
Seyfert galaxies in the infrared

Item Type text; Dissertation-Reproduction (electronic)

Authors Ruiz-Nishiky, Milagros

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:27:32

Link to Item http://hdl.handle.net/10150/288745

http://hdl.handle.net/10150/288745


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly fi-om the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may be 

fi'om any type of computer printer. 

The quality of this reproductioii is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing fi'om left to right in equal sections A^th small overlaps. Each 

original is also photographed in one «q>osure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Information Company 

300 North Zed) Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/521-0600 





SEYFERT GALAXIES IN THE INFRARED 

by 

Milagros Ruiz 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF ASTRONOMY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 9 7 



UMI Number: 9729423 

IMI Microform 9729423 
Copyright 1997, by IJMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



2 

THE UNIVERSITY OF ARIZONA ® 

GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Milagros Ruiz 

entitled Seyfert Galaxies in the Infrared 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

Geo^« Rieke 

Bill Stoeger 

Final approval and acceptance of this dissertation is contingent upon 

the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 

direction and recommend that it be accepted as fulfilling the dissertation 

requirement. 

_Zl 
Di^ertafgion Director 

Dr. George Rieke 

/ /f/'T 7 
Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an advanced 
degree at The University of Arizona and is deposited in the University Library to be made 
available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made. Requests for permission for extended quotation 
from or reproduction of this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his or her judgment the proposed 
use of the material is in the interests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

SIGNE 



4 

ACKNOWLEDGMENTS 

There are two persons to whom I am deeply thankful, both called George. To Father 
George V. Coyne, S.J. for believing in me and giving me the opportunity of attending Stewards 
Astronomy graduate school through the financial support of the Vatican Observatory. Without 
his help my hopes for a carrer in astronomy would have vanished; and to my advisor George 
Rieke, who took the hard job of shaping my student years, not only scientifically but in every 
aspect of life. It has been a real pleasure working with him, and I am only sorry I couldn't offer 
more. 

Many other people had much influence in my work, not only through work but trough their 
friendship which I valued greatly specially during that first year far from home. I thank Carol 
Thompson for opening her home when I first arrived and providing a great introduction to 
american culture; for those hard days made much easier and for being my first friend in Tucson 
I thank David Wittman. My friends from the VOSS '90 provided a wonderful way of wasting 
internet time through emails. The ever shorter but always looked forward visits of Fernando 
Comeron to Steward remind me of happy days in Tucson, and with him, I thank Ester Giannuzzo 
for being a fun friend and sharing that wise look at life. I thank Roberto Maiolino for being a great 
friend and a tougher collaborator. Leonardo Vanzi has to be thanked specially for he was a good 
friend when thinks were "black", was the best company for looking at stars and the best cook in 
town. Valentin Ivanov, "Valyo", the ever-complaining student, my trouble-solving friend and for 
ever older than every body else, I thank him for sharing his troubles and trying to help in mine. 
And Peter Papadopulos, for being the stereotypical greek friend. Many thanks to the students 
that actually made it possible to write this thesis in Late.x: K.Mcleod, P.Tamblyn, G.Martin. And 
to all Steward members, Vatican Observatory staff, students, professors, administrators, 1 thank 
them for their invaluable friendship and help. 

I also want to thank the Royal Observatory of Edinburgh for their hospitality during my 
stay. I thank A.Cook for his help with my computing problems; Peter VVitchals for his unlimited 
knowledge on everything, Paulina Lira for her help with Late.x and Chilean funny words and Raul 
Jimenez for all the gossip in town. I specially thank Dr. Andrew Harrison for his support during 
the last year while writing this thesis, without his encouragement I would not be a "Dr" now: 
with him I have discovered new and beautiful aspects of life. 



0 

DEDICATION 

It is with great pleasure and honour that I dedicate this thesis to my family, for their infinite 

support during my endless student years at home and abroad. To my mother for her dedication 

and patience, to my father for inculcating in me the love for knowledge, to my sister for being a 

great sister, and to my loving brother for being him. 



6 

TABLE OF CONTENTS 

LIST OF FIGURES 9 

LIST OF TABLES 11 

ABSTRACT 12 

1 Introduction 13 

1.1 General Background 13 

1.2 The Continuum Emission of Seyfert Galaxies 20 

1.2.1 Radio (Im-1cm) 21 

1.2.2 Millimetre and Sub-Millimetre (1cm-100/im) 23 

1.2.3 Far, Mid and Near Infrared (100/im-l/im) 24 

1.2.4 Optical and UV (lO'^-lO^A) 25 

1.2.5 X-rays (O.l-lOOkeV) 26 

1.2.6 Gamma rays (0.1-lOOMeV) 27 

1.3 Spectral Line Emission of Seyfert Galaxies 28 

1.3.1 Emission Regions 30 

1.3.2 Variability 31 

1.4 This Work 32 

1.5 Outline of Thesis 32 

2 Observational Techniques 34 

2.1 Infrared Astronomy 34 

2.2 The Instruments 38 

2.2.1 GeSpec 38 

2.2.2 FSpec 41 

2.2.3 The Bolometer 42 

2.2.4 The Spectropolarimeter 42 

2.3 Example of Observations 44 

3 Hidden Seyfert 1 Nuclei 48 

3.1 Introduction 48 

3.2 Observations and Description of Individual Galaxies 50 

3.3 Selection of Sample .54 



TABLE OF CONTENTS — continued 7 

3.4 Interpretation 56 

3.4.1 Obscuration 57 

3.4.2 Polarization 58 

3.4.3 Theoretical Models 59 

3.5 Conclusions 59 

3.6 Acknowledgements 60 

4 Nuclear 10 fim Emission 61 

4.1 Introduction 61 

4.2 Sample 63 

4.3 Observations 65 

4.4 Flux and Luminosity Distribution 65 

4.5 Luminosity Function 68 

4.6 Implication for the Unified Model 70 

4.7 The Extended 10 fim Emission 73 

4.7.1 Approach 73 

4.7.2 Compactness Parameter versus IR Spectral Indexes 75 

4.7.3 Comparison Spectra 75 

4.7.4 Interpreting the Diagrams 79 

4.7.5 Statistical Tests 80 

4.7.6 Intermediate Sy Types 82 

4.7.7 The lO/zm E.xtended Luminosity Function 82 

4.7.8 The 60/im Compactness Parameter 87 

4.7.9 Implications for the Unified Model 90 

4.8 Conclusions 91 

4.9 Acknowledgements 92 

5 Seyfert Companions and Scar-Formation 93 

5.1 Introduction 93 

5.2 Samples and Observations 94 

5.2.1 Results 98 

5.3 Seyfert Morphology 103 

5.3.1 Interactions 103 

5.3.2 .Asymmetric Morphologies versus Seyfert Type 104 



TABLE OF CONTENTS — continued 8 

5.3.3 Significance of Results Ill 

5.3.4 Asymmetric Morphologies versus Star Forming Activity 113 

5.4 Location of Star Formation 114 

5.4.1 Implications 115 

5.5 Conclusions 116 

5.6 Acknowledgments 117 

6 Excitation of NLR Emission Lines 118 

6.1 Introduction 118 

6.2 Sample and Observations 119 

6.3 Results 120 

6.4 [Fell] emission 124 

6.4.1 Stellar activity 127 

6-4.2 X-ray heating 130 

6.4.3 UV Excitation 133 

6.4.4 Nuclear radio jets 136 

6.5 Ho Emission 140 

6.5.1 Non-thermal case: UV Fluorescence 141 

6.5.2 Thermal case: Collisions 142 

6.6 Conclusions 149 

6.7 Acknowledgements 150 

7 Summary 151 

7.1 Summary of Results 151 

7.1.1 Hidden Seyfert 1 Nuclei 151 

7.1.2 10 ^m Mid-Infrared Properties 152 

7.1.3 Molecular Gas Content, Morphology and Seyfert Activity 152 

7.1.4 Physics of the NLR 153 

7.2 Unified Model of Seyferts: Present State 154 

APPENDIX A 159 

APPENDIX B 162 

REFERENCES 166 



LIST OF FIGURES 

9 

1.1 Spectral classification of Seyfert galaxies 15 

1.2 Representation of the nuclear region in the Standard Model 16 

1.3 Occultation/Reflection picture of the Standard Model 17 

1.4 HST view of the core of the barred spiral Seyfert NGC5728 18 

1.5 HST view of the inner region of NGC4261 19 

1.6 General SED for AGNs 21 

1.7 Spectral energy distribution across the EM spectrum 29 

2.1 Electromagnetic Spectrum 35 

2.2 Typical atmospheric transmission in the IR 36 

2.3 OH lines in the near IR 39 

2.4 Spectropolarimetry of MKN 334 43 

2.5 Hel in MKN 334 45 

2.6 Spectrum of MKN 766 46 

2.7 Deblending of Br7 47 

3.1 E.xamples of spectra using GeSpec at high resolution 51 

3.2 Spectral energy distribution for Seyfert galaxies 55 

4.1 Distribution of nuclear 10/im densities 67 

4.2 Distribution of nuclear lO^im luminosities 68 

4.3 10 /im nuclear luminosity functions 70 

4.4 Distance distributions for the CfA and RSA samples 71 

4.5 Comparison of lO^m compactness parameter and IRAS colours 76 

4.6 Individual spectral components 78 

4.7 Distribution of galaxy colours around the Seyfert-quiescent model 81 

4.8 Distribution among Hubble types 82 

4.9 Distribution of galaxy colours around the Seyfert-quiescent model for intermediate 
types 83 

4.10 lO^m extended luminosity functions 85 

4.11 Comparison of 10 and 60 /zm compactness parameter 88 



LIST OF FIGURES — continued 10 

5.1 CO line spectra 99 

5.2 Distribution of molecular gas among Seyfert types 102 

5.3 Distribution of Aai2_25/zm 114 

6.1 Spectra of Representative Seyfert galaxies in the NIR 123 

6.2 Comparison of the star formation indicator Aoeo-ioo among Seyfert types 129 

6.3 Plot of normalized [Fe//]1.644 and [Fe//]1.257/im vs normalized [0/]6300A . . . 131 

6.4 Hard and Soft X-ray fluxes vs [Fe//]1.644/im 133 

6.5 Seyfert gala.xies with bi-conical emission 138 

6.6 Correlation plot of [Fe//],H2 and Br7 fluxes with radio emission at 6cm 139 

6.7 Comparison between theoretical stellar and compact source UV field 143 

6.8 1-0 S(1)H2 total intensity vs UV intensity from an AGN for Seyfert galaxies .... 145 

6.9 Molecular hydrogen and X-Rays 146 

6.10 Comparison of [FeII]1.644//m flux with 1-0 S(1)H2 flu x for Seyfert gala.xies. 149 



11 

LIST OF TABLES 

2.1 Standard IR windows and passbands 37 

3.1 Hel 1.083/im and Pa/? 1.28^m Fluxes 50 

3.2 FWHM for Emission Lines (km s~^) 52 

4.1 New N-band data for Sy galaxies 66 

4.2 Spectral indices for the comparison spectra 77 

4.3 Results of the fits to the luminosity functions of the CfA and RSA Sy samples and 
to that of field galaxies 86 

5.1 Results from the Observations 96 

5.2 Adopted fiux conversion factors 100 

6.1 Sample of Sejrfert Galaxies 121 

6.2 Line Fluxes (10~-- W cm"-) and FWHM (km s~^) for Sample 122 

6.3 [FeII]1.534/1.644 Ratios for Selected Seyfert Galaxies 124 

6.4 Line Flux Ratios for Seyfert Galaxies 126 

6.5 Optical Extinction and Fe Gas Phase Abundance for Seyfert Galaxies 128 

6.6 Line Ratios for SB Galaxies 132 

6.7 X-rays, UV, Optical and Radio data 135 

6.8 Upper Limits for 6-4 Q(3) and 5-3 0(3) HT lines (xlO~--W m~-) 140 

6.9 Number of UV photons 144 



ABSTRACT 

12 

This thesis contains complementary aspects of the Seyfert phenomenon, each of which is 

analysed to bring a better understanding of present unification theories. Observations of the 

nuclear regions of various types of Seyfert galaxies were mostly made at infrared wavelengths 

which allow the study of dusty environments and provides new information on the physical 

conditions of these objects. 

For example, near infrared spectroscopy of Seyfert 2 galaxies revealed that there is a subclass 

of type 2 Seyferts with hot IR excess at ~ ifim with broad IR emssion lines suggesting that some 

Seyfert 2s do in fact contain a hidden Seyfert 1 nucleus. Additional spectropolarimetry showed 

that the scattering screens, postulated in the standard model, are not always present in Seyfert 2s. 

At mid infrared wavelengths, it was found that the 10 fim nuclear emission of Seyferts with 

broad emission lines is intrinsically brighter than that of Seyferts with no broad lines. The 

extended 10 /im emission shows that Seyfert 2 gala.xies present enhanced star-formation when 

compared to Seyfert Is. Both results pose obstacles for present unification ideas and I discuss 

possible interpretations to these observations. 

Seyfert galaxies were also observed at radio wavelengths to study their large scale emission 

of 1-0 CO. Surprisingly, this emission usually related with star formation activity was found to be 

similar in both types of Seyfert gala.xies and therefore does not explain why Seyfert 2 galaxies 

have enhanced star formation as concluded in the lO/im study. A study of galaxy morphology and 

companions in this set of Seyferts shows at a significant statistical level that Se3fert 2s present 

a higher incidence of asymmetric morphologies compared to Seyfert Is and field gala.xies, and 

therefore are undergoing gravitational perturbations which may induce star formation. 

Near infrared spectroscopy of a large sample of Seyfert galaxies is analysed to study the 

excitation mechanisms of [Fell] and lines in the NLR of Seyfert gala.xies, a subject which is in 

great debate at present. Here I present some results indicating that shock excitation is likely, but 

not always, the dominant mechanism that excites these IR lines. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Background 

This thesis is dedicated to the study of infrared properties of Seyfert Galaxies and to the 

investigation of the validity of Seyfert Unification Models using various observational tests. 

Seyfert galaxies were first identified in the early 1940's and named after their discoverer Carl 

K. Seyfert (Seyfert, 1943). Their unusual spectral characteristics showing high excitation broad 

emission lines and their optically luminous point-like nuclei merited their special designation 

within the known galaxies at the time of their discovery. In the following years, numerous 

observations at various wavelength regions revealed more peculiar and puzzling characteristics 

including X-ray and optical variability, strong radio emission and extremely strong infrared and 

ultraviolet radiation, none of which had been observed before in extragalactic objects. At present. 

Seyfert galaxies together with LINERs (Low Ionization Nuclear Emission Regions), QU.A.SARs 

(Quasi Stellar Radio sources), QSOs (Quasi Stellar Objects), and radio galaxies are commonly 

called Active Galactic Nuclei (AGN) and their unique behaviour makes their study one of the 

most important in astronomy. 

Seyfert galaxies are not common in the universe. In a study based on the magnitude-limited 

CfA Redshift Survey of 2399 galaxies (Huchra & Burg, 1992), it was revealed that they constitute 

only 1.3% of luminous spiral galaxies and yet they are the most common type of AGN followed 

by radio galaxies (0.01%) and quasars (10~®%) (Osterbrock, 1993). However, it is still unclear 
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whether Seyfert galaxies exist in the local universe lying just outside our limits of detectability 

(Lira, Lawrence & Johnson, 1996) and moreover whether the source of nuclear activity in the 

low luminosity class of (mostly LINERS and Seyferts) AGNs is similar to that in high luminosity 

active galaxies (Koratkar et al., 1995). Optical spectroscopy of a number of nearby galaxies (Ho 

et al., 1995) has discovered few new "DwarP, extremely faint, Seyferts and observed many more 

galaxies showing signs of Seyfert activity, as well as LINERs. Therefore current statistical counts 

of the various classes of AGNs in the universe are not complete but will likely change considerably 

once the low luminosity AGNs are taken into account. Morphologically, Seyfert nuclei are found 

mainly in spiral galaxies, specially in the early Hubble types Sa-Sab-Sb (Veron-Cetty k Veron. 

1986). 

The first step in any type of study is some sort of basic classification. The primary Seyfert 

classification is spectroscopic. Khachikian and Weedman (1974) first classified Seyfert gala.xies 

into two basic types, Seyfert 1 (Sey 1) and Seyfert 2 (Sey 2) based in their nuclear spectral 

characteristics i.e., the presence or absence of broad Balmer emission line components in their 

optical spectra (Figure 1.1). 

More recently a much more detailed classification was introduced including intermediate 

cases such as Sey 1.2, 1.5, 1.8 and 1.9, which at least spectroscopically, seem to form a continuous 

sequence from type 1 to type 2 and vice versa (Osterbrock. 1978). These subclasses represent 

different relative strengths of the narrow and broad emission line components; for example. 

Sey 1.5 shows clearly both narrow and broad components whilst Sey 1.9 have very weak broad 

components. This is a working classification, based on observational results and by no means 

does it assume the presence of an intrinsically different object corresponding to every Seyfert 

class. On the contrary, since a decade ago there have been great efforts to unify the various 

Seyfert types under one single physical object which would explain the different observed spectral 

classes by only changing an e.xternal factor such as our viewing angle or the degree of obscuration 

toward the active galactic nucleus. Lawrence and Elvis (1982) first attempted to "unify" Seyfert 

galaxies when they suggested that Sey 2s are identical (i.e the same type of physical object) to 

Sey Is but with obscuration so heavy that even their X-ray emission is strongly attenuated. An 

important discovery in support of these unification ideas came when Antonucci and Miller (1985) 

detected broad permitted Balmer lines (Ha and H/?) in polarized (i.e. scattered) light in the 

Seyfert 2 galaxy NGC1068, which has been interpreted as a hidden Sey 1 nucleus in a typical 
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Figure 1.1 Standard optical spectral classification of Seyfert 1 and Seyfert 2 galaxies. 

NGC3227 shows broad permitted hydrogen lines while MKN1157 shows narrow forbidden 

and permitted lines (adapted from Osterbrock, 1989) 

Sey 2 galaxy; since then numerous observations have been successful in detecting broad Balmer 

lines in many other Sey 2 gala-xies by optical spectropolarimetry (Miller & Goodrich, 1990; 

Tran et ai, 1992) or IR observations (Rix et a/., 1990; Goodrich et ai, 1994; Ruiz et al., 1994). 

From the interpretation of these results a physical model has emerged to describe the Seyfert 

phenomenon. In this Standard Unified Model the Seyfert nucleus lies at the centre of an accretion 

disk (probably harboring a black hole) surrounded by an optically and geometrically thick torus 

of gas and dust obscuring the nuclear emission from our view, from the mid - infrared through 

the soft X-rays (see Figure 1.2). 

The thick torus contains the Broad Line Region (BLR) characterized by high velocity clouds 

(1000 - 10,000 km s~'), average temperature of ~ lO"* K and electron densities of ~ 10® '^ cm"^. 

The typical size of the BLR is ~ 0.01 pc as revealed by reverberation mapping techniques 

NGC3227 (S  ̂1) 

MKN1157 (Sey 2) 
[om\ 

[on] 

4300 5500 3500 
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Figure 1.2 Representation of the Standard Model for Seyfert galaxies showing the central 

region of a Seyfert galaxy. 

