
NGC1052A study of the parse{sale twin jet

Diplomarbeit im Fah Physik angefertigt imMax-Plank-Institut f�ur Radioastronomie in Bonnvorgelegt vonMatthias Kadler
Betreuer: Dr. E.Ros IbarraReferent: PD Dr. H. FalkeKoreferent: Prof. Dr.U.Klein

vorgelegt derMathematish-Naturwissenshaftlihe Fakult�at derRheinishen Friedrih-Wilhelms-Universit�at BonnJuni 2002



2



PrefaeIn this diploma thesis the ative nuleus of the elliptial galaxy NGC1052 is studied withthe tehnique of Very Long Baseline Interferometry (VLBI). The radio ore of NGC1052is unusually bright and ompat. Together with the proximity of the soure of onlyabout 20Mp this makes NGC1052 a premier objet for VLBI studies, aiming at theultimate goal to reveal the nature of the physial proesses at work in suh ative galatinulei (AGN). The soure o�ers a variety of interesting peuliarities over the whole rangeof observable frequenies that have been studied in great detail over the last deades.However, many questions have remained unanswered heretofore and this diploma thesis ismy attempt to answer at least some of them.The standard model for AGN onsists of only a small number of basi ingredients. Asupermassive blak hole at the very enter of the galaxy is surrounded by an aretiondisk, whih feeds the blak hole. In this proess enormous amounts of energy are released,making this type of objets bright enough to outshine the starlight from their whole hostgalaxy by orders of magnitude. A twin jet emanates from the nuleus and transports asynhrotron radiation emitting plasma along two hannels bak to bak out of the blakhole0s reah. Finally, a dusty moleular torus, forms the outer extension of the aretiondisk. Depending on the geometry of the system a substantial fration of the reeding jetmight be overed by this obsuring torus. Evidene for suh an \obsuring geometry" anome from the detetion of free-free absorbing regions towards the (reeding) ounter-jet.The spetral signature of free-free absorption is a steep derease towards low frequenies,a strongly inverted spetrum.NGC1052 is one of the most promising andidates for detailed studies of the obsuringtorus and therefore for the exploration of the very viinity of a supermassive blak hole. Inthis thesis the radio ore of NGC1052 is investigated by the analysis of VLBI data at fourfrequenies and in full polarization mode. Free-free absorption is deteted towards both ofthe two nulear jets, on the eastern side spatially oiniding with a region of linearly polar-ized emission at 5GHz. The detailed analysis of the available data onstrains the physialparameters of the torus. Complementarily to the VLBI studies of the ompat radio ore,the X-ray struture of NGC1052 is revealed by the analysis of arhival CHANDRA data.Analyzing the X-ray spetrum of the (spatially unresolved) ore{region substantiates theneessity of a entral absorber in order to explain the data. In addition to this, imagingthe extended emission results in the �rst detetion of the X-ray jet of NGC1052.I will start with an introdution to AGN, their standard model and the uni�ed shemeof AGN in Chapter 1. In Chapter 2 the theoretial bakground neessary for the under-standing of the later hapters is presented. In Chapter 3 the VLBA, the telesope arrayused for the VLBI observations of NGC1052, is introdued and the observations and theVLBI data redution are presented. The results derived from these observations are pre-i



ii CHAPTER 0. PREFACEsented and disussed in Chapter 4. Chapter 5 summarizes the various results derivedin Chapter 4 and tries to �t them into a omplete piture of the twin jet of NGC1052.Separated from the main goal of this thesis the CHANDRA and supplementary MERLINobservations and their data redution are presented in the appendies.
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Cover: Assembly of two opperplate prints by Bayer (1603) and Hevelius (1690). This page: The optial strutureof NGC1052 (taken with the Kek telesope by Forbes et al. 2001).
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Chapter 1Introdution1.1 The radio skyThe heavens have always fasinated mankind and inspired poets and artists for ages.Myths have been formed whih linked human fate to the stars, and early ultures foundtheir gods manifested in the pitures painted in the sky by the onstellations of stars.However, anything that has been disovered during the age of the early astronomy turnedout to be just one piee of a muh bigger puzzle when sientists began to explore thesky at wavelengths invisible to the human eye. At the beginning of the 20th enturyit was already reognized that visible light was just one speial form of eletromagnetiradiation whih turns into radio radiation if the waves beome longer and into X-rays if thewaves beome shorter. However, nobody looked for any kind of eletromagneti radiationfrom spae besides the light from the Sun and the stars. We �rst had to invent arti�ialradio transmitters before we reognized that the whole sky was already totally populatedby them. It was Karl Jansky who found in 1931 that a detetable radio signal in hismeasurements was extraterrestrial in origin. Later it turned out that the extraterrestrialsoure of radio radiation whih Jansky deteted was the enter of our own star system,the Milky Way, today alled SgrA.Today we know what the sky looks like aross the spetrum, from the X-ray regime,passing the optial and the infrared to the radio wavelengths. Eah wavelength regime thatbeame usable to astronomy after the development of new observing tehniques showednew mysteries making the overall piture of the universe we live in even more fasinatingthan it had been to the naked eye alone before. Figure 1.1 shows the radio sky at 408MHz(73 m) in Galati oordinates (the Galati Center in the middle). This map of the wholesky is the produt of about 15 years of observations between 1967 and 1982 with two radiotelesopes in the Northern Hemisphere, loated at E�elsberg (Germany) and Jodrell Bank(England), and the Parkes telesope in Australia. It shows the distribution of the galatisynhrotron radiation (see hapter 2.1) aross the sky, whih is responsible for nearly allof the extended and smooth radiation in the map. In ontrast to the optial, where theentral region of the Milky Way is ompletely hidden behind dark louds, it is learlyvisible as the region of the strongest synhrotron emission in the radio regime.Only a few disrete soures are strong enough to be learly seen distint from theextended emission, in ontrast to the optial view of the Milky Way being dominated bymany stars (disrete soures) and underlaid with some extended emission. Only one of1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: The radio sky at 408MHz (73 m). The map was produed from the ombined data of threeradio telesopes, E�elsberg, Jodrell Bank and Parkes taken between 1967 and 1982. The positions offour famous radio soures are indiated: Two radio galaxies, CygnusA and Centaurus A, a supernovaremnant, CassiopeiaA and the enter of the Milky Way, SgrA. The images of CenA and CasA are takenfrom the NRAO image gallery (www.nrao.edu.imagegallery). The CygA map is shown by ourtesy ofC.Carilli and the SgrA image is from Yusef-Zadeh et al. (2000). The 408MHz all sky map was generatedby G.Haslam (MPIfR).these soures (CenA) shows struture, all other soures are unresolved, i.e., they appearpoint{like to a telesope of 70m1 in diameter operating at 408MHz. The resolution of aradio telesope is given by: �� = 1:22� �D (1.1)where � is the wavelength, D is the diameter of the telesope and �� is the smallestangular distane whih still an be resolved. Thus, in order to �nd out more about thestruture of these soures one had to go to lower wavelengths and/or larger instruments.Although it is tehnially not possible to build single fully steerable telesopes muh biggerthan 100m, the use of interferometri tehniques (see hapter 3) allows one to observe withinstruments of an e�etive size of hundreds or even thousands of kilometers. Four of themost prominent disrete soures are shown with higher resolution in Figure 1.1 as theyare seen by the Very Large Array (VLA), a onneted telesope array of 27 antennas,loated in New Mexio, US. Bottom right is a map of the �rst known extra{solar radiosoure, SgrA, whih is loated at the enter of our own galaxy. Bottom left is a map ofthe strongest disrete radio soure visible in the sky, CasA, a supernova remnant of a starwhih exploded around 1680. Top left and top right are VLA maps of two radio galaxies,CygA and CenA. Both seem to have a ore from whih matter is transported along twohannels outwards. In usual terminology suh a morphology is alled a jet. These soures,besides many others, ould be identi�ed in the optial regime with galaxies, indiatingthat there is a proess at work whih produes very high energies that makes these objetsvery bright even at these large distanes. Radio galaxies are a sublass of the so alled1The data of E�elsberg (100m), Jodrell Bank (76m) and Parkes (70m) had to be ombined salingdown the resolution of the two bigger telesopes to 0.Æ85.



1.2. ACTIVE GALAXIES AND THE STANDARD MODEL OF AGN 3ative galaxies. Besides the radio galaxies the most important members of this lass ofobjets are the quasars, blazars and Seyfert galaxies. They all show very high{energetiproesses, whih are on�ned to a small region at their enter. Sometimes the nulei ofthese galaxies are a hundred times brighter than their entire starlight. The next setionwill deal with this \zoo" of ative galaxies, introduing the di�erent types of ativity andputting them together into a uni�ed sheme.1.2 Ative galaxies and the standard model of AGNThe term ative galati nuleus (AGN) desribes a big variety of galati nulei, whihare unusual ompared to lassial galaxies in di�erent respets. A ommon de�nition is:Ative galati nulei are nulei of galaxies whih show energeti phenomenathat annot be learly and diretly attributed to stars.AGN are peuliar in luminosity, size, spetrosopi properties, variability and morphology.Sometimes an objet shows signs of ativity only in one respet but generally the phe-nomenology is more omplex. Depending on their properties and the observing tehniquesused, AGNs were divided in di�erent lasses. Often this lassi�ation is not unique andthere are di�erent labels whih an be given to a speial objet. However, there are a fewthings nearly all AGN have in ommon. First, they have a very broad spetral energydistribution (SED) and are thus among the brightest objets in all wavebands. Seond,most AGN are strongly variable at all wavelengths and third, they are usually brightX{ray soures. In setion 1.2.1 the most ommon lasses of AGN and their similaritiesand di�erenes shall be introdued. Setion 1.2.2 will present the standard model for theunderlying physis of AGN and in setion 1.2.3 a uni�ed sheme will try to explain thevariety of ative galati nulei with a small number of basi parameters whih vary be-tween the di�erent lasses, namely their luminosity, age, viewing angle and the so alledradio loudness.1.2.1 The zoo of ative galaxiesQuasars and QSOs are both arti�ial words. The �rst means quasi stellar radio soure,the latter Quasi Stellar Objet. The di�erene between both terms is mainly historiallyin nature and is due to the fat that quasars are strong in the radio regime whereas QSOsare not. Nevertheless both names are used somewhat exhangeable as long as the ontextdoes not imply a speial radio ux. Both lasses appear star-like on optial photographs,have very high intrinsi brightnesses, and are usually found at very large distanes2. Forexample, the brightest quasar 3C 273 is at a distane of �700Mp and has an optialmagnitude of B=13mag. This orresponds to an intrinsi brightness about a hundredtimes larger than that of the Galaxy. QSOs show very rih emission spetra with unusu-ally broad lines (up to 10,000 km s�1). These high line widths indiate that the emissionomes from regions with a very high veloity dispersion, typial for a dense medium in adeep potential well.2Bright objets are usually very rare. The tendeny of quasars to be very far away is thus simply aseletion e�et due to the fat that rare objets are found predominantly at great distanes.



4 CHAPTER 1. INTRODUCTIONSeyfert galaxies are less luminous than quasars and usually the host galaxy (in mostases a spiral) an be deteted. Nevertheless, the ore region of the galaxy is unusuallybright. Seyfert galaxies are divided in two sublasses. Seyfert 1 galaxies have two sets ofemission lines, one with narrow lines with full width at half maximum (FWHM) orre-sponding to several hundreds of km s�1 and additionally very broad lines with widths up tothousands of km s�1. No broad forbidden lines are present. In ontrast, Seyfert 2 galaxiesonly show narrow lines. The ommon interpretation is that the the broad lines originatein a gas of very high density (ne=109 m�3 or higher) very lose to a massive, ompatobjet (see 1.2.2) while the narrow lines originate in a low density gas (ne=103{106 m�3)farther out. This is in agreement with the predition that forbidden lines originate onlyin regions with small densities. Very important for uni�ation models (see 1.2.3) was thedetetion of \hidden" broad line systems in many Seyfert 2 galaxies in polarized light.This is usually explained in terms of an obsuration e�et in that the broad line region ishidden behind a entral absorber but stays visible in sattered (and thus polarized) light.The transition from Seyferts to quasars is somewhat arbitrary. The strongest Seyfert 2galaxies for example are brighter than the weakest quasars. This is simply due to thefat that an AGN whih shows broad emission lines and appears star like will probablybe lassi�ed as a quasar whereas it would have been lassi�ed as a Seyfert 1 galaxy if ina slightly deeper observation its weak starlight from the surrounding galaxy would hadbeen deteted.LINERs in general are low luminosity AGN (LLAGN) with an optial spetrum simi-lar to Seyfert 2 galaxies, exept that the low{ionization lines are relatively strong. LINERis an aronym for Low{Ionization Nulear Emission{line Region galaxies. Figure 1.2shows the optial spetrum of the main target of this work, NGC1052, whih is oftenalled the prototypial LINER, and the Seyfert 2 galaxy NGC1667. LINERs are veryommon. They are found in nearly one third of all bright nearby galaxies (Ho et al. 1995).It is not lear if the whole lass of LINERs an be seen as the low luminosity extension ofthe AGN phenomenon. Alternatively, some of the observed LINER spetra may atuallybe produed as the result of intense star formation3. Similarly to the Seyfert galaxies,about 15% of all LINERS show broad omponents of the H� line. They an thus also bedivided in the sublasses of LINER 1 and LINER 2 nulei as those soures in whih broadH� lines are deteted or undeteted, respetively. Whether LINER 2 nulei in generalontain weak broad line systems or not is less lear than for their more luminous ounter-parts in the Seyfert lass. At least in the ase of NGC1052 the broad wings of the H� linehave been shown to be polarized. Therefore, it seems that at least a subset of the LINERlass resembles the Seyfert lass in this respet.Radio galaxies are galaxies whih emit at radio frequenies. This trivial statement isprobably the only de�nition whih an be given in agreement with the various understand-ing that di�erent people have about this term. Radio galaxies are often de�ned as galaxieswhih show radio struture on kp{sale rather than ompat soures, whih in turn wouldbe lassi�ed as quasars. On the other hand, the detetion of an optial galaxy is often3In the ase of NGC1052, however, many independent indiators as the radio jets, the X-ray ux andthe detetion of broad wings of the H� line, underline its AGN nature. Additionally, its optial spetruman well be explained in terms of a simple photoionization model, like in Seyfert galaxies (Gabel et al.2000).
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Figure 1.2: The optial spetra of the Seyfert 2 galaxy NGC1667 and the LINER NGC1052. Importantdi�erenes are: The [Oiii℄/H� ux ratio is smaller in LINERs than in Seyfert 2 galaxies, and low{ionization lines ([Nii℄, [Sii℄, [Oii℄ and [Oi℄) are relatively strong in LINER spetra. Plots taken fromPeterson (1997), by ourtesy of A.P. Filippenko.taken as the riterion that turns a quasar into a radio galaxy. Depending on the preseneor absene of a broad line system in the optial spetrum, radio galaxies are divided inbroad line radio galaxies (BLRG) and narrow line radio galaxies (NLRG). In any ase,radio galaxies represent only a small subset of the AGN lass sine only about 10{15% ofall AGN are strong in the radio regime. These are also alled radio-loud AGN, in ontrastto radio-quiet AGN. A morphologial lassi�ation is given in setion 1.3.2 together witha presentation of the variety of radio soures on parse{ and kiloparse{sales.Blazars are radio soures ontaining a relativisti jet whih is direted nearly towardsthe line of sight to the observer. The beamed jet emission (see setion 2.3.1) forms afeatureless ontinuum from the radio regime up to (oasionally hard) X-rays. They anbe divided into two sublasses, namely, the BLLa objets and the ore dominated quasars.Emission and absorption lines in BLLa objets are very weak, if not ompletely absent.The ones with deteted emission lines tend to be at small redshifts. Core dominatedquasars often show prominent emission lines whih suggest on average higher redshifts.Both show very rapid variability in the optial regime with time sales often smaller thanone day.1.2.2 Basi ingredients of an AGNIn this setion the main omponents of the standard model for AGN is introdued and theobservational evidene for the orresponding omponent will be disussed briey. Figure1.3 shows a shemati image of an AGN in the standard model and the relative on�gu-ration of its general omponents.



6 CHAPTER 1. INTRODUCTIONThe entral engine { Blak hole and aretion disk: Sine the detetion ofAGN, the most fundamental task was to understand what physial mehanism is apableof releasing the enormous energies observed on sales, omparable to the size of the solarsystem. The only possibility is the aretion of matter onto a very ompat objet. In thisproess, the potential energy is onverted into kineti energy, whih in turn an be releasedbefore the matter reahes the entral objet. The high observed luminosity (typially 1044{1048 erg s�1 in luminous quasars) and the small sales derived, for example, from the upperlimit on the size of unresolved radio ores of <1 p provides a simple lower limit on themass of the areting objet, the Eddington mass. The enormous radiation pressure in thesurrounding of the entral objet requires at least this mass to seure that material in thearetion ow an still be gravitationally bound to the enter of the galaxy. For a givenluminosity of L = 1046 erg s�1 it an be estimated that at least a mass ofME = 0:8�108M�is needed to sustain the aretion ow. Suh a large value implies that the areting objetould be a blak hole.There is inreasing evidene for the presenes of blak holes in the enters of ativegalaxies and also in many, if not all, \normal" galaxies. The two major proofs are themeasurement of radial and proper motion of stars around the enter of our own galaxyat the SgrA region (Ekart & Genzel 1996) and the detetion of a set of moving maserspots in a Keplerian disk in NGC4258 (Miyoshi et al. 1995). In both ases the derivedmass density of the entral soure argues strongly towards the presene of a blak hole of2:6 � 106M� in the ase of our milky way and 3:6 � 107M� in NGC4258.The aretion ow onto the blak hole forms an aretion disk. In this disk, angularmomentum is transported outwards by means of visous frition, and matter is transportedinwards. The big amount of released energy is due to the visous frition, whih ools theow. Alternatively, a large fration of the gained energy may not be radiated away butbe transported with the ow inside the event horizon of the blak hole. Obviously, thelatter possibility annot lead to as luminous objets as the former one. For this reason thelatter solutions, whih are alled ADAFs (advetion dominated aretion ows) are mainlyappliable to low luminosity soures (LINERs, X-ray binaries,...). They have however, bigproblems in explaining the broadband SED of several objets, espeially at spetrumradio soures, without the inlusion of jets.In many luminous AGN the optial spetrum exhibits a broad feature, alled the bigblue bump. This bump an in many ases be well explained by the blakbody radiationof an aretion disk. The absene of this bump in several at spetrum low luminosityAGN argues towards a ombination of a jet model (responsible for the radio emission andprobably also the X-ray emission) and an ADAF. This is a very disputed topi and judgingthe debate is not within the sope of this thesis.The irumnulear medium { BLR, NLR and obsuring torus: The regionaround the putative aretion disk is �lled by gas and dust. Three main omponents seemto desribe this AGN surrounding: the broad line region (BLR), the narrow line region(NLR), and a moleular (dusty) torus. Sine the emission lines are most likely Dopplerbroadened, the BLR is expeted to be very lose to the blak hole, exhibiting a big veloitydispersion within the set of di�erent emitting gas omponents. The NLR is the extensionof the BLR at larger distanes. In both ases, the volume-�lling-fator is � 1, implyinga very �lamentary struture of both the BLR and the NLR. Although the BLR is very
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Figure 1.3: Sketh of the standard model, taken from the HEASARC website(http://guinan.gsf.nasa.gov).ompat (smaller than a few tens of lightdays) and presently not resolvable with optialfailities, the NLRs of some AGN have been imaged suessfully with the Hubble spaetelesope (e.g. Falke et al. 1998). The morphology of the NLR is generally well desribedby a double{one emanating from the ore of the galaxy.A small bump in the infrared regime, visible in many AGN spetra, �nally suggests thepresene of a warm, dusty omponent. In the uni�ed sheme this dust is usually thoughtto be ordered in a torus{like struture, possibly being the outer extension part of the a-retion disk. Depending on the viewing angle this torus an obsure the BLR, leaving onlythe emission from the more extended NLR left to observe. Reently, VLBI observationsfound evidene of suh an obsuring absorber, whih will be disussed in muh more detailin later hapters of this work.Jets, Hot spots and Lobes: Finally, every AGN is thought to harbor a more or lessprominent twin jet, whih is emanating perpendiular to the aretion disk. Eah of thetwo jets penetrates the BLR and the NLR, travels on a linear path and �nally terminates ina hot spot, the region of interation between the jet and some kind of surrounding medium.The observed radio lobes represent either a bakow of jet material or the residue of thejet from an earlier epoh. Sine these jet omponents of AGN are the topi of setion 1.3and 2.4, they shall only be listed here.



8 CHAPTER 1. INTRODUCTION1.2.3 The uni�ed shemeWith the basi ingredients of the standard model for AGN at hand { namely the super-massive blak hole, the aretion disk, the broad and narrow line region, the jet and theobsuring torus { a uni�ed sheme for the di�erent types of AGN an be developed. Thephenomenon of a pair of similar types whih di�er only in the presene or absene ofa broad emission line system (Seyfert I/II, LINER I/II, BLRG/NLRG) an be explainedwith intrinsially only one type eah, with the BLR visible or hidden behind the obsuringtorus. A viewing angle roughly parallel to the symmetry axis of the torus will make asoure appear as a type I objet, a line of sight nearly perpendiular to this axis will makethe objet appear as a type II soure. Additionally, this priniple an be applied to quasarsand radio galaxies. The di�erene between those is mainly that radio galaxies neither havea BLR nor an UV{bump and the radio ores of quasars are muh stronger than in radiogalaxies. Applying the same uni�ation priniple as above, the BLR and the aretiondisk of radio galaxies are hidden behind the torus. In addition, the jet, oriented towardsthe observer in quasars and perpendiular to the symmetry axis of the torus, beomesDoppler-boosted (see setion 2.3.1). In the ase of radio galaxies and quasars, as well asfor the Seyfert I/II and LINER I/II lasses, this simple inlination model reprodues satis-fatorily the relative numbers of the orresponding objets. The blazars �t in this shemeas the soures with the jet nearly diretly pointing towards the observer. This explainsthe featureless ontinuum, sine the boosted jet radiation outshines every line feature inthe spetrum, as well as the fat that blazars are relatively rare. The small CSS and GPSsoures (Compat Steep Spetrum and Giga-Hertz Peaked Spetrum soures; see setion1.3.2) an be seen as the young radio galaxies and quasars. The remaining di�erenesan be explained in terms of di�erent power and the presene or absene of strong radioemission, the radio loudness.1.3 A small gallery of radio and X-ray jetsIn the previous setion we got to know the engines of AGN ativity. Now we want to havea look at their \reatures".Jets are a very ommon and well studied phenomenon. They our on very di�erentsales and in various shapes, not only in AGN but also in many Galati soures where amatter-areting ompat objet is involved. This inludes young stellar objets (YSOs)as well as nulei of planetary nebulae, white dwarfs, neutron stars and galati blak holes.A review of galati jets an be found in Mirabel & Rodr�iguez (1999). In this setion wewill fous on the radio and X-ray emission from extragalati jets.1.3.1 Kiloparse{sale radio and X-ray jetsRadio jets on kp{sale: An extended radio soure is typially dominated by theemission from two distint regions, the radio lobes, whih are fed by two jets, emanatingfrom the galati nuleus. CygA (see Figure 1.5) is the standard example for this type ofradio soures. The radio lobes extend typially some arminutes on the sky (orrespondingto several hundreds of kp). The most extreme ases (giants radio galaxies) extend up tosome Megaparse, e.g. 3C 236. Based on their morphology, two separate lasses of extendedradio soures an be de�ned. The Fanaro�-Riley lass I soures (FR I) exhibit lobes that



1.3. A SMALL GALLERY OF RADIO AND X-RAY JETS 9beome darker and smoother at their ends (edge darkening) and show no prominent hotspots. The FR II soures on the other hand have their brightest regions at the edges andexhibit strong hot spots. Both lasses di�er in more than just morphology. There is asharp distintion in the radio luminosity at 5�1025WHz�1 with the FR I soures beingless luminous. The steepest spetral indies, indiating optially thin radio emission (seesetion 2.2.2), our always at the weaker regions of the lobes, at the edges of the FR Ilass objets and at inner regions at the FR II soures. The jets are usually less prominentin FR II soures and often seem to be one{sided, an e�et of beaming (see 2.1.1) andredued ontrast due to the luminous lobes. The opening angle of the jets tends to bebigger in FR I soures, whereas the FR II jets are better ollimated. Figure 1.4 shows someexamples of extended radio soures and illustrates the di�erenes between FR I and FR IIsoures. The physial di�erene between both lasses is generally thought to be the powerof the jet and the type of the ow in the jets. The transition may represent a hange froma turbulent ow in FR I jets to a supersoni ow in FR II jets.X-ray emission from jets: Before the launh of the CHANDRA X-ray observatoryonly a handful of radio galaxies were known to be assoiated with X-ray emission fromthe knots or hot spots of jets. Namely, only the jets in CygnusA, M 87, 3C 120, 3C 390.3,3C 273, NGC6251, Pitor A and Mrk 266 were known to be X-ray soures. Additionally,the angular resolution was not suÆient to ross-orrelate the deteted X-ray jet featuresdiretly to the radio morphology. This situation has hanged dramatially sine July 23rd1999, the launhing day of CHANDRA. Right away the �rst reported shot at a elestialobjet, PKS0637{752, revealed an X-ray jet (Shwartz et al. 2000). This detetion wasnot even expeted sine PKS0637-752 was hosen as a moderately strong point soure forloation of the fous and optial axis of the mirror. Numerous reent publiations (seeHarris & Krawzynski 2002 for a Marh 2001 list of jet-related X-ray emission) report aboutCHANDRA detetions of extragalati and galati hot spots and other jet features. The`lassial', i.e. pre-CHANDRA X-ray jets have now been imaged in muh more detail (seee.g. Figure 1.5). Many well-known radio jets, suh as the ones in CenA or 3C295 have gottheir X-ray ounterpart. CHANDRA o�ers the opportunity to study simultaneously themore extended X-ray emitting regions of the jet and the ompat nulear X-ray emissionassoiated with the AGN.The X-ray emission mehanism is nowadays the matter of hot tempered disussions.The four proesses being disussed are:� Synhrotron emission from high energy eletrons { In this senario the ele-tron energies are either spread over a wide enough range to produe the wholeemission all the way from the radio to the X-ray regime, or are separated in (atleast) two distint populations, a low energy one produing the radio synhrotronemission and a high energy one for the X-rays. The former possibility an be testedsimply by looking at the spetral energy distribution (SED) of the emission. If theX-ray ux exeeds the extrapolated ux from the radio spetrum, using the spetralindex of the radio data, this possibility an be exluded. However, the reverse ar-gument is not true. Sine the spetral index is expeted to beome steeper at highfrequenies due to energy losses of the high energy eletrons, this e�et (spetral ag-ing) an ause an overestimation of the X-ray ux by a simple extrapolation of theradio spetrum. If a distint high energy population of eletrons auses the X-ray
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1) 2) 3) 4)

5) 6)

Figure 1.4: Six examples of jets imaged by the VLA (From top left to right bottom): 1) The FR I radio galaxy 3C 31 (z = 0:0169; resolution of 5.005 at 1.4GHz)has a onial inner jet{ounterjet struture and two larger, distorted plumes of emission. 2) 3C 296 is a FR I radio galaxy at z=0.0237 (1.45GHz map with 4.009resolution). 3) 3C 219, a FR II soure at z=0.175. The image (1.004 resolution, ombination of two measurements at 1.4 and 1.6GHz) shows bright and extendedhot spots in both lobes, whih extend several hundred kp. 4) 3C 288, a radio galaxy at z=0.246 shows edge brightening but no prominent hot spots in this8.4GHz image (0.002 resolution). 5) 3C 175 is a quasar at z=0.768. No ounterjet emission is visible at this 4.9GHz image (0.0035 resolution). 6) 3C 353 is a radiogalaxy at z=0.03 with highly �lamentary lobes at 8GHz (0.0044 resolution). All images are taken from Alan Bridle's image gallery at the NRAO website.



