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1. Introduction

The history of astronomy is a history of receding horizons.
Edwin Powell Hubble

Abstract

“Our universe is flat. From this it follows that the mean energy density in theeuse is equal to the
critical density. This is equivalent to a mass densitg.6fx 1073 gcnm 3, which is equivalent to only
5.9 protons per cubic meter. In detail, 4% of that is Atoms, 23% is Cold Daaltdy] 73% is Dark
Energy. Thus 96% of the energy density in the universe is in a form thaigvas been directly detected
in the laboratory.” - WMAP outreach web site.

All those statements being observationally determined knowledge rathmeththartistic abstraction
of a science fiction writer, are part of the harvest of the sophisticatedlysufithe Cosmic Microwave
Background Radiation. That is, the eldest detectable light carrying alhtb®ry of the heavens that
comprises the solid ground of what is nowadays called “precision ctyg

1.1 The Cosmic Microwave Background Radiation

Crudely speaking, our universe emerged from an adiabatically expgapdimordial singularity that
contained all mater and energy concentrated in a single point. This is nothitigebibig bang” theory
that enhanced with some fundamentally necessary modifications is attemptingctioeehe cosmic
creation. Already this rough description implies some observationally testatie f(a) The cosmic
expansion and (b) The cosmic microwave background radiation (CMERMB).

The first prediction orders that everything descends from every ptiat on the cosmic fabric. It
was testified and quantified for the first time by Hubble (1929). As for ther]a&temow (1946) and
Alpher and Herman (1950) predicted the existence of a radiation fieldciesized by a black body
spectrum that follows from the adiabatic expansion of the universe.

The discovery of the black body Microwave Radiation of roughly 3 K byAP&s and Wilson (1965)
and was most precisely described by Dicke et al. (1965) in the same vatame,as a strong indication

of the correctness of the “Big Bang” theory. Moreover, it ignited a treshoeis explosion of discoveries
in the field of modern cosmology.

1.2 Anisotropies in the CMB

According to the gravitational instability theory it is necessary that at thestadtering (that is, the mo-
ment at which the universe density drops enough for it to become tnamégga CMB photons) redshift
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(z =~ 1000) there must have existed fractional density fluctuatiérs 10~ for galaxies and clusters
to have subsequently formed (e.g. Peacock, 1999). Those pertubaticst have been imprinted in the
cosmic background radiation in the form of fluctuations in the measured tatoper

In practice, the perturbations in the CMB can be attributed to three basicteffausing such
anisotropies at different angular scales:

e Large scales Gravitational effect (Sachs-Wolfe): This is the result of the fact ghattons from
high-density regions have to climb out the potential wells with the result thattleesedshifted.

¢ Intermediate scales Intrinsic (adiabatic) perturbations. Those are induced when in higkiye
regions the coupling of matter and radiation can compress the latter causingrease in the

temperature.

e Small scales Velocity (Doppler) perturbations. At the recombination era the plasmad@azero
velocity. That leads to Doppler frequency shifts and hence change britileness temperature.
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Figure 1.1 The power spectrum of CMB anisotropies as provided by Hinshaw etla(2006) on the basis of the 3rd-year
WMAP data release. It must noted that smaller angular scales corrgpond to larger multipoles£.

Already from the previous discussion it is clear that the anisotropies inrthbtbess temperature
carry a large amount of information concerning the history of the urgvarsl its characteristics (the
energy and matter and the dark matter content etc). Generally, their spsitiddution is described in
terms of spherical harmonics and the the power spectrum as a functinguascale is the tool for the
estimation of all those parameters. Specifically, the temperature fluctu&ibrere distributed in the
entire sky and are described by expansion in spherical harmonics, as:

where To:
(0,0):
Yim:

Q-

0.0 = TEDED S ST Vi (020) (1)

the average temperature

polar coordinates

the spherical harmonic functions

the spherical harmonic transform coefficients with:

Olym = f47r % (67 ¢) }/@m (67 d)) d§
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Now, complete statistical description of the fluctuations is done through thdaarngpwer spectrum
which is the two-point correlation function in Fourier space of the previxysession:

¢
Cy = 25:— 1 mZZaémYém (97 ¢) = ‘Oégm’2 (1.2)
An example of the power spectrum is shown in figure 1.1 taken from theseetd#fahe 3rd year data of
WMAP experiment.
The shape of the power spectrum depends on an extended setraEpenathat describe the present
properties and the history of the universe. Thus their values are codipyfiting cosmological models
to the observed spectrum. A nice review is given by White and Cohn (2002)

1.3 The CMB polarization

The cosmic microwave background appears to be linearly polarized.ig hat obvious at first place
since it presumes the existence of a quadrupole temperature anisottoigiesrth it a brief discussion
on the matter.

Quadrupole

st Anisotropy
sotropy

Oms
Thomson Thomson

—~ 5 4 Sca — ! Scattering

\mg

No Polarization Polarization

Linear

Figure 1.2 The mechanism imposing linear polarization on the CMB photons (Hu 200). On the left-hand side panel
is shown the case of isotopic incident radiation. In the right-hand sid sketches is shown the case that the radiation
is characterized by quadrupole anisotropy. The blue color represats warmer and the red colder radiation. The net
scattered wave then is linearly polarized.

The interaction between a free electron and a photon is described by ¢hes®h scattering. Dur-
ing such an encounter (electron-photon) the scattered wave is pol@eézpedndicular to the incident
direction. At the moment of the decoupling of the radiation from the matter thiopleoe scattered off
by free electrons. This is the moment at which the universe becomesdranspnd hence the one at
which the CMB photons originate. Assuming that the radiation at this stage otasgE (or had only
dipole variation) then the net polarization of the scattered radiation wouldroess it is shown in figure
1.2. However, if the incident radiation approaching from perpendiclitactions (separation angle 90
had different intensities then the scattered light would be linearly polarizbi anisotropy is called
"quadrupole” because the poles of the anisotropy are G0°(/90° = 4).

It is apparent then that the existence of a quadrupole anisotropy istiatse the production of
polarization in the CMB photons. There exist three types of perturbatiapabte of creating such
anisotropic fields:

e Scalar. Those are caused by density fluctuations in the plasma.
e Vector: These perturbations are related to vorticity in the plasma.

e Tensor. The Gravity waves are responsible in this case.
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Technically, the study of the polarization pattern is done by analyzing thpakyization pattern in
two components:

e Curl-free component This is called ‘-mode” (electric-field like) or “gradient-mode” with no
handedness (related to scalar perturbatiofisinode has parity—1)¢. Hence, under parity change
(n — —n) it remains unchanged for evén

e Grad-free component This is called ‘B-mode” (magnetic-field like) or “curl-mode” with hand-
edness (related to vector perturbationBrmode has parity—1)‘*! and under parity change it
changes sign for eveh

Figure 1.31 The pattern of the sky polarization for the purely E-mode on the left-hand side panel and the purely
B-mode on the right-hand side panel.

Both cases are shown in figure 1.3. Once maps of the E and B comporeaisdable along with that
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Figure 1.4: The power spectrum of the polarization pattern of the CMB (Hu & Dodelson 2002).

of the temperature anisotropy, one can analyze them again in terms ofcsplh@rmonics and study
their power spectrum as it is shown in figure 1.4.

1.4 The CMB contaminants (foregrounds)

As we already discussed the cosmological parameters and charactaristicgracted from the study of
the CMB that happens to be quite but not completely isotropic in terms of brighteenperature. In
reality it is exactly those anisotropies that reveal many of the cosmic sectatsgoholars.

The background radiation anisotropies are of the ordek®fT ~ 10~6. Unfortunately, there is
a long series of factors intervening between the last scatter surfacinamibserver that could cause
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anisotropies of that order or even larger. It is among the most crucks tasl the most difficult chal-
lenges to deal with the identification of anisotropies that are “intrinsic” to thd3@id thus represent
universe characteristics at the last scatter surface.

For a CMB experiment it is already perplexing what is “signal” and whatéfiround”. A common
convention is that everything around or befere 1000 is signal (for a review see e.g. Refregier, 1999).
Tegmark et al. (2000) on the other hand give a more “operational” definitiavhat a foreground is.
According to them:

A foreground is an effect whose dependence on cosmological ptrames cannot compute
accurately from first principles at the present time.

Itis interesting to at least briefly name those contamination factors and exammé@ngular scales each
one affects.

Galactic: diffuse synchrotron emission. The synchrotron radiation from our galaxy is (see e.g.
Smoot, 1999) is attributable to the relativistic electrons. Its spectrumi® where the indexx depends
on the energy distribution of the electrons. That already implies that thisroordat is orientation-
dependent because it depends on the plasma distribution. Given thghtiheatron radiation is polar-
ized this may contaminate both the total power data and the polarization of the GiBnfluence that
this factor may have spans practically throughout the eftispace (Tegmark et al., 2000).

Galactic: free-free emission. The frequency dependence of the free-free emission is best known
among the galactic foregrounds and it is described by a power law d8caytering off of free elec-
trons within H; regions may cause polarization of the free-free emission (Keating et 88).19he
domination of the free-free emission is mainly at low multipoles.

Galactic: dust emission. This component originates at vibrating dust grains in the interstellar
medium and is described by black body radiation. It can be highly polaiizedse the dust grains
are in local magnetic field (Wright, 1987). This component is significant atwtipoles.

Sunyaev-Zel'dovich effect: Thermal and kinematic. The thermal Sunyaev-Zel'dovich (SZ) ef-
fect is the characteristic distortion of the black body spectrum of the CMBcied by hot ionized gas
in galaxy clusters (Sunyaev and Zeldovich, 1970). The kinematic SZté$fdue to matter fluctuations.
The influence of the latter is rather small. The former on the other hand is amtanpéactor mainly
dominating large’s.

Point sources.  This component is the one we are dealing with. It refers to the contaminatibie of
CMB data due to the existence of a point source on the line-of-sight. @atmost experiments target
sky fields far from the galactic plane so that this contaminants are minimum, thtespaices are mostly
extra-galactic source (generally, they are active galaxies). Demeodihow polarized a source is it can
significantly distort the polarization of the CMB sky. Most often the treatméttiie issue is statistical
on the basis of the number counts of sources per sr and flux density ut@tna®ively, people tend to
rule out pixels of CMB maps that coincide with the position of such a sourbeat fesults the loss of
data and consequently lower signal-to-noise ratios. The point soudfeessirongly the high multipoles
that is the small angular scales.

1.5 The Cosmic Background Imager

The detection of the anisotropies has been a challenge and only upper limiseteprior to 1992.
Their discovery took place wit®ifferential Microwave Radiometean instrument aboard the Cosmic
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Background Explorer (COBE, e.g. Mather 1982) probe by Smoot €1292). The angular resolution
characterizing the first detection by was onfy After this momentous discovery a long series of ex-
periments were set to study the anisotropies with always better sensitivityigimel angular resolution.

Figure 1.5. The Cosmic Background Imager (CBI) at its open configuration forobserving with high angular resolution.
This mode is for total intensity measurements.

Among the most prominent experiments in the field and one amongst those witlytestreso-
lution is the Cosmic Background Imager (CBI, Padin et al., 2002). It is ldcat@n altitude of 5080
meters near San Pedro de Atacama, in northern Chile (at the same site liesERaeMscope). It is
an interferometer made of 13 70-cm elements mounted on a 6 meter platforatiogén ten 1-GHz
frequency bands from 26 GHz to 36 GHz (see figure 1.5). The instaotzrfield of view of the instru-
ment is 44 arcmin and its resolution ranges from 4.5 to 10 arcmin. That gigexbility to do construct
images of the CMB and study its statistical properties on angular scales faoomiinutes to one degree
(spherical harmonic scales from | = 3000 down to | = 300, see figuje 1.1

The CBIl is imaging the anisotropies in the CMB within four “patches” in the skgtied far from the
galactic plane in order to minimize the influence on the observations of the gadattsion (see table
in sub-section 2.1.4 and figure 2.3).

Apart from total power measurements, CBI is capable of conducting &ep dolarization maps
(Readhead et al., 2004).

1.6 Introduction to the current study

The commonly followed strategy to resolve the problem of point source mométion has been the
removal of the contaminated pixels from CMB maps. This method has many acks/lsuch as the
fact that it is usually based on low frequency surveys, it does natuatdor variability etc. Besides,
it apparently results a significant data loss decreasing the sensitivity ekglegiment. Within the CBI
fields there exist as many as almost 6000 point sources as detected biR&@ YWLA Sky Survey
(NVSS, Condon et al., 1998). Given the fact that around each suokesan area of a few beams has
been removed makes clear how severe the problem may be.

For all these reasons it has been decided that a alternative method Badalbwed. In brief, that
is:

1John C. Mather and George F. Smoot were awarded the The NobeliP®hysics for the year 2006 "for their discovery
of the blackbody form and anisotropy of the cosmic microwave backgtoadiation”
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The identification of those NVSS sources that can indeed contribute adhsitg of the
order of a few mJy at the frequency regime of the CBI operation (26+36)GAfterwards,
only those sources should be vetoed out during the CMB data analysis.

Ideally that could in principle be done by re-targeting those NVSS “sugmtisources with a tele-
scope operated at the frequency of 31 GHz (central frequencg &Bh band) with enough sensitivity to
reach the desirable flux density limit. That appeared to be highly time-cons@vemgor the 100-meter
telescope at Effelsberg forbidding the implementation of such a plan. Alieztya one could measure
the flux density of the sources at different frequencies. Assumingahpenver law § ~ v*) evolution
of the spectrum in the radio regime one can extrapolate at higher fragaeRarticularly for the needs
of CBI, we have employed the 4.85 and the 10.45 GHz receivers mountie secondary focus of the
100-m Effelsberg telescope. Those are among the most stable reaaivkthe central frequencies are
less sensitive to atmospheric conditions and hence are more efficient.gHanaitable for each source
the 1.4, 4.85 and 10.45-GHz flux density one can calculate the three-peictra index and the high
frequency extrapolated flux.

1.7 The rest of this thesis

A careful consideration will make it clear that the previously mentioned saotderved at those three
frequencies can serve as a basis of several studies that can pr@fecial in different ways. There has
been put effort in keeping each different research direction in desai@pter.

Chapter 2.  The requirement of reaching very low flux density limits while being time-effiders
forced us to operate the 100-m telescope close to its theoretical limits. Thatdvitably revealed pe-
culiarities in its behavior which demanded special care. As a result a totall\goiware pipeline was
developed in order to automate the data reduction. The most important detaitsmiong the observa-
tions and the data reduction are included there.

Chapter 3. In this chapter we include the actual results that of the current work varietdirectly
related to the initial proposal of the project. Parallel to that other studidsagithe quantification of the
system repeatability are presented.

Chapter 4.  As it was described earlier, the extrapolation of the spectrum to highsgudreies and
hence the estimation of each source contribution at the CBI frequenicyaes done with the help of
the three-point spectral index. The extended sample of 6000 souaresxsellent probe of the statistics
of those sources.

Chapter 5.  The extrapolation of the flux densities to different frequencies providestie oppor-
tunity to estimate the expected sources counts at each such frequengyaitg those results with the
ones from independent surveys can be very fruitful in estimating the ledemess of such studies etc.
Most importantly though for the current study is the estimation if the “confuksoit’ expected at each
band. This study among others is presented there.

Chapter 6. Although most of the current work shares a rather statistical appraat¢heoseveral
topics it important to note that the studied sample comprises an rich pool ofstibeyandividual sources
to be revealed. Sources like GHz Peaked Sources or High Frequeakgr® are among them. Such
investigations are reported here.
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Chapter 7. The CBI-Effelsberg survey has definitely not been designed forrigation studies.
However, there has been attempted that the statistical properties of thiegt@arare investigated.



2. Observations and Data Reduction

To measure is to know.
Lord Kelvin (Sir William Thomson)

Abstract

The first chapter was meant as a very brief introduction to the CMB andnfsmtropies in its temper-
ature. From the discussion there it is clear that those anisotropies arepgonably weak AT/T ~
10~5). This fact justifies all the effort that has been put in the study of foregieuFor the currently
presented project a great amount of time was invested in reachingle@rflux density levels within
very short integration times. In other words, it was attempted to operaté@Bameter telescope at its
theoretical limit. That demanded the development of new data analysisigeehetc that eventually
proved very time consuming. It is worth therefore discussing the mostiamp points of this work that
occupied admittedly a significant part of the project duration.

2.1 Observations

For the flux density measurements the multi-beam heterodyne receive8s amdl 10.45 GHz have been
used. Both systems are mounted on the secondary focus cabin of theet@0telescope. Solely for
efficiency reasons, the “on-off” method has been employed. The atibhrhas been done by observing
“main” calibrators with well known flux densities. All the important details reldtethe observational
part of the work are discussed here.

2.1.1 The observing system

The most important characteristics of the receivers used are summarizdder?.1. A detailed block
diagram is included in appendix B. Both receivers are multi-beamed allowingutibtraction of mostly
linear atmospheric effects as is demonstrated in sub-section 2.1.2 by hawags @ane of the horns
pointing “on-source” and another pointing “off-source”. The angdiatance between the two beams is
485 arcsec for the 4.85 GHz receiver and 182 for the 10.45 GHz one3&WHM in each case). As
a matter of fact the 10.45 GHz receiver consists of rather four indgmmbrns the signal from which
could be used for a statistically more precise atmospheric effects subtraEtiorthe project reported
here and for reasons of uniformity and consistency between the twiveegeonly two horns of each
receiver have been used. For each receiver the one is desigsdtedia’ and the other as “reference”
horn.

Each horn detects and outputs simultaneously left and right circular patlanzsignals (hereafter
LCP and RCP, respectively). Those are routed through indepeakaniels. This may have important
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Table 2.1 The most important characteristics of the receivers usedTc is the presumably constant thermodynamic
temperature of the noise diode that is used for the stabilization of &h receiver (see sub-section 2.1.1}il“szyes”ilh is the

system antenna temperature at the zenith.

Frequency Tea TE&M™ Bandwidth sensitivity FWHM Beam separation

(GHz) (K) (K) (MHz) (KJy) (arcsec) (arcsec)
4.85 1.8 27 500 1.5 145 485
10.45 9.0 50 300 1.3 65.8 182.4

consequences concerning for example their stability, their system tenmgesatlithe gain. Convention-
ally, they are designated as channel A, B for the LCP and RCP sigmedatagely of the main horn and
channel E, F for that of the reference hbriiable 2.2 clarifies this notation.

Table 2.2 The notation used for the total intensity data channels.

Horn LCP RCP StokesQ StokesU

Main A B C D
Reference E F G H

The receiver stability is controlled by using a noise diode of known tempetain excellent dis-
cussion on several engineering problems being encountered duridgsiu: of high quality low noise
receivers is given by Rohlfs and Wilson (2004). The noise diode thdumore used for the translation
of the received astronomical signal from voltage to units of antenna tetoper(for more details see
subsection 2.1.1).

The conversion of K to Jyl(0—26 Wm~2 Hz~!) is done by observing the “main” calibrators. That s,
sources of well defined flux density by independent methods. Foistensy the same four calibrators
have been observed throughout the duration of the project. In tablee2stimmarized their fluxes at the
two frequencies of interest. A detailed description of this step is given isestion 2.2.3.

The role of the noise diode: the primary calibration

As shown in figures B.1 and B.2 the calibration and the gain control is donethégthelp of a noise
diode of known temperature. The diode’s signal is “fed” in the systemtbxafter the horn. Thus it is
also routed through all the steps that the sky signal is passing.

As a working assumption let us denote the power from theRlgnd the signal from the diodP
for any given channel. Bot? and D at this stage are in units of voltage or in arbitrary “counts”. The
data recoding then is done in four steps or “phases”. For our projecdiutation of each phase is set to
16 ms. The physical meaning of one phase is that it is the interval over wieafeceived photons are
integrated to produce the detected signal. Each phase includes the sigmdhé& skyP. During the
last two phases though also the diode is switched on (for 16 ms in each phdssdded to the recorded
signal. Finally the four phases are added together. The total power tiegnated over the 64 ms that all

1Channels C, D, G and H contain Stokes parameters Q and U
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four phases put together last (hereafter, as it is designated within the standard data analysis package
at Effelsberg, namelyoolbox), can be written as:

sig=P1 + Py + (Ps+ D3) + (Py + Dy) (2.1)

where P: the power from the sky in phase i
D;. the power from the noise diode in phase i

Assuming that over the 64-ms cycle both the sky sighahnd that from the diode]) are constant
(thatisP, = P andD; = D), equation 2.1 gives:

sig=P+ P+ (P+D)+(P+D)=4P+2D (2.2)

With a different combination of the 4 phases one can construct a seiprad sBamelycal (following
the designation imoolboxpackage) as follows:

cal=—Py — Po+ (P3+ D3)+ (Py+Dy) =cal=—P—-P+(P+D)+(P+D)=2D (2.3)

Equations 2.2 and 2.3 give the handle for performing the calibration opensaticch is nothing but the
comparison okig to cal. Provided that the temperature of the noise dibggis known and given that
both sig andcal are in the same arbitrary units (counts), the calibrated signal measuredherdgfter
antenna temperatufy, will be:

sig 4P+2D P 1
Th=—2 T =" """ T =|=—4+2\|T 2.4
A 2 cal cal 4D cal D + 9 cal ( )

As long as the standard data reduction package used at Effelsbemgcereed, the above operation is
done on the one-data-point basis. That is, each data point (usuallptwxpliase cycles) is calibrated
individually. This inherits potential dangers when low flux density levelsastiempted as in the case of
the current project. Essentially, the problem arises when the assumptid@othahe gain of the receiver
and the signal from the diode are stable brakes. As it will be shown latbrgaction 2.4.2) this may
cause severe data distortion. To prevent that from happening a nsadyslightly modified calibration
procedure is applied as will be discussed in that paragraph.

2.1.2 The “on-off” versus “cross scan” technique

The technique routinely used for flux density measurements of pointeoatdEffelsberg has been the
“cross scans” one. The method relies on “scanning” with the main beantm/eource position in both
elevation and azimuth direction (hence the term “cross”). Simultaneoushefér@nce horn is scanning
the assumed empty sky. The subtraction of the two signals produces orsithatinciple free of linear
atmospheric effects (differential observing).

Assuming that the measured source is point-like and that the beam pattestibee by a Gaus-
sian, the observed flux density distribution (which is the convolution of tlmnbgattern and the sky
brightness distribution e.g. Kraus 1986) will be a Gaussian. Its pea&smonds then to the flux density
of the measured source; its center corresponds to the true position @futoe sncluding all necessary
coordinate transformations and the telescope pointing modefuilsWidth at Half of the Maximum
power(FWHM) to that of the telescope beam.

This method has two advantages. Firstly, it provides instantaneous infomaditgut the possible
existence of confusing sources in the observing vicinity. In case there avsource nearby the targeted
one it would immediately be detected as an additional peak in the observedefigiyddistribution.
Secondly, it makes possible the correction for power losses due to “pgietirors. These are introduced
when the source is observed slightly off the horn center where the sé@gdginot maximum. This is
the case whenever there appears a divergence between the smgitiom jand the intersection of the two
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scanning directions (azimuthal and elevation). Ideally, those two pointddshoincide. Since the peak
of the observed flux density distribution corresponds to the “real” goposition and assuming to know
the beam pattern as a function of the offset distance, one can caracitch errors (see Kraus, 1997).

However, the disadvantage of this technique is its limited time efficiency that nitakeslequate
for projects demanding large amounts of observing time. Indeed, most ob#eving time is spent
for telescope driving rather than on-source integration. For instavittethe default Effelsberg settings
the slewing distance in total is5 FWHM. Then only 1/5 of the observing time is spent on on-source
integration.

Contrary to that is the “on-off” method which appears prominently efficierierms of observing
time. This technique is also differential. It is based simply on observing “ad™aff” the source and
subsequently subtracting the power measured at those two stages (foe aomplete description see
subsection 2.1.3). In cases that multi-beam systems are available, like imrinat guoject, simultaneous
observation of the sky and the source are possible. This results a drametigse of the efficiency in
subtracting atmospheric effects as is shown in figure 2.2.

Despite its efficiency, this method suffers mainly from three problems. Tétedirelated to the often
false assumption that the source is observed with maximum sensitivity. Evemtive position of the
source is known precisely, there exist telescope pointing errors.r@ists in observing the source with
a pointing offset causing a recorded power loss. The second preairises from the potential of another
source being in any of the two beams (reference or main) during thevaliser This problem being
termed as “confusion” can prove very severe as is demonstrated iacsigns2.4.1. Finally, it is only
an assumption that the “off” position of a beam is indeed off the sourcewdain be contributing some
power in the side-lobes.

For the current project the “on-off” method has been applied mainlyusecthe same flux density
level is reached in shorter observing time. A detailed description followshirssation 2.1.3.

2.1.3 The “on-off” method with the help of two horns

b
* -
b o

Figure 2.1. The observing scheme. The reference horn is designated with thettier “R” and the main one with “M”.
Each measurement consists of four sub-scans. Since the feedsliea plane parallel to the horizontal the driving of the
telescope for the realization of the on-on method is done on the azirthal direction.

In understanding much of the following material it is essential that the detaifeaibserving tech-
nique as it has been realized for our observations are explained. oHordreivers a measurement,
termed as a “scan”, is done at four stages or “sub-scans”. In f@dréhe exact arrangement of the
main and the reference horn with respect to the source for each anlisstlustrated. As shown there,
there is always a horn observing on-source. This observing faghtermed as “on-on” rather than the
traditional “on-off”. Let us consider the signal detected and consetlyi recorded from each horn at
each sub-scan. Everything is summarized in table 2.3. Thegest@inds for the source temperature and
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Table 2.3 The signal recorded at each sub-scan in each channel and the dation of each sub-scan.

Horn sub-scan 1 sub-scan2and 3 sub-scan 4
Main Tsys1 (t) Tsys-23(t)+Tsrc Tsys-4 (t)
Reference Teys-1(t)+Tsc  Toys-23(t) Teys-a(t)+Tsrc
Main—Reference —Tesre Tsrc —Tsre
Length in seconds for 4.85/10.45GHz  13/50 26/100 13/50

Tsys-iis the system temperature during sub-sca@onsidering that the system temperature may signif-
icantly change from one sub-scan to the next this convention makes thyenstud realistic compared

to assuming a constafftys for each channel and scan. As it is discussed in subsection’2,2.@fers

to cumulatively everything but the signal from the source (e.g. see equald). From this table it is
obvious that after subtracting the reference horn from the main horn totigyossible to get rid of
every contribution apart froriis,.. The resulted intensity profile depends only on the source temperature
Tsrc Which can immediately be measured by simply measuring the half differencedretiveintensity

in the first sub-scan and that in the second one or in the third and the.fourth

1 (S2—-5 53-8
(2 L, 23 4)

Toc= = -
Src 2 2 2

(2.5)

where s;: The average of the signal is sub scan-i after the subtraction

This way there are two independent measurements that can afterwaastsraged. Besides, the dif-
ference between them (which is attributed to the non-perfect atmospbaetidition subtraction) gives
an estimate of the real uncertainties in the actual measurement (see kutatza in sub-section 2.2.1).

A closer look in the operations described above shows that the on-onadr{@thany other differential
method) can prove efficient only under certain assumptions:

e The system temperatuffgys.i is assumed to be horn-independent. Simply Pkis at a given sub-
scan is the same for both horns. Of course this is not the case in a realsémsgiready due to
the fact that each channel is processed independently. Howevieisahown in figure 2.2 the
result is satisfactory.

e The system temperature is assumed to be constant over the entire subfrscarthe principle of
the method it appears that this should not cause any complications. But ezhviaith channel-
dependent gain factor result in different amplification in different cledefor the same signal.

e The horns are presumably pointing at the same part of the sky and leeocding exactly the same
signals as regards the noise contributors (atmospheric emission, CMBTétis.)s definitely not
completely true.

Nonetheless, the efficiency of the method is still superb especially in chagnaspheric behavior
which is linear with time. This is clearly shown in figure 2.2. It must be pointedtoagh, that in fact
the “on-on” method of course can be constructed by any possible cotiapiiad sub-scans and durations
of them. For example, one could design a similar pattern that consists of mouenimen and shorter
in length sub-scans that afterwards are averaged. This would bakav8ow-cut” filter for long term
atmospheric changes. On the other hand, it would demand more telestapg tiime.
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Figure 2.2 The efficiency of the “on-on” method. In the upper panel of the pot is the “detection profile”. That is, the
result of the subtraction of the signal from the two horns. In light blue are the channels A and B that correspond to the
main horn and in green channels B and F corresponding to the refemce horn. As it is shown there, the peak-to-peak
antenna temperature variation is of the order of 100 mK and the sarce is no brighter than roughly 25 mK.

2.1.4 Observing strategy

The Cosmic Background Imager observations are confined within foliidefned regions or “fields”
in the sky selected to be far from the galactic plane as shown in figure 2e8. Gdundaries are:

Fieldname NE (RADEC) NW (RADEC) SW (RADEC) SE(RADEC)  Area(ded)

02-Hour (3.2) (2.65,2) (2.655.5) (3-5.5) 5575 =41.3
08-Hour (9,0) (8.6,0) (8.6:5.5) (9-55) 6x55 =33.0
14-Hour (15,0.5) (14.6,0.5) (14:67) (15-7) 6x75 =450
20-Hour (21:-2) (20.6-2) (20.6,-8) (21-8) 6x6 =36
155=0.047 sr

Notice: the RA is measured in hours and the DEC in degrees

In total there exist as many as 5998 NVSS source that comprise the sanigiadtizeen observed.
A large portion of the observing time has been spent on auxiliary studietdpafully by the end of
the current report will prove themselves of great importance. Theraibgestrategy that appeared to be
optimum, can be summarized in the following points.