(Peterson, 1993; Salamanca, 1994). Outside this region lies the Narrow Line Region (NLR) which 

blends into the galaxy disk at ~ 100 pc with average temperatures of ~ 10'' K and electron 

densities of ~ lO'' cm~^ (Osterbrock, 1993). The general geometry of this model is cylindrical in 

appearance with a symmetry a.xis not necessarily coincident with the galactic axis. In this model 

Sey Is and Sey 2s are intrinsically similar but observed at different angles through the thick 

dusty torus. A Seyfert 1 galaxy would be seen when our line of sight is aligned with the torus 

axis allowing direct view of the BLR; on the other hand, we would observe a Seyfert 2 gala.xy 

when our line of sight is perpendicular to the torus axis and therefore our view of the BLR is 

blocked by the thick torus. An additional element in this picture is the presence of scattering 

screens, probably hot electrons, right above the BLR responsible for the polarization of emission 

lines. This geometry explains the behaviour of NGC1068 in which radiation from the nucleus 
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is scattered into our line of sight allowing the view of the BLR, or hidden Seyfert 1 nucleus, 

otherwise occulted by the thick torus. This is the so-called occultation/reflection picture (Figure 

L3). 

Seacemi^ 
screen 

Figure 1.3 Representation of the occultation/reflection picture under the Standard Model 

for Seyfert galaxies. 

In the last five years there has been much observational work in all wavelength regions to test 

the validity of this model. As already mentioned, the detection of broad permitted Balmer lines 

in Seyfert 2 gala-xies offers strong support to the Unified Model. In Chapter 3, I discuss detection 

of broad line wings in Seyfert 2 gala.xies with infrared photometric properties similar to type Is, 

strengthening these arguments. More evidence comes from the detection of anisotropic radiation 

from the active nucleus streaming into two oppositely directed ionizing cones which suggests the 

presence of the thick obscuring torus close to the radiation source (Wilson e( a/., 1988; Pogge, 

1989; Tadhunter & Tsvetanov, 1989; Acosta-Pulido ef a/., 1990; Evans et al., 1993). Figure 1.4 

shows the bi-conical emission in NGC 5728. The detection of thermal emission from a possible 

accretion disk in the active gala.xy NGC4261 (Jaffe et ai, 1993) is further evidence favoring the 

Standard Model. Figure 1.5 shows a striking HST image of this accretion disk. In Chapter 4, I 

will discuss additional results on the thermal emission of Seyfert nuclei that superficially support 
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unified models but when considered more in depth raise some interesting questions regarding 

them. 

NGC 5728 
Hubble Space Telescope 

Wide Fhki / Planetary Camera 

Ground View HST View 

Figure 1.4 HST view of the core of the barred spiral Seyfert NGC5728. It reveals bi-conical 

emission of [01II] streaming out of its nucleus. 

In spite of the compelling observational results supporting the unification ideas, there are 

a number of pitfalls in the Standard Model especially when isotropic properties, independent of 

Seyfert type, are taken into account. An e.xample is the observation at millimetre wavelength of 

the 115 Ghz 1-0 CO emission line from the disk of Seyfert gala.xies. It is well known that the 

molecular gas content in galaxies is closely related to star formation processes and therefore it 

should be independent of the nuclear Seyfert type. Heckman et ai, (1989) concluded from a study 

of 43 Seyfert gala.xies that type 2 Seyferts have abnormally large dust and molecular content 

and therefore enhanced star formation while type 1 Seyferts appear to be normal. However, 

the statistics in this study were poor due to the small sample and low detection rates making 

the conclusions quite unreliable. In fact, more recently in Maiolino et ai, (1996), we studied 

73 Seyfert galaxies with improved detections of the 115 Ghz 1-0 CO emission line and showed, 

contrary to Heckman's et al. study, that the total amount of molecular gas is comparable in Sey Is 

and Sey 2s. This study is discussed in Chapter 5. At radio wavelengths, Ulvestad (1986) showed 



Figure 1.5 HST view of the possible accretion disk in the active galaxy NGC4261. 

that the ratio of mid infrared flux to 21cm radio flux (^'lo/zm/^sicm) was significantly higher for 

Sey Is than for Sey 2s, a result inconsistent with the basic unification model given that radio and 

MIR properties are expected to be isotropic. Similarly, Ulvestad and Wilson (1989) detected a 

marginal enhancement of radio emission in Seyfert 2s compared to Seyfert Is although sample 

biases can be contaminating this particular result. In conclusion, these studies tend to show that 

the hosts of Sejrfert 1 and Seyfert 2 galaxies display dissimilar properties although the evidence is 

not compelling. 

A more compelling result is the extended mid-infrared emission observed in Seyfert galaxies 

which traces star forming activity of the host galaxy and therefore is expected to be independent 

of the nuclear activity or Seyfert type. However, Maiolino et al., (1995) found that Sey 2s lie 

preferentially in galaxies with enhanced star formation whilst Sey Is lie in normal or quiescent 

galaxies. Consequently these observations are not in accordance with the Standard Model 
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prediction. They are discussed in more detail in Chapter 4. 

At present, the Standard Model is the most widely accepted physical description of Seyfert 

galcixies; however, this is not the only model advanced to explain the Seyfert phenomenon. 

The "Warmer Model", was introduced almost a decade ago and suggests that most AGNs are 

powered by violent massive star formation and related stellar processes (Terlevich & Melnick. 

1985; Terlevich et al., 1987; 1992). This model, also known as the star-burst model (SB Model) 

has been successful in explaining observations of some low luminosity AGNs such as LINERS 

and Sey 2s (e.g. optical light curves, opticai-UV emission line intensity ratios, continuum-line 

lags), however, the most energetic nuclei in Seyferts and quasars are not likely to be explained 

by star-burst events. Phenomena such as X-ray variability, the presence of a Compton bump 

between 10 keV and 100 keV, and the Fe K emission line at 6.4 keV (Mushotzky, 1993a) are much 

more readily e.xplained by the black hole model. However, it is not simple to discriminate between 

massive stellar processes and non-thermal mechanisms as the primary source of energy in .\GNs 

and consequently there is much debate on the validity of both models. Future observational work 

based on very high angular resolution could give a definite answer to the nature of the .^GN 

energy source. 

1.2 The Continuum Emission of Seyfert Galaxies 

The continuum emission is the main channel by which AGNs release their energy. This continuum, 

with its energy smoothly distributed over all wavelengths, may be schematically represented by 

an underlying power law: 

fu oc erg s~^ cm~- Hz~^ 

with a spectral index a ~ 1 and extending over a large range in frequencies from the IR to X-rays. 

On top of this smooth relation, various bumps are superimposed depending on the specific type 

of AGN (See Figure 1.6). In the case of Seyfert galaxies the Spectral Energy Distribution (SED) 

changes slightly with Seyfert type but there is a primary characteristic emission common to all 

of them. I ne.xt review the Seyfert SED across the EM spectrum and present major continuum 

emission properties in the most commonly observed spectral bands. 
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Figure 1.6 Spectral energy distribution for AGNs. 

1.2.1 Radio (Im-lcm) 

The source of radio emission in Seyfert gala.xies includes both the active nucleus and the host 

gala.xy and the emission can have both thermal and non-thermal components. Seyfert nuclei 

tend to be faint emitters at radio wavelength compared to their radio loud counterparts, and 

their nuclear radio sources also tend to be relatively small (~ 100 pc); therefore, they are only 

detectable with both high resolution and very sensitive instrumentation. Typically, their power 

output is Lradio ~ 10^®"'*^ ergs s~S orders of magnitude fainter than radio loud objects. Radio 

loud objects present a power law SED which sometimes e.xtends into the IR regime whereas in 

radio quiet AGNs, such as Seyfert galaxies, the power law disappears somewhere in the millimetre 

band (between 100 and 1000 ftm). In addition, many radio loud AGNs present large scale linear 

radio jets (kpcs) which channel radiation from the nuclear source into space generating lobular 

structures when interacting with the intergalactic medium. In general, radio emission is found 



•22 

to be associated with linear jets and small-scale radio lobes which are thought to be powered by 

processes occurring on very small scales (~ 1 pc). Radio maps of Seyfert galaxies often present 

double and triple linear radio structures on scales of a few 100 pc to few kpc not necessarily 

aligned with the galactic disk. In cases where enough spatial resolution is achieved it is found 

that extended radio emission is co-aligned with the NLR. 

A radio study at 1.5, 6, and 20 cm of the nuclear continuum emission from the CfA Seyfert 

sample has established the non-thermal nature of the nuclear radio emission in Seyfert gala.xies. 

Non-thermal optically thin synchrotron emission with a small contribution of free-free emission 

from star forming regions is consistent with the observations (Edelson, 1987). This same study 

showed that the spectrum of Seyfert 2 galaxies can be fitted with a power law with spectral index 

between -0.8 and -0.7. Seyfert Is on the other hand have on average a flatter spectral distribution 

extending to higher frequencies caused either by an intrinsically flat spectrum core or emission 

from dust peaking at ~ 100/im. A crucial test of the non-thermal emission model, which predicts 

a fallofF proportional to towards the optically thick regime of self absorbed radiation was 

performed in a number of radio quiet AGNs (Hughes et al., 1993). They find that the actual falloff 

was steeper than theoretical predictions with an average index of 3.75 and a constant turnover 

wavelength at ~ lOO^m. This result established that, at least in some radio quiet AGNs, there is 

an extra contribution in the infrared-submillimetre range of thermal emission from dust grains. 

Due to a combination of Plankian emission and the tendency of the grains to become transparent 

at ~ lOO^m, the SEDs turn over near this wavelength. 

As already mentioned, a number of radio surveys of Seyfert galaxies compare properties 

between the two Seyfert types. Early studies showed that Seyfert 2s were on average stronger 

and larger radio sources than Seyfert Is (Osterbrock, 1984; Meurs & Wilson, 1984; Ulvestad & 

Wilson, 1984a,b). However these observations were performed with biased samples which did not 

include the low luminosity and redder Seyfert 2s. The complete and unbiased sample of Edelson 

(1987) found that the power law spectra of Seyfert Is in fact differs from that of Seyfert •2s but 

only at high frequencies, more importantly he did not find a significant difference between the 

radio power of Seyfert Is and Seyfert 2s. Similarly, Ulvestad and Wilson (1989), using a distance 

limited sample (z < 0.0153) and observations at 6 and 20 cm noted only a marginal difference in 

radio power. More recently, the radio data set at 21 cm of a large sample of bright radio galaxies, 

spectroscopically selected, (Giuricin et al., 1990) shows little clear evidence of a difference in the 
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average radio properties between Sey Is and Sey 2s. These results therefore are in agreement with 

present unification ideas. 

Regarding the radio morphology of Seyfert galaxies, high resolution VLBI observations (Roy 

et al., 1994) have discovered at high significance that compact radio cores are found more often in 

Seyfert 2 than in Seyfert 1 galaxies. Although inconsistent with the standard orientation model, 

they propose a modified model which involves optical depth effects in the NLR which reconcile the 

observations with the standard unified scheme. A high resolution VLA survey of the CfA Seyfert 

sample has revealed something similar. In agreement with Edelson (1987) and Ulvestad and 

Wilson (1989), it is found that the luminosity functions for type 1 and type 2 gala.xies are similar 

at high probability (Kukula et al., 1994); however, Seyfert 2s are more likely to contain extended 

radio structures. This is in good agreement with the standard model if the difference between 

Seyfert type is indeed due to orientation given that in this model Seyfert Is are seen head-on and 

therefore blocking the view of the opposite side. So far, radio studies indicate that Seyfert Is and 

2s are one single phenomenon observed at different orientation relative to the observer. 

1.2.2 Millimetre emd Sub-Millimetre (Icm-lOO^m) 

From millimetre to FIR wavelengths the non-thermal synchrotron emission becomes unimportant 

and thermal processes start to dominate. It is not clear however which is the dominant mechanism 

in Seyfert galaxies. 

There are no e.xtensive and reliable surveys of continuum emission from Seyfert galaxies at 

millimetre or sub-millimetre wavelengths. Early studies of Seyfert galaxies were not sensitive 

enough to detect emission at millimetre wavelengths (Edelson, Malkan & Rieke, 1987; Barvainis 

& Antonucci, 1989). First detections of radio quiet quasars and Seyfert galaxies, exclusively 

luminous Seyfert Is, (Edelson et at., 1988; Barvainis, Antonucci & Coleman, 1992) tend to support 

the dust model for the sub-mm-FIR radiation based on the determination of the FIR-/sub-mm 

cutoff slopes, a, which take values inconsistent with the self-absorbed synchrotron emission 

prediction of Q < 2.5, although a small contribution from synchrotron emission can not be 

ruled out. Another study of Markarian galaxies including 7 Seyfert galaxies detects millimetric 

emission at 1.3mm (Krugel et ai, 1988a,b) and find that the average spectral index, between 

1.3mm and the IRAS point at lOO^m is 2.83 ± 0.26. Again this argues against the synchrotron 
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emission mechanism and favors the dust model for the sub-mm-FIR emission. Thus, at present 

all the available data indicates that the millimeter-FIR emission of Seyfert galaxies is thermal 

re-radiation from dust particles. 

1.2.3 Fzir, Mid and Near Infrared (lOO^m-l^m) 

Seyfert galaxies and quasars emit much of their radiation in the IR continuum. Shapes of the 

observed continuum energy distributions of active galaxies, including Seyferts, were determined 

since the late 70s and demonstrated the variety of spectral shapes even within a single activity 

class (Rieke, 1978; Rieke & Lebofsky, 1979). It is generally seen that the SED for Seyfert galaxies 

presents a minimum in the NIR at ~ I/im, rises to a maximum in the FIR between 60-100//m and 

falls off toward millimetric wavelengths. 

Extensive work to determine the physical mechanism which produces the observed [R 

emission has been carried out since those early years. The launch of the Infrared Astronomical 

Satellite (IRAS) in the early 80s added a wealth of information to the knowledge of the 

long-wavelength properties of active gala.xies, and yet at present there is still no definite agreement 

on the origin of the IR radiation in Seyfert gala.xies. The main mechanisms that have been 

suggested as potentially producing the IR emission are thermal emission by dust in the galactic 

nuclei and non-thermal synchrotron processes. A number of tests have been carried out to 

determine the dominant mechanism including (I) infrared spectral shape (dusty objects tend to 

have steeper spectra); (2) infrared spectral features produced by dust grains (including lO^m 

silicate absorption and 3.3;im emission features; (3) reddening, as measured by line ratios for 

example; (4) infrared variability (non-thermal sources vary quickly); (5) infrared polarization 

(high polarization suggests non-thermal emission), and (6) infrared compactness, as measured by 

the ratio of the IRAS beam 12/im flux to the ground based small beam 10.6/im flu.x (non-thermal 

sources are compact). 

At FIR wavelength there is strong evidence favoring the thermal mechanism based on 

measurements of the FIR/sub-mm cutoff (see previous section §1.2.2). In favor of the FIR thermal 

emission, Edelson, Malkan and Rieke (1987), using the CfA Seyfert sample and IRAS data showed 

that all Seyfert 2s and half the number of Seyfert Is in their sample had cold far infrared e.xcesses 

which appear to be spatially extended. They also find that the turnover frequency, t-t, is < 3THz 
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(>100 fim) as opposed to quasars which have i/f > 3THz, suggesting that the low frequency 

turnover is masked by emission from cold dust in the galactic disk or NLR of the low luminosity 

AGNs. 

At mid and near infrared wavelengths the picture is not as clear. Seyfert Is and Seyfert 

2s show mid and near infrared spectral features similar to those that would result from dust in 

our own Galaxy such as the silicate absorption feature at 10.4 /zm, the silicate emission feature 

at 19 (itn and the 3.3 (ixn emission feature attributed to dust associated with either star-bursts 

or a dusty torus (Roche et al., 1991; Pier & Krolik, 1993). The minimum near l^m in the 

SED of both type of Sej^erts is consistent with dust emission, since dust grains evaporate at 

temperatures ~ 1500 K and therefore can only emit radiation at A > 1/im. However there 

is evidence that processes different to dust emission could be important in the near and mid 

infrared. For example, quasars and luminous Seyfert 1 galaxies tend to have relatively flat infrared 

spectra, a2.2-25/zm = —1.09, Qi2-60/im = —0.69 indicative of non-thermal mechanisms such as 

synchrotron emission, or of a source with relatively large amount of warm and hot dust. 

1.2.4 Optical and UV (lO'^-lO^A) 

The presence of broad permitted and forbidden emission lines (500-1000 km s~') is a general 

characteristic of Seyfert gala.xies; additionally, featureless, non-thermal optical and UV continuum 

is commonly observed (Shuder, 1981; Yee, 1980). In Seyfert Is the continuum emission is much 

stronger than in Seyfert 2s and its measurement becomes difficult due to the presence of broad 

and often blended emission lines. The emission from optical to soft X-rays is often called the Big 

Blue Bump with a maximum peak at UV wavelengths which is the result of Balmer continuum 

emission from 2700 to 4000A and Fell emission lines from 1800 to 3500A (the little blue bump). 

In quasars the big blue bump can represent most of the observed luminosity. The continuum 

emission has been extensively modelled with thermal emission from a geometrically thin and 

optically thick accretion disk around a super-massive black hole (Malkan, 1983; Sun & Malkan, 

1989). In these models, the emission is the superposition of black body radiation at different disk 

radii with temperatures ~ 2-3x10'' K. However, simple disk models violate Eddington limits, 

predict absorption features which have not been observed and predict rapid variability contrary 

to observations. In view of these difficulties, a non-thermal model has been proposed to explain 

the big blue bump emission as synchrotron emission from a power law of secondary electrons that 
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arises from a sufficiently high density region of relativistic protons (O'dell et a/., 1987). This 

model can successfully predict a featureless spectrum and rapid variability. Under the standard 

unified model, the optical-UV continuum emission from Seyfert 1 galaxies is the result of a direct 

view into the galaxy nucleus where the high energy photons are produced and escape straight 

into our line of sight. In Seyfert 2s, this emission is thought to be the result of scattering off 

electron clouds above the BLR and directed towards the observer. This model would imply high 

linear polarization in addition to detection of broad emission lines in Sey 2s. However, recent 

spectropolarimetric studies of Seyfert 2 galaxies (Tran, 1995a,b,c) have found less polarization 

than predicted and more remarkably, no broad emission lines are observed. These results have 

motivated an alternative explanation in which the optical-UV emission of Sey 2s is the result 

of circumnuclear emission from massive stars which are unusually bright compared to normal 

galaxies (Heckman et al., 1995). This is consistent with many other pieces of evidence suggesting 

that Sey 2s have enhanced circumnuclear star formation and that there may be a connection 

between the Star-Burst and Seyfert phenomenon. 

1.2.5 X-rays (O.l-lOOkeV) 

Active galaxies are strong X-ray emitters and Seyfert galaxies are no exception. Within the 

standard Unified Model, it is thought that the primary source of the observed X-ray luminosity, 

LA* , is the viscous frictional dissipation of energy by the accretion of matter onto a massive black 

hole at the center of the gala.xy. Lx comprises a large fraction of the total bolometric luminosity, 

between 5 and 40% and typically Lx ~ lO''"' ergs s~' (Ward, 1987). The detailed processes 

by which the X-rays are produced in Seyfert galaxies remain controversial but most theoretical 

models assume the Comptonization of the "seed" UV photons by energetic electrons which can 

be distributed either thermally or non-thermally. A recent model, the two-phase model (Haardt 

& Maraschi, 1991, 1993; Haardt et al., 1994), depends on the interplay of a hot (T ~ 10® K, 

400 keV), dissipative, thermal corona containing the distribution of electrons responsible for the 

compton scattering of soft photons, and a colder accretion disk (T ~ 10^ K) immersed in the 

hot corona which will also reprocess some of the scattered photons into softer ones (reflection). 