1.3. A SMALL GALLERY OF RADIO AND X-RAY JETS 11emission, its mean energy has to be suÆiently higher to math the di�erene inemitting frequenies (assuming spatial oinidene, i.e. the same magneti �eld, seeEquation 2.6) and the aeleration event has to have happened more reently sinethe eletrons have not ooled substantially. Single knots in M87 (Wilson & Yang2002) ould be explained by this model.� Thermal emission { In hot spots the ram pressure of the terminating jet an drivea shok into the surrounding gas. Applying shok jump onditions, it is then possibleto estimate the density and temperature of the shoked gas. By omparison witha �tted thermal spetrum this model an be tested. Measurements of the rotationmeasure in the orresponding region lead to gas densities that an be ompared tothe predited values, providing an additional hek for thermal models. Hot plasmain an aretion ow ould be responsible for the X-ray emission from unresolvedores (see setion 2.4.5).� Synhrotron self Compton (SSC) emission { This model has been suessfullyapplied for example to the hot spots of CygnusA (Harris et al. 1994) and will bedesribed in setion 2.3.3. Its main bene�t in omparison with the other senariosis that SSC emission has undoubtly to be produed, sine we see the synhrotronemission, while its ontribution to the total X-ray ux is not given a-priori. Ithas the problem that the derived values for the magneti �eld are well below theequipartition limit (see 2.2.1) given by VLBI measurements of some soures. Notethat the equipartition assumption is not given by basi physial priniples but is a(well) working hypothesis.� External inverse Compton (EIC) sattering of osmi mirowave bak-ground photons { EIC sattering is another proess with an unertain eÆieny.In the rest frame of a relativisti jet the osmi mirowave bakground photons arebeamed, enhaning their initially low energy density by a fator D2 (see Equation2.11), where D is the Doppler fator of the jet.None of these proesses an explain all observations. Only new observational data andmore detailed spetra (as e.g. the X-ray Multi-Mirror Mission (XMM) promises to bring)will solve these questions.1.3.2 Parse{sale radio jetsWith the development of VLBI (see 3.1) it beame possible to resolve the ompat radioores observed in many radio galaxies, as e.g. CygnusA. The resolution ahieved in suhexperiments is typially about 1milliarseond (mas) depending on the maximal baselinein the VLBI array and the observing frequeny. VLBI observations showed that many ofthe ompat radio ores are in fat p{sale radio jets, apparently the innermost regionsof the same jets, whih reah out to kp{sales and feed the lobes of radio galaxies.Additionally, many strong radio soures whih show no struture on arseond{sales atall, typially quasars in the optial, also turned out to have jet{like morphologies onmilliarseond{sales giving rise to uni�ation models of radio galaxies and quasars (see1.2.3).As a bonus surprise many of these p{sale jets showed very rapid strutural variations.The motions of jet features sometimes appeared to be even faster than the speed of light.
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VLA (6cm)

Chandra (0.1 - 8 keV)

Figure 1.5: Cygnus A at radio and X-ray wavelengths. The upper panel shows a 6 m (8:4 � 109 Hz) VLAimage (by ourtesy of C.Carilli). The lower panel presents a 0.1-8 keV (2:4{19:2 � 1017 Hz) CHANDRAimage (taken from http://handra.harvard.edu/photo/index.html). Note the 8 orders of magnitudedi�erene in frequeny between both images. For a detailed disussion see Wilson et al. (2000), Younget al. (2002) and Smith et al. (2002).



1.4. NGC1052 { THE STAR OF THE SHOW 13This e�et of `superluminal motion' ould be later explained by means of relativistie�ets in a speial geometry of jet and observer, when small angles to the line of sight andrelativisti veloities are involved. During the time interval of the veloity measurementthe moving omponent in the jet then nearly athes up with its own photons, and themeasured time di�erene it takes the omponent to move perpendiularly to the line ofsight appears to be shorter than it really is. The details of this e�et an be found forexample in (Krolik 1999, page 296).In ontrast to the lassial doubles, the p{sale jets are typially one{sided. Thefaster a soure approahes the observer the stronger its radiation beomes magni�ed (seeEquation 2.4) making the jet on p{sales appear muh brighter than the ounterjet(relativisti beaming). These one{sided jets are overrepresented in ux density limitedsamples (as most surveys of extragalati radio soures are) and so seem to be moreommon than their not magni�ed double{sided ounterparts moving mainly in the planeof the sky (Doppler favoritism).The ompatness of some of these soures is proven by ux density variations on timesales of hours (intra day variability (IDV); see Wagner & Witzel 1995). About 30% ofall ompat at spetrum soures do present IDV. At present it is not lear whether thesevariations are intrinsi or due to external sattering. In any ase, very ompat struturesmust ause the e�et: either smaller than the sattering size of the interstellar medium orof the order of lighthours in size (by light travel time arguments).Parse-sale jets an be lassi�ed in two groups based on the shape of their radiospetra. Most of them, preferentially the one{sided jets, show nearly at radio spetra(see Setion 2.3.2). Some of the double{sided soures however, exhibit a peak, typiallyaround a few GHz, with a steep derease of the spetrum above the turnover frequeny,similar to the spetra of lobes in radio galaxies. These soures are alled GPS (Gigahertzpeaked spetrum) soures. If the peak falls below the range of observing frequenies, thesoure is alled a CSS (ompat steep spetrum) soure.On this basis, a lassi�ation of extragalati radio soures an be established as follows(adopted from Zensus 1997)� Luminous ore{dominated at-spetrum soures� Powerful double{lobed radio galaxies with hot spots (FR II soures)� Weaker double{lobed radio galaxies without leading hot spots (FR I soures)� Compat steep{spetrum soures (CSS soures)� Compat symmetri objets smaller than 1 kp (CSO soures)An ongoing e�ort in studying the sub-milliarseond properties of a large sample of radiojets is done in the VLBA 2 m survey. For this the Very Long Baseline Array (VLBA,see setion 3.1.2) has been used sine 1994 to image the struture of 171 strong ompatsoures at 15GHz with a resolution better than 1mas. Some images from the survey areshown in �gure 1.6.1.4 NGC1052 { The star of the showThe main target of this thesis is an elliptial galaxy whih has the number 1052 in the NewGeneral Catalogue of galaxies. The IAU (B1950.0) name is 0238�084. The Hubble type
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a) b) c)

d) e) f)Figure 1.6: Six examples of p- sale radio jets taken from the VLBA 2 m survey (Kellermann et al. (1998), Zensus et al. (2002)); a) The ore of the prototypialFR II radio galaxy CygnusA (1957+405) shows a double{sided struture. At 2 m it ontributes less than 1% to the total luminosity of the soure; b) The blazar3C 345 exhibits two distint regions in its p{sale jet. At � 3mas distane from the ore the well ollimated jet with high turnover frequenies turns abruptlyinto a di�use jet; ) The jet in M87 has an apparent kink at about 45mas from the ore; d) 3C 273 was the �rst deteted quasar. Its jet is prominent from radioto x-ray wavelengths; e) 0716+714 is an intra-day variable (IDV) soure whih shows variations in its ux density of up to 10% within a day. f) 0710+439 is anexample of a CSO. Its hot spot advane speed suggests an dynami age of only a few 1000 years.



1.4. NGC1052 { THE STAR OF THE SHOW 15of this 12th magnitude objet is given as E3 (sometimes as E4). NGC1052 is the entraland dominant galaxy in a small group. Its redshift has been determined to be z = 0:0049(Knapp et al. 1978) orresponding to a distane of 22.6Mp (assuming a Hubble onstantof H0 = 65 km s�1Mp�1). This results to a linear sale of 0.11 pmas�1. The proximityof NGC1052 allows high resolution observations and provides the possibility of exploringrelatively weak radiative proesses, whih would be overlooked in omparable soures athigher redshifts. Table 1.1 summarizes the basi data for NGC1052.Optial and infrared properties: The ontinuum emission in the optial is domi-nated by starlight with no obvious ontribution of a non-thermal omponent. The optialspetrum of NGC1052 was found very early (Mayall 1939) to show one of the strongestemission line spetra among elliptial galaxies, whih is dominated by low ionization fea-tures. Fosbury et al. (1978) showed later that the emission line gas is omposed of aluminous entral omponent with a diameter d � 220 p and an extended and more dif-fuse region of d � 2 kp. The nulear emission lines are narrow with very weak broadwings in the H� line (Ho et al. 1997). NGC1052 an be lassi�ed on a spetrosopi baseas a Liner 1.9. Barth et al. (1999) found that the broad wings of the H� line are ausedby a broad emission-line in polarized intensity, resembling the hidden type 1 spetra inluminous AGN. This detetion is important for two reasons. First, it gives insight into thevery viinity of the putative blak hole at the enter of the galaxy prediting an obsuringtorus whih prevents us from seeing the broad line region diretly but only in sattered(and thus polarized) emission. Seond, it extends the uni�ation senario established forquasars and Seyfert galaxies to the low luminosity regime. NGC1052 has a H� luminosityof 1:26 � 1040erg s�1, well below the mean value of Seyfert galaxies or quasars.NGC1052 is known to have a faint dust lane along the minor axis of the optialellipsoid (Gallagher 1986) and a entral dark loud towards the nuleus, both too faintto be diretly visible in an optial image. Gabel et al. (2000) showed that the measuredTable 1.1: NGC1052 parametersNames NGC1052, 0238�084, 2E 642Coordinates (J1950.0) RA: 02 h 38m 37.3537 s DEC: -08Æ28009.00019(a)Coordinates (J2000.0) RA: 02 h 41m 04.7984 s DEC: -08Æ15020.00750(a)Hubble type E3/4Spetrosopi type LINER 1.9(b)Redshift 0.0049()Distane 22.6Mp(d)Linear sale 1mas=̂0.11 p(d)Flux density at 1.4GHz 1-1.5 JyBolometri radio luminosity (1-100GHz) 4:4 � 1040erg s�1(e)Extended radio jet P.A. 95Æ � 3Æ (f)Parse{sale jet P.A. 63Æ � 6Æ (g)a Johnston et al. (1995); bHo et al. (1997);  Knapp et al. (1978); d assuming H0=65 km s�1 Mp�1; e Wrobel1984; f VLA, MERLIN at 1.4GHz, Wrobel (1984) and this thesis; g Kellermann et al. (1998) and this thesis (theerror orresponds to the frequeny dependene of the P.A. on p{sales; see hapter 3)



16 CHAPTER 1. INTRODUCTION

Figure 1.7: The emission one in H� of NGC1052 and its optial jet. Left panel: H�+ [NII℄ HST imagewithout ontinuum subtration. Right panel: Normalized unsharp masked, residual map of the samedata. Absorption regions appear dark and emission bright. The dashed line indiates the axis of theradio jet on kp{sales. Note the knots of emission, about 500 from the ore on both sides. Taken fromPogge et al. (2000).line ratios for H�/H� indiate substantial reddening, with E(B� V ) = 0:42. They derivethat the emission line uxes an be reprodued well by a simple photo-ionization model.In this model the entral power-law ionization soure has a spetral index of � = �1:2(ux density S� / �+�) and an also be responsible for the weak high-ionization linesystem. The gas-overing fator determined from the observed ux distribution agreeswith the idea that the line of sight towards the entral engine ould be obsured. Poggeet al. (2000) reported the presene of a ollimated, onial struture in a HST H� image(see Figure 1.7), probably the NGC1052 analogon to the emission-line ones known frommany Seyfert galaxies. Two knots of emission in the east of the ore and one knot inthe west indiate a jet-like struture assoiated with the one (see Figure 1.7). ReentKek telesope observations (Forbes et al. 2001) revealed the presene of two distintglobular luster (GC) sub-populations in NGC1052. The two populations di�er in theirolor, with a blue and a red population indiating low and high metaliity, respetively.Suh a bi-modality in the GC population of early-type galaxies seems to be quite ommonand suggests that these galaxies might be the produt of a merger of two gas{rih spiralgalaxies.NGC1052 exhibits an infrared exess in its spetrum (see e.g. Beklin et al. 1982),whih ould be attributed to the entral 200. This indiates the presene of a dust ompo-nent, heated by a entral non-thermal soure.Radio properties: In the radio regime NGC1052 is a moderately strong soure witha luminosity (integrated between 1 and 100GHz) of � 4:4 � 1040erg s�1 (Wrobel 1984).It shows a at or slightly inverted spetrum with a broad peak around 10GHz and anoptially thin derease in ux density above the peak (e.g. de Vries et al. 1997). The soureis variable at all frequenies. At mm-wavelengths, time sales of months and amplitudevariations between 0.5 and 2.5 Jy are observed (e.g. Heeshen & Pushell 1983). At longer



1.4. NGC1052 { THE STAR OF THE SHOW 17wavelengths no ontinuous monitoring was done but di�erent measurements indiate uxdensity variations of at least 50% with slightly longer time sales, several months to oneyear. Heeshen (1970) reported that �90% of the radio emission of NGC1052 originatesin a ompat ore (< 1:500). The extended radio emission, distributed over � 2500, wasimaged by Wrobel (1984) with the VLA at 1.4 and 1.6 GHz. Two lobes east and west ofthe nuleus ontain �10% of the total ux density at these frequenies. Both lobes ontainregions of enhaned surfae brightness, similar to hot spots in more powerful radio galaxies.Early VLBI observations (e.g. Jones et al. 1984) resolved the ore into a nulear jetwith a position angle (P.A.) of � 60Æ, in ontrast to the � 95Æ P.A. of the extendedstruture seen in VLA maps. In later VLBI maps the p{sale struture was found torepresent a twin jet with an emission gap between the brighter eastern jet and the westernjet (e.g. Kellermann et al. 1998). Exploring the origin of this emission gap is one of themain goals of this thesis. The kinematis of both jets at 2 m have been investigated byVermeulen et al. (2002). Observations between 1995 and 2001 show outward motions onboth sides of the gap with similar veloities around 0.6 to 0.7mas yr�1 orresponding to� 0:25 . The jets seem to be oriented lose to the plane of the sky in order to explainthe absene of strong veloity di�erenes due to the Doppler e�et. Although the two jetsare bent, the trajetories of moving omponents do not di�er signi�antly from ballistimotion. Kellermann et al. (1999) found free-free absorption towards the western jet,performing multifrequeny observations between 0.7 and 21 m. Kameno et al. (2001)suggested the presene of a p{sale plasma torus, obsuring the ore region of the westernjet, from the analysis of multifrequeny observations at 2.3, 8.4 and 15.4GHz. Theyderived a geometry in whih 0.1 p of the eastern jet and 0.7 p of the western jet areovered by this torus. Besides this ionized (free-free absorbing) gas omponent there is alsoevidene for atomi and moleular gas in the entral region of NGC1052. Claussen et al.(1998) deteted H2O maser emission towards the ore of the western jet within the sameregion whih is heavily a�eted by free-free absorption. The maser spots are ordered in twogroups along the jet, rather than perpendiularly to it (like in NGC4258). The maser lineis redshifted with respet to the systemi veloity (see Braatz et al. 1996) orrespondingto 100{150 km s�1. It is unusually broad (� 90 km s�1) and smooth (i.e. not resolved intonarrow omponents). The line varies signi�antly in shape and veloity with time salesof months. The maser spots seem not to trae a Keplerian disk around the nuleus butshow a trend of higher veloities loser to the ore. The nature of this maser emissionis presently unlear. The masers ould originate in the very viinity of the jet, whih isexpeted to interat strongly with the material in the obsuring torus. Alternatively, theyould be the produt of an ampli�ation proess in a moleular loud in foreground to thejet (but still within the galaxy or maybe even the torus).Atomi hydrogen is known to exist in NGC1052 on various sales. HI in emission wasimaged e.g. by Fosbury et al. (1978). Van Gorkom et al. (1986) mapped the distributionof the HI gas with a resolution of 100 with the VLA. They report a struture three timesthe size of the optial galaxy, with an orientation roughly perpendiular to its major axis.The distortion of symmetry in this distribution indiates a reent merger, possibly thesame event in that the elliptial galaxy aptured the gas. HI absorption is seen againstthe radio soure at the systemi veloity as well as at redshifted veloities. On large salesthe gas seems to be ordered in a rotating disk. Reent VLBI observations resolved theHI absorption features towards the nulear jet (Vermeulen et al. 2002). Di�erent featuresof a few perent depth an be seen towards the eastern jet. At present it is unlear
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NGC1052 1995.91

Claussen et al. (1998)
22 GHzFigure 1.8: The p{sale twin jet in NGC1052 at 22GHz. The ontours are -2.9, -1.5, 1.5, 2.9, 4.0, 5.6,7.8, 10.8, 15.0, 20.8, 29.0, 40.0, 56.0, 78.0, 108.0, 150.9 and 208.0 mJy beam�1. The beamsize is 1.0 �0.33mas at a P.A. of -9Æ. The two groups of water masers are indiated by the two rosses. Taken fromClaussen et al. (1998).whether there is also absorption towards the western jet, that was not seen due to a lakof sensitivity in these observations, as would be expeted in the senario of the westernjet being the ounterjet. The most prominent absorption feature ours �1{1.5 p east ofthe nuleus, interestingly at the same veloity as the maser emission on the other side.Finally, an OH absorption line was also deteted by Omar et al. (2002) using the VLA.Future VLBI observations have to explore the distribution of the OH gas on p{sales.X-ray properties: NGC1052 has been deteted in X-rays from the satellites Ein-stein (MDowell 1994), ASCA and ROSAT (Weaver et al. 1999, Guainazzi & Antonelli1999), Beppo Sax (Guainazzi et al. 2000) and CHANDRA (this thesis). The spetrumof NGC1052 between 0.1 and 10 keV is very at (photon index4 � = 0:2 � 1:7 depend-ing on the applied model) and annot be modeled with a simple power-law or thermalmodel. A high olumn density of absorbing material is needed to model-�t the data.Weaver et al. (1999) derive that the intrinsi spetrum is best desribed by a power{law that is either (1) attenuated by a two omponent absorber with nH = 3 � 1023 m�2and nH = 3 � 5 � 1022 m�2, respetively or (2) Compton-reeted by a high density(nH > 1024 m�2) medium that bloks the diret view to the nulear soure. They al-ulate 2-10 keV luminosities of LX = 8 � 1041 erg s�1 and LX = 2 � 1043erg s�1 for the twomodels, respetively. Guainazzi & Antonelli (1999) derived similar models and pointed outthat the radial pro�le of NGC1052 taken with the HRI amera on board of the ROSATsatellite is not ompatible with a point soure with an extension going out to 100 arse.The broadband spetrum between 0.1 and 100 keV taken with Beppo Sax (Guainazzi et al.4X-ray spetra are usually given in units like photons per keV: PE(photons s�1 keV�1) / ���. � isalled the photon index. Radio ux densities, on the other hand, are given in energy per unit frequeny:S� / PE� h� / ���+1 / ��. The relation between the spetral index � and the photon index is therefore� = 1��. To learly distinguish between both power{law indies, � is sometimes referred to as the energyindex.