Organization:  First of all, the observations have been organized so that the teleséoipg time is
least (problem similar to th&#gaveling salesman problgnirhat was achieved by driving the telescope in
the field in a “zig-zag” way. Each field has been organized in stripedlglai@the right ascension axis
and half a degree across in declination. The sources within such a belbban organized in dozens in
order of monotonous (in each stripe) right ascension change as $héigure 2.4. During an observing
session each field would be targeted withlour Anglerange from -3 to 3 hours.

Calibration: At the beginning of each field a calibration source (see table 2.7) would bsurex
after having the pointing and the focus of the receivers correctedededr field the same calibrator has
been being used at all times. At the end of each field the calibrator of thdiglexvould be measured
again for a second calibration factor determination (see subsection ZThi8)measurement would be
done after only pointing corrections.
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01D ——————— 0.60 mK

Figure 2.3 CBI fields marked on the “K-band” (26-35 GHz) image of the Milky Way as observed by WMAP satellite.
Each field is named after the corresponding right ascension.

DEC (deg)

5 m/*
)F—i‘)(
S

2.65 2.7 275 28 2.85 2.9 2.95 3
RA (hr)

Figure 2.4. The organization of the observations. The blue symbols represetihe NVSS sources and the red line the
advance of the telescope.
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Pointing sources: For each field three bright sources, either within the field or in its very viginity
have been selected for performing pointing corrections (every oneocatdzen sources). The “pointing”
sources have been selected basically on the basis of their flux densiat Htethcan be used for pointing
correction at both frequencies. They have been measured both with-scans and on-ons so that a
comparison of the two methods could be carried out later. In case of aetbt®stematic difference,
corrections could be applied (for a complete study see subs&ipn

Repeaters: A considerable portion of observing time has been invested in quantifyingyegpeata-
bility” of the system. For each field a sample-of.0 sources has been selected to serve as “repeaters”.
That is, sources which are expected to show no significant intrinsichiltsisand hence to be of re-
peatable flux density. Any divergence from their otherwise assumestaratrflux (within the bounds of
errors) can be attributed to systematics. This study is of great importarueeisigveals the most real-
istic uncertainty in a measurement by taking into account every possiblessoiuerror such as weather
effects, receiver instabilities, confusion etc. This study is formally preskin subsection 2.3.

Simultaneity:  Since the goal is the accurate determination of the spectral index, it is imptirédn
the two frequencies are observed quasi-simultaneously. However, thidyipartially done since the
unstable weather conditions demand flexibility provided that the 10.45-GBlzredtions are far more
sensitive to them than the 4.85-GHz ones. Therefore, compromise hasetta necessary ending up
with non-simultaneous measurements.

Time budget: The integration time has been 52 s for the 4.85 GHz observations and 20@h& fo
10.45 GHz ones. A small overhead imposed by the back-end and theefidstystem increased the time
per source to roughly 1 min and 4 min respectively. Each dozen of so(wone dozen is one loop) took
approximately~15 min for the former and-55 min for the latter frequency. The excess time is mainly
because of telescope driving.

2.2 Data reduction

It has been mentioned in subsection 2.1.3 that the measurement of a soupegateire boils down
to estimating the distance between two consecutive sub-scans in the pribdieirfg the subtraction
method. The involved details allow the calculation of the formal errors. Hewdlis is only the first
step towards the determination of the source flux density in its own rest frémdeed, after having
measured the “raw” source brightness temperature several corsestigst be applied in order to extract
the flux density of the source. All these are discussed in the immediately foigairagraphs.

2.2.1 Actual measurement

For the discussion that follows it is essential that the individual chanmel¢éetiinto play (see table
2.2). Throughout the following, the signal in channel X during sulmdscas a function of time will
be conventionally designated as In practice, such a signal is a time series of antenna temperatures.

The average over the whole sub-scan i is denotedjaso thatX; = (z;),. Moreover, the system

temperature which is of course a function of time and channel in denotﬁgsquinally, TSLr%P/RCP is

the corresponding circular polarization comment of the source temper&ueeything is measured in
K.

As has been discussed in subsection 2.1.3, the signal in channels A, Bhgnajiand E, F (reference
horn) is as in table 2.4.

Subtracting the signal in channel E from that in channel A one derivekethcircular polarization
total intensity. Accordingly, the signal in channel F subtracted from th& @ives the right circular
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Table 2.4 The signal detected and recorded by each channel per sub-scan

Channel sub-scanl sub-scan 2 and 3 sub-scan 4
A A LCP A
A a1 = Tsys-l az3 = Tsys-23+ Tsic a4 = Tsys—4
B B RCP B
B b1 = Toysa b2z = Tgys.23+ Tsrc bs = Toysa
E LCP E E LCP
E e1 = Tgys1+ Torc €23 = Tgys23 es = Tgysa+ Torc
F RCP F F RCP
F f 1= Tsys-l + Tsrc f 23 = Tsys-23 f 4= Tsys-4+ Tsrc

polarization total intensity. This subtraction is done simply by subtracting theded data point by
point. From this already one can extract thg. provided that the source is not circularly polarized
Otherwise, the two results should be averaged. So, the pipeline for taxgréwe T, from the data, is:
If s denotes the power after all the operations described earlier, it is:

Table 2.5 The resulted signal per sub-scan after the differentiation is applid.

Operation  sub-scanl sub-scan2and3 sub-scan4

a—e —T& Tag" —T&"
b—f —T5e" Tac' —Tac'
%2@7” s1 = —Tsre 823 = Tsrc 54 = —Tsrc

a—e+b—

After having worked out its average along with its uncertainties for each sub-scan is calculated. For
each sub-scan i therefore the aver&gé=(s);) is calculated as well as its uncertainty in that. Then the
source temperature can be extracted from half the difference of thegavim sub-scan 1 and 2 or 3 and

4. Denoting the former &8 and the latter a%j;, we have:

5 -5
2
S35,
)

T, and T, comprise a set of two independent measurements of the antenna temptratwzan be
averaged for a better approximation of the source observed antenneratong:

Ti 2.7)

Tiy (2.8)

T+ Ty _53—54+52—51
2 4 4

It is important here to clarify the used notation. So far we have beerrirgféo the source antenna tem-
perature a9 to keep the operations simple. In reality though, the observed sourceanésnperature

Tobs = (2-9)

This is a reasonable assumption given that the extragalactic radio saiseeally have circular polarization 0.5 %
(Weiler and de Pater, 1983)
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Tobs Needs to be corrected as discussed in sub-section 2.2.3. Theredoneydw on the result of the
actual measurement before any corrections will be notéaso that after applying all the necessary
corrections on can reconstruct the “real” source temperdie

Provided that theoretically; and7j, should be identical (the source flux density is unlikely to change
is such short time intervals), their difference can be attributed to any esafinencertainty. Therefore,
their difference can provide a good estimate of the error in our measuréseersubsection 2.2.2).

Parallel to the actual measurement there take place a long series of aperdtinong them mea-
suring the system temperature which, as it appears in table 2.4, can betesksanply from the off
subs-cans of the individual channels.

2.2.2 The thermal limit

Before working out the errors in a measurement it is useful to examinexgrexed lowest reachable
flux density for the applied integration times.

Since the receivers used are operated in total power mode (see tableh#2 &d Wilson, 2004)
the thermal noise level reachalag, with integration time will be given by:

K Ty,
' vVAv -t

where K: Receiver dependent constant (usudily~ 1 — 2). In our casek = /2
Tys the system temperature
I': the sensitivity of the telescope that is the K to Jy factor
Av: the receiver bandwidth
t: the integration time

(2.10)

Ot =

For the values given in table 2.1 and for integration time of 1 minute for the 48 &or the 10.45 GHz,
we get:

V227K 0.24
o = = mK = 0.16 mJ 2.11
T 5. VBO0OMHZ - 525 1.5 y (211)
and
2.50K 2
Oih10.45 = V250 = 929 k= 0.22 mJy* (2.12)

1.3-v/300MHz -200s 1.3

According to these values one could reach very low flux densities levatscHarly, 1 mJy is achievable
with a confidence level 6£100 at either frequency. Of course, this is only a theoretical estimation that is
not feasible. As will be shown later (sub-section 3.2.3) the achievablel@ngity limit is larger though

still satisfactory.

Errors analytically

The definitions described in subsection 2.2.1 already provide the negcbéss&ground for the calcula-
tion of the formal error in a single measurement.Nonetheless, this is only an testiftbe uncertainty
in a single measurement.

According to the Gaussian statistics the uncertainty in the final measurdmgraf the source
temperaturergps depends on the statistical scatter of the data. From the error propagaay the

have:
OTops ) OTops ) 2 1
Tobs = \/< 610] S) cof + < 81?”S> i 5 Vot +ai (2.13)

3Assuming a sensitivity® of 1.5
4Assuming a sensitivity" of 1.3
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where o,: the formal error in the measurementf
on: the formal error in the measurement@f

It happens so that it is:

SCENC RN

and

OTyi \* oty \? e
where oi: the uncertainty in the average in sub-scan i

So, equation 2.13 with the help of 2.14 and 2.15, will give:

1 1 2N S|
robs= 3 (2.,/ §+ag) +<2.\/ §+gg> L T P AR

This is the formal uncertainty in the calculationff,s. On the other hand, as we discussed earlier at the
end of sub-section 2.2.1 the diffrence betwé&gand1; . Hence, the final error at a given measurement,
will be:

err = max (Tl _2T” ,Jobs) (2.17)

2.2.3 Corrections

As soon as a measurement has been performed and the source terageatheen calculated, three
corrections must necessarily be applied in order for the source fluwsitgea be correctly determined.
These are namely the “opacity”, “gain-curve” and the “sensitivity” eotion.

Opacity corrections

As for any ground-based radio astronomical observations the sigteadtdd by the receiver has traveled
through the Earth’s atmosphere and hence experienced severdiaist@uch as attenuation or atmo-
spheric emission. The latter is resolved by executing the differentialdifmr. The attenuation effect
on the other hand must still be corrected for. This correction is descabéapacity” correction.

The earth’s atmosphere is fairly transparent to radio waves over aleoaisle frequency range from
afewtens of MHz A ~10m) to afew THz & ~0.1 mm). The lower limit is attributed to the reflection of
radio waves on the ionosphere. The reflectivity of the latter is due toleeg@ns. The cut off frequency
Vp, IS given by:

Vp Ne
e = 8.97 o3 (2.18)
where v, cut-off frequency
Ne. plasma electron density

and it is of the order of a few tens of MHz. The upper limit is mainly due to thernast absorp-
tion of molecules in the troposphere. Potentially, any atmospheric constitigt@ause absorption as
long as their resonance bands overlap with that of the signal. Howegandjor absorption factor is the
water molecule present in the atmosphere in the form of vapor absorbE®y226Hz and the oxygen
ones absorbing at 183 GHz.
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Despite the atmosphere acting as a radio wave attenuator it also acts as an émdtgning the
atmosphere to be in in local thermodynamic equilibrium any of its componentetavdas black body
radiators. Hence, not only is the radiation from a celestial source atezhbg traveling through the
atmosphere, but also blended with radiation emitted by the atmospheric constituemselves. This
nothing but the radiative transfer problem where the medium is the tertedginiasphere. The basics of
this problem are discuss in appendix A.

In the radio regime, where the Rayleigh-Jeans approximation is valid, eqéaBaan be expressed
in terms of temperature as:

Th = Tsrce™ ™™ + Tagm (1 — e 7m) (2.19)

where T, observed brightness temperature
Tse.  “real” source brightness temperature
Tam:  effective atmospheric radiation temperature
Tatm:  Opacity at the source elevation

This equation describes the radiative transfer of radio waves throegBatth’'s atmosphere. The first
term of the right-hand side part of equation 2.19 describes the attenuétibe source signal due to
the presence of the atmosphere. The right-hand side part represerasliéition and absorption of the
atmosphere itself.

Inthe above it has been implied that the atmosphere behaves as an singheatengd,;m, black body
radiator which of course is far from true. A more realistic approach wasslime isothermal layers of
gas and integrate over the whole atmosphere thickness. However, smtetige in the gas density with
altitude is much faster than that of temperature the introduction of the effdetivgerature is a well-
working reasonable approximation. The effective temperature of the phamscan be approximated,

by:
Tatm=1.12- Tground— 50 K (2-20)

where Tyound the ground temperature

The atmospheric emission term: The antenna temperature level attempted for the current project
is only a few mK. It is important then to make sure that any source of noisdiégeatly subtracted

from the actual signal. Among the most prominent factors of noise is the atsgmission itself. A
“back off the envelope” calculation can demonstrate its level. For a typirafrser day (20) equation

2.20 gives the effective atmospheric temperature te-Bé8 K. On the other hand, a usual value for the
zenith opacity at 4.85 GHz i50.017. Assuming the observation of a source at 30 degrees elevation the
opacity is then roughly 0.034. The right-hand-side term then in equationi219K at corresponds

to the emission from the atmosphere. This is an admittedly large antenna tengpemtypared to the
source temperature.

The importance of the differential observing method comes into play exaaty Bénce the atmo-
spheric emission signal is recorded by both horns then the subtractioa t¥alsignals frees the result
from this very influence. This is the main reason why multi-beam systems lemredeveloped. The
same method however is applied even for single-feed systems with the soppmixiliary methods
(e.g. “choppers” or simply by performing either “on-off” or crosaseneasurements). However, as has
already been pointed out this works only under some assumptions thataiehed in subsection 2.1.2.

To summarize, the atmospheric emission part is discarded by applying theutiié method. This
term though provides an excellent method for calculating the zenith atmasppacityr, which in turn
is necessary for correcting for the absorption. These matters aresskstin the next paragraph.
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The atmospheric absorption term: Assuming then that the atmospheric emission is fully sub-
tracted during the differentiation a correction for the absorption term, nafopécity” correction must
still be applied. The source temperature corrected for the atmospheaptibs temperaturéy is
calculated from the observed offig,s, from:

Tobs = Topc- € ™™ = Topc = Tops- €™ (2.21)

where Typs Observed source temperature
Topc:  the source temperature outside the atmosphere
Tatm:  Opacity at the source elevation

From the last equation it is obvious that the opacity corrections boils dowretadltulation of the
correct atmospheric opacitym at the elevation of the observation. This is approximated by:

1
Tatm — T(ELV) =Tz AM = Tz —

IV (2.22)

where 72. the opacity at the zenithE(L 1V =90°)
AM: the “airmass’”AM = 1/sin(ELV)
ELV: the source elevation

From the previous discussion it is clear that is crucial to correctly calcthet@pacity at zenithy,.
Interestingly, this is done by utilizing atmospheric emission term. The next fagofags meant to thor-
oughly explain the applied method.

The opacity calculation: In case the telescope is pointing to an astronomically empty part of the
sky then the received signal will correspond to the system temperdiyge (That can be resolved in

its constituents (a) the emission from the atmosphere that is a function of efegatio(b) every other
contribution cumulatively described @ that is mostly elevation-independent:

Tsys= To + Tatm(1 — e ™) = Ty 4 Tam (1 — e~ 24M) (2.23)

This equation is similar to equation 2.19. The difference is that the first teed net be modulated
by e™m because it is not traveling through the atmosphere. N@wan be further analyzed into well
established factors, as follows:

To = Trec + Tems + Tground+ Tant + TRadBack (2.24)

where Tiec. receiver noise temperature
Tcms:  cosmic microwave background
Tground  radiation from the ground (spillover). Itis elevation dependent
Tant  antenna temperature
TradBack radio background from blends of weak sources (confusionjo teatckground etc.

Fort <« 1 the previous relation can be expanded in a Taylor series. After keeggrfgghorder term, it

follows that: .

sin(ELV)
Presuming thaf; andr, are constant, the system temperature is a function of the effective atmiasphe
temperature and the airmassX/) which in turn is a function of elevation, in a linear fashion. Therefore,
at any giveril;m the Tsys will increase linearly with increasing airmass (decreasing elevation). unefig
2.5 an example of system temperature against airmass is plotted over an aanggsdPoints of system
temperatures well above the straight line trend can be attributed mainly to weffhads that cause an
increase irlsys Practically, for each observing session all scans have been usibe foonstruction of
such plots. After fitting a lower envelope to these data points one can etktegictilowing information:

Tsys ~ TO + TatmT = TO + Tatm Tz AM = TO + TatmTz (225)
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Figure 2.5. System temperature as a function of airmass (or elevation) for aigen observing session. This example
is for 4.85GHz. The red line is the lower envelope to the data. It slopgives the zenith opacity and the cross-section
with the y-axis providesTp. Incidents of fast increase in the system temperature are clearlyeen and they correspond to
weather changes or any other effect that could possibly affect {freceiver disfunction etc.).

e 7. from the slope of the fitted line sincéope = Tam- 72 - AM
e Tj: from the point where the fitted line crosses the abscissa axj9 (

Consequently, for each individual measurement the zenith opagityis calculated from the original

eqguation 2.23:
1 Tsys— TO
- _ B P ) 2.26

Tam= oy < Tt > (2.26)

where Tsys Is the system temperature for the associated scan
Tam:  the effective atmospheric temperature from equation 2.20

and used in equation 2.21 for the calculation of the actual source temgeratur

Alternative to this method is the often used “sky-dip” technique which is basedeasuring thésys
at different elevations free of astronomical sources. According tcant trend especially in the Very
Long Baseline Interferometry field, radiometers are used for the dipeality measurement particularly
around 22 GHz (water spectral line).

“Gain curve” corrections

The mass of a 100-meter telescope is so larg8Z00 tons) that it easily distorts its otherwise assumed
perfect parabolic shape. Traditionally, all the effort has been pubistcucting structures rigid enough
to resist the gravitational effect.

The 100-meter radio telescope at Effelsberg has been the first onedslgged on the basis of
the homology principle (von Hoerner, 1967). According to that, insteaexbfustingly aiming the
construction of unbendable structures, the movable compartments of treopedsave been chosen so
that the shape of the telescope even after the deflection remains pardbaliés on the cost of slightly
displacing the focal point. Then optimum gain is achieved by accordingl¥edisy the receivers so that
they are always on the focal point. This takes place dynamically so that tlikesource is being tracked
there takes place a continuous change of the receiver position so theysdies on the focal plane.
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However, small scale deformations of the reflector lower the sensitivityeaditenna. That is simply
due to an increase in its rms. Since the deformation of the reflector is eledjmmdent it is apparent
that the gain of the antenna is elevation-dependent. The “gain curve” [ddhthat shows the antenna
gain as a function on elevation and it is used for correcting this effe@sgithed immediately.

Effelsberg gain curve at 2.8 cm

G =0.92833 + 0.0029194*Elv - 2.9731E-5*Elv*2
11
T T T T T T

1.05— —

FI<F>

Elevation [°]

Figure 2.6. The “gain curve” at 2.8cm as measured during November 2003. Thais the normalized gain versus
elevation. The maximum lies around 45-50 degrees.

Selected sources, preferably non variable (e.g. steep spectrucesaue not likely to vary on short
time scales), are being observed regularly. The sources are seleated tmiformly cover the equatorial
coordinates space (azimuth, elevation). By plotting all the normalized flugitgemeasurements as
a function of elevation one can construct the so-called “gain curvaidg¢he correction term). An
example is illustrated in figure 2.6. The gain curve is a par&oelth its maximum corresponding to
gain equal to unity:

G(ELV)= Ay+ Ay - ELV + Ay - ELV? (2.27)

This formula then can be used for correcting the subsequent measugerfenobserved source tem-
peraturelypsthe one corrected for the gain curve effégg, will be:

Tobs _ Tobs
G(ELV) Ao+ Ai-ELV + Ay- ELV?

The parameters of the gain curves that have been used for the ot are presented in table 2.6. It
must be noted that the gain curve changes with time and hence within the dwfatiercurrent project.

Sensitivity corrections

So far, all the brightnesses have been referred to in units of temperatueeconversion from voltage
(which is what the telescope physically delivers) to antenna temperatiteeisiachieved during the
primary calibration with the comparison of the signal to that from a load of kn@mperature as de-
scribed in subsection 2.1.1. However, it is essential that the signal iefurdnslated into Jy as the
source temperature is telescope dependent. For that the “sensifiVitg. K/Jy) must be known. That

5The parabola is only a good approximation
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Table 2.6, The parameters of the fitted gain curves for both frequencies.

Frequency Ag Aq A2

10.45GHz 0.97493 1.2038)2 -1.4439107°
485GHz 0.98834 6.982t0~* -1.0455107°

is achieved by frequently measuring the sources of independently kiaxvdensity. These source are
the “calibrators” and are chosen to be of temporally unchanging fluxtgembe sensitivity is frequency
dependent. For a given factbithe corrected flux densit§s.c of a source that has been measured to have
antenna temperatuf&,., will be:

TSI’C [K]
' [KAJy]

Itis worth noting thal” could in principle be calculated theoretically since (see Rohlfs and Wils@4,, 20
equation 7.17):

Ssrc[IY] = (2.29)

r= 8% na D? = 2.8410 4 na D2 = 2.8 na Kidy (2.30)
where npa: aperture efficiency
D: antenna diameter

However,np is the result of several effects. Consequently, the exact theoretioghutation ofl" is
not trivial to calculate.

The calibrators and the T factor: In table 2.7 the flux densities of the calibrating sources are
summarized along with their type and their spectral index. As already mentitveechlibration sources
are selected on the basis of several criteria. Among them, the stability of thissien which is confined

to no more than a few percent. As has already been mentioned, the determofdtics achieved by

Table 2.7. The calibrators.

Source Sa1.85(Jy) S10.45 (Jy) Spectral Index* a1:5° Type Reference
3C48 5.48 2.60 —0.88 Quasar 1,2,3
3C161 6.62 3.06 —-0.82 Radio Galaxy 1,2,3
3C286 7.48 4.45 —0.54 Quasar 1,2,3
NGC7027 5.48 5.92 +1.12 Planetary Nebulae 1,2,3

*: Computed from the NVSS 1.4 and CBI-Effelsberg 4.85 and 10.45 @kelasurements.
1: Kraus priv. Comm.

2: Ottetal. (1994)

3: Baars etal. (1977)

observing the calibrators. Any changes in the telescope characterigtiesoite (e.g. focus, pointing
etc.) may affect the value df and hence introduce an error in the flux densities of the target sources.
For example, in case the focus parameters are not properly set thezcéeer is not lying correctly

on the focal plane causing a loss of power in terms of antenna temper&nam. the definition of”
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then it follows that it will be underestimated. This example is chosen on pegiose not only is it the
most common one but also because it can be relatively easily resolvedisAlstussed in sub-section
2.1.4, at the beginning of each field the focus is corrected by obseramgfahe main calibrators. That
gives the “correctT factor. Within the subsequent roughly 5 to 6 hours span, during whicfiettaeis
observed, the focal plane may be displaced without having the new parandetermined. This refers
to deformations of the reflector different from those described by timeokagy principle. That could
be for instance because of sunlight warming up the reflector. A rebotraatment is, to re-observe
a calibrator and determine the sensitivity before focus corrections anthefehe field. That results
a sensitivity factor of a “short sighted” telescope. Then, for the smuobserved in between a linear
interpolation is used.

The typical values of' determined by observing these sources are roughly 1.5 and 1.3 K/Jyefor th
4.85 and 10.45 GHz receiver, respectivélys expected to vary less than a few percent.

The final source flux density: To conclude this section it is wise summarize all the data processing
steps in a way consistent with the notation used earlier and easily underéiooel the antenna temper-
ature of a sourcé&g,s has been measured, the following steps eventually lead to the sourcerikityde

Telescope outpuflops  Calculated from equation 2.9
Opacity correctionTop,c  The previously calculate temperature is corrected for opacity effeci&s2a
Gain curve correctiorlyc  The source temperature that has been corrected for opacity isteorfec
gain curve effect as described by equation 2.28
The final source flux densitySsc  The temperature that has experienced the previous corrections isdibwd
as in equation 2.29.

Of course, at each step of the data reduction the formal error priopadfaeory is applied for calculating
the final errors.

2.3 Repeatability study: the overall uncertainty

It has been mentioned often that a large portion of the observing time hasibee for auxiliary studies
such as calibration or pointing control etc. Among them the namely “repeatalmliscks. That is,
observations that will reveal how repeatable a given measurement iadatigerand therefore be setting
a realistic limit on the confidence for a measurement.

The idea behind that is very simple. A sample of roughly 10 sources (term&eeaters”) have
been selected from each field and repeatedly observed once each tfiakltiseobserved. Then, sources
of error such as the weather, the receiver instability, calibration esratso on, will result a distribution
of the flux density for the same source around a mean value that is assubeethtotrue one. Themns
of of those distributions can be used for characterizing the error in &esimgasurement.

The sample has been selected on the basis of two criteria:

1. Intrinsically non-variable: Since the goal is to observe the uncertainties resulting from any pos-
sible factor, it is crucial that the monitored source has no intrinsic variat®ources of steep
spectrum ¢ < —0.5 with S « v®) are not likely to be variable. Hence most of the “repeaters”
have been chosen to be of steep spectrum.

2. Uniform flux density coverage: It is essential that a uniform coverage of flux densities is achieved,
for the range of interest. That is, a few mJy to a few Jy.

The flux density and the spectral index of the repeaters are shown in2&ol@heS, g5 and the
Sh0.45 there are the weighted averages of several measurements. For paaterdhe average flux



26 2. Observations and Data Reduction

density at each frequency has been calculated.rfiein such measurements must reflect the realistic
uncertainty for a single measurement at that flux density level and fnegju&he plots of thems as a
function of S are shown in figures 3.2 and are referred to as “repeatability” or “S{ptots. Sub-section
3.2.1 provide a thorough discussion of these topics.

Table 2.8 The repeaters, the pointing sources and the calibrators that wer
used for the investigation of the system repeatability. Most of theepeaters
are chosen to be steep spectrum so be unlikely to vary. The flux dsity
at 4.85 and 10.45 GHz here is the weighted average over all measuanents.
Note the agreement between the spectral indices between 1.4da#.85 and
1.4 and 10.45 GHz. Note that the fluxes of the calibrators are sligly differ-
ent here. That is because the values here are the average mea=diones.

Name S14mly) Sass(My) Sioas(mMly) oid® as%s®
Repeaters

0247440131 276.6 75.6 29.3 —1.050 -1.098
0249410134 60.4 15.0 4.9 —-1.128 —-1.199
0250206+0130 39.0 8.0 2.5 —-1.289 -1.275
0253410100 562.3 137.1 50.7 —-1.133 -1.178
025438+0056 117.4 75.3 52.8 —0.374 -0.412
025515+0037 30.5 32.6 63.9 0.077 0.362
025613+0039 194 25.8 17.7 0.189 —0.036
025615+0057 16.5 10.4 3.5 —-0.422 -0.507
0256310041 72.8 20.6 7.0 —1.078 —-1.085
025800+0113 11.8 5.9 5.1 —-0.517 -0.542
025825+0103 35.8 8.4 3.9 —1.170 —-1.294
0840370034 22.2 3.8 2.1 —-1.539 -1.306
084550-0051 113.6 55.3 30.6 —0.598 -0.669
0846010040 30.1 11.4 35 —0.807 —-0.985
084709-0047 62.0 21.7 8.3 —-0.828 —-1.029
0847210025 72.4 18.4 5.9 —-1.101 -1.238
084840-0034 131.4 37.2 16.9 -1.055 -1.079
0849506-0010 40.3 12.3 5.2 —0.879 —-0.932
085255-0023 32.0 12.3 6.4 —-0.749 -0.842
085418-0036 57.5 17.6 8.0 —0.976 —-0.978
144043+0017 69.6 20.2 7.8 -1.001 -1.115
144119+0025 84.4 23.8 10.4 —1.023 —-1.049
144232+0019 30.1 7.9 5.0 —-1.033 -1.077
144505+0027 19.8 9.0 4.5 —-0.621 -0.876
144615+0009 57.5 17.5 7.6 —-0.969 -1.012
145004+0024 50.5 13.9 4.6 —-1.118 -1.204
145421-0016 83.6 33.6 17.3 —0.724 —-0.793
145430-0030 235 11.0 4.9 -0.589 -0.671
145548-0037 66.5 36.9 20.5 —0.486 —0.625
145554-0037 32.1 28.9 13.3 —0.063 -0.447
204952-0245 114.7 29.3 9.8 —1.091 -—-1.244
205001-0249 261.1 95.4 46.5 -0.807 -0.870

Continued on Next Page. ..
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Table 2.8 — Continued

4.85

10.45

Name S14mJy)  Sass(MIy)  Si0.as(MIY) aila Q.85
2050410249 25.9 20.9 16.0 -0.276 —0.273
205155-0243 13.1 3.4 2.3 —0.963 —0.907
205240-0156 44.1 13.0 4.8 -0.927 —1.105
205546-0204 93.6 24.3 8.5 —1.135 —1.200
205612-0206 90.4 21.1 12.0 —1.093 —1.080
205616-0155 62.8 17.2 6.5 -1.099 -1.117

Pointing sources
024104-0815 912.5 1399.8 1538.3 0.342 0277
024137-0647 769.7 212.8 94.4 —1.027 —1.056
024240-0000  4848.1 1892.7 954.8 —0.750 -0.817
085509-0715  1156.6 424.2 199.7 —0.817 —0.878
085537-0312 617.7 220.0 102.3  —0.839 —0.901
090225-0516  1198.0 301.4 117.8  —1.110 —1.158
144839-0018  1651.5 570.4 253.0 —0.859 —0.937
145510-0539  1027.7 316.9 148.3 —0.950 —0.966
150334-0230  1040.3 337.1 140.2  —0.910 —0.993
203640-0629  1044.6 974.0 801.7 —0.051 -0.135
204710-0236  2282.2 898.0 4832  —0.749 -0.775
Calibrators

3C48 16370.0 5524.4 2607.5 —0.875 -0.917

3C161 18680.0 6635.1 3035.1 —0.824 —0.904

3C286 14660.0 7541.1 44572 —0.541 —0.590

NGC 7027 1360.0 5454.4 5973.4 1.119  0.735

2.4 Systematics

Considerable amount of time and effort has been invested in carryirggumlies concerning the system it
self. Meaning, not only the observing machinery but also the technicgab This need arises from the
quest for reaching very low flux density levels. Furthermore, the availddta from the current project
comprise a statistically substantial volume that is very appealing in conductifigssudies. A great
deal of insight and understanding of the system has already beenl gkiee are summarized the most
important points of this knowledge that may prove essentially important in fprajects. Some more
detailed points have been pushed to the appendix B.