The first detailed temporal study in the X-ray regime of a large sample of Seyfert galaxies was 

provided by EXOSAT (launched in 1983, covering the 2-20 keV band). It showed that X-ray 

variability is a common feature in Seyfert galaxies (Lawrence, 1987) without any characteristic 
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time scale. It also discovered a sharp rise at the low energy level (below a few keV; Arnaud et al.. 

1985), the so-called "soft excess", in nearly 50% of all Seyferts. This component is due to the 

hard tail of UV photons of energy < IkeV (Brinckmann & Siebert, 1994). In addition, a uniform 

power law emission was found in the 2-20 keV band with a spectral index a ~ 0-7 (Turner & 

Pounds, 1989). More recent experiments aboard satellites with improved sensitivity and higher 

spectral resolution such as ASCA have given a more detailed description of the X-ray spectra of 

Seyfert galaxies. For example, the X-ray spectra of Sey Is in the 2-20 keV band can be described 

by a power law with an index a ~ 0.9-1 (Nandra & Pounds, 1994) and a component due to 

compton reflection of the power law photons from the cold accretion disk (Lightman & White, 

1988). However a thick torus has also been postulated as the possible reflection region (Weaver 

et al., 1996) and furthermore the spectrum from a thick torus has been shown to resemble that 

of an accretion disk (Krolik et al., 1994; Ghisellini et ai, 1994), giving support to this idea. The 

reflection component produces the observed broad feature or "Compton Hump" at ~ .30keV on 

top of the nearly flat power law. The reflected component is then absorbed by external, partially 

ionized material normally called "warm absorbers", probably located inside the BLR (Netzer, 

1993), and responsible for the fluorescent Fe Ka emission line at ~ 6.4keV with typical E.W ~ 

O.lkeV (Matt et al., 1991). In the 0.1- 3 keV band Sey Is have a soft excess compared to Sey 2s 

that can be fitted by a power law with spectral index Q ~ 2.7-4.2 whose probable origin is the 

photo-ionized gas reflecting part of the continuum emission (Netzer, 1993). Seyfert 2 galaxies 

tend to be more strongly absorbed in the 2-6 keV band than Seyfert Is and Seyfert 2 spectra do 

not require the presence of a reflection component as in the case of Sey Is. Additionally, Sey 2s 

present strong absorption by cold neutral material with column densities as high as n/f ~ 10"'' 

atoms/cm* (Mushotzky, 1993b). They present stronger fluorescent Fe K emission lines with E.W 

< 2 keV and in the exceptional case of NGC1068, E.Wi?e/i:a ~ 2.7 keV (Marshall et al., 1992). 

The 0.1-3 keV range in Sey 2s is very distinct from their heavily absorbed 2-20 keV spectra with 

excess emission believed to be the result of scattering of low energy X-ray and UV photons into 

our line of sight (Kinney et ai, 1991), in good agreement with the occultation/reflection picture. 

1.2.6 Gamma rays (O.l-lOOMeV) 

The Gamma-ray band has been studied only very recently with the launch of the COMPTON 

GRO (20keV-20GeV) in 1990. Up until then the only extragalactic 7-ray object identified securely 
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in the 5-800MeV range was the quasar 3C273. However, earlier balloon observations reported 

detections of two Seyfert galaxies, NGC4151 and MCG 8-11-11, in the 0.02-19MeV range (Perotti 

et al., 1981a; Perotti et al., 1981b). Radio-quiet objects are not strong 7-ray emitters. Seyfert 

galaxies have been detected in the low 7-ray energy range between 50 and l50keV with OSSE 

aboard GEO, but at higher energies between 0.75 and 30MeV no Seyfert has been detected with 

either COMPTEL (Maisack et al., 1995) or EGRET (Lin et al., 1993). 

Between 50 and lOOkeV, the average Seyfert spectrum softens and has a power law index a 

~ 2.20. The simplest mechanism by which these high energy photons are created is the thermal 

Compton scattering of soft photons. Some non-Thermal models are ruled out based on the 

non-detection of the 511keV pair annihilation feature, although the presence of some sort of 

non-thermal process is indicated by the hard energy tail in the spectrum of the brightest Seyfert 

1 galaxy NGC4151. The determination of the typical spectrum for type 1 and type 2 Seyferts 

is uncertain due to the small number of objects detected at high energies. However, it has been 

suggested (Bassani et al., 1995), with very poor statistics, that both types of Seyfert galaxy 

present similar SEDs at the very high energy level. 

To visualize the general behaviour of SEDs for Seyfert Is and Seyfert 2s I show in Figure 1.7 

the SED for two typical Seyfert galaxies, NGC1068 (type 2) and NGC4151 (type 1), acrros the 

EM spectrum. 

1.3 Spectral Line Emission of Seyfert Galaxies 

Spectral emission lines are found superimposed on the continuum spectrum and are the other 

main channel by which AGNs release their energy. Unlike almost everything else in AGNs, 

emission lines are generated by recognizable, calculable, well-understood physical processes thus, 

by the observation, detection and analysis of these emission lines it is possible to gain information 

on the location, chemical composition, physical conditions and motions of the emitting gas clouds 

within the AGN. 

The emission line spectra of the various Seyfert types are very similar in the sense that they 

show the same atomic transitions and similar ratios of the emission line fluxes. There are however 

subtle differences. For example, the Seyfert 1.8s and 1.9s resemble Seyfert 2s in the ratios of their 
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Figure 1.7 Spectral energy distribution across the EM spectrum for a Seyfert 1 (NGC4151) 

and a Seyfert 2 (NGC1068). Data taken from NED. 
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narrow line fluxes, whereas the Seyfert 1.5s are more like Seyfert Is. Seyfert 1.8s and 1.9s also 

tend to show large broad HQ to broad H/? flux ratios, much greater than the ratios predicted by 

normal recombination theory. The large ratios indicate that dust may play an important role in 

reddening the broad line spectra of these objects. In contrast, the broad line ratios for Seyfert Is 

and 1.5s tend to show little or no reddening. Seyfert 1 galaxies also tend to show higher ionization 

transitions than most Seyfert 2s. Ionized species as high as [FeX]A6375 are seen in Seyfert Is. 

Broad Fe II emission from many blended multiplets appears to be universally present in Seyferts 

with broad line components (including the narrow line Seyfert Is), but so far has been observed 

in only a handful of Seyfert 2s. 

The emission lines of AGNs fall into two categories according to their line profile. Typically, 

AGNs show a combination of "broad" lines with widths up to ~ lOOOO km s~' and "narrow" 

lines with widths ~ 1000 km s~^. These are attributed to two distinct regions in the nucleus of 

the active galaxy. The broad line region involves fast moving clouds of dense gas near the central 

engine, whereas the narrow line region involves more remote clouds with lower velocities and 

densities. Both regions are believed to be photoionized by the nonthermal continuum, however 

the NLR is of special interest since it is the only AGN component which is spatially resolved, 

providing the oportunity of morphological studies. 

1.3.1 Emission Regions 

1.3.1.1 The Narrow Line Region 

Narrow lines are mainly forbidden lines; some examples are: [OI]A6300, [OII]A3727-29, 

[OIII]A4959-5007, [NeIII]A3868, [NeV]A3345-3425, [SII]A6716-30. These lines are formed by 

collisional excitation in a low density medium. As a result, the emission line ratios are strongly 

dependent on the temperature and density of the emitting gas, and constitute excellent diagnostics 

for the physical conditions of the NLR. Typically, it is found that the electron temperature is 

1-2x10'' K, and the electron density is 10" to iC cm~^ (Koski, 1978). Some of the most intense 

natro%v permitted lines are the recombination Balmer and HeI5548 lines. The Balmer decrement 

is close to case B and consequently is a good reddening indicator. A detailed description of the 

physical conditions in the NLR can be found in Osterbrock (1989, §5). 
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1.3.1.2 The Broad Line Region 

Broad lines consist of only permitted lines. This means that the density of the BLR is much 

larger than the critical density for collisional de-excitation of forbidden lines (> 10® cm~^). The 

most intense lines are: 

• in the UV range: Lyo, NV A1238, CIV A1549, Hell A1640, CIII]A1909, Mgll A2800. many 

Fell blends. 

• in the optical range: Ha and Hi?, HelA 5875, Hell A4686, many FeH blends. 

• in the [R range: Paschen and Brackett series of HI, 01 A8446, Call triplet aear 8540. Hel 

AI0830. 

Fell blends represent an important fraction of the total energy radiated in the broad lines, 

reaching 50% in a few AGNs. 

Some diagnostics can be used to determine roughly the physical conditions in the BLR. The 

presence of the semi-forbidden line CIII]A1909 implies that the density is smaller than the critical 

collisional de-excitation density, < few 10® cm~^. However there are indications of a larger density 

which means that the BLR is made of different media. The temperature can be directly calculated 

from line ratios of the same ion; for instance the ratio CIII]Al909/977 indicates a temperature 

smaller than 3x10'' K, which implies that the BLR is not collisionally ionized. 

1.3,2 Variability 

Broad line and continuum variability has been observed in AGNs for over 20 years. The first 

report of nuclear variability in a Seyfert galaxy was reported in 1967 by Fitch, Pacholczyk and 

Weymann. Several monitoring campaigns (NGC415I, NGC5548) have allowed determination of 

the relationship between line and continuum flux variations (Peterson, 1994; Wanders & Peterson, 

1996; Edelson et al., 1996). Low luminosity AGNs show that the time scale for large line flux 

variations is about equal to that of the UV continuum which is a few weeks in general, and that 

the lines respond to continuum variations with a time lag which is smaller than the variation 

time scale, typically a few days. This result confirms the existence of a strong link between the 
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line spectrum and the UV continuum. Narrow line flu.xes have been observed to vary in only one 

object. The relative levels of broad to narrow line components can change dramatically. Some 

objects have been observed to change in Seyfert type classification from Sey Is to 1.9s or 2s and 

vice versa. 

1.4 This Work 

In spite of the great work and efforts dedicated to the study of Seyfert galaxies and AGNs in all 

wavelength regions of the EM spectrum, it is only in the IR band that astronomy has seen the 

greatest progress in the last decade due entirely to the rapid advance of IR detectors. It is in 

this wavelength region that the following work is focused on, particularly on the analysis of IR 

spectroscopic and photometric observations and their consequences on unification theories. 

1.5 Outline of Thesis 

Each of the following chapters is self consistent and deals with a specific aspect of the infrared 

emission from Seyfert galaxies. .A.11 observations are discussed and analysed under the standard 

unification model and its validity is probed. Chapter 2 describes the instruments used to obtain 

IR data and the observational techniques are reviewed. Data reduction procedures are also 

discussed for each instrument. In Chapter 3, I present my work to look for broad IR lines in a 

sample of Seyfert 2 gala.xies with strong near IR excess. Spectropolarimetry was also used in one 

Seyfert 2 galaxy, MKN334, which showed broad IR lines; only minimal polarization was detected 

and moreover no broad polarized lines were found. This work is published in Ruiz, Rieke & 

Schmidt, (1994). Chapter 4 is dedicated to the study of the mid and far IR properties of Seyfert 1 

and Seyfert 2 gala.xies. My efforts were concentrated on the nuclear emission of Seyfert galaxies. 

I find that nuclear mid infrared emission is not consistent with the simplest unification model 

although a modified version is consistent with unified views. For a complete understanding of 

the subject I also include the closely related study of the extended emission of Seyferts led by 

Roberto Maiolino. These two works have been published together in Maiolino et al., (1995). In 

chapter 5 I present a study of the morphology dependance on Seyfert activity by using a large 

sample of Seyfert galaxies whose optical images are analysed to detect distortions/interactions 
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or nearby companions that can affect the level of activity in the galaxy. It is found at good 

statistical significance that Seyfert 2 galaxies present more distortions/interactions than Seyfert 

Is and therefore this could be one of the reasons why they are observed to have enhanced levels 

of star formation. This work has been submitted to ApJ. Chapter 6 presents a study of NIR 

spectroscopy of [Fell] and emission lines of a large sample of Seyfert galaxies, many of which 

had not been detected in the past. Their possible excitation mechanisms are discussed. The 

major conclusion is that shocks or photoionizing shocks are favoured over pure photoionization 

models for the excitation of both lines. A summary of this work within the context of unification 

ideas is presented in Chapter 7. 
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CHAPTER 2 

OBSERVATIONAL TECHNIQUES 

In this chapter I present the main instruments used to carry out the observational work of my 

thesis. These include two near IR spectrometers and an IR bolometer. An optical polarimeter 

and a heterodyne receiver were also used for additional support to infrared observations but 

were not used as extensively as the other instruments. Observational techniques and data 

reduction procedures are also described for each instrument and e.xamples of observations are also 

given. Since most of the observations were carried out in the near-mid infrared wavelengths, a 

brief introduction to the art of infrared astronomy describing the observational advantages and 

disadvantages of this wavelength regime is required. 

2.1 Infrared Astronomy 

The infrared waveband covers a large range in wavelength, from about 1/im to about 250^m. 

The so-called near-IR, mid-IR and far-IR regimes generally cover I-5^m, 5-20/im and 20-250/im 

respectively. Longer wavelengths belong to the sub-millimeter regime which corresponds to the 

subject of Radio astronomy. See Figure 2.1 for a description of the various divisions of the EM 

spectrum. 

In the last 6 years there has been a tremendous growth in this field, in part due to the 

construction of IR telescopes (UKIRT, 1980) and succesful IR space missions such as IRAS (1983) 

and more recently ISO {1995) but most importantly due to the development of large, 2-D sensitive 
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The Electromagnetic Spectrum 
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Figure 2.1 The electromagnetic spectrum showing a wide range of wavelength and the 

regions in which it is classified including the visible part of the spectrum. 

IR detectors, ''arrays'''. The first 2-D arrays of modest pi.xel numbers were developed in the early 

1980s. Typical array sizes were 32x32 or 62x58 pixels. Eventhough they were a great step ahead 

of the one-single-element detectors, they were not ideal for making extensive IR pictures or could 

not provide enough spectral and spatial resolution for some spectroscopic studies. Since L990 

until the present, development of larger arrays has been rapid and today 256x256 pi.xels arrays 

and larger {"The Next Generation''') are used frequently. 

The Infrared region provides a great opportunity for observations of a variety of astronomical 

phenomena impossible to study at other wavelength regimes. The great advantage of infrared 

observations is that IR radiation penetrates through clouds of dust that are opaque at optical 

wavelengths and thus information on dusty environments can be obtained. When distant objects 

are reddened, the dust grains warm up and re-radiate the absorbed energy at IR wavelengths. 

Furthermore, objects at lower temperatures than those of normal stars can be detected by IR 

emission. There are also many spectroscopic advantages to the IR. For example, the vibrational 

and rotational transitions of many molecules, including the very abundant hydrogen molecule, 

result in low energy infrared photons. The infrared is rich in atomic and molecular transitions, 

as well as interesting features associated with small solids (grains). Finally the expansion of the 
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universe displaces or redshifts key features of the spectra of the most distant galaxies into the 

infrared. 

However, infrared observations also are subject to serious limitations when observing from 

the ground. The first is the Earth's atmosphere which is not uniformly transparent to all IR 

wavelengths. Water vapor, HoO, and carbon dio.xide, COT, are e.xcellent absorbers of infrared 

radiation. Figure 2.2 shows a transmission spectrum of the atmosphere from 0.7 to 1.5^m. 
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Figure 2.2 Typical atmospheric transmission in the infrared (Adapted from Kruse, 

McGlauchlin & McQuistan, 1962). 

The water vapour absorption is virtually complete between 40 and 300^m. It is in this 

spectral region that the IR space missions are particularly efficient in avoiding the Earth's 

atmosphere. Water content is very sensitive to the altitude, and therefore IR observatory sites are 

usually located in the highest mountains, such as Mauna Kea in Hawaii, where the air is fairly 

dry and offers the best quality transparency of the atmosphere from the ground. 

In the near and mid infrared, the absorption of IR radiation by atmospheric molecules occurs 

in intervals or bands between which the atmosphere is highly transparent. These wavelength 

intervals are called atmospheric "windows" of transparency. The standard IR windows are listed 
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Table 2.1 Standard IR windows and passbands 

A Symbol Width 

(/im) i f i m )  

1.25 J 0.3 

1.65 H 0.3 

2.2 K 0.4 

3.5 L 1.0 

3.8 L' 0.6 

4.8 M 0.6 

11 N 5.0 

21 Q 8.0 

in Table 2.1 and shown in Figure 2.2. Interference filters can be manufactured to match these 

atmospheric windows (as well as narrower passband filters) so that ground infrared observations 

are generally matched to the atmospheric windows. 

The second difficulty facing IR astronomers is the thermal emission of the telescope itself as 

well as that of the surrounding air or anything at room temperature in the vecinity of the IR 

detectors. Objects at 300 K (room temperature) emit radiation which peaks at ~10/im. Such 

mechanisms produce a very bright "background" radiation at all infrared wavelengths making it 

difficult to detect any extraterrestrial IR emission. Thus, to avoid this contaminating radiation, 

the IR array must be cooled down to very low temperatures so that IR pollution is avoided. 

This is accomplished by using a vacuum chamber or "dewar" with an IR transmitting window 

where the detector and accompanying instrumentation are placed including a cryogenic liquid for 

cooling. Usually, liquid nitrogen or liquid helium are used to reach temperatures of ~ 70K and ~ 

4K respectively. 

Between 1 and 2.5/im the dominant radiation comes from solar-induced photochemical 

reactions in the upper atmosphere, the so-called "airglow emission" which has three components: 

• OH (hydroxyl) vibration-rotation bands 

• Oo IR atmospheric bands 

• the near IR nightglow continuum 
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Of these, the strongest emission comes from the hydroxyl molecule which produces a dense 

forest of emission lines, especially in the 1-2.5/im region. See Figure 2.3 for an example of OH 

emission. 

These emission bands are formed when excited OH* molecules in the vibrational levels v=l-9 

relax to the ground state becoming OH. The excited OH is formed in a thin layer of atmosphere 

called the mesopause, between the mesosphere and the lower ionosphere at an altitude of about 

90 km. Since the emission occurs in a high layer, there is no decrease in the OH background 

even when going to a high altitude site. Diurnal and seasonal variations are small, but the OH 

emission is time variable by factors of 2 or more in timescales of 30 minutes or less. Therefore of 

great importance in high resolution near-IR spectroscopy is the succesful removal of these lines to 

a high degree of accuracy. 

2.2 The Instruments 

In what follows I will describe in detail the most important instruments used for the astronomical 

observations to be discussed in subsequent chapters. 

