies and black holes

Over the last decades detailed knowledge about AGN in the local universe has been
gained using large area surveys (see review by Heckman and Best [9]). These surveys
have resulted in a detailed demographic of the radiative-mode AGN and jet-mode AGN
population and their host galaxies. A new generation of large area surveys will enable
us to extend the statistical analysis performed in the local universe out to redshift
two and beyond. This analysis will answer the key question: “Which galaxies host
radiative- or jet-mode AGN in the high-redshift universe?” If we answer this question
in as great a detail as has been done for the local universe and compare the answer to
our knowledge of AGN in the local universe, we can trace the evolution of jet-mode and
radiative-mode AGN and determine the effect these AGN have on the star formation
in their host galaxies.

9.2.1 AGN in the visible high-redshift universe

It is only in the last few years that representative populations of AGN have been stud-
ied [10, 11] out to redshift z ~ 2. These samples of X-ray selected radiative-mode AGN
seem to follow the picture that radiative-mode AGN are hosted by normal galaxies with
a SFR typical for the star forming galaxies at that redshift. However, radiative-mode
and jet-mode AGN appear to evolve in a different way. Using a small sample of ~ 200
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radio-loud AGN in optically visible hosts Best et al. [12] have shown that the activity
of radio-loud radiative-mode AGN increases by a factor ~ 7 between the local universe
and z &~ 1. This is very similar to what is found for radio-quiet AGN in optically visible
galaxies [13] as well as the total increase in SFR (see Fig. 1.1). Therefore, the increased
activity of radiative-mode AGN is thought to be the result of the increased abundance
of gas and dust. In contrast to that, jet-mode AGN only show an increased number of
the most powerful sources. The evolution of elliptical galaxies and their halo of hot gas
is not sufficient to explain this evolution of jet-mode AGN. One possible explanation
is a contribution of jet-mode AGN accreting cold gas at low rates. The population of
powerful jet-mode AGN in blue star forming galaxies found in Chapter 3 is very inter-
esting in the light of this hypothesis.

In the near future large optical surveys such as the Dark Energy Survey [14] and Kilo-
Degree Survey [15] will increase our samples of high redshift galaxies. These surveys
will perform photometric observations of 100 million galaxies with a median redshift
just below 1. In the more distant future EUCLID [16] and LSST [17] will provide for
galaxies out to z ~ 1 both the data quality and data quantity currently only available
for the local universe through SDSS. LOFAR [18] and the SKA [19] will complement
these surveys with the radio observations required to trace the radio-loud AGN popu-
lation out to high redshift [20]. For example, the EMU survey [21] will be an all-sky
radio survey of the southern sky similar to NVSS used in this work. However, EMU
will be 40 times more sensitive and be able to detect radio emission as a result of star
formation in typical star forming galaxies out to redshift z ~ 1. By combining these
radio and optical surveys the mass, morphology, colour and environment of galaxies
hosting either a radio-mode and jet-mode AGN can be investigated. Furthermore, the
effect of mergers on the triggering of both AGN modes can be revealed.

9.2.2 AGN in the dust-obscured high-redshift universe

The dust-obscured sub-mm galaxies (SMGs) present at 1 < z < 5 would be strong can-
didates to have an AGN, based on the strong connection between star formation and
AGN activity. Recent research confirms this as at least 10% of the hundreds of SMGs
known today have been identified as hosting an AGN using either X-ray observations
[22], mid-IR spectroscopy [23] or deep radio observations [24]. A major hurdle in the
study of SMGs and the AGN therein is the faintness of these galaxies at optical wave-
lengths. This hampers the identification of optical counterparts, redshift determination,
as well as the use of AGN diagnostics available at these wavelengths. Furthermore, these
host galaxies will be largely missed by the large optical surveys described above. Hence,
to obtain a complete view of the evolution of both radiative-mode and jet-mode AGN
through cosmic time large area far-IR and sub-mm surveys are indispensable. How-
ever, currently no large area surveys are planned at these wavelengths due to a lack of
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Figure 9.1: Histogram of the sensitivity of all 971 pixels in the imaging system based on
hybrid MKIDs presented by Baselmans et al. [32]. The sensitivity is the electrical noise
equivalent power as defined in Chapter 8 whilst using phase readout.

suitable instrumentation. ALMA is not suited for blind large area surveys due to its
narrow field of view.

A new generation of instruments based on MKID technology is on the horizon to en-
able these large area sub-mm surveys. The NIKA camera [25] has been installed on the
IRAM 30 meter telescope [26] in 2013 and is now taking science data [e.g. 27]. It is
expected to be replaced in the next few years by the larger NIKA2 camera [28], which
will fill the entire field of view of the IRAM 30 meter. A-MKID, a sub-mm camera
containing 25.000 MKID pixels, is currently being deployed at APEX [29]. A-MKID
uses the hybrid NbTiN-Al MKIDs presented in this thesis. The results presented in
Chapter 7 have been key in showing these detectors could achieve the sensitivity re-
quirements set during the development of the A-MKID instrument. Furthermore, the
methodology to determine the radiative efficiency of MKIDs presented in this thesis
is now a standard within the research field [30, 31]. Recent work by Baselmans et al.
[32] has presented a kilopixel imaging system based on hybrid MKIDs. These hybrid
MKIDs are a continued development of the work presented in this thesis. The main
differences are a higher sensitivity and the use of a TiN backing layer [33] to reduce op-
tical cross-talk and the effect of cosmic ray hits. Fig. 9.1 shows a histogram of the noise
equivalent power (or sensitivity) of all 1000 pixels in the imaging system of Baselmans
et al. [32]. The performance of this next-generation MKID imaging system satisfies the
requirements for a far-IR imaging instrument on an actively cooled space telescope such
as SPICA [34] and CALISTO [35]. This next generation of far-IR instruments will be
able to extend the Herschel surveys and observe enough SMGs to achieve the number
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statistics required for detailed AGN research.

The 2D maps of sub-mm cameras need to be complemented by far-IR spectroscopy to
obtain the redshift of all SMGs discovered. The next generation far-IR spectrometers,
such as DESHIMA [e.g. 36], will combine the hybrid MKIDs with NbTiN transmis-
sion lines and filters to achieve photon noise limited performance and a A/AX ~ 1000
spectral resolution. These on-chip spectrometers are expected to arrive on telescopes
in a few years. They will provide us with redshift measurements of SMG and AGN
diagnostics in the far-IR [37]. In addition, they will provide us the information required
to efficiently follow up the most interesting sources using facilities like NOEMA and
ALMA [38].
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Appendix A

Mid-IR classification of radio-loud AGN: A
comparison between high and low radio
power samples.