1.4. NGC1052 { THE STAR OF THE SHOW 192000) also yields a high olumn density and a at spetrum (nH = 2� 1023 m�2, � = 1:4 fortheir best model). These authors additionally argue that a thermal bremsstrahlung modelan �t the data and that the X{ray luminosity ould be due to an advetion dominatedaretion ow (ADAF).
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Chapter 2Theoretial bakgroundIn this hapter theoretial bakground neessary for the proper understanding of the fol-lowing hapters is presented. In setion 2.1 the basi priniples of synhrotron emission aredisussed and some fundamental equations for the desription of a synhrotron emittingsoure are derived. Espeially relativisti e�ets will be taken into aount and a possibleonnetion between radio and X-ray spetra is investigated, the SSC mehanism. Setion2.2 will deal with synhrotron emission from jets in speial onsideration of the frequenydependene of the jet-ore loation.2.1 Synhrotron radiation2.1.1 Emission mehanismWhenever a harged partile passes a region with an eletromagneti �eld it will interatwith this �eld enountering the Lorentz fore~FL = q �~E + ~� � ~B� (2.1)with ~� = ~v=, the veloity in units of the speed of light and q, the harge of the partile.In the ase of a vanishing eletri �eld ( ~E = 0) it will be aelerated perpendiularly tothe magneti �eld ~B. For a linear magneti �eld this will result in a helial motion aroundthe diretion of ~B as a superposition of a onstant veloity omponent along the �eldand a onstant aeleration perpendiular to it. It will orbit with a period m=2�qBorresponding to the Larmor frequeny!B = qBm (2.2)with the Lorentz fator  = 1=p1� �2 and the mass m of the partile. In the non-relativisti ase (Cylotron radiation) the partile will emit an eletromagneti wave withthis frequeny. It an be shown that the emitted power for eah eletron energy is givenby P = 4=3�T  (�)2 UB / 2UB (2.3)(Larmor formula, see Rybiki & Lightman 1979 for details), with �T = 8�e4=m24, theThomson ross setion and UB = B2=8�, the magneti �eld density. The dependene on21



22 CHAPTER 2. THEORETICAL BACKGROUNDm�2 shows that in general the synhrotron emission from eletrons will be muh strongerthan from protons (mp � 2 � 103me).In the relativisti ase of harges moving with a substantial fration of the speed oflight there are two major e�ets whih have to be taken into aount:� Relativisti beaming: The relativisti Doppler e�et a�ets the observed uxdensity S� (arriving energy per unit area and unit frequeny) from a soure whihmoves relativistially with a omponent of veloity towards or away from the observer�jj emitting the ux density S0� in the omoving frame (e.g. Rybiki & Lightman1979). S� = D3S0� (2.4)with the Doppler fator de�ned byD = 1(1� �jj os�) : (2.5)Although this dependene on the angle of the emitter veloity to the line of sightis redued to D2�� for a ontinuous jet with spetral index �, the ampli�ation (orredution) of an approahing (or reeding) soure an be dramati. An intrinsiallyisotropially emitted radiation is beamed into a one with the half opening angle 1=making its apparent luminosity strongly dependent on the angle it is viewed from.� The lighthouse e�et: The former e�et implies that the radiation from a rela-tivistially gyrating harge in a magneti �eld an only be observed in a short pulsewhen (and if) the beaming one of the moving harge on its way around the mag-neti �eld line rosses the line of sight. A short alulation reveals the pulse to be ofthe length �T = 3!B sin�. A Fourier analysis shows that a short pulse is alwaysomposed out of a wide range of frequenies up to 1=�T . For this reason, a hargewhih gyrates with a single disrete frequeny around magneti �eld line emits in awide waveband around a harateristi frequeny of� = 1MHz � 2 � B1G� (2.6)for a mean pith angle of 30Æ.2.1.2 Spetral distributionIn nature, there are usually ensembles of eletrons, large numbers of partiles with aertain energy distribution, involved in physial proesses rather than single eletrons of�xed energy. In the ase of jets, it is usually assumed that this distribution orrespondsto a power-law between two energy values E1 and E2.N()d = N0 � �sd (2.7)An ensemble of eletrons with a power-law energy distribution in the presene of a magneti�eld emits a ontinuous spetrum of synhrotron radiation whih has again the spetralshape of a power-law: S� / �� : (2.8)



2.1. SYNCHROTRON RADIATION 23Indeed this is the typial shape of many lasses of radio soures1. In this ase the energydistribution of the eletrons in the soure an be derived:� = 1� s2 ) s = 1� 2� (2.9)The radio lobes of CygnusA, for example, show a spetral index � of � �0:8 indiatingan energy distribution of s = 2:6. The spetrum of a synhrotron soure an usuallybe desribed by a single power{law above a spei� frequeny �t. Below �t the spetrumtypially falls of, whih indiates the start of an absorption mehanism at lower frequenies.�t is alled the turnover frequeny. The next setion desribes the two most importantabsorption mehanisms with respet to AGN spetra.2.1.3 The SSC mehanismBased on the ompatness of the features observed in extragalati jets by VLBI (of-ten unresolved at milliarseond{sales) and on the observation of intra{day variability,indiating emitting regions of the order of lightdays, there is evidene that Compton sat-tering proesses are at work in AGN. It is rather an open question of whether this e�etontributes a substantial fration of the high energy emission (e.g. in the X-ray regime)observed in many soures (or are even the main ontributor of suh photons) or if theseproesses are negligible. There are other proesses whih an produe high energy photons,suh as thermal bremsstrahlung of hot gas (possibly of an ADAF{like aretion ow), butthere always have to be high energy photons originating in a Compton sattering event oflower energy photons at high energy partiles.The SSC (Synhrotron Self Compton) mehanism is the speial ase of inverse Comptonsattering where synhrotron photons satter o� the very same eletrons whih produedthem. `Inverse' means that the radio photons gain energy in this event from the eletronsand are upsattered to higher frequenies. In this model the inverse Compton spetrumshould mimi the synhrotron spetrum in a di�erent wavelength regime. Assuming asimple homogeneous sphere model for a omponent in a radio jet and deriving the jetparameters from VLBI observations it is possible to predit the SSC-sattered spetrumof the jet omponent. By adding up all the jet omponents (perhaps with a speialonsideration about the ore omponent, for whih a sphere is a poor approximation) aSSC-ux density an be obtained at every frequeny to be ompared with the measuredux density. The sum has to extend from the innermost omponent of a jet (depending onthe onsidered frequeny of the seed photons) out to the hot spots whih will ontributea substantial fration of the sattered ux in some ases.It an be shown (e.g. Krolik 1999, setion 9.2.1) that the luminosity of the inverseCompton radiation PC relative to to the initial synhrotron luminosity PS depends simplyon the ratio of the energy density in the synhrotron photon �eld US and the magneti�eld energy density UB : PCPS = USUB ; (2.10)with UB = B2=8�. For a measured synhrotron ux density S� from a homogeneous1With this de�nition of the spetral index �, negative values indiate a spetrum that falls towardshigher frequenies. Soures with �0:5 < � < 0:5 are usually alled at spetrum soures.



24 CHAPTER 2. THEORETICAL BACKGROUNDsphere with radius R the energy density of the photon �eld isUS = LuminosityProj:Area� veloity = S��4�D24�R2 = S� � � 1 D2R2 : (2.11)If S� , R and D are measured and B an be estimated (see Setion 2.4.1 and 2.4.3), theCompton luminosity an be predited and ompared to the measurements.The frequeny of the inverse Compton sattered photons � 0 simply depends on thefrequeny of the seed photons � and the Lorentz fator e of the eletrons responsible forthe sattering (e.g. Rybiki & Lightman 1979)� 0 � 2e� . (2.12)Thus, in order to produe X-ray emission of 1 keV (=̂2:4 � 1017 Hz) from seed photons of22GHz, high energy eletrons with Lorentz fators e = 1600 are needed. Sine theseare the same eletrons whih produe the seed photons, the inverse Compton spetrumwill be a \high energy reetion" of the initial synhrotron spetrum. A more detailedalulation of the spetrum an be found in Rybiki & Lightman (1979).2.2 JetsIn hapter 1.2 a pure phenomenologial desription of extragalati radio jets was given,with the emphasis on the morphology and the huge range in astronomial sales on whihjets arise. In this setion the underlying physis of the jet phenomenon shall be disussedin more detail, although many things will only be super�ially presented. Not everyaspet of jet theory is ompletely understood at present, espeially how jets are formedand aelerated.The blak hole paradigm is generally aepted at present to explain the enormousamounts of energy liberated on small sales. For this, it seems quite natural to searhfor a priniple that permits the ejetion of matter perpendiular to the aretion diskfeeding the blak hole. The ejeta have to ontain high energy eletrons and/or positrons,sine the radiation of jets is onviningly asribed to synhrotron radiation whih preditsmagneti �elds to be involved. A strong interation with the irumnulear medium isexpeted, sine the matter density in the viinity of a blak hole has to be substantial.At the base of a jet absorption e�ets are expeted, �rst due to self absorption of thejet radiation and seond due to free-free absorption of the irumnulear medium. Thissetion shall throw light on those aspets of jet physis, used in later hapters of the work.2.2.1 Jet formation and propagationAstrophysial jets always seem to be assoiated with blak holes, or more general, a veryompat objet, whih appears to be the prerequisite of jet formation. The most plausibletheory of jet formation deals with the formation of a toroidal magneti �eld, building ahannel for harged partiles due to eletromagneti interation. If this piture were true,human{built partile aelerators on earth would just pattern themselves on ative galatinulei in forming a ollimated beam of harged partiles in toroidal eletromagneti �elds.The basi idea how these toroidal magneti �elds ould be formed in AGN is that thefootpoints of existing magneti �eld lines in an aretion disk should be frozen in the



2.2. JETS 25rotating matter. As the matter is ompressed in the aretion proess the magneti �elddensities should inrease and the �eld lines should be wound up as their footpoints rotatearound the disk axis.Other mehanisms ould also lead to an aeleration and ollimation of partiles awayfrom a ompat and very ative region as gas pressure or radiative fores. A more detailedreview of theories on jet formation an be found for example in Krolik (1999).As a basis for further disussion the following piture shall be taken as a paradigmfor the innermost region of a jet: Substantial partile aeleration takes plae in the veryviinity of an aretion disk. The aelerated partiles are ollimated by magnetohydro-dynami fores and guided along a hannel outwards the entral region in both diretionsperpendiular to the disk. At a distane rN a nozzle is formed and the jet ow beomessupersoni. Beyond this point the partiles are (re{)aelerated by the onversion of bulkkineti energy to internal partile energy e, e.g. via shok formation, resulting in a partileenergy distribution represented by a power lawN(e) = N0�se ; (2.13)within a range [1; 2℄ of Lorentz fators. The jet is on�ned by an ambient mediumwith steep pressure and density gradients along the jet axis. Its hydrodynamis are givenby a stationary adiabati ow satisfying Bernoulli's equation (~v � r)jp1=4 = 0 (Daly &Marsher 1988) with p, the pressure of the ow. This implies that the opening angleand the jet Lorentz fator should vary in presene of pressure gradients of the ambientmedium. Nevertheless, the jet geometry an be approximated by a onial expansion, witha transverse radius R / r with a opening angle � = artan(R=r).Often it is assumed that the kineti energy density of the jet (arried by eletrons andprotons) is in equipartition with the magneti energy densityUe+p = k � UB ; with k <� 1 (2.14)with UB = B2=8�. Under this assumption it is possible to integrate over the partiledensity distribution from 1 to 2 to derive the total density n of relativisti partiles inthe jet. A detailed alulation (e.g. Falke & Biermann 1995) preditsB / r�1 and n / r�2 (2.15)for the equipartition ase. As another onlusion of the equipartition assumption it ispossible to quantify the onstant of proportionality in equation (2.8):S� = 840 � kln(2=1)Jy � BmG�3:5 � Rkp�3 � DGp��2 � �GHz�� 12 (2.16)for s = 2 (power law index of the partile energy distribution) andS� = 840 � k(s� 2)(2�s1 � 2�s2 )Jy � BmG�3:5 � Rkp�3 � DGp��2 � �GHz� 1�s2 (2.17)for s 6= 2. Thus, the ux density at the frequeny � of a spherial synhrotron sourewith the radius R and the distane D is determined mainly by the magneti �eld and theenergy index and range of Lorentz fators in the partile population.



26 CHAPTER 2. THEORETICAL BACKGROUND2.2.2 Jet emissionAording to the jet model desribed in 2.2.1 and the theory of synhrotron radiation ajet an be represented as the sum of many in�nite thin slies forming the jet one, eahemitting synhrotron radiation determined through the loal magneti �eld, the energyindex and range of Lorentz fators of the partile population, the distane to the jet originand the frequeny. The sum should extend from an innermost slie where the optial depth�S = 1 (see Setion 2.4.3) to a farthest slie at the end of the jet. This situation appliesto an observation with a telesope whih has a poor resolution ompared to the extendof the jet, i.e. where the jet appears unresolved. Equation (2.16) has to be integratedalong the jet axis from r�=1 to in�nity in order to derive the whole jet spetrum. For thisintegration the volume of the emitting sphere in Equation (2.16) has to be replaed by4�R2dr, with R = sin�r the radius of a slie at the distane r to the jet origin. After asmall alulation one ends up with SJet / ��0:5r�0:5�=1 (2.18)for s = 2. One again assuming equipartition and negleting external absorption it anbe used that the � = 1 surfae depends on the observing frequeny asr�=1 / ��1 (2.19)(but see Setion 2.4.3 for a general expression) and the frequeny dependene in thespetrum anels out.The interpretation of a jet as a series of synhrotron emitting sliesnaturally leads to a at spetrum!Deviation of atness an be attributed to hanges in the partile energy distribution alongthe jet, for example partile aeleration, bulk aeleration or a non{onial geometry.2.2.3 The ore{shiftImages of p{sale jets obtained with Very Long Baseline Interferometry often show afeature with the following properties:� Very ompat or even unresolved on milliarseond sales� Relatively bright, i.e. ontributing a substantial fration to the total ux� In one{sided jets typially at one end of the linear struture� Flat spetrumA feature that has at least the �rst two properties is usually alled the ore of the jet.This term is quite misleading as it should not be identi�ed with the entral engine butwith the part of the jet where it beomes visible. The innermost part of a jet is alwaysinvisible due to synhrotron self{absorption, sine the optial depth � of the jet at thispart is very high. Traveling outwards the optial depth dereases due to the transversalexpansion of the jet. The ore is the part of the jet where � � 1 is reahed. The optialdepth due to self{absorption �s depends on the observing frequeny and so does the ore



2.2. JETS 27position. For this reason it is often not orret to align VLBI maps at di�erent frequeniesby mathing the position of the strongest omponent. One has to aount for possiblefrequeny-dependent shifts of optially thik features like a jet-ore. An examination ofthe omponent spetra is required as optially thin features are muh better andidatesfor footpoints of frequeny independent regions.With this de�nition of a ore, it is obvious that a double{sided soure as NGC1052should have two ores, one for eah jet. Both ores are expeted at the innermost part ofthe orresponding jet with the true origin of the jet ativity somewhere in between.In general a jet beomes visible at the distane r from the entral engine where theoptial depth due to synhrotron self{absorption and external absorption � = �s+ �f = 1.If both sides are a�eted asymmetrially by external absorption, as it is implied by thestandard model, in a disk or torus around the entral engine, the optial depth on eahside is altered orrespondingly and the ores appear at di�erent distanes from the entralengine. These di�erent distanes ontain information about the di�erent ontributions ofexternal absorption. Additionally, the optial depth due to free-free absorption �f dependsdi�erently on frequeny than �s does. So, an analysis of the ore shift with frequeny anfurther onstrain the inuenes of external absorption on both jets.NGC1052 is a prime objet for suh a kind of analysis, beause both jets are stillvisible at the highest frequenies and so, the high resolution gives a very good estimate ofthe entral engine position. It is possible to deal with absolute ore shifts with frequenyrather than relative hanges as in one{sided jets.Synhrotron self{absorption and pressure gradients: An expanding jet, on�nedby a medium with pressure p an be desribed by its opening angle � = artan(R=r) andthe magneti �eld B and the partile density N in the jet, withB = B1(r1=r)m; N = N1(r1=r)n (2.20)where R is the diameter of the jet at distane r and B1 and N1 are the magneti �eld andthe partile density at r1 = 1p. The optial depth due to synhrotron self{absorption �sis (e.g. Rybiki & Lightman 1979)�s(r) = C(�)N1 � eÆB12�me�� �0r�m+n�1��+1 (2.21)where me is the eletron mass, � = 3=2 � �, �0 = �s(�) the observed opening angle, �the viewing angle, r the distane from the entral engine, � the observing frequeny and Æthe Doppler fator. C(�) is desribed in Blumenthal & Gould (1970) and an be evaluatedfor every intrinsi spetral index �. If there is no ontribution of external absorption, theore an be desribed by setting �s to 1. Equation (2.21) gives for the ore positionr[p℄ = C1 � ��1=kr (2.22)with C1 = Bkb=kr1 (1 + z)�1[6:2 � 1018C(�)Æ�N1�0℄1=(�+1): (2.23)Here kb = (3� 2�)=(5 � 2�), and the ore{shift is parameterized viakr = ((3 � 2�)m+ 2n� 2)=(5 � 2�): (2.24)
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Figure 2.1: a) Dependene of n, mp and kr on pressure gradients. m is set to 1 and n and kr areshown for di�erent values of spetral index �. b) Change of the physial onditions along the jet axis,r. A spheri symmetrial exponential derease of the pressure is assumed, p(r) = p0 exp(�r2=d2). Themedium extends to 400 rN . kr exhibits the largest deviations from its equipartition value of 1 at salessmaller than 100 rN . Taken from Lobanov (1998).Equation (2.22) predits a linear relation between the logarithms of r and � if m and nremain onstant along the jet, i.e. if there are no pressure gradients. The slope of thisrelation is determined via Equation (2.24).log(r) / � 1kr � log(�) (2.25)It an be shown (e.g. Falke & Biermann 1995) that in the equipartition ase kr = 1. So,the task is to measure r at di�erent frequenies and determine kr via (2.24). Deviationsfrom 1 then have to be attributed to pressure gradients in a on�ning medium. In thepresene of steep pressure gradients, the Doppler fator and opening angle of the jetwill vary in order to ful�ll Bernoulli's equation and so will m and n (Georganopoulos &Marsher 1996) whih determine the gradients of B and N , respetively. If the pressurevaries as p / r�a then m ! mp = a=4m and n = a(3 � 2�)=4. Figure 2.1 a (taken fromLobanov 1998) shows the dependene of magneti �eld and partile density gradients onthe pressure gradients of the ambient medium. In a more realisti model, the pressuredensity falls exponentially p(r) = p0e�r2=d2 ; (2.26)with a harateristi distane d from the entral engine. This pressure gradient is morelikely to be appropriate to model either a smooth medium like a torus or a loudy one,maybe the same as the broad line region indiated by optial studies of AGN. In thisase an approximation with a power{law is only useful with a variable power law indexa = a(r). Lobanov (1998) alulated the dependene of a, n, mp and kr along r in suh asystem with d = 400rN , m = 2 and a(r) = 4, with rN the distane from the entral engineto the loation where the ow beomes supersoni (see Figure 2.1b). It is obvious that krdoes not exeed values of 2.5 for reasonable power{law indies a of the pressure. Highervalues of kr, i.e., smaller ore shifts than / ��0:4 an not be attributed to synhrotronself{absorption.External absorption: The optial depth of a jet region an be altered from its in-trinsi value due to synhrotron self{absorption if the foreground medium auses external



2.2. JETS 29absorption. This absorber an be loated anywhere between the observer and the sourebut espeially a irumnulear medium, possibly with a disk-like or toroidal shape, anontribute signi�antly to the optial depth. In this ase, one expets the medium to beionized from the entral soure ausing free-free absorption. In the general ase � = �s+�f ,with �f the optial depth due to free-free absorption.Observations of CygA (Krihbaum et al. 1998), CenA (Jones et al. 1996) and alsoNGC1052 (Kellermann et al. 1999) suggest a free{free absorbing torus around the nuleusof an AGN perpendiular to the jet axis. If this is inlined by a moderate angle to theline of sight of the observer, the ounterjet is obsured with the strongest absorption atits ore. Depending on the geometry of the system, a smaller fration of the jet an alsobe overed by the absorber if the torus extends suÆiently high above the aretion diskplane. Another possibility would be a loudy medium like the broad line region (BLR)formed of hydrogen plasma louds. The optial depth due to free-free absorption is givenby (see Levinson et al. 1995)�f (r) = ZL 5 � 1016T�1:5��2�gne(r)ni(r)dl ; (2.27)where L is the length of the absorbing path in units of p and dl a line element alongthis path. T is the temperature of the absorber, ne and ni the eletron and ion density,respetively, and �g is the hydrogeni gaunt fator. The latter an be written as �g �5:99 �T 0:15��0:1 (e.g. Brown 1987). If we assume a pure hydrogen plasma and a power{lawderease of the density, we an set ne(r) = ni(r) = n0r�n and equation (2.27) beomes�f (r) � 30 � 1016 ZL T�1:35��2:1n20r�2ndl (2.28)In the senario of an initially optially thin region of the jet, whih beomes optially thikonly due to free-free absorption, this expression has to be set to 1. In general, a speialmodel has to be developed to solve for the dependene of r on l. To the �rst order, r anbe set to be independent of l and RL dl = L. In this ase �f / ��2:1r�2n and values ofn �4 (omparable to the ones used in the example in Figure 2.1) lead tor / ��0:25 ) kr = 4; (2.29)a value muh higher than possible without external absorption e�ets. In this simplemodel the value of kr is a diret measure of the density gradient at the ore position.The analysis of ore{shifts in jets therefore is apable to distinguish between internaland external absorption, if the ruial parameter kr is determined to a value larger than2.5. The ombination of spetral{ and ore{shift analysis an even onstrain the densitygradients of an external absorber or the on�ning medium of the jet, respetively.
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Chapter 3Observations and data redutionThe basis for this thesis are radio and X-ray observations of NGC1052. The observationshave been performed by three di�erent instruments; the VLBA (Very Long Baseline Ar-ray), a telesope array of 10 antennas in the USA; MERLIN (Multi{Element Radio{LinkedInterferometer Network), a onneted array of telesopes in Great Britain; and the X-Raysatellite CHANDRA. The VLBA observations were planned and sheduled in 1998 byDr. A.P. Lobanov, who provided the obtained data for the purpose of this diploma thesis.The MERLIN and CHANDRA data were obtained from publi arhives in the Internet.Sine this thesis fouses mainly on the VLBA data, only these observations and the un-derlying priniple will be disussed here. MERLIN and CHANDRA will be presented inAppendix B as well as an outline of the orresponding data redution.I will start with a brief introdution of Very Long Baseline Interferometry (VLBI), theobserving tehnique of the VLBA. The VLBA data redution will be disussed in Setion3.3 . Both setions will be kept brief, sine VLBI and in general radio interferometry isdisussed in more detail in many textbooks as e.g., Thompson et al. (1986).3.1 Fundamentals of radio aperture synthesisFigure 3.1 shows the geometry of a simple radio interferometer onsisting of two antennas,pointed at a distant radio soure. If the soure is far enough (in the so alled far-�eld-pattern), the inoming rays to the di�erent interferometer elements an be assumed to beparallel. Eah of the two antennas registers a signal that produes voltages V1 and V2 inthe telesope bakend. These voltages are eventually orrelated, i.e., a iruitry performsa multipliation and averaging of the (onverted) voltages1. If the soure is, for simpliity,a monohromati emitter, then V1 and V2 both are sinusoidal funtions. Figure 3.1 showsthat the osmi signal reahes the �rst antenna at a time �g = (D=) os � before it arrivesat the seond one, where D is the baseline of the two telesopes and  is the veloity oflight. This is alled the geometrial delay and the orrelator output is proportional toF = sin(2��t) sin(2��[t� �g℄) : (3.1)1In ontrast to the simple adding interferometer, whih basially reeives the quantity (V1 + V2)2, theorrelator interferometer is proportional only to the orrelated omponent of the two signals. The unor-related omponents anel out during the time averaging proess. This leads to a substantial redution ofnoise in the output. 31
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Figure 3.1: An elementary radio interferometer. Taken from Ros (1997).Sine the Earth rotates, the projeted baseline D sin � varies with time and so does the ge-ometrial delay. The terms independent of �g an be �ltered out, leaving for the orrelatoroutput (after some trigonometrial transformations)F = os (2���g os �) : (3.2)Therefore, the orrelator output is proportional to a quasi-sinusoidal fringe pattern2, dueto the rotation of the Earth. If the osmi soure is not a point soure, but has ex-tended struture, the interferometer reeives the signal not only from the diretion ~s,where it is pointed at, but from a whole area around a nominal position ~s0. From theposition ~s = ~s0+ ~�, an element of solid angle d
 of the soure then ontributes the power1=2��B(~�)A(~�)d
 at eah of the two antennas. �� is the observing bandwidth, B(~�)is the brightness at position ~�, A(~�) is the reeption pattern of the antenna, and thefator 1/2 represents the apability of a telesope to reeive only one diretion of irularpolarization. Correlating the two antenna output powers and applying the fringe term ofEquation (3.2), the interferometer output beomesr( ~D�; ~S0) = �� Z4� A(~�)B(~�) os(2� ~D� � ~s )d
= �� os(2� ~D� � ~s0) Z4� A(~�)B(~�) os(2� ~D� � ~�)d
 (3.3)� �� sin(2� ~D� � ~s0) Z4� A(~�)B(~�) os(2� ~D� � ~�)d
with ��g = ~D� � ~s, where ~D� is the vetor of the baseline in units of the observing wave-length. Introduing a omplex quantityV = jV jei�V = Z4� AN (~�)B(~�)e�i2� ~D��~�d
 (3.4)2In reality a osmi signal is never just omposed out of one single frequeny. The interferene betweendi�erent frequeny omponents auses a modulation of the fringe funtion, whih also depends on �. Thisso alled fringe-washing funtion has the shape of a sin{funtion envelope, in the speial ase of a uniformpower spetral density.