2.2.1 GeSpec 

This instrument is a near infrared grating spectrometer which operates from 0.8 to 1.6/im. This 

spectrometer uses two 32 element linear arrays of germanium diodes as detectors read by JFET 

integrating amplifiers. The detector system provides read noise of approximately 80 electrons, 

quantum efficiency larger than 50% for 0.7< A < 1.5/im, and dark current below 1 electron s~^. 

The incoming light is projected onto the two detector arrays through round apertures that have 

diameters of 3" separated by 22" (at the MMT). Two gratings of 600 lines/mm and 150 lines/mm 

provide resolution of 1500 and 400 pixel" ^ respectively at 1.2/im. The input apertures are imaged 

onto two pixels to provide effective resolutions of approximately 750 and 200. 

Data acquisition starts by locating the gala.xy nucleus in one of the instrument apertures 

while the other aperture is monitoring the sky. An e.xposure time of typically 60 s is followed 

by a telescope wobble which locates the gala.xy nucleus on the other aperture where a second 

exposure is obtained. This observational strategy allows a continuous monitoring of the sky which 
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Figure 2.3 OH emission lines in the near IR: J band (top panel), H band (middle panel) 

and K band (bottom) panel. Spectra provided by C. Engelbracht. 
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minimizes the effects of rapid variations of the airglow lines in the final sky-subtracted spectrum. 

The procedure is repeated as many times as necessary until the desired S/N is reached, typically 

10-30 minutes. The same procedure is followed for a nearby '^at-field" star. The spectral type of 

the flat-field star depends on the nature of the scientific program. Spectral types between AO V 

and FO V present strong hydrogen absorption features which could result in the contamination of 

the galaxy spectra as well as the blending of emission lines as the case of the He I emission line 

in the galaxy and the stellar Pa"/ absorption line. However, after the subtraction of the hydrogen 

lines, the result is a smooth spectrum free of other contamination. 

2.2.1.1 Data Reduction 

The data from each array are reduced independently up to the very end of the procedure. 

The first step is to eliminate anomalous readouts from dead detectors or cosmic ray hits. The sky 

is then subtracted by using the average of adjacent wobbling sequences. This step results in a 

number of sky-subtracted spectra which are co-added once they have been scaled to the average 

of their median pixel values. The stellar spectrum is used to flat-field the galaxy spectrum by 

correcting for pixel-to-pixel variations in the detector sensitivity and to remove atmospheric 

absorptions. Finally the flat-fielded spectra from the two detector arrays are combined into a 

single spectrum. The spectra are flux calibrated using photometric data of the flat-field star such 

as mv, J-V and Te//. It is assumed that the star has normal colors (Johnson, 1966) and that 

its local SED slope can be represented by a blackbody of with the absolute calibration of 

Campins et al., (1985). The wavelength calibration is determined from standard lamps and is 

accurate to ~ 1 pixel. 

High resolution spectra provide the opportunity to decompose emission lines into various 

components. This procedure is done by using the iterative program DEBLEND (K.K.McLeod). 

This program fits multiple Gaussian profiles using the Levenberg-Marquardt method which finds 

the minimum of and the 1 cr error in each parameter of the fit such as equivalent width, line 

intensity, continuum and the wavelength of the emission line (Press et al., 1986). Two Gaussian 

components, a narrow and a broad component, gave the best fit to the emission lines when a single 

component did not give satisfactory results. These two components are believed to represent 

the narrow and broad emitting line regions in Seyfert galaxies and their fitting parameters give 
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information on the physical conditions of the correspponding emitting regions. 

2.2.2 FSpec 

This instrument is a 1.2"x30" long slit near infrared spectrometer which operates in the 1.4 to 

Ofim range and uses a NICMOS array of 256x256 40/im HgCdTe detectors. The detector array 

has a read noise of 20-25 electrons rms, dark current of 1 electron s~' and quantum efficiencies 

larger than 60%. Two bacic-to-back gratings of 75 1/mm and 600 1/mm provide low (~ 1500/pixel) 

and high (~ 6000/pixeI) resolutions respectively. A detailed description of the instrument design 

is given by Williams et aL, (1993). 

The observational procedure is as follows. The slit is centered on the brightest point in the 

galaxy nucleus as observed with an infrared guide camera operating at l.6/im; hence errors in 

guiding on the nucleus due to extinction are minimized. To allow accurate measurements and 

subtraction of sky lines, individual spectra are taken in 4-6 different positions by stepping the 

nuclei of the galaxies along the slit. This sequence is repeated until the desired S/N is reached, 

typically in 30 minutes. Calibration stars close to the galaxies in air mass are interleaved with 

galaxy observations to correct for telluric atmospheric absorptions; late F or G stars are observed 

to avoid the strong stellar hydrogen absorption features present in earlier stellar types. 

2.2.2.1 Data Reduction 

The data reduction uses standard IRAF routines and specialized scripts written for this 

particular instrument. The first step in data reduction is background subtraction which at 

the same time removes offset and dark current terms. Pixel-to-pixel sensitivity variations are 

corrected with dark current subtracted dome flat frames at every grating setting. A bad pi.xel 

mask is constructed to mark bad pixels in the individual frames and replace them with the average 

of the surrounding pixel values. Object frames at one grating setting are combined and a one 

dimensional spectrum is extracted. The atmospheric absorption features are then corrected by 

dividing each galaxy spectrum by the normalised weighted average of the standard star spectra. 

OH airglow lines (Oliva & Origlia, 1992) are used to wavelength calibrate the spectra. Standard 

stars of type F and G have weak metal features typical of solar type stars that can contaminate 
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the final spectra, appearing as emission lines. These false features are removed by multiplying the 

final galaxy spectrum by a solar spectrum (Maiolino, Rieke &: Rieke, 1996). Finally, fluxes are 

determined from the calibration star signals, assuming normal colours (Johnson, 1966) and using 

the absolute photometric calibration of Campins et al., (1987). Wavelength calibration uses OH 

airglow lines and standard lamps, and is accurate to a fraction of a pixel. 

Line identification and fitting and measurements of intensities and full widths at half 

maximum (FWHM) are performed on each gala.xy with the standard IRAF task SPLOT, which 

uses a Gaussian line fitting profile. The high resolution observations provide the opportunity to 

perform line profile deblending into broad and narrow components whenever a single Gaussian 

profile does not give a satisfactory fit to the emission lines. 

2.2.3 The Bolometer 

The facility infrared bolometer at the MMT (Multiple Mirror Telescope^) was used to perform 

mid infrared photometric observations of Seyfert gala.xies. This instrument uses a gallium doped 

germanium detector which provides high quantum efficiency ~ 85% and spectral range from 2/im 

to 25/im. The detector is operated in a high performance liquid helium dewar, and the helium is 

pumped to provide a temperature of ~ 1.1 K. The instrument provides a focal plane aperture of 

5.3", which is centered on the visible nucleus of the galaxy. Measurements were made relative 

to reference fields approximately 8" above and below the galaxy nucleus in elevation. For a 

detailed description of the instrument design and performance see Keller, Sabol and Rieke, (1990). 

Calibration was performed as described by Rieke, Lebofsky and Low, (1985). 

2.2.4 The Spectropolarimeter 

Spectropolarimetric observations of MKN 334 were made at the Steward Observatory 90 inch 

(2.3m) telescope in November 1992 using the CCD imaging/spectropolarimeter described by 

Schmidt, Stockman and Smith (1992). It provides resolution of ~ 13 A and a coverage of 4000 .4 

when using a 3" wide slit and a grating of 600 1/mm. the Polarimetric efficiency exceeds 95% over 

'The MMT is operated by the Smithsonian Astrophysical Observatory and Steward Observatory 

at the University of Arizona. 
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the range of 4500-8000 A. An observation consists of measuring the Stokes parameters in a series 

of exposures with polarimetric modulation between readouts of the CCD. The individual frames 

for each waveplate orientation were co-added, producing two compIementJiry images in orthogonal 

senses of polarization. These images are compared to obtain the degree of polarization as Q and 

U or V Stokes parameters. The data reduction is carried out using standard routines in IRAF 

as well as specialized scripts to perform the spectral extractions, polarization computations, and 

calibrations. Figure 2.4 shows the resultant U and Q polarized (e.g., Q[%]XFA) and the total 

spectral flux and the polarized flux for MKN 334. 
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Figure 2.4 Spectropolarimetry of MKN 334. From top to bottom are the U and Q polarized 

fluxes and total spectral flux. 
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2.3 Example of Observations 

As an example of observations made with the instruments just described, I present the Seyfert 2 

MKN 334 and the Seyfert 1.5 MKN 766. MKN 334 was observed with GeSpec; MKN 766 was 

observed with FSpec. 

2.3.0.1 MKN 334 

This Seyfert galaxy, among others, was observed with GeSpec at the MMT during three 

observing nights (November 1991, April 1992, and February 1993). The spectral coverage at 

high resolution permitted the observation of only individual lines at a time. The emission lines 

chosen were Hel at 1.083/im and Pa/3 at 1.28^m. As described in the observational procedure 

for GeSpec, the galaxy nucleus is located in one of the instrument apertures and an exposure 

time of 60 s was followed by a telescope wobble which locates the gala.xy nucleus on the other 

aperture where a second exposure is obtained. This was repeated for about 30 minutes. The same 

procedure is used for the flat field star which in this case was HR9107 of spectral type G2 V. The 

galaxy spectrum is then sky-subtracted, flatfielded, and wavelength and flux calibrated. Figure 

2.5 shows the final spectrum for MKN 334 showing the Hel emission line. 

Note that this line presents broad wings and therefore it was subject to the deblending 

procedure which optimizes multi-component fittings assuming Gaussian profiles. Two components 

were fitted to Hel in MKN 334. The narrow component has FWHM = 375 km s~^ and a broad 

component has FWHM = 1028 km s~^. Figure 2.5 also shows the broad component of Hel in this 

galaxy. 

2.3.0.2 MKN 766 

This Seyfert galaxy was observed on May 1994 at the MMT with the FSpec spectrometer. 

Grating settings at H and K were required to make high resolution observations of [FeII]1.644^m, 

H22.12I and Br7 at 2.166/im. The nucleus of the galaxy was stepped along the slit in four 

different positions and integrated for 120 s, making a total of 8 minutes for each observation. 

Before and after each gala.xy observation, a flat field star was observed, in this case it was the 
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Figure 2.5 High resolution spectrum of MKN 334 showing the He I line at 1.083 microns 

with the fitted broad component. Flux is given in Jy. 

standard star HR4688 of spectral type F8 V. The bright flat field star was also stepped along 

the slit in four different positions but required much less integration time, a total of 20 s per 

observation. Once the gala.xy spectra have been sky subtracted, combined and flatfielded the next 

step is the wavelength and flux calibration. Figure 2.6 shows the calibrated spectrum of MKN 766 

showing its prominent emission lines in the H and K bands. 

Finally, the contamination of the spectrum with stellar weak metal features from the late 

type star, used for the flatfielding step, can be removed by comparison with the solar spectrum 

features (Maiolino, Rieke & Rieke, 1996). Figure 2.6 is the spectrum after correcting for these 

weak metal features. 

Notice in Figure 2.6 the broad wings in Br7. This emission line can not be fitted by a single 

Gaussian profile, however two Gaussian components provide a good fit to the observed emission 

line. The fitting of the line is done using the IRAF package SPLOT, which allows for multi-

components fitting assuming Gaussian profiles. The narrow component has FWHM = 226 km s~' 

and the broad component has FWHM = 424 km s~^. Figure 2.7 shows the deblending of the Br7 

line into broad and narrow component. 
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CHAPTER 3 

HIDDEN SEYFERT 1 NUCLEI 

3.1 Introduction 

Khachikian and Weedman (1974) divided Seyfert galaxies into two classes, Seyfert 1 and Seyfert 2, 

based on the presence or absence of broad Balmer emission line components. Since then, a variety 

of efforts have attempted to reunify these galaxies into a single underlying type, distinguished by 

viewing angle and/or degree of obscuration to the active nucleus. For example, Osterbrock (1978) 

found galaxies with spectral properties that ranged virtually continuously between type I and 

type 2. Lawrence and Elvis (1982) suggested that Sej^ert 2 galaxies are identical to Seyfert Is but 

with obscuration so heavy that even their X-ray emission is attenuated. Interest in unification 

schemes increased greatly with the discovery by Antonucci and Miller (1985) of polarized (i.e., 

scattered) broad Balmer lines in the nucleus of NGC1068. From the extant observations, a model 

has been developed in which the Seyfert nucleus lies at the center of an accretion disk surrounded 

by a torus which is sufficiently thick to obscure the nuclear emission from the mid-IR through 

the X-rays. The nucleus appears as a Seyfert 1 when viewed face on, otherwise it appears as a 

Seyfert 2. Other geometries could also be imagined for unification models in which the obscuring 

material is not arranged in a torus but the essential feature of identical nuclear engines is retained. 

Traditional radiative transfer models, combined with reverberation mapping of the emission-

line variability carried out by Clavel et al., (1991) and Peterson et ai, (1991), demonstrate that 

the broad line region (BLR) is stratified, with the highest excitation lines within a few light 
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days of the nucleus and the lower excitation line region extending to a radius of roughly a light 

month or more. Variability time scales demonstrate that the hot dust which dominates the near 

IR emission of many Seyfert galaxies lies within or at the outer boundary of the BLR (Pension 

et al., 1974; Lebofsky & Rieke. 1980; Rieke & Lebofsky. 1981; Clavel, Wamsteker & Glass, 1989). 

Infrared studies have shown that most Seyfert 2 galaxies lack the strong emission near 3/im that 

is characteristic of Seyfert 1 galaxies. In the unified model, this behaviour is consistent with the 

obscuration of hot dust in the BLR by the torus or other material. 

On the other hand, infrared surveys of large numbers of Seyfert galaxies by Rieke (1978), 

Edelson, Malkan and Rieke, (1987) and Rieke (unpublished) show a number of Seyfert 2 gala.xies 

that actually have a hot dust emission component. According to the unified models, in these cases 

we should be looking over the surface of the torus or past the edges of obscuring clouds into the 

outer zones of the BLR. This hypothesis can be tested by measuring infrared line profiles for the 

galaxies, to determine if the presumed reduced obscuration at these wavelength allows ligth from 

the BLR to be detected. 

In this chapter I present near-IR spectroscopy of Pa/3 and Hel I.083^m lines. These 

observations were made with the GeSpec as described in §2.2.1 at the MMT during three 

observing runs (November 1991, April 1992 and February 1993). The sample of Seyfert 2 galaxies 

include Mkn 34, Mkn 176, Mkn 273, Mkn 334, Mkn 348, Mkn 463E, Mkn 533, NGC 4388 and 

NGC 5252. These gala.xies were selected on the basis of their relatively strong emission at 3/im. 

In fact, many of these galaxies show broad infrared line components as I will show. In this 

regard, these galaxies can be contrasted with those studied by Goodrich, Veilleux and Hill (1994), 

who found that broad Pa/? lines are uncommon in Seyfert 2 galaxies not selected for a hot dust 

component. These results are consistent with the predictions of unified models. This work has 

been published by Ruiz, Rieke k Schmidt, (1994). 

In the next section I discuss the individual galaxies in terms of their emission lines. In §3.3 I 

describe and discuss the selection of the sample. In §3.4 I present an overall discussion of Seyfert 

galaxies in the context of the unified model. Finally in §3.5 the conclusions are presented. 

3.2 Observations and Description of Individual Galaxies 
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Table 3.1 Hel 1.083^<m and Paf3 1.28;im Fluxes 

Object Hel„ Helfc Pa/3„ Pa/?6 continuum 

MKN 334 1.94 2.70 1.7" 4.0" 13 

MKN 348 7.14 2.86 0.68 0.20 14 

MKN 176 1.34 3.46 0.34 1.06 13 

MKN 463E 2..55 3.43 ... ... 2 

MKN 34 4.6 ... ... 6 

MKN 273 0.85 0.78 1.78 ... 14 

MKN 533 16.43 6.24 5.47 ... 10 

NGC 4388 7.22 ... 1.68 2.93 30 

NGC 5252 0.71 0.40 6 

"from Rix et ai, 1990 

NOTES.- The subscripts n and 6 refer to the narrow and broad component of the 

emission lines. The line fluxes are given in units of 10"^'' ergs s~' cm~". The continuum is 

given in mJy. 

Typical data and fitted profiles for six Seyfert galaxies in the sample are shown in Figure 3.1. In 

this section I will describe the individual galaxies observed and various emission characteristics. 

Table 3.1 and Table 3.2 present the fluxes and FWHM for the emission lines. 

• MKN 348.- This is a high-polarization Seyfert 2 galaxy (~1.5%) which e.xhibits a very 

broad Ha line (FWHM ~ 7400 km s~') in polarized light (Miller & Goodrich, 1990). The 

spectra of Hel and Pa/3 reveal broad-line components in both. The broad Hel component 

is 29% of the total, and for Pa/3 it is 23%. Although the IR broad-line widths are not in 

good agreement, each component appears as a blue wing on the line. It may be that the 

disagreement in the widths of the broad components of Hel and Pa/3 is due to stratification 

effects within the BLR so that these lines are emitted in different gas volumes. Koski 

(1978) found a velocity width for the NLR of 400 km s~^ in the optical, similar to the 

narrow line widths I find in the infrared. The narrow HI3 flux is 1.6x10"''' ergs s~' cm~-

(Dahari & De Robertis, 1988); the Pa/3/H/? ratio is 0.43, about 2.7 times larger than the 

expected value from case B. 
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Figure 3.1 Typical spectra for six Seyfert galaxies taken with GeSpec and showing Hel 

and Pa beta emission lines. Data points are indicated by triangles and the dashed line 

represents the broad line component. Fluxes are in Jy and wavelengths in microns. 
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Table 3.2 FWHM for Emission Lines (km s 

Object Hel„ Helfe Pa/?„ Pa/?6 

MKN 334 375 1028 

MKN 348 545 1638 422 884 

MKN 176 584 1571 494 1329 

MKN 463E 527 1398 

MKN 34 733 ... 

MKN 273 499 748 600 ... 

MKN 533 583 1123 315 1097 

NGC 4388 593 696 ... 

NGC 5252 527 1043 

• MKN 176.- Both Hel and Pa/? display broad components (> 1000 km s"') in their profiles. 

The flux in the broad component is 72% of the total for Hel and 75% for Pa/?, and the 

widths of the narrow and broad components agree well for the two lines. In the optical, 

Koski (1978) measured a velocity width for the NLR of 750 km s~^, roughly in agreement 

with the narrow portion of the infrared lines. The flux for the narrow component of H/i is 

0.67x 10"^'' ergs s~' cm~- (Dahari & De Robertis, 1988); the Pa/3/H/? ratio is therefore 0.51, 

about 3.2 times larger than the expected case B value and the ratio for the respective broad 

components must be even larger since the broad component of H/3 has not been detected 

probably due to heavy obscuration toward the BLR. A broad-band optical polarization 

survey of Seyfert galaxies made by Martin et al., (1983) showed that this galaxy is very 

weakly polarized (0.54 ± 0.16%) and Sitko and Zhu (1991) found a similar polarization at 

2y.m (0.74 ± 0.17%) 

• MKN 463E.- This galaxy is one of the most highly polarized (7.7%) studied by Miller 

and Goodrich (1990), who found a broad H/3 component (FWHM ~ 3000 km s~') as 

well as a blue wing on Ha in polarized light. Our spectrum of the Hel line also reveals 

a broad component amounting to nearly 57% of the total line with a blue asymmetry. 