2.4.1 Confusion

Among the most crucial problems encountered during this project is théusion”. It is apparent that
one or more field sources may be in the reference and/or the main beaimycsesere data distortion.
A careful look in table 2.9 gives immediately some idea of how severe the pnaiigy appear to be.
In fact, whole idea of the differential observation is based on the fatttiieslsys is the same in the
two horns. Obviously, any flux density contribution in the one horn abgent the other will result
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asymmetries that will destroy the efficiency of the method. That could vellyhappen by the existence
of a source other than the target in any of the two beams.

Around 20% of the observations experience some sort of confusib8aGHz and 7% at 10.45 GHz.
The latter percentage is smaller due to the smaller beam-width. See table 3.lveharecise numbers
are presented. The small percentage in the latter case is due to the smaliesibeésee table 2.1). It
is highly important though to note that this is only on the basis of the NVSS cat&todiscussed soon
the reality is slightly better since most of the sources are already faint brad4g85 GHz.

Figure 2.7. The horns arrangement as a function of time during the execuobn of an “on-on” observation. In blue is the horn that
“off” source each time and in red the one on source. Within eals horn there can be a population of confusing sources the fluxfavhich
is represented byS; with i being an index. Confusing sources of same index but pme or double prime are in different regions in the

sky. S'in yellow is the target source.The two blue circles on the I¢hand side are misplaced because the sky rotates within a sta

In designing an analytical way of resolving the problem, which is indeeddhg g is inevitable to
elaborate on the subject further. The following analysis is entirely doneeifRIA,DEC) space. The
position of each horn at each sub-scan has already been discusadab@ction 2.1.3 and is shown in
figure 2.1. Assume a certain orientation, for instance of the 4.85-GHzbahaath system, with respect
to the target source and a distribution of confusing sources as shovwguie £.7. There, the target is
represented by the yellow star symbol. In that illustration there are threegiistired populations of
sources.

The “ON” population: These are the sources that lie within a circle of radius one FWHM about
the target source. Hence the term “ON” since they are populating the thediis “ON” source. In the
reference illustration those sources are designatet} aS, and so on. Cumulatively, this group will
contribute a brightness temperature:

Ton = Z T (2.31)
i
where Ti: the brightness temperature contribution of souce

The “SUB-1,4" population: These are the sources that are located within a circle of one FWHM
of the horn position during sub-scan 1 or 4. In figure 2.7 these araideddy S, S,, S etc. This
position is that of the main horn during th& and 4" sub-scan. In total, this population will contribute

a brightness temperature:

Tia=Y T (2.32)

where T;: the brightness temperature contribution of soufce
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The “SUB-2 and 3" population: Similarly to the cases before these are the sources occupying the
beam during sub-scans 2 and 3. This is the position of the referenceadhdng the those sub-scans.
Their contribution then will be:

Tys=) 17 (2.33)
i

where Ti”: the brightness temperature contribution of souﬁ’#e
It must be noted that in equations 2.31, 2.32 and 2}3@( andTi", respectively are brightness temper-
ature contributions at the frequency of interest and not the brightnegetatures of the corresponding
sources. That is, they are the brightness temperatures of the asseoiatees (at the correct frequency)
multiplied by the beam sensitivity at the offset from the beam center that tiecpeated. Being put
simply, if a source has an intrinsic brightness temperafyreand is lying >§ from the center of the
beam of the 4.85 GHz system, its temperature brightness contribution, will be:

22
T = Tye- e 4 ) Fwar (2.34)
where FWHM: the beam-width

Therefore, sources which lie ay > FW H M have only a negligible contribution.

From the above it is clear thdfon, 771—4 and7>_3 will be added to the system temperatiigs
changing dramatically the ideal situation described in subsection 2.2.1. tehsgler the new situation
that obviously is realistic. The question then is what does the actual @tisermeasure?

In table 2.3 has been gathered the signal in each channel for easbaubin the light of the current
approach also the contributions of the confusing sources should bd.ablde revised table is presented
in 2.9. There their circular polarization is neglected. This is a very redé®aasumption given the very

Table 2.9 The signal detected and recorded by each channel per sub-scéaking into account the presence of the
confusing sources. Here it is assumed that the latter are circularlyunpolarized. The contribution of the confusing
sources is in bold letters.

Horn  sub-scan 1 sub-scan 2 and 3 sub-scan 4
Main  Tsys 1t T2 Tsys-23+ Tsrct Ton Tsys-at+ Ty
Reference Tsys1+ Tsrct+ Ton Tsys-23+ T23 Tsys-a+ Tsie+ Ton

low average degree of polarization of radio sources. Under theghtioos one can work only on the
LCP channels A and E. The generalization then to channels B and F is thiviable 2.5 is summarized
the signal in each sub-scan after the subtraction of the referencetfimain beam signal for each
polarization. Accounting for the confusing sources results the reviddd taPreserving the notation
used in equation 2.9, the observathleand}, are given by equations 2.7 and 2.8, respectively and will
be:

Sy — S To_ T
Ty= 222l — Topet Ton— —2 - 2L (2.35)

2 2 2

S — S Ts_ T
ﬂw=32 L = Tobs+ Ton — 23—5* (2.36)

The termsIypsandTpy in practice cannot be resolved because of the physical limitation of angglar
olution. These cases are characterized as “clusters”. It is hencenglkess to refer to them separately.
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Table 2.1Q The resulted signal per sub-scan after the differentiation is applid. Note the contribution of confusing
sources (in bold letters).

Operation sub-scan 1:S1 sub-scan 2 and 3:S23 sub-scan 4:S,

S =Main-Reference —Tgyct T1 — Ton  Tsiet+ Ton — T2—3 —Tsret+ Ty — Ton

In fact it is recommenced to embody the latter in the former term. That means ¢haegsured source
brightness temperature is that of all the sources within the beam put tagéttaar be written then that:

., Ths T
Ti=Toos——5 — (2:37)
. Ths T
Ti=Tows— —5 (2.:38)

where T3.  Tops+ Ton from now on

From equations 2.37 and 2.38 it turns out that it is very likely that the obabbr#; andT; are
misinterpreted as the source brightness temperdygeelmagine for instance the trivial case of a source
of Tops = (To—3 + T1)/2. In this cas€l; = 0 and equation 2.7 will giveyps = 0 that is completely
misleading (notice that this case may result in flux density O for a sourceydfraghtness. lllustration
2.8 shows some typical examples of “confused” observations. As itrappthere, it surprising how
distorted impression may be given when confusion is not taken into account.

Resolving the confusion problem

The decided strategy for dealing with the confusion problem has beearhg/tical” one. That is based
on identifying the sources that may be confusing the observations andatalg their contribution
analytically. The algorithm may be divided into segments as follows:

1. Identification of the confusing sources:From knowing the precise equatorial coordinates of the
targeted source, the exact location of the telescope, the LST at whictbseevation has been
performed, the angular separation of the two beams and their orientatiaanmeconstruct the
exact position of each beam in the (RA,DEC) plane. Afterwards, ev&8MNsource that falls
within a circle about the center of each beam of radius that correspptaih0% sensitivity is
pinpointed as confusing. This way the three groups/populations areectes. At the same time
the confusion case for each sources is constructed. The diffevefutsion flavors that can occur
and the corresponding resolution is organized in table 2.11.

2. Calculation of brightness temperature contributions: Assuming the brightness temperature of
every confusing source at the given frequency as well as its dfiset the center off the cor-
responding beam to be known, its contribution is given by equation 2.3d.cdhfusing source
temperature must known from an independent measurement during wisictottconfused.

3. Final source brightness temperature calculation:After having calculated’, 753 andT} the
corrected source brightness temperature will be given by:

Ty_ T
28 4 1 (2.39)

Tobs =T,
obs |+ 5 5
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Figure 2.8. Examples of confusion.Top row: Looking at channels A and B it seems that the target source is abeaefrom
the main horn. Instead, channels E and F indicate a confusing souec(of rather high flux density) in the position of the
off-beam during sub-scans 2 and 3. Examining the source environemt (right hand side plot) proves this to be the case.
Middle: Case similar to the previous one. The difference is that here also ¢éhtarget source is bright enough.Bottom In
this case the target source appears again very faint to be detext. There is a confusing source though in the position of
the main horn during sub-scan 1 and 4.
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T3 Ty
— 2.4
5 T35 (2.40)

Tobs = TII +

It is must be made clear that this discussion scratches the principles ofdablemrand its solution.
Effort and time has been put in resolving the technical details that are sisctimly after the solution is
implemented and applied on the realistic dataset.

Table 2.11 The possible confusion flavors and the corresponding resolution.

Confusion Flavor  Description Resolution

“clean” In this case there is no confusing source dtlo action need be taken.
all

“cluster” Independently of whether there are sourceNo action is taken. There is no way to re-
in the off positions, the source is charactereonstruct the flux of the target source from
ized as when there is at least one source ithe Effelsberg observations alone. Interfer-
the “ON” population. ometry would be necessary.

“confused” Thisis the case in which the “on” populationAt first it is attempted that measurement of
is empty. There are however sources in anthe same source at a different hour angle is
of the other populations. found. In case this fails it is attempted the re-

construction of the target source’s flux with
the method described earlier.

The iterative method

Ideally, the “confusion” problem could be resolved by observing thercas at different parallactic
angles so that the confusing source does not lie in any of the beamsuSédhis is not realistic though
due to time limitations.

It can be shown analytically that an iterative application of the previousigested method on the
other hand, can gradually resolve the problem completely. The only esqeitt is that there is one
confusing source which is not confused. That is based on the fadt tre source is not confused then
its temperature can used for the reconstruction of that of a differeng¢tone

Problems

The previous discussion has hopefully been convincing about thesafficof the method recommended
for resolving the confusion problem. Nevertheless, it has some weatsplat must at least be reported
if not thoroughly discussed.

1. Missing “confusers”: It has already been mentioned that the confusing sources are skarche

among the NVSS catalog. This has the disadvantage that it is disregardirmgsohat are not
detected by the NVSS survey and they become detectable at higher ftexpieRor example,

sources with appropriately combination of spectral index and low frequiuc density can be

completely absent from the NVSS catalog but sufficiently bright at the 4k85#@hd so on. This

is definitely a problem that could only be solved if high frequency sureéyiis parts of the sky

were available. In their absence, one can only make statistical assumjttiennsteresting though

that the careful examination of the individual channels may give cluast ale possible existence
of an undetected source. An example is shown in figure 2.9.
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Figure 2.9. An example an “invisible” confuser. The right-hand side plot shows tle NVSS environment of the target

source marked as a red cross. As sen there there is no source eeted by NVSS that exists in the off-positions shown in
blue circles. A look in the individual channels on the left-hand side ploshows that channels A and B of the main horn
(lower panels) are clearly detecting a source brighter than the taget. Considering the exact configuration of the two
horns and the sub-scans sequence along with the signal in chann&sand F of the reference horn, it is clear that the

confuser must be in the left hand blue circled region. That is on the dfposition of sub-scans 1 and 4.

2. No corrections applied: A second source of errors in the previously described method is that
Nno opacity or gain curve corrections are applied to the brightness temsratuthe confusing
sources during the resolving algorithm. This is only of the order of a fawgm the most being
not a major factor of error especially given that the confusing and thiused sources are at the
same elevation and hence are influenced by the same atmospheric opacity.

3. Not extremely accurate positions of beams and beams are Gaussialm all the above it has
been assumed that the positions of the beams are precisely known anckthairgnno pointing
offsets. Furthermore, the beam pattern is supposed to beam descgyibe@dussian. With the
former to be the least uncertain assumption these are introducing one nceréaumty.

2.4.2 The “ cal” problem

In sub-section 2.1.1 an extensive description of the role of the noise dasdeeen given. Hopefully, this
has made clear its importance in both controlling the stability of the receiverglaasin performing
the first calibration (voltage/counts to antenna temperature). It hasrapdeavever, that it can display
peculiar behavior contrary to what has been assumed so far both witlsnahéintra-scan) or over sev-
eral scans (inter-scan). This can prove fatal to the measuremeptioirec In brief, instead of calibrating
the data on a point-by-point basis we have being using one calibration Sigmaghout the whole scan.
The used value is of course the average calibration signal within the kcappendix B.2 is presented
a short discussion about the inter-scan peculiarities of the diode sigdahd.2 is presented a short
investigation of the possible reason for these irregularities.
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3. Flux Densities

...In conclusion, data have been presented which show theeege
of electromagnetic waves in the earth’s atmosphere which
apparently come from the direction that is fixed in space. ddta
obtained give for the coordinates of this direction a rigktansion
of 18 hours and a declination of -10 degrees...

Karl G. Jansky

Abstract

Every product of the currently presented work that will be discusst, is based on the flux density
measurements of the sample of roughly 6000 NVSS sources that ayantime CBI fields at three
frequencies. Namely, the 1.4-GHz ones coming directly from the NVSSgcataldhe 4.85 and 10.45-
GHz as carried out with the Effelsberg telescope. It is wise then after haesgribed the basics of the
observing system and the data reduction pipeline to go on to discuss theyfiratithose measurements
themselves.

The first topic to be explored is the so-called “repeatability” plot that, as désed soon, they set
the level of the realistically least detectable flux density. Later, we discagiiffarential source counts
for each available frequency. In particular, the 1.4-GHz measuremeaatsexy illuminating since the
sample is complete.

3.1 The Sample

Before proceeding with presenting and discussion of data concerrérflugthdensity measurements, it
appears essential that some clarifications are made about the samplerusachfstudy along with an
associated classification of sources. Specifically, the sources asiiethsn the basis of the “confusion”
status.

As it has often been mentioned, the basis for the current project hastbhedNRAO VLA Sky
Survey (NVSS,Condon et al. 1998). The NVSS survey has beeiedaut with a resolution of 4%.
The Effelsberg FWHM for the 4.85-GHz receiver is Y4fee table 2.1), roughly 3 times wider. It is
sensible then to expect that many sources clearly resolved by VLA willdbeltse to be so by the 100-
meter telescope. Additionally, taking into account the fact that the currejeqh has been carried out
with dual-beam receivers, makes clear the high probability of a havinfgisiog (or disturbing) sources
within the beam-width of any of the beams. This problem (collectively being tm@se‘confusion”)
was discussed analytically in sub-section 2.4.1.
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Before any of the following computations, the data have been "de-cedfuln other words, for each
given observation of a single source the confusion status of the sbasdeeen identified and resolved
following two simplified steps:

1. Identification of the confusion status: At the moment of the observation the NVSS sky around
the target source is investigated. That enables the identification of thepibpetations described
in sub-section 2.4.1.

2. De-confusion: The contribution of each population of confusing sources is evaluatdsaac-
cordingly applied to the measured flux density. Simultaneously, the result tdéhconfusion” is
graded.

Clean Cluster Confused

Figure 3.1 The classification of sources with respect to their confusion statu The target source is the one in red
numbers. The circles show the 10% and 50 % sensitivity contours foall beam positions. In blue are shown the “off”
positions and in red the “on” ones. From left to right there are shown a case of a“clean”, a “cluster” and a confused
source.

In reality, the previous procedure is significantly more complicated thanridedc However, this
schematic depiction is representative enough. On the basis of their mom#éastus, a source can fall in
one of the following classes that are also shown in figure 3.1.:

1. clean: For these sources all three populations as described in sub-sectiorm2/1 In other
words these sources suffer no confusion and no resolution probldresde-confusing algorithm
leaves this class untouched.

2. clustered: This class is made of the sources that are resolved by the NVSS butonotttie
Effelsberg beam. That is, in one Effelsberg beam there exist more ti@N¥SS sources and
hence the term “cluster” (see illustration (see figure 3.1). For thess @dseTon # 0 whereas
T14 +To—3 = 0. They are ignored by the de-confusing algorithm since there is no way to
reconstruct their flux density. For these cases interferometry wouléd®ssary.

3. confused: For these sources it happens tiigly = 0 and7} 4 + 753 # 0 and they comprise the
species which the de-confusing algorithm is aiming at. The former conditiomsrtbat within
the Effelsberg “on” beams there are no NVSS sources additional to tet tare .

In table 3.1 are compiled the facts about our sample. One notices a percehta22% of sources
that appear to be confused at the 4.85 GHz afidb that are so at the 10.45GHz. It must be noted
that all this conclusions are based solely on the NVSS catalog that is restsaily representative of the
source population at 10.45 GHz. In particular, the vast majority of seuneealready faint at this band as
is discussed in chapter 4 and is shown in table 3.5. More interestingly thibigghobable (although not
highly so), that sources undetected by the NVSS survey appear af liighuencies. Nothing is known
about this population from the NVSS catalog alone. Interestingly thougte ihenethod to detect such
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candidates only by looking at the data from the individual channels offfleéskerg measurements. This
is however a method of very low efficiency due to the sparse probabilitpahl a source within the
area of the Effelsberg beam.

For the studies that follow, only the clean and the confused sources dafeonfusing) have been
used. The cluster cases would result in a distortion of reality and theréifey have been excluded.

Table 3.1 Cases of confusion in our sample and their percentages.

4.85GHz 10.45 GHz
Field Sources “clean” “clustered” “confused” “clean” “clustered” “confused”
02-Hr 1624 993 (61%) 237 (15%) 394 (24 %) 1466 (90%) 12 (1%) (946)
08-Hr 1130 744 (66%) 170 (15%) 216 (19%) 1053 (93%) 21 (2%) B6)
14-Hr 1681 1070 (64%) 234 (14%) 377 (22 %) 1522 (91%) 21 (1%) 8 (8%)
20-Hr 1570 977 (62 %) 232 (15%) 361 (23%) 1462 (93 %) 14 (1 %) )
Average 63 % 15% 22% 92% 1% 7%

3.2 The flux densities of the “repeaters”

It has already been discussed in chapter 2 that a significant amoumdefing time has been dedicated
to system studies. Among them the repeatability study described in sub-s2&iom brief, a sample
of mainly steep spectrum sources and hence unlikely to be intrinsically i@aal with flux densities
covering the range from a few mJy up to a few Jy, has been selected tolbéed in every observing
session (see table 2.8). Assuming these sources to be intrinsically stabtdsmnved variability can
be attributed to all factors of uncertainty as a whole providing a measutthdcoirepeatability” of a
measurement.

Here are presented the results concerning the flux densities of theamspi@athe form of “S-rms”
diagrams. Throughout this document they are often referred to asdtapility” plots. As has been ex-
plained in sub-section 2.3, these diagrams summarize the realistic cumulartainteEs in a statistical
sense. Consequently, they set the flux density limit that is pragmaticallyaigi@chAll the important
aspects of this work are presented immediately.

3.2.1 The repeatability plots

For the construction of the repeatability plots (figure 3.2) all the repeat®eslieen used at both frequen-
cies. Additionally the calibrators (which by definition should not vary) a#i agthe pointing sources
have been used. For each source, almost all available measurementebawsed. Exception to that
is cases that are extraordinary and do not really represent a “noolvsdtvation. For example, cases of
receiver failure have been excluded since they increase the noisautdbgcribing a realistic situation
(data acquired with dysfunctional receiver have been dropped)abbcissa in these plots is the average
flux densityS and the ordinate is thens in that.

From the discussion in sub-section 3.2.2 it is expected that the uncertaintyif the determination
of S is the sum of a constant term independent of the flux density and a termyidependent upon the
flux densityS of the source. Assuming that the errors are Gaussian, this is formulated as

o(S) =1/o2 + (m - S)? (3.1)
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Figure 3.2 The “repeatability” plots. If an ideal observing system had been usd under ideal conditions to observe an
ideally stable source the repetition of the measurement would resulh a never-changing value. Any divergence from
that can be attributed to any of the possible sources of error. Neetheless, the scatter of the flux density measurements
of a given source comprise a very realistic measure of the unceiitity of a measurement in general. In the left-hand side
panel is the plot for the 4.85 and the right-hand side one is that fothe 10.45-GHz measurements. Note the two “outliers”
in the 10.45-GHz diagram marked with red dots. The exceptionally lage degree of variability is due to intrinsic factors
as will be discussed in later (chapter 6). The blue and red curve arene model of the form /o2 + (m - S)?2 fitted for
high and the low frequency data respectively. The two outliers haw not been used during the fit. The fitted parameters
are shown in table 3.1.
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where ¢(S): the uncertainty in a measurement of flux density S
oo. the offsetin the uncertainty equation. It is analytically discussed later
m: the modulation index due to calibration errors

As will be shown in the next sub-section this formula can be broken into wektstood components of
clear physical meaning. For ti#e— rms plot at each frequency, such a function has been fitted. The fit
is done over parametesg andm. The best fit results are shown in table 3.2. As can be noticed there the
fit is satisfactory with the parameter determination to be of an error of lesslth&n It is worth noting

Table 3.2 The results of the fit of the model in equation 3.1 to the repeatabilit curves.

Frequency (GHz) oo Error m Error
(GHz) (mJy) (mJy) (%) (%)
4.85 1.2 0.2 1.3 0.02
10.45 13 0.1 1.6 0.04

that in the repeatability plot for the 10.45 GHz exist two points with exceptionaly fins. This is due
to intrinsic variability and will be discussed later in chapter 6.

3.2.2 Interpretation of the repeatability plots

It has already assumed in equation 3.1 that the error in a measuremerg beskbn into two compo-
nents:

1. a flux-density-independent pai} dominating at the low flux density regime.

2. aflux density dependent pért - 5)2 that becomes important at larger flux densities. In particular,
whensS > og/m.

Both the constant paet?, and the flux density dependent omé, can be broken down to more de-
tailed components of clear physical meaning. Understanding those contparniéanable us to evaluate
the expected overall uncertainty and compare it with the measured ontagexk from equation 3.1.

The constant part:  The constant part can be written as:

2 2 2 2
00 = O + O cont + O atm (32)

where o4: the thermal noise
oni. the confusion error
oam the atmospheric emission error

and is measured in mJy. Analytically, it is:

1. Thermal noiseo,: Itis given by the “radiometer” formula and apparently sets the lower limit in
the detectable flux density:
K Ty,

T VA (3:3)

Ot =
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where K: Receiver dependent constant (usudily~ 1 — 2). In our case = /2
T.s the system temperature
I': the sensitivity of the telescope, that is the K to Jy factor
Av: the receiver bandwidth
t: the integration time

2. Confusion error o It describes collectively the flux density contribution from unresolved
sources that happen to be included in the beam of the telescope. Inifaetpurely statistical
quantity and it is described thoroughly in section 5.3.

3. Atmospheric emission erroro ., It is the result of having imperfect atmospheric emission sub-
traction due to variations of the atmosphere during the scan. For brigtttesoapparently it is of
no importance. At low flux densities though it can become significant. It sngy:

AT ° Tatm

T (3.4)

Oatm =

where Ar: the change in the atmospheric opacity within one scan
T... the effective atmospheric temperature i.e. emission temperature

The flux density dependent part: The flux density dependent part of equation 8:4, can be
written as:
m2 = mgoi + m?al + mztm (35)

where m,,: the pointing error
me. the noise diode error
mam  the atmospheric absorption error

And it is conveniently referred to in percentage. For its components, it is:

1. Pointing error m,,: This is the result of the telescope pointing uncertainties and it is:

N\ 2
Mpo = 1 — (—41n2 (UZ"') > (3.6)

where . the FWHM

2. Noise diode errorm,,: This is the error introduced by the instability of the noise diode used for
receiver stability control (see sub-section 2.4.2). It is given by:

Mea = @ (37)

where o the fluctuation in the diode signal
T..: the assumed temperature of the noise diode
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3. Variable atmospheric absorption error m,,,: This is again related with a change in the atmo-
spheric opacity since such a change causes both a change in the atricospligsion but also
absorption of the observed signal. This is given by:

My = 1 — efQ-AT-AM

(3.8)

where AM: the airmass

3.2.3 The expected and the observed uncertainties

Having identified the potential sources of error in the previous sub-sedtie challenging to investigate
(i) what are the values expected for the uncertainties as computed orsibebgypical parameters for
our system. (b) How are they compared to the values estimated from the fits @fgbatability plots
that must by definition be realistic. For those calculations the values in tabled4keen used and the
estimated uncertainties are summarized in table 3.3. Comparing the values etedxtran our fits (see

Table 3.3 The expected uncertainties after having accounted for every gential source of error.

Expected value

Term Explanation 4.85 GHz 10.45 GHz
(mJy) (mJy)

Thermal noisern Computable from the “radiometer for- 0.16 0.22

mula” 3.3 (see sub-section 2.2.2)
Confusion errobcont Condon et al. 1989 0.8 0.08
Atmospheric  emission Computable from equation 3.4. For de- 0.92 13
error oam tails see sub-section 2.2.3
00 The flux density independent term 1.23 1.32
fitted oo (see table 3.2) 1.2 1.3

(%) (%)

Pointing erronmpoi Assuming a Gaussian beam pattern and 0.21 1.01

an average pointing offset af 4” for

4.85GHz and 4” for 10.45GHz. These

pointing offsets are the average over all

available observing sessions (see figure

3.3).
Calibration errommcal Known from Intra-Day-Variability stud- 15 15

ies
Variable atmospheric ab- Negligible. The values here are extracted 0.004 0.005
sorption errommam also independently from the water vapor

radiometer (Roy, priv. comm.). It must

be noted that the radiometer is operating

at far higher frequency (22 GHz).
m The flux density dependent term 151 1.81
fitted m (see table 3.2) 1.3 1.6

table 3.2) to those in table 3.3 one can say that there is a satisfactory agreemen
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The overall uncertainty and the minimum detectable flux density: In the previous discussion
it was found that is 1.2 and 1.3 for 4.85 and 10.45 GHz observation respectively. It foltbess that
for a detection threshold of&bthe realistic detection limit is:

Smin,4.85 == 5 cO0g X~ 6 m\]y (39)

Shingoas= 5 + 09 =~ 6.5 MJy (3.10)

For all the material that follows it must be kept in mind that these are the real@tiesthat any study

hereafter should rely on. It is noteworthy mentioning that for the cupasject the telescope has really
been operated at its theoretically limited level.

Table 3.4 The system parameters used for the calculation of the expectedhoertainties.

Frequency Tsys K Av t AT Tatm P r O poi
(GHz) (K) (MHz) (s) (K) (" (Kdy) @)
4.85 27 V2 500 60 5106 260 145 1.55 4
10.45 47 V2 300 240 10°° 260 67 1.30 4
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Figure 3.3. Here are the distribution of pointing offsets for both frequencies The upper panel refers to 4.85 GHz
and the lower to 10.45 GHz. For both plots the red contour corregonds to the azimuth coordinate and the blue to the
elevation. Here are included more or less all the available measuremesn Hence the result represents the behavior of

the telescope over the entire 3-year span of observations. Theimbers used for the calculations in table 3.3. are the
average ones over both directions.

3.3 The Effelsberg flux densities

First of all the goal of measuring the sample of the 6000 sources at 48B50a#5 GHz with the 100-
meter Effelsberg telescope is of course the determination of their spectexl irlowever, on the basis
of certain assumptions which involve mainly the completeness of the utilized saomgezan draw
conclusions about the spatial source distribution per flux density bin@ssdisd in later paragraphs. This
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is of great practical interest since it provides the ground for computiagdmfusion limit. Of course,
provided that our survey is targeted it is apparent that sources thdesectable at higher frequencies
are missed. In any case though lower limits can be set. A more detailed discasdioe topic can be
found in section 5.3. The exact knowledge of this quantity is essential fiolyrtavo reasons; (a) it sets
a realistic lower limit in the least detectable flux density for a given telescapgigen frequency (recall
sub-section 3.2.2 and 3.2.3); (b) it provides a reliable measure for tleetexpflux density background
in experiments studying CMB anisotropies (e.g. Taylor et al. 2001). Symérienents rely on very deep
observations given the weakness of the anisotrofi€E(T" ~ 10~%) making the knowledge of the noise
level essential.

The differential source count$og N — log S plots) have been used for studying the evolutionary
scenarios of radio sources and the universe it self. A excellentsdisruon the topic can be found
in Peterson (1997, chap. 10). Interestingly, despite the amount of bffng put in this direction,
such research is still very illuminating and motivating as new surveys apbeae, the Effelsberg flux
densities are used for the construction oflifgeN —log S plots that will later be used for the computation
of the confusion limit in section 5.3.

Before going on to discuss the detection rates it is important to introduce tisdliabare used later
in this section. In particular, we start with an introduction to source counigsssince this analysis is
applied afterwards for every frequency observed at Effelsiserg-§ection 3.3.1).

3.3.1 The source counts

This sub-section is intended only to draw the necessary backgroutttefésllowing material, it will be
very brief without discussing any details.