The poor separation performance between high-excitation radio galaxies (HERG) and
low-excitation radio galaxies (LERGs) using mid-IR measurements found in Chapter 5
is in stark contrast to the findings of Giirkan et al. [1, hereafter G14]. Giirkan et al. [1]
concluded that there exists an empirical cut-off between LERGs and HERGs of Lo, =
5 x 10% erg/s = 1037 W, as illustrated in Fig. A.1 (a reproduction of Fig. 8 in G14).
This break is remarkably similar to Lag,m break = 10356 W found in Chapter 5. However,
comparing Fig. A.1 and Fig. 5.1 shows two distinct differences between the G14 and
BH12 radio-loud AGN samples. First, the strong correlation between the 22 ym and
radio luminosity observed by G14 is not obvious in Fig. 5.1. Second, there is a large
cross-contamination across the empirical separation value for the BH12 sample. It is
clear from Fig. 5.1 that there is no alternative value at which Lgg,, separates HERGs
and LERGs with both a high completeness and high reliability. In this Appendix we
present evidence to show that the observed differences are the result of the differences
in sample size, flux limits and the fractions of HERGs and LERGs between the G14
and BH12 samples.

G14 analysed the mid-infrared properties of four complete radio samples spanning
0.003 < z < 3.395, with flux density limits ranging from 0.5 Jy to 20 Jy at 151 MHz.
The sample contained a total of 352 sources, of which 70 are classified as LERGs and
280 as HERGs using optical emission lines available in the literature. Full details of the
flux density limits and redshift ranges for the samples are given in Table A.1. Mid-IR
fluxes were obtained by matching the sources to the all-sky WISE catalogue using a
10”match radius. We exclude this as an origin of the difference by matching the BH12
sample directly with the WISE all-sky source catalogue. Using a 5”match radius we
obtain counterparts for 99% of sources at 22 um. Using the directly matched sources
does not affect our results.

Using the information in Table A.1 we select from the BH12 sample an equivalent
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Figure A.1: 22 pm luminosity vs. 151 MHz radio luminosity reproduced from G14
[1, Figure 8] showing their observed separation between HERGs (purple filled symbols) and
LERGs (cyan filled symbols).

sample for each of the four G14 subsamples. An equivalent sample is selected by first
applying scaled flux limits at S; 4qn,. These flux limits are exactly 10 times lower than
the flux limits applied by G14. The exact values are listed in Table A.1. Note that an
artificial upper limit was introduced in the 7CE sample to mimic the implicit upper flux
limit apparent in G14 Fig. 1. After flux limits are applied the exact same number of
HERGs and LERGs as in the G14 subsamples are randomly selected from the candidate
sources. Sources selected for other subsamples are excluded from selection. No a-priori

Table A.1: Details of the radio samples used in G14, together with the equivalent flux
density limits for the mock samples drawn from BH12 and described in Section 5.3.

Sample Limit Redshift range HERG LERG BH12 equivalent limit
Jy # # mJy
3CRR Sl?SMHz >10.9 0.0029 < z < 2.012 135b 37 Sl.4GHz > 209
2Jy So.7GHz = 2 0.05 < 2 < 0.7 380 10 St.acH, = 338

6CE 2 < Sisimm, <3.93 0.105 < 2<3.395 37 19 34 < S .acH, < 66
7CE Sisivmmz > 0.5 0.086 < 2 <2982 70 4 8.42 < Stucn, <50

¢ ‘HERG’ here also includes narrow-line and broad-line radio galaxies and quasars.

b Due to the absence of high powered HERGs in the BH12 catalogue only 44 HERGs are present
to simulate the combined 3CRR and 2Jy equivalent samples. These 44 are distributed as 32
sources in the 2Jy equivalent sample and 12 in the 3CRR equivalent sample.
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Figure A.2: (a) Ly 4cu, as a function of redshift for the four dummy samples created from
the BH12 radio-loud AGN sample. The four different colours indicate the subsample of
G14 that is simulated (cyan: "3CRR”, black: 72Jy”, green: "6CE”, magenta: "7CE”).
HERGs are indicated by squares and LERGs by circles. Open symbols indicate that the
L22,m measurement of this source is an upper limit, while filled symbols are > 20 detections.
Grey dots show the entire BH12 sample in this plane. (b) 22 gm luminosity vs. 1.4 GHz radio
luminosity for the LERG (red) and HERG (blue) in the four dummy samples (l: "3CRR”,
e: 72]y”, 4: "6CE”, %: ”7CE”). Upper limits are indicated by a downwards pointing arrow
and an open symbol. 1o error bars are included for detections. The black dashed line is the
G14 separation line.

selection of Lag,m detections or upper-limits is made. Due to a lack of high powered
HERGs in the BH12 sample, only 44 candidates were present to mimic the combined
3CRR and 2Jy samples. All these candidate sources are selected. We maximized the
number of sources in the 2Jy equivalent sample and designated the remaining sources
as the 3CRR equivalent sample.

Fig. A.2 shows the redshift, radio luminosity and mid-IR luminosity distribution of
our mock samples. The left-hand side panel shows Li4qn, as a function of redshift
for the four dummy samples. The four different colours indicate the four subsamples
and the different symbols indicate the differences in AGN excitation and Log,m. In
grey symbols all radio-loud AGN of the BH12 sample are displayed, which were not
selected for one of the equivalent samples. It is clear from this figure that within each
subsample a strong correlation between redshift and radio luminosity is introduced by
the very narrow (implicit) flux limits. In contrast, the sample of local radio-loud AGN
presented in this work has only a lower flux density limit, but at all relevant redshifts
a radio luminosity can be defined on which it is volume limited, as shown by the grey
dots in Fig. A.2(a). This reduces the redshift correlation between the mid-IR and radio
luminosity and removes the diagonal sample boundaries seen in Fig. A.1.