Fedelman et al., (1982) found a velocity width of 780 km s~^ for the NLR, roughly in 

agreement with the width I find for the narrow component of HeL 
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• MKN 34.- No clear evidence exists for a broad-line component in the Hel line. However. 

Koski (1978) measured a velocity width for the NLR of 450 ± km s~S only 60% of the 

value I find for the FWHM of the Hel line. Dahari and De Robertis (1988) found an H/? 

flux of 0.44x10"^'' ergs s~' cm~" which is much less than the Hel flux. If a typical value of 

Pa,5/Hel ~ 0.5 is assumed, then the Pa/?/H/? ratio is ~ 1.2; an extreme value of Pa/?/HeI 

~ 0.2, still leads to Pa|(?/H/3 ~ 0.6, much larger than the case B value of 0.158. This is 

an indication of heavy obscuration towards the nucleus on MKN 34. Martin et al., (1983) 

detected a relatively high total polarization (1.42 ± 0.54%) for this galaxy. 

• MKN 273." I took spectra of the Hel and Pa/? lines. The Hel line shows a blue wing which 

has been fitted by a second component containing 48% of the total line flux. The H/? flux is 

0.6x10"'"^ ergs cm~- (Dahari & De Robertis, 1988) and so the ratio Pa/?/H/? is 2.97, 

approximately 19 times larger than the case B value. Martin et al., (1983) concluded from 

their broad-band optical polarimetric survey that this galaxy has a weak total polarization 

of 0.37 ± 0.44%. 

• .MKN 533.- Miller and Goodrich (1990) found that the optical polarization of this gala.xy is 

1.5% and that both Ha and H/3 show broad components (~ 1500 km s~' and 2200 km s"') 

in polarized light. I have also found broad components in both Hel and Pa/? with widths 

similar to the broad lines detected by optical spectropolarimetry. The broad Pa0 component 

is 64% of the total line and for Hel is 28%. Both broad line components appear as blue 

wings. Widths of the narrow and broad components are in good agreement for the two lines. 

Fedelman et al., (1982) found a velocity width for the NLR of 490 km s~', similar to the 

infrared widths of the narrow components. The H/? flux given by Dahari and De Robertis 

(1988) is S-SxlO"'** ergs s~^ cm"-; the Pa/3/H/? ratio for the NLR is approximately 0.44. 

about 2.8 times larger than the case B value. 

• NGC 4388.- No clear evidence of broad components was found in either the Hel or Pa/? lines. 

The H/? flux is 5.2x10"''' ergs s~' cm~- (Dahari & De Robertis, 1988); the Pa/?/H/? ratio 

is 1.1, approximately 6.7 times larger than the case B value. Shields and Filippenko (1988) 

detected broad Ha emission off the nucleus and suggested that this emission originates in 

the BLR of an obscured Seyfert 1. Spectropolarimetry of the galaxy nucleus indicates a 

polarization of 1.62 ± 0.01% (J.S. Miller, private communication to Pogge, R.VV. 1988). 
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• NGC 5252.-1 obtained spectra for the Hel line and found narrow and broad-line components. 

The He! broad component is 36% of the total line and appears as a red wing. .\n upper limit 

of 120 km s~^ for the NLR is given by Durret and VVarin (1990), less than the width of the 

narrow infrared lines. Extended regions of [0111]5007 emission with biconical geometry were 

found by Tadhunter and Tsvetanov (1989), indicating the presence of collimated ionizing 

radiation fields. 

• MKN 334.- An optical spectrum of MKN 334 from Dahari (1985) is available in the 

literature, and high and low resolution spectra of Pa/? are available from Rix et ai, (1990). 

The Hel line shows a broad component whose flux is 58% of the total line. Analysis of the 

published Pa.0 spectra indicates that the broad Pa/3 component is 70% of the total line. Note 

that the Hel and Pa/? observations were taken at different times and at different resolutions: 

the larger value for the Pa/? broad component might be due to variability effects, or it might 

be due to the lower resolution of the Pa/? data. Indeed, the H/? flux calculated by Dahari 

(1985) is 3.2x10"^'' ergs cm~- which means a Pa0/H/3 ratio of 0.53 for the narrow 

line region, about 3.4 times larger than the case B values. The optical spectropolarimetric 

observations, described in §2.2.4 , show a very small continuum polarization (P = 0.34 ± 

0.06%) and no evidence for broad HQ and H/? components in polarized light, suggesting the 

absence of reflecting clouds right above the BLR as the unification picture assumes. 

3.3 Selection of Sample 

It is well known that in general the infrared spectral energy distributions (SEDs) of Seyfert I and 

Seyfert 2 gala.\ies have different characteristics at 3;im. Figure 3.2a is an illustration; it is based 

on an unpublished complete set of photometry for the CfA Seyfert sample (Huchra & Berg, 1987). 

The photometry for all type 2 galaxies in this sample has been averaged to produce a composite 

SED. The peak at 1.6/im demonstrates that the continuum is dominated by cool stars, similar 

to those in normal galaxies. A similar average for all type 1 Seyferts shows a spectrum which 

rises monotonically towards long wavelength. The stellar SED for these galaxies is filled in at K 

(2.2/im) and L'(3.4^m) by an additional component which appears to be hot dust associated with 

the nuclear activity (Rieke & Lebofsky, 1981). 
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Figure 3.2 (a) Spectral energy distribution for Seyfert 1 and Seyfert 2 galaxies, (b) Spectral 

energy distribution for selected "hot" Seyfert 2 galaxies from the sample. 
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Figure 3.2b shows the SEDs for five galaxies in the sample I have studied. Data are either 

from the unpublished study of the CfA sample or from Rieke (1978). Note that all of these 

galaxies have the character of type 1 Seyferts, with evidence for strong emission by hot dust. I 

find that all of the galaxies in Figure 3.2 have broad wings on their near IR emission lines that 

suggest that they are in fact type 1 Seyferts. If such cases are transferred from type 2 to type I 

in Figure 3.2a, the difference between the two classes is made even more distinct. 

Optical classification of the CfA Seyferts indicates that the sample contains 26 Seyfert Is 

and 22 Seyfert 2s, that is, equal numbers within counting statistics (Edelson et al., 1987). 

I have detected a BLR for three sample members (MKN334, MKN533 and NGC5252), and 

spectropolarimetry has been used to detect a BLR for two (MKN533, Miller & Goodrich, 1990; 

and NGC1068, Antonucci & Miller, 1985). If these galaxies are re-classified between the types, 

there are 30 Seyfert Is and 18 Seyfert 2s, that is, there are more Seyfert Is than Seyfert 2s by a 

ratio of nearly 2:1. Regardless of the ultimate success of the unification models, these statistics 

show that determinations of the relative numbers of the two types based on optical spectroscopy 

was significantly biased. 

3.4 Interpretation 

I have detected broad emission line components in the near infrared for many "hot" Seyfert 2 

galaxies (those with 3/im excess emission) with typical FWHM of ~ 1200 km s~^ Closely related 

to the galaxies studied here are NGC 2992 and NGC 5506, which were originally classified as 

Seyfert 2 galaxies after they proved to be strong X-ray sources. However, their strong X-ray 

emission is characteristic of Seyfert Is and high S/N optical spectra showed that they have weak 

broad wings on their Balmer lines. Furthermore, Rix et al., (1990) demonstrated that these wings 

become more prominent in the Hel l.083/im and Pa/3. Two of the galaxies in the current sample 

also show X-ray emission at a level typical of a Seyfert 1 galcuxy. One of them is MKN 334, whose 

X-ray emission (8 ± 2x10"'"' ergs s~' cm~*) is discussed by Rix et al., (1990). The other is MKN 

463E, detected in the HEAO-Al database at 5 ± 2.5x10"''' ergs s~' cm~" (unpublished). 

Taken together, the six galaxies with broad line components discussed in this paper plus 

the X-ray detected objects like NGC 2992 and NGC 5506 and more traditional intermediate 

Seyferts, demonstrate a continuum of behaviour extending from full Seyfert 1 to full Seyfert 2 
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characteristics. Along this continuum, the X-ray emission decreases as the obscuration of the 

BLR increases and the infrared spectral energy distribution loses the signature of hot dust. The 

successful relation of behaviour in three distinct types of observation provides strong support for 

unified models and implies that many more apparent Seyfert 2 galaxies are obscured Seyfert Is, 

although it does not prove that this behaviour is universal. 

3.4.1 Obscuration 

Considering only the narrow line components in the sample of galaxies, I obtained a Pa/?/H/? 

ratio of 0.43-2.97. Assuming case B recombination ratios and the reddening law from Rieke and 

Lebofsky (1985), I find an extinction EB_V of 0.4-1.6 mag. Rudy et al., (1989) developed a 

formalism to study whether the reddening is produced in the external part of the emitting line 

region or whether the dust is mixed with emitting gas. They found that at least five of the 11 

Seyfert 2 galaxies they studied presented large ratios, with the reddening taking place 

most likely outside the emission line region, although the mixing possibility was not completely 

ruled out. Koski (1978) found Eg.v values ranging from 0.03 to 0.14 mag from measurements of 

Ha/H/? for 20 Seyfert 2 galaxies. The sample I studied shows stronger obscuration of the NLR 

compared to that found in either of these studies. It is unclear whether this difference arises from 

the longer wavelength baseline of the data or from the particular viewing geometry isolated by 

choosing Seyfert 2s with hot dust. 

The fact that the broad line components are relatively easily detected in the near infrared 

in galaxies where they are not seen at all, or seen only marginally in the visible, indicates that 

the decrement between Pa/? and the Balmer lines in the BLR is even greater than that for the 

NLR. For the broad components, the hydrogen line ratios can deviate from case B not only due 

to obscuration but also because of radiative transfer effects. However, for very large values of 

Pa/3/H/3 such as for this sample, obscuration is likely to play the dominant role (e.g. Rix et al., 

1990). 

The extinction of X-rays can be computed by convolving a hypothetical spectrum (I have 

used Fx =(const)xE~'^ photons cm~" keV"^) with the interstellar absorption law (e.g., from 

Morrison & McCammon, 1983). When compared with a standrad conversion between column of 

interstellar gas and infrared e.xtinction, it is found that the e.xtinction at L (3.5//m) is far greater 
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than that at 6 keV and is comparable to that at 2-3 keV. Nonetheless, we know of no cases where 

a Sejrfert galaxy is detected in X-rays and does not have a detectable BLR; in some cases, e.g. 

MKN 231, a BLR is observed despite the absence of detectable X-ray emission. If we assume that 

X-rays are produced by all Seyfert galaxies, these results indicate that the obscuring material is 

very close to the nucleus, where the X-rays are produced, and that the greater e.xtent of the BLR 

allows light to escape from it even when the X-rays are strongly diminished. 

3.4.2 Polarization 

The detection in polarized light of very broad Balmer lines {HapwHM ~ "500 km s~') in 

the Seyfert 2 galaxy NGC 1068 by Antonucci and Miller (1985) revived interest in the unified 

models of active galactic nuclei (AGNs). In the proposed models, photons from the nucleus 

are scattered (and polarized) by dust particles or free electrons very near the BLR, allowing us 

indirect observation of the otherwise hidden BLR. A number of additional strongly polarized type 

2 Seyferts have also been shown to e.xhibit broad-line components when observed in scattered 

light (e.g.. Miller Goodrich, 1990; Schmidt & Miller, 1985). 

With its strong broad line components in the infrared and high X-ray brightness, MKN 334 

was the best candidate among this sample of nine objects for the possible presence of scattered 

broad line components to the Balmer series. However, the observations reveal an overall 

polarization of only 0.34 ± 0.5% (6 — 148®± 5°) and no indication of polarized wings to the 

optical lines. For Ha, the total line polarization, 0-47 ± 0.11% at 164°± 7®, is not significantly 

greater than that for the continuum. These results are shown in Figure 2.4 (Chapter 2). From 

this Figure I conclude that the polarized flux in any broad component to HQ does not e.xceed 

0.6% of the underlying continuum flux. For comparison, values for the other Seyfert 2 galaxies in 

which scattered broad lines have been detected range from 1% to 5% of the underlying continuum. 

Moreover, despite extensive searches, broad infrared lines have not been detected in NGC1068, 

implying an extinction to its nucleus of kv < 100 (Depoy, 1987). Thus, it appears that scattering 

screens can provide a direct view of the BLR. even for galaxies where it is e.xtremely heavily 

obscured in our line of sight, but the presence of such screens is not a universal accompaniment 

to a BLR. 

Perhaps the most important aspect of our observations is that they demonstrate that a BLR 

is not only characteristic of heavily polarized Seyfert 2s (and, of course, Seyfert Is), but that 
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BLRs are present for a large portion of Seyfert 2s where other properties (i.e., hot dust) suggest 

they should be detectable if the unified model is correct. 

For MKN 348, MKN 463E, and MKN 533, whose BLRs are seen both in scattered light and 

in the infrared, the infrared component is substantially narrower than the spectropolarimetric one. 

The infrared broad-line components are also near the narrow end of the distribution for Seyfert 1 

galaxies (e.g., Osterbrock, 1992). This behaviour might be explained if the infrared observations 

penetrate only to the outermost portion of the BLR and the line width increases within the BLR 

as one approaches the gala.xy nucleus. 

3.4.3 Theoretical Models 

Theoretical results from the work of Pier and Krolik (1992) predict the presence of dust at 

intermediate radii from the galaxy nucleus, which could be viewed on the top surface of a dusty 

torus. There, the dust is heated by reradiated infrared emission from the inner regions. This 

prediction finds support in this sample of galaxies which show strong radiation at near infrared 

wavelengths as seen in the SEDs of Figure 3.2b. In this model, the bulk of reradiated emission 

from hot dust increases with the viewing angle, e.g., a face-on system subtends a larger solid angle 

toward the observer, revealing the inner hotter BLR of the galaxy. The galaxies selected are at 

such viewing angles that we are allowed to observe right above the dusty torus and we can detect 

the BLR in the near infrared. On the other hand, our data are also consistent with models which 

place the hot dust in gas clouds at the outer edge of the BLR (Lebofsky & Rieke, 1980; Rieke k 

Lebofsky, 1981; Clavel et al.. 1989) or in a much larger structure (Maiolino & Rieke, 1995). 

3.5 Conclusions 

I have isolated a subset of nine Seyfert 2 galaxies which have infrared spectral energy distributions 

characteristic of Seyfert 1 galaxies, i.e., with a strong hot dust component near 3;/m. I find that: 

1. At least six of these galaxies have broad line components in the near infrared. Five of these 

galaxies are within well defined samples, where they constitute about 15% of the total number of 

type 2 Seyferts. 
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2. The galaxies in the sample have very large ratios of Pa/3/H/9 for their NLRs, indicating 

heavy extinction to their nuclear regions. 

3. At least in the case of MKN 334, broad near infrared lines are not accompanied by strong 

polarization nor by broad scattered line components -the presence of scattering screens over the 

nucleus is therefore not a universal constituent of the BLR in .\GNs. 

4. There is a consistent trent of observational properties from Seyfert 1 to Seyfert 2 galaxies 

as manifested in three independent types of observation: X-ray fluxes, broad-line components, and 

infrared spectral energy distributions. This correlation is in support of current unified models. 
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CHAPTER 4 

NUCLEAR 10 NU EMISSION 

4.1 Introduction 

Large amounts of observational data have been accumulated in the X-ray, UV, optical, and 

radio spectral regions during the last decade supporting unified models of Active Galactic Nuclei 

(AGN), particularly of Seyfert galaxies. In this chapter I present new constraints on such models 

based on a compilation of very sensitive mid-infrared observations of Seyfert galaxies, combined 

with additional mid-infrared measures compiled from the literature. This work has been published 

by Maiolino, Ruiz, Rieke and Keller (1995, hereafter MRRI<). Although I participated in all 

aspects of this work, my primary responsibility was to interpret the mid-infrared properties of 

Seyfert nuclei described in sections §4.4 through §4.6 below. 

Previous studies of Seyfert galaxies have indicated that an optically and geometrically thick 

torus of gas and dust in the central regions of these galaxies surrounds both the central engine and 

a Broad Line Region (BLR), characterized by high velocity clouds within a radius of ~ 0.01 pc 

(Peterson, 1993; Salamanca et ai, 1994). The unified model claims that Seyfert 1 and Seyfert 2 

galaxies are an identical type of physical object and that Sey 2s are merely Sey Is hidden by the 

circumnuclear torus along our line of sight. Evidence for the unified model comes from a large 

variety of observations in different wavelength regions. Spectropolarimetric studies lead to the 

detection of polarized broad lines in Sey 2s, interpreted as radiation from the obscured region 

scattered by electrons and dust located above the active nucleus into our line of sight (Miller & 
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Goodrich, 1990; Iran, Miller k Kay, 1992; Hines Wills, 1993). The detection of broad infrared 

lines in a number of Sey 2 galaxies reveals the presence of highly obscured BLRs (Ri.x et ai. 

1990; Goodrich, Veilleux k Hill, 1994; Ruiz, Rieke k Schmidt, 1994). Finally, the presence of an 

obscuring torus close to the radiation source in a few objects has been suggested by the detection 

of anisotropic radiation from the active nucleus streaming into two oppositely directed ionizing 

cones (Tadhunter & Tsvetanov, 1989; Acosta-Pulido et al., 1990; Evans et al., 1993). However, 

the mid-IR continua from AGNs have been relatively little studied in terms of their implications 

for unified models, and it is likely that new IR data will provide new insights. 

An unsolved issue in understanding the Sejdert phenomenon is the relation between the 

host galaxy and the type of Seyfert activity. A number of studies have found a connection 

between nuclear activity and strong star formation in the host galaxy. Edelson, Malkan and Rieke 

(1987) found that Sey 2 galaxies belonging to the CfA sample tend to have a large fraction of 

their IR luminosity generated in the disk and Rieke (1992) comfirms this observation. .\t radio 

wavelengths, Ulvestad and Wilson (1989) observed a similar tendency, finding that Sey 2 gala.xies 

tend to be stronger radio sources than Sey Is. Our study of mid-infrared properties has the 

advantage of giving a global measure of star forming activity, and shows at high statistical weight 

intrinsically different behavior between the hosts of the two types of Seyfert nucleus. 

For these studies, it is important to consider a complete and unbiased sample of galaxies. 

A large number of objects were selected by combining the CfA Seyfert sample and the Seyfert 

objects found in the RSA catalog, both of which should be relatively unbiased with regard to 

infrared properties. New and very sensitive lO/zm photometry was obtained for a number of these 

galaxies which together with data in the literature, complete the 10/im data for the CfA and for 

most of the RSA Seyfert samples. Most members of the 12/im sample also have been measured at 

10/im. 

In the next section I describe the 3 sets of Seyfert gala.xies selected. In § 4.3 the observations 

are described. In § 4.4 through § 4.6 I study and discuss the lO/zm nuclear luminosity in 

Seyfert galaxies. In § 4.7 I present the extended 10/im emission study led by Roberto Maiolino. 