Let (a) the all radio sources be of the same luminaositgb) be uniformly distributed in space with a
space density, in a (c) Euclidean space. Then, it can easily be shown that¢heiulativedistribution
as a function of flux density, can be written as:

3/
N(>8) =2 <47TLS) (3.11)

3
where N (> S): the number of sources per unit solid angle with flux density larger&hat
ng: the constant space density of sources
L: the luminosity of radio sources (assumed also constant for all sources)

One can immediately notice from this equation that on the bases of the thregptissis madeN (> 5)
should appear proportional ©~'5. Any departure from the rule of 1.5 would imply a divergence
from any of the previous assumptions. For instance, it is probable thaptte density changes with
distance from the observer. In particular, values steeper-tHiah would mean that the space density
increases with the distance from the observer.

Assuming that the sources have some distance-independent distributiomiimosity L the first
term of the right hand part of this equation will not be influencing the dépece onS. Most often the
previous equations are conveniently described by:

N(>S)=K-8" (3.12)
where K: constant
or, in its differential form:
n(S) = % =K.~.-571 (3.13)

The last equation describes the number of sources per unit solid angtetegbeen found to have flux
density within the ranggS, S + dS] per unit flux density.
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In the following paragraphs the very exponetris computed from the Effelsberg measurements for
both observing frequencies. Under certain assumptions these equigiomibe the spatial distribution
of sources. When convolved with a spectral index distribution can givestimation of the expected
source counts at later frequencies. Such knowledge can conslggoerapplied for computing the
confusion limit for given antennas. This is thoroughly discussed in sebtikhn

3.3.2 Detection rates

It is to the immediate interest of the undertaken project to identify the detectesmaahieved for every
frequency. Indeed, assuming that this is solely due to the spectrattdrashthe target sources then this
already sets a first approximation to the sources that exhibit dangef@aisy inverted spectra for the
CBl data (i.e.a > —0.5 with S & v®). The current sub-section deals with exactly this problem. That is,
essentially counting the sources that have been detected at eacmingque

In sub-section 4.3.1 it is explained how the detection levels have been gdlectach frequency.
For the 4.85-GHz measurements the detection threshole .ig6r the reasons described there though
the 10.45-GHz ones are characterized by a threshold set.aklde same convention will be used here.

Table 3.5 includes all the results for the currently utilized sample (61% of theriotaber of
sources). It is important here to clarify that for the following studies onby “tlean” sources have
been used (see table 2.11 for the definition of the different confusieorélp That is, sources that have
no other NVSS source in neither an off nor an on position. As it is shown tkiee sources are classified
to the following classes:

1. Sources that have not been detected at any of the observingficdgs. They are designated with
flag "00” and comprise 46% of the whole sample. For those one could clainagHang as their
spectral index does not change at frequencies above 10.45 GHari@f no harm to the CBI
data. Of course one must be very careful since they still may be margirsadtyetious depending
on the combination of least detectable flux density and the maximum flux densiigtii@dy the
CBI experiment.

2. Sources detected at 4.85 but not at 10.45 GHz. On the basis of singilememt as before those
sources fade far before the 30 GHz. This class makes up almost 30% sétinces and is des-
ignated with the flag “10”. However, the same precautions as before raustdounted for since
one must still estimate the flux at the 30-GHz regime.

3. The class of sources that have been detected at both frequéneie they are flagged as “11".
This is the ones that are almost certain to cause contamination of highezrfigquata since their
radio spectrum is mostly either flat or even inverted. Such sources até¥hef the total number
and should definitely be excluded from CMB data analysis.

4. Finally, there exist a interesting and at the same time puzzling populatiod'td6@rces that have
been detected only at 10.45 GHz. It can be the result of source varialiitycomplex spectrum
that turns inverted at higher frequencies.

Both case 1 and 2 can, at least in a statistical manner, be regarded Isaasfasas the CBI experiment
is concerned. However, when it comes to individual sources one nsastansider the upper limits set
by non-detections. This aspect is also dealt by the current project.

3.3.3 The Effelsberg 4.85-GHz flux densities

Figure 3.4 illustrates the normalized differential source counts for the @Hb-Effelsberg measure-
ments. The bin is constant in logarithmic space and is chosen to be 0.18 daat liExts of the bin
and the sources detected are included in table 3.6. In this study, solelytéwotedesources have been
utilized. That leaves suspicion for sample incompleteness as is discussetiam 8.5.
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Table 3.5 The detection rates for the currently available sample of 3461 soues (61% of the total). The last four
columns refer to the detection flags. The convention is X X where X ithe flag for 4.85 and 10.45 respectively. X can be
either 1 for detection or O for non detection

Field Sources “Clean” *“Clean” Coverage 00 10 11 01
02-Hr 1624 920 56.7% 431 (46.8%) 238 (25.9%) 167 (18.2%) 849
08-Hr 1130 694 61.4% 307 (44.2%) 252(36.3%) 102 (14.7%) 3IBHY
14-Hr 1681 932 55.4% 453 (48.6%) 264 (28.3%) 150 (16.1%) 6B4)
20-Hr 1570 915 58.3% 412 (45.0%) 268 (29.3%) 153 (16.7%) 8249
Total 6005 3461 57.6% 46.1% 30% 16.4% 7.5%
10000 e
| — 0.0810° s**(s<100 myy) |
E — 00810° s™*(s>100 mJy) ]
100/~ ]
g 1 o

0.01]
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Figure 3.4. Normalized differential source counts at 4.85 GHz as measured &ffelsberg. The normalization is done
over47 .10~ 3sr.
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A function of the form 3.13 has been fitted to the data. As can readily be datidhis figure, there
exists a “break” in the slope around 100 mJy. That imposed the fitting to keeiddwo parts. One for
the lower part of the flux densities rangg & 100 mJy) and one for the upper ong & 100 mJy). In
section 3.5 we elaborate further on the 100-mJy break. The calculatezb\aiel included in table 3.6
and result:

for § <100mJy: n(S) = %& =0.08 (£0.01) - 105 - §~1-80(£0-05) my-1 g1 (3.14)
for S >100mdy: n(S) = 4 = 0.08 (£0.08) - 106 . 1901 my~1 g1 (3.15)

In terms of cumulative distribution then, it will be:

for S <100mdy: N(> S) = 0.1(£0.01) - 105 . §=0-80(£0.05) mgy~1 gr-1 (3.16)

for § >100mJy: N(> S) = 0.08 (40.08) - 10¢ . §~0-99(F017) mJy-1 gr-1 (3.17)

It must be noted that fitting the previous model is not a trivial proceduiestris very sensitive to the
initial conditions. The fit has been done in the linear regime that means thatex [gav has been fit to
the data.

Table 3.6 The data for the study of the normalized differential source couts for the 4.85-GHz measurements.

Bin limits (S)  Counts Bin limits (S) Counts
(mJy) (mJy) (mJy) (mJy)

6.0-9.0 7.5 287 102.5-153.8 128.1 14
9.0-13.5 11.2 222 153.8-230.7 192.2 12
13.5-20.2 16.9 170 230.7-346.0 288.3 4
20.2-30.4 253 123 346.0-519.0 432.5 3
30.4-45.6 38.0 92 519.0-778.5 648.7 2
45.6-68.3 57.0 50 778.5-1167.7 973.1 2
68.3-102.5 854 39 1167.7-1751.6 1459.6 1

3.3.4 The Effelsberg 10.45-GHz flux densities

In the case of the 10.45-GHz data the followed procedure is identical talig@mtssed in sub-section
3.3.3. The data for the construction of tlhe N — log S plot are shown in table 3.7 along with the result
of the model fitting. Figure 3.5 shows the result.

Because of the small numbers of sources at the high flux density bins thg dikjarithm has been
crushing. The fitting then has been done for the low flux density regime ae itate of 4.85,GHz and
for collectively all the data. The parameters extracted this way imply:

for S <100mdy: n(S) = 4 = 0.06 (£0.02) - 106 . §~183(20-10) mgy~1 g1 (3.18)

forall S’s:  n(S) = ¥ = 0.10 (£0.02) - 106 - =208 (£0:02) mgy~L g1 (3.19)
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Figure 3.5. Normalized differential source counts at 10.45 GHz as measured &ffelsberg. The normalization is done
over47 .10~ 3sr.

Deriving the cumulative distributions as in the case of 4.85-GHz obsergatial give:
for S <100mdy: N(> S) = 0.07(40.03) - 106 . §~0-83(F0-1) mgy~1 gr-1 (3.20)
forall S’s:  N(> S) = 0.09 (40.01) - 106 . §~1-08(£0.02) mgy-T gr-1 (3.21)

As it can be seen in figure 3.5 at around 100 mJy not only there is no tweeper index (see figure

Table 3.7. The data for the study of the normalized differential source couts for the 10.45-GHz measurements.

Bin limits (S)  Counts Bin limits (S) Counts
(mJy) (mJy) (mJy) (mJy)

6.0-9.0 7.5 188 102.5-153.8 128.1 12
9.0-13.5 11.2 160 153.8-230.7 192.2 6
13.5-20.2 16.9 125 230.7-346.0 288.3 4
20.2-30.4 253 96 346.0-519.0 432.5 3
30.4-45.6 38.0 65 519.0-778.5 648.7 0
45.6-68.3 57.0 40 778.5-1167.7 973.1 3
68.3-102.5 854 16 1167.7-1751.6 1459.6 0

3.6) but there is a step and a break to flater index. This is definetely puaimgt is worth further
investigation. Most likely though it is caused by numerical peculiarities. Ehdhe experience shows
that these fits are extremely sensitive the initial conditions, the lowest flusitgdeand of course the
number of available measurements. Possibly here such effects are irtfgamost likely tis effect is
due to small number statistics (even a few thousand measurements is a small farrabeh studies).
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3.4 The NVSS 1.4-GHz flux densities

Contrary to the case of the Effelsberg measurements the NVSS oneseaetehized by a large number
of detected sources-(6000). That is of course due to the combination of (a) the steepnesssufithees’
spectra and (b) the lower flux density limit. The goodness of the fit is appaheady from the fit as
shown in figure 3.6. The results of the fits are presented in table 3.8. fhieudYSS measurements can
provide us with the most reliable differential source counts:

T T

— 0.210°s™% (s<100 myy) ]

— 12 10°s%%°($>100 mJy)

10000~

dN/dS (mdy ™ s
-
o
[N S
T T

e

o

=
T

0.0001[

Figure 3.6. Normalized differential source counts constructed with the NVSSneasurements at 1.4 GHz of the source
within the CBI fields. The normalization is also done over 0.047 sr sincthese sources are confined within the CBI fields.
Here the point at the largest flux density has been skipped during té fit.

for S <100mdy: n(S) = 4 = 0.20 (£0.01) - 106 . §~18(2003) my-1 g1 (3.22)

for S >100mdy:  n(S) = 4 =12(£4) - 106 - =25 E0D my-L gt (3.23)
Working the cumulative distributions, induces:

for § <100mJy: N(> S) = 0.29 (40.02) - 106 . §~0-68(£0.03) mgy-1 gr-1 (3.24)

for S >100mdy: N(> S) = 7.74(4£2.6) - 106 . §=1:55(F02) mgy-1 gr1 (3.25)

3.4.1 Comparison between NVSS and FIRST catalog

In the previous section the NVSS entries for the sources within the CBI figdds used in the determi-
nation of the source counts. The practical objective for that is the qaes¢ estimation of the confusion
limits as discussed in section 5.3.

Importantly, the NVSS measurements comprise the low frequency flux deritesgre used in the
estimation of the spectral indices of the target sources. This alreadyg thesessue of the variability of
the source flux density as a function of time. That s, it is likely that the sdiuxelensity at 1.4 GHz at
the moment of the Effelsberg measurements is different from that at the nofitsrNVSS observation.
Admittedly, sources exhibiting a steep spectrum are not likely to vary signiljcand they make up the
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Table 3.8 The data for the study of the normalized differential source couts for the NVSS 1.4-GHz measurements of
the CBI-Effelsberg sample of 6000 source.

Bin limits (S)  Counts Bin limits (S) Counts
(mJy) (mJy) (mJy) (mJy)

3.0-45 3.8 1438 115.3-173.0 144.2 93
4.5-6.8 5.6 1143 173.0-259.5 216.2 57
6.8-10.1 8.4 917 259.5-389.2 324.4 26
10.1-15.2 12.7 726 389.2-583.9 486.5 17
15.2-22.8 19.0 557 583.9-875.8 729.8 6
22.8-34.2 28.5 395 875.8-1313.7 1094.7 5
34.2-51.3 42.7 270 1313.7-1970.5 1642.1 2
51.3-76.9 64.1 202 1970.5-2955.8 2463.2 1
76.9-115.3 96.1 142 2955.8-4433.7 3694.7 0
4433.7-6650.5 5542.1 1

majority of the sources (more than 60%). It is nevertheless essentiat thasha statistical statement is
made concerning the variability issue.

For this reason, here the NVSS catalog entries are compared to the F&ER8dgc(White et al.,
1997) ones. Given the time separation between the two surveys, this ¢eompiarexpected to deter-
mine the long term variability of the 1.4-GHz flux density variability of the targetrses. In fact, one
could argue further and distinguish between long and short time scaléiligyial hat is, the suggested
correlation traces the variability over time scale of the order of the sepatsiareen the two catalogs.
No information though is provided for the short time scale behavior of thecesu That is provided at
least oartly by the “repeatability” plots.

In figure 3.7 are shown the NVS$-{axis) and the FIRSTy(—axis) integrated flux densities for most
of the sources in the CBI fields that has not been resolved by the FIRS&ys(since not all the area
covered by CBI is covered by FIRST catalog). It is obvious that thosesaorements are not identical.
As is shown there there is a systematic offset between the two flux densititise lower plot in that
illustration there has been a Gaussian fitted. Its centerd its FWHMo in mJy, are:

1= 1.04 £ 0.02 mJy (3.26)

o = 1.30 + 0.02 mJy (3.27)

Generally speaking, there are three obvious reasons for the NVS&itetgdiux density of a source
to differ from its FIRST one:

1. Source variability: That would result variations in the flux density of sources in a randstrida.
That is, as many source would appear weaker as brighter. In a plo¢ difference between the
flux measured by NVSS and that by FIRST survey that would be imprintedsastter around
zero.

2. Diffuse emission Due to the higher resolution characterizing the FIRST catal8y\{sth respect
to that of the NVSS (45) the latter detects more diffuse emission. In a plot of differefiges —
Seirst that would cause a bias towards positive values due to the systematic |igse dmission
in the FIRST survey.
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3. Confusion. This is obviously the case given the larger beam with which the NVSS sina®
been conducted. This would have the same result as the previousceffistng a bias towards the
NVSS.

Concerning the first point, the intrinsic source variability is expected to bes mpayminent for
sources of flatter spectral index. Besides, as already mentioned dtcgpear to be systematic. Hence,
it is not contributing to the- 1 mJy difference that is observed. Subsequently, the only way for junggify
this offset is the combination of second and the third effect.

Under these circumstances, it is sensible to decompose the integratednfbity flmm a sky region
of the size of the NVSS beat{).., which therefore is regarded as a point source, into the following
constituents:

Sri\T\t/ss = Z Sfi:r::?ST +D+C (3.28)

where Sie: is the integrated flux density of the point sources detected by the FIRS&ysu
convolved by the NVSS beam
D: s the flux density due to diffuse emission collectively for the whole beam
area that has been resolved out by FIRST
C: the flux density due to confusion

As an example, in figure 3.8 is shown a FIRST map of a NVSS point sourselaly one can read-

ily distinguish three sources plus elements of diffuse emission. Since theaveeed by the three
sources is nearly covered by the NVSS beam, the NVSS integrated flgkydshould be made of the
integrated flux density of the point-like “FIRST” sources (teymSt.s,) plus the flux density attributed

to the elements of diffuse emission (teir). Moreover, there must be some part of flux density com-
ing from confusion (ternC). This cannot really be distinguished by the other two terms and it is only
statistically constant.
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Figure 3.7. Left: Comparison of the S1.4 as extracted from NVSS and FIRST catalog for the sources in the Bl fields.
The red line is described byy = x. For convenience the only up to 100 mJy is plotted. It is immediately gparent that
the measurements are far from being identical. Right: In this plot the histogram of Snvss — Srirst is shown. The fitted
Gaussian is centered at 1.04 mJy and has @ of 1.3 mJy. Hence there is a bias towards the NVSS which could not be
explained by source variability.

If one could estimatéd> andC independently then it would be easy to test this interpretation. Con-
cerningD, such a test would be to compare the NVSS integrated flux density with thepeaince the
difference:

Sri\:]\t/ss - Sﬁlslzks (3 -29)
comprises an independent measure of the diffuselpafthe termC can be estimated from theg N —
log S plots and the beam size of the NVSS survey (see section 5.3).
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Figure 3.8 A region of the radio sky as mapped by the NVSS (left) and the FIRSTatalog (right). The yellow frames
indicate the two identical regions of the sky. It is obvious that the surce is far from being point-like as indicated by
NVSS. The NVSS image has an integrated flux density of 22 mJy. ThdRST one has a sum of integrated flux densities
for the three sources of 20.1 mJy.

3.5 Discussion

In the previous paragraphs dealing with the differential source couatiuth density break of 100 mJy
has been used to divide the source count into two different flux dergjtgns. As it shown in Condon
(1984); Peterson (1997) around this level the slope of the sourecgscoblanges significantly. Specifi-
cally it becomes steeper. For a constant co-moving density it is not expibetesuch a change occurs.
This break then clearly seen in figure 3.6 indicates that the populationiofsadrces is evolving with
time. However, as it has been discussed throughout this manuscripetheysly presebted fits are done

Table 3.9 The Collection of the normalized cumulative source counts. All theest is extracted from the source counts
plots.

Survey Frequency N(> S)
(GHz2) (10°mJy~tsr™1)
NVSS 1.4 forS <100mJy: 0.29-10%.57%%  for § >100mJy: 7.74-10°.S571:55
Effelsberg-CBI 4.85 fos <100mJy: 0.1-10°-5798%  for § >100mJy: 0.08-10°.570-%
Effelsberg-CBI 10.45 foS <100mJy: 0.07-10%.57983 forall S's:  0.09-10°¢.5°1:08

in alogarithmic space. Therefore, they are very sensititve to the conditianarhset. For example, the
lowest acceptable flux desnity is one of them. To conlude then one must mérdtdhese values must
be taken rather indicative than literay. Besides, it is important to keep in mihdgHar as the 4.85 and
th 10.45-GHz measurements are concerned, the survey is targeted nfdyebe hence sources that exist
but are undetected.
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4. Spectral Indices

One picture is worth one thousand words;
one spectral energy distribution study is worth one thodsan
pictures.

Anonymous

Abstract

The motivation for this work has already been discussed in the introdudtepter. In brief, we aim the
identification of sources that at the frequency of 30 GHz they have fhsitd®f more than 1 mJy. This
calculations are done on the basis of their spectral index as computedtieiiux density at 1.4, 4.85
and 10.45 GHz and the low frequency flux density. They comprise théapopuhat may potentially
contaminate the CMBR data as observed by the Cosmic Backgroundrintdgece they should be
excluded during CMBR data analysis.

As will be shown in section 4.1 the spectral index of a radio source reweaty of its secrets among
which the mechanism responsible for the emission we detect. Hence, tleefandamental interest
in exploring the spectral index at different bands especially in the lightioh n extended sample of
sources.

4.1 Spectra of radio sources

From the very early days of the exploration of the radio sky it has becdeae that there exist two
distinct classes of radio sourcegalactic being in the Milky Way andextragalactiaones, uniformly
distributed in the celestial sphere. The second class comprises chieflggh@tActive Galactic Nuclei
(AGN).

The nature of both has been investigated on the basis of their spectrattehistics as extracted by
multi-frequency observations (see figure 4.1). Those revealed aldsasification as well. (afhermal
sources. In this category are the sources emittingask bodyand those powered byee-freeemission.
In the radio regime the flux density of the former is an increasing functionegfuency. For the later
it rises and then is constant with frequency. fn-thermakources with their flux density to be rather
decreasing with frequency. These sources are generally brighter.

The brightest sources of radio have been found among the extragalaesc This very fact sets a
meaningful connection between the two classifications in the sense that nlost@iown extragalactic
sources are non-thermal and hence brighter and therefore faeteetable.

The connection between the nature of the radio sources and their $jpbetracteristics is easily
understood with the following example. According to the Rayleigh-Jeanszippation in the radio
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Figure 4.1. The classification of the emission mechanisms.

regime, the flux density of a radio source is given by:

2k
S=33 //TdQ (4.1)
where K: Boltzman’s constant

T: equivalent black body temperature
d€): Solid angle element

Assuming that the temperature of the source is constant over the soluteéntdgrating over the whole
source and using terms of frequency rather than wavelength, onertan w

S oc 2T Qy (4.2)

Provided that the temperature of the source is independent of the mlgs&rquency, which happens
to be the case of black body radiation, then the flux density appearsrponadbto the second power of
frequency characteristic of the black body radiation.

On the other hand, the spectra of extragalactic radio sources canteddrébed in terms of radiation
from a black body at a single temperature. Neither can they be descsbed@mposite over a small
range in temperature. Interestingly, they can often be described, atdefrst order, by a recipe as
simple as:

S o v® (4.3)

where S: the flux density
v: the frequency
«: the spectral index

The physical process at work in the case of non-thermal sources isdbleerent synchrotron emis-
sion that undergoes self-absorption. The fundamentals of this ideascelted immediately. In fact the
formula 4.3 is also valid for black body and free-free emission but withrdiffeindex. One can say that
the spectral index is indicative of the emission process at work.

4.2 Synchrotron and synchrotron self-absorption mechanism

Primarily, due to the broad-band character of the synchrotron mechamidrine similarities of the ex-
tragalactic radio sources spectra to those of synchrotron sourcess guggested that the mechanism at
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work in the case of AGNs is thecoherent synchrotron radiationmagnetic bremsstrahluffgee Alfven
and Herlofson, 1950; Kiepenheuer, 1950; Ginzburg and Syrayat965). An extensive description of
the synchrotron mechanism can be found in Longair 1994 or RybickLagidman 1986.

Synchrotron radiation is generated when relativistic electrons are eateglén magnetic field. The
radiation from a single patrticle is confined within a cone of very small opegwirgde that depends on its
energy. In fact, the spectrum of such a relativistic electron is quasincmmus made of many closely-
spaced lines and is described by a power law. It can be shown that Wer padiated by a single
electron is proportional to the square of its energy and it is qualitatively idtestrin figure 4.2. Hence,

TTT T[T T T T [ TT T T [T TTT [T TTT[TTTT]H

F(v)

=
I

Povvn b b b by by 1]
Q 1 2 3 4 3 5
v/vc

Figure 4.2 The spectrum emitted by a single relativistic electron according tohie synchrotron mechanism.

in the case of an assemblage of electrons the resulted spectrum will dapémelr energy distribution.
Specifically, it will be described by the convolution of the electron eneigyidution with the spectrum
of a single particle. Assuming a homogenous source, a constant magnetianftea distribution of
electron densities of the form:

N(E)dE = Ny E™7dE (4.4)

where ~: electron energy spectrum index

one can work out the resulted spectrum to be of the form of that in equétBowith the spectral in-
dexa, being:

R Sl (4.5)

So far, it has implicitly been assumed that each emitted photon reaches timeeobJéis though, is
far from being true. In reality, as a photon propagates through the plasmerds it is possible that
it will scatter off one of the electrons responsible for the synchrotrongamis This process is termed
assynchrotron self-absorptiomn case the photon happens to experience such encounters ofieme (be
escaping the emitting region) the observer detects only the emission from aytirimésar the surface of
the source. The exact spectrum that will then be observed depetius ggtical depth of the synchrotron
radiation which of course is a function of the self-absorption cross secficqqualitative sketch of the
situation is illustrated in figure 4.3. It can be shown that the optical depthéndpy:

T oc /2 (4.6)

At low frequencies the optical depth is large. That allows strong sytchrgelf-absorption to take
place, resulting in:
S o /2 4.7)
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Figure 4.3 The expected spectrum of an ensemble of electrons with a power lagnergy distribution described by
equation 4.4.

In contrast, at high frequencies the optical depth is small. As a consegjtienflux density will be:
S o v® (with o < 0) (4.8)

Apart from the low frequency cut-off which is attributed to the self-apon effect, the synchrotron
spectrum exhibits a second cut-off at its high frequency regime. Thatsrthle slope of the optically
thin part even steeper thathoc v (i.s. o becomes more negative). This is interpreted in terms of the
combination of the maximum energy that the electrons can gain during thelest@n and the pace at
which they loose their energy (see Rees 1967). Concerning the faxooerding toFermi acceleration
(the standard particle acceleration mechanisms) there exists an upper limiele¢tren energy. That
corresponds to their gyro-radius being larger that the acceleratirmnreégn the other hand, the electrons
loose their energy at a pace that is proportional to their energy squeratis:

dFE 9

a7 & E 4.9)
The combination of those two effects results in the fast still smooth high-dremyucutoff as shown in
figure 4.4. At typical spectrum interpreted in terms of synchrotron sebgption mechanism is shown
in plot 4.4.

Definitely, the spectra of AGN are not as canonical as that. In reality thésés a variety of spec-
tra shapes. However, it is strongly believed nowadays that in all casesberved spectrum in the
radio band is the composition of several synchrotron self-absorptimpaoents. To put it differently,
any given spectrum shape can be decomposed to an appropriate rafrsipachrotron self-absorbed
components.

From all the above then it is apparent that the importance of spectral $ngtiegies reaches beyond
the practical application of identifying the population that may threat the acguwf the CMBR exper-
iments. Such studies are important on their own sake since they are immedikttdy te the physical
processes occurring at the sources. Moreover, they comprise thiegsfaoint for predicting the high
frequency populations as will be discussed later in chapter 5.

Sources powered by the synchrotron self absorbed mechanismaexpécted to exhibit very high
degree of linear polarization (10-70 %). This discussion is presentextiion 7.1.

4.3 Spectral indices of the 6000 sources

In the current section we present the distribution of the spectral inditgsanda %2 as determined
from our measurements. In terms of the initiatives of the current projecistthie most crucial part of
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Figure 4.4. Left: The spectrum of PKS 1934-63 interpreted by the synchraion self-absorption model. Note that the
abscissa is wavelength. In terms of frequency the optically thick ébits a spectral index of -2.6 and the optically thin
an index 0.15 (Bolton et al., 1963). Right: The synchrotron selffasorbed spectrum with its high frequency cutoff.

the study since it will pinpoint the sources that may prove harmful to any RMBoeriment.

4.3.1 The distribution of spectral indices:  af:5°, al%2® and a]%*5

After the short introduction that has been necessary for setting adjfounnderstanding the statistical
characteristics of spectral index of our sample, it is time we draw the attemtitimecstatistics itself. It
is important to remember that the adopted definition of spectral indexreafter, is:

S o v (4.10)

It is expected that the three possible spectral indices distributidriS (o %2° anda1%*5) differ mainly
due to the combination of frequency bands they refer to and the emissiomanigtis (and hence spectral
energy distributions hereafter SED ) assumed for extragalactic radioesousecond order effects such
as relativistic beaming etc can also affect the observed distributions aseadlisbussed later in this
section.

All the distributions discussed here are skewed. Consequently, theptcha exactly represented
by a Gaussian function. Nevertheless, the latter provides a measure fmetn of the distribution as
well as its broadness. That is, the Gaussian function is a conveniefibtamtermining the peak of the
distribution. For every distribution then such a function has been fitted. fiftimg algorithm applies
an implementation of the nonlinear least-squares (NLLS) Marquardt-bevgralgorithm (Marquardt,
1963). In addition, the average and the median spectral indices havtatadt: In fact, the median is
very a representative tool since in distributions of that sort it is oftendke that many points appear in
the tails of the distributions.

In order to detect every possible factor of bias all studies have bedaccaut separately for each
field as well as cumulatively for all four fields. In absence of serious faators the resulted values
should appear similar among all those distributions. On the other hand, ificcaseample a field has
suffered from atmospheric effects that should be imprinted in the resulesé studies.

Concerning the sample that has been used, one should mention the foll&wingg all the sources
observed only those that do not suffer by confusion have been uthizedd That is, sources that either
do not suffer from confusion or have been "de-confused” asssrilged in sub-section 2.4.1. The 4.85-
GHz detections are restricted by S8R50 (SNR: Signal-to-Noise Ratio). On the other hand, for a
measurement at 10.45 GHz, detection is regarded a measurement with 8MR This decision has
been made on the basis of the combination of the following facts:
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1. High frequency observations (10.45 GHz) are far more sensitive tatthospheric conditions that
low frequency ones. That often induces a laty&. This fact in combination with the error
definition' often leads to the situation that a visually clear detection is mathematically rejected.

2. Moreover, the discussed measurements are also meant to identifytbesseith not steep enough
spectrum to be left untouched in analyses of CMB data. In this contextiiefenped to allow the
spurious high frequency detections rather than fake non-detectibedaier will flag sources as
harmless when they can clearly be potential contaminants.

Given the fact that the atmospheric influence is tremendously significatiidaveaker among the tar-
gets, it follows that a larger SNR threshold would underestimate the couiftis dlux density regime.
Contrary to that, the decided convention slightly favors them. It is interestimyéstigate the signifi-
cance of this preference.