The right-hand side panel of Fig. A.2 shows 22 pym luminosity vs. 1.4 GHz radio lumi-
nosity for the LERGs (red) and HERGs (blue) in the four dummy samples. Comparison
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of Fig. A.1 and A.2(b) shows that the artificial subsamples reproduce the behaviour
found by G14. The correlation between the two luminosities due to redshift is clearly
visible. Observe the diagonal split between the high-flux (3CRR, 2Jy) and low-flux
(6CE, 7CE) samples, which is introduced by the redshift. In addition, there does ap-
pears to be a mid-IR luminosity above which only HERGs and LERGs with upper
limits are present, in particular at higher radio luminosities. This is the result of the
low numbers of HERGs and LERGs. As can be seen in the right-hand side panel of
Fig. 5.1 HERGs and LERGs have on average a different Lgg,m. The empirical break
found by G14 is located near the intersection of the two Gaussian distributions that
describe the HERG and LERG population. By downsampling the number of sources it
is therefore plausible to retrieve this separation. In addition, we expect only six LERGs
with a Lag,m detection, because of the high fraction of Log,m upper limits in the LERG
population. This greatly increases the probability that there are only Los,m upper lim-
its above the break. A.2(b) also shows that the contamination by weak HERGs without
Lgo,m-excess increases at lower radio luminosity.

In conclusion, for a low number of high-power radio-loud AGN the fraction of HERGs
will be high and these HERGs will be from the population that does have the excess
22 pm luminosity. As a result the empirical separation criterion found by G14 works
as a clean separator.
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Appendix B

Spherical coordinate systems

Within literature, computer programs and on the internet, many different definitions
of the spherical coordinate system are used. While all cover the entire R? there are
subtle differences in their definition of the two spherical angles (0, ¢). In this appendix
the coordinate systems as defined by Wolfram MathWorld [1], Matlab [2] and CST
MWS [3] are discussed. In the sections below a definition of each system is given
using a description of # and ¢ as well as the equations required to convert to Cartesian
coordinates. For this conversion it is convenient to define the function “arctan2” as

;

arctan(y/x) ifx>0
arctan(y/x) +7 fz<0&y>0
arctan(y/x) —m ifz <0&y <0

arctan2(y, r) = 0 o0 (B.1)
/2 ifr=0&y>0
| —7/2 fr=0&y<0

Furthermore, for all these systems, their relation to the spherical coordinate system
defined by the ISO80000 norm [4] is considered. The equations required to convert to
and from the ISO-norm are given explicitly.

Besides the systems given below, many others are possible. When working in or reading
literature in spherical coordinates, the definition of the system should always be checked.

B.1 1ISOS80000 definition

The ISO80000 [4] standard is commonly used in physics and defines the spherical co-
ordinate system as:

e 1 is the radius or distance from the origin.

e 0 is the angle running from the positive z-axis, where § = 0, through the (x,y)-
plane (6 = 7/2) to the negative z-axis where §# = 7. Thus describing mainly the
z-coordinate as it runs through its principle domain: 0 < 0 < 7.

171
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Figure B.1: The spherical coordinate systems as defined by the ISO80000 norm (a) and as
defined by Wolfram MathWorld (b). The systems are identical with only the labels of the
angles swapped. Note that the ISO norm is typically used in physics, while the Wolfram one
is generally used in mathematics. Panel (a) also represents the default coordinate system for
CST MWS. This system has the same origin and directionality for 8 and ¢ as the ISO norm,
but different principle domains.

e ¢ is the angle in the (x,y)-plane. The positive x-axis is located at ¢ = 0 and ¢
increases towards the positive y-axis. The principle domain of ¢ is 0 < ¢ < 27.

This system is illustrated in Fig. B.1(a). The equations that describe the conversion
between Cartesian coordinates and the ISO80000 spherical coordinate system are given
by

x=rcos¢sing r=/x2+y>+ 22

y=rsingsinf 0 = arccos(z/r)

1 >
Y reosd b= arctan2(y, ) ?f y>0
arctan2(y,z) + 27 if y <0

B.2 Mathematics

Wolfram MathWold [1] defines the spherical coordinate system as often used in math-
ematics. In this coordinate system, which is shown in Fig. B.1(b), the coordinates are
defined as:

e 1 is the radius or distance from the origin.
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e 0 is the angle in the (x,y)-plane. The positive x-axis is located at 6 = 0 and ¢
increases towards the positive y-axis. The principle domain of 8 is 0 < 6 < 2.

e ¢ is the angle running from the positive z-axis, where ¢ = 0, through the (x,y)-
plane (¢ = 7/2) to the negative z-axis where ¢ = m. Thus describing mainly the
z-coordinate as it runs through its principle domain: 0 < ¢ < 7.

The equations that describe the conversion between Cartesian coordinates and the
Wolfram spherical coordinate system are given by

x=rcosfsing r=/x2+y?>+ 22

2 if y >
y=rsinfsing 0= arctan2(y, ) ! y=0
arctan2(y,z) + 27 if y <0
Z =1rcos¢o ¢ = arccos(z/r)

B.2.1 Converting physics into math, and back

The conversion between the Wolfram, (Omath, @matn), and ISO80000, (s, Piso), coordi-
nate systems is quite easy. As can be seen from Fig. B.1 it is only a change of label for
the two angles. Hence the conversion equations are:

6)math = ¢iso
B4
Cbmath = Hiso ( )

B.3 Matlab

The spherical coordinate system of Matlab [2] is defined along with the build in sph2cart
and cart2sph routines. In the system of Matlab the azimuth, 8, and elevation, ¢, angles
are defined as:

e 7 is the radius or distance from the origin.

e 0 is the azimuth angle in the (x,y)-plane. The positive x-axis is located at § = 0
and 0 increases towards the positive y-axis. The principle domain of 6 is —7 <
0 <.

e ¢ is the elevation angle running from the (x,y)-plane, where ¢ = 0, towards the
positive z-axis. Thus describing mainly the z-coordinate as it runs through its
principle domain: —0.57 < ¢ < 0.57.

This is graphically represented in Fig. B.2(a) and mathematically by the equations
given below.

x=rcos¢pcost 1= /x2+y>+ 22
y=rcos¢sing 0 = arctan2(y, z) (B.5)
z=rsin¢ ¢ = arcsin(z/r)
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Figure B.2: The spherical coordinate systems as used in the computer software Matlab
(a) and as defined by A.M. Baryshev (b) for antenna simulations in CST MWS. The sys-
tems are significantly different from each other and those commonly defined in physics and
mathematics, which are shown in Fig. B.1.