Conclusions are summarized in § 4.8. 
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4.2 Sample 

New measurements reported in MRRK are combined with data from the literature^ RSA, and 

12/im samples. Although the data are from many sources, most of the measurements (68%) 

are in fact by one observer with various collaborators (G.H.Rieke), and therefore are highly 

homogeneous. The data from the literature have been summarized independently by Giuricin, 

Mardirossian and Mezzetti (1995). N band photometry is available for nearly all the members 

of each sample. Equally importantly, the high sensitivity achieved with the MMT results in 

detections of nearly every galaxy, so that large corrections for upper limits need not be applied. 

The CfA sample (Huchra Sz Burg, 1992; hereafter HB) is drawn from the fraction of the 

sky defined either by ^ > 0° and b > 40° or S > -2°.5 and b < -30°. Spectra of all galaxies in 

these regions with photographic magnitudes mzw < 14.5 were measured and the 51 with Seyfert 

characteristics constitute the sample. It is known that color-selected samples of Seyfert galaxies 

(e.g., from the Markarian lists, or through identifications of X-ray or infrared sources) are subject 

to selection effects that will tend to enhance the proportion of galaxies with anomalously strong 

emission in the color used for selection and can lead to other biases, for example between relative 

numbers of type 1 and type 2 Seyferts or toward Seyferts with strong star formation. Because the 

CfA sample is identified through spectroscopy, it is believed to be relatively free of such biases 

and hence has been studied e.xtensively (e.g., Edelson, Malkan, & Rieke, 1987; hereafter EMR; 

Osterbrock & Martel, 1993; hereafter OM). 

A shortcoming of the CfA sample is that it includes too few galaxies to reveal on a 

statistically sound basis any subtle differences between subdivisions of the sample. Moreover, 

since its members are at moderate redshift, it does not properly sample the low luminosity tail 

'Rieke Sz Low, 1972; Rieke et al, 1977; Rieke, 1978; Neugebauer et al., 1979; Telesco & Gatley, 

1981; Frogel et al., 1982; Glass et al, 1982; Scoville et al, 1983; Elvis et al, 1984; Moorwood k 

Glass, 1984; Longmore et al, 1984; Lonsdale et al, 1984; Glass & Moorwood, 1985; Lawrence et 

al., 1985; Rieke et al, 1985; Rudy & Rodriguez-Espinosa, 1985; Boisson & Durret, 1986; Impey et 

al., 1986; Sparks et al., 1986; Telesco et al, 1986; Devereux, 1987; Edelson et al, 1987; Frogel 1987: 

Ward et al., 1987; Carico et al., 1988; Hill et al, 1988; Beichman et al, 1990; Roche et al.. 1991; 

VVynn-Williams &c Becklin, 1993 
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of the Seyfert phenomenon (McLeod k Rieke, 1995). A similar and independent sample can be 

drawn from the Revised Shapley Ames (RSA) catalog, which includes the galaxies over the entire 

sky (when allowance is made for absorption in the Galactic plane) with m(B) < 13.2. High quality 

spectra have been obtained for virtually all RSA galaxies and show that 76 of them are Seyfert 

galaxies. Thus, the selection criteria for the RSA sample are similar in philosophy to those for 

the CfA sample. The RSA has better statistics than the CfA for low luminosity nuclei, but worse 

statistics for objects having low space density such as high luminosity AGNs. Further discussion 

of this sample can be found in Maiolino and Rieke (1995). 

Rush, Malkan and Spinoglio (1993, hereafter RMS) describe a third sub-sample of Seyfert 

galaxies taken from their flux-limited sample which is selected on the basis of IRAS Band 1 

(12/im) flux density greater than 220 mJy and covers the whole sky with |b| > 25°. For some 

applications not involving source counts or luminosity functions, we added six objects to the 

12pm sample that lie at |b| < 25° but otherwise meet the selection criteria. This sample is more 

heterogeneous than the CfA and RSA samples; in addition, it is likely to be biased toward objects 

that are bright in the mid-infrared. 

The final sample is made up of 194 Seyfert gala.xies. The N-band photometry used for this 

study is 100% complete for the CfA Seyfert sample (51 objects) and includes 80% of the RSA 

Seyfert sample (60 objects). It also includes 72% of the Seyfert members of the 12pm sample (84 

objects); most of the missing sources are at high redshift, and their mid-infrared emission should 

be unresolved both by IRAS and in the beam used for photometry. New measurements are not 

available for galaxies that fell outside the declination range accessible from Tucson or due to bad 

weather; no selections were made on other basis. It is possible that the portions of these samples 

that fall below -30° declination contain a bias toward brighter sources, but given the overall level 

of completeness this effect is likely to be minor. Therefore, the measured samples should not be 

significantly biased in mid-infrared properties. 

4.3 Observations 
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New photometry at N (10.6/im) was obtained at the Multiple Mirror Telescope- using the facility 

bolometer (Keller, Sabol & Rieke, 1990) and reported in MRRK. The instrument provides a focal 

plane aperture of 5.3", which was centered on the visible nucleus of the galaxy. Measurements 

were relative to reference fields approximately 8" above and below the gala.xy nucleus in elevation. 

The data were calibrated as described by Rieke, Lebofsky and Low (1985). The results are listed 

in Table 4.1. Where the nominal ratio of signal to noise is less than 10, the standard deviation 

in the measurement is also indicated; non detections are reported as 3(7 upper limits. A total of 

70 objects have been observed. 43 of these galaxies (marked with * in Table 4.1) have no data 

previously reported in the literature; for the remainder, our data provide greater accuracy and/or 

smaller beam size than previous measurements. 

4.4 Flux and Luminosity Distribution 

The groundbased lO^m observations allows the isolation of the nuclear emission of these gala.xies, 

while the IRAS flux includes the emission coming from the host galaxy. In comparing the lO^m 

data with other properties of the nucleus, a nomenclature has been adopted where all galaxies 

with detected BLRs, either conventionally, in the IR, or in polarized light, are termed Broad Line 

Seyferts {BLSey); this category includes the canonical Seyfert 1, 1.5, 1.8, and 1.9 designations. 

Objects with no detected BLR, including X-ray narrow line galaxies and Seyfert 2s, are termed 

Narrow Line Seyferts {NLSey). This convention allows comparisons that do not implicitly adopt 

the point of view that all types can be unified into a single phenomenon. 

The lO/im nuclear emission appears to be significantly stronger in BLSey than it is in NLSey 

galaxies. This trend can be seen directly from the distribution of flux densities^ for the CfA 

"The MMT is operated jointly by the Smithsonian Astrophysical Observatory and Steward 

Observatory of the University of Arizona 

^In the following, our data and those collected from literature (unless the reference indicates 

it is inappropriate) have been systematically corrected by a factor 1.22 to take into account the 

bandpass corrections of typical Seyfert spectra to equivalent monochromatic fluxes at the effective 

wavelength of the N filter, 10.6^m. More specifically the factor of 1.22 is calculated for a spectral 

index Q = -1, typical of AGN, but it is only weakly dependent on Q for values near -1. 



Table 4.1 New N-band data for Sy galaxies 

Name Flux (mJy) Name Flux (mJy) 

Mkn334- 162 Mkn205* <22 

Mkn335' 210 ±40 N4388 404 ±15. 

Mkn938 241 N4395* 12 ±3.9 

A0048+2 41 ±9. N4501 6 ±5 

IRSO147-07 186 N4593 176 ±18. 

IRS01o2+06* 15 ±4. N4594 31 ±9. 

N863* 146 ±5. N4602 <•53 

Mknl034- 79 ±7. N4922* 115 ±8. 

Mknl040 333 N4968' 115 ±10. 

N985' 143 N5005 45 ±7. 

MCG-2-8-39* 114 N5033 24 ±7. 

N1241 79 ±5. MCG-3-34-6 440 

Mkn607* 28 ±6. N5135 157 ±20. 

IRS0345+00* 170 M789- 53 ±6. 

Mkn618" 270 IRS1335+39- 21 ±5. 

IRS0438-08- 274 N5252* 28 ±4. 

N1667- 5 ±2.5 N5256" 30 ±5. 

IRS0.518-25 498 N5283 5 ±5 

Mkn9' 235 N5273* 42 ±6. 

Mkn79 255 Mkn461' 12 ±4. 

IRS0759+65- 215 ±11. N5347- 208 ±9. 

N2639* 8 ±3.3 N5506 720 

M704* 270 IC4397' 9 ±3. 

U5101 107 N5674* 24 ±4. 

Mknl239 600 Mkn817* 220 ±38. 

N3080" 16 ±4. N5695" <10 

N3185* 20 ±4.3 Mkn841" 139 ±10. 

N3362* 12 ±3. N5929 24 ±3. 

A1058+45* 34 ±4. N5940- 26 ±4. 

N35ir 6 ±5 N5953 24 ±7. 

N3660" 33 ±5. N6104- 12 ±3. 

N3786 59 ±5. Mkn509 240 

N3862* 8 ±3.2 Mkn897" 60 ±8. 

N3982 19 ±6. IRS2237+07 63 ±4. 

N4156* 13 ±4.1 N7465' 52 ±4. 

N4235" 34 N7674 325 

N4253* 241 ±28. N7682* 12 ±6. 

NOTE.- For objects marked with * this is the first reported observation. 
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Seyfert's as shown in Figure 4.1''. While NLSey tend to cluster below 30 mJy, BLSey span a 

wide range. 

10 

m 

O 
'57 
o 

0 

Figure 4.1 Distribution of nuclear 10 micron densities for the CfA sample. Filled bars are 

broad line Seyferts and unfilled bars are narrow line Seyferts 

The distribution of luminosities for the CfA sample is shown in Figure 4.2; each histogram 

has been normalized to the number of objects in its own group (i.e. 36 BLSey and 15 NLSey 

for the CfA, 34 BLSey and 26 NLSey for the RSA). I applied the Kolmogorov-Smirnov test 

to the luminosities to find a confidence level of 95.8% for BLSey and NLSey to have different 

distributions. 

The significance of this difference is understated by the above calculation. The three Sey 

2 galaxies with relatively large 10/xm nuclear outputs in Figure 4.1 are NGC 1144, NGC 5347. 

and Mkn 573. From the arguments in §4.7, the lO^m output of NGC 1144 is dominated by a 

compact starburst, so the AGN itself is likely to be much fainter than indicated. Mkn 573 is more 

ambiguous, but also seems to have a substantial starburst contribution to its nuclear output. 

Further confirmation can be obtained from the EISA sample. For these galaxies, as anticipated 

100 200 

Flux lOum 

300 400 

(mJy) 

''Three bright objects, NGC 1068, NGC 4151, and Mkn 231, are out of range in the plot. 
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Figure 4.2 Distribution of nuclear 10 micron luminosities for the CfA and RSA samples. 

BLSys and NLSys are indicated as in Figure 4.1. 

in §4.3, the statistics are poorer at high luminosities; nonetheless, the trend illustrated in Figure 

4.2 is consistent with and reinforces the conclusion from the CfA. The behavior of the 

sample also supports the conclusion from the Cf.\, but it is not shown because it is likely that its 

selection criteria makes it non-representative in terms of nuclear 10pm brightness. 

4.5 Luminosity Function 

To understand the behaviour of Seyfert gala.xies further and eliminate any residual biases due to 

different distributions in redshifts and effects dependent on the selection criteria of the samples, 

it is useful to construct the luminosity functions (LP) for BLSey and NLSey gala.\ies. To do so. a 
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generalized standard LF of the following "hybrid" form is used: 

<^(MtO;xm) = -Q E V^axAMio^m ' 

where Vmax is calculated individually for each galaxy given the limiting magnitude/flux for each 

sample (mzw=l4.5 for the CfA, m(B)=13.2 for the RSA, and Fi2;jm(IRAS)=220 mJy for the 

12/im sample), AMio^im is the lO^m magnitude interval and the sum is done over the objects 

having 10/xm magnitude in the interval Mio;jm ± AMio;jm/2. Thus the weighting factor l/V'max 

accounts for the selection criterion of each sample, while the binning is done according to the 

lO/im luminosity. More details about the evaluation of the LF and the significance of V'max are 

given in Appendix A. 

Figure 4.3 shows the nuclear 10/im LF's for the CfA and RSA samples.^ The CfA case shows 

that for nuclear 10/im luminosities below IO^^LQ the BLSey to NLSey space density ratio is about 

1:1 but above IO^^LQ this ratio rises steeply up to ~ 20:1. The RSA case shows the same ratio of 

1:1 at low luminosity, but at the RSA starts to be deficient in objects, and only BLSey 

are found above this luminosity; this behaviour is consistent with what is found for CfA. 

The 12/im sample (not shown) behaves similarly but with a somewhat smaller ratio of Sey 1 

to Sey 2 space densities at high luminosity. 

This finding is unlikely to be affected by different redshift distributions between BLSeys 

and NLSeys. The distance distributions are reported in Figure 4.4 (only four objects of the CfA 

are out of range). CfA objects show just a weak tendency for BLSeys to be found at higher 

redshift, which cannot account for the results obtained in Figures 4.2-4.3; the RSA does not 

show any tendency for BLSeys to be found at higher redshift with respect to NLSeys. Moreover 

the luminosity function accounts for such redshifts dependent effects in a systematic way and it 

confirms the differences found in Figures 4.1 and 4.2. 

4.6 Implication for the Unified Model 

®For low luminosity bins, where the LF is quite flat some bins were combined to improve the 

statistics. 
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Figure 4.3 The 10 micron nuclear luminosity functions for the CfA and RSA samples. Filled 

circles are BLSys and open circles are NLSys. 

One possible explanation of the behaviour of nuclear lO/im luminosities is a systematic difference 

between the nuclei of NLSey and BLSey. For example, low intrinsic luminosity AGN may tend to 

have only a narrow line region without an e.vtensive broad line region. Alternately, the covering 

factor for obscuration of the BLR may increase with decreasing nuclear luminosity. 

The behavior can also be reconciled with a strict unified model where Sey 1 and Sey 2 have 

an identical range of nuclear properties except for the effects of an obscuring torus. In this case 

Sey 2 objects showing polarized broad lines (e.g. NGC 1068) should be in the NLSey class because 

we see their BLRs only through a possibly accidental placement of reflectors and their .A.G.N's are 

obscured. This adjustment changes slightly the distributions in Figure 4.2 and the NLSey space 

density, but the differences between BLSey and NLSey are still significiant. These differences can 

be incorporated in strict unified models only if certain geometric constraints are imposed. 

Pier and Krolik (1993) have modelled the infrared emission from a thick dusty torus 
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surrounding an AGN. They show that such a distribution of obscuring and emitting material 

emits anisotropically in the mid-IR (see their Fig.9), with the observed lO/^m flux substantially 

reduced when the viewing angle is larger than 60° with respect to the axis of the torus. The 

observation that the lO^m flux density is closely correlated with the presence of detectable 

broad lines indicates that the torus is optically thick in the mid-IR, and would appear to be an 

additional confirmation of this general class of model. 

However, the large range in sizes from the BLR to the region containing warm dust emitting 

in the mid-IR poses a challenge in reconciling the observed correlation with the geometry of a 

pc-sized dusty torus. The BLR size has been studied by Clavel et al., (1991), Peterson et ai. 

(1991), Peterson (1993), Salamanca et al., (1994). As summarized by Peterson and Salamanca 

et al., the size of the BLR appears to depend roughly on the square root of the luminosity of the 

central source (i.e., r ~ L^^"), with a typical value r ~ 0.01 pc. For the hot dust, Barvainis (1987) 

shows that the distance from a 2.5 x 10^- L© source is about 1 pc. Since this distance should also 

scale as L^^-, a distance of r ~ 0.1 pc for a typical Seyfert luminosity is derived, as also found 

directly for sources of this luminosity by Lebofsky and Rieke (1980) and Rieke and Lebofsky 

(1981). Thermal equilibrium for grey dust particles would imply that those dominating the 10/im 

emission should be about 10 times more distant from the nucleus than those dominating near 

3 fim, i.e., at r ~ 1 pc, again scaling as L^/-. If the obscuring material has a size similar to that of 

the region containing warm dust, given the much smaller size of the BLR it should be possible to 

detect many galaxies with a torus inclined to the extent that the lO^im emission is seen but the 

BLR remains obscured, contrary to the close correlation observed. 

The observations suggest a fundamental geometric constraint that the obscuring region have 

a scale size significantly larger than the size of the region emitting at lO^m. For example, the 

nucleus might be surrounded by a warped disk of radius at least ~ 10 pc, with the obscuration 

arising from the warp of the disk rather than from a central cavity. Phinney (1989) and Sanders 

et al., (1989) have proposed the e.xistence of a still larger disk that would also satisfy the 

constraint. In their model, the near- to mid-infrared emission is thermal re-radiation from dust in 

the inner part (0.1 - 1 pc) of the large disk. Such models need further evaluation to determine if 

they are consistent with other observed correlations, such as the dependence of X-ray radiation 

on visibility of the BLR and the absence of silicate features in most Seyfert galaxy spectra. 

Yet another possibility is that the scale size for the 10/im emission is much smaller than that 
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derived, e.g. it is produced by some mechanism other than thermal reradiation. 

4.7 The Extended 10 //m Emission 

Previous studies have suggested a possible connection between the properties of the host galaxy 

and the type of Seyfert nucleus. For example, Ulvestad and Wilson (1984a,b) found Seyfert 2 

galaxies to be stronger and larger radio sources than Seyfert Is; however, Ulvestad and Wilson 

(1989) found this effect to be less pronounced than they had believed previously, and it is often 

thought to arise from selection biases in the samples of galaxies that were observed (Osterbrock. 

1991). From the CO survey of Heckman et al., (1989), there are indications that Seyfert 2s have 

more molecular gas than Seyfert Is, but the statistics were marginal. EMR found for a portion of 

the CfA sample that a major portion of the lO^m luminosity of type 2 Seyferts is extended and 

hence is generated in the galaxy disk, which they attributed to increased star forming activity. 

Dahari and de Robertis (1988) found Sey 2s to have on average stronger far infrared emission 

than Sey Is. Rieke (1992) showed that the trend noted by EMR persisted with 10/im photometry 

of the full CfA sample. In this chapter I show that this result is confirmed at a high level of 

confidence by using the set of 10pm data now avialable for the CfA, RSA and 12/im samples. 

4.7.1 Approach 

Seyfert galaxies whose infrared output is dominated by the galaxy rather than the nucleus were 

identified by measuring the extent at 12/im. Almost all the galaxies in our sample have been 

observed by IRAS. The IRAS beam size at 12/jm (30"x4'.5) is much larger than the typical beam 

size used in groundbased observations (5"). A compactness parameter C at 10/zm is defined as 

the ratio between the groundbased and the IRAS fluxes 

_ Fio^nim(ground) 

Fi2/imm(IRAS) ^ • ' 

which is 1 when the whole 10pm emission comes from the nuclear region within a ~5" beam and 

is ^1 when most of the emission comes from the host gala.xy®. 

^Values of C larger than one are due to uncertainties in measurements or to variability in the 

galaxy. 
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The 10//m extended luminosity can also be measured by the difference between the IRAS and 

groundbased measured luminosities: 

L(ext) = Li2/im(IRAS) - Lio;im(ground) . (4.3) 

The wavelength differences between groundbased and IRAS data are corrected in both expressions 

by extrapolating the latter to the groundbased wavelength using the power law deduced from the 

IRAS data for the interval. Since we are looking for the extended emission, priority is 

given to IRAS data obtained by the ADDSCAN procedure. IRAS data are also corrected for color 

effects as described in the Explanatory Supplement. For a few (bright) sources. 12/im narrow 

band groundbased data are available; in these cases priority is given to these data (however they 

do not differ significantly from the lO^m-broad band data after accounting for the wavelength 

difference and photometric correction). 