The distribution of a‘11:25

To begin with, in figure 4.5 is shown the distribution of the spectral indicesdmivt.4 and 4.85 GHz.
The ordinate is the counts normalized by the size of the sample. The bing ar@ e A fitted Gaussian
gave a mean spectral index of -0.68.01 (1.8 %). The average appears to be at -6:8202 (0.3 %)

whereas the median is -0.66. In that figure there exist sources thatbctatio the very positive part

15

Counts (%)

Figure 4.5, The normalized distribution of the spectral index between 1.4 and 85 GHz (a1:3° with S « v*) collec-
tively for all four fields. The grey area is characterized by detedbn limit 5 o whereas the red line by 7o. The ordinate
is the counts normalized by the total number of detected sourcedegligible is the presence of a small number of sources
with spectral indices larger than 1. This should only be attributed tosome expected noise. Fitting a Gaussian to theds
sample resulted a mean spectral index -0.68& 0.01. The average calculated for the same dataset is -0.380.01. The
median value is -0.67. All the calculated values are included in table 4.The median spectral index in the case of the
70 sample is 0.67 0.002.

of the distribution. This is may partly be true but also may be due to the inevitablgimag noise in
the calculated spectral indices. At this point what is most important is the sltisigoificance of the
distribution.

Although the distribution in figure 4.5 already summarizes all the important statisticerning the
"low-frequency” spectral indices, it is worth examining the same distributmirover the whole sample

The error in a single measurement is the maximum between the thermalamnighe difference betwe& andT;,0.
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Figure 4.6, The normalized distribution of the spectral indexa$:§° for each field separately. The grey area corresponds
to the 5o detections while the red line to 7o ones. The calculated values can be found in table 4.1.

as one but rather separately for each one of the four independerggkn that have been studied. This
will immediately clarify whether there are incidents of fatal biases such athesweeaffects. The idea is
that assuming that there is a bias from a field-dependent factor, it willt ristributions significantly
different from one field to another. In those terms, figure 4.6 summarizeBritiings for each target
field separately. It is clear already from a first glance that the reswdtsimnilar without any significant
difference.

It is worth examining whether a detection threshold higher thana®uld have any important in-
fluence on the resulted distributions. In figure 4.5 is also presented thibutistn based on detections
with SNR > 7¢. In this case the average appears to be -8:9601 and the median -0.6#0.002. The
slightly different average is of no surprise since apparently setting tiesttald higher will abandon
some “outliers”. Itis noteworthy though that the two values agree within tteeserThis is an indication
that the 5 threshold is already safe enough.

The distribution of ~1%25

Let us now repeat the operations of the previous paragraph for thdérkiguency spectral index, namely
al%35. Before presenting the results though it is important to recall that as reeiglbeen explained
the 10.45-GHz detections are confined above thdetel. However, consistency checks similar to those

in the previous paragraph will be resented.

Table 4.2 summarizes all the important findings in this band. The first importéamt o be men-
tioned is satisfactory agreement of the values extracted from éheéedection level sample and that of
70. Itis shown in table 4.2 that within the bounds of errors the average, the asszalculated by fitting
a Gaussian function and the median are essentially identical. That proyesithenade earlier that the
40 sample is already very reliable. In reality, the definition of errors as testin paragraph 2.2.2 is
very pessimistic for the high frequency observations.

From the comparison of the low frequency spectral index one can immedsaelghat statistically
the spectra become steeper.
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Table 4.1 The distribution of a3:3°. Here, both the “un-confused” and the “de-confused” sourcs are included. The
detection threshold has been set to &. The results for 7o detections are included in the last line.

Sample Average index Mean Index Median Index
(as derived from the Gaussian fit)

02-hrfield  —0.59 £ 0.02 (3.5 %) —0.66 + 0.02 (2.9%) —0.66 + 0.002
08-hrfield  —0.59 & 0.02 (3.8%) —0.65 4 0.02 (3.5 %) —0.68 £ 0.002
14-hrfield  —0.58 +0.02 (4.2%) —0.66 +0.01 (2.1%) —0.65 + 0.001
20-hrfield  —0.57 £ 0.02 (4.0 %) —0.67 £0.02 (2.7 %) —0.68 £ 0.001
Average  —0.58 +0.01 (1.9%) —0.66 +0.01 (1.4 %) —0.67 £+ 0.001
All sources  —0.58 & 0.01 (1.9 %) —0.66 + 0.01 (2.1%) —0.67 + 0.002
Allsourced  —0.56 + 0.01 (2.3%) —0.66 +0.02 (2.4%) —0.67 £+ 0.002
t 7 o detection limit.
10
L |
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Figure 4.7 The normalized distribution of the high frequency spectral index,a3%5°. The blue line corresponds to the
7 o detection limit and the grey area to the 40 ones. The median spectral index as extracted from the latter sapte,
is -0.75+ 0.001. It is noteworthy that there is no apparently significant diference between the distributions of the two
samples. The extracted values are included in table 4.2.
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Figure 4.8, The normalized distribution of the spectral index a1%2° plotted for each field individually. The grey area

corresponds to a threshold at 4= and the blue contour to 7o

Table 4.2 The distribution of a1%&%. Here, both the “un-confused” and the “de-confused” source are included. The
detection threshold has been set to & for the 4.85-GHz measurements and & for the 10.45-GHz ones. The results for
7 o detections are included in the last line.

Sample Average index Mean Index Median Index
(as derived from the Gaussian fit)

02-hr field —0.62 +0.05 (7.3 %) —0.67 +£0.05 (6.8 %) —-0.74 £ 0.01
08-hr field  —0.68 4+ 0.08 (12.0 %) —0.78 +0.04 (4.5 %) —0.77 £ 0.04
14-hr field —0.75+0.05 (6.5 %) —0.79+0.03 (3.4 %) —0.78 £ 0.03
20-hr field —0.68 +0.05 (6.6 %) —0.66 +0.03 (4.2 %) —0.73 £ 0.01
Average —0.68 +0.03 (4.2 %) —0.72 +0.05 (6.8 %) —0.76 £ 0.01
All sources  —0.68 +0.03 (3.8%) —0.72+0.02 (2.7 %) —0.75 £ 0.001
Allsourced  —0.68 +0.03 (4.4 %) —0.73+0.02 (3.0%) —0.75 £ 0.001

7o detection limit.
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The distribution of three-point least squares fit «
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Figure 4.9. The normalized distribution of the spectral index a.1%*® derived from the least square fit.

T 1 15 T T
02-Hr field r 08-Hr field
10— - 10+ I —
L | 5 _
e L |
= P ol o |y i m L1y
0 0 0
2 3 2 -1 0 1 2 3 3 2 -1 0 1 2 3
=]
8 15 T IS A B 20 T T L
L 14-Hr field 4 [ 20-Hr field
15 -
10+ - L |
L 4 10 - —
s i L |
5 - —
0 5 L \2 n n 5 il \1 L L ol 1 ] L L

| | |
2 3 3 2 -1 0 1 2 3

The Least Squares Fit aizas

Figure 4.10 The normalized distribution of the spectral index a1%*® derived from the least square fit presented for
each field separately.

Despite the fact that the spectral index between 1.4 and 10.45 GHz eaether extended frequency
range, it is interesting to examine its distribution and compare that with the low ighdfrlequency
spectral indices presented earlier. In fact, this is among the most impataitisrsince it will be later
used for estimating the flux densities and hence the source counts at 30-@&Hz that, the confusion
limit at this band will be derived.

For reasons that have already been discussed earlier, the detectioodithB3 and 10.45 GHz has
been set to & for the former and 4 for the latter. The fitted function has been the one in equation
4.10. The fitting algorithm was again the Levenberk- Marqgat and the datés@oe subject to natural
weighting (i.e.1/c?).
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In figure 4.9 we present that distribution for all the sources detectedtat485 and 10.45 GHz.
Figure 4.10 includes the same but for each field separately. In table 4Bawe all the values extracted
from those plots. It is impressive to notice that the median for the collectitebditon is identical to
the canonical value of0.7. It is also worth noting that within the bounds of errors, the individedd§
give similar values for the median and the mean.

Table 4.3 The distribution of the three-point Least Squares Fita.

Sample Average index Mean Index Median Index
(as derived from the Gaussian fit)

02-hr field  —0.57 4 0.04 (6.2 %) —0.66 = 0.02 (3.3%) —0.64 + 0.01
08-hrfield  —0.58 & 0.05 (7.9 %) —0.66 £ 0.04 (5.2 %) —0.72 4 0.01
14-hrfield  —0.65 = 0.03 (4.9 %) —0.71 +0.02 (2.1 %) —0.71 + 0.004
20-hrfield  —0.64 £ 0.03 (5.2 %) —0.69 4 0.02 (2.9%) —0.72 £ 0.01
All sources  —0.61 = 0.02 (3.0 %) —0.69 4+ 0.02 (2.7%) —0.70 = 0.001

Simultaneous spectral indices

25 ‘ ‘ ‘ — ‘

simultaneous within 1 day -

- simultaneous within 7 days
20—

Figure 4.11 The normalized distribution of the spectral index a%2® with different temporal offsets between the 4.85
and 10.45-GHz measurements. The grey area corresponds to &éfle measurements independently of time offset. The
solid line shows the distribution for measurements within 1 day and thedashed the measurements within a month. It
apparent that the statistics are not influenced.

The spectral index distributions presented so far have been based-@inmultaneous observations.
This has been a necessary compromise imposed by the weather conditiaihe derge time demand
of the project. However, possible variability of the radio sources cancm@utime dependent radio
spectrum. Provided that the initiative for the current study is the identificafieteep spectrum sources,
this very fact may lead to misidentification. On the other hand, it is reasonalebepert only minor
changes in the statistics, if at all.

For the sake of the correctness of this statement, the previous studidsdeamveepeated on the basis
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only of quasi-simultaneous measurements. Figure 4.11 illustrates the distrébgmmrted on the basis
of 1 and 30 days of separation between the measurements at 4.85 anGH2.4$olid and dashed line,
respectively). It is already apparent from that plot that in terms of sttithe lack of simultaneity of
the measurements does not comprise a major factor of uncertainty. Néessttane must bare in mind
that once a certain spectrum is used as the starting point for furtherstfdiggiven source it must be
confirmed with truly simultaneous observations.

4.3.2 Flat spectrum sources spectral index

Among the sources that have been clearly detected at both 4.85 and Hx4& arge portion{ 30%)
of them exhibit flat or inverted spectral index. That is, according to tliely adopted convention
a > —0.5. These source are usually mostly flat spectrum radio quasars (feel€8RQs).

In table 4.4 are gathered the average and the median values for the distsmfttbnse sources. It
is interesting to mention that these values are verifying other works at simelguéncy bands such as
Ricci et al. (2006). By definititon, this class of sources immediate interesit® €xperiments. That is

Table 4.4 The average and median spectral indices for flat spectrum soureghat is, sources withoe > —0.5

Spectral index  Average index Median Index

a8 —0.028 +0.031 —0.148 £ 0.004
% —0.025+0.033 —0.158 + 0.023
LSFai%*® —0.122 £ 0.023 —0.225 + 0.003

because given their flat spectrum the contaminate the higher frequardefisity data.

4.4 Discussion

Generally speaking, the spectral indices calculated here are verytaltse expected values assuming
that most of the sources are characterized by steep spectra comintp&eynchrotron mechanism.

As it shown earlier, the spectral indices (average, median or mean) simédadifferent fields es-
pecially taking into account the estimated errors. Still, the slight differenmede attributed to noise
coming from different weather conditions under which each field has bbserved. This is not so ob-
vious at a first glance. It can be the case because different fieldsean observed at different time of
the day due to LST arguments in combination with the scheduling.

A very interesting topic to be discussed is the steepening of the spéaifaas a function of the
redshift (or equivalently with the luminosity) for steep spectrum sourdéss can provide evidences
about the evolution of such sources in a very simple way. According to iwlmelieved today, looking
at larger z's we see younger sources than when looking at small tisy are characterized by the
typical synchrotron self absorbed spectrum that in the optically thin pavdt/ing asy—"7 and at
higher frequencies showing even the high frequency break due tay#iegaof the electrons. Under
these circumstances, the low frequency spectral index should statistiedéigdnegative than the high
frequency one assuming that the former is sampling the part before thk &nel the latter the one
after that. At the local universe the source have gone “old” shifting ible fiequency break at lower
frequencies. In this case both spectral indices sample the same partspettteum (the part after the
break) showing no significant change in the spectral index. From thigstigon it is already clear why
steep spectrum sources are the appropriate sample to apply such digatiees If for example one
studies compact flat spectrum sources there is no change is speasaéipbcted.

Ricci et al. (2006) find an anti-correlation betwe&n and luminosity. As they discuss, this translates
into an anti-correlation of their high frequency spectral index with luminosige (also Dunlop and
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Figure 4.12 The steepening of the spectral index as a function of z. Here is pled Ao = a$:3° — a1%2° against z.

The blue line is described by—0.084 - z 4+ 0.0096. Only steep spectrum sources have been used.

Peacock, 1990). For a very small number of steep spectrum soumtethdine is available redshift
information, we attempt to see whether such a steepening appears. tUihiésrebown in figure 4.12.
From that plots it is clear that more data points would be necessary. Inaaeytltough there is a trend
showing that indeed the spectral indices become steep at higher fosegieh highly important though
to clarify that this topic should be investigated thoroughly with dedicated gejét particular a larger
frequency distance would probably reveal a most clear relation.

The findings in the current chapter are used later for important studmegigung the source counts
at different frequencies and consequently the calculation of the siomflimits. Besides, the findings
presented here are those satisfying the initiative of the project which tineaéien of the 31-GHz ex-
trapolated flux density.
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5. Cosmological Studies

The question is not what you look at, but what you see.
Henry David Thoreau (1817 - 1862)

Abstract

The flux density measurements as described in earlier chapters centpeidhase for estimating the
flux density of sources at the high frequency regime of 31 GHz wherés@Pperating. Extrapolating
at different frequencies one can study the expected number of squecélux density bin (differential
source counts) and compare them if possible with real surveys atfesmiiency. Moreover, one can
predict the “confusion” limits. That is, the flux density levels resulting fromhtends of unresolved
sources. That has a great practical interest for any observatioredinis is a physical limitation to the
performance of any telescope as we saw in chapter 3. Besides, sdigsgive the opportunity for some
interesting studies of evolutionary models.

5.1 The Extrapolated 31-GHz Flux Densities

In chapters 4 and 3 the measurements at 4.85 and 10.45 GHz with the 10Qealesteope at Effelsberg
have been used for the determination of the three-point spectral indmchfof the target sources and
the construction of thing N — log S plots.

Having an estimate of the spectral behavior of a radio source via the deationiiof the spectral
index and the flux densities at 1.4, 4.85 and 10.45 GHz can serve as nieal@uating the flux density
at higher frequencies. This is done via extrapolating at higher fraxggeim a power law manner. That
is, the dependence of the flux density on frequency is assumed to bela pinger law of the form
S o v®. As is already mentioned elsewhere:

S=k-v* (5.1)

Apparently, this relation appears as a straight line when plotted in logarithragespgOf course, this
implies certain assumptions the most important of which being that the speckalrgigins the same
value through the whole band from 1.4 to the high frequency limit (i.e. 31 GHli§ common that the

spectrum of a radio source is described as a polynomial function of tagtlmg of the spectral index as
many sources seem to have a curved spectrum. This allows a smoothé@obghthe logarithmic space

and it is described by:

log(S) = a +b-log(v) + ¢ - log?(v) (5.2)
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Figure 5.1 Examples of fitted spectra along with the estimated extrapaited flux density. Both a linear and a quadratic model has
been fitted always in log space. It is clear that the two modelsften differ significantly.

For the current report both methods have been attempted. Howevertténeriathod has the tendency
to exaggerate the results (see figure 5.1). This easily understoodigé/emall number of points (three)
available for fitting the spectrum. This is why the actual results are prodogessuming a power

law. The data then have been being fitted with the corresponding functioidinear least-squares
Marguardt-Levenberg algorithm (Marquardt, 1963) as it is discuisssdb-section 4.3.1.

For those fits, every single observation has been used independentigtbfer it resulted a detection
or not. In case of a detection the situation is clear. In the case of a nottidetthough the observed
noise has still been used as follows. kbetbe the noise level reached at a given observation. In case of
no detection then for the calculation of the least square fit spectral inddluthdensity of the source
is assumed to b2.5 05 &+ 2.5 0s. This policy assures that even for the not detected sources an estimate
concerning their flux density can be made.

Having calculated the extrapolated flux densities at any higher frequaerciyp particular at 31 GHz,
one has a handle on a series of issues. First of all, one can draw sionslabout the amount of flux
density that each target may contribute to the CMB anisotropies as obdmrted CBI experiment.
Further, via the construction of the differential source counts plots, itetaition of radio source can
be studied. Of course this topic is very sensitive to the completeness ofrtipdesas has already been
mentioned. Consequently, this product can be used for computing thé&usom limit” (sub-section
5.3). This particular result is of great practical importance since it mayighsin several matters among
which the overall uncertainties as they were discussed in earlier sectif)(3Finally, it is important
to examine the possible discrepancy between these results and thoseffeoemtdindependent studies
such as high frequency surveys.

5.1.1 CBI contamination

The initiation of the CBI-Effelsberg survey has been the identification ofstheces that may cause
severe data contamination. As it has been discussed in the introductionyiBiel&@&a coinciding with

point sources known to exist fro the NVSS survey have been “prajexte causing a severe loss of data
of the order of 20 %. In particular, it is easy to show that the necesszeislm be reached at Effelsberg
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is around a few mJy. For the sensitivifyof a telescope of dimetdp aperture efficiencya, it is:
7 - D?
8- K

T = na (5.3)

where K: Boltzman’s constant

For Effelsberg telescope then and for the 100-meter telescope onéatalihatl’ ~ 2844 K/Jy. That
means that 1 mJy at Effelsberg corresponds to a fractian of K which is the typical amplitude of the
CMB anisotropies. Of course this is very simplified calculation since it neglbetfact that CBI is an
interferometer etc. It nevertheless gives a good estimate.

Although it is beyond the scope of this report to present exact catalsgh ery interesting to see
how many sources show extrapolated flux density at 31 GHz which belothiteehold of 1-5mJy and
hence are not potential contaminants. In figure 5.2 we present the histagfrthe extrapolated flux
densities. This is already possibly the most convenient way of drawingaioipression of how many

Counts (%)

30 40 50

Figure 5.2 The histogram in percentages of the extrapolated flux densities. 180 upper limits have used. Here, we
focus on the low part of the flux density range. Half of the fluxes ag bellow 3 mJy. The bin is 1 mJy wide.

sources can be causing contamination (i.e. be above the set threskmottiat plot also upper limits
of undetected sources have been used. Therefore, this plot iseaping rather the most pessimistic
scenario. As we discussed tough in sub-section 3.3.2 and showed in tahleughly 76 % of the
sources are not detected at 10.45 GHz leading to the reasonable asauimatithey are of potential
harm to the CBI data. This is already in agreement with the original estimation rdipesal of the
project itself that only a number of 20 % is expected to be causing contamination

A summary then one might say that the projecting out only 20 % of the sourtesteisd the correct
estimation.That is resulting the necessity of throwing only a 4 % of the data &pidr20 %) increasing
significantly the sensitivity of the experiment.

5.1.2 The source counts of the extrapolated 31-GHz flux densities

Given that the central frequency of the CBI experiment is 31 GHz (Ratdah, 2001, 2002), it is impor-
tant that the extrapolated flux densities are calculated at this particulaefreg Sustaining the strategy
followed in section 3.3 and assuming the area covered by the EffelsiidrgrGject 0.047 sr, we have
fitted to the data a power law as described in sub-section 3.3.1:

for 10mJy< S < 100mJy: n(S) = 0.48 (£0.02) - 106 . §—2:30 (F0.02) pmJy~1 gr—1 (5.4)
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Figure 5.3 The normalized differential source counts of the extrapolated 34GHz flux densities. The calculation of the
spectral index has been done on the basis of equation and even rdetections have been used by setting an upper flux
density limit.

In figure 5.3 we show the normalized differential source counts plotsottinfately, those fits are very
sensitive to the chosen binning. For consistency, the bin size used leeatisal to those used for the
derivation of the same relations at 4.85 and 10.45 GHz (see sub-sectidraBB3.3.3). Working out
the cumulative source counts, gives:

N(> S) =0.37(£0.02) - 105 . 57130 (F0:02) pgy~1 g1 (5.5)

Given the fact that as it was discussed earlier even upper limits weregfarseddetected sources, the
resulted sample used for the construction of the source counts plotsasadisstatistically complete.
In case of multiple measurements of the same source at one frequencygitinted average of the flux
density is used.

In figure 5.3 one can notice a break at around 400 mJy and one at sligbthg 4000 mJy. In fact
this indicates that there is an good agreement with the theoretically expectetd eg it is discussed in
sub-section 5.2.3.

5.2 Comparison with high frequency surveys and theoretical models

In sub-section 5.1.2 it was mentioned that it is essential to compare the resuitgifect high frequency
surveys with the ones extracted from the extrapolated flux densities aditiee fsequency band. This
can apparently serve a consistency check that would characterizdighlity of any result that will be
drawn from the current work. On the other hand, it can characterezedmpleteness of our sample.
For instance, it is not expected that many sources have such an ingpdaetlum as to be missed by
NVSS but to appear at higher frequencies. If however this is the casgeittvill be imprinted in the
findings of “blind” high frequency surveys that will significantly diffeo our results which are solely
based on the NVSS sample. The product that can readily provide adgfousuch comparisons is the
log N — log S plots. By definition, they include the demographics of radio sources inezhover all
distances. Hence, they must exhibit significant differences if the usegys are based on different
samples.

In the current section we start with the compilation of some surveys at hegjuéncies that are of
interest to our work. That is, for instance of similar frequency so thattimeparison to it is sensible
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(sub-section 5.2.1). Afterwards, a short discussion on the expeatedsvis done (sub-section 5.2.2).
Finally, we compare out results to the findings of other surveys and to tbectiwally expected ones
(sub-section 5.2.3).

5.2.1 High frequency surveys

In the current section we mean to gather the findings of some high frequeimegys that appear to
have similarities with ours. This is crucial in the evaluation of the completenasshanreliability.
Emphasis has of course been given to the high frequency survegsitsisinteresting to check whether
the population of sources at low frequencies is representative oftthigheer frequencies.

To each individual project there has been dedicated a separatecidgnso the manuscript sustains
a clarity in the organization.

The 15.2-GHz Ryle telescope survey

The Ryle Telescope (for a description of main features see Jonest&9bgen used for conducting the
9C survey at 15.2 GHz (Waldram et al., 2003). The initiative of this has theestudy of the foreground
sources that contaminate the fields targeted by the Very Small Array (Vi§&rienent (Watson et al.,
2003). Practically, the motivation has been the assemblage of a catalagoésthat must be monitored
by VSA at 34 GHz (Taylor et al., 2003). The survey has covered ttegiens of a total area of 520 deg
and has been conducted in two parts. A main survey that reaches 25 chdydeeper one that reaches
10 mJy. It has detected a total of roughly 760 sources brighter than 10tsIypoteworthy though that
this survey is the first one covering a significant area at a frequébmyeat.85-GHz Green Bank survey
(Gregory et al., 1996).

At the first release of the data (Taylor et al., 2001) and on the basis efyalimited coverage of
63 ded, they computed:

0
for20< S <500mJy: n(S) =8 ( mJy tsr! (5.6)

S
100 mJy)
In the second release of the data (Taylor et al., 2003), they show that:

—2.15

n(S) = 54 - (i) Jy tsrt=0.15-10%. 25 mJytsrt (5.7)
The authors do not report the uncertainty in the multiplication factor and thenext. It is worth
mentioning though that this survey is a good example of how complicated theesoaumnts study may
be. From the equations above one can immediately see that this study is neitivedo the sample
upon which it has been based and how large it has been. This influenddést not only in the constant
factor but also in the index.

The ATCA 18-GHz pilot survey

As a pilot study for the first all sky radio survey at short wavelengtltgiRSadler, Ekers, Staveley-
Smith, Wilson, Kesteven, Subrahmanyan, Walker, Jackson and De Zuid)have covered an area of
1216 deg of the southern sky at 18 GHz. The survey is claimed to be 70% complete tob@6 mJy
and 95% down to 300 mJy. For the flux density range from 0.1 to 3 Jy theetifial source counts are
worked out to be:

1

_2.2(0.2)
S) Jy tsr

for 0.1Jy< § <3Jy: n(S) :57.<Jy

=0.23-10%. §722(#02) mgy1 gr! (5.8)
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The 28.5-GHz OVRO-BIMA survey

Also in the context of studying the point sources contaminating CMB and &wr¥el'dovich effect
experiments Coble et al. 2006 carried out a survey at 28.5 GHz with theviedley Radio Observatory
(OVRO) and the Berkeley-lllinois-Maryland-Association (BIMA) arsay They computed the source
counts from 90 fields centered on known massive galaxy clusters aod-8luster fields. From the
latter the calculate that:

n(S) = 5.81757. 1073 . S~ 1% mJIy~tarcmin? = 0.07709% - 10 . 1B mIy L srt (5.9)

Moreover, they compute significantly different numbers for regions enctuisters. In particular, de-
pending on the distance from the center of the galaxy cluster itself, theyhatdor thelnner cluster
(r < 0.5 arcmin):

n(S) = 174155 - 107 - S~H®¥ mIy taremin? = 2.0575 92 - 10° - ST ¥ mJytsrt  (5.10)
and for theOuter clustefr > 0.5 arcmin):
n(S) =19.1157 1072 . S719¥ mIy~t arcmin? = 0.2370 08 - 10° - STH¥ mIytsr!t (5.11)

Interestingly they argue that it is possible that the enhancement of theesozounts in the direction of
the clusters may be attributed to the gravitational lensing of background gatiigies (Cooray et al.,
1998).

The 31-GHz OVRO-CBI survey

Fortunately, at the first stage of the CBI data analysis the experiment tadiadsthe foreground point
sources at 31 GHz with the Owens Valley Radio Observatory, hereateOOtelescope (Mason et al.,
2003). In particular, the CBI team selected all the NVSS sources brititarré mJy that happen to lie
within the area covered by CBI at that time. That resulted a sample of 22@6esowithin 22.5 degy
Quasi-simultaneously, they re-observed the sources at 31 GHz with tRO@-meter telescope with
a sensitivity of the order of 2 mJy-us).

Moreover, they used the deep and the mosaic maps to determine the saumseat @1 GHz. Specif-
ically, the used the long baselines dataZ50 \) to create maps and then search for peaks of more than
50. For the range between 5 and 50 mJy, they find:

Ss1 \ M _ 6 =2 m 1ol
10 mJy) = n(S) =0.9(£0.3)-10° - S™*mJy " sr (5.12)

N(> S) = 2.8(40.7) deg > (
There are no errors concerning the exponent reported in the assbpislication. It is noteworthy that
there were no objects detected that were not included in the NVSS cathis@ldo important that the
flux densities of sources detected at both the mosaic and the deep mapssaséeat with that from the
OVRO survey within typically 5 %.

The 31-GHz DASI experiment

The Degree Angular Scale Interferometer (DASI, Kovac et al., 200@)sisuth-pole experiment dedi-
cated to the study of polarization of the CMB anisotropies. From their measuts at 31 GHz, they
calculate:

g —2.15 (+0.20)

for a flux density range between 0.1 and 10 Jy. It should be noted thbagthe size of their sample is
very limited (31 sources).

Jy tsrt = 284 (462)-100. 57210 (30200 mayl gt (5.13)



5.2. Comparison with high frequency surveys and theoraticalels 73

The 33-GHz VSA survey

The Very Small Array (VSA, Watson et al. 2003) is also a CMB interferomeperating at 33 GHz.
Cleary et al. (2005) estimated the source counts at 33 GHz after cairggracsample as follows. A set
of well defined regions previously surveyed at 15 GHz within the VSAdbfiglds have been selected.
For those fields the survey has been done down to a completeness limit of.10hislway a total area
of 0.044 sr was covered revealing a total of 370 sources $yigh> 10 mJy. Consequently, these sample
was re-targeted at 33 GHz.

mdy L srt = 0221003 . 106 . 5234705 may sl (5.14)

+0.25
S > —2.347)'%

— +2.3
n(S) =10.6%23 (70 Ty

Importantly, provided that the VSA target fields have been selected torgass no sources brighter
than 500 mJy at 33 GHz (from extrapolating the NVSS and GB6 data) thesaseple is incomplete at
large flux densities.

The WMAP

The Wilkinson Microwave Anisotropy Probe (WMAP, Bennett et al. 201333 mission dedicated to
the exploration of the geometry, content and the evolution of the universedans of studying the
anisotropies imprinted in the microwave background. The sky maps hanentede at five frequency
bands (23, 33, 41, 61, 94 GHz) in order to separate the features irgaihgic to the CMB from those
of contaminating character. In particular, diffuse Galactic emission ancctBata extragalactic point
sources. The contamination from the latter ones have been estimated osithef lextrapolation of the
source counts from lower or higher frequency surveys (Park 208R; Sokasian et al. 2001; Refregier
et al. 2000).

The WMAP team though has carried out a direct investigation of the pointeaontent off the
WMAP maps by constructing a extensive source catalog. Specifically, Bte(Gregory et al., 1996)
and the PMN catalog (Wright et al., 1994) have been combined in a longesft 1i$9,619 sources. For
each source withh| > 10° they examine the corresponding WMAP pixel. Using also the 4.85-GHz flux
density they find that the detected sources are primarily flat spectrua). From these measurements,
the extract:

1

~2.8(+0.2)
S) Jy tsr

K-band (23 GHz), for 2Jyx S <10Jy: n(S) =45(£12)- (Jy

=11 (£3) - 10 - §728(#0-2) may~1 5r{(5.15)
g\ 28 (0.2)
Ka-band (33 GHz), for 2Jx S < 10Jy: n(S) =44 (+12)- (Jy) Jy tsrt
= 11 (£3) - 10 - §728(#02) may~1 5r{(5.16)

g ) —2.7(£0.2)

Q-band (41 GHz), for2J¥ S <10Jy: n(S) =32(29)- < !