B.3.1 Conversion between ISO and Matlab coordinates

To convert from the Matlab coordinate system to either that of the ISO norm or Wol-
fram MathWorld two operations need to be made. The first is flipping the direction
of the elevation angle and the second is putting both angles into the right principle
domain. This can be done using the mathematical operations given below.

eiso - quath - 7'[‘/2 - ¢matlab

ematlab if 0 S ematlab S T <B6)
Qbiso = emath = .

ematlab + 2m if - < ematlab <0

These equations can be inverted to obtain the conversion from ISO80000 coordinates
to the Matlab system.

0 _ ¢iso it 0 S ¢iso S 77
matleb T e — 21 i T < o < 27 (B.7)

¢matlab = 7T/2 - eiso

The conversion from the Wolfram to the Matlab coordinate system can be obtained
from by combining the above equations with Eq. B.4.
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B.4 CST Microwave Studio

Beam pattern calculations are typically done in the Microwave Studio (MWS) software
package of the Computer Simulation Technology (CST) company. Given the spherical
nature of these beam patterns, CST MWS [3] has its own set of spherical coordinates
in which it will output the beam patterns. In the system of CST MWS the azimuth,
¢, and elevation, 6, are defined as:

e 1 is the radius or distance from the origin.

e 0 is the elevation angle running down from the positive z-axis. It will increase to
positive values for points with z > 0. The other half-space (z < 0) is covered by
negative values of . The principle domain of § is —7 < 0 < 7.

e ¢ is the azimuthal angle running in the (x,y)-plane. The positive x-axis is located
at ¢ = 0 and ¢ increases towards the positive y-axis. Note that in the half-space
(x < 0) ¢ = 0 is the negative x-axis and that ¢ increases in this half-space towards
the negative y-axis. The principle domain of ¢ is —7/2 < ¢ < 7/2.

The angles € and ¢ in the coordinate system of CST MWS have the same origin and
directionality as those defined in the ISO80000 norm. As such the CST MWS coordinate
system is graphically also represented by Fig. B.1(a). However, because CST MWS
defines a different principle domain, it is mathematically given by the equations:

r=rcosgsinf r= /1% +y?+ 22

o) : >
y = rsin ¢sin 6 0 { arccos(z/r) if x>0

z =rcosf ¢ = arctan(y/x)

(B.8)

—arccos(z/r) ifx <0

B.4.1 Conversion between CST MWS and the ISO8000 norm

Given the significantly different definition of the elevation angle 6. the conversion to
and from CST MWS coordinates is highly conditional. Therefore only the conversion
to and from the ISO80000 coordinates (which for a physicist are most natural) is given.
Further conversion to other systems can be obtained by sequentially applying this con-
version and any other given in the other sections of this Appendix. Converting CST
MWS to ISO80000 coordinates can be done using the following equations:

Oiso = |Ocst]

Pest if Gest > 0 & Oegp > 0
Giso = QPest + 7 if Oy <O

Gest + 21 if Doy <0 & Ocsy > 0

(B.9)

Note that in the case of 0. = 0 the determination of ¢, is not unique. However,
since in Cartesian coordinates 6. = 0 can only mean (z,y) = (0,0) the value of ¢y, is
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irrelevant. By inverting Eq. B.9 the conversion from ISO80000 coordinates to the CST
system can be obtained.

eiso if 0 S (biso S 7T/2

6)cst = _giso if 7T/2 < Qbiso S 377—/2
O if 37r'/2 < Qigo < 27 (B.10)
¢iso if 0 S ¢iso S 7[_/2

chst = ¢iso -7 if 77/2 < (biso < 37—‘-/2

Giso — 2w if 3m/2 < igo < 2

B.5 Alternative coordinate systems

There are a large number of possible definitions of the spherical coordinate system,
which cover the 47 steradians solid angle of a complete sphere. As such, everyone
might be used to a different definition and might think of a different system as logical.
In this section a final coordinate system is discussed which was used by Baryshev [5]
during his beam pattern simulations in CST MWS. In this system, coordinates are
defined as:

e 1 is the radius or distance from the origin.

e 0 is the angle running from the positive z-axis, where 6 = 0, through the (x,y)-
plane (0 = 7/2) to the negative z-axis where § = 7. Thus describing mainly the
z-coordinate as it runs through its principle domain: 0 < 6 < 7.

e ¢ is the angle in the (x,y)-plane. The negative x-axis is located at ¢ = 0 and ¢
increases towards the positive y-axis. The principle domain of ¢ is 0 < ¢ < 27.

The AB coordinate system is graphically represented in Fig. B.2(b) and mathematically
by the equations given below.

x=—1xrcos¢sing r=/x2+y>+ 22
y = rsin¢sind ¢ = arccos(z/r) (B.11)
z=rcosf ¢ = m — arctan2(y, x)

The AB coordinate system converts readily to that of the ISO80000 norm using the
following equations.

eiso - HAB QAB - Qiso (B 12)
Giso = (M — pap) modulo 21 Pap = (T — ¢Piso) modulo 27 ’
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Summary

Multiwavelength observations of active galactic nuclei

The galaxies we observe today in the local universe are the result of over 13 billion years
of galaxy formation and evolution. A simple model to describe galaxy evolution is to
see galaxies as a reservoir of stars and gas, where the inflow of gas is balanced by the
formation of new stars. The inflow in most galaxies is governed by the gravitational
attraction of cold gas from the dense filaments that make up the cosmic web. These
slowly growing galaxies are associated with the main sequence of star formation: a re-
lation between a galaxy’s mass, M,, (and therefore gravitational attraction on gas) and
star formation rate (SFR). Alternatively, galaxies can grow through mergers. While
major mergers are rare, they can result in a dramatic increase in stellar mass, a change
in the morphology of a galaxy and trigger bursts of intense star formation.

However, using the above description large scale cosmological simulations overpredict
the number of massive galaxies observed in the local universe. Furthermore, they pre-
dict that the most massive galaxies also have the highest SFR. This is in stark contrast
with the strong bimodal distribution of galaxies observed in the local universe. Lower
mass galaxies (M, < 10195 M) typically are spiral galaxies with active star formation
and a young stellar population. This young stellar population gives them a blue colour
in the visible light. Blue spiral galaxies are generally located on the main sequence of
star formation. The most massive (M, = 10195 M) galaxies on the other hand are
large elliptical galaxies with an old stellar population and little star formation. The
old stellar population gives them a red colour. Gas from the cosmic web that enters
the gravitational influence of the elliptical galaxy joins its halo of hot X-ray gas. From
there it does not continue to cool and the galaxy can not continue the formation of new
stars.