Although the groundbased-IRAS flux comparison should be affected by the spectral features in 

the 10pm region (Roche et al., 1991), there are a number of reasons these effects are minor. First, 

both 10/im groundbased and 12/im IRAS bands have a broad transmission range (~5pm) that 

averages over any features. Second, generally Sy lO/xm spectra have relatively weak features, if 

any (see also discussion in Pier &: Krolik, 1993). Starburst (SB) galaxies often show a deep silicate 

absorption feature, which could lead us to underestimate the extended, star forming component 

of the galaxies; however, our conclusions would not be changed if this were corrected (in fact, 

they would be reinforced). A further reason will be given in §4.7.8 when discussing the 60pm 

compactness parameter. 

In the remainder of this chapter the "canonical" simplified separation between Sey I and 

Sey 2 is adopted by grouping all together Sey 1 and Sey 1.5 in the Sey 1 class and by grouping 

Sey 1.8, Sey 1.9, Sey 2 and X-ray Narrow Line Galaxies in the Sey 2 class"; this grouping is 

done to check any possible relationship between the properties of the host-galaxy and the optical 

nuclear obscuration. Anyway, in §4.7.7 it is shown that results are not strictly dependent on the 

Sy grouping, and that there is instead a connection between the Sy type and properties of the 

host galaxy. 

'Mkn 530 and Mkn 993 have clcissifications that have changed in time from 1-1.5 to 1.8-1.9; 

these two Sy are excluded from the following discussion. 



75 

4.7.2 Compactness Parameter versus IR Spectreil Indexes 

Figure 4.5 sliows a plot of the IR spectral indices, deduced from IRAS data, versus the lO/im 

compactness parameter®. Sey 1 and Sey 2 are plotted respectively with filled and empty circles. 

The compactness parameter is meaningful as long as the groundbased beamsize on the source 

is not too large. As a compromise between obtaining good statistics and having good spatial 

resolution, sources are selected having groundbased beam sizes on the source less than 1.5 kpc in 

radius; this selection criterion keeps 98 objects in the subsample for Figure 4.5. 

Note that in the a( 12-25) vs. C diagram (Figure 4.5a) Sey 1 are mainly distributed along 

a line connecting the extended, a ~0 region to the compact, a ~-2 region, although with 

considerable scatter. Sey 2 are distributed differently, scattering below the trend line defined by 

the Sey I. A similar situation is found in the a(60-l00) vs. C diagram (Figure 4.5c); Sey 1 tend 

to be distributed along the area connecting the extended, a ~-2.5 region to the compact, a=-0.5 

region; whereas Sey 2 are mostly below the horizontal line traced by a ~0. 

4.7.3 Compcirison Spectra 

Figure 4.5 can be interpreted as a combination of the spectra from a Sy compact source, a 

cirrus-like (quiescent) extended component and a SB component. The behavior of these three 

components is described in this section. 

To determine the spectrum of an average Seyfert nucleus without contamination by starburst 

or cirrus emission, a subsample of galaxies is selected having compact emission (C>0.75) and 

having small groundbased beamsize projected onto the source (< 1 kpc in radius) to be sure 

that the C parameter is a trustworthy indicator of the compactness of the IR emission. Since 

the conclusions should not be affected by possible obscuration of the IR emission in Sey 2 nuclei. 

Sey 2s are discarded from the computation of the spectrum. Six Sey is are left; these 6 spectra 

are then combined averaging their data normalized to the 12^m flux®. The resulting spectrum is 

®In the a(60 — 100) vs. C diagram Mkn 6 is excluded because it has strong contamination by 

the Galactic IR Cirrus: CIRRUS2 flag is 6 and CIRRUS2 flag is 4 in the IRAS catalogue. 

^Since in this case we are expressively interested in the compact emission, we chose "Point 

Source" IRAS data and not data from ADDSCAN. 
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Extended Compact 

Compactness param. at 10/mi 

Figure 4.5 Comparison of 10 micron compactness parameter and IRAS colours. Syls are indicated with filled 

circles and Sy2s with open ones. All gala.Yies from the CfA, RSA and 12 micron samples are plotted which have 

IRAS data and for which the compactness parameter applies to a region no more thjui 1.5 kpc in radius. The curved 

thick solid and dashed lines show combinations of various quiescent galaxy spectra with the spectrum of an AGN. 

The thin horizontal lines show the colours of SB galaxies (solid for M82 and dashed for 12 micron SB sample) from 

the extended to the compact case. 
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Table 4.2 Spectral indices for the comparison spectra 

Type Average Seyfert SB Normal gal. Cirrus 
M82 12fim A B 

a(12- 25) -1.17 -1.89 -1.45 -0.01 0.50 -0.38 

a(25- 60) -0.38 -1.67 -2.17 -2.36 -0.64 -2.34 

a(60- 100) -0.26 0.03 -0.77 -2.39 -2.26 -2.44 

drawn in Figure 4.6a and the average spectral indices are reported in Table 4.2. 

To determine a starburst spectrum, two cases are considered. The first one is the mean of 

the spectra, normalized at 12/im, of the SB gala.xies identified in the sample. The result is 

drawn in Figure 4.6b, and the average spectral indices are reported in Table 4.2. Note that this 

spectrum is identical, up to 60/im, to the well studied galaxy NGC 253, known to be in an early 

compact SB stage. The second case is the spectrum of the archetype SB galaxy M82. 

To find typical IR spectral indices of galaxies whose spectrum is dominated by cirrus-like 

emission, the following two cases are considered. 

1) From the RSA sample, a set of quiescent normal gala.xies is selected. They have good quality 

IRAS data (this might have biased it toward somewhat brighter sources), and having Hubble 

types Sa, Sab and Sb with a mixture similar to that found in CfA Sy sample. 43 objects were 

selected; the "normal galaxies spectrum" is computed by averaging their spectra, normalized at 

12/im. Results are reported in Figure 4.6c and Table 4.2. 

2) As outlined by Helou (1986, 1989), IR spectral indices of cool quiescent galaxies can be 

described in terms of IR colors typical of the Galactic cirrus. Figure 4.6c presents the cirrus 

spectra obtained for Galactic HI clouds with galactic latitude 10° < |b| <30° (Boulanger et al., 

1988 - cirrus A) and for a cirrus area at higher galactic latitude 45° < |b| < 65° (Boulanger et al.. 

1985, cirrus B), and in Table 4.2 are reported their spectral indices. o(12 - 25) and q(60 — 100) 

are quite similar for the two cirrus spectra; discrepancies are found for the a (25 - 60) spectral 

index, cirrus B being a much better fit to the "normal galaxies" spectrum found for Sa-Sb spirals. 

Molecular clouds not associated with HII regions (Weiland, 1986; Leene, 1986) have similar 

spectral indices and their Q:(25 — 60) is intermediate between those obtained for cirrus A and 

cirrus B. 
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Figure 4.6 Individual spectra components determined in §4.5.3. 



4.7.4 Interpreting the Diagrams 

To interpret Figure 4.5, the spectral index of a source with a combination of extended emission 

and a compact nucleus is determined. If Qfj-as's the spectral index of the compact source in the 

12-25/im region, afo.og is the spectral index for the extended source and Cio is the compactness 

parameter, the spectral index theoretically expected by such a mixture is 

c , '°g (C25/C10) , , 

^^12-25 - "12-25 + log 

where C25 is the 25/im compactness parameter theoretically computed from Cio for this 

combination of spectral indices. It is given by 

a5 = C,o-[Cio + (l-Cio)-(fi2M5)^"'-"''"-"]'' . (4.5) 

®25-60 <^60-100 t)® found by iterating the former formulae. 

These formulae are applied to combine the Sy-compact spectrum with the Quiescent-

extended ones (normal gala.xies, cirrus A and cirrus B); in Figure 4.5 these combinations are 

traced by a thick solid line (Sy-vnormal) and two thick dashed lines (Sy-vcirrus A -upper- and 

Sy—J-cirrus B -lower-). Most of the Sey 1 follow the trend traced by one of them or are contained 

between them. The pronounced difference between the o(25 - 60) indices (Figure 4.5b) for the 

two cirrus spectra (A and B) prevents drawing unambiguous conclusions as in the a(12 — 25) and 

a(60 — 100) cases (Figure 4.5a and 4.5c); anyway most of Sey 1 tend to align with the Normal-Sy 

line (thick solid). Figure 4.5 also draws the straight lines connecting SB-M82 spectral indices 

from extended to compact (thin solid line) and SB-12^m from extended to compact (thin dashed 

line). In the a(I2 — 25) and a(60 — 100) diagrams (Figure 4.5a and 4.5c) the SB-M82 line gives a 

better limit to the spectral indices of the sources than the case for a(I2 — 25). Note that Sey 2 

are mainly distributed between this limiting line and the cirrus-Sy thick lines. In the Q(25 — 60) 

diagram (Figure 4.5b) the SB-I2/im line gives again a better lower limit for the compact sources 

than the case for Q(I2 — 25) . Note that most of the compact Sey 2 have a(25 — 60) close to those 

typical of (compact) SB. 

4.7.5 Statistical Tests 
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In §4.7.4 it is shown that in the a-C diagrams Sey 2 are mostly distributed in different regions 

with respect to Sey I and, specifically, they are shifted toward the SB areas of the diagrams. The 

aim of this section is to evaluate those conclusions for statistical significance. 

Sey 1 IR spectrum appear to be composed of an average Sy spectrum and a quiescient 

(cirrus-like) spectrum. For each object the difference between the observed spectral inde.x and 

the spectral index a' predicted by the Sy-Quiescent model (solid thick line in Figure 4.5) at the 

same compactness parameter is calculated. The distributions of these differences are reported by 

histograms in Figure 4.7; filled bars are used for Sey 1 and empty bars for Sey 2. 

The histogram for each of the two Sy types is normalized to the total number of objects in 

that class (i.e. 28 Sey I and 70 Sey 2). In the cases of Q(12-25) and Q(60-100) (Figure 4..5a,.5c). 

note that Sey Is peak on AQ=0, while Sey 2s are mainly shifted toward the SB side of the 

histogram. In the Q(25-60) case (Figure 4.5b) the shape and the trend of the histograms are not 

that clear because the SB and Quiescent spectral indices overlap. 

The Kolmogorov-Smirnov test is applied to these histograms to find out the confidence level 

for Sey 1 and Sey 2 to have different distributions. In the q(I2 — 25) and a(60 — 100) cases, 99.9% 

and 99.7% probabilities are found for the Sey I and Sey 2 distributions to be different. For the 

Q(25 — 60) case a 80% confidence level is obtained. This result supports the idea that Sey 2 host 

gala.xies are e.xperiencing a significantly higher SF activity with respect to Sey 1 . 

The possibility that the different distribution between Sey 1 and Sey 2 observed in Figures 

4.5 and 4.7 might result from the distribution of galaxies in our sample among the Hubble types 

needs to be e.xamined. Figure 4.8 shows the distribution of morphological types for the sample 

used in Figure 4.5, (objects with unknown Hubble classifications are excluded); no significant 

differences are found between Sey 1 and Sey 2 and, more specifically, there is no evidence for Sey 

Is to be mostly found in an earlier Hubble type with respect to Sey 2s . 

The Hubble type distribution is also checked directly in the a vs. C diagram of Figure 4.5: 

no tendency for late Hubble type objects to lie in the SB regions of the diagrams is found (there 

even is a slight preference for earlier Hubble types to be found in these SB areas). It is then 

concluded that the enhanced SF activity found in Sey 2 is not related to the Hubble type of the 

host galaxies. 
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Figure 4.8 Distribution among Hubble types for galaxies in Figure 4.5. Syls and Sy2s are 

in dicated as in Figure 4.7. 

The large number of objects (almost 100) that are involved in the above study of the extended 

10/im emission allow us to use a finer caissification of Sy types without losing much in statistical 

significance. Similary to OM, Sey 2 are separated in two groups. Intermediate Sy by grouping Sey 

1.8, Sey 1.9 and Sy showing broad IR lines. While strict Sey 2 group gather Sey 2 not showing 

any broad wings in their spectra. With this subdivision there are 28 Sey 1 , 20 intermediate Sy 

and 50 (strict) Sey 2 . Figure 4.9 is a plot of the same histograms of Figure 4.7, but rebbinning 

for the new grouping; intermediate Sy are identified by shaded bars. Note that the distribution 

of these intermediate type Sy is intermediate between Sey 1 and Sey 2. This means that the 

starbursting properties of the host gala.Ky and circumnuclear region are correlated with the Sy 

type (i.e. degree of obscuration of the nucleus), in a continuous way. 

The preceding discussion bears on the nature of the infrared emission in Seyfert host gala.vies. 

To determine the amount of host galaxy emission and thus the SF rate, however, we must start 

4.7.6 Intermediate Sy Types 

4.7.7 The lO/im Extended Luminosity Function 
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with equation 4.3. The difference between L(ext) for Sey 2s and Sey Is provides a measure of the 

amount of additional star forming activity in the hosts of the Seyfert 2 nuclei. 

Since the selection criteria of each of the three samples (CfA, RSA, 12/im) should be taken 

into account, the luminosity function for each sample is computed as described in §4.5 where 

the 1/Vmax weighting factor is still given by the limiting magnitude/flux of each sample, but 

the binning is done according to Lio^m(ext). The computed LP's for the three samples are 

plotted in Figure 4.10. Luminosity is defined as j/L„. (Whenever C>1, upper limits to L(ext) 

are computed from the measurement errors ). Again Sey 1 and Sey 2 luminosity functions are 

identified respectively by filled and empty circles. 

The integrated luminosity functions agree with the integrated space densities carried out by 

HB and OM, for the CfA sample, and by RMS for the 12 /im one. However, we are interested 

in the ratio of the space density of Sey 2s to Sey Is and how this ratio changes with luminosity. 

In the CfA case (Figure 4.10a), at low luminosity (<1O®L0) the Sey 2 to Sey I ratio is near to 

the ratio 2; 1 determined for the blue luminosity function by HB and OM. At higher luminosities 

(>1O'°L0) the Sey 2: Sey 1 ratio rises to more than 10:1, whereas for the blue luminosity function 

the Sey 2 : Sey 1 ratio is roughly constant (HB) or even decreasing (OM) with luminosity. This 

means that Sey Is hosting a vigorous SB are much more rare than Sey 2s are. 

The luminosity functions can be fitted with a broken power law, after Lawrence et al., (1986), 

in the form 

The L. term defines the cutoff in the luminosity function. To limit the number of free parameters, 

the two fits are required to have the same power law indices (a and 0) leaving as differentiator 

between Sey Is and Sey 2s the factor L,. Moreover (following Rush et al.) the constrain a =1, is 

consistent with our data. A least-squares fit is performed to the data; the resulting parameters 

are reported in Table 4.3 and the resulting curves are plotted in Figure 4.10a (dashed and solid 

line for Sey 1 and Sey 2 respectively). 

Errors on L. are determined as the variations that induce Ax" = 1. It is found that L. for 

Sey 2s is higher than that for Sey Is by a factor of more than 5. 

For the RSA Sy sample (Figure 4.10b) an analogous result is obtained: the Sey 2:Sey I space 

density ratio is about 2:1 up to 10®LQ and this ratio increases to 10:1 at 1O'°L0. In the last bin 

(4.6) 
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Figure 4.10 lOmicron extended luminosity functions. The filled circles are for Syl gala.xies. 

the open circles are for Sy2 galaxies. The lines show fits using eq. (4.6) and the parameters 

in Table 4.3: dashed line for Syls, solid line for Sy2s, and dotted line for field galaxies. 
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(lO^^L©) there are no Sey 1 ; the upper limit for the space density is not very useful. The same 

fit as for the CfA case is performed, whose reluts are repoted in Table 4.3 and the deduced curves 

plotted in Figure 4.10. Since the RSA has poorer statistics at high luminositis (moslty important 

for the determination of L.) and we are missing data for 20% of its members, the resulting 

parameters are less thrustworty than in the CfA case. In fact a steeper index is obtained at high 

luminosity (/? = 3.7). Differences in L. between Sey 1 and Sey 2 are lower with respect to the 

CfA sample,but still significant compared with the errors. 

In the 12/im Sy sample (Figure 4.IGc) the ratio of the Sey 2 to Sey I space density increases 

slightly with respect to the low luminosity trend: Sey 2 tend to be more numerous at higher 

luminosities, but this effect is much lower with respect to that found in the CfA sample. This 

result is not surprising; the selection criteria for this sample will bias it toward those Sey Is with 

enhanced star formation, so the differences between Sey 1 and Sey 2 found in the CfA and RS.\ 

will be minimized. 

It is interesting to compare these luminosity functions with the same luminosity function 

for field gala.Kies. A subsample of field gala.Kies was e.^ctracted from the RSA catalog having 

Hubble types matching those for Sy gala.xies. The sample is composed of 86 objects and is nearly 

complete; (V/Vmax) = 0.43±0.03. The 10;/m luminosity function was computed from IRAS 

data and fitted with Eq.4.6; the resulting parameters are reported in Table 4.3 and the fitted 

function is plotted in Figure 4.10 with a dotted line (it is normalized to the Sy space density 

at low luminosities). The power inde.x for high luminosities is quite steep (3.7) and the cut-off 

luminosity L. is even lower than L. for Sey Is, although this difference is at marginal weight. 

Table 4.3 Results of the fits to the luminosity functions of the CfA and RSA Sy samples and to 

that of field galaxies 

Sample Type a /? L.(xl0®io) 

CfA 

Sy I 

Sy 2 

I 2.1 

1.54 ± 0.3 

8.05 ± 1.6 

RSA 

Sy 1 

Sy 2 

1 3.7 

2.90 ± 0.7 

6.70 ± 1.3 

RSA field 1.0 3.7 0.89 ± 0.18 
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In summary, it is found that the host galaxies for Sey Is are similar or perhaps slightly more 

luminous than field galaxies without active nuclei. However, for Sey 2s L. is about 10 times 

higher than for field galaxies and about 5 times higher than the hosts of Sey Is. These results 

reinforce the conclusions from IRAS colors that the Sey 2 hosts are undergoing substantially 

enhanced rates of star formation, which pump up the lO/im extended emission. 

As seen in Figure 4.6, the spectral energy distribution of SB galaxies peaks at 60/im, whereas 

for Sy nuclei the emitted energy peaks around 12-25/im and it is fainter at 60^m; hence, the 

maximum contrast between SF activity and Sy activity should be seen at 60/im. Unfortunately 

the study carried out here for the lO/im extended emission cannot be done at 60/im, since 60/im 

narrow beam data are not available. However, it is possible to estimate the 60/im emission 

coming from the same region by normalizing the synthetic "pure" Sy spectrum, determined in 

§4.7.3 (Figure 4.6a), to the lO/im groundbased flux. Then the 60/im extended emission L6o(ext) 

and compactness parameter. Ceo, are given by comparing this e.xtrapolated compact 60/im flux 

with the 60/im (IR-AS) flux. The results obtained studying the lO/im extended emission should 

be confirmed and amplified by these 60/im parameters. 