3.2. OBSERVATIONS OF NGC1052 WITH THE VLBA 33with a normalized reeption pattern AN (~�) = A(~�)=A0, where A0 is the antenna olletingarea in diretion ~s0, the orrelator output isr( ~D�; ~S0) = A0��jV j os(2� ~D� � ~s0 � �V ) : (3.5)V is alled the omplex visibility. The orrelator output an be expressed in terms of afringe pattern with the modulus and phase of V . The phase is measured relative to thephase of a hypothetial fringe pattern, reeived from a point soure at the position ~s0.Both, modulus and phase of V are observables, and Equation (3.4) shows that the visibilityis the Fourier transform of the brightness distribution B(~�). In order to reonstrut B,the visibility V has to be measured with di�erent baselines ~D�. Usually this is expressedin terms of a two-dimensional plane with oordinates u = ~DE=W� os � and v = ~DN=S� os �,whih are basially the projeted baselines in east{west and in north{south diretion andare alled spatial frequenies. This (u; v){plane has to be sampled frequently enoughin order to be able to perform a disrete Fourier transform3 of the measured visibilityfuntion V (u; v) and thus retrieve the brightness distribution B of the soure with anangular resolution determined by the highest spatial frequeny of the interferometer.3.2 Observations of NGC1052 with the VLBAThe VLBA is a dediated VLBI array of ten antennas aross the US. It was built to over-ome some of the problems that early VLBI experiments su�ered from, namely limitedobserving time, not optimized loations and diÆulties in data alibration due to inhomo-geneity of the di�erent antennas. The longest baseline of the VLBA (about 8600 km) isbetween the western most antenna at Mauna Kea on Hawaii and the eastern most one atSt. Croix on the Virgin Islands. The loation of the 10 (nearly idential) antennas, eah of25m in diameter, is shown in Figure 3.2. VLBA observations are possible between 21 mand 0.35mm wavelengths. The details of the VLBA design and tehnial properties arereviewed by Napier (1994).NGC1052 was observed on Deember 28th 1998 with all 10 antennas of the VLBAat four frequenies (5, 8.4, 22.2 and 43.2 GHz) in dual polarization mode. The data werereorded with a bit rate of 128Mbps at 2-bit sampling providing a bandwidth of 16MHz perpolarization hand (divided in 2 bloks of 16 0.5MHz hannels eah). The total integrationtime on NGC1052 was about one hour at 5, 8.4, and 22.2 GHz eah, and about six hoursat 43.2GHz, to ompensate the lower array-sensitivity and the lower soure ux densityat this frequeny. 3C 345 and 0237+28 were used as alibrators during the observation.A standard orrelation was done at the Array Operations Center of the VLBA in SoorroNM, US, with an averaging time of two seonds and the data were distributed as a DATtape. The performane of the array was very good during the observations. The OwensValley antenna did not reord data at 8.4 and 22.2GHz. The high frequeny data at 22.2and 43.2 GHz su�ered from some snow in the Brewster dish and rain at St. Croix.3Aording to the sampling theorem a disrete Fourier transformation, as an approximation to a on-tinuous Fourier transformation of an analytially given funtion, an be done, if the sampling frequeny isat least twie the frequeny of the highest spatial frequeny.
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Virgin IslandsFigure 3.2: The antennas of the VLBA. Taken from the NRAO website (http://www.nrao.edu).3.3 VLBI data redutionVLBI data analysis requires a omplex post-proessing before the brightness distributionof the target soure and its polarimetri properties an be obtained. This setion desribesthe di�erent steps of data redution, performed to derive the astronomial information,disussed in hapter 4 . The �rst part of the data redution was done in AIPS (Astro-nomial Image Proessing System; Fomalont 1981). After this a{priori alibration thevisibility-data were exported and further proessed in difmap (Pearson et al. 1994). Inthis part, the brightness distribution of NGC1052 was derived. From the informationabout the soure struture in total intensity, the polarimetri properties of the sourewere obtained using AIPS routines. These three steps are desribed briey as follows.Pre{alibration data proessing: Using the task fitld the data were read from theVLBA orrelator distribution tape into AIPS. During this proedure, the visibilities withlow weight in the orrelation proess (due to a poor signal to noise ratio (SNR) of thedeteted fringes) were agged. The visibilities were sorted aording to their baseline andtime stamp order using the task msort. The task indxr produes an index table whihan be read in from other tasks in order to get a faster aess to the visibilities of a speialtime and/or baseline.As a referene antenna, with respet to whose fringes the phases are taken, LA (Los



3.3. VLBI DATA REDUCTION 35�Alamos) was hosen for all four frequenies sine it had good data for the whole experimentand had also the bene�t that it is loated in the enter of the array, providing both shortand long baselines.After this, the visibilities have to be examined arefully to get a \feeling" for thedata quality and �nd bad data points to be agged due, for example, to reording orbandpass problems at a single antenna. The task possm, e.g., allows one to plot themeasured visibilities against frequeny, divided by 16 hannels in two frequeny bands(IFs). Degraded data at the upper edge of both IFs, namely in hannel 15 and 16,required the agging of the orresponding data. The tasks vplot, uvplt and snplto�ered additional possibilities of data examination that will not be desribed here indetail.The alibration of the data in AIPS, desribed in the next paragraphs, is based onthe following \philosophy": the data themselves are not modi�ed during the alibrationproess. In eah inremental step of data alibration, onversion fators are determinedand stored in a separate �le, alled a solution table (SN). After the next alibration step aseond SN table is produed and stored. The task lal is used to produe a alibrationtable (CL) with the ombined onversion fators, alulated from the two separate SNtables. In eah additional alibration step a new SN table is produed and lal alulatesa new CL table from the previous one and the new SN table. Eah SN table representsan individual alibration step and eah CL table ontains the ombination of all thealibration steps performed so far. If it beomes neessary during the data alibration toag single data points or regions of data, the orresponding information is stored in agtables (FG). Only at the very end of the alibration proess in AIPS the latest CL tableand the most omplete FG table are applied to the data. The bene�t of this priniple isthat it is possible to redo a speial alibration step without the need to throw away thesolutions orresponding to the following alibration steps. So it is easy to orret errorsthat might have happened and are deteted in a later stage of the data redution.A{priori amplitude alibration: In the �rst part of the data alibration the amplitudesof the visibility data points are orreted for instrumental e�ets. The visibility amplitudesan be expressed in terms of a orrelation oeÆient �, whih is equal to one if the signalsat the two telesopes are totally orrelated, i.e., if they are idential, and whih is equalto zero if the signals are totally unorrelated. The ase � = 1 orresponds to an idealizedobservation of a point soure. A fully resolved, extended struture orresponds to �=0.The measured visibility Vm then an be expressed asVm = � bsTsys;iTsys;jKiKj ; (3.6)where b desribes losses in the digitalization proess of the signal. For dual-polarizationobservation data, the b fators an be determined from the amplitude o�sets between theRR (the right hand polarization signal of the �rst antenna orrelated with the right handpolarization signal of the seond antenna) and LL (orrelation of the left hand signals)visibilities. This is done with the task aor, whih produes a solution table (SN)with the neessary orreting fators. Tsys;i=j are the system temperatures of the twotelesopes and Ki=j the orresponding sensitivities. Sine the system temperature, theantenna sensitivities and the digitalization losses an be derived from alibration mea-surements of known soures, the orrelation oeÆient � and the \true" visibilities an be



36 CHAPTER 3. OBSERVATIONS AND DATA REDUCTIONreonstruted. To do this in pratie a so alled radiometry �le has to be produed, whihontains the neessary antenna information. Two �les ontaining the system temperaturesand the gain urves (the elevation-dependent antenna sensitivities) were retrieved from theVLBA-observations arhive4. The gain urves are ontained in the �le vlba gains.key,whih has to be edited, aording to the epoh of the observation. The system temper-atures are onatenated to the same �le and from this radiometry �le the information isread into a gain-urve table (GC) and a system temperature table (TY) in AIPS usingthe task antab. The task apal produes from those a solution table (SN). The tasklal applies the orreting fators of the �rst SN table to the �rst CL table and produesa seond alibration table (CL). A seond run of lal produes a third CL table on-taining the ombined orretion fators of both SN tables with the neessary orretionsto get a{priori amplitude alibrated visibilities.If at any step of the data redution the examination of the data reveals bad regionsof data, for example time ranges, hannels or single points, the task uvflg an be usedto ag these data. The inspetion of the system temperatures (task snplt) showed forexample that one antenna had olleted about one hour of data with unusually high systemtemperatures. This was due to a very low elevation of the target soure. This region ofdata has been agged for the orresponding frequeny and the agging information waswritten into a ag table (FG).A{priori phase alibration: Sine the right irular polarization (RCP) and left irularpolarization (LCP) feeds of an antenna rotate in position angle with respet to a soureduring an experiment (Earth rotation) this ontribution to the phases had to be removed�rst (parallati angle orretion). For this purpose the task lor was applied to a opyof the most reent CL table, sine lor diretly a�ets the CL table entries.The measured visibility phases are a�eted by instrumental o�sets and slopes betweenand within the di�erent frequeny hannel bands (IFs). These phase o�sets and gradientsare aused by the passage of the signal through the eletronis of the VLBA basebandonverters and an be determined from so alled phase{al signals that had been injetedinto the data stream during the data reording proess. Appropriate orretions have tobe applied to the data, to permit to average the visibilities over frequeny and time. Thephase-al information an be read into AIPS from an external �le using the task plod,whih produes a �rst phase-al table (PC). The task por was used to alulate a SNtable from the entries of the PC table for the four frequenies separately, that an be usedto orret for the instrumental single-band phase and delay o�sets. For this purpose a\good" san was hosen, that ontained a data point on a alibrator for every antennaand a orresponding entry in the PC table. This should solve for any 2� ambiguities. Thephase rates were set to zero with task snor and the resulting SN table was applied tothe most reent CL table with lal. After this alibration step the visibility phase as afuntion of frequeny is smooth and shows no sharp jumps anymore.Fringe �tting: After orreting the visibility phases for instrumental e�ets in the a{priori phase alibration, small residual phase errors remain in the data, due to propagatione�ets in the Earth0s atmosphere and inaurate modeling of the geometry of the inter-ferometer. This results in a phase gradient between the wavebands, measured as the4ftp://ftp.aspen.nrao.edu



3.3. VLBI DATA REDUCTION 37multi-band delay, in ontrast to the single-band delay, that has been alibrated in thea{priori alibration. There are however, residual single-band delays that ould not beremoved in the a{priori phase alibration. The residual errors are larger at higher fre-quenies. Those an be inspeted using the tasks possm (showing the visibility averagedin time as a funtion of frequeny) and vplot (averaged in frequeny as a funtion oftime). Both rates were removed with the task fring to make the data ready for averagingin time and frequeny. The last CL and FG tables were spei�ed to perform this task. LA(Los �Alamos) was again hosen as the referene antenna and the sequene of the fringe�tting on the di�erent baselines was spei�ed, so that the �tting was done �rst on shortbaselines with high ux density and good SNR. This prevents the loss of data from a wholeantenna if no solution is found at �rst instane. The two polarization hands were treatedseparately for eah frequeny. The time and frequeny intervals that should be searhedfor fringes had to be spei�ed as a ompromise between a bad signal to noise ratio (withsmall windows) and the loss of oherene (with too big windows). The derived solutionsan be heked for onsisteny using the task snplt and edited when neessary with thetasks snsmo or snedt. Figure 3.3 shows the visibilities of a san on NGC1052 for a singlebaseline (Kitt Peak { North Liberty) as a funtion of frequeny after the fringe �tting andshows that the data after this alibration are now ready for averaging. The amplitudesare smooth and the phases show no o�sets or slopes.The last CL table with the omplete alibration information had �nally to be applied
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Figure 3.4: The basi path of data a{priori alibration in AIPS.to the data using the task split. In this step a alibrated data set for eah soure ateah frequeny is produed and these data sets are exported from AIPS. Figure 3.4summarizes the various alibration steps performed within AIPS in a ux diagram.Data self{alibration and mapping the total intensity distribution: The dataoutput from AIPS is in the FITS format (Wells et al. 1981) and an be read in by theprogram difmap (Pearson et al. 1994), an interatively editing and mapping program.difmap provides a variety of possibilities to plot and edit the (u; v){data, yielding a moreuser-friendly aess to the data than AIPS.At this point the data are organized in one-soure �les for eah frequeny and in thease of full polarization data in di�erent data streams for RCP and LCP. To map the totalintensity the data stream `I' has to be hosen. The ommands uvplot and tplot provideinformation about the (u; v){overage and the time overage of the observation. Examplesfor both are given in Figure 3.5 and 3.6 for the ase of the 43GHz data of NGC1052.The struture of the measured visibilities as a funtion of time and (u; v){distane an beexamined with the ommands radplot, vplot and projplot.The (u; v){data have to be Fourier-transformed to derive the brightness distributionof NGC1052 at the four frequenies. Sine the two-dimensional visibility funtion is
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Figure 3.5: A (u; v){plot, showing the loation of baselines in the (u; v){plane during the 43GHz obser-vation of NGC1052measured only at 45 points in the (u; v){domain5 during one integration bin, the disreteFourier transform algorithm has to be used, to derive an approximation to the true Fouriertransform of this funtion:B0(x; y) = MXj=1V (uj ; vj) exp2�i(ujx+vjy) (3.7)with V (uj ; vj) = V (u; v) � wj; wj = ( 1 : u = uj; v = vj0 : u 6= uj; v 6= vjThe result of this proedure is the \dirty map", whih is the onvolution of the truebrightness distribution B(x; y) with the reeption pattern of the array, the \dirty beam".The \dirty beam" is omposed of a entral peak with the full width at half maximum(FWHM) of (umax � vmax)�1=2 and a number of weaker, loal maxima, whih are due tothe imperfet sampling of the (u; v){plane. The better the sampling is, the less prominentare these loal maxima. Di�erent algorithms have been developed to deonvolve the\dirty map", the CLEAN algorithm (H�ogbom 1983) being the most extended. In eahstep of this iterative algorithm a fration (loop gain) of the \dirty beam", a CLEANomponent, is subtrated from the \dirty map" at the position of its maximum. Theposition and ux of the CLEAN omponent is stored temporarily as well as the modi�ed\dirty map", without the ontribution of the CLEAN omponent, now alled the residualmap. In this residual map the new maximum is searhed and another yle of \leaning"is applied. This algorithm should make the residual map smooth and featureless. In a�nal step, the temporary map that ontains the CLEAN omponents has to be onvolved5A telesope array of N antennas provides N(N � 1)=2 baselines. For the VLBA and its 10 antennasthis results in 45 baselines.
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Figure 3.6: Time overage of the NGC1052 observation at 43GHz.with an idealized interferometer beam (equivalent to the di�ration pattern), whih is atwo-dimensional Gaussian funtion with the FWHM of the \dirty beam". The residualmap is added to this \CLEAN map", resulting to a �nal map, whih represents the truebrightness distribution as approximated from the measurements. The hoie of a loop gainsmaller than one in eah yle ensures that no arti�ial e�ets arise in the \lean map".The quality of the �nal map an be enhaned, using the self onsisteny of the dataand the derived model, by self{alibration. Even after the a{priori alibration of the datain AIPS, both the amplitudes and the phases of the visibilities are a�eted by errors.The measured phases an be written as�0i;j = �i;j +�i � �j + �i;j ; (3.8)with �i;j the true phase, �i=j an error ontribution arising at station i and j, respetively,and a noise term �. The inuene of the station-dependent terms anel out if the sum ofthree di�erent stations are added up:�0i;j +�0i;k +�0j;k = �i;j +�i;k +�j;k + �i;j + �i;k + �j;k (3.9)This losure-phase relationship is used in the phase self alibration that an be applied



3.3. VLBI DATA REDUCTION 41between the subsequent CLEAN steps. The visibility phases are varied in order to best�t the derived model, keeping the losure phases onstant.The CLEAN algorithm is implemented in difmap and an be applied with the om-mand lean n, l, where n is the number of CLEAN iterations to perform, eah with aloop gain l. After a CLEAN yle, phase self{alibration is applied with the ommandselfal. When the iteration has onverged, i.e., when the \leaned" ux no longer in-reases and/or the residual map has beome smooth and featureless, the derived modelan be used to self{alibrate the visibility amplitudes. After this, the mapping proessstarts from the beginning, but now using the better alibrated data.The (u; v){data of NGC1052 at the four frequenies have been mapped aordingto this strategy. After reading in the data, they were averaged into 30 seond bins toaelerate the mapping proess. The data were examined using the ommands vplot,whih shows the visibilities as a funtion of time for eah baseline, and pplot, whihdisplays the losure phases for the various triangles of telesopes. Any obviously baddata points were agged. Starting from a point soure model the \dirty map" at eahfrequeny was \leaned" and the data were phase self{alibrated. In this �rst yle eahdata point was given the same weight (natural weighting). This overemphasizes the short(u; v){spaings, whih are more frequently sampled in the (u; v){plane and prevents onefrom loosing extended strutures.After obtaining a �rst good model, the data were amplitude self{alibrated for a �rsttime with the ommand gsale. In this proedure time-independent gain fators for eahantenna are determined, whih inrease the onsisteny between the data and the model.These fators are given in the output of gsale and should be small. For 5 and 8.4 GHzthe performane was exellent, with orretion fators not bigger than 2% with a meanof 0.9% and 0.6%, respetively. At 22GHz the biggest orretion of 4% was applied tothe antenna at St. Croix and the mean orretion was about 2%. At 43GHz the antennaat Mauna Kea needed a rather big orretion of 29% but the other antennas also had aremarkably good a{priori alibration at this very high frequeny with orretion-fatorsbelow 5%. Having this amplitude self{alibrated data set, the \leaning" and phase self{alibration proess was restarted from a point-soure model. At the end of this seondyle a seond amplitude self{alibration was performed with a time sale of 180 minutes.The time dependent orretion fators were examined with the ommand orplot.In the following iterations the time sale was dereased further in 8 steps, down to atime sale of 1 minute. From the seond yle on, uniform weighting was hosen, whihgives the weights in the (u; v){plane aording to the loal density of data points. Uniformweighting gives the best angular resolution but redues the sensitivity of the array. In thelast yle the amplitudes were allowed to vary freely and a fully amplitude and phase self{alibrated dataset was saved. From this the �nal map for eah frequeny was produed.Figure 3.7 shows the visibilities of the 43GHz observation of NGC1052 as a funtionof time for the baseline Fort Davies to Pie Town at the beginning and at the end of theself{alibration proess. In Figure 3.8 the �nal 5GHz data set is plotted as a funtion ofradial (u; v){distane projeted on two one dimensional slies along a position angle (P.A.)of 69Æ (parallel to the VLBI jet) and 159Æ (perpendiular to the axis of the VLBI jet),respetively. Along P.A.=69Æ the visibility shows fringes indiating at least two strongand interfering omponents. Perpendiularly to this, no obvious struture an be seenfrom the (u; v){data. The good agreement between the model and the data also allowedto derive a model visibility distribution in the (u; v){plane as the Fourier transform of the
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Figure 3.7: 43GHz Visibility amplitude (top) and phase (bottom) versus time on the baseline FD{PT.Left: A{priori alibrated data; Right: Edited and fully alibrated data. The data are shown as pointswith error bars, and the �nal model is plotted in both ases as a ontinuous line.

Figure 3.8: The visibility distribution projeted on two perpendiular planes in the (u; v){plane. Theloal maxima, visible in the left panel (P.A.=69Æ), orrespond to the side-lobes of the visibility amplitudein the (u; v){plane, in Figure 3.9.



3.3. VLBI DATA REDUCTION 43model brightness distribution. Figure 3.9 shows ontour plots of the brightness distribution((x; y) domain) and the visibility amplitude ((u; v){domain). The (u; v){plane samplingpoints ((u; v){overage) at whih the visibility was measured are shown superimposed onthe model visibility amplitudes. The amplitude of the visibility is dominated by a entralmaximum (note the uneven ontour levels given in the �gure aption). Along P.A.=69Æseveral side-lobes are prominent, orresponding to the fringes in Figure 3.8.Polarization alibration and mapping the polarization struture: In very longbaseline polarimetri (VLBP) observations the antenna feeds reord irular polarization inboth hands, RCP and LCP. From the observations of NGC1052 in Deember 1998 the rossorrelations rRRmn , rLLmn, rRLmn and rLRmn for eah antenna pair m;n were formed in the VLBAorrelator from the measured right irular and left irular polarized (RCP and LCP)signals. These ross orrelations have to be orreted for instrumental e�ets, desribedin this paragraph, in order to derive the true visibilities RR; LL;RL and LR. Following thedisussion of Lepp�anen et al. (1995), the four Stokes parameters I, Q, U and V, whihspeify the polarimetri properties of the soure radiation, an be obtained as the Fouriertransform (indiated by *)) of these orrelationsRR*)I + VLL *)I � VRL *)Q+ iU = PLR *)Q� iU = P � ; (3.10)where P = pe2i�, with p the polarized intensity and � the eletri vetor position angle(EVPA). Unfortunately, real antenna feeds do not exlusively register one single polar-ization, some leaking of the opposite hand is always present. This e�et of instrumentalpolarization an be expressed in a model of the interferometer response (Kemball et al.1995: rRRmn = gRmgR�n f e�i(�m��n)�RR+ DRmei(�m+�n) � LRg+DR�n f e�i(�m+�n)�RL + DRmDR�n ei(�m��n) � LL grLLmn = gLmgL�n f ei(�m��n) � LL + DLme�i(�m+�n) �RLg+DL�n f ei(�m+�n) � LR +DLmDL�n e�i(�m��n)�RRgrRLmn = gRmgL�n f e�i(�m+�n)�RL + DRmei(�m��n) � LL g+DL�n f e�i(�m��n)�RR+ DRmDL�n ei(�m+�n) � LRgrLRmn = gLmgR�n f ei(�m+�n) � LR + DLme�i(�m��n) �RRg+DR�n f ei(�m��n) � LL +DLmDR�n e�i(�m+�n)�RLg (3.11)
In these expressions, the subsripts m;n denote di�erent antennas, the supersripts R;Ldenote di�erent polarizations and the parallati angles are denoted by �. The g-fatorsrepresent the omplex antenna gains and the D{terms the ratios of the reeived unwantedpolarization to the reeived nominal polarization in the omplex voltage response (orleaking between the polarization hands). Note that the D{terms are the only quantitiesin these formulae, whih are not known from the a{priori alibration of the data in AIPS.Espeially the parallati angle orretion that has been performed (page 36) simpli�esthe formulae sine this orretion orresponds to the substitutiongRme�i�m ! gRm; gLmei�m ! gLm; (3.12)
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Figure 3.9: Top: Contour image of the brightness distribution (B(x; y)) of NGC1052 at 5GHz. Bottom:Contour plot of the (real part of the) Fourier transform of the brightness distribution, the visibilityamplitude in the (u; v){plane. The ontours for 0.1, 0.125, 0.15, 0.175, 0.2, 0.225, 0.25, 0.275, 0.3, 0.35,0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, and 2.2 Jy are shown. Superimposed is the (u; v){overage during theexperiment.