To reproduce these observations simulations have nowadays implemented feedback
mechanisms, which stop the inflow of cold gas, terminate star formation and contin-
uously heat the hot halo gas. A prime candidate to provide this feedback in the real
universe are active galactic nuclei (AGN). AGN are the result of matter being accreted
by the super massive black hole thought to be present at the centre of every galaxy.
In the local universe two populations of AGN have been identified: radiative-mode
AGN and jet-mode AGN. Radiative-mode AGN are predominantly hosted by galaxies
on the main sequence of star formation, which have a mass 101 < M, /Mg < 1010,
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They are thought to accrete the cold gas in these galaxies at high rates (compared
to the Eddington limit) in a radiatively efficient way. This results in emission across
the entire electromagnetic (EM) spectrum: the collection of EM radiation (light) at all
wavelengths, which includes radio, microwave, infrared (IR), visible (VIS), ultraviolet
(UV), X-ray and gamma-rays. The high luminosity of these sources allows them to
drive powerful winds by means of radiation pressure. These winds are thought to pro-
vide the quenching feedback that terminates the star formation in blue spiral galaxies
and allows their stellar population to age. Roughly 5% of the radiative-mode AGN
have a radio jet: a stream of ionized particles that are accelerated along magnetic field
lines and emit synchrotron radiation in the process. This synchrotron emission can be
observed at radio wavelengths and as such these AGN are classified as radio-loud. The
radio jets of radio-loud AGN can reach up to several millions of light-years outside the
AGN host galaxy.

The bulk of the local radio-loud AGN population are jet-mode AGN. Jet-mode AGN
are preferentially hosted by the most massive red elliptical galaxies. They are thought
to power themselves by accreting hot gas from the halo of these massive galaxies at low
accretion rates in a radiatively inefficient process. As a result, jet-mode AGN lack the
luminous emission lines, X-ray, UV and IR emission generally associated with radiative-
mode AGN. However, models suggest that the radiatively inefficient accretion flow is
favourable for the launching of a radio jet. Outside the massive elliptical galaxy radio
jets collide with the hot halo gas. This collision heats the gas, thereby controlling the
cooling of halo gas onto the massive elliptical. This prevents massive galaxies from a
continued growth through steady star formation.

We investigate the properties of a (large) sample of approximately 7000 local radio-
loud AGN, which have been identified in a sample of more than half a million galaxies
observed by the Sloan Digital Sky Survey (SDSS). This has been achieved by cross-
referencing the galaxy’s position at visible (SDSS) wavelength with the location of
radio emission in large area radio surveys (NVSS, FIRST). These radio-loud AGN were
classified as radiative-mode (252 sources) or jet-mode (6691 sources) AGN based on
their optical emission line properties. For these radio-loud AGN as well as a sample
of 500,000 inactive galaxies we have collected flux density measurements at optical,
infrared and radio wavelengths as well as derived quantities such as host galaxy stellar
mass and star formation rate. Using this wealth of data we investigate the probability
that a galaxy in the local universe hosts a jet-mode or radiative-mode radio-loud AGN
as a function of the host galaxies stellar mass, star formation rate, optical colour and
radio power (Chapter 3). We show that the fraction of galaxies with a jet-mode AGN
strongly increases when the mass of the galaxy increases. Most of the jet-mode AGN
(6157 out off 6328) are found in red galaxies. Radiative-mode AGN on the other hand
are predominantly found in blue and green galaxies. These results are consistent with
literature, but our large sample gives us the possibility to look in further detail. We
show that the fraction of galaxies hosting a radio-loud radiative-mode AGN increases
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with host galaxy mass. This is in contrast with radio-quiet radiative-mode AGN, for
which the hosting probability shows no dependence on host galaxy mass. In addition,
we identify 171 jet-mode AGN in massive blue galaxies. Given a red and a blue galaxy
of the same mass, the probability of finding a jet-mode AGN in a blue galaxy is higher.
These blue jet-mode AGN are generally also more powerful than their red counterparts.
To discover the nature of the jet-mode AGN in massive blue host galaxies we take a
closer look at the optical morphology of their hosts and radio morphology of the jets
(Chapter 4). We have added to our catalogue of galaxies the morphological classifi-
cation by Galaxy Zoo: an online citizen science project, in which the general public
classifies the morphology of galaxies in SDSS. Our preliminary results show that blue
galaxies with a jet-mode AGN have a significantly more elliptical morphology compared
to inactive blue galaxies. They also have smaller radio jets compared to jet-mode AGN
in red galaxies. We have obtained deep optical observations of the blue jet-mode AGN
during two observation runs on the 4.2 meter William Herschel Telescope in La Palma
as well as from public surveys. The increased image depth shows that at least 10 of
the 24 galaxies show signs of mergers. Based on these initial results we speculate that
a recent merger is responsible for both the increased star formation and AGN activity
in blue jet-mode AGN.

In order to trace the co-evolution of the two AGN modes with the galaxy population we
would like to extend the above analysis to the more distant universe (higher redshift).
However, the spectroscopic observations, which are required to reliably classify AGN as
radiative-mode or jet-mode, are observationally expensive (i.e. require lots of telescope
time) and therefore limit number statistics. We investigate the potential of broadband
mid-IR observations to distinguish the two AGN populations in Chapter 5. Radiative-
mode AGN are expected to emit mid-IR radiation from their torus: gas and dust in the
shape of a doughnut close to the accreting black hole. Jet-mode AGN are assumed not
to have this torus. We show that jet-mode AGN have a mid-IR luminosity comparable
to the general galaxy population, while at least 50% of the radiative-mode AGN show
an excess mid-IR emission. Despite these trends we find that it is impossible to classify
the two populations with a high completeness and reliability.