—1
3y Jy “sr

= 4(+1)-10°. §727TEF0D Myl g 145.17)

The indices computed here are very close to the ones expected for aeanclidiverse. It is worth
noting that the survey favors the flat spectrum sources as the auftibesariginal paper discuss.

5.2.2 The expected values

Among the most important motivations for the current work is of course thestigation of how com-
plete the extrapolated flux densities are and the agreement betweemdliffielependent surveys. Dis-
agreements may result from incompleteness of the compared samples sowedntly reported project
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the counts are the result of extrapolation. That is, the high frequenegescounts and later the calcu-
lation of the confusion limits, are based by extrapolating the low frequentegctiens and the low fre-
quency spectral indicesaf-$> anda %2%). This allows solid conclusion only under the assumption that
the used sample is complete and reliable (see definitions in sub-s@e}idn this context one can spec-
ulate: is the populations “created” by extrapolation of low-frequencyatietesample representative of
those at higher frequencies? To put it differently, are we missing a staligtsignificant population of
sources by extrapolating? Or are we even overestimate the contributiomlofitfirequency population
when we go higher?

It is natural to expect that all these issues rely on several matters subk aource evolution and
they are addressed by several theoretical models. Large effdiebagput in the direction of calculating
the population expected at high frequencies (a few tens of GHz). Heratiempted to recollect what
is theoretically expected and see how much these predictions agree withsthweaitons. Earlier work
on this direction has chiefly been based on radio source evolution (Dantbpeacock, 1990; Jackson
and Wall, 1999; Toffolatti et al., 1998). The frequency regime covésdaktlow 8 GHz. Specifically,
the model by Toffolatti et al. 1998 has been used for the estimation of the sadrce contamination
of CMB maps (e.g. Refregier et al., 2000). It appears that it satisfhctepresents the high frequency

[
O MA@ 0 = O e~
T T 1
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Figure 5.4. Comparison between predicted and observed differential sourceounts at 1.4, 5 and 8.44 GHz normalized
to 1508 —2-5 sr=1 Jy—! (Toffolatti et al., 1998). The contributions of the most relevantlasses of radio sources according
to the model of Danese et al. (1987) are label.

populations. As stated by De Zotti et al. (2005) recently accumulated datiéred a more detailed
treatment.

In particular, De Zotti et al. (2005) take into account the various syhsadions. They consider a
canonical radio source population as well as a variety of special s@ages. Different evolutionary
models have been employed in describing the flat spectrum radio soues$lat Spectrum Radio
Quasars, FSRQs and BL Lac objects) and the steep spectrum sobkeggually they derive the ex-
pected counts for all radio species; that is star-forming galaxies, exté¢taePeaked Spectrum sources
(GPS), Advection Dominated Accretion Flow (ADAF, Fabian and Rees Y1888 Adiabatic Inflow-
Outflow Solutions (ADIOS, Blandford and Begelman 1999), Sunyadid@ech effects (Sunyaev and
Zeldovich, 1972) on several scales and even radio afterglow attributade-ray bursts (GRB). In figure
5.5 are collected their results as taken from the original publication. They shry clearly the esti-
mated contribution from each class at 20 and 30 GHz. It is worth noting tkeléinsity range covered
(six orders of magnitude). The lack of analytical expressions of theiratspdurrently prohibits a de-
tailed comparison with our results and those from other surveys. At fiskttlwough the source counts
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from these models are significantly flatter than the surveys in sub-sectidniragly.

The work of De Zotti et al. (2005) has been based on previous wark g Toffolatti et al. (1998).
They worked out the contributions of extragalactic radio sources t&ffeck Surveyomission. It is
remarkable that here the flux density range covered is even more edtgsayen orders of magnitude).
As stated in the publication there is a very good agreement of the model les®ahal. (1987) and the
deep counts at 8.44 GHz as given by Partridge et al. (1997) and Wstdtial. (1993).

It appears that generally the theoretical models can fit the observatiataadatisfactorily. However,
the details can be addressed only under the light of dedicated high figgserveys that are essential
in all the above. Nevertheless, focusing only on the observationaltparinteresting to see how the
extrapolated values extracted from our survey are compared to thivaeted from “blind” surveys. It
has already been mentioned that this is a powerful test for the reliability &ndotihpleteness of our
survey.

5.2.3 The comparison

Let us recall once more the plot in figure 5.3 that shows the differentimtsaounts for the extrapolated
flux densities at the frequency of 31 GHz. A careful look there showgtwminent breaks in the index.
The first appears at around 400 mJy and the second one at slightly 2660 mJy. On the other hand,
looking at the 30-GHz part of figure 5.5 (the four lower panels) oneezaily see that such a behavior
is predicted by De Zotti et al. (2005). In fact, especially the high-fluxsity break is predicted at
the regime we observe it. This is interesting one its own sake since it indicatesetdo not really
miss much information by extrapolations. Moreover, it supports the modedsqied by De Zotti et al.
(2005). Furthermore, it appears that even the constant factot®f10° in equation 5.4 derived from the
fitis in good agreement with the predicted values from the same author. A# tifecourse is a source
of great excitement but it must be examined further.

Now, table 5.1 summarizes the differential source counts for the sample wigh@Bhfields derived
after extrapolation (or interpolation) along with the values coming from othecidsurveys at the same
frequencies. Especially, for the frequency of each of the previalisbussed surveys we have computed
the source counts. This is a convenient way to compare the two and exaniirm@thpleteness. The fits
to the extrapolated Effelsberg data have been restricted between 6 @ndjt@nd the experiment area
has been assumed to be 0,047 sr.

In figure 5.6 are shown the results from that table in a graphical wayndisiness of the data there
is prominent. Most likely this is the result of the small number statistics. As wedlrdiscussed in
the paragraph concerned about the 15.2-GHz Ryle telescope ghigestudy is complicated on its own
and very sensitive to technicalities. More importantly though may be the infugiselection effects
(biases of the samples). Nevertheless, the strongest influence musnbeydrom flux density range
covered by the sample used. That follows easily when we consider thibutisin of sources even at
lower frequencies as shown in figure 5.7 (Seymour et al., 2005). Hawgenerally speaking also this
plot seems to support the modeling of De Zotti et al. (2005) as long as theisidencerned. As we said
already, they predict that above 100 mJy the source counts evolvevastdlux density (they become
steeper). This is exactly what one notices from the WMAP data at all theggidéncies. Recall that
WMAP's flux density range is between 2 and 10 Jy. Now, the ATCA and #h8I@xperiments are both
sensitive in the flattening part of the plots (rougB0 — 1000 mJy). The former is observing from 100
to 3000 mJy and the latter from 100 to 10000 mJy indicating that the agreemenhwifiredicted is
very satisfactory. BIMA-OVRO and CBI-OVRO surveys are also wvdoge in their findings as expected
since they are both sampling the rather low part of the flux density regimeextrapolated flux densities
appear to be in good agreement with the VSA survey. Remember that fotstheefiise only the data
between 6 and 100 mJy which is more or less the range of VSA counts @Dy¢L1The only survey that
gives somewhat inconsistent results is the Ryle Telescope one. Thid sippear with steeper index. It
is highly probable thought that the fit is influence by the flat part of thecgocount between 300 and
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Figure 5.5. Differential source counts at 20 and 30 GHz for various extragalatic source populations as predicted by De
Zotti et al. (2005). The upper group of four panels refers to the20-GHz predictions whereas the lower n to the 30-GHz
ones. For each group the panels are organized as followdpper left-hand panel: Classical radio sources, that is FSRQs
(dotted line); BL Lacs (dashed line), steep spectrum sources (ple dot-dashed line). Upper right-hand panel: Special
sources, that is: ADAFs (dotted line), extreme GPS quasars ad ies (dashed line), GRB afterglow (dot-dashed line).
Lower left-hand panel: star-forming galaxies. That is, proto-spheroids (dotted line), pirals (dot-dashed line),starburst
galaxies (dashed line).Lower right-hand panel: SZ effect on galactic scales (dotted line) and on cluster scales &hed
line). The sum of all contributors is shown as a thin solid line. The overthtotal counts as a thick solid line.
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Table 5.1 The Collection of the normalized differential source counts as take from several typical high frequency
surveys. For each survey the values from the extrapolation of #h Effelsberg data is also referred to. That is done simply
by fitting a straight line in the log N -logS plots. It is important to mention that the results from the extrapolated values

have been done between 6 and 100 mJy.

Survey Frequency Range
(GHz) “y)
Ryle Tel? 15.2 0.02-0.5
ATCA 2 18 0.10-3.0
WMAP 3 23 2.0-10
BIMA- 28.5 0.005-0.010
OVRO*
CBI°® 31 0.006—
DASI ¢ 31 0.1-10
WMAP 3 33 2—10
VSA7 33 0.020-0.114
WMAP 3 41 2—10

n(S)

measured

NVSS-Effelsberg extrapokd

(10° mJy—tsr™1)

0.15-5721%

0.23-§~220(£0.2)
11.3 (i3)'5_2‘80 (£0.2)
0.0750:95- 57198

0.9 (£0.3)-572:00
284 (i62) S—2415 (£0.2)
11. 3( 3) 572480(:I:0.2)

0.22 (£0.05)- 5234
( ) S*Q,?O(:tO.Q)

3 (40.30)- §—2-59 (£0.09)
40.09)-§—2-44 (£0.05)

):

0.79 )-
£0.10)-§ 238 (£0-07)

)

0.62

0.47 (40.08)- 5229 (£0.07)

o~ o~ o~ —~

0.48 (£0.02)- 5 ~2:30 (£0:02)

0.47 (£0.02)- 57230 (£0:02)

0.36 (£0.01)-§~221 (£0.02)

Taylor et al. (2003)

2Ricci, Sadler, Ekers, Staveley-Smith, Wilson, Kesteven, Subrahmakyalker, Jackson and De Zotti (2004)

3Bennett et al. (2003)
4Coble et al. (2006)
®Mason et al. (2003)
SKovac et al. (2002)
"Cleary et al. (2005)
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Figure 5.6. The indices on the differential sources counts power lawsy-1) for different frequencies. The colored data
points are the measured indices and in red those extracted from #hextrapolation of the Effelsberg-CBI data (see also
table 5.1). Already for the measured indices it apparent a significaimoisiness of the data. An important reason for that
may be the small number statistics. Moreover, different indices hee been extracted from data referring to different flux
density ranges.

1000 mJy.

To summarize one can say that all the surveys together seem to suppioldédhaf De Zotti et al.
(2005). From this discussion of course it becomes obvious how sentits/study is in the selected flux
density range. Besides, the counts coming from the extrapolation seeprésent the real populations
(as observed by direct “blind” surveys) satisfactorily. In any cdséjcated surveys covering the largest
possible flux density ranges would be ideal in reconstructing the olidersaurce counts.

From a different perspective, the knowledge of the extrapolated imdae assist the estimate of the
confusion limits. Tat happens to be among the most important initiatives for this vildhat is done
solely on the basis of the flux densities as extracted from extrapolation &ffitlsberg-CBl measure-
ments. This study is presented in section 5.3.
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Figure 5.7. The 20-cm differential source counts normalized a5 ~2-® based several surveys (Seymour et al., 2005)
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5.3 The confusion limits

The radiometer formula, as given in equation 3.3, does not provide a low lirtiieithermal rms noise
oy that characterizes a certain system. Naively then one could expectri@i@onic increase of the
integration time would result a similarly monotonic decrease in the least readhabtiensity. This is
not the case though. In the case of a realistic system any measurement is tiynitedfusion. That
is, the unresolved blends of sources that sum up to significant flwitidsnsFor a given system the
confusion level is a function of:

1. The spatial distribution of sources as a function of flux density bin ataghesponding frequency.
In other words, the differential source countsS).

2. The telescope beam area.

Given the definition of the differential source countsS), one can quantify the confusion limiton
(see also sub-section 3.2.3), as follows. Qgt.mbe the solid angle subtend to the beam of the telescope
at a given frequency and Smn the attempted minimum flux density. The latter is the value expected
from the radiometer formula. Scheuer (1957) has shown that:

Smin
Tgont = Qbeam/0 n(S) S?ds (5.18)
with Qpeam given by:
Given equation 3.13, 5.18 gives:
Jgonf = ﬂ K—QbeamSA/—'~_2 = Oconf = ﬂ KQbeamSﬁ_2 (5.20)
v+2 min v+ 2 min

This equation is of great importance as discussed also in sub-sectiors$12e3it assists in the realistic
estimation of the least reachable flux density.

Although trivial at first glance, this piece of information is of essentiakotational importance. It
is clear that such a knowledge is fundamental for a radio-astronomisahgiion. Even more so is the
case for experiments such as CBI, that attempt the un-doubtful deteétamisotropies in the CMB.
The anisotropies are expected to be as weak as of the AfAEF ~ 1075,

5.3.1 Confusion limits for the Effelsberg 100-meter telescope

In table 5.2 are summarized the confusion limits calculated for several eeseitvEffelsberg. For each
receiver lpeam €quation 5.20 has been used along wit the valueg & andSmin included there. For
all the calculations the limiting or characteristic flux density level assurigd)(has been 1 and 5 mJy.
The beams are assumed to be circular Gaussian. The solid angle theydsthisteris given by (e.g.
Rohlfs and Wilson, 2004):

e 2 2
Qbeam= [/ exp <—4'1n2';>] = 0.00266 - % 10 sr (5.21)

where 1. the FWHM in arcsec

It must be kept in mind that this formula does not account for the side lob#seodeformation of
the beam. Nevertheless it still is a good approximation.
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The confusion limits calculated from the extrapolated source counts in thatety smoothly with
frequency. That is the consequence of inferring the source cowomsédxtrapolating or interpolating
between the measured values at 1.4, 4.85 and 10.45 GHz (they are mérkedlagger symbol). More-
over, the measured source counts result lower values for the camfiusits as compared to that from
the extrapolated source counts. That is because in the latter case astimjip of non detected sources
have been used.

It is interesting that the values for the confusion level calculated from tiedsbBerg 4.85-GHz mea-
surements agree very well with those from Fomalont et al. (1991, 208@)s the case for the 2-cm
confusion limit as given from our extrapolated source counts and Waldtal. (2003). It appears then
that the measured source counts at the three frequencies used f@&tB&€lsberg project, can be used
to formulate the confusion limit as a function of frequency for the 100-m dejss.

Table 5.2 Confusion limits for each Effelsberg receiver. All the numbers hae been worked out on the basis of the values
obtained from the Effelsberg-CBI survey. The parameters at 4, 4.85 and 10.45 GHz are from direct measurements.

All the computations have been done for two limiting flux densities naraly 1 and 5mJy. There are also some values
calculated by Kraus (priv. comm.) based on the literature for conparison (oit).

N(S)
Frequency Qbeam K err % err Shmin O conf Shmin O conf ot Ref.
(GH2) (10~ sr) (10® mJy—tsr71) (MJy) (MJy) (MJy) (MJy) (mIy)
1.4f 8.000 0.29 0.02 -0.68 0.03 1.0 1.10 5.0 3.16
2.6 1.800 0.45 0.04 -1.03 0.03 1.0 0.93 5.0 2.02
4.85 0.540 0.10 0.01 -0.80 0.05 1.0 0.19 5.0 0.49 0.24/0.15 1/2
8.35 0.180 0.77 0.07 -15 0.05 1.0 0.64 5.0 0.96
10.45 0.110 0.07 0.03 -0.83 0.10 1.0 0.07 5.0 0.19
14.6 0.068 0.65 0.05 -15 0.03 1.0 0.36 5.0 0.54 0.11 3
23.05 0.035 0.45 0.08 -1.38 0.07 1.0 0.19 5.0 0.31
32.00 0.020 0.35 0.07 -1.27 0.07 1.0 0.11 5.0 0.20
43.00 0.011 0.28 0.05 -1.18 0.07 1.0 0.07 5.0 0.13

fdirectly measured parameters
! Fomalont et al. (1991)
2 Fomalont et al. (2002)
3 Waldram et al. (2003)

5.3.2 Formalization of the confusion limit

Using the measured source counts at the three frequencies used Edfelsberg-CBI project one can
formulate the the confusion limit as function of frequency for the 100-melesdepe.

As Condon et al. (1989) discuss, the confusion due to unresolvedstdrsources .qns decreases
with frequency. in fact, it isscons < 2. On the other hand the flux density of the source falls a

S o =07 for most of the steep spectrum sources. They argue then the there naudependency of
the form:

Oconf o< V27 (5.22)

In a more general approach, it would be:

Oconf=— Q - Vb (523)
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Using the values of.ont calculated for 1.4, 4.85 and 10.45 GHz, and assuming = 1 mJy, we get:
Oeonf = 1.76 (£0.01) - =140 (£002) 3y (5.24)
where v: The observing frequency in GHz
Assuming now thabmin = 5 mJy, one calculates:
Teonf = 5.19 (£0.10) - =148 (F004) gy (5.25)

where v: The observing frequency in GHz

Using formulas 5.24 and 5.25 one can provide an estimate for the confusioadirfioiows:

Frequency (GHz) 1.4 2.6 4.85 835 1045 14.6 23.05 32.00 43.00
Ooonf With Smn = 1mJy (mdy) 1.1 046 0.19 009 007 004 002 001 0.009
Ceonf With Smin = 5mdy (mdy) 32 1.3 05 022 016 01 006 003 0.02

As an example, for 1.4 GHz these formulas givémJy < oconf < 3.2mJy. For the 100-meter
telescope it has been reported that the confusienisnJy (Wolleben, Diploma Thesis) which is higher
that what we get. On the other hand, Reich (priv. comm.) reports a donfiesel of~ 2.3 mJy in good
agreement with our estimation.

A careful comparison of the results in table 5.2 and the one above, shawihéne is a disagree-
ment.The reason for that is because the latter (which the result of equaf)rissderived on the basis of
the source counts of detected sources at 4.85 and 10.45 at Effedsbiérgas discussed in the previous
sub-section. In any case, equations 5.24 and 5.25 provide a usafalization for the estimation of the
confusion limits at the 100-meter telescope.
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6. Peculiar Sources

Your theory is crazy, but it's not crazy enough to be true.
Niels Bohr

Abstract

Being such an extended and complete (in terms of NVSS flux densitigs® shenstudied one allows
its exploitation in several directions. So far the approach is massively statisticgecting individual
source that may exhibit special interest for their characteristics or thature itself. Admittedly, there
is a variety of possible research directions to be followed. Here, the mairsttis focused on the GHz-
Peaked Spectrum sources their extreme sub-class referred to as tdighelcy Peakers. Under certain
assumptions and within the context of the “youth” scenario, they comphressources with the youngest
radio activity. This chapter is meant as a descriptive ones of the main poiots @fork.

6.1 Introduction

The sample of six thousand sources that has been studied is expectddde maumber of sources of

special interest such as High Frequency Peakers (HFP), GHzdP8pketrum sources (GPS) and Ultra
Steep Spectrum sources (USS). Each one being interesting for diffeesons, they give the opportunity
for some very different studies (eg the early evolutionary studies aigoadio sources, see section 6.4).

This approach diverges our study from the massively statistical attitué atiempts the extraction
of knowledge from groups of hundreds or thousands of sourcesore targeted one that treats the
source individually yet as a characteristic member of a sub-class ofsadiges.

Admittedly, it is anything but trivial to trace down all the interesting sourceshibppen to be in-
cluded in our sample. It has been therefore an on-going task to firdifidend consequently verify the
sources of special interest. Here, we present only a part of thestar8pecifically, we present some
newly discovered GPS sources that according to the “youth” scenarst Imeuamongst the youngest
radio sources.

6.2 GHz-Peaked Spectrum and High Frequency Peaking sources

The Compact Steep Spectrum (CSS), Gigahertz Peaked-Spectruma@PtBe High Frequency Peak-
ing sources (HFP), comprise a phenomenological classification of radroes. Their identification is
done on the basis of their radio spectra as discussed in following pphsgrelowever, it appears that
physically they are tightly related with the one being the evolutionary stage othiee. That makes the
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physics in play at those environments outstandingly interesting to study. rbeierties provides essen-
tial information about and constrains on the evolution of the most powexflib rgalaxies. A excellent
review is given by O’Dea (1998).

The GPS sources display a convex radio spectrum with its observedypegin the range of a few
GHz. Their are generally compact sources with linear dimensions less #pm An extreme case of
GPS sources are the HFPs with their turnover frequency abd@GHz. Those are among the most
interesting species since, under certain circumstances, they comprissutigegt radio sources. Hence,
their study provides insight about the very first and rather rapid evolatjostates of radio activity. The
CSS sources on the other hand also show convex radio spectra wdalsthpugh appears at far lower
frequencies (below the GHz-regime). They are larger in linear size&esfe kpc) and yet as powerful
as the GPS themselves. In figure 6.1 are shown characteristic exampleseftitee classes of sources.
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Figure 6.1. Characteristic CSS (left-most), GPS (center) and HFP (right-mst) sources. The first two are taken from
Steppe et al. (1995) and the HFP is taken from Dallacasa et al. (2000

Since the presence of the turnover in the spectrum is a determining chistactd those classes,
it is important to mention the possible causes for the presence of such sduoighe radio spectrum.
The most widely accepted idea is that of the synchrotron self-absorgtionReadhead et al., 1996). It
has also been suggested that the turnover may be due to free-freptimins(e.g. Bicknell et al., 1997).
Within this context, the turnover frequency is anti-correlated with the ageeafdbirce (a comprehensive
review is given by Tinti et al., 2005). That sets the HFP sources amongptiregest objects (see e.g.
Baum et al., 1990).

Concerning the physical relation between those three groups of soomeecould make the crude
approximation that they are evolutionary stages of the same class. SplgcHE®Ss age to pass through
the GPS and CSS stage till they finally end up becoming lower luminosity FR 1 radices (e.g.
Dallacasa et al., 2000). This idea is supported by the discovery thatisheneanti-correlation between
the turnover frequency and the linear projected size of the sourcessaidecase of symmetric objects
(e.g. Fantietal., 1990; Snellen et al., 2000). This finding combined withrilafis of kinematic studies
(e.g. Polatidis and Conway, 2003) allows the construction of a very saHistent picture. In particular,
assuming the source to be expanding at a constant pace induces thightvettne turnover frequency
the younger the object is (e.g. Fanti et al., 1995).

The last conclusion has been reached under several assumptiorerthiiess, if true it immedi-
ately implies the importance of the HFP research since they can under tlsoseptions provide us
with an excellent probe of the early stages of radio activity and evolutispeéially, they provide the
opportunity to probe the physical conditions and the environment of radiass.
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6.3 Searching for GPS and HFP sources

The discussion in section 6.2 has hopefully made clear the importance ofdye$@PS and especially
HFP sources. In brief, they comprise one of the few means available ixghera&tion of the early
evolutionary stages of radio galaxies. That includes of course prdb&igimmediate environment.
Several authors like Conway (1997, 1999) have demonstrated the imp@xidsuch research.

With the most efficient possible usage of the studied sample in mind, we hasisteorly looked for
new candidates on the basis of their radio spectrum. Admittedly this is not dtisiska In reality, several
factors such as the variability (NVSS catalog is well separated in time by teé&sB#rg measurements)
make easily create ambiguous detections of GPS sources. Nonetheleshathbeen being detected a
number of GPS candidates that are afterwards re-targeted simultanaba#ilpossible frequencies at
Effelsberg 100-meter telescope. This is meant to identify the spectruneasal real GPS sources.

This is an admittedly large and time consuming project that has been allocaewinggime in-
dependently. Here we attempt the summary of the work that has been doigedirdltion keeping in
mind that this is an ongoing find.

6.3.1 The candidates

Throughout the duration of the Effelsberg-CBI project there haemlsenducted searches for GPS/HFP
sources. Then they were re-targeted to verify their spectrum. Soméaasexiare shown in table 6.1.
Those sources have been detected on the basis of their low-fregsigctyal indexa;§> and mainly
the high frequency one}%2°. In particular, they satisfy the condition that%2> > 0 (for S oc v?).
As it was discussed elsewhere (see section 6.3) the GPS sourcesdafinition peaking around 1 and
5GHz. The previously stated convention then favors sources that yliaglanover frequency higher
than the 5 GHz.

For sources that have been verified to have indeed a turnover fregaé high frequencies, there
is a proposal (Angelakis et al. in prep.) for following the spectrum up tarthreregime. For all these
sources the naturally following step would be to conduct mm VLBI imaging tcsitiyate their structure.

In the next paragraphs we summarize some of the work that has beeomlthris direction.

6.3.2 Examples

Here we compile some spectra of sources re-targeted simultaneously dteqgasicies with the 100-
meter telescope after their identification as possible HFP sources. In figuegesshown only some
examples of such sources. As it shown there many of the sources shimegestingly high turnover
frequency being classified as HFP then.

In table 6.2 are shown the results for three interesting sources with registriés in the NASA Ex-
tragalactic Database (NED). As it is shown there, if the made assumptionsl@réhere is a population
of sources worth following further starting with the investigation of their gtrreewith high resolution
imaging.

6.4 HFP 025515+0037

The current section is meant as a report of the study of an extreme exaiript® namely 025515+0037.
The source exhibits a uniquely high turnover frequency that places ngthe candidates for being an
“infant” source in terms of radio activity. Moreover, it is highly variableigis shown from its light
curve made of data covering roughly 3 years. After exploiting the alrasdiable data we went on to
initiate the measurement of its redshift, study the VLBI structure and to monitgratstreim. All these
are presented immediately.

To summarize, one could say that 025515+0037 is among the candidatesgfét very early
stages of its activity. As will be discussed later, very high angular resaolotiservations are necessary
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Table 6.1 The sources early detected as GPS/HFP candidates. The sourcevé been identified on the basis of their
spectral indices. The selection is done so that}%3

0.45

> 0for S oc v* that clearly favors the HFPs.

Source

024718+0153
025528+0144
025812+0122
024918+0125
023923+0105
024059+0049
024240+0057
025515+0037
025651+0036
025901+0053
025807+0021
025333+0024
024858+0019
025928-0020
024002-0020
024335-0055
024452-0058
024453-0109
025427-0110
024739-0153
025912-0224
025842-0225
025803-0229
025419-0225
023945-0234
025250-0310
025658-0405
084441-0031
085216-0013
084928-0057
084857-0139
084958-0229
084744-0245
084235-0245
084032-0324
084025-0321
085212-0404
085559-0355

4.85
Q1.4

-0.122
0.165
-0.940
-0.570
0.512
0.318
0.351
0.087
-0.406
-0.305
-0.569
0.764
-0.811
0.805
1.207
-0.079
-0.166
-1.097
-0.411
-0.604
-0.253
-0.290
-1.280
0.624
0.309
0.110
0.500
-1.270
-0.695
-0.724
0.006
0.162
-0.365
-0.913
0.240
0.573
0.513
-0.064

0.135
0.037
0.143
0.126
0.036
0.140
0.163
0.027
0.112
0.049
0.045
0.033
0.032
0.024
0.136
0.043
0.109
0.068
0.202
0.182
0.040
0.068
0.045
0.050
0.025
0.035
0.121
0.118
0.131
0.173
0.070
0.089
0.115
0.090
0.057
0.051
0.044
0.078

10.45
Q485

0.606
0.557
0.446
0.599
0.194
0.215
0.700
0.694
0.520
0.015
0.367
0.216
0.135
0.634
0.942
0.303
0.004
1.040
0.709
0.880
0.082
0.507
0.153
0.520
0.000
0.145
0.219
0.180
0.980
0.640
0.009
0.197
0.047
0.487
1.705
0.894
0.088
0.892

0.083
0.042
0.223
0.201
0.092
0.173
0.255
0.006
0.195
0.073
0.197
0.052
0.045
0.010
0.149
0.118
0.271
0.106
0.317
0.304
0.234
0.242
0.099
0.023
0.011
0.218
0.250
0.311
0.198
0.278
0.260
0.153
0.215
0.148
0.074
0.118
0.070
0.130

Source

145337+0017
144216-0049
145147-0127
145810-0227
144050-0225
145007-0306
145144-0244
145005-0307
144254-0329
144539-0332
144653-0337
145837-0353
144138-0422
143528-0451
144338-0540
204248-0149
204459-0157
205749-0146
204745-0246
205824-0305
205809-0309
205755-0310
205210-0303
204502-0301
204336-0304
204331-0302
203909-0317
203508-0330
204635-0323
204720-0356
203508-0450
204604-0527
204249-0518
205704-0547
205658-0552
205557-0615
205135-0606
203731-0625

4.85
Q1.4

10.45
e Q4,85

-0.759930. 0.571
-0.201130.1 0.049
-0.71@640. 0.175
-0.719600. 1.538
0.241 70.08.118
-0.957730.1 1.967
0.061 50.03.095
-1.377440.1 0.417
-0.12D810. 0.233
0.455 760.0 0.035
-0.86D830. 0.454
-1.295200.1 1.324
-0.473640. 0.710
-0.525500.0 0.328
-1.303370.1 0.909
-0.539290. 0.151
-0.982550. 0.601
-0.193530. 0.149
-0.080290. 0.180
-0.319400. 0.421
-0.610740. 0.486
-0.576530. 0.767
-0.707.280. 0.061
-0.332440.0 0.124
-0.581290.1 1.578
-0.214840.0 0.493
0.158 40.0D.005
0.124 530.0 0.211
-0.638.580. 0.291
-0.699890. 0.427
0.486 90.19.140
-0.159910.1 0.186
-1.499850. 1.344
-0.239250. 0.571
-0.685420.0 0.077
-0.588 320.1 0.304
0.140 50.1®.335
0.725 430.0 0.106

204341-0630
204446-0632
203621-0702

-0.610 0.103 0.519
-0.334 0.029 0.626
-0.636 0.061 0.295

0.136
0.219
0.096
0.197
0.125
0.302
0.098
0.257
0.267
0.160
0.094
0.224
0.351
0.186
0.264
0.071
0.266
0.213
0.029
0.229
0.171
0.220
0.183
0.058
0.194
0.262
0.006
0.082
0.255
0.275
0.325
0.357
0.137
0.181
0.259
0.229
0.192
0.088
0.253
0.042
0.103
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Figure 6.2 A compilation of sources that have been identified as GPS/HFP canditks and have been re-targeted with
the 100-meter telescope at Effelsberg. The x-axis is the frequeyin GHz and the vertical is the flux density in mJy.