3.3. VLBI DATA REDUCTION 45representing a rotation of the gain phases by the time dependent parallati angle. Afurther simpli�ation is ahieved by negleting seond and third order terms in D, RL andLR, sine both the D{terms and the frational polarization m = P=I / RL / LR are smallquantities. If additionally irular polarization is negleted (RR = LL = I *) I) Equation(3.11) beome rRRmn = gRmgR�n � IrLLmn= gLmgL�n � IrRLmn= gRmgL�n fRL+ (DRme2i�m +DL�n e2i�n) � IgrLRmn= gLmgR�n fLR+ (DLme�2i�m +DR�n e�2i�n) � Ig : (3.13)Equations (3.13) represent a linearized model of the interferometer response in VLBPexperiments. It is based on the assumption that the D{terms are small (< 5%), whih isusually true for observations made with the VLBA.To the degree that these are valid assumptions, Equation (3.13) shows that the parallel-hand ross orrelations (rRRmn ; rLLmn) respond only to the total intensity I and the ross-handorrelations (rRLmn; rLRmn) are sensitive to linearly polarized intensity. One the D{terms areknown, the true visibilities RR; LL;RL and LR an be determined from Equation (3.13) andthe degree of linear polarization m and the EVPA � from Equation (3.10):m = pQ2 + U2I ; � = 12 � artan�UQ� (3.14)The D{terms are omplex quantities. Their modulus a�et the degree of polarizationand their phase determines the polarization plane. Equation (3.10) shows that the latterdepends on the phase di�erene between the RL and the LR ross orrelations. Sine � isdetermined by the di�erene of RL and LR, an o�set for both is usually allowed. Speialare has to be taken therefore to alibrate the absolute EVPA of the radiation.Lepp�anen et al. (1995) developed an algorithm to determine the instrumental polar-ization leakage fators and to separate the soure and instrumental polarization, using thetarget soure itself. This algorithm was applied to self{alibrate the polarization hara-teristis of the VLBA in the polarimetri observation of NGC1052, sine the polarizationof the soure was unknown and, espeially at the high frequenies, no suitable alibratorswere available. This alibration step, usually referred to as feed alibration, is desribed inthis paragraph. The only assumption in this algorithm is the spatial oinidene of polar-ized emission (if any) with the total intensity emission. To aount for this onstraint, amodel for the total intensity, available from imaging in difmap (or imagr within AIPS),is used. To allow strutural di�erenes between the polarized and the total intensitystruture, this model is divided into sub{models, whose polarizations are haraterizedby omplex oeÆients ps = (Qs + iUs)=Is) for eah sub-model with the total intensityIs. Setting the gain terms to unity and substituting the true parallel hand visibilities(I = RR = LL) with the observed ounterparts (rLLmn and rRRmn), whih is allowed if the gainself{alibration in difmap has worked properly, the ross hand terms in Equation (3.13)beome~rRLmn(u; v) = Ps psIs(u; v) +DRme2i�mrLLmn(u; v) +DL�n e2i�nrRRmn(u; v)~rLRmn(u; v) = Ps p�sIs(u; v) +DLme�2i�mrRRmn(u; v) +DR�n e�2i�nrLLmn(u; v) ; (3.15)with I(u; v), the Fourier transform of Is and the sum over all sub-models. A linear least{squares{�t to the measured ross polarized visibilities an determine the unknown fators



46 CHAPTER 3. OBSERVATIONS AND DATA REDUCTIONps and Dm. The details of this algorithm an be found in Lepp�anen et al. (1995) andshall not be disussed here. However, the way the model is divided does not a�et thesolution, as long as the model has enough degrees of freedom to �t the true distributionof polarized emission. This requires a good enough parallati angle overage and a nottoo ompliated polarization struture of the soure.As already mentioned, a ommon o�set in the RCP and LCP gains does not a�et thequality of the �t, sine it is only the di�erene between both whih is taken into aount.This leads to the need for an absolute alibration of the EVPA, whih is atually a�etedby suh a ommon o�set. In priniple the appliation of the phase-al information withpor during the a{priori alibration should have removed suh ambiguities, but it isneessary to hek this externally. The way the EVPA an be alibrated depends on thespeial observation harateristis, and in Setion 4.5 it is desribed how this was atuallyobtained in the ase of NGC1052.To perform the feed alibration using the desribed algorithm, the best CLEAN om-ponent model from the hybrid mapping proess in difmap, ontained in a FITS �le wasread into AIPS for all four frequenies, using the task imlod. The model information isontained in a CLEAN omponent (CC) table of the image. Using this model the (u; v){data were phase self{alibrated with the task alib. Bad data points were agged, usingthe task lip, by setting appropriate lipping levels, known from the data examinationwithin difmap, for the four Stokes parameters. With the fully alibrated data a totalintensity soure model was obtained with the task imagr within AIPS. The map-size,the ell-size, the number of iterations and the weighting of the data had to be spei�ed,whih were all known from the mapping proedure within difmap. The resulting map washeked for onsisteny with the map produed by difmap. From the AIPS image �lethe CC table was now subdivided into ten sub-CC tables with the task edt. Speifyingthese ten sub-models, a linear approximation of the D{terms was performed with the tasklpal, aording to Equation (3.15), whih writes the results into the antenna table (AN),to be examined with the task prtan. The determination of the D{terms yielded valuesbelow 5% (exept SC at 22 and 43GHz), and are shown in Table 3.1. With the knowledgeof the D{terms the Stokes parameters Q, U and V an be mapped, with the same mappingparameters of imagr as for the Stokes I map. The phase alibration from alib guar-antees the proper registration of the maps with di�erent Stokes parameters. Maps of thepolarized intensity were produed, ombining the orresponding Q and U maps with thetask omb (to be plotted with the task pntr). In Setion 4.5 the results are presentedand disussed. The basi path of feed alibration in AIPS is plotted shematially inFigure 3.10.
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Table 3.1: The D{terms of the VLBA antennas on De 28th 1998Antenna Feed pol. type Da5 Db8:4 D22 Dd43BR RCP 0:0041ei149:0 0:0216ei148:1 0:0268ei77:8 0:0342ei286:3(Brewster) LCP 0:0107ei50:9 0:0086ei250:2 0:0113ei146:4 0:0376ei232:4FD RCP 0:0086ei144:1 0:0064ei64:9 0:0043ei55:3 0:0144ei281:7(Fort Davis) LCP 0:0104ei39:3 0:0138ei153:0 0:0122ei46:1 0:0163ei23:5HN RCP 0:0115ei177:1 0:0153ei79:3 0:0290ei343:5 0:0479ei232:9(Hanok) LCP 0:0067ei45:6 0:0152ei126:8 0:0252ei146:9 0:0355ei349:6KP RCP 0:0137ei156:8 0:0019ei176:1 0:0250ei36:8 0:0150ei248:8(Kitt Peak) LCP 0:0136ei33:3 0:0060ei123:3 0:0123ei176:4 0:0200ei225:2LA RCP 0:0125ei149:2 0:0046ei143:5 0:0158ei310:7 0:0225ei302:8(Los �Alamos) LCP 0:0115ei22:9 0:0118ei178:4 0:0083ei29:0 0:0102ei217:8MK RCP 0:0080ei188:7 0:0017ei299:9 0:0085ei235:6 0:0493ei216:6(Mauna Kea) LCP 0:0135ei348:8 0:0114ei175:5 0:0217ei42:9 0:0124ei113:1NL RCP 0:0196ei154:5 0:0059ei58:8 0:0346ei14:1 0:0413ei331:8(North Liberty) LCP 0:0134ei10:3 0:0066ei107:3 0:0289ei164:1 0:0299ei193:5OV RCP 0:0063ei155:9 {e {e 0:0224ei100:7(Owens Valley) LCP 0:0068ei7:9 {e {e 0:0287ei344:7PT RCP 0:0121ei163:1 0:0098ei192:1 0:0082ei158:4 0:0239ei275:4(Pie Town) LCP 0:0203ei17:8 0:0086ei19:6 0:0155ei192:7 0:0350ei74:5SC RCP 0:0071ei225:0 0:0152ei168:8 0:0609ei195:3 0:0402ei242:0(St. Croix) LCP 0:0036ei11:8 0:0089ei24:2 0:0805ei318:9 0:0596ei183:5a D{terms at 5GHz; b D{terms at 8.4GHz;  D{terms at 22GHz; d D{terms at 43GHz; e OV did notobserve at 8.4 and 22GHz
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Chapter 4ResultsIn this hapter I will present and disuss the results obtained from the multi{frequenyVLBI observations of NGC1052. I will start with the presentation of the VLBI images(Setion 4.1), produed from the self{alibrated (u; v)-data. The pre-analysis of theseimages will inlude the alignment and modeling of the VLBI struture of NGC1052 atthe four observed frequenies (Setion 4.2). In Setion 4.3, the spetral properties ofNGC1052 and the various omponents in the jets will be disussed. A method to obtainsoure information from the brightness temperature distribution aross the soure will bepresented and applied in Setion 4.4 . The polarimetri properties of NGC1052 on VLBIsales will be reported, for the �rst time, in Setion 4.5 . In Setion 4.6, an analysis of theore-shift of the two jet{ores with respet to frequeny will be performed.4.1 Total intensity mappingFigure 4.1 shows the total intensity images, produed with the hybrid mapping softwareDifmap (Pearson et al. 1994), as desribed in Chapter 3. The main harateristis of thesoure visible in these images, whih are desribed in the following, are summarized inTable 4.1. Table 4.2 gives the map parameters.The basi features in the VLBI struture of NGC1052 are two oppositely direted jetsdivided by an emission gap in between. These are visible in the 5 and 8.4GHz map witha resolution of about 3 and 2mas, respetively. At 5GHz strutures out to about 30masfrom the gap on both sides an be seen. At 8.4 GHz, emission out to about 14mas onboth sides from the gap is visible.At both frequenies, the soure geometry an be desribed by a position angle (P.A.)of approximately 65Æ (�155Æ for the western jet)1. The soure exhibits a kink about 8maseast from the gap, where the eastern jet turns slightly to the north and bak to its olddiretion some milliarseonds further out. Although not that pronouned, this kink isvisible as well in the 8.4GHz map at the same distane from the gap.The 22GHz image shows the inner part of the eastern jet out to 6mas from the gap anda slightly shorter western jet out to about 4mas from the gap both with submilliarseondresolution. Marginally deteted emission is spread out to 13mas in the eastern jet and to6mas on the western side. The eastern jet seems to be slightly urved on this sale withthe P.A. hanging smoothly from 67Æ to 83Æ (ounterlokwise, in ontrast to the behavior1The P.A. is measured from north through east.49
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Figure 4.1: Contour plots of the total intensity ux of NGC1052 at the observed frequenies. Theonvolution beams are shown at the bottom left orner of eah map. Table 4.1 summerizes the soureharateristis at eah frequeny and Table ?? gives the map parameters. Note the di�erent map salesat the di�erent frequenies.at the kink further out at lower frequenies). The western jet shows strong urvature.From the very prominent ore (omponent B) the outow has an initial position angle of�140Æ. At 3mas from the gap the position angle hanges by 90Æ to �50Æ followed by aslower urvature towards the P.A. of �155Æ, visible at the lower frequeny maps.The 43GHz image ould be misinterpreted, if it had been obtained from a singlefrequeny observation, as a one{sided soure with a strong ore and only marginal emissionon the ounterjet side. The omparison with the 22GHz image, however, asribes thisstrong ore (omponent B) to the western jet (look for details at the model �tting and theore{shift analysis results in Setion 4.2 and 4.6) and the urved struture in the east of itto the eastern jet. The urvature is onsistent with the 22GHz map but emission is only



4.1. TOTAL INTENSITY MAPPING 51visible out to 5mas from the gap. The angular resolution ahieved here is about 0.5mas(see table 4.2 for the exat map parameters).The angular distane measurements in this paragraph are based on the interpretationof omponent B as the ore of the western jet and the gap position between it and the nextomponent on its east side at 43GHz. This interpretation will be tested and disussed inmore detail in Setion 4.6 but seems reasonable even at this point of the analysis.The jets appear nearly symmetri in the 5 GHz and 8.4 GHz maps, symmetry beomingless prominent at higher frequenies. At 43GHz the eastern jet appears very rih in detailwhile in the western jet only two omponents remain detetable above the noise level.The emission gap is most prominent at 5GHz. The maps at 8.4, 22 and 43GHz reveal jetomponents oupying the region where the gap is loated at 5GHz, leaving a smaller butstill prominent gap{region left. The eastern jet appears rather ontinuous with a stronginner region (labeled as omponent A) and fainter emission further out from the enterof symmetry. The western jet has a muh more fragmentary struture. It seems to beomposed of single \blobs" whih are unresolved and partly blended at low frequenies.It is not easy to identify the single omponents at di�erent frequenies. Espeiallybetween 5 and 8.4GHz the identi�ation is problemati beause the higher frequenymap shows a larger number of omponents than the lower frequeny one. Although thisproblem annot be overome just by a visual inspetion of the maps (but the next setionwill deal with the topi of alignment) there are hints for an alignment, whih identi�es theinnermost part of the western jet at 5GHz (omponent C) with the seond omponentfrom the gap at 8.4GHz. The ore of the western jet (omponent B) is too weak to bedetetable at 5 GHz but beomes more and more dominant at higher frequenies. At 8.4GHz it oupies nearly the whole 5GHz{gap region.Table 4.1: Soure harateristis on mas-salesMean eastern jet western jet Gap� P.A. extension extension region Notes5GHz � 65Æ 30mas 30mas prominent, A dominates; B totally absorbed;�1.25mas kink, 8mas east of the gap8.4GHz � 65Æ 14mas 14mas nearly losed A dominates; B oupies the 5GHzgap-region; kink, 8mas east of the gap22GHz � 67Æ 13mas 6mas prominent, B dominates; urved eastern jet (P.A.��0.45mas [67Æ,83Æ℄); heavy bending of the western jet43GHz � 70Æ 5mas 3.5mas �0.2mas B dominates;urved eastern jet (P.A.�[67Æ,83Æ℄Table 4.2: Total intensity map parameters� � beam Speak Stot(a) rms Contoursd[Hz℄ [m℄ [mas � mas,Æ℄ [Jy/beam℄ [Jy℄ [mJy/beam℄ [mJy/beam℄5 6 3.30 � 1.31,{3.74 0.660 b 2.41 0.26 0.99 � (-1,1,2,4,...,256,512)8.4 4 1.98 � 0.81 ,{3.87 0.538 b 2.39 0.25 0.81 � (-1,1,2,4,...,256,512)22 1.3 0.86 � 0.32 ,{7.63 0.339  1.51 1.20 1.02 � (-1,1,2,4,...,128,256)43 0.7 0.45 � 0.16 ,{7.93 0.126  0.67 0.67 1.89 � (-1,1,2,4,...,16,32,64)a Total ux density reovered in the map model; b Corresponds to the A omponent;  Corresponds to the Bomponent; d Contours in Figure 4.1 (There are more maps in the following setions with di�erent ontours).



52 CHAPTER 4. RESULTS4.2 Model �tting and image alignmentIn VLBI imaging the absolute positional information is lost in the phase-alibration pro-ess. In the ase of simultaneous multi-frequeny observations this means that a{prioriit is not lear how the images at the di�erent frequenies have to be aligned. The idealmethod for overoming this is to arry out phase-referening observations, using a ompatnearby objet and using it to alulate the position of the target soure relative to it. OurVLBA observations were not phase-referened, so another way was used to register thefour maps. For this a model �tting of the visibilities with irular2 Gaussian omponentswas performed.The aim of model �tting is to �nd a simple parametrization of the data using only a fewmodel omponents whih should be identi�able with harateristi features in the totalintensity images. A pairwise identi�ation of the model omponents between adjaentfrequenies then allows to register the images. As another bene�t the spetra of the modelomponents an be derived.The model �tting was performed in difmap in a very similar way to the CLEANingand phase self-alibration proess (without amplitude alibration) of the total intensitymaps. The (uv){data was approximated in a �rst step by just one model omponent in thephase enter in varying its full width at half maximum (FWHM) and the ontained uxdensity. Then the residual map was inspeted and a seond model omponent was addedat the position of the largest residual. This seond omponent was set to be variable inux density, position and diameter. difmap allows to vary these parameters in order tominimize the deviations between model and data in performing a least squares �t. Thenumber of model �t iterations had to be spei�ed and additional model omponents wereadded and �tted in the same way. One a good approximation to the data was found(whih was heked by omparing the model visibilities to the data in the tasks radplot,vplot,... as in the hybrid mapping proess) a self-alibration of the phases was performed.It is always possible to redue the deviations between a model and the data by addingmore omponents, resulting in more degrees of freedom for the �tting proedure. For this,it had to be heked if the introdution of a new omponent improved the �t signi�antlyto justify the neessity of this omponent. The quality of the ahieved �t was determinedby the value of �2, the likelihood, whih is a measure of the deviations between model anddata being the sum of the squared di�erenes at eah data point (in the visibility domain)divided by the number of degrees of freedom (redued �2). For a good �t this value shouldbe of the order of one.The �ts were performed initially independently in order not to be biased one by an-other. One good �ts for all four frequenies were obtained, a ross inspetion of theresulting maps was done and the �ts were modi�ed in order to get a set of model �ts asonsistent as possible. Criteria for onsisteny are:� Regions whih show emission at two adjaent frequenies should be represented bythe same number of omponents.� In the outer parts omponents should tend to fade away towards higher frequeniesas they most likely represent optially thin synhrotron emitting regions.2Although less realisti than elliptial omponents, we used irular Gaussian omponents to reduethe degrees of freedom of the model and to make the models omparable between the di�erent frequenies.



4.2. MODEL FITTING AND IMAGE ALIGNMENT 53� In the inner parts of both jets there an be new omponents showing up at higherfrequenies, whih have no low frequeny ounterpart due to external or self absorp-tion.� Optially thin features should not show positional hanges with frequeny. In otherwords, it should be possible to align the model maps in a way that all optially thinfeatures are onneted by vertial lines, if the maps are plotted one above the other.� Optially thik features are expeted at the base of both jets and not at the outerparts. They should have the tendeny to be shifted loser to the gap at higherfrequenies exhibiting a \V"{like struture in the gap region.� \Strange spetra", i.e. omponents whih �rst beome dimmer and then brighteragain with rising frequeny, indiate the inuene of two distint physial emissionregions. They should be heked and possibly divided into two separate omponents.To ahieve a maximal onsisteny between adjaent frequenies, model omponents anbe added to one of the two models if the redued �2 dereases signi�antly. Alternatively,omponents an be taken away from the other model if this does not alter the value of �2too muh.Tables 4.3 to 4.6 give the parameters of the �nal models for the four frequenies. Theerrors were determined with the program erfit, a program from the Calteh VLBI dataanalysis pakage (California Institute of Tehnology 1991), that alulates the statistialon�dene intervalls of the �tted model parameters. The obtained values of �2 are allsatisfatory small but at the prie of a rather big number of model omponents. Over thefrequenies 15 model omponents were needed for the eastern jet of whih 9 are ontained inthe 5GHz{�t and 11, 8 and 10 in the 8.4, 22 and 43GHz{�ts, respetively. For the westernjet 4, 6, 5 and 3 omponents were needed for the �ts resulting to a total number of 8 jetomponents after the ross identi�ation. Espeially the ross hek of the resulting mapswith the total intensity maps obtained with the CLEAN algorithm argued onvininglyagainst a smaller number of omponents at any frequeny. The image alignment wasperformed in three steps:1. A reliable alignment of the model �t maps had to be found. For this the �ttedomponents �rst had to be ross{identi�ed. Then the model �t maps ould bealigned pairwise, assuming frequeny independent positions of optially thin features.Above 8.4 GHz the position of the omponent A7 in the 43GHz model was used asa measure of relative shifts between adjaent frequeny models sine this omponentis relatively strong at all three frequenies and unambiguously identifyable. A shiftof 0.008 mas to the west and 0.014mas to the south of the 22GHz model as well asof the 8.4GHz model (with respet to the 43GHz model) was determined. For thealignment of the 5GHz and the 8.4GHz model �t maps the distane between thetwo most distant omponents was measured and the enter was alulated for bothfrequenies. This enter then was assumed to be intrinsially spatially oinidentresulting to a shift of 0.115mas to the west and 0.051mas to the south for the 5GHzmodel.In Figure 4.3 the aligned model �t maps are shown and the model �t omponentidenti�ations are indiated by lines. The most distant omponent in the eastern jet



54 CHAPTER 4. RESULTSwas labeled as A1, the adjaent inner one as A2, and so on. The western jet wasdevided into three parts following the onvention introdued in Setion 4.1 . Themodel �t omponent in the innermost part of the western jet were labeled as B2b,B2a, B1 from east to west. Further out the omponents C3b, C3a, C2, C1 and Dfollow.Most of the lines in Figure 4.3 are nearly vertial indiating frequeny independentomponent positions. This fat underlines the reliability of the obtained �ts as a highquality approximation of the true soure struture strikingly. Inlined onnetionlines arise only at points where omponents split into two distint ones at the higherfrequeny whereas the data set ould be modelled as well with only one omponentat the lower frequeny.At the inner edge of the eastern jet new omponents are showing up at higherfrequenies as the innermost region omponents of the western jet do between 5 and8.4 GHz. Above 8.4GHz the innermost omponent in the western jet B2b movesslightly to the east. These e�ets represent the ore{shift, disussed in detail inSetion 4.6 .2. In order to align the CLEAN maps their haratristi features �rst had to be identi-�ed with model omponents in the orresponding \model �t map". These CLEANmap features were set at the relative position of the ross{identi�ed model ompo-nents. For this the brightness peak of region C was identi�ed with C3 in the 5 and8.4 GHz maps, and omponent B2b was asribed to the brightness peak of region Bfor the other pairs of CLEAN maps. The aligned CLEAN maps are shown in Figure4.4. They ontain the whole multi-frequeny information obtained in the observationand will be used in the next setion to derive the spetral index distribution arossthe soure.3. A �xpoint an be determined from whih angular distanes are measured as abso-lute distanes rather than relative distanes between distint omponents. A naturalhoie for this �xpoint would be the most probable position of the true enter of jetativity, namely the position of the entral engine. The enter between the ompo-nents A15 and B2b was hosen for this purpose (see Setion 4.6). The omponentpositions in Table 4.3 to 4.6 are given relative to this referene point.In Figure 4.2 the loations of the model omponents in the sky at all four observedfrequenies are shown. The ross{identi�ation of the various omponents is very obviousin this plot for the most ases. The errors in x (R.A.) and y (De.) have been alulatedfrom the statistial errors in r and �, from the erfit-output. For the most omponents,these errors are to small to be visible in Figure 4.2, espeially at the highest frequenies.The omponents in both jets do not follow a straight trajetory, but are aligned along ahelial path. The helial struture is more pronouned at the highest frequenies and hasan opening angle of � 10Æ in the eastern jet and � 15Æ in the western jet.Although the piees of this puzzle �t onviningly well, it has to be remarked thatthe method of alignment used here is not a{priori de�nite. It is based on the assump-tion that optially thin omponents have frequeny-independent positions and that theross identi�ation of the model omponents is orret. However, it is obvious that theused identi�ation is the most reasonable as a shift of the whole set of model omponents
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Table 4.3: 5GHz model �t parameters (�2red = 1:12).Component Flux density [mJy℄ Radiusa [mas℄ P.A. FWHM [mas℄A1 80�2 14.56�0.03 66.5�0.1 2.14�0.03A2 54�2 12.01�0.04 63.6�0.1 1.87�0.08A3 60�2 9.61�0.05 65.3�0.3 1.63�0.04A4 150�7 7.46�0.05 71.7�0.2 0.99�0.02A5 338�37 6.0�0.2 72.8�0.1 0.93�0.25A6 447�48 5.1�0.1 72.8�0.2 0.83�0.19A7/8 450�28 4.0�0.1 71.0�0.2 0.69�0.08A9 397�30 3.1�0.2 71.1�0.3 0.20�0.07A10 140�37 2.3�0.2 70.9�0.4 0.46�0.05C3 137�3 3.84�0.03 -114.2�0.1 1.03�0.06C2 59�3 4.75�0.06 -115.7�0.3 0.83�0.09C1 24�1 7.19�0.03 -119.6�0.4 1.85�0.10D 67�1 11.81�0.01 -114.7�0.1 2.24�0.05a The radius is measured from the enter between A15 and B2b (see Setion 4.6).
Table 4.4: 8.4GHz model �t parameters (�2red = 1:76).Component Flux density [mJy℄ Radiusa [mas℄ P.A. FWHM [mas℄A1 38�1 14.70�0.03 66.5�0.1 2.00�0.03A2 37�1 12.04�0.04 64.0�0.1 2.34�0.08A3 36�1 9.30�0.05 65.9�0.3 1.62�0.04A4 83�4 7.34�0.05 71.9�0.2 0.98�0.02A5 72�8 6.4�0.2 72.7�0.1 0.59�0.25A6 360�26 5.5�0.1 72.8�0.2 0.81�0.12A7 396�22 4.4�0.1 72.3�0.2 0.74�0.06A8 146�8 3.8�0.1 69.7�0.2 0.28�0.06A9 360�21 3.2�0.2 71.3�0.3 0.34�0.05A10 316�47 2.7�0.2 69.2�0.4 0.31�0.03A11 137�25 1.9�0.2 74.3�0.4 0.34�0.07B2a/b 56�4 0.60�0.03 -119.8�0.1 0.36�0.02B1 29�2 1.26�0.03 -119.9�0.1 0.31�0.02C3 20�1 3.75�0.03 -114.2�0.1 1.06�0.08C2 77�4 4.86�0.06 -114.9�0.3 0.90�0.09C1 21�1 7.03�0.03 -119.1�0.4 1.68�0.10D 48�1 11.95�0.01 -114.7�0.1 2.21�0.05a The radius is measured from the enter between A15 and B2b (see Setion 4.6).
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Table 4.5: 22GHz model �t parameters (�2red = 0:71).Component Flux density [mJy℄ Radiusa [mas℄ P.A. FWHM [mas℄A6 138�5 5.48�0.03 72.4�0.2 0.98�0.04A7 140�7 4.39�0.01 72.2�0.2 0.65�0.03A8 99�5 3.72�0.01 68.1�0.2 0.47�0.03A9 139�6 3.09�0.01 72.2�0.2 0.32�0.02A10 144�5 2.70�0.01 68.5�0.2 0.27�0.01A11 44�8 1.98�0.04 73.0�0.8 0.29�0.07A12 86�15 1.53�0.04 72.1�0.4 0.26�0.06A13 54�14 1.20�0.04 71.1�0.9 0.22�0.06B2b 341�14 0.52�0.02 -123�1 0.21�0.01B2a 151�14 0.72�0.05 -115�2 0.29�0.02B1 31�2 1.38�0.02 -132�1 0.3�1.7C3a 50�4 3.34�0.02 -116.4�0.4 0.58�0.03C3b 86�6 4.18�0.07 -116�1 1.95�0.16a The radius is measured from the enter between A15 and B2b (see Setion 4.6).
Table 4.6: 43GHz model �t parameters (�2red = 0:83).Component Flux density [mJy℄ Radiusa [mas℄ P.A. FWHM [mas℄A6 40�2 5.36�0.03 72.8�0.2 0.92�0.05A7 44�2 4.39�0.01 72.2�0.2 0.51�0.03A8 39�2 3.76�0.01 68.7�0.1 0.46�0.03A9 37�1 3.177�0.003 71.8�0.1 0.22�0.01A10 70�1 2.772�0.004 68.4�0.1 0.33�0.01A11 19�1 1.95�0.01 71.6�0.5 0.32�0.03A12 57�2 1.499�0.004 70.2�0.2 0.22�0.01A13 43�2 1.221�0.006 70.8�0.2 0.12�0.01A14 54�1 1.017�0.003 71.9�0.2 0.08�0.05A15 19�1 0.47�0.01 61�2 0.21�0.03B2b 225�2 0.467�0.002 -119.2�0.3 0.224�0.002B2a 31�2 0.779�0.007 -120.9�0.6 0.22�0.01C3b 27�2 3.33�0.05 -116.5�0.8 0.95�0.08a The radius is measured from the enter between A15 and B2b (see Setion 4.6).
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Figure 4.2: Loations of the various model omponents at all four observed frequenies on the sky. The positional errors in x and y have been alulated fromthe statistial errors in r and �, as given by the erfit-output and are indiated in the inlaid magni�ation of the inner 6mas of the soure struture. The modelomponents are aligned along a helial path with an opening angle of � 10Æ of the eastern jet and � 15Æ of the western jet.