One of the main reasons for this poor differentiation is the large spread in mid-IR lu-
minosities of both AGN populations. This is (at least partially) due to the emission
of dust heated by young stars. Hence, the key to achieving a reliable classification will
be constraining the mid-IR emission of dust. At far-IR wavelengths the contribution of
both the radio jet and the torus emission is negligible compared to the dust emission of
the host galaxy. Thus far-IR observations give an unbiased view of a galaxy’s star for-
mation and allows one to disentangle the contributions of AGN and stars to a galaxy’s
total emission across the EM spectrum. The total emission across the EM spectrum is
also called the Spectral Energy Distribution (SED). Unfortunately, current far-IR and
sub-mm surveys either lack the depth or the number statistics to perform SED fitting
on a representative sample of local AGN and provide a calibration for higher redshifts.
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Even the H-ATLAS survey by the Herschel Space Observatory, which is the largest
survey of mid-IR/far-IR properties of galaxies in the local universe, only contains 9
radiative-mode and just over 250 jet-mode AGN from the sample studied in Chapters
3 and 5.

New large area surveys in the far-IR will require a new generation of large format far-
IR cameras, which aim to fill the focal planes of telescopes like APEX, ASTE and the
IRAM 30 meter. To achieve this, these cameras will require tens of thousands of pixels
in combination with a high sensitivity and optical efficiency. The bolometer techno-
logy used in current instruments can achieve the latter. However, there is currently
no viable way to build such large bolometer arrays. We show that Microwave Kinetic
Inductance Detectors (MKIDs) can achieve the requirements of the next generation
far-IR instruments (Chapters 6-8). MKIDs are superconducting resonators optimized
for the detection of radiation. In a superconductor electrons form pairs, which allows
them to carry a current without any resistance. When radiation is absorbed in the
superconductor, these pairs are broken, thereby changing the electronic properties of
the superconducting film. These changes can be observed in the transmission of the
readout-line to which the resonator is coupled: the increased resistance reduces the
depth of the resonance feature (amplitude readout) and the reduced number of pairs
shifts the resonance frequency (phase readout). By designing each MKID with a slightly
different resonance frequency thousands of MKIDs can be read out using a single pair
of coaxial cables.

In this thesis we present both optical and thermal measurements on MKIDs made from
a Niobium-Titanium-Nitrogen (NbTiN) alloy and Aluminium (Al). These MKIDs com-
bine the low noise of the NbTiN with the high responsivity of the Al. We show that
hybrid NbTiN-Al MKIDs are photon noise limited in both phase and amplitude readout
when receiving a sub-mm power Ps50 gu, > 100 fW (Chapter 7). Through a detailed
analysis of our optical system (Chapter 6), we demonstrate that this is achieved with
an aperture efficiency of 75%, which is close to the theoretical maximum of 80%. Due
to the high phase response of the NbTiN-Al the photon noise level is high enough
to simultaneous monitor 1800 pixels using state-of-the-art electronics. Furthermore,
we show that the response of NbTiN-Al MKIDs to temperature and sub-mm radia-
tion is equivalent (Chapter 8). This will greatly simplify sensitivity measurements of
large MKID arrays, because thermal sensitivity measurements can be performed in a
closed cryostat in which disturbances can be more easily eliminated. We argue that the
equivalent thermal and optical response is a property of the hybrid MKIDs and not a
priori true for any MKID. In addition, the error on the optical sensitivity measurement
described in Chapters 6 and 7 is smaller than the error on the thermal sensitivity mea-
surement. Given the performance presented above, hybrid NbTiN-Al MKIDs should
enable astronomically usuable kilopixel arrays for sub-mm imaging and moderate res-
olution spectroscopy. Thereby opening the far-IR sky to large scale observations and
giving us a complete view of the co-evolution between AGN and their host galaxies.
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Observaties van actieve galactische kernen over het hele elek-
tromagnetisch spectrum

De sterrenstelsels, die we in het lokale universum observeren, zijn het resultaat van
meer dan 13 miljard jaar evolutie. Een simpel model om de evolutie van sterrenstelsels
te beschrijven is door ze te zien als reservoirs van sterren en gas. In zo'n reservoir is de
instroom van gas in balans met de formatie van nieuwe sterren. Continu stroomt nieuw
gas het sterrenstelsel in doordat de zwaartekracht het gas aantrekt uit de omgeving van
het sterrenstelsel. Van dit nieuwe gas worden nieuwe sterren gevormd. Dit creéert een
relatie tussen de massa van een sterrenstelsel, M,, en het tempo waarop nieuwe sterren
worden gevormd. Deze relatie wordt ook wel de hoofdreeks van stervorming genoemd.
Deze modus van stervorming door sterrenstelsels op de hoofdreeks is de dominante
manier geweest waarop sterrenstelsels gegroeid zijn in de laatste 10 miljard jaar. Ster-
renstelsels kunnen ook groeien door met elkaar te botsen. Hoewel botsingen tussen
sterrenstelsels zeldzaam zijn, kunnen ze grote effecten hebben op de massa en morfolo-
gie van een sterrenstelsel en kunnen ze periodes van intense stervorming initiéren.

Als we het bovenstaande model gebruiken om de evolutie van het universum te simuleren
dan wordt er een (te) hoog aantal massieve sterrenstelsels voorspeld. Ook voorspelt het
model dat de meest massieve stelsels het hoogste stervormingstempo hebben. Deze
resultaten komen echter niet overeen met observaties van sterrenstelsels in het lokale
universum. In het lokale universum zien we een tweedeling in the populatie van ster-
renstelsels. Sterrenstelsels met een lage massa (M, < 10195 Mg) zijn over het algemeen
spiraalvormige sterrenstelsels met actieve stervorming en een jonge sterpopulatie. Deze
jonge sterpopulatie geeft spiraalvormige sterrenstelsels een blauwe kleur in het zichtbare
licht. De massa en het stervormingstempo van blauwe spiraalvormige sterrenstelsels,
een categorie waar ook de Melkweg toe behoort, zijn over het algemeen gerelateerd
zoals voorspeld door de hoofdreeks van stervorming. Aan de andere kant zijn de meest
massieve (M, > 101%° M) sterrenstelsels over het algemeen elliptische sterrenstelsels
met een rode kleur in het zichtbare licht. Deze rode kleur is het gevolg van een oude
ster populatie door het gebrek aan recente ster vorming. Gas dat door deze stelsels van
buitenaf wordt aangetrokken, voegt zich bij een halo van heet gas rondom het sterren-
stelsel. Deze halo is goed te zien in observaties van rontgenstraling. Vanuit deze halo
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koelt het gas nauwelijks af en er is dus geen gas beschikbaar voor de meest massieve
stelsels om verder te gaan met de formatie van sterren.