The black solid circles represent simultaneous measurements. Thed triangles represent upper limits. The red circles
represent the non simultaneous NVSS measurements at 1.4 GHzt i$ apparent that a significant number of those
sources show a turnover high frequency being classified as HFPs.ot¢ that the high frequencies often (23, 32 GHz)
suffer from weather.
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Table 6.2 Three of the sources in figure 6.2 for which there is an NED redshifentry. Here, we estimate the age of the
radio activity according to the theory described in the introduction. In all these calculations we assumedd, = 71,
Qum = 0.27, Qyac = 0.73.

Source NED RA (hh:mm:ss) NED DEC (dd:mm:ss) Type z vmax(GHz)  Age (yr)
023945-0234 02:39:45.5 —02:34:41 QSO 1.116000 20 49
023923+0105 02:39:23.7 +01:05:38 G 0.008986 10 445
024002-0020 02:40:06.1 —00:20:38 QSO 1.704670 20 34

value
o

Pixel

0.

I I | I I I I | I I I L |
5000 &000 7000 2000

Position

Figure 6.3, 025515+0037 in the optical band. In the left-hand side panel is sivm the image of 025515+0037 in the
R-band. In the right-hand side panel shown is the optical spectrm of the source with the Mgll emission line at 5633.

to clarify its structure and classify it as Compact Symmetric Object (CSO)islfghhe case then it must
be extremely young. Alternatively, it is a radio source in a flaring state.isrctise a new component is
expected to be seen.

6.4.1 The discovery

In the lower plot of figure 3.2 is shown the repeatability curve for the 1G#E- receiver. It is im-
mediately noticeable that almost all the points lie within a moderate zone of scatterdathe general
trend fitted by the blue curve. Exceptional is the behavior of two data pointsechavith red points.
One around 70 mJy and another between 1 and 2Jy. The first poiespornds to the HFP source
025515+0037 reported here and the second one the the source S&EhHD is discussed later (see
section 6.5). This observation immediately led to the suspicion that the condiegcsource must be
variable. That was proven to be indeed the case from studying its light ¢see sub-section 6.4.3).

6.4.2 The optical spectrum, redshift, classification

The knowledge of the source redshift is essential for calculationsasuith brightness temperature, the
expected size and so forth. Spectroscopic measurements have beefHealt 2006, priv. comm.)
with Calar Alto 2.2-meter telescope. The spectrum is shown in figure 6.3. Mb&aeen there, the
spectrum 0f 025515+0037 is dominated by one broad emission line at6a3is can only be Mgll,
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which allows the calculation of z:
z=1.015 £ 0.002 (6.1)

The FWHM of the line in the source rest frame is roughly&38'hat corresponds te4000 km/s classi-
fying the source a radio-loud AGN.

At z=1.015 the distance modulus is 44.14 (in the concordance cosmology)mg = 19 and
an assumed R-band extinction of 0.27 mag (NASA Extragalactic Databasebsb&ute brightness of
025515+0037 isWig = —25.12 (i.e. the source is a Quasar).

6.4.3 The light curves
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Figure 6.4: The light curves of 025515+0037 along with that of two standard déorators namely, 3C286 and NGC 7027
(see table 2.2.3)Upper panel: The light curve at 4.85 GHz. The peak-to-peak variation reache40%. Here, the Lower
panel: The light curve at 10.45 GHz. Here, the peak-to-peak variation eaches 70%. In these plots the time coverage is
of the order of two years.

Since 025515+0037 happened to be among the repeaters, it has ¢ndanyebserved throughout
almost the whole duration of the project. In fact, there exist light curvém#it 4.85 and 10.45 GHz.
These are shown in figure 6.4.
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The light curves shown there cover approximately 2 years of obsemgatidhe 4.85-GHz curve
appears to be noisy. This is mainly due to weather effects. On the othertharetrors at 10.45 GHz
are smaller. That is chiefly due to higher flux density that the source lihis éitequency.

Despite the noisiness of the low frequency data, it is readily noticeable thakttibits variability as
has been mentioned earlier. In particular, the low frequency light clmowsa peak-to-peak variation
of the order of 40% within a period of roughly two years. Even thoughsspand demanding further
investigation, there are indications for Intra-Day Variability (IDV, Witzelagt 1986; Heeschen et al.
1987). For example, at1.25yr or~2.25yr there is a strong evidence for rapid variability that will be
examined later. So is the case for M3D3000. At 10.45 GHz the situation is even more clear due to
the better quality of data. In that case, the indication for fast variability ia evere obvious although
it also demands further investigation. However, the long term variability aflp&0% is already very
interesting. It indicates a radio source undergoing a flaring state as vdisbessed later.

6.4.4 The brightness temperature

The flux density variability observed in 025515+0037 as shown in figbie8 can provide the ground
for an estimate of the physical conditions in play at the source. In particuider certain assumptions
one can estimate its brightness temperatilige,by measuring the variability at the turnover frequency
of the spectrumvmay, as follows.

Let us assume that the variability is intrinsic and originates at a relativisticallyng®phere. Let
the sphere be homogeneous (Marscher et al., 1979; Ghisellini et aB), 18Qx be the turnover fre-
guency of the radio spectrum (i.e. the frequency at which the optic#t demomes unity anfmyax the
corresponding flux density. The angular diameter of the saiilcenas can be approximated by:

0 < 3.56 x 10~ *rd (1 + 2) (6.2)

where 1: the variability time scale in days
d_: the source luminosity distance in Gpc
z: the redshift
6. the Doppler factor

That follows from light travel arguments (Marscher et al., 1979). Ondifeer hand, the variability
time scale in days;, is give by:

<S>
TTTAS

where At: the time span over which the variation of flux density is measured
A S: the variation of the flux density

At (6.3)

It can be shown thdfy in K, is given by:

S 1+2z
Tg = 1. 1012 Zmax 6.4
B 77 x 10 V%aer 5 ( )

where Smax.  the maximum in the light curve
vmax. the turnover frequency

As itis shown in figure and is discussed in sub-section 6.4.5, the raditgpeaf 025515+0037 displays
an exceptionally high turnover frequency (30-40 GHz). Unfortunatbbire are no light curves at such
high frequencies available. Compromisingly, one can use the behavifrd® GHz instead. Assuming
thenvmax =10.45 GHz and = 1.015 (see sub-section 6.4.2) ahd= 1, one gets:

Tg = 3.45 x 101K (6.5)
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where < S >: 73mdy
Smax  105mJy
Smin: 48 mJy
At: 700d

The adopted conventions arély = 71, Oy = 0.27, Quac = 0.73. The inverse Compton catastro-
phe limiting brightness temperature of'#& computed by Kellermann and Pauliny-Toth (1969) as well
as that o3 x 10" K computed by Readhead (1994), are comparable to the source brigjtengzerature.
Nonetheless, one must keep in mind that the assumptions that the Doppleiddchas been arbitrary.
Moreover,vmax is assumed to be 10.45 since it is the frequency at which the light curveilatdga
However,vmax is apparently higher as can be seen from the observed spectrum shiogure 6.5.

6.4.5 The radio spectrum

The light curves at 4.85 and 10.45 GHz discussed earlier indicate aesgoirgy through a flaring state.
Interestingly, the radio spectrum on the other hand, leaves clues thaiutve snay be a compact object
encouraging further investigations. Let us recall the important propestigs spectrum then.
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Figure 6.5. The radio spectrum of 025515+0037 between 1.4 and 242 GHz. Tfiest point from the left at 1.4 GHz
is taken from the NVSS catalog. The blue point is at 91 GHz measuredt &lateau de Bure. So is the upper limit at
242 GHz in magenta. The rest are all simultaneous measurementsléiek points). This spectrum strongly suggests a
source with a turnover frequency above 40 GHz. The mean speat index between 4.85 and 32 GHz is roughly 1.2.
The line connecting the points from Effelsberg is only used to make #reading more convenient and has no physical
meaning. The measurements at Effelsberg were conducted in Nawber 2005.

Although the repeaters were selected to be mostly steep spectrum s002%5]15+0037 happened
to be an exception. Its low frequency spectral indices are rather flaverted. That ispi-3® ~ 0.08
andal%3 ~ 0.36 (see table 2.8). This very fact identified the source as a candidateifey &65PS
or even HFP source. Subsequently therefore, the spectrum of treesauas measured simultaneously
throughout the whole band covered at Effelsberg.

In figure 6.5 is shown the radio spectrum of the source. The points in tackeasured at Effelsberg
simultaneously. The point in violet at 1.4 GHz has been extracted from tt&I\datalog. The data in
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blue and magenta at 91 and 242 GHz respectively are measured at afare. It must be noted that
the latter is only an upper limit.

From all these data it is obvious how inverted the spectrum is between 4d882a4BHz. Such an
inverted spectrum is very rare among sources with similar spectra (e.gc&slat al., 2000). The shape
reminds somehow of the canonical synchrotron self absorbed spefigure 4.3) although the part
below the turnover frequency rises with spectral index 1.2 which is viffigreint from the theoretically
expected value of 2.5 (see equation 4.7).

At first glance, the radio spectrum of 025515+0037 resembles thattegfrom a nearly homoge-
neous bulk of emitting material radiating as a synchrotron self-absoriséshsyAccording to the current
understanding of AGN that is to be expected mainly in either of two casesl{rtget al., 2005):

1. A source in dlaring state. Let us assume a bulk of material being ejected in the jet. This entity
will be emitting according to the synchrotron self-absorbed theory. Tteiwed then emission
will consist of two parts. (a) That from the ejected component that catieeflare. This will
be resembling the synchrotron self-absorbed spectrum evolving with timéodhe aging of the
emitting electrons. (b) The steep spectrum part coming from the jet itselfevdietion over time
of the observed spectrum will be done so that the turnover frequegngyill be drifting towards
lower frequencies. The flux density@tax, Smax Will be evolving as shown in figure 6.6.
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Figure 6.6. The evolution of a flux density outburst (flare) according to Marsder and Gear (1985). The picture is taken
from Zensus and Pearson (1990).

2. Compact Symmetric Object (CSO) In this case, the source consists of tow “lobes” symmetri-
cally placed about the core. The orientation in the ideal (for observattas® is such that the
axis of the ejection is parallel to the plane of the sky. The leading edges tdlibe meet the
intergalactic material emitting also in a synchrotron self-absorbed fashiocade the source is
very small compared to the beam, one receives the spectrum from bottbdse [Bhe spectrum
then is not expected to change noticeably fast. This is because (cdottheprevious case) there
is not emitting material that would age as in the case of a flare. The turn@areincy of the
spectrum then is a measure of the source age.

In the latter, the source provides a unique opportunity to study the radicesatiits very early evo-
lutionary stages. That follows from the very high turnover frequeneysiburce shows which, in turn,
implies a very young object (see the discussion in section 6.2). In the immedaltelying sub-section

the estimation of the radio activity age is calculated assuming that the souree isitlevs a symmetric
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structure. Afterwards, in sub-sections and the monitoring of the speenahhigh resolution imaging
are described as means to distinguish between the flaring and the CSO case.

6.4.6 The age and the size estimate

The spectral shape in radio of 025515+0037 places it among the carsddd&PS sources exceptionally
high turnover frequency namely HFPs. According to the youth scenareftire, they are likely to be
young radio sources. Thus, they provide an excellent opportunity dy she radio activity at its very
first evolutionary stages.

Particularly, in the case of 025515+0037 the exceptionally high turnoeguéncy (30-40 GHz)
implies a source extremely young and small if it is proved to be a symmetric oketslib-section
6.4.5).

Fanti et al. (1990) first found an anti-correlation between the linear sird the turnover frequency
at the source rest frameyax o Which was later revised by O’'Dea and Baum (1997) and Snellen et al.
(2000) (see review by O’Dea, 1998). In particular, O’'Dea and B&L®87) found that:

l0g(Vmax,0) = —0.21 (£0.05) — 0.65 (0.05) log(l) = Vmax,0~ 0.62 - 17965 (6.6)

where vmaxg the rest frame turnover frequency in GHz
l: the projected linear size in kpc

Solving equation 6.6 fof, gives:
1 =0.48 v L5 (6.7)

max,0

This is valid as long as the source is symmetric and its axis is laying on the plane siyth Now, if
we assume that the separation of the two symmetric lobes takes place atecphes the age of the
source in years, will be:

=L 3.26 x 10° (6.8)
u

where wu: the expanding speed in units of ¢
I: the projected linear size in kpc

Assuming the observed turnover frequency to be around3pGHz and that the source is indeed a
symmetric object and is expanding at a speed of 0.1c¢ (e.g. Polatidis andag,o2003), the above
equations will give a linear projected size:

[ ~1(£0.2)pc (6.9)

and an age of:
T~ 28 (£7)yr (6.10)

Independently, from the interferometric measurements presented irestibrs6.4.8 we could set
limits to the size of the source. There it is discussed that the EVN observatenesconducted with
a resolution of about 1 mas. 025515+0037 is lying at a redshift 1.015 (see sub-section 6.4.2). At
this redshift 1 arcsec corresponds to roughly 8.1 kpc and hence 1 rabmdset 8.1 pc. This estimate is
in agreement of course in combination with the previous discussion shottbdna would be needed a
further higher resolution to reveal the source structure.

Admittedly this result is extracted on the basis of several assumptions thatenayvell be that
not all of them are valid. Nonetheless, they at least provide clues #®otrder of magnitudes for the
physical conditions at the source to be expected.
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6.4.7 Monitoring the radio spectrum

In order to investigate the origin of the observed spectral shape amdrfatie morphology of the sources,
we have initiated a monitoring of the radio spectrum. If it happens so that theess simply passing
a flaring state then the turnover frequency is expected to be drifting at foaguencies as the elec-
trons of the emitting plasma loose their energy. Parallel to that is expected ¢hpedlk flux density
of the source is decreasing. Eventually the convex in the spectrum wdlléa¥ing behind only the
synchrotron spectrum over which the flare is assuringly currentlyrpoped. In answering the question
of the morphology of the source it would be crucial to perform high amg@solution interferometry
which is underway as it is discussed in sub-section 6.4.8 combined with tbispanonitoring.

e NVSS 1.4 GHz
E + PdB 91 GHz
251 + PdB 242 GHz
E e Nov 2005
* Jan 2006
e Jul 2006
e Nov 2006

Log, ,(S [mJy])

15F = ki

1 .
Log, ,(Frequency [GHz])

Figure 6.7. The “instantaneous” radio spectrum of 025515+0037 between&b6 and 91 GHz for November 2005, Jan-
uary, July and November 2006. The 91-GHz measurement has beearried out at Plateau de Bure in February 2006.
The fitted model is described by equation 6.11. The fitted values arshown in table 6.3. For more details see text.

As it can be seen in figure 6.5, the spectrum exhibits a turnover fregukatis around 30 GHz.
Assuming that the source is indeed a CSO then its age is anti-correlated withrbestufrequency of
the radio spectrum. It therefore important to estimate the turnover fregasnaccurately as possible.
As Dallacasa et al. (2000) suggest, the spectrum can be fitted by a simahtdéaexpression of second
order with respect to ldg) :

log(S) = a — /b2 + (c - log(v) — d)? (6.11)

This expression has no physical meaning as regards the spectrumnly issed as a convenient tool
for locating the turnover frequency and estimating the peak flux densitg. eXpression describing a
homogeneous synchrotron self absorbed source can be foundlienSeteal. (1998) or Marecki et al.
(1999). Equation 6.11 instead because it gives a more “solid” fit. Noapas as the four determining
parameters have been computed, it can easily be shownthah GHz, will be given by:

ConsequentlySmax Will be given by equation 6.11 for = vmax.

In figure 6.7 are gathered the first results of the spectrum monitoring.spéetrum is measured
“instantaneously” at Effelsberg every 2-3 months. For each spedtrarurve described by equation
6.11 is fitted to all the measured frequencies at Effelsberg apart frog@lgHz that is assumed to be
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Table 6.3 The parameters of the model fitted to the spectra described bygation 6.11. It must be made clear that for
these fits also the 91-GHz measurements has been used.

Epoch a Oa b o c oc d Od  Vmax Oupay  Smax

November 2005 299 0.17 042 017 172 0.18 262 0.28 33.1 4 13372
January 2006 283 0.09 0.17 012 152 009 232 0.15 339 8.257 4
April2006' 2.80 0.13 0.36 015 1.74 0.5 243 022 251 7.8 269
July 2006 2.64 8.5e-5 1.58 2.14 22.4 430
November 2006 255 0.04 -0.10 0.09 144 0.05 190 0.07 2096 2.282

t the 91-GHz observations from Plateau de Bure has been excludedhedin
* since there are only 4 data points to determine 4 parameters the algorithns redLerrors

part of the assuringly jet background. Table 6.3 contains the results &f grocedure. It is immediately
apparent that for the shown sessions there, there has been a reticleaihge invmax. Admittedly
though, larger time spans must be covered in order for the drift to becoon@nent. It must be noted
that the large variations in the comput8glax are a numerical artifact given the curve that we fit. The
monitoring is going on but for the months between summer and fall 2006 theredem delays due to
the replacement of the secondary reflector at the 100-meter telescope.

From the spectrum obtained in November 2006 there are hints that it hasdiber a flare that is
slowly shifting its peak frequency to lower frequencies. In any case thétomimy is ongoing.

6.4.8 The structure
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Figure 6.8. The images of 025515+0037 with the VLA. The left-hand side image iode at 1.4 GHz with resolution of
45", The right-hand side one is done with a resolution of 0.28 x 0.19” at 8.44 GHz and shows the central region of the
left-hand side field. Still, the source is unresolved.

Being part of the CBI-Effelsberg project 025515+0037 has be&aeied from the NVSS catalog.
Hence, it has been observed by VLA at 1.4 GHz with angular resolutiets’of As it is illustrated in
figure 6.8, the source appears point-like for this resolution. In the samne fig shown the the source
with the same instrument at 8.44 GHz with a resolution of 3:26.19” within the context of the Cosmic
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Lens All-Sky Survey (CLASS, Myers et al., 2003; Browne et al., 2003)

In June 2006 a dedicated project has been conducetd with the EurdpBamNetwork (EVN) at-
tempting the resolution of the source. The observations were done at bty six antenas namely,
Effelsberg, Urumqui, Torun, Shanghai, Haartebeesthoek and WesterThe achieved angular reso-
lution 1.1 max 0.8 mas. As one can see in figure 6.9 the source is still point-like i.e. its lineaissize
< 8 pc in accordance with the HFP model. The measured flux at this freque22y8isnJy/beam1 mJy
(More 2006, priv. comm.).

MIllIARC SEC

Figure 6.9: The image of 025515+0037 with six EVN antennas (see text) at 5 GHEhe resolution 1.1x 0.8 mag and
yet the source is unresolved (More 2006, priv. comm.).

From this discussion it is obvious that higher resolution interferometricrelisens are required in
order to manage resolving the structure if the source. Particularly, Ghotmal/LBI (GMV) measure-
ments are necessary for revealing the nature of the source.

6.4.9 Polarization

In chapter 7 are collectively presented all the results concerning thezatian properties of all the
sources in our sample. Among them also 025515+0037. As O’Dea (1@88)ed out not much is
known about the polarization of GPS and HFP at high radio frequentdbe centimeter wavelengths
the polarization is very low. As is show by several studies (e.g. PearsbReadhead, 1988; Aller et al.,
1992) at around 5 GHz for instance, the polarization is a fraction of@epéte. Assuming therefore that
025515+0037 falls in this category it is not expected to show significdatipation.

In the case of 025515+0037 the study of the polarization propertiespeeially important. In fact
it can assist the distinction between the “flaring state” and the “symmetric olgeetiario discussed
in sub-section 6.4.5. In the former case the ejection of a new componaritidfeaccompanied by a
change in the characteristics. That follows simply from the fact that asguhmremitted components to
be close to homogeneity it will be characterized by a significant degreelafipation that will change
the overall source polarization properties. In the latter case they will liivieogence from the usual
polarization state.

For both 4.85 and 10.45 GHz 025515+0037 appears practically completeblanized. The aver-
age linearly polarized flux density is less than 1 mJy which is at the level o n@§course that does
not comprise of proof against the flaring state hypothesis. Neverthéegges an indication. Ulti-
mately the answer of the real nature of 025515+0037 will have to beleslrei@a high angular resolution
observations.



6.5. NGC 1052 97

6.4.10 Discussion

It is currently strongly believed that the study of HFPs has a great pdtangiact on the understanding
of the extragalactic radio source physics (e.g. Dallacasa, 2003). Asaethe conceptual connection
assumed in the introduction (section 6.2) is valid, they are the probes to tghsof radio activity.
Especially, combined with very high resolution observations this study eaalrthe conditions at those
environments.

025515+0037 is sitting at the high end of the turnover frequency distribbging possibly a very
young object. This result is the outcome of several assumptions many di Whicg admittedly ques-
tionable. It is nonetheless worth the effort to take the exploration of its@atufar as possible. Besides,
even if it proves that it is only a source at a flaring state it has servegadaype for the analysis for
several other candidates extracted from samples like the one exploited her

Beyond, the importance of 025515+0037 within the context of studying tlumg radio source
physics is its significance in the study of CMB. Recalling the flux densities afiN\&S catalog) and
that at~32 GHz (Effelsberg) makes clear that sources with similar characteristiogdaker by a factor
of ~ 10 would have been missed by such surveys. But yet the contamination @&rHrglquency data
would have been exceptional making the analysis of CMB data unreliablgstistatherefore on such
populations are necessary. In any case it is a rather under-studssdotlabjects given the bias to the
centimeter wavelengths of most surveys.

6.5 NGC 1052

In sub-section it was reported that 025515+0037 had been dugmytierepeatability curves shown in
figure 3.2. As it was discussed there, all the sources were lying withirasmnable belt of noise apart
from two prominent outliers. The one with flux density of the order 70 mJytha$iFP 025515+0037.
The second one at the higher flux density levels (1-2 Jy) appearedtuehef the used pointing sources
namely 024104 08. Contrary to the former case this object is an already well known atectsixely
studied source better known as NGC 1052. Here are gathered sorite fresn our studies.

6.5.1 Facts

In figure 6.10 are collected some images of NGC 1052 that reveal the timtigresucture of the source
at different bands. As is shown in the lower-left panel there the soigran elliptical galaxy. In fact,
NGC 1052 shows substantial evidence for a recent merger (e.g. Bteatg2005). Due to its character-
istics it provides an excellent opportunity to study the obscuring torusxdrasuper-massive black hole
(Kadler et al., 2004). That is predicted within the standard model of ag#iectic nuclei. Figure 6.11
shows the spectral energy distribution over several frequencyldsca

Given that it happened to be among our pointing sources there are diltdbke/for the last almost
three years at both 4.85 and 10.45 GHz. As it has been done in the &&5d5+0037, one can extract
some useful physical parameters about the source.

6.5.2 The light curves and the brightness temperature

In figure are shown the data compiled during the Effelsberg-CBI obtiens (July 2003 - July 2006).
There both 4.85 and 10.45 GHz are presented. In red and magentawaretbk low frequency data and
in blue and violet the high frequency ones.

The peak-to-peak variations are roughly 70% and 20% at 10.45 anG#85respectively over an
almost 3-year long period.

Similarly to the procedure followed for 025515+0037 one can compute ifjletbess temperature of
NGC 1052. The source is atza= 0.005037 (NED). AssumingSmin = 1155 mJy andSmax = 1730 mJy
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Figure 6.10. Images of NGC 1052 at different bands. Upper-left panel: The 15-GHz VLBA image (MOJAVE 2cm

Survey, Kellermann et al., 2004; Lister and Homan, 2005). Upper-right panel: 1.7-GHz VLA image (Wrobel and

Heeschen, 1984)Lower-left pand: Optical image taken from Palomar. Lower-right panel: The NVSS image at 1.4 GHz
with VLA.
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Figure 6.1 The spectral energy distribution of NGC 1052 throughout a subsintial part of the whole spectrum. It is
taken from the NASA Extragalactic database (NED).
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Figure 6.1Z The light curves of NGC 1052 at 4.85 (red and magenta points) and0145 GHz (blue and violet points).
The peak-to-peak variations are roughly 70% and 20% at 10.45 and.85 GHz, respectively over an almost 3-year long
period. In these light curves there are evidences even for intraal variability (for insatnance at MJD around 14000.)

at 10.45 GHz and a period of 1100 days and a Doppler facterl results in:
Tg = 1.3-10'°K (6.13)

This value is only a average value giving an impression of the sourcgedits. Besides, as Kadler et al.
(2004) showed there exist a gradient in th brightness temperature akojej txis.

6.6 Ultra Steep Spectrum Sources / High redshift Radio Galaxies

The study of High Redshift Radio Galaxies, hereafter HzRGs, is clearlgriiaupt in the understanding
the formation and evolution of massive elliptical galaxies. In the case of BZR&light is spatially
resolved allowing a clear view of the host galaxy (e.g. De Breuck et &9)19

Traditionally, the searches of such objects has been based on th@spegit studies of radio source
positions with undetected optical counterpart (e.g. Kristian et al., 1974¢. discovery of HzRGs has
been revolutionized from the fact that the radio sources with unidentifi¢tidad counterpart tend to
exhibit a steeper radio spectrum (e.g. Klamer et al., 2006).

There have been suggested mainly two effects that justify the observatibpHzRGs appear with
steeper spectral indices { « correlation):

1. Spectral Energy distribution characteristics of radio galaxies. Ibbas shown that they tend to
steepen at higher frequencies. Hence, for a given frequendytharigher the redshift the higher
frequency the part of the spectrum observable is and therefore tpeste

2. The intrinsic steepening of the SED of HZRGs due to the Inverse Compeedof the relativistic
electron population on the CMB photons. Since the density of the latter is #iaggaroportionally
to (1 + 2)* (Krolik and Chen, 1991) that will result a steepening of the SED.

This method of tracing HzRGs has proved to be very efficient havinglegie significant number
of such (e.g. De Breuck et al., 2004). Within the context of a constamhptt® exploit the available
sample in every possible way,we have looked for such candidates as well.
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Although only limited effort has so far being put in this direction, it is worth itegtst mentioning
our sparse findings concerning HzRGs candidates.

Generally speaking, one could explore the available sample in order @l sewah candidates in two
ways. Directly, judging from the low frequency spectral index that thispldy ({-4°) among source
that have of course been detected at both the frequencies usedctlydlyy examining the flux densities
and the spectral properties at frequency bands lower than that 0BNVS

From all the above itis clear that the small number of sources that apgeapfwery steep spectrum
comprise the candidates for being HzRGs. Following the convention ofteh gsurces witl{$> <
—1.3 have been selected. They are shown in table 6.4. To be fair, it must be alezuiethat this
convention has been used for lower frequency samples (e.g. Del@rtal, 2004). From the discussion
in the introduction of the current section, it becomes clear that once theeiney band increases, the
HzRGs will be found among the sources with even steeper spectra.

Table 6.4 A selected sample of HZRGs candidates. The selection is done on thesis of their low frequency spectral

index a$:§%. In particular, it has set a$:3° < —1.3. As it is discussed in the text though sources not detected at

4.85 GHz are already candidates of this class.

Source S1.4 e S4.85 e aif® e
(mdy) (mdy) (mdy) (mJy)

024918-0227 37.4 15 7.3 0.8 —-1.311 0.094
024912-0245 14.1 06 <28 —-1.304 0.134
085558-0303 242.2 7.3 28.9 0.2 -1.710 0.025
145828-0326  45.7 1.8 6.5 0.2 -1570 0.039
205556-0214 333.2 11.8 65.2 09 -1.313 0.031
2044070224 102.7 3.1 14.2 23 —-1595 0.132
204722-0303 64.3 2.0 10.8 0.2 —-1.438 0.030

Additionally, such candidates can be found indirectly (without having dedebem at both frequen-
cies). In sub-section 3.3.2 (table 3.5) it was discussed that a signifieacgrgage of sources (46%)
have not been detected even at 4.85 GHz. That can, crudely spdadiatiributed to very steep spectral
indices. That would correspond to HzZRG sources discussed eartierefbre, one could retrieve data
from lower frequency surveys and identify the real candidates.

All this discussion is very simplified and is based on assumptions of sewetsl b1 any case it can
serve as fair starting point.
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The important thing in science is not so much to obtain netsfas
to discover new ways of thinking about them.

William Bragg

Abstract

The linear polarization characteristics of extragalactic radio sourcessaréar under-studied especially
in the high frequency regime. It is however a topic of great interest niyt gince it can provide con-
straints in the emission models; also, because the polarization of suchesooray contaminate the
polarization properties of the Cosmic Microwave Background Radiation.

The observation of polarization is an exceptionally complicated task sinceithalways a percent-
age of such artificially introduced by the used apparatus. Since the @Blskerg project has not been
designed for such studies we present the result of only scratching tfaeswf the matter. For rigid
results to be reached especially designed projects are required.

7.1 Introduction

It has been already mentioned that the mechanism responsible for the enfrissicextragalactic radio
sources is the synchrotron radiation. When the relativistic electron gpensible for the radiation is
contained in an ordered magnetic field, the electrons in every energywaihgroduce linearly polarized
radiation.