58 CHAPTER 4. RESULTSonatenated with another identi�ation introdues physial implausibilities. If one, forexample, identi�es the outermost omponent in the 8.4GHz map with the seond (ountedfrom the east) omponent at 5GHz, many of the omponents in the western jet have nodiret ounterpart and omponent D must be interpreted as an optially thik featurebelow 8.4GHz, whih seems very unlikely (see Figure 4.3). However, all possible ombi-nations of other identi�ations have been tested but dismissed beause of suh physialimplausibilities.An impression of the full multi-frequeny struture of NGC1052 an be obtained from a�lm produed from the maps at the four observing frequenies. Two versions are available(see Appendix D for a detailed desription), whih an be obtained via the Internet atthe URLs: http://www.mpifr-bonn.mpg.de/staff/mkadler/hollywood 1052.avi andhttp://www.mpifr-bonn.mpg.de/staff/mkadler/ufa 1052.avi, respetively.4.3 Spetral analysisAfter obtaining a reliable registration of the four maps of NGC1052 and a ross{identi�-ation of the model �t omponents, there are two approahes to study its spetral prop-erties. The �rst approah is to use the knowlwdge of the proper alignment of the CLEANmaps to derive maps of the spetral index between two adjaent frequenies. The seondone is to derive spetra of the model �t omponents. Both approahes are somewhat om-plementary. The latter gives a handy number of omponent spetra whih an be analyzedin detail, whereas the spetral index mapping represents the ourse of the spetral indexalong the jet axis in a more omplete way yielding additional information at parts of thejet whih are not represented by model omponents. The results of both approahes willbe presented in this setion.Spetral index mapping In order to ompare the aligned CLEAN maps at adjaentfrequenies diretly, speial renditions are needed with mathing uv{ranges and a ommonrestoring beam. This an be ahieved using the ommands uvtaper and/or restore at thebeginning and the end, respetively, of the hybrid mapping proess in difmap. Table 4.7gives the restoring beams and the other relevant parameters of the derived maps. Afterbeing aligned, using the method desribed in the previous setion, they were read intoAIPS and ombined to a spetral index map3 using the task omb. Sine the spetralindex an only be alulated meaningful at pixels above the 1� noise level, information3At eah pair of pixels of the two (oiniding) maps, the spetral index � is alulated from the uxdensities per beam S1 and S2 at the two frequenies �1 and �2: � = (lgS1 � lgS2)=(lg �1 � lg �2)Table 4.7: Spetral index map parameters�1 �2 Common Beam Lowest Contoura1 Lowest Contourb2 Contours3[Hz℄ [Hz℄ [mas � mas, Æ℄ (mJy/beam) (mJy/beam) [(mJy/beam) � (levels)℄5 8.4 2.64 � 1.06, -3.805 2 2 (-2.5,-1.5,-0.5,0,0.5,1.5,2.5)8.4 22 1.42 � 0.565, -5.75 1 1 (-2.5,-1.5,-0.5,0,0.5,1.5,2.5)22 43 0.655 � 0.240, -7.78 1 1 (-2.5,-1.5,-0.5,0,0.5,1.5,2.5)a Lowest ontour in the low{� map; b Lowest ontour in the high{� map;  Contours in the spetral index map.
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Figure 4.3: The aligned model �t maps. The irles represent the FWHM of the irular Gaussians. Thevertial and oblique lines join the assoiated omponents between di�erent frequenies. The omponentsA1 and D between 5 and 8.4GHz and A7 between 8.4, 22 and 43GHz (joined by a thiker trae) wereused for the alignment. The ontours are 1.872mJy � (-1,1,2,4,...,256) for the 5GHz model, 2.62mJy �(-1,1,2,4,...,128) for the 8.4GHz model, 5.01mJy � (-1,1,2,4,...,64) for the 22GHz model and 3.45mJy� (-1,1,2,4,...,32) for the 43GHz model. The beams are 3.08 � 1.29mas at 0.851Æ at 5GHz, 1.95 �0.806mas at -3.97Æ at 8.4GHz, 0.75 � 0.325mas at -1.32Æ at 22GHz and 0.385 � 0.161mas at -2.62Æ at43GHz,
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Figure 4.4: The aligned CLEAN maps. The ontours are as given in Table 4.2, but without the twolowest ontour levels. The beamsizes are the same as in Figure 4.1.



4.3. SPECTRAL ANALYSIS 61below 1mJy/beam was disarded. This ux density threshold an introdue arti�alfeatures at the edges of the resulting spetral index map, whih should not be interpretedas intrinsi soure features.A ommon slie through the spetral index maps was hosen (P.A. = 69.3Æ) to give apro�le of the spetral index behaviour. This hoie is in good agreement with the jet{axisat the inner part but a little too large in the outer part beause of the urved jet struture.In order to avoid this it would be neessary to de�ne a series of slie segments along theridge line of the soure. Nevertheless, the slie mathes the jet axis at 5 GHz quite welland an examination of the spetral index maps shows that there are no unphysial trendsvisible, perpendiular to the slie. For this, the mismathing of the jet axis in the outerparts of the jet seems tolerable. The ommon{beam maps are shown pairwise in Fig 4.5to 4.7 together with the spetral index maps. Additionally the �gures show the ourseof the ux density and the value of the spetral index, respetively, along the slie. Thelatter were determined using the task slie in AIPS.The main feature in eah spetral index map is an optially thik inner edge of theinnermost part of both jets. Outwards, the spetral index tends to derease but is su-perimposed by loal extrema. Some of these are atually a omposite of several blendedlines making it diÆult to judge the overall quality of the registration just by looking atthe brightness uts. Nevertheless, the inonsistenies in position are small and an beestimated to be of the order of �1 map pixel (orresponding to 0.3,0.15 and 0.075 mas inthe 5-8.4, 8.4-22 and 22-43GHz map, respetively).Between 5 GHz and 8.4 GHz the spetral index � diverges at the region of the ompo-nents A11 and B24 (see Figure 4.5). The value of 2.5 is exeeded on both sides indiatinga region of extrinsi absorption at the enter of NGC1052. The spetral index at theinner edge of the eastern jet, however, is a�eted by the tail of the B2 omponent whihontributes to this region at 8.4GHz due to the size of the beam. The position where thise�et is negligible is indiated by the �rst kink in the eastern part of the spetral indexslie around map pixel 120. At this point the spetral index is still above the theoretialmaximum of 2.5 for self absorption but a small shift of the 5GHz map to the east wouldprobably drop it to values around 1. In the outer part of the eastern jet the spetralindex osillates around � �1, therefore being optially thin. The western jet also shows aderease of the spetral index from � 2 at the region of C3 and C2 to � 1 around D.Between 8.4 and 22GHz (Figure 4.6) the spetral index in the eastern jet is extremelysmooth between the regions of A5 and A11, followed by a very sharp rise towards A12and A13 with values of � up to 3.5. On the western side there are also very high values of� but not larger than 2.5, not ruling out the possibility of external absorption but beingompatible with internal self absorption of the jet ore. Outwards in the western jet, thereis a kink in the derease of � whih is again an arti�ial ontribution of the optially thikomponents of the other jet side (A12 and A13), whih tails are folded partially onto thewestern side. Behind this kink the spetral index keeps falling until it rises again veryquikly at the inner edge of the region C. On the outer part of the C region � falls downbelow values of �1.Between 22 and 43GHz (Figure 4.7) the spetral index is fairly onstant with valuesaround �1:5 on the eastern side and a rise up to +1.5 from the region of the omponent4In this setion the omponents A1 to D serve just as a way to desribe a speial region in the soure.\The region around C", e.g. means the part of the western jet between 2 and 8mas from the gap.
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Figure 4.5: Left hand side: Total intensity maps of NGC1052 at 5 GHz and 8.4 GHz (top) restored with a ommon beam and the spetral index map between5 and 8.4GHz (bottom). The ontours and beam parameters are given in Table 4.7. Right hand side: The ourse of the brightness (top) and the spetral index(bottom) along a P.A. of 69.3Æ (top left orner to bottom right ornor of the images on the left side.
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Figure 4.6: Left hand side: Total intensity maps of NGC1052 at 8.4 and 22GHz (top) restored with a ommon beam and the spetral index map between 8.4and 22GHz (bottom). The ontours and beam parameters are given in Table 4.7. Right hand side: The ourse of the brightness (top) and the spetral index(bottom) along a P.A. of 69.3Æ (top left orner to bottom right ornor of the images on the left side.
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Figure 4.7: Left hand side: Total intensity maps of NGC1052 at 22 and 43GHz (top) restored with a ommon beam and the spetral index map between 22and 43GHz (bottom). The ontours and beam parameters are given in Table 4.7. Right hand side: The ourse of the brightness (top) and the spetral index(bottom) along a P.A. of 69.3Æ (top left orner to bottom right ornor of the images on the left side.
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Figure 4.8: Total spetrum of the p-sale struture of NGC1052 (as imaged with VLBI) and the twojet spetra between 5 and 43GHz. No errors are given, sine these are negligible small.A12 inwards. On the western side � rises from the outer edge of omponent B to its inneredge from values below �2 approahing 2.5 but not exeeding it. In the region aroundomponent C the spetral index falls from �1 to �2:5 going outwards with two peaksinbetween.The inuene of external absorption on the the western jet is undisputable sine noounterpart of the B2 omponent is present at 5GHz. The struture of the eastern jetis rather ontinuous with no strong and isolated omponents at its inner part. The datahowever, indiate a region of external absorption, omparable in extend to the westernside. In sum, there are hints for the presene of an obsuring torus or thik disk from theanalysis of the spetral index maps, whih overs the ore of the western jet but also asubstantial fration of the inner eastern jet.Spetral analysis of the model �t omponents The ux densities of the model�t omponents in Table 4.3 to 4.6 an be used to derive spetra of 1) the whole p-sale



66 CHAPTER 4. RESULTSstruture, 2) the two jets separately and 3) the model �t omponents themselves. In Figure4.8 the total spetrum of the p-sale struture of NGC1052 between 5 and 43GHz isshown as well as the spetra of both jets separately. All values were obtained by addingup ux densities5 of model omponents (A1 to A15 for the eastern jet and B2b to D forthe western one). Components that are not found at a speial frequeny were given theux density zero.At the high frequenies both jets show similar spetra with an optially thin dereaseof the ux density above 22GHz. The spetral index in this regime is around �1 in bothjets, with the eastern jet being signi�antly stronger than the western one. This impliesthat the eastern jet is the approahing one whereas the western jet is the ounterjet.However, below 22GHz the behaviour of the two spetra di�ers substantially. The easternjet spetrum remains optially thin above 8.4GHz and turns over around 5GHz. Thewestern jet, on the other hand exhibits a sharp ut{o� in its spetrum below 22GHz withthe spetrum beoming even more inverted below 8.4GHz. Although the spetral indexis not above 2.5 the possibility of synhrotron self-absorption seems very unlikely to beresponsible for the turnover of the spetrum beause of two reasons. First, the similarityof the spetra of eastern and western jet at high frequenies proposes similar intrinsiphysial properties on both sides making it suspiious that the self absorption frequenydi�ers by at least a fator of 3. Seond, the kinematial analysis of Vermeulen et al. (2002)shows the jet axis to be lose to the plane of the sky and the motions to be only weaklyrelativisti. There is little evidene for strong Doppler boosting. Moreover, suh an e�etshould shift the turnover frequeny of the ounterjet to lower frequenies, rather than tohigher ones.If the spetrum of the western jet is deomposed into the spetra of the di�erent jetregions A, B, C and D (see Figure 4.9) it turns out, that the region B, the innermost regionon the western side, is responsible for the ut{o� of the western jet spetrum below 22GHz.Its spetrum between 8.4 and 22GHz is highly inverted with a spetral index of 1.9 but thefat that it is not detetable at all at 5GHz makes the spetral index in this regime largerthan 4. Suh big positive spetral indies annot be due to synhrotron self absorptionbut indiate a region of external absorption in front of the soure. The spatially isolatedposition of this omponent rules out arguments dealing with misregistration e�ets andmakes this ase one of the most pronouned external absorption e�et in extragalati radiosoures. The highly inverted spetrum of this omponent in NGC1052 and the neessity ofan external absorber was �rst mentioned by Kellermann et al. (1999) and later on�rmedby Kameno et al. (2001). Other soures in whih evidene for an entral free-free absorberwas found are e.g., CenA (Tingay & Murphy 2001), NGC1275 (Vermeulen et al. 1994),NGC4261 (Jones et al. 2000) and 0108+388 (Marr et al. 2000).One open question at this point is, whether the eastern jet is also a�eted by externalabsorption or not. Kameno et al. proposed an obsuring torus, overing 0.7mas of thewestern jet and 0.1mas of the eastern jet. However, their results are very sensitive toshifts in the registration of the multi-frequeny maps. Figure 4.10 shows the spetraof the model �t omponents of the eastern jet. Most omponents show optially thinsynhrotron spetra with spetral indies around �1. The outer omponents A1, A2, A3,A4 and A5 show typially optially thin spetra and beome too dim to be deteted at5For all quantities that are derived from the model omponent ux densities, a standard error alulationhas been performed. The alulated errors are indiated in the plots, where they are not negligible.
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4.4. BRIGHTNESS TEMPERATURE DISTRIBUTION 71with S� the ux density of the soure, � the observing frequeny, r the diameter of thesoure and � its apparent diameter at half maximum6. Aording to this equation, bright-ness temperatures have been omputed for the model �t omponents at all four frequenies.The resulting values are given in Table 4.8 to 4.11. The unertainties in Tb were omputedusing Gaussian error propagation from the errors in ux density and FWHM of the modelomponents (see Table 4.3 to 4.6). In Figure 4.13 the brightness temperatures of theeastern jet are plotted as a funtion of distane from the entral engine. One again, thiswas assumed to lie at the enter between the omponents A15 and B2b (see Setion 4.6for a detailed disussion).On both sides of the gap there is a substantial rise of Tb towards the enter, but on theeastern side there is a onspiuous ut{o� around 3mas from the enter (dashed line inFigure 4.13). This ut{o� is present at all four frequenies although the inner omponents(only visible at 22 and 43GHz) exhibit again a rise in Tb even above the ut{o� value.The value of the innermost omponent A15 falls signi�antly below the extrapolation ofthe urve de�ned by A12, A13 and A14.In the logarithmi plot of the brightness temperature distribution along the eastern jet(Figure 4.13) the data points above the ut{o� an well be approximated with a straightline7. A linear regression of the form log(Tb=109K) = A + B � log(r=1mas) (see Table4.12 for the �tted parameters A and B, as well as the theoretial brightness temperaturesT theob from the �tted relation) was performed. The quantity B determines the slope ofthe regression line in Figure 4.13. A is a measure for the o�set between the four linesat the four frequenies. Physially, A is the brightness temperature in units of 109K ofa omponent at a distane of 1mas, assuming the validity of a linear extrapolation oflog Tb. The appliation of the linear regression gives at all four frequenies very similardependenes of Tb on approximately the �4th power of the radius, a result that onstrainsthe turnover frequeny distribution along the jet:Table 4.8: Brightness temperatures and related parameters at 5GHzComponent Tb[109K℄ T theob [109K℄a �D 0.96� 0.03 { {C1 0.50� 0.03 { {C2 6.17� 0.74 { {C3 9.30� 0.58 { {A10 (47.64� 13.61)b 1192.73� 131.57 3.22� 0.29A9 714.60� 255.87 388.91� 38.14 �0.61� 0.12A7/8 66.54� 8.80 126.61� 10.73 0.64� 0.11A6 46.72� 11.81 46.78� 3.34 0.0� 0.1A5 28.14� 8.17 23.16� 1.41 �0.19� 0.13A4 11.02� 0.56 9.64� 0.45 �0.13� 0.07A3 1.63� 0.07 3.40� 0.09 0.74� 0.04A2 1.11� 0.06 1.368� 0.01 0.21� 0.04A1 1.26� 0.04 0.624� 0.007 �0.7� 0.03a Theoretial brightness temperatures, alulated from a power{law �t of the measured values farther out than3mas along the eastern jet.b Values in brakets are not used for the power{law �t.Along a jet the ux density is proportional to (� � �t)� with � �xed. If the turnover6This orresponds to the FWHM of a irular Gaussian model omponent.7No detailed examination of the brightness temperature distribution along the western jet is presented,sine this su�ers from the large gaps between the omponents and their small number.
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4.4. BRIGHTNESS TEMPERATURE DISTRIBUTION 73Table 4.9: Brightness temperatures and related parameters at 8.4GHzComponent Tb[109K℄ T theob [109K℄a �D 0.251� 0.008 { {C1 0.19� 0.01 { {C2 2.43� 0.27 { {C3 4.63� 0.35 { {B1 7.70� 0.73 { {B2a/b 11.02� 1.00 { {A11 (30.23� 8.32)b 590.18� 43.64 2.97� 0.2A10 83.88� 14.88 141.47� 8.69 0.52� 0.16A9 79.44� 12.57 74.30� 4.11 �0.07� 0.08A8 47.51� 10.51 35.03� 1.68 �0.3� 0.07A7 18.45� 1.81 18.82� 0.77 0.02� 0.07A6 14.00� 2.31 7.72� 0.23 �0.6� 0.08A5 5.28� 2.31 4.01� 0.09 �0.27� 0.11A4 2.20� 0.12 2.26� 0.03 0.02� 0.05A3 0.35� 0.01 0.849� 0.002 0.89� 0.03A2 0.172� 0.008 0.294� 0.007 0.53� 0.04A1 0.242� 0.007 0.129� 0.005 �0.63� 0.05a Theoretial brightness temperatures, alulated from a power{law �t of the measured values farther out than3mas along the eastern jet.b Values in brakets are not used for the power{law �t.Table 4.10: Brightness temperatures and related parameters at 22GHzComponent Tb[109K℄ T theob [109K℄a �C3b 0.08� 0.01 { {C3a 0.55� 0.05 { {B1 1.28� 7.26 { {B2a 6.68� 0.77 { {B2b 28.76� 1.81 { {A13 (4.15� 1.56)b 153.54� 6.27 3.61� 0.26A12 (4.73� 1.37)b 62.80� 2.19 2.59� 0.18A11 (1.95� 0.59)b 23.46� 0.67 2.49� 0.18A10 7.35� 0.37 7.31� 0.15 0.00� 0.04A9 5.05� 0.38 4.38� 0.07 �0.14� 0.05A8 1.67� 0.14 2.17� 0.02 0.27� 0.05A7 1.23� 0.08 1.17� 0.002 �0.05� 0.05A6 0.53� 0.03 0.508� 0.004 �0.05� 0.04a Theoretial brightness temperatures, alulated from a power{law �t of the measured values farther out than3mas along the eastern jet.b Values in brakets are not used for the power{law �t.frequeny �t varies as r�t, with t � 1, a omponent further out is expeted to have alower ux density sine the observing frequeny is farther from the turnover frequenythan for a omponent whih is loated at a smaller distane r. The ux density thusvaries as S� / (r�t)� = r��t. If the jet has a onstant opening angle, the diameters � ofthe model omponents vary as � / r, leading to an overall dependene of Tb / r��t�2 ofthe brightness temperature on the distane from the enter of jet ativity. The spetralindies of the model omponents in the eastern jet satter around �1 (see Figure 4.11).The measured dependene of Tb on the �4th power of r thus implies, that t = 1 (assuming,that the jet{axis lies in the plain of the sky, as suggested by the kinematial studies at2 m by Vermeulen et al. 2002), i.e. the turnover frequeny varies as �t / r�1 along theeastern jet.The linear regression �t parameters to the brightness temperatures as a funtion of



74 CHAPTER 4. RESULTSTable 4.11: Brightness temperatures and related parameters at 43GHzComponent Tb[109K℄ T theob [109K℄a �C3b 0.029� 0.003 { {B2a 0.62� 0.05 { {B2b 4.37� 0.05 { {A15 (0.42� 0.06)b 1446.63� 233.72 8.15� 0.17A14 (8.21� 5.14)b 55.08� 4.24 1.90� 0.08A13 (2.91� 0.28)b 25.55� 1.60 2.17� 0.08A12 (1.15� 0.07)b 10.86� 0.52 2.25� 0.06A11 (0.18� 0.02)b 3.65� 0.10 3.01� 0.06A10 0.63� 0.02 0.839� 0.004 0.29� 0.01A9 0.74� 0.04 0.476� 0.009 �0.45� 0.03A8 0.18� 0.01 0.236� 0.009 0.28� 0.06A7 0.16� 0.01 0.125� 0.007 �0.28� 0.07A6 0.046� 0.003 0.054� 0.005 0.16� 0.10a Theoretial brightness temperatures, alulated from a power{law �t of the measured values farther out than3mas along the eastern jet.b Values in brakets are not used for the power{law �t.Table 4.12: Linear regression parameters for the brightness temperature distribution along the easternjet. The linear regression was applied to the values of logTb as a funtion of log r: log(Tb=109 K) =A+B � log(r=1mas). Frequeny A B5GHz 4.49�0.33 �4:05 � 0:398.4GHz 3.91�0.25 �4:11 � 0:3122GHz 2.47�0.19 �3:75 � 0:3243GHz 1.75�0.44 �4:14 � 0:75distane from the jet origin an be used to examine the frequeny dependene of thedetermined Tb-data sets. From Equation (4.1) a dependene of Tb / ��2+� is expeted,with an average spetral index � along the jet. To analyze the dependene of A withfrequeny a linear regression of the form A = A0 + B0 � log(�=1Hz) was performed. Thisgave B0 = �3:02 � 0:14 implying a dependene of Tb / ��3:02�0:14. The best valuefor the average spetral index is thus �mean = �1:02 � 0:14. The plot of the linearregression in Figure 4.14 demonstrates the quality of the �t and shows that �1 is areasonable estimate of the intrinsi spetral index along the eastern jet of NGC1052.Therefore, the energy distribution of the eletrons follows a power-law with an index ofsmean = 1� 2�mean = 3:04 � 0:28.If the maximal brightness temperature of the jet were onstant along the jet, a set ofmeasurements of Tb and the spetral indies � of the model omponents ould be usedto derive the preise turnover frequeny distribution in the jet. As a natural hoie forthe maximal Tb, the ut{o� brightness temperature measured at 5GHz an be used. Foreah omponent a fator an be alulated, by whih the measured value of Tb has to bemultiplied to reah the maximal value. The small value measured for Tb an be attributedto the shape of the orresponding model omponent spetrum. Assuming an optially thinspetrum with a spetral index � measured at the orresponding frequeny, the turnoverfrequeny (at whih the maximal value should be reahed) an be alulated from theorretion fator. The appliation of this idea leads to a turnover frequeny distributionalong the jet for eah frequeny data set. However, o�sets between the four urves reetthe fat that the maximal brightness temperature along the eastern jet of NGC1052 is
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Figure 4.14: Frequeny dependene of the brightness temperatures in the eastern jet of NGC1052. Thevalue of A (=̂ log Tb(r = 1mas) assuming a linear extrapolation of the linear regression line) is plottedas a measure for the relative o�set between the four Tb-data sets as a funtion of frequeny. The �tteddependene of r�3:02�0:14 indiates an average spetral index of � �1 along the eastern jet (see text).not onstant. It is not possible to �nd a onsistent model with just one maximal valueof Tb, i.e., there is an evolution of the maximal brightness temperature with distane. Amore detailed model of this evolution should in priniple be able to reprodue onsistentvalues of �t, from all four data sets, but this will be kept for later e�orts.The frequeny{independene of the ut{o� distane of 3mas implies an external ef-fet suggesting that at this position the inuene of the nulear absorber starts to a�etsubstantially the jet and the brightness temperature of its omponents. This suggeststhe presene of an obsuring torus around the entral engine of NGC1052 with a sharpedge, rather than a irumnulear loud system. To hek this hypothesis it was tested ifthe free-free absorber model an ause the observed ut{o� in the brightness temperaturedistribution. In the ase of free-free absorption, the observed ux density S�;abs shoulddepend on the intrinsi ux density S� , the optial depth of the absorber �f and theobserving frequeny � as S�;abs = S� � e��f (4.2)From this equation, the optially depth of the absorber, needed to hange the theoretialvalue (extrapolation of the linear regression line) to the measured one, an be alulated.This alulation an be done for A10 at 5GHz, for A11 at 8.4 GHz, for A11, A12 andA13 at 22GHz, and �nally for A11, A12, A13, A14 and A15 at 43GHz. The alulatedvalues are given in Table 4.13. At eah of the three highest frequenies it turns out thatthe resulting values for �f are very similar within one dataset exept the one for theinnermost omponent whih has a signi�antly higher optially depth. This larger valuean be explained in terms of additional synhrotron self absorption, so that the measuredoptially depth is a superposition of two distint ontributions � = �f + �s, expeted at