Om de observaties in het lokale universum te reproduceren worden er in moderne
kosmologische simulaties mechanismen geimplementeerd, die instroom van gas limi-
teren, stervorming stoppen en de rontgen halo verwarmen. Actieve galactische kernen
(Active Galactic Nuclei, AGN) zijn een belangrijke kandidaat om de energie voor deze
processen in werkelijkheid te leveren. AGN zijn het resultaat van materie die wordt
verzwolgen door een zwart gat met een massa meer dan een miljoen keer die van de zon.
Een dergelijk super massief zwart gat bevindt zich waarschijnlijk in het centrum van
ieder sterrenstelsel. In het lokale universum zijn twee AGN populaties geidentificeerd:
radiative-mode en jet-mode. Radiative-mode AGN bevinden zich voornamelijk in ster-
renstelsels aan het massieve einde (M, ~ 10'%5 M) van de hoofdreeks. Gas en stof
wordt op hoge snelheid (i.v.m. de Eddington limiet) door het zwarte gat aangetrokken.
Dit gebeurt op een manier die efficiént straling produceert en als gevolg daarvan is de
emissie van radiative-mode AGN te zien in het hele elektromagnetische (EM) spectrum:
de verzameling van alle EM straling (licht), waarin zich radiogolven, microgolven, in-
frarood (IR), zichtbaar (VIS) en ultraviolet (UV) licht en réntgen- en gammastraling
bevinden. Deze extreem heldere bronnen kunnen sterke winden aandrijven door middel
van stralingsdruk. Deze winden worden verantwoordelijk gehouden voor het beéindi-
gen van de stervorming in blauwe spiraalvormige sterrenstelsels. Ongeveer 5% van de
radiative-mode AGN hebben een radio jet: een stroom van geladen deeltjes die worden
versneld in magneetvelden en in dit proces synchrotron straling uitzenden. Deze stra-
ling kan worden geobserveerd met radio telescopen. AGN met een radio jet worden dan
ook wel radio-loud genoemd. De jets van radio-loud AGN kunnen miljoenen lichtjaren
buiten het sterrenstelsel waarin de AGN huist, rijken.

Echter, de bulk van de lokale radio-loud AGN populatie zijn jet-mode AGN. Jet-mode
AGN bevinden zich voornamelijk in massieve rode elliptische stelsels. AGN worden
gedreven door de accretie van warm gas uit de rontgen halo. Dit gebeurt op een lage
snelheid en op een manier de inefficiént is in het produceren van straling. Jet-mode
AGN missen daarom de emissielijnen, rontgen, UV en IR emissie die over het algemeen
worden geassocieerd met radiative-mode AGN. Deze vorm van accretie is echter wel
efficiént in het produceren van radio jets. Deze jets botsen buiten het sterrenstelsel
met de rontgen halo. Deze botsing verwarmt het gas en limiteert hoeveel gas er genoeg
afkoelt om het sterrenstelsel te bereiken en sterren te vormen.

In dit proefschrift wordt onderzoek gedaan naar een verzameling van ongeveer 7000
lokale radio-loud AGN. Deze AGN zijn geidentificeerd in een verzameling van meer
dan een half miljoen sterrenstelsels geobserveerd door de Sloan Digital Sky Survey
(SDSS). De radio-loud AGN worden geidentificeerd door de positie van een sterrenstel-
sel in SDSS te vergelijken met de positie van radiobronnen in kaarten van de hemel
gemaakt met radiotelescopen. De gevonden radio-loud AGN worden op basis van
hun optische emissielijnen geclassificeerd als radiative-mode (252 bronnen) of jet-mode
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(6691 bronnen). Voor deze 7000 AGN en de 500.000 inactieve sterrenstelsels hebben
we intensiteitsmetingen van hun VIS-; IR- en radiostraling verzameld. Ook hebben
we hun massa en stervormingstempo bepaald. Deze weelde aan informatie hebben we
gebruikt om de waarschijnlijkheid te bepalen dat een sterrenstelsel in het lokale uni-
versum een radio-loud AGN bevat. In Hoofdstuk 3 laten we zien dat de meeste (6157
van de 6328) jet-mode AGN worden gevonden in rode sterrenstelsels. De fractie van
de sterrenstelsels met een jet-mode AGN neemt sterk toe voor stelsels met een hogere
massa. Radiative-mode AGN worden daarentegen vooral in blauwe en groene sterren-
stelsels gevonden. Deze resultaten zijn consistent met de literatuur, maar onze grote
AGN catalogus geeft ons de mogelijkheid om in meer detail te kijken. Ook de fractie
van sterrenstelsels met een radio-loud radiative-mode AGN neemt toe als de massa van
het sterrenstelsel toeneemt. Dit is niet het geval voor hun tegenhangers zonder radio
jets. Bovendien vinden we 171 jet-mode AGN in massieve blauwe sterrenstelsels. Indien
de massa van een blauw en een rood sterrenstelsel hetzelfde is, dan is de kans om een
jet-mode AGN te vinden hoger in het blauwe stelsel. De AGN in het blauwe stelsel zal
naar alle waarschijnlijkheid ook nog krachtiger zijn.

Om te ontdekken wat de jet-mode AGN in blauwe sterrenstelsels drijft, onderzoeken we
de morfologie van de sterrenstelsels en de radio jets (Hoofdstuk 4). We hebben de morfol-
ogische classificatie van het Galaxy Zoo project aan onze catalogus toegevoegd. Galaxy
Zoo is een project waarin vrijwilligers middels een speciale website astronomen helpen
om de morfologie van sterrenstelsels te classificeren. Wij hebben deze data gecomple-
menteerd met diepere observaties verkregen gedurende twee observatie campagnes met
de 4.2 meter William Herschel Telescope in La Palma en uit publieke hemelkaarten.
Onze voorlopige resultaten laten zien dat blauwe sterrenstelsels met een jet-mode AGN
een meer elliptische vorm hebben dan inactieve blauwe sterrenstelsels. Ook hebben ze
kleinere radio jets dan jet-mode AGN in een rood sterrenstelsel. De diepere observaties
laten zien dat minimaal 10 van de 24 blauwe sterrenstelsels tekenen van een botsing
hebben. Op basis van deze eerste resultaten denken wij dat de extra AGN activiteit
het resultaat is van een recente botsing tussen sterrenstelsel.