In the case of optically thin emitting regions the detected radiation is the suierpas that origi-
nating throughout the line of sight. Assuming a homogenous magnetic field ilecahown (Le Roux,
1961) that the fractional linear polarization for particles with a power lagvgndistribution as described
by equation 4.4, is given by:

1
m=2" (7.1)
Y+ 3
where TII: The fractional linear polarization
~: electron energy spectrum index
For the typical energy distribution index ¢f= 2 it follows:
IT ~ 70% (7.2)

Such high degree of polarization have been measured in radio lobesQggnus A, Carilli et al.,
1989) and BL Lac objects (e.g. Gabuzda et al., 1994). In order fr bigh degrees of polarization
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to be detected the magnetic field must sustain its homogeneity for angular scldastaas that of
the resolution of the telescope. In the optically thick case on the other handhttinsic degree of
polarization is much smaller (Jones and Odell, 1977). In particular:

me 3 (7.3)
6v+ 13
which for an energy distribution index ef= 2, gives:
I ~ 12% (7.4)

That is, the synchrotron radiation from a population of electrons in a umifoagnetic field is expected
to be highly linearly polarized.

7.1.1 Parameterization of polarization

A monochromatic electromagnetic wave is in the general case elliptically polaizbdan be described
as the superposition of either two linear or circularly polarized compon&ssuming the latter case,
the wave can be written as: B

E(Z,t) = (Ey & + E_& ) ethe=t) (7.5)

Then, the complex amplitude will be: _
By =ay - €% (7.6)

where §.: the phases of the two components

Under these assumptions one can describe the properties of the wave evibntrenient set of the
Stokes parametenstroduced by Stokes (1852):

I = aa_ +a% (7.7)
V = da% —ad (7.8)
Q = 2aja_cos(6- — o) (7.9)
U = 2atra_sin(o_ —dy) (7.10)

The parametef describes the total intensity wherdaslescribes the circular polarization argg,{V) the
linear polarization. Specifically, the measure of the linear polarization victiven by:

P =@+ U2 (7.11)

The angle of the polarization vector will be:

X = % arctan (g) (7.12)

The uncertainty in that is calculated from the formal error distribution forpaga

o2 + 0[2]
o =05 V¢ 7 (7.13)

P
The degree of linear polarization, by:

2 2
M= 7“’9[“] (7.14)
and it uncertainty will be:

on=+/(op/I)?>+ (P-0;/I?)? (7.15)
A very consistent description of all these matters can be found in Klein €Gf3).
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7.1.2 Faraday rotation, depolarization

Despite the high degrees of linear polarization expected in extragalaciics@aarces, only very small
such percentages are measured. Itis believed that this is mainly due tegbkdeation of the radiation
from internalFaraday rotation

A linearly polarized electromagnetic wave propagating through plasma witmbhadded magnetic
field is subject to Faraday rotation. That is, the polarization angle chédoyges

Ay =8.1-10° )\2/ neB cos @ dL (7.16)
L

where \: the wavelength in meters
ne: electron number density in cm
B: the magnetic field in Gauss
f: the angle between the magnetic field and the wave direction of travel
L: the thickness of the medium in pc

Defining therotation measures:

RM =8.1-10° /neBcosedL (7.17)
L

one can write the polarization angle after the Faraday rotation as:
x(\) = xo0+ RM - \? (7.18)

The Faraday rotation can resultie-polarization When observing an optically thin medium polar-
ized emission from different depths is superposed. Radiation origindtidifferent depths though, is
experiencing different degrees of Faraday rotation. The obseadiation then is the integral of differ-
ently Faraday rotated polarization vectors that result a de-polarizatitve afgnal.

7.2 Miller calculus: Removing the instrumental polarizat ion

Generally, when a beam of light, initially in a polarization stsitay, passes through an optical element M
it is inevitably imposed some instrumental polarization and comes out in a nevwsstat&he influence
of the element M can be described by a3 matrix (ignoring circular polarization, i.e. Stokes V) namely
the Miller matrixM so that:

SY’obs: M- greal (7-19)

This formalism was introduced in 1943 by Hans Mueller. For our purpddesan be decomposed
into a time-dependent pdftand a constant paiit. The former describes the effect of the change in the
parallactic angle of the source and the latter the instrumental effects (elg.efwal., 1985). It can be
written then:

. . Iobs t11 tiz 113 1 0 0 Lieal
Sobs=T -P-Sreal= | Qobs| = | t21 to2 taz3 ]| - |0 cos2q sin2q | - | Qreal (7.20)
Uobs t31 t32 t33 0 —sin2q cos2q Uteal

where tj: the instrumental polarization elements
q: the parallactic angle

Hence, the computation of the “real” polarization state vestey of the source can be computed by
solving equation 7.20 provided that the matrideand P are known. In that equation the parallactic
angleq is known and thereford? is known. The determination df on the other hand is not as trivial.
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The matrixT is determined on the basis of observing some standard sources (cadipoditomnown
polarization state for several different parallactic angles. Under tiogenstances, the standard sources
are observed repeatedly at different parallactic angles so that tHe (hd/) space is covered. For each
measurement, the vectoﬁﬁsem and Sy, of equation 7.20 are known. So is the maffixConsequently,

T can be termined. Apparently the more available observations of the caldbthtere are the more
accurate the determination ©fis. The details of this procedure are described by Kraus (1997);sKrau
et al. (2003).

The assumed linear polarization characteristics of the calibrators are stéable 7.1 (Kraus, priv.

comm.). In fact, 3C286 is used as the main reference source. That isskeitahigh galactic latitude

(80.7) implies small Faraday rotation in the interstellar material and subsequently table golariza-
tion characteristics.

Table 7.1 The standard polarization state assumed for the used calibrators

4.85GHz 10.45GHz
Source S II X S II X

Qy) (%) (deg) Qy) (%) (deg)

3C286 748 11.0 33.0 445 11.7 33.0
3C48 548 4.2 106.6 260 59 1159
3C161 6.62 4.8 1224 306 24 93.8
NGC7027 5.48 0 - 5.92 0

Once the instrumental polarization has been determined the “real” polarizatir@ameters can be
calculated by solving equation 7.20 f8i, after inserting the matricés andP. The polarization degree
will then be given by equation 7.14 and the polarization angle by 7.12.

7.3 The polarization of the calibrators and the “repeaters”

From the previous discussions it is clear that the instrumental polarizatiettés betermined when the
number of standard sources is larger or more observations of the samarstgource are available.
That is simply because the coverage of the U) space is better resulting a large number of equations
of the form 7.20 that assist the calculation of all the elements of matrix.

The need of having often measurements of standard sources (polariealitorators) immediately
reveals a problem inherit in our project. In sub-section 2.1.4 it was exqudimat the a calibrator is
observed every, roughly, six hours. That implies that the determinatithredhstrumental polarization
is only rarely accurate. That is, only in cases of long observing sessdiaring which the calibrators
have been measured repeatedly. It would be ideal if more sources lmoulded as standards in the
computation of the instrumental polarization. Good candidates for that wiadda those “repeaters”
that show linear polarization.

For both, the main calibrators and the repeaters one can aquire a imp&gsiein polarization state
on the basis of their statistics since they have been observed repeatediyhibut the whole observing
period. It is worth therefore having a closer look at those results. Tiiiglgo be the first result of our
work in this direction to be presented.
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7.3.1 The polarization of the calibrators

To begin with, assuming the polarization characteristics of table 7.1 it wouldt&e=gting to see how
they repeat throughout the long term period of the CBI-Effelsbergmbsions. Figure 7.1 illustrates the
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Figure 7.1 The polarization characteristics of the four main calibrators as a function of time. The covered period is of
the order of three years. On the left-hand side column are the pla of the polarization degree. On the right-hand side
one are the polarization angle ones. The red data points correspdro 4.85-GHz measurements and the blue ones to the
10.45-GHz measurements.

findings for all the four major calibrators observed. The covered spafthe order of 3 years. The red
color represents the measurements at 4.85 GHz and the blue indicates B#&H2 easurements.

The data presented in figure 7.1 provide us with the opportunity to study Havioe of the system
since the polarization satte of these sources is assumed consnat (bsfmcC286). Table 7.2 in-
cludes all the polarization characteristics averaged over all availablgpdaiz (roughly three years of
observations). It can immediately be seen there that the polarization teréstes of those sources are
very stable. Comparing the data in tables 7.1 and 7.2 makes clear that withimdtsetkey are identi-
cal. Besides, from figure 7.1 it is clear that there is no apparent systesffatit. Given the substantial
time of the current work been invested in technical details, it is irresistible tauti®r to mention the
difference in the noisiness of the data between the two receivers. Fuasa fiots it is clear that the
high frequency observations are largely more noisy than the 4.85-Gétz dihat is of course partly at-
tributable to the weather to which the 10.45-GHz measurements is more sei&itveled though that
the channels delivering the Stokes paramefg@nd U are correlation channels supports the idea that
the 4.85-GHz receiver is more stable itself (whcih is the case). That isibetle correlation procedure
results better removal of the atmospheric effects.
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Table 7.2 The measured polarization characteristics of the calibrators avesiged over all available data points.

4.85GHz 10.45GHz
Source <II> o < x> o <II> o < x> o
(%) (%) (deg) (deg) (%) (%) (deg) (deg)
3C286 11.0 0.1 33.0 0.2 11.6 0.2 32.9 0.3
3C48 4.2 0.1 106.5 0.3 6.0 0.3 116.3 0.7
3C161 4.7 0.1 122.6 0.4 2.3 0.1 93.7 1.2
NGC7027 < 0.05 - - - < 0.05

7.3.2 The polarization of the “repeaters”

Here we summarize the results concerning the polarization of the repeltermain benefit of such a
study is the discovery of sources that could possibly serve as newzaian calibrators.

In table 7.3 are gathered the polarization characteristics of a numbereateep that showed signif-
icant polarization. Some of them are too weak to give reliable measuremerit&tGHz. It must be
kept in mind that their majority are steep spectrum sources. In this table@wa she flux densities and
the polarization characteristics (the fractional polarizaficend the polarization anghg), averaged over
all the available data points with statistical errors. In fact, only data pointsmgfhigh signal-to-noise
ratio (SNR) have been used. In particular, for the total power measuatemely points with SNR larger
than 7 have been used whereas for the polarizdtiovalues larger than 5 have been demanded. As one
can see there, within the bound of errors the polarization angles doangelsignificantly between 4.85
and 10.45-GHz measurements. This is very likely due to the fact that thossesdeing selected from
the CBI-Effelsberg are lying at high galactic latitude. Hence, the Farastation is small.

From table 7.3 one can estimate the overall median values for the polarizatjseedadmittedly
though, on the basis of extremely small number statistics. Nevertheless, tl@nmetarization degree
at 4.85 GHz appears to be 4.5 % with a median error 0.6 %. For the high freglieis 6.45 % with a
median error 1.0 %.

7.4 The polarization of the 6000 sources

The study of the polarization parameters of the target sources is ofigtesdst even through the sta-
tistical approach. For example Klein et al. (2003) point out severaldsti&ég topics to be studied. For
instance, the investigation of the possible correlation between the spedkeal amd the polarization
parameters is one of them (e.g. Ricci, Prandoni, Gruppioni, Sault ancbf@ie Z004). Moreover, it is
expected that there is a correlation of the polarization degree and theegedishift (e.g. Mesa et al.,
2002). Further, as it has often been mentioned throughout this wode theta can be utilized for esti-
mating their influence on the CMB characteristics. In this particular case thezation of the CMB
(e.g. Kovac et al., 2002).

However, it must be borne in mind that the currently discussed results m@mmly a by-product of
the whole project. In fact, the currently discussed project was cleasigided on the basis of a urgent
time efficiency. It is therefore clear that the polarization result have stiaelwgher errors compared to
the toatal power ones. Nonetheless, these resukts give some indicattbe fmlarization behavior in
this extended sample.
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Table 7.3 The measured polarization characteristics of those repeaters #t exhibit signifficant degree of linear polar-
ization in either observing frequency. Sources with hyphen in their plarization data do not appear to be polarized at
the corresponding frequency or they are too weak to allow reliable plarization measurements.

4.85GHz 10.45GHz

Source <S> <II> < x> <S> <II> <x>

(mJy) (%) (deg) (mJy) (%) (deg)
0241370647 2154 6.4+0.6 98.6t+4.4 9243 8.7+1.0 94.448.1
02474740131 74t+2 11413 119.81.9 30+2 11.2+5.6 130.5:12.2
0253441-0100 13#3 8.3+0.7 77.9+1.4 5242 10.11.8 70.0+14.2
084709-0047 22+1 14.6t1.3 14.742.0 942 - -
085509-0715  42#2 1.0+0.2 166.%42.4 19744 - -
0855374-0312 2157 1.6+0.3 153.3:3.1 101+4 3.2+1.3 141.4:14.2
1448390018 56%7 3.2+0.1 45.3+1.2 25148 4.240.7 40.8+3.4
145421-0016 34+1 4.54+0.8 93.6+2.7 17+2 - o=
145510-0539 3154 2.44+0.1 86.6+1.3 145+4 3.8+0.9 74.3+10.3
145548-0037 36+2 3.2+04 29.6+4.2 19+2 - -
2050010249 91+t5 6.0+1.8 170.4:1.1 46+2 - -

7.4.1 Median polarization

Using the main calibrators as the standard for the determination of the instrlimpelaazation we
have calculate the linear polarization of the target sources. Then weeskéesmall fraction of sources
(roughly 280 at 4.85 GHz, calibrators are not included) that are cteaized by very large SNR for both
total power and polarized intensity. In particular, SNR larger that 7 has Hemanded for the former
and larger than 5 for the latter. This un-uniformity can be justified by thetlfi@ttthe Stokes parameters
Q@ andU are delivered by correlation channels that are expected to have adipttepheric subtraction.
Hence, the polarized intensity is expected to be more reliable. It must alvealyspt in mind that the
major part of the data analysis has been always kept as automatic as pols#tls why so often very
pessimistic conventions have been done.

Under these assumptions the median fractional polarization at 4.85 GHarappde roughly:

g5 ~ 4.7% (7.21)

with a median error;
O11,4.85 ~ 0.4% (722)

This number is rather high. Klein et al. (2003) for example calculate a vdlud & 0.3 % for the same
frequency that agrees with these values within the errors. This numbacigated for all the sources in
their sample independently of the spectral index. For the steep spectasooithe other hand they find
a median polarization degree of roughl + 0.3 %. In any case our sample is definitely not complete.
Therefore, the comparison is rather rough. Rudnick et al. (1985)trdpat the overall median value for
the frequency range between 1.4-90 GHzi8.5 %, significantly lower than our values. So is the case
of other works by Okudaira et al. (1993); Aller et al. (1999).

At 10.45 GHz a sample of roughly 90 sources characterized by the saRdH#&sholds as before
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has been examined. The median fractional polarization then is:
H10.45 ~ 37% (723)

with a median error:
011,10.45 ~ 04% (724)

This value is definitely contradicting that in equation 7.21. Generally, it is a@egethat the higher
the frequency the higher the fractional polarization. That follows easiy fthe fact that the Faraday
rotation is a decreasing function of frequency. Nevertheless the lattex i&in good agreement with
the work by the authors mentioned earlier that are mostly based on completesamp

7.4.2 Polarization as a function of spectral index

On the basis of the argument that the steep spectrum sources arellgdessacompact than the the
flat spectrum ones, it is in turn expected that the steep spectrum souste&xhibit a larger fractional
polarization than those of flat spectrum (Ricci, Prandoni, Gruppionilt @ad De Zotti, 2004). It is

worth investigating whether this is indeed the case.
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Figure 7.2 The fractional polarization at 4.85 GHz as a function of spectral irdex. In red is the spectral index between
1.4 (NVSS) and 4.85 GHzd1:5°). In blue is shown the spectral index between 4.85 and 10.45 GHamain violet is shown
the spectral index from 1.4 to 10.45 GHz as calculated by the LeaSquare Fit method.

In figure 7.2 is plotted the fractional polarization at 4.85 GHz as a functidheo§pectral index. In
fact, in that plot all three spectral indices have been used, namiéR; 1% andai%*®. Contrary to
what Ricci, Prandoni, Gruppioni, Sault and De Zotti (2004) find comiogrthe polarization degree at
18.5 GHz and the spectral inde%®-> we detect no clear correlation. Again, this may be due to biases in

our sample.

7.4.3 Polarization as a function of redshift

Ricci, Prandoni, Gruppioni, Sault and De Zotti (2004) suggested that¢ tkea correlation between
the polarization degree and the redshift. They argue that an increasefiattional polarization with
frequency as expected in the case of a Faraday screen at the saarbe translated into a positive
correlation ofIl with redshift. That follows naturally considering that the apparent rotatieasure
RMgpsof a source with intrinsic rotation measuReV/iny,is:

RMops= RMiny - (1 + 2) 2 (7.25)

Now, assuming the existence of a Faraday screen at the source, dreeabfactional polarization is
inversely proportional to the rotation measure. For a source with olib@&Vé&,,s the inferredlIqps will
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Figure 7.3 The fractional linear polarization at 4.85 GHz as a function of for a very small number of sources &80).

be scaling with redshift as:
Mops o< (1 + 2)™2 (7.26)

In figure 7.3 is plotted this relation for a small number of sources for whictetisea redshift available.
Interestingly, it seems that there is indeed such a behavior. This is atjledisatively in agreement with
the idea of Ricci, Prandoni, Gruppioni, Sault and De Zotti (2004).

They state that they have not found a significant correlation. It is natewthough that Mesa et al.
(2002) suggested that a null correlation imply a relation between the intrinkacization degree and
radio luminosity.

Nevertheless, it is beyond any doubt how interesting this whole issue s for, it is clear that the
investigation of linear polarization properties of the sample of our targetesis not very reliable due
to the lack of polarization-focused design.
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A. Theoretical material

A.1 Radiative transfer in the terrestial atmosphere

Assume a source of specific intensity(0) observed through the atmosphere which both emits and
absorbs radiation (for a full description see e.g. Kraus (1986) sae=fiy.1). A volume element of
lengthdr will absorb part of the incident intensity that depends on its absorptidifideat «,. It also
contributes some intensity depending on its emission coeffiejerithe total change id,, dI,,, due to

the presence of the volume elemént will be given by:

dl,
d[y:_ﬁy'[y'dr‘i_ey'dr:di:_KV'II/—FEV (Al)
r

where [,: specific intensity at the position of the volume elemént
ky. absorption coefficient
€,. emission coefficient

The absorption coefficient can be expressed in terms of optical dep# sin
L
T, = / kydr' = d1, = Ky dr (A.2)
0

Because of equation A.2 and teeurce functiomefinition.J,, = ¢, /k,, equation A.1 can be written:

I,

dr,

Jl/ - II/ (A3)

This is theequation of transfewhich happens to be differential equation of Leibnitz's form. For the
initial condition,, = I,,(0) the solution will be:

I =1,0)-¢™+e ™. / Cen . J(r) - dr (A.4)
0

where 1,(0): The intrinsic specific intensity of the source

In case the source functioh is independent of the optical depth @&//07, = 0), the last equation
can be written as:
L =1,0)-e™+J-(1-e™) (A.5)

Having calculated the intensity then one can work out the flux density, by:

S://L,(G,gi)) dQ (A.6)
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Emitting and absorbing medium

observer /4 ) 0 B,
: e P ——

Figure A.1: Radiative transfer in earth’s atmosphere. The question is: whatwould be the brightness of a source of
intrinsic brightness B, after its radiation has traveled through a medium that both emits ard absorbs radiation. Each
volume elementdr of height dr absorbs a part — B K p dr of the radiation and adds a part ﬁ p dr where B is the
brightness at the position of the volumedr.



B. Technical material

Here are gathered some pieces of information that may possess somepiratetiest relative to the rest
of the text. It is attempted to be kept as short as possible.

B.1 Receivers
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Figure B.1: The block diagram of the 4.85 GHz receiver. Itis mounted in the seandary focus of the 100-meter telescope
at Effelsberg.

In figures B.1 and B.2 respectively can are shown the block diagram®ef.8b and 10.45-GHz
multi-beam receivers used at Effelsberg.

B.2 The cal problem

Here we attempt to track the reason that causes the instabilities of the noisesijodl. As it has
already being discussed the noise diode appears to be unstable in shadtdlesand long ones. Here
a somewhat more detailed discussion on the matter is done.

Intra-scan peculiarities. The problem and its solution.

The intra-scan stability of the noise diode signal is especially important whefiug density levels are
attempted. Asiitis illustrated in figure B.3, the diode signal can vary significanthin several fashions.
The most often case is analytically shown in figure B.4. There, the case Wieecalibration signal
shows a sudden short-lasting increase in its power is presented. Jgtatws observations show that
the power “step” is drifting within the scan. These example are alreadygértoishow that according to
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Figure B.2: The block diagram of the 10.45 GHz receiver. It is mounted in the seondary focus of the 100-meter
telescope at Effelsberg.
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Figure B.3. Some of the most often appearing irregularities in of the noise dioddgnal. Here three scans are presented.
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each right-hand side column to the calibrations signal al).
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the phase in the scan that the “step” appears it may either hide a detectiom tfwehstep appears in on
sub-scan) or fake a detection (when its appears in the off sub-ddair)is expected from the calibration
method as reviewed in sub-section 2.1.1 where the it is described as disant@mparison between
two signals. Apparently, this can prove severe especially when weagkesoare measured (a few mJy).
In figure B.5 it is presented an example of highly distorted data due to wndmauy calibration. There,
the data calibrated according to the “traditional” way (point-by-point) as agethe non-calibrated ones
are presented. It is obvious that from the calibrated data the detectionagt@in whereas it becomes
unambiguously clear from the the raw data (non-calibrated).

All these features are independent of the observing frequency agpdith basically harmless when
very strong sources are measured (a few hundred mJy). Given #ighificant portion of currently
reported sample consists of weak sources, these issue become ofdintstarportance.

The way we have adopted to overcome the problem is to use one calibratiah 38y scan instead
of calibrating the data in a point-by-point basis. That is, for each scaawbege of theal signal
({(cal)) is measured in counts and then substituted in equation 2.4. Admittedly this intodtieer
uncertainties since only average values are used. Neverthelesaepgpeshows that this way a high
level of stability is achieved as figure B.5 clearly indicates. Two importanimaggons implicit here are
(a) that the receiver is stable for the duration of the sub-scan andaflijpthdiode signal does not change
significantly from sub-scan to the next within the duration of a scan. Bathragtions are basically
valid.

Inter-scan peculiarities.

Having successfully dealt with the intra-scan irregularities is only half wagsolving the calibration
signal problems. Further issues arise from the long term, inter-scaati@arof < cal >. In figure

B.6 are gathered some plots illustrating hewcal > changes over the observing session. There, for
each session both the data for the 4.85 and th 10.45 GHz receiver seatge: Generally, the observed
variation are confined to less than 2 %. This is very satisfactory alreaalye¥er, in exceptional cases
there have been detected variations that reach several percemeécdnl0%). In such cases further
action should be taken. For instance, during an Intra Day Variability @xpet usually a group of
sources are repeatedly measured for detection of change in their figitydef a few percent. Hence,

in deciding whether any detected variation is real one must rule out theotasevariations. For that
particular case the instability problem could be resolved in two steps:

1. Calculate the< cal > for every scan
2. Remove the trend described hycal > as function of time

Excluding any other factor, any remaining variability must then be attributedytihisag but the system.
For the current project no further processing of the data has bedadtaut. The calibration signal
is monitored and restricted to 2-3% in terms of RMS. Cases of larger RMStgged as “bad” and
repeated.

A clear dependence on the ambient temperature is indicated in the plots & Bdhwvia the de-
pendence on the UT. At the moment of the current manuscript prepaitisostill unclear what is this
behavior originating from. Refers to the next paragraph for a brietidson on this matter.

It is noteworthy that each channel's behavior is independent of thitteobthers as is shown from
the cal behavior. As shown in B.6 it is often that thel signal behaves totally differently in different
channels due to the fact that each channel is routed through indepesydeems. For example, in the
bottom right plot of that figure all four channels decrease smoothly witteasing UT time but with
slopes. That is indicative of different sensitivity to temperature of dfiechannels. Those facts, make
even more urgent the need for calibrating each channel independently.
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Figure B.4: The most common case of problematic calibration signal. Here 12 coesutive observations at 10.45 GHz
are plotted. The scan number is printed on the top left corner of eah frame. The left column and from bottom to top is
the astronomical signal before calibration (in counts) for channés A, B, E and F, respectively. The column on the right
hand side shows the corresponding calibration signal also in countsif each channel.
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Figure B.5. An extreme example of data distortion due to unstable calibration sigal compared with non-calibrated
data. In the upper frame the data are calibrated within the Effelsberg software according to the traditional routine of
point-by-point calibration. In the lower frame they are not calibrat ed.



118

B. Technical material

— B S ¢ a0 T
™~ - ch-B/1450 ch-B/11000
1 N, 19 as e SEHZ
A Y e o e H
50 pre NG 2
12 105 ke . ~a
1 R N TS
ol
11 2 . x
- - coem H 25 a; —
. - * H 7 matn gl
IR SO, - H W e
H P -~ H
TN [ 'k
N BN - £ i
2 oss iy z H \
-y +
- . x
I ~ xx Y e
oss w
- %
08 C 085
o S0000 00000 50000 200000 250000 o 50000 100000 50000 200000 Z0000
112 12
oot x ) chaitioon
. e g i
e CRAI0 +
e TN A # [
. Thudo s £ Tl
1o g # e M om, g = SRS s W 0
. \\“_ uy # 4/ "
ow - *
106 "S- - k] -
aX . ERe 4
104 H #
i o #
3 102 2 105
3 3
2R = o - g
£ - N - ., - E
z x - ox £
S oo W - e - P hef= L
o ey, P me? w SR "‘35
e 172 wa@F 2
—— - [4Y o055 TN
€ D3 T - L
094 ® seee rd
os2 09
o s0000 00000 150000 200000 25000 o 50000 To0000 50000 200000 ZH0000
ur
106 105
PR Rk T N
o i il
108 ,’ e 5 Fea—w, ot ]
s ] iz o
71 1
102 ~ r
Eoap ey A g
2 N 4 g os
£l *° %N £
* ~ H -
3 . b E =P
g 0% * o - H
H ™ . - g oo L.
H . T T H o~
§ om - N » £
H X g H
~
092 h T 085
os i T
ose 08
000 w0000 60000 100000 10000 140000 160000 100000 200000 o S0000 100000 50000 200000 20000
ur
1008 — 10 pr—
YT a0 -
Ehaitioon
) cRAI00 +
e
1 - fLineso
0995 - S,
.
ol b 2 =
g . 2 ot P -
) @
sl A F
: AV I oopmmme - -
3 3
S om H
A
g 0975 E 05 et ¥ B ra o -
0s7
x 08
0% "&, av- fom 0 w0 o e
“#
09 ors
So000 40000 60000 50000 100000 120000 140000 160000 180000 200000 o S0000 100000 50000 200000 Z50000
ur
11 11
S T
e - ewm et
ChAES00  x ——— SN AR+
FAC T 105 22 ‘%@%ﬂ.:
- L D ame * =~ 7
S R 2 Raaiiand Fxex? <
i
3 oss
1 5 -y
H [ e i
g b = £
2 o = ¢
g D eRESRIIENg 7
%o H - . ’
i P - T omCRRE TN e, #
H N - 5 ~ - I ¥
H A ‘m , 2 S \\“’ ,’,’
Y Ty ™o oy 08 .l ;23”"
09 N ey T ey Twa W
] - e g
~ s eEEE= AT
-~ Wy, ‘,!ﬂ
- ™~ -
085 - 07 ] o
o000 o 50000 100000 50000 200000 20000

90000 100000 110000 120000 130000 140000 150000 160000 170000 180000
ur

Figure B.6. Examples inter-scan variations of the calibrations signal for both he 4.85 and 10.45 GHz receiver. Here
the normalized cal signal for each channel is plotted as a function of UT. Also the normlized ambient temperature is
shown in black. The temperature dependence is already apparent.
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What causes the instability in  cal

In an attempt to inquire the origin of the inter-scan variations discusset@pgdy, it is reasonable to
examine three possibilities. (a) changes occurring in the output of the diode itself, (b) instabilities
in the gain of the receivers or (c) a combination of the two.

In order to get some insight in the reason for this behavior one couldtigagsa signal free of the
gain influence. Lets assume the sigral = a3 where only phase 3 is kept. This will be:

sig=a3s=g9g-P+g-D (B.1)

where P: the power from the sky
D: the power from the diode
g. the gain factor of the receiver

Assume a calibration signal for that as:
cal=ay=g-P (B.2)

Then, the calibration procedure will result a calibrated signal SIG, as:

Sﬂ?:lmm-”gzlmm-mgzlmm-gjg+gjjzlmm-<u+D> (B.3)
cal as g-P P

The factor 1000 is used only for scaling reasons. Plotting then only thecaurts that are of source will
clearly be free of gain influence. As it is shown in figure B.7 (red symhbkspeak-to-peak variation is
less than 1 percent. The second signal that has been studiéd/isrom equation B.3 but calibrated as
described in subsection 2.1.1 by the signal:

CAL =—as—as+ag+ay4=9g2D (B.4)
So, the second signal after applying the calibration formula 2.4 , is:

SIG 1000 (1 + B)

Q:TcalizTcal 4gD

CAL (B.5)

which obviously is not free of anymore.
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Figure B.7. Distinguishing between a change in the diode output and the change the receiver gain. In red is shown
the signal SIG of equation B.3 and in blue the signal as described in equation B.5. These plots speaks in favor of a
gain change rather than diode instability.
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