76 CHAPTER 4. RESULTSthe most ompat omponent in a jet.Assuming an absorbing pathlength of 0.3 p (omparable to the extent of the absorbingregion in the plane of the sky), the obtained opaities onstrain the physial properties inthe torus. Equation (2.28) an be simpli�ed to�f = 30 � 1016 LT�1:35 ��2:1 n2) T�1:35 n2 = 3:33 � 10�18 L�1�f �2:1with a length L = R dl and an average density n. For �f � 2:5 at � = 22GHz at atemperature of T = 104K, this results to a density of n = 6 � 105 m�3 and an absorbingolumn density of 5:6 � 1022 m�2. This value is onsistent with the impliations of theX-ray observations of NGC1052, whih �nd a (model-dependent) olumn density of 1022-1023 m�2 towards the unresolved nulear X-ray ore (Appendix D; ompare also Weaveret al. 1999, Guainazzi & Antonelli 1999).Table 4.13: Calulated values of � . Note that the given error is a formal unertainty. A more realistivalue an be estimated from the satter in Figure 4.15 to �0.5.� A10 A11 A12 A13 A14 A155GHz 3:22 � 0:29a - - - - -8.4GHz 0:52� 0:16 2:97� 0:20a - - - -22GHz 0:00� 0:04 2:49� 0:18 2:59� 0:18 3:61� 0:26a - -43GHz 0:29� 0:02 3:00� 0:06 2:25� 0:06 2:17� 0:08 1:90 � 0:08 8:15� 0:17aa The jet ore is likely to show a ombination of self- and free-free absorption.The results from the analysis of the brightness temperature distribution along theeastern jet draw a onsistent piture of the situation at the enter of NGC1052. At theinner 3mas of the eastern jet a free-free absorbing medium dominates the ux densityproperties. This absorber has a nearly sharp edge sine its inuene rises rapidly withinone milliarseond, orresponding to less than 0.1 p. The omponents whih are visiblenearer than 3mas to the enter are observed through this absorber and thus are substan-tially dimmed relative to their initial brightness. With the information of the absoluteontribution of the obsuring torus and the knowledge of its spatial extent it will be pos-sible to derive additional information about its density gradients in the analysis of theore{shift in Setion 4.6 .4.5 PolarimetryThe polarimetri information ontained in the measurement of all four Stokes parametersan be used to image the polarized emission of the observed soures. The alibrationmethod desribed in Setion 3.3 makes it neessary to ompare the derived eletri vetorposition angles (EVPA) to other measurements in order to make sure that the polariza-tion alibration worked properly. 3C 345, inluded as a alibrator soure in the VLBAobservations of NGC1052, is very well suited for this purpose sine a big `database' existsin the literature from whih the EVPA of the ore and jet regions in this soure an beobtained. One the EVPA of 3C 345 at a speial frequeny and epoh is alibrated theorresponding rotation an be applied. The same rotation of the EVPA then has to beapplied to the orresponding dataset of NGC1052 at the same epoh and frequeny.
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Figure 4.15: Calulated opaities along the eastern jet of NGC1052.3C 345 was mapped in Difmap using the automati mapping sripts muppet andautomap developed by Shepherd and Taylor (for the CJ-survey). Speial are was takenat 43GHz where the same `manual' mapping tehnique was used as for the target soureNGC1052 (see Setion 3.3). The FITS-�les were then read into AIPS and the mapping ofthe Q, U and V Stokes parameters was done. In this mapping proedure an antenna tablewas applied whih ontained the D-terms of the VLBA at the orresponding frequeny,determined from NGC1052 (Setion 3.3). The maps of Q and U were ombined using thetask omb. The linearly polarized intensity and the EVPA are presented in Figure 4.16.It should be mentioned that these maps are only a by-produt of the target observationof NGC1052 and are based only on two sans of 5 minutes eah at all frequenies. 3C 345shows a ore-jet struture with 3 main omponents at 43GHz.It is known that the EVPA in 3C345 is highly variable at 5GHz in the ore regionbut stable at the two extended jet regions starting at �3mas from the ore, where theEVPA is roughly parallel to the jet. This is in good agreement with the EVPA in theseregions in Figure 4.16. Therefore, no EVPA rotation was neessary from the polarizationalibration at this frequeny.At 8.4GHz the situation is more diÆult sine no stable region of EVPA is known at thisfrequeny in 3C 345. For the alibration of the EVPA the single dish results from the Mihi-gan database (aessible via the Internet at the URL: http://www.astro.lsa.umih.edu-/obs/radiotel/umrao.html) were used. A rotation of the eletri vetor of -73Æ wasneeded. At 22 and 43GHz the D-term results from the 3C120 monitoring from G�omezet al. (2000) were used. No orretion of the EVPA at 43GHz had to be applied. At22GHz a rotation about -75Æ was neessary.
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Figure 4.16: Polarized emission images of 3C 345 at 5, 8.4, 22 and 43GHz. The total intensity is shown in ontours. Superimposed, the EVPAs are shown, witha length proportional to the linearly polarized intensity. The ontour level intervals are 3, 8, 10 and 8mJy at 5, 8.4, 22 and 43GHz, and a length of 1mas of theEVPA orresponds to 33, 67, 133 and 267mJy, respetively.
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Figure 4.17: The C{band map of the polarized emission in NGC1052.The maps in Figure 4.16 are �-orreted and thus show the true polarimetri struture of3C 345 at epoh 1998.99.NGC1052 was mapped in all four Stokes parameters aording to the proedure de-sribed in Setion 3.3 . Figure 4.17 shows the linearly polarized intensity and its EVPAoverlaid on the total intensity at 5GHz. A region of linearly polarized emission is visibleat the base of the eastern jet. The peak is about 3mJy per beam and the EVPA is about70Æ, roughly parallel to the jet. This indiates an ordered magneti �eld perpendiular tothe jet axis, if no Faraday rotation is assumed. To deide whether the region of linearlypolarized emission is resolved or unresolved, a slie through jet axis of both the totalintensity map and the polarization map was produed, using the task slie in AIPS(Figure 4.18). In this plot the polarized emission peaks about 1mas o�set from the totalintensity maximum. A omparison to Figure 4.3 asribes this part of the jet to omponentA10, whih is optially thik at 5GHz. A weak asymmetry of the polarized emission sliesuggests a ontribution of at least two omponents. The polarized emission is thus slightlyresolved and originates in the optially thik part of the eastern jet at 5GHz.No linearly polarized emission from NGC1052 ould be deteted at the other threefrequenies. Usually the degree of polarization rises with frequeny8 and thus it would beexpeted that the eastern jet should exhibit polarized emission from the region aroundomponent A10 and A11 also at 8.4GHz. Having the polarization the same (at) spetrum8Beam depolarization should lower the degree of polarization at the lower frequeny muh stronger thanat the higher frequeny, due to the di�erent beam sizes.
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Figure 4.18: Slie through the total intensity and polarized emission along the eastern jet of NGC1052at 5GHz.as the total intensity in this regime, it should reah a value of about 3mJy per beamat 8.4GHz (omparable to the polarized ux at 5GHz). At higher frequenies theseomponents beome optially thin and thus fall in total intensity. If their emission ispolarized to the same degree than at 5GHz this would orrespond to less than 1mJy andthus below the detetion threshold.The simplest explanation for this behavior of the linearly polarized emission from thisjet-region is, that the di�erent layers of the jet have a di�erent degree of polarization.Sine the region around omponent A10 is optially thik at 5GHz, the deteted emissionoriginates in an outer layer of the jet. If this outer layer is polarized to a higher degree thanthe inner layers of the jet, one indeed expets no polarized emission at 8.4 GHz, where theregion around A10 is optially thin and we are observing a muh deeper region of the jet.However, this raises the question, why the region around A11 appears to be unpolarized,whih is still optially thik at 8.4GHz. In priniple the higher olumn density at thismore entral region ould ause higher Faraday depolarization than it does at the regionaround A10. This idea is supported by the fat that A10 is the �rst omponent whihseems to be a�eted by strong free-free absorption (see Setion 4.4). In this senario theradiation from the outer jet layers is intrinsially linearly polarized. Inside a radius of3mas however, Faraday depolarization inside a entral torus makes the radiation appearunpolarized. This senario needs to be tested with observations at longer wavelengths andespeially around 5GHz, where the depolarization is expeted to start dominating.



4.6. CORE SHIFT ANALYSIS 814.6 Core shift analysisThe symmetry between the jet and the ounterjet onstrains the position of the entralengine in NGC1052. The ore of both jets (ompare Setion 2.2.3 for a de�nition of theterm \ore") are loated at the distanes to the entral engine r, where the optial depth� has fallen to be � 1. This distane is given by: r � �� 1kr , where kr = ((3 � 2�)m +2n � 2)=(5 � 2�), with m and n the power indies of the magneti �eld and the partiledensity: B � r�m, N � r�n (Lobanov 1998). Taking logarithms leads to:log(r) = onst:� 1kr � log(�):Measuring r at two frequenies allows one to determine kr in the orresponding regionof the jet. For a freely expanding jet in equipartition Blandford & K�onigl (1979), kr=1.The value of kr is larger in regions with steep pressure gradients and may reah 2.5, forreasonable values of m;n (�4, see Lobanov 1998). If external absorption determines theapparent ore position, omparable density gradients of the external medium an alter krto values above 2.5 (see Setion 2.2.3 for details).The values of kr dedued depend ruially on the absolute values of r on the two sidesand therefore on the assumed position of the entral engine. Four senarios have beentested with di�erent referene points (see Figure 4.19). Table 4.14 gives the derived valuesof kr for eah senario.
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0.1 pcFigure 4.19: Image with the model �tting results of the 43GHz data. The irles represent the Gaussianomponents. The innermost jet omponents are labeled as A14, A15 and B2b. The putative loations ofthe entral engine are indiated (dashed arrows) for 4 di�erent senarios (see disussion in the text).The area between the model omponents A15 and B2b is the most likely loation ofthe entral engine and the enter between both omponents is a natural hoie for itsexat position (senario 1). Shifting the referene point eastwards (senarios 2 and 3)alters the values of kr into unphysially large regimes (requiring density gradients / r�10and higher). Assuming the true enter of ativity to be loated more westwards (loser toB 2b, senario 4), the values of kr derived are still aeptable.



82 CHAPTER 4. RESULTSTable 4.14: kr values for the four di�erent putative enters of ativity.� |Senario 1| |Senario 2| |Senario 3| |Senario 4|[GHz℄ kr;east kr;west kr;east kr;west kr;east kr;west kr;east kr;west5{8.4 3.1�2.6 { 2.5�2.2 { 3.0�3.6 { 3.4�2.8 {8.4{22 2.1�0.5 6.6�2.8 1.5�0.3 11.9�5.1 1.0�0.2 14.8�6.2 2.4�0.6 3.8�1.622{43 3.9�0.8 6.8�2.7 2.4�0.5 13.0�5.2 1.3�0.2 17.1�7.1 4.8�1.0 3.6�1.3The ore positions of both jets at the di�erent frequenies for the �rst ase (senario1) are shown in Figure 4.20. The eastern jet has rather high values of kr below 22GHz,although still in agreement with steep pressure gradients in the jet environment. Above22GHz kr is 3.9�0.8, whih is a good indiator for free-free absorption a�eting the jetopaity. The western jet has values of kr as high as 6.8�2.7 between 22 and 43GHz,suggesting a large ontribution from free{free absorption.
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Figure 4.20: Core positions in the two jets at the di�erent frequenies for senario 1 (see Figure 4.19).The orresponding values of kr for the ore{shift between adjaent frequenies are labeled. Smaller ore{shifts orrespond to higher values of kr. Table 4.14 provides the values of kr for the other three senarios.The inlaid panel shows the ore-loations in the soure at the four frequenies (from top to bottom at 5,8.4, 22 and 43GHz).The results from the ore{shift analysis support the piture of a free{free absorbingtorus overing mainly the inner part of the western jet and also a smaller fration of theeastern jet. The extend of this torus along the eastern jet is onsistent with the resultsderived from the analysis of brightness temperature distribution (Setion 4.4). The trueenter of ativity in NGC1052 an be determined to lie between the model omponentsA 15 and B 2b, with an unertainty of only � 0:03 p.



Chapter 5The big pitureIn Chapter 4 and in Appendix A, C and D various approahes have been made to the un-derstanding of the physial situation at the very enter of the elliptial galaxy NGC1052.This hapter summarizes the distint results derived and puts them together into a onsis-tent model of the p{sale struture of the soure. The model is kept as simple as possiblein order to desribe the observations on the one hand and not to introdue unneessaryand ompliating omponents. It is based on the standard model for AGN (see Setion1.2.2 and 1.2.3), onsidering only the omponents aessible by radio interferometry (e.g.,the BLR and NLR an be observed in optial astronomy but are not obviously needed fromVLBI observations). It is assumed that the twin jet originates at the enter of NGC1052in the viinity of a supermassive blak hole, whih is surrounded by an aretion disk. Thedimensions of the aretion disk are assumed to be negligible, ompared to the resolvedsales, i.e. its diameter is �1 p.The main result of this thesis is the fat that another omponent, a entral absorber,is unavoidably needed for a orret model of the soure. The dominane of this absorberis spatially bounded to the entral parse around the blak hole and orresponds to theobsuring torus in the standard model (the geometrial, toroidal struture is not a{priorigiven; however, the term \obsuring torus" is used synonymously for \geometrially thikabsorber", sine it has beome fairly ommon in usual terminology). Evidene for thepresene of an obsuring torus surrounding the p{sale twin jet of NGC1052 omes fromthe following approahes:� Spetral index mapping: Between 5 and 43GHz the spetral index � diverges atboth jet-ores. At high frequenies values of 2.5, the theoretial maximal spetralindex in the ase of synhrotron self-absorption, are approahed but not exeeded.Between 5 and 8.4 GHz however, � reahes values larger than 4 on both sides of theemission gap. Although it is in priniple possible to lower the values of � on theeastern side by hoosing a di�erent alignment, the e�et of free-free absorption onthe western side is indisputable.� Component spetra: The model-�tting of the soure with irular Gaussian om-ponents yielded omponent spetra with spetral indies larger than 4. The absorbedmodel omponents are the innermost ones of the 8.4GHz model, representing thejet-ores of the eastern and the western jet respetively. Only a very onservativeestimate of the (undeteted) omponent ux density at 5GHz an explain the spe-83



84 CHAPTER 5. THE BIG PICTUREtrum of the ore on the eastern side without the ontribution of free-free absorption.On the western side this e�et is again indisputable.� The brightness temperature distribution: Along the eastern jet the distri-bution of brightness temperatures for the model-�t omponents an be explainedwell with an external absorber model. A uto� in the distribution of Tb appearsfrequeny-independent in all four models at a distane of about 3mas east of theore. Inside this radius (orresponding to about 0.3 p) the brightness temperaturesof all model omponents fall substantially below the extrapolation from the outerpart of the jet. They appear to be seen through a layer of free-free absorbing materialwith a olumn density of � 6 � 1022 m�2.� The absene of polarization above 5GHz: Although the total intensity from theore of the eastern jet is omparably strong at 5 and 8.4GHz, the linear polarizedemission deteted at 5GHz from this region has no ounterpart at 8.4 GHz. Onepossible explanation for this behavior is that strong Faraday depolarization makesthe intrinsially present linear polarization at 8.4 GHz from this (more entral) jet-region undetetable.� The ore shift analysis: NGC1052 is one of only a small number of extragalatiradio jets in whih absolute ore shifts with frequeny an be measured. This isdue to the symmetry of the twin jet, whih onstrains the absolute position of theentral engine. Within the unertainties of the latter, various senarios agree on theneessity of free-free absorption to explain the measured ore shifts. In the mostplausible ase the ore shifts in both jets are aused by free-free absorption, withthe western side being muh stronger a�eted.� The X-ray spetrum of the nuleus: The spetrum of the ompat, nulearX-ray emission implies an absorbing olumn density omparable to the values sug-gested by the brightness temperature analysis (see Appendix D). Attempts to avoidthe absorbed omponent in the modeling of the measured spetrum do not lead tosatisfatory results.All of these various aspets of data analysis from observations of NGC1052 are onsistentwith a model of a very dense absorber surrounding the entral engine. This absorber seemsto have a rather sharp edge sine it starts to dominate the radiation from the eastern p{sale jet within a few tens of milliarseonds. It overs the inner 0.3 p of the eastern jetand at least the same sale on the western side. A more detailed modeling of the absorberis diÆult but might be possible with additional data from future observations. Theombination of simultaneously performed multi-frequeny VLBI and X-ray observationsis apable of yielding estimates for the absolute density and the density gradients of theabsorber. For the latter, the absolute position of the entral engine needs to be determinedmore preisely from multi-epoh VLBI observations at the highest frequenies.A sketh of this model is shown in Figure 5.1. The geometry of the absorber annot bedetermined �nally from the present data, but is not in ontradition to the standard model,whih assumes a toroidal struture. Sine the two jets seem to be oriented fairly lose tothe plane of the sky, it is diÆult to distinguish a torus from a radially symmetri absorber.The most universally valid geometrial struture in onordane with the observationaldata presented in this thesis is an ellipsoid with a short axis of �0.3 p. The edge of



85

���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������

���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������
���������������

Eastern Jet

Obscuring Torus

(Receding)

(Approaching)

Western Jet

Eastern−Jet−Core at: 5,      8.4,            22, 43 GHz

Accretion Disk

Black Hole
+

Western−Jet−Core at: 43, 22, 8.4 GHz

1 pc

Direction To Observer

Figure 5.1: Model of the entral parses in NGC1052the absorber may represent the surfae of ionization from a entral soure, for examplethe aretion disk. Therefore, temperatures larger than 104K are expeted within theabsorber, ensuring the presene of ionized, free-free absorbing material.



86 CHAPTER 5. THE BIG PICTURE



Appendix AThe single dish spetrum ofNGC1052NGC1052 is variable at all frequenies observations have been arried out at so far. Vari-ations our on timesales of months with a tendeny of shorter timesales at higherfrequenies. For this, it is diÆult to obtain a omplete soure spetrum, sine the obser-vations have to be done quasi-simultaneously.Between August 2001 and Marh 2002 several ux density measurements of NGC1052have been arried out within the sope of this thesis. 9 data points have been obtainedwith the E�elsberg 100m telesope between 1.4 and 30GHz. At 100 and 230GHz (3 and1.3mm) the soure ux density has been determined with the Pio Veleta 30m telesope.Table A.1 lists the available measurements and the obtained spetrum is plotted in FigureA.1. Table A.1: Flux density measurements of NGC1052Frequeny Wavelength Date Flux density Telesope1.4GHz 21 m 18.3.2002 1.40� 0.01 Jy E�elsberga1.66GHz 18 m 29.8.2001 1.474� 0.020 Jy E�elsberga4.85GHz 6 m 4.9.2001 1.471� 0.009 Jy E�elsberga4.85GHz 6 m 10.12.2001 1.463� 0.010 Jy E�elsberga8.55GHz 3.5 m 8.1.2002 1.40� 0.01 Jy E�elsberga10.45GHz 2.8 m 10.12.2001 1.378� 0.010 Jy E�elsberga22GHz 1.3 m 8.1.2002 940� 20mJy E�elsberga22GHz 1.3 m 1.2.2002 815.5� 61.7mJy E�elsberga30GHz 1 m 26.3.2002 790� 40mJy E�elsberga100GHz 3mm 18.9.2001 600�30mJy Pio Veletab230GHz 1.3mm 9.12.2001 200�40mJy Pio Veletaa performane of the measurements by Dr.A.Kraus; b performane of the observation by Dr.H.Ungerehts; performane of the observation by J.KaufmannAlthough it has to be kept in mind that these single dish measurements have beendone in winter 2001/2002, about 3 years after the VLBA observations in Deember 1998,the obtained single dish spetrum an give valuable additional information for the orretinterpretation of the VLBI data.The spetrum appears nearly at up to �10GHz. Between 10 and 22GHz it turnsover and beomes steep. Sine no data are available between these frequenies, the exatturnover frequeny annot be loated more preisely. Between 10 and 22GHz the spetralindex is �0:6, the spetrum beoming atter between 22 and 100GHz (�22�100 � �0:25).87



88 APPENDIX A. THE SINGLE DISH SPECTRUM OF NGC1052

0,1

1

10

1 10 100 1000

ν[GHz]

F
lu

x
 [

J
y

]

NGC1052 - Single Dish Spectrum

Figure A.1: Single dish spetrum of NGC1052, measured between August 2001 and Marh 2002.It is interesting to note that the VLBI spetrum (from Deember 1998) turns over inthe same regime between 8.4 and 22GHz and that this ould be attributed mainly to thestrong derease of the ux density from the eastern jet ompare Figure 4.8. The brightnesstemperature distribution (Setion 4.4) revealed that free-free absorption starts inwards of3mas from the entral engine, a region of the jet with loal turnover frequenies above8.4GHz. The sharp uto� of the single dish spetrum above 10GHz thus an be interpretedas free-free absorption of the inner jet-regions of the bright, approahing eastern jet, by astationary obsuring torus. In this piture, the ounterjet ontributes only an negligiblefration to the registered ux density below 10GHz, sine it is muh stronger a�etedby the obsuration. This explains the atness of the single-dish spetrum below 10GHz,whih is typial for a one{sided p{sale jet. Above 10GHz the inner part of the easternjet should maintain the at spetrum, but the edge of the absorber uts o� the spetrum atthis point. This interpretation an be tested in a long-term monitoring of the spetrum ofNGC1052. Even if the overall shape of the spetrum varies with time, the uto� between10 and 22GHz should remain a stationary feature of the soure-spetrum.At even higher frequenies (>100GHz) the spetrum beomes very steep (�100�230 ��1:3). This an be understood in terms of a lak of high energy (synhrotron produ-ing) eletrons. If a magneti �eld of 60mG is assumed, a uto� in the eletron energydistribution above  =� 1300 an be estimated from Equation (2.6). This high value isindeed needed, if the strong and ompat X-ray emission from the ore of NGC1052 shallbe interpreted in terms of the SSC model (ompare Equation 2.12).