Om de evolutie van radio-loud AGN te kunnen bepalen willen we het bovenstaande
onderzoek uitbreiden naar het verdere universum (hogere roodverschuiving). Echter,
de spectroscopische observaties die nodig zijn om AGN betrouwbaar als radiative-mode
of jet-mode te classificeren, vereisen veel telescoop tijd. Omdat de totale telescoop-
tijd gelimiteerd is, beperkt dit de statistieken. In Hoofdstuk 5 onderzoeken we of IR
observaties kunnen helpen om radiative-mode en jet-mode AGN betrouwbaar te classi-
ficeren. De verwachting is dat radiative-mode AGN meer IR emissie hebben als gevolg
van hun torus: een donut van gas en stof nabij het zwarte gat. Jet-mode AGN hebben
deze torus zeer waarschijnlijk niet. Wij hebben laten zien dat jet-mode AGN dezelfde
IR helderheid hebben als de algemene populatie van sterrenstelsels. Daarentegen heeft
minimaal 50% van de radiative-mode AGN een overschot aan IR emissie. Ondanks deze
trends hebben we geen robuuste methode kunnen ontwikkelen voor het classificeren van
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AGN.

Een van de belangrijkste redenen dat dit niet gelukt is, is de inherente spreiding in de
IR emissie van beide AGN populaties. Deze spreiding is ten dele het gevolg van de
emissie van stof dat verwarmd is door jonge sterren. Het is dus belangrijk te weten
hoeveel van deze emissie aanwezig is in een sterrenstelsel, alvorens AGN betrouwbaar
kunnen worden geclassificeerd. Observaties met ver-IR telescopen kunnen worden ge-
bruikt om te bepalen hoeveel emissie afkomstig is van stof verwarmd door jonge sterren.
In het ver-IR is de emissie van de torus en de radio jet namelijk nihil in vergelijking
met de emissie van het door sterren opgewarmde stof. Op basis van ver-IR observaties
is dan ook de contributie op kortere golflengten te bepalen. Helaas missen de huidige
hemelkaarten in het ver-IR en sub-mm de diepte of de oppervlakte om genoeg statistiek
te krijgen en deze methode te kalibreren. Zelfs in H-ATLAS, de grootste census van
IR en ver-IR eigenschappen van sterrenstelsels in het lokale universum, bevinden zich
slechts 9 radiative-mode en 250 jet-mode AGN uit de populatie bestudeerd in Hoofd-
stukken 3 en 5.

Om nieuwe en grotere hemelkaarten in het ver-IR te maken is er een nieuwe generatie
ver-IR camera’s nodig, die het complete blikveld vullen van telescopen zoals APEX,
ASTE en de IRAM 30 meter. Dit vereist tienduizenden pixels die ieder een hoge gevoe-
ligheid en optische efficiéntie hebben. De bolometer technologie die gebruikt wordt in
de huidige generatie camera’s kan aan de laatste twee eisen voldoen. Er is echter geen
praktische manier om zulke grote bolometer camera’s te maken. Bolometers opere-
ren namelijk in koelers met een temperatuur van —272 °C. Het aantal kabels dat van
—272 °C naar kamertemperatuur moet lopen om een tienduizend pixel camera te laten
werken, veroorzaakt een te grote aanvoer van warmte om de koeler op temperatuur te
kunnen houden.

Wij laten zien dat kinetische inductie detectoren (KIDs) wel aan de eisen van de vol-
gende generatie ver-IR camera’s kunnen voldoen (Hoofdstukken 6-8). KIDs zijn mi-
crogolf resonatoren gemaakt van een supergeleidend materiaal en geoptimaliseerd voor
het detecteren van straling. In een supergeleider vormen elektronen paren die stroom
kunnen geleiden zonder weerstand. Als straling wordt geabsorbeerd in een supergelei-
der worden deze paren gebroken. Dit verandert de elektrische eigenschappen van de
supergeleider en dus ook die van de supergeleidende resonator. Als de resonator is
gekoppeld aan een uitleeslijn dan zijn deze veranderingen als gevolg van straling zicht-
baar in de resonantie signatuur: een sterke reductie in de transmissie van de uitleeslijn
in een kleine frequentieband rond de resonantiefrequentie. Straling zal de diepte (am-
plitude) van de transmissie-dip verminderen en de frequentie (fase) verlagen. Door
iedere KID een andere resonantiefrequentie te geven kunnen duizenden KIDs worden
uitgelezen met een paar coaxkabels.

In dit proefschrift presenteren we optische en thermische metingen van KIDs gemaakt
van aluminium (Al) en een Niobium-Titanium-Stikstof (NbTiN) legering. Deze KIDs
combineren de lage ruis van NbTiN met de hoge respons van Al. We laten zien dat
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NbTiN-Al KIDs gelimiteerd worden door de ruis inherent aan het observeren van fo-
tonen (lichtdeeltjes) voor een stralingsvermogen > 100 fW. Zoals te zien in Hoofdstuk
7 is dit bereikt in de ruis van zowel de amplitude als fase van de resonantie signatuur.
Met behulp van een gedetailleerde studie van ons optische systeem (Hoofstuk 6) hebben
we laten zien dan we dit bereiken met een aperture efficiency van 75%. Dit is nabij
het theoretische maximum van 80%. De fase verandering als gevolg van een kleine in-
tensiteitsverandering is bij NbTiN-Al KIDs hoog genoeg om 1800 pixels simultaan te
volgen met moderne elektronica. Bovendien is de thermische en optische respons van
NbTiN-Al KIDs equivalent ( Hoofdstuk 8). Dit vereenvoudigt de metingen die nodig zijn
om de gevoeligheid van een KID te bepalen, omdat ze kunnen worden uitgevoerd in
een dichte cryostaat waarin verstoringen makkelijk kunnen worden geélimineerd. Deze
equivalentie is echter een eigenschap van NbTiN-Al resonatoren en niet in het algemeen
geldig voor KIDs. Bovendien is de onzekerheid in de thermische gevoeligheid meting
groter dan die van de optische meting beschreven in Hoofdstukken 6 en 7. Op basis van
de in dit proefschrift gepresenteerde eigenschappen, zouden NbTiN-Al KIDs bruikbare
ver-IR camera’s en spectroscopen mogelijk moeten maken. Dit maakt de weg vrij voor
grootschalige observaties met ver-IR telescopen en zal ons een compleet beeld geven
van de gezamenlijke evolutie van AGN en de sterrenstelsels waarin zij zich bevinden.
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