Appendix BMERLIN and CHANDRAobservations and data redutionIn this setion the radio interferometer MERLIN and the X-ray satellite CHANDRA willbe introdued. Both failities have been used to study the struture of NGC1052 on kp{sales in order to visualize more ompletely the soure as a whole than o�ered by VLBIstudies of the radio ore alone. Espeially spetrosopy of the ompat X-ray ore inonnetion with high resolution VLBI imaging is apable of giving a muh deeper insightinto the physial proesses at work in the very viinity of the entral engine. Sine VLBI isnot sensitive to the emission from the jets on kp{sales, radio interferometri observationswith smaller baselines (as o�ered by MERLIN) are needed to onnet the extended X-ray emission deteted by CHANDRA to the radio regime. The data from both failitieshave been obtained from publi arhives and the observations and the data redution arepresented in this hapter The results are presented and disussed in Appendix C and D.MERLIN data: MERLIN stands forMulti-ElementRadio-Linked InterferometerNet-work, a telesope array onsisting of 8 individual antennas onneted by mirowave linksand thus forming an aperture synthesis radio telesope with a biggest baseline of about217 km. MERLIN is apable of observing in full polarimetri mode and its resolution(40mas at 6 m wavelength) lies in the middle between the resolutions obtained withVLBI and onneted arrays as the VLA. Observations an be done between 151MHz and22GHz with orresponding angular resolutions between 1.4 arse and 8mas. The arrayonsists of the 76m Lovell telesope and the 37�25m Mk2 telesope at Jodrell Bank, three25m dishes, of the same design as the VLA antennas, loated at Tabley and Darnhall inCheshire and Knokin in Shropshire, another 25m antenna at De�ord in Worestershire,a seond elliptial 37�25m dish at Wardle (Mk3 telesope) and the 32m telesope inCambridge. The loation of the MERLIN antennas is shown in Figure B.1.Data, older than one year, an be obtained from a publi arhive, provided by theuniversity of Manhester, the operator of MERLIN. On the MERLIN website1 a ompleteatalog of MERLIN observations sine 1991 an be searhed and the a{priori alibrateddata, proessed in a uniform manner by the MERLIN arhivist, an be obtained.MERLIN observed NGC1052 on November 22nd 1995 with all 8 antennas of the arrayat 1.4 GHz. The observation was planned and sheduled by Dr.A. Pedlar. The data, ob-1http://www.merlin.a.uk 89



90 APPENDIX B. MERLIN AND CHANDRA OBSERVATIONS2 Overview of the Cambridge LO chainFigure 1 shows the deployment of MERLIN telescopes across the United Kingdom. BetweenCambridge and the \home station", Jodrell Bank, there are �ve repeater stations. Because thetransmission is not line-of-sight between Cambridge and Jodrell Bank, the total path of the linkis 286 km, even though the interferometric baseline is only 198 km.
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Figure 1: Map showing the layout of MERLIN across England and Wales. The antenna sym-bols represent the elements of the array. The connecting lines with marked way points are themicrowave link and repeater stations.At the time of writing, Cambridge is the only out-station used for VLBI recording. It is chosenbecause it is the furthest antenna from the home station and because it is a 32 m dish, as opposedto the other MERLIN out-stations which are only 25 m in diameter.The out-station returns the radioastronomy signal as either a left-hand circular polarised (LCP)and a right-hand circular polarised (RCP) signal or two LCP signals (see Section 3). The nom-inal bandwidth of each polarisation is 16 MHz, although the modulation/demodulation and thefrequency dependent attenuation along the signal path reduce the e�ective bandwidth to about14{15 MHz [1].This is mixed down to base-band before being amplitude modulated onto a 70 MHz sub-carrierfor transmission to the home station. After recovery from the microwave link (which operates at2
Figure B.1: The antennas of MERLIN

Figure B.2: The (u; v) overage of the MERLIN observation of NGC1052.tained during this experiment, were retrieved from the MERLIN arhive with the onsentof the priniple investigator.The post-proessing of these data was done in difmap. Basially the same strategyas for the mapping and self alibration of the VLBI data, desribed in Setion 3.3, wasused with speial are on the weighting of the data. Figure B.2 shows the (u; v)-overageduring the observation.
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Figure B.3: The visibilities as a funtion of (u; v) distane and the best model visibilities for the MERLINobservation of NGC1052.After a little editing of the data, using the editing option of the ommands radplotand vplot and the hoie of an appropriate map{ and ell-size, the mapping was startedwith natural weighting. After leaning the entral strutures, a moderate tapering ofthe longer baselines revealed more extended emission regions. A strong (u; v){taper wasneeded to map the extended lobes of the soure, sine the synthesized beam of MERLINat 1.4 GHz is muh smaller than these and muh of the ux assoiated with these ex-tended strutures would have been resolved out without tapering. After obtaining a goodmodel the data were amplitude self{alibrated, using the ommand gsale, by applyingtime-independent antenna based orretion fators. These fators were 1 without any ex-eption, suggesting a very high quality of the pre-alibrated data. Seven further yles ofleaning and amplitude alibration were done, eah with pure natural weighting for themost ompat regions, suessively stronger tapering for the more extended regions anddereasing time sales for amplitude self alibration2. A �nal map was produed from thebest alibrated data set in two versions, one with the strongest taper applied that hadbeen used during the mapping to show the extended strutures of the soure, and one withpure natural weighting, showing only the ore region of NGC1052. Figure B.3 shows thevisibilities as a funtion of (u; v){distane together with the best model, produed withthe ommand radplot. The atness of the visibility distribution aross the (u; v) planeindiates the strong dominane of the entral, unresolved ore omponent.An impression of the quality of the derived model an be obtained by looking at FigureB.4, in whih the visibilities on a short (Wardle { Lovell) and a long (Cambridge { Lovell)2A map, produed with uniform weighting for the most ompat regions, did not resolve any of theompat features in the natural-weighting-map, but had a higher noise level.
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Figure B.4: The visibilities as a funtion of time for a short (Wardle { Lovell; left panel) and a long(Cambridge { Lovell; right panel) baseline.baseline as a funtion of time are shown. The model visibility is seen to lie ompletelywithin the satter of the measured visibilities. The sharp kinks in the model indiate aslight \over modeling" of the data, sine a at urve would probably �t the data nearly aswell as the statistially best �t model. However, the deviations are very small and shouldnot a�et the �nal map to a higher degree than introduing spurious features of the sameorder as the noise level. In Appendix C the �nal maps are presented and disussed.CHANDRA data: CHANDRA is one of the most important and eÆient X-ray mis-sions of the last and present deade. It has the highest available angular resolution in theX-ray band (0.500), providing the possibility of omparing soure strutures in the radio(VLA, MERLIN), optial (e.g., the Hubble Spae Telesope) and X-ray regime on the samesales. The satellite (Figure B.5) was launhed on July 23rd, 1999 and arries a telesopesystem, onsisting of four pairs of mirrors of the Wolter type, whih are barrel-shaped andnested (see Figure B.6), fousing inoming X-rays onto a foal plane about 10m away.In the foal plane one of two available detetors an be hosen, the High ResolutionCamera (HRC) and the Advaned CCD Imaging Spetrometer (ACIS). Two gratingarrays, the low energy transmission grating (LETG) and the high energy transmissiongrating (HETG) an be ipped into the path of X-rays behind the mirrors for spetrosopy.The CHANDRA data used in this thesis omes from the ACIS detetor with no usage ofa grating system. For this reason, only the ACIS detetor shall be briey desribed here.The ACIS CCD hip array onsists of 10 CCD hips divided into two sub-arrays. Fourhips make up the ACIS-I array, used for wide-�eld imaging. It allows a maximal �eld ofview of 16.09� 16.09 for eah hip with a resolution of 0.005, orresponding to a pixel size of24�m. Sine the size of the point spread funtion in the foal plane is of the same order,
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Figure B.5: Components of the CHANDRA satellite. Credits: NASA/CXO/SAO

Figure B.6: Illustration of the barrel-shaped mirrors of CHANDRA. Credits: NASA/CXO/SAOthe image from a point-like soure is spread over only four pixels. The other six CCD hipsmake up the ACIS-S array and provide a smaller maximal �eld of view of 6�(8.03�8.03) foreah hip and provide the same resolution as the ACIS-I hips do. Two of the six ACIS-Ships are illuminated from the bak side, providing the best possible sensitivity for softX-rays. Both arrays are apable of measuring the energy of the inoming X-rays. It is thuspossible to retrieve both an image of the soure and a spetrum within one observation.The measured spetra are a�eted by several instrumental e�ets that have to beremoved in order to retrieve the intrinsi soure spetrum. One e�et is that the anglefor total reetion depends on the energy of the inoming photon (� / E�1). Sine thefousing angle spans only a small range for a single mirror, this means that photons withthe \wrong" energy are not as eÆiently foused as photons with the \right" energy are.
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Figure B.7: The predited e�etive area for the ACIS-S array versus energy. The dashed line is forthe front-illuminated hips, the solid line for the bak-illuminated ones (Taken from the CHANDRAProposers' Observatory Guide at the URL: http://x.harvard.edu/udos/dos/dos.html.).This leads to a variable e�etive mirror area with respet to the photon energy. Thise�et is also the reason for the di�erent sizes of the four CHANDRA mirrors: The smallinner mirrors fous the hard X-rays, whereas the e�etive area of the outer mirrors isbigger for the soft X-rays. The interation of the inoming photons with the detetormedium is another instrumental e�et that determines the measured spetra. Espeiallythe probability of deteting a photon in a CCD hip, the quantum eÆieny, dependson the photon energy. In Figure B.7 the predited e�etive area of the ACIS-S array isplotted as a funtion of photon energy. This funtion represents the spetral responseof the detetor to a at (equal number of inoming photons per energy unit) ontinuumsoure. A measured spetrum thus will always be the onvolution of this response funtionwith the true, intrinsi soure spetrum.CHANDRA observed NGC1052 on August 28th, 1999 with an exposure time of 2400 swith the ACIS-S detetor on�guration. The experiment was planned and sheduled byDr.G. P. Garmire. After the proprietary period of one year the obtained data has beeninluded in the publi data arhive3 from whih it was downloaded for analysis. The further3Data from the publi CHANDRA data arhive an be obtained via the graphial, java based user in-terfae ChaSer (available under http://x.harvard.edu/da/haser.html) or diretly at the provisional



95proessing of the data was done by Dr. J.Kerp with the \CHANDRA Interative Analysisof Observations" program (CIAO)4. A olor oded image of NGC1052 was produed, inwhih the soft (0.1-1 keV), medium (1-2 keV) and hard (2-3 keV) photon detetions arerepresented by red, green and blue pixels. The tehnique of adaptive smoothing was used,that spreads the area of a presumed soure in the image as far as neessary to reah aspei�ed statistially reliability of the detetion. A lipping level of 3� was hosen. Inappendix D the resulting image is presented and disussed.

web interfae under http://x.harvard.edu/gi-gen/da/retrieve5.pl.4See http://x.harvard.edu/iao for a detailed doumentation of this software.
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Appendix CThe radio jet of NGC1052 onkp{salesThe tapered MERLIN image of NGC1052, obtained from the November 1995 observation,is shown in Figure C.1. The map is qualitatively very similar to the published image ofWrobel (1984). A very dominant ompat ore of 1 Jy is seen. Two lobes of extendedemission extent about 15 arse east and west of the ore. In both lobes there are regionsof enhaned surfae brightness (possibly two hot spots) with a P.A. of about 95Æ.Figure C.2 shows the soure restored with a irular beam of 1.7 arse and the VLAmap of Wrobel (1984) from Deember 1980 with the same linear sale and restoring beam.The VLA, whih was operated in its A on�guration during the 1980 observations, wasmore sensitive to extended strutures, whih partially have been resolved out by MERLIN.Although some ontribution by suh extended strutures might have been lost in the

Figure C.1: NGC1052 on arseonds sale at 1.4GHz as imaged by MERLIN. Contours at (�0:5, 0.5,1, 2, 4, 8, 16, 32, 64, 128, 256, 512) � 1mJy are shown.97
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Figure C.2: Comparison between an 1984 VLA image of NGC1052 (by Wrobel 1984) and the MERLINimage from 1995 at 1.4GHz. Both maps have been onvolved with the same (irular) restoring beam of1.7 arse FWHM. Contours at (-1, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 800) � 0.5mJy are givenin both maps (The VLA map shows additionally negative ontours at (�4, �3, �2) � 0.5mJy). The hotspots (labeled as H1 and H2) do not show any motion. Two knots of emission (labeled as K1 and K2)have beome signi�antly brighter (see text). The emission peak of the eastern knot (K1) additionallyappears about half an arseond loser to the ore in the (newer) MERLIN map. The ore also brightenedfrom 0.74 Jy to 1.01 Jy.MERLIN image, it an be stated that the ore has varied signi�antly, with a ux densityof 740mJy in Deember 1980 and 1 Jy in November 1995. The western hot spot (labeledas H2 in Figure C.2) has inreased in ux density, as well as a knot in the western jet(labeled as K2), whih was not visible as a loal maximum in the 1980 VLA image.By aligning the ore positions at both epohs, the relative separations of the variousfeatures in the soure an be ompared. The hot spots H1 and H2 do not show signi�antpositionally variations but a knot, about 5 arse from the ore in the eastern jet (labeled asK1), has shifted about half an arseond inwards. A lose examination of the seond, purenaturally weighted MERLIN image (Figure C.3) reveals that this knot K1 is omposedout of two separate sub-omponents (labeled as K1a and K1b). These are separated bythe same distane of �0.5 arse, as the shift of the blended feature in Figure C.2 and
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K1bK1a

Figure C.3: The ore of NGC1052 with sub arseond resolution. The unresolved ore has a peak uxdensity of 1 Jy per beam. Contours at (�0:5, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) � 1mJy are shown.Two sub omponents of knot K1 are resolved (labeled as K1a and K1b). Jet and ounterjet emission anbe seen up to � 1.5 arses from the ore with a P.A. of 83Æ for the jet and �106Æ for the ounterjet.ontribute omparable frations to the ombined ux density of K1. This implies that theinner sub-omponent K1b might have inreased in ux density between 1980 and 1995,ausing an apparent shift of K1. Sine no high resolution 1980 image of NGC1052 exists,this statement annot be tested diretly. Nevertheless, it appears more plausible than aninward motion of K1 by about 50 p in 15 years, whih would orrespond to a jet speedof �10 .Figure C.3 shows for the �rst time the jet and the ounterjet of NGC1052 with sub{arseond resolution. The jet extends out to �1.5 arse with a P.A. of about 83Æ, om-parable to the P.A. of the p{sale jet. Weaker ounterjet emission is also visible up to2 arse west from the ore. Its P.A. of ��106Æ agrees roughly with the P.A. on p{sales,although a slight bending to the north is suggested.The main purpose of the Merlin data within the sope of this thesis is to ompare theradio struture of NGC1052 on kp{sales with the X-ray CHANDRA image, whih willbe done in Appendix D.
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Appendix DThe X-ray jet of NGC1052The CHANDRA image of NGC1052 is shown in Figure D.1. Strong X-ray emission fromthe AGN is seen in this image as well as di�use extended emission well aligned with theradio jet, whose MERLIN image is superimposed in ontours. This is the �rst diretdetetion of the X-ray jet of NGC1052.Close to the nuleus a tentative orrelation between radio and X-ray emission an befound while the synhrotron emission in the radio lobes tends to anti-orrelate with theX-ray intensity distribution. East and west of the ore, there are two X-ray emittingregions, oiniding with enhaned brightness regions in the radio regime, whih an alsobe seen in an optial image, taken by the Hubble Spae Telesope (Pogge et al. 2000).The X-rays from these knots might be produed in a very di�erent physial proess thanthe more di�use, extended emission. Synhrotron or inverse Compton radiation ouldbe responsible for their brightness over this large frequeny range but the poor photonstatistis prevented the derivation of spetra of either knot to test this hypothesis.To onstrain the emission proess of the X-ray jet, an annulus whih exludes thenuleus itself but inludes the whole area of the X-ray jet was seleted. Two di�erentmodels have been �tted to the jet{spetrum (see Figure D.2): a Raymond and Smithplasma (Raymond & Smith 1977) and a simple power{law. The power{law �t result ofthe X-ray jet is highly implausible, beause of the extraordinary steep photon index of� � 7.Beause the radio as well as the X-ray jet are onsidered to be loated deep inside thegalaxy NGC1052 itself, the amount of photoeletri absorption distributed along the lineof sight has to be determined. Using the thermal soure model, an attenuating olumndensity of NHI ' 3:5 � 1021 m�2 is found. This value is about an order of magnitudehigher than the galati foreground olumn density belonging to the Milky Way of NHI =2 � 1020 m�2 (Hartmann & Burton 1997). This additional X-ray attenuation an beattributed to weakly ionized gas loated inside the galaxy itself. A plasma temperature ofkT = (0:5 � 0:2) keV for the di�use X-ray jet emission an be derived.The X-ray spetrum of the nuleus: The nulear X-ray spetrum was extratedup to a diameter of 2 arse. Comparing both X-ray spetra in Figure D.2 reveals themuh softer X-ray emission of the jet. The bulk of the X-ray jet emission originates belowE < 2 keV while the X-ray spetrum of the nuleus has additional hard X-ray emission.ASCA as well as the ROSAT PSPC ould not separate between the nuleus and the jet101
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Knot A
Knot B

Figure D.1: The X-ray jet of NGC1052 imaged by CHANDRA. The image has been smoothed to aresolution of 4 00 to inrease sensitivity. Eah tik orresponds to 2 00. Red represents photons between0.1 and 1 keV, green between 1 and 2 keV and blue 2 to 3keV. The lipping level is 3�. Overlaid arethe ontours of the 1.4GHz Merlin map. The extended X-ray emission tends to anti-orrelate with theradio-synhrotron emission. The jet emission is dominated by soft X-rays below 1 keV, whereas theAGN appears white representing a rather at X-ray spetrum. The enlosed panel shows the optial jet(ompare Figure 1.7) of NGC1052, imaged with the HST by Pogge et al. (2000), on the same sale. Twoknots, labeled as A and B, apear at the same positions as onspiuous peaks of the X-ray emission andregions of enhaned surfae brightness in the radio band (K1 and K2 in the terminology of Appendix C).



103
Jet Core

Figure D.2: X-ray spetrum of the jet (left panel) and ore (right panel) of NGC1052. The solid lineindiates the best-�t model.spatially but the soft X-ray emission of the jet was already detetable in terms of a softexess of the X-ray spetrum in the PSPC data (see Weaver et al. 1999).The soft X-ray emission below E < 2 keV in the nulear spetrum is at a omparableintensity level as the X-ray emission of the jet. Assuming that a fration of the di�use X-rayemission of the jet originates also in the extration region of the nuleus, a hybrid modelfor the X-ray spetral approximation of the nulear spetrum was used. The observedintensity distribution is written asIobs = (Ijet + Inuleus � e���NH (torus))� e���NH(gal:) (D.1)where Ijet is the X-ray spetrum of the jet and Inuleus is the spetrum of the nuleus.The photoeletri absorption produed by the torus is represented in Equation (D.1)by e���NH (torus) while the X-ray absorption produed by the interstellar medium of thegalaxy is e���NH(gal:). A power{law type X-ray spetrum of the entral X-ray soure wasassumed. The plasma temperature of the X-ray jet ontribution as well as the foregroundX-ray absorbing olumn densities were �xed to the values derived above. The best �tvalues are: NH(torus) = 0:8+1:5�0:60 � 1023 m�2 and � = 0:380:31�0:21. The absorbed X-ray uxis FX(0:3 � 8:0 keV) = (4:3 � 1:4) � 10�12 erg s�1 m�2.The derived NH(torus) is rather low. Data of other X-ray observatories imply muhhigher values for both, the NH(torus) as well as � (Weaver et al. 1999, Guainazzi & An-tonelli 1999, Guainazzi et al. 2000) but these high torus olumn densities are not supportedby the CHANDRA data. This apparent disrepany between the CHANDRA data andprevious X-ray observations onerning the photon index an be aused by the pile{updegradation (� 30%) of the CHANDRA data. The nulear X-ray spetrum might appearatter than expeted, beause of the arti�ial hardening of the X-ray spetrum. Takingthis into onsideration, the derived results are onsistent with the analysis of Weaver et al.(1999) who �tted the ombined ROSAT and ASCA data { both are not a�eted by thepile{up { and derived in general steeper X-ray photon indies using a variety of mod-els. The determined absorbing olumn density, however, is not so sensitive to the pile{upe�et.Substituting Inuleus from a power{law to a thermal bremsstrahlung model gave no suf-�ient results. In all ases the temperature values exeed the upper temperature boundaryof 1MeV.



104 APPENDIX D. THE X-RAY JET OF NGC1052The CHANDRA data provide for the �rst time diret evidene for an X-ray jet inNGC1052 perfetly orrelated in extent with the well studied radio jet. The X-ray jetan be approximated best with thermal X-ray emission of a plasma with kT = 0:5 keV.This temperature is onsistent with the thermal omponent found earlier by Weaver et al.(1999) using ASCA and ROSAT data. Its unabsorbed ux is FX�ray jet(0:3 � 8:0 keV) =(1:7 � 0:8)�10�13 erg s�1 m�2, only 2% of the X-ray emission of the nuleus. Beause ofthe strong pile{up degradation of the CHANDRA data, no �rm onlusions on the X-rayspetrum of the nuleus an be dedued.The absorbing olumn density of ionized material towards the approahing VLBI{jetderived from the brightness temperature distribution is of the order of � 6�1022 m�2. Thisis in a good agreement with the absorbing olumn density of neutral hydrogen (0:8+1:5�0:60 �1022 m�2) derived from X-ray spetrosopy of the ompat X-ray ore of NGC1052.



Appendix ENGC1052 { The �lmTo give an visual impression of the full multi-frequeny struture of NGC1052 the alignedCLEAN maps were used to produe a movie from the aligned CLEAN models of theDifmap output, interpolating them with a linear model, reating FITS-images (FlexibleImage Transport System, Wells et al. 1981) and produing GIF-�les (Graphi InterhangeFormat) from these using the WIP pakage (Morgan 1995). The resulting set of GIF-�leswas onatenated using the program FMP (Fast Movie Proessor, Copyright 1997-1999R. Tibljas and Z.Nioli).There are two di�erent versions of this movie available, one \Hollywood version"(http://www.mpifr-bonn.mpg.de/staff/mkadler/hollywood 1052.avi) whih starts at5GHz with a �eld of view of 40mas zooming into the enter of the galaxy as the fre-queny is tuned up. In a seond (\Ufa") version of the movie (http://www.mpifr--bonn.mpg.de/staff/mkadler/ufa 1052.avi) a �xed �eld of view and a �xed beamsizeof 1�0.5mas (orresponding to the resolution at 2 m) was hosen. A lose inspetion ofthe \Ufa" version of the �lm shows learly the stationary emission regions in the outerparts of both jets fading away towards higher frequenies, the region B showing up at thebase of the western jet above 5GHz and the ore of the eastern jet moving inwards slowlyas expeted in the ase of a onial jet model (see Setion 4.6). The hoie of 1�0.5masfor the beam makes the movie superresolved below 15GHz. For this reason one has tobe areful in order not to overinterprete this part. However, the movie is still a validrepresentation of the dynamis of the derived model whih is not bordered by a speialbeamsize.Two sequenes of frames from eah version of the movie are shown in Figure E.1. Invarious setions of this thesis the movie an be used as a helpful tool to visualize thedisussed e�ets (opaity hanges in various jet regions, ore shift). As it exhibits learlymany aspets of general jet physis the movie is also meant to serve as an eduationaltool.
105
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"Ufa" version"Hollywood" versionFigure E.1: Sequenes of frames from the two versions of the NGC1052-movie. Left panel: 5 framesfrom the \Hollywood" version of the �lm, showing the soure evolution from 5 to 8.4GHz. The �eldof view and the beam size are optimized for the speial frequeny of eah frame. The appearane ofomponent B at the ore of the western jet is seen very learly. Right panel: 5 frames from the \Ufa"version of the �lm between 8.4 and 22GHz. The �eld of view is kept �xed for a better omparison ofpositional shifts with frequeny. The beam size orresponds to the VLBA-beam at 15GHz. The oreshift in the eastern jet is very pronouned and positionally stationary features in the outer parts of bothjets fade away towards higher frequenies (optially thin regime). Both movies an be obtained in theInternet from the URLs: http://www.mpifr-bonn.mpg.de/staff/mkadler/zoom 1052.avi, respetivelyhttp://www.mpifr-bonn.mpg.de/staff/mkadler/ufa 1052.avi.
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