In particular Ceo should correlate with Cio- Figure 4.11 demonstrates this correlation by 

plotting Ceo versus Cio for all the sources in our sample (having IRAS data), with no restrictions 

on the groundbased beamsize on the source. 

It is noticeable that extended sources (C < 0.5) depart from the 1:1 correlation line and tend 

to have Ceo lower by a factor ~3 with respect to C'lo: this is what is e.xpected from the different 

spectral shape between the compact component (Sy) and the e.xtended one (SB or Quiescent). 

More specifically, if RSB is the 60/im/10/im flux ratio for a typical SB spectrum (§4.7.2 and Figure 

4.6b), RSY the same ratio for a typical Sy spectrum, RQ for a Quiescent spectrum, and if it is 

assumed that the lOfxtn flux measured by the groundbased beam is dominated by the Sy nucleus. 

then we have the following regimes 

(in the first case the extended emission is dominated by SF activity, in the second case it is mostly 

4.7.8 The 60/im Compactness Pariuneter 

log Ceo — log Cio + log Rsy — log RSB if SB ext. dominated 

log Ceo — log Cio + log RSY — log RQ if Quiesc. dominated 
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luminous Sy 

0.01 0.1 1 
lO/Am compactness parameter 

Figure 4.11 Comparison of 10 and 60 micron compactness parameter. Filled circles are 

Syl and open circles Sey2 galaxies. Sources with 10 micron luminosities greater than the 

threshold luminosity are identified with an "X". The dashed line is the trend expected for 

extended objects whose emission is dominated by quiescent colours; the solid thin lines 

are the trends expected for objects whose emission is SB dominated. 
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quiescent emission), 

C c: 1 =J> log Ceo ~ log Cio (4.8) 

In Figure 4.11 the lines identified by these regimes are overplotted, labelling them with the 

extended spectrum used to model the extended emission. Note how extended sources spread 

along the lines dominated by either SB or quiescent galaxy contributions. 

The 60^m compactness parameter has another interesting feature. A possible compact 

SB (i.e. contained within the groundbased beam) contributes much more to the emission at 

60/im than at lO/zm; as an extreme simplification, consider the nuclear lO^m emission totally 

Sy dominated and the 60^m emission mainly given by the compact SB. In this case the 60/im 

compactness parameter still gives the ratio of the SB emission to the Sy emission at 60/xm. Thus 

a Sy nucleus hosting a compact SB has Cio zi. 1, but Ceo 1- It is easy to show that also for 

compact Sy, i.e. Cio > 0.5, containing a compact SB, the e.xpected Ceo is still given by Eq.4.7. 

The gala.Kies with compact nuclear star forming regions are those found at the compact end of 

the SB lines (M82, l2/im) in Figure 4.11, whereas those with AGN-dominated nuclear emission 

lie near the 1:1 line. 

Figure 4.11 suggests an extension of our result that the extended host galaxy emission of 

Sey 2s tends to be dominated by recent star formation. It shows in addition that many compact 

Seyfert 2 galaxies appear to have a high rate of star formation that dominates their nuclear 

outputs at 60/2m, whereas nearly all compact Sey Is are dominated by emission related to the 

AGN at this wavelength. 

Finally note that in the region Ceo > 1, but still Cio < 1. a cluster of Sey 1 is collected. 

In these cases, the reason Ceo is larger than unity is not uncertainties in the measurements 

(otherwise they should spread along the 1:1 line), but is due to a different spectral shape (i.e. 

different 60/im/10/jm flux ratio) of these Sey 1 with respect to the Sey 1 chosen to synthetize 

the spectrum in Figure 4.6: they have 2-3 times less emission at 60/im than expected from our 

model. In Figure 4.11 an "X" identifies sources having lO/zm nuclear luminosity greater than 

2.5x 10^° L©; note that all of the sources in the above described region are characterized by having 

nuclear luminosities above this threshold, while only a smaller fraction of Sy having Ceo < 0 are 

that luminous. This result gives a hint about a possible change in the IR emission mechanism for 
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high luminosity sources. 

Finally a comment about the possible spectral features in the 10/im band (§4.7.1). If these 

spectral features altered the 10/<m groundbased measurements, and thus altered C, this would 

have been reflected in a scatter of the data in the extended area (C<0.5) of the plot in Figure 

4.10 along the 1:1 line and not along the 1:3 line as observed. This confirms that spectral features 

in the 10/im band do not affect the conclusions significantly. 

4.7.9 Implications for the Unified Model 

The evidence that Seyfert 2 host galaxies tend to have more vigorous star formation than do 

Seyfert 1 hosts is not compatible with the most elementary form of unification, which would 

contend that the two Seyfert types are totally identical except for viewing angle. 

However, it remains possible that such a unification applies to the nuclear engines alone, but 

that, for example, the increased amount of molecular gas implied for the Seyfert 2 hosts tends 

to increase the probability that the nucleus is obscured. SF activity in the circumnuclear region 

might stir molecular clouds through supernova explosions and outflows from post-main-sequence 

stars; this makes the clouds lose angular momentum and allows them to fall into the inner nucleus, 

increasing the amount of obscuring material and, possibly, thickening the torus or warped disk 

around the BLR; as a result the BLR is more difficult to observe. The continuous link between 

Sy type (i.e. degree of obscuration) and SF activity, shown in §4.7.7, supports this picture. 

As speculated by several authors (e.g. Norman & Scoville, 1988; Heckman et al., 1989) the 

link between SB activity and Sey 2 /Sey I might even be evolutionary, in that the matter fallen 

in the inner parsec, because of the SF-induced turbulence, might trigger an AGN that is likely to 

be seen as Sey 2 due to the large amount of obscuring material; when the SF activity decreases, 

the fueling process of the inner parsec ceases; the obscuring material, driven in by the previous 

SB, is being partially swept out by the nuclear wind, making it easier to see the BLR, i.e a Sey 1 . 

It is known that an accretion disk-like structure is unable to dissipate angular momentum 

to fuel the AGN on the hundred parsecs-scale. As above described, it is thought that SF 

activity in the circumnuclear region could provide the mechanism for the dissipation of the 

angular momentum of the interstellar medium on that spatial scale. But, according to models, 

this SF-AGN link is restricted to the small area of few hundred parsecs. We find a SF-AGN 
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connection on a much larger scale. The beam radius -on the source- of the 10/im groundbased 

observations varies from a few hundred parsecs to a couple of kpc, for the majority of the sources 

in our sample. Even though some Sey 2s are dominated by compact SB, most of the Sey 2s are 

characterized by SB that extend outside the region sampled by the groundbased beam. i.e. at 

least ~ 1 kpc. 

4.8 Conclusions 

I have presented new lO^m photometric observations of 74 Seyfert galaxies, 47 of them having 

no data previously reported in literature. They complete the lO/xm data for the whole CfA Sy 

sample, they cover 80% of the RSA Sy sample and 70% of the 12^m Sy sample. The analisys of 

these data leads me to review the theories unifying the different Sy types. 

To test the validity of the theories unifying the different Sy types, we group together all Sy 

showing evidence for a BLR (-> BLSey ) and those not showing any hint of BLR (-^ NLSey). 

The 10/im nuclear luminosity distribution for the CfA Sy's shows a significant difference between 

BLSey and NLSey, the former being on average more luminous than the latter. The luminosity 

distribution for the RSA and I2/im Sy samples supports the trend observed in the CfA. We 

also calculate luminosity functions that account for the selection criteria of the sample; we find 

NLSey to be much more rare than BLSey at high lO/im luminosities. One explanation is that 

some NLSey do not fit in the unified scheme: their appearence is not due to an orientation effect; 

they are intrinsically different from BLSey. On the other hand, if we assume the unified model 

with a pc scale obscuring torus, difficulties arise because of the different sizes of the BLR and the 

lO^m emitting region: the BLR is much more deeply embedded by the parsec-scale torus with 

respect to the lO/xm emitting region, yet the lO/im luminosity appears to be closely linked to the 

detection of broad lines. More specifically, it is unclear why very few, if any, NLSey are found at 

high lO^m luminosities. A viable solution is given by modifying the geometry of the obscuring 

material to a dusty warped disk, that might extend over several tens of parsecs hiding both the 

BLR and the warm mid-IR emitting dust. An alternative solution is that the lO/im emission 

mechanism is non-thermal and its source has a much smaller size than derived assuming it is in 

thermal equilibrium. 

By comparing the groundbased measurements with the IRAS Vlfim fluxes we get information 
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about the distribuition of the lO^m emission in Seyfert galaxies and the luminosity of the extended 

compontent, i.e. the level of star formation activity. By comparing the compactness parameter 

at 10/im with the IR spectral indices (IRAS bands) we find that the trend of IR properties of 

canonical Sey 1 is well described by the combination of a "pure" (compact) Sy spectrum and the 

typical spectrum of normal galaxies that are cirrus dominated. Most of the Sey 2 instead deviate 

from this trend, their spectral indices being shifted toward those typical of SB; in most Sey 2 

this SB compenent is extended, but we find that also compact Sey 2 are mostly dominated by a 

(compact) SB. Using a finer classification that accounts also for intermediate Sy types, we note 

that this intermediate class has also intermediate properties of the host galaxy between Sey 1 

and Sey 2; i.e. the SF level matches continuously with the Sy type (i.e. degree of obscuration, 

according to the unified model). 

We also calculate the luminosity function for the extended lO/im luminosity and we find 

that the space density of Sey 2 at high luminosity is much higher than that of Sey Is; the cutoff 

luminosity L. for Sey 2s is 10 times higher than for normal galaxies and 5 times higher than for 

Sey Is. These results give evidence that Sey 2 host galaxies are experiencing higher star formation 

activity than Sey 1 galaxies do. Such a conclusion does not fit within the unified scheme, which 

states different Sy types are intrinsically identical e.xcept for the viewing angle. The unified 

scheme might be restricted to the central engine alone, and implemented by adding a parameter 

that accounts for a link between the SB activity and amount of obscuring material collected 

in the inner region because of the turbulence induced by the SF. This also might support the 

evolutionary scheme SB Sey 2 -)• Sey 1 . It is interesting that the SB activity found in Sey 2 

usually occurs on a kpc-scale; such extension is much larger than the hundred pc-scale SF region 

that could affect the AGN activity according to the theoretical models. 
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CHAPTER 5 

SEYFERT COMPANIONS AND 

STAR-FORMATION 

5.1 Introduction 

It has been claimed that galaxies with type 2 Seyfert nuclei have enhanced infrared emission from 

their disks by nearly an order of magnitude in luminosity compared to those with type 1 nuclei 

or to field galaxies (Maiolino et al., 1995). This result is most easily explained in terms of an 

elevated rate of formation of massive stars in galaxies with type 2 nuclei. Because the majority of 

Seyfert galaxies are of type 2 (Maiolino & Rieke 1995, MR95 hereafter), a corollary is that Seyfert 

galaxies as a whole have elevated rates of star formation compared with similar field galaxies. 

In the past, some authors (Norman & Scoville, 1988, Heckman et al., 1989, Linden et al.. 

1993) have hypothesized that circumnuclear star forming activity could drive gas into the 

innermost galactic regions to feed a black hole, thus creating a star formation/AGN connection. 

However, such a connection depends on star formation close to the nucleus, whilst Maiolino et al., 

detect extended star formation activity from Seyfert hosts on the kilo-parsec-scale. We therefore 

must account for the observed relation on some other basis. 

One possibility is that Seyfert 2 host gala.xies have large amounts of molecular gas that both, 

feeds high rates of star formation, and also tends to obscure the AGN. In this class of model, 
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there is not need for a direct link between the presence of an AGN and the star formation. A 

common cause leads to elevated star formation and to a bias for an AGN, when present, to appear 

to be of type 2. If this picture is correct, one should detect a substantially greater molecular gas 

content in type 2 Seyfert hosts than in field galaxies or in type I hosts. To test this hypothesis, 

this chapter reports a large data set on the '"CO(l-O) line emission of Seyfert gala.xies, which 

it is also compared with that of a control sample of field galaxies. No significant dependence on 

AGN type in the molecular gas content of Seyfert hosts is found, nor is there a difference between 

Seyfert hosts and field galaxies. 

It therefore appears that star formation is triggered in type 2 Seyferts at an elevated rate 

compared to that of type Is even when both types of galaxy have a similar reservoir of molecular 

gas. One might hope to find some other signpost of starburst activity (such as rate of interaction) 

to correlate with the AGN type. Such a relation would be of interest because it might link the 

presence of the AGN with a global galaxy property. For example, asymmetric gravitational 

potentials are known to foster efficient mass transport into the nuclear region of a galaxy, a likely 

pre-condition for the appearance of an AGN. At the same time, such potentials are known to 

lead to circumnuclear starbursts (e.g., Hawarden et al., 1986). To test this class of model, I 

examine the Seyfert host galaxy morphology to look for correlations with interactions or with 

large scale galactic distortions. Although such morphological comparisons have been conducted 

previously (e.g., Dahari, 1985; Arsenault, 1989; Rafanelli, Violato, k Baruffolo, 1995, as reviewed 

by Laurikainen k Salo, 1995, hereafter LS95), in the present case I have the advantage of using a 

sample selected purely by nuclear spectral properties and hence not susceptible to selection effects 

that would enhance the rate of morphological distortions. I find that asymmetric morphologies 

do occur significantly more frequently in hosts of Seyfert 2 nuclei than in field galaxies and that 

they are probably linked to the elevated rate of star formation. 

5.2 Samples and Observations 

Millimetric spectroscopy of Seyfert galaxies at 115 GHz ("^-00(1-0) line) was performed using 

the NRAO 12m telescope' in three observing runs (October 94, March 95, June 95). Spectra 

Hhe National Radio Astronomy Observatory (NRAO) is a facility of the NSF, operated under 

a cooperative agreement by Associated Universities, Inc. 
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were obtained by co-adding data from two 256x2 MHz filter banks providing a resolution of 5.2 

km s~' and a spectral coverage of 1360 km s~' at 115 GHz. The data were calibrated with an 

ambient temperature chopper wheel every ~ 6-12 min. and corrected for both rear and forward 

spillover losses (to give line temperature TJj). Beam switching was performed at 1.25 Hz with a 

throw of ±2'. 

Objects were mostly drawn from the RSA and CfA Seyfert samples (MR95, Huchra k Burg, 

1992, HB92 hereafter). Both of these samples are selected on the basis of optical spectroscopy of 

the galaxies' nuclei and hence should be unbiased in host galaxy properties. Objects missing CO 

measurements in the literature or having upper limits that were too high to be useful were given 

priority. Moreover, very close objects were avoided, i.e. for which our projected beam-size would 

be smaller than ~ 10 kpc; as a result, the ^"CO(l-O) line strengths are likely to measure the total 

amount of molecular gas in the gala.xy. 

The final list of galaxies observed consisted of 73 Seyfert galaxies, half of which had no 

previous useful CO data. Table 5.1 reports the results of our observations in the following order: 

source name, Seyfert type, flux of the CO line on the TJj scale, the heliocentric CO velocity 

(defined as E7^(j) V''(i)/ET^(i) with the sum extended over the channels in which the line is 

detected), the full width at half ma.ximumof the CO line VV50, the channel-to-channel rms noise 

ATVmj (computed in the spectral regions away from the CO line), and the system temperature 

TJYJ. 

The errors on the line fluxes are determined by means of the following formula: 

AF = (AFf + 5.1 

where AF/ and AFb are the errors due to the noise in the line and in the baseline respectively, 

AF, = N^'-• ATrms • 

4 «;• ^Trms ' AFb = Ni p-
Nl'-

where AV'ch = 5.2 km s~' is the channel width, Ni the number of channels over which the line 



Table 5.1 Results from the Observations 

Nime 3y type Fco ^CO '•'"co T,,, 

Mkn334 1.8 1.52±0.17 6615 290 3.1 217 
Mkn335 I 0.65^0.30 7655 230 5.4 335 
Mkn938 2 3.77 ±0.31 5803 295 4.8 347 
IRS00488+2907 I 1.04 ±0.18 10770 185 4.T 337 
IZwl 1 <0.59 - - 4.3 315 
NGCSI3 2 1.73 ±0.28 5802 380 3.2 233 
Mkn573 2 0.98 ±0.30 5111 260 4.3 328 
IRSOU75-0740 2 0.67±0.23 5323 160 5.8 436 
mS0IS27+0622 1.9 l.Il±0.32 5176 200 6.0 333 
MGC863 1 l.9I±0.31 7945 205 4.2 233 
N G C i o e a  2 72.0±1.2 1168 260 22.8 454 
NGC1241 2 5.41±0.62 4006 400 8.5 491 
NGC1320 2 <0.60 - - 1.9 309 
NGC1365 1.8 48.56±0.74 1648 325 11.8 640 
tRS04385-0828 2 <0.63 - - 4.6 346 
NGCI667 2 6.96±0.21 45S3 385 3.7 350 
IRSQ5I89-2524 2 <0.51 - - 3.7 292 
NGC2U0 2 0.45±0.25 2330 355 5.2 410 
MGC8- n - I l  I 1.22 ±0.17 6155 290 3.0 317 
UGC3478 1.2 2.77 ±0.27 3825 315 4.4 277 
NGC2273 2 2.99 ±0.24 1851 335 4.3 352 
Mkn6 1.5 <0.52 - - 3.8 368 
Mkn9 I 0.63 ±0.14 12025 170 4.2 303 
Mkn79 1.5 l.26±0.14 6670 185 5.9 274 
MknlO I 1.15±0.17 8769 545 2.5 230 
Mkn704 1.5 <0.38 - - 2.8 213 
NGC2992 1.9 4.4±1 2300 510 6.0 525 
Mknt239 I 0.4I±0.16 6028 290 3.7 386 
NGC3080 1 l.06±0.15 10614 150 3.3 223 
NGC3079 2 43.1±1.5 1120 420 13.6 344 
NGC3I85 2 2.2l±0.56 1190 200 6.2 410 
NGC3227 1.2 12.34 ±0.53 1153 275 7.8 468 
NGC3281 2 <1.65 - - 12. 670 
.VGC3362 3 2.85±0.27 8311 160 6.6 323 
IRS 1058+4555 2 <0.68 - - 5.7 345 
.VGC3516 1 <0.74 - - 5.4 373 
NGC3786 1.8 3.06 ±0.34 2745 315 5.0 295 
NGC4051 1.5 7.41±0.28 728.7 140 6.4 435 
MGC4253 1.5 I.12±0.54 3846 185 7.2 328 
NGC4388 2 6.65 ±0.37 2480 250 6.7 344 
NGC450I 2 17.08 ±0.61 2287 375 8.9 364 



Table 5.1 (continued) 

Nime 3y type Fco '^CO ^CO ATrm. T,,, 

NGC4593 I 2.45±0.25 2515 340 4.1 364 
Mkn23l I 2.86±0.32 12640 230 5.1 223 
NGC5033 1-9 17.7±0.39 868.0 465 5.6 450 
NGCS135 2 12.62±0.70 4100 100 15.4 494 
IRS 13353+39 1.8 1.37±0.10 6012 25 3.9 247 
NGC5273 1-9 <0.92 - - 6.7 381 
NGC52a3 2 <0.59 - - 4.3 310 
Mkn461 2 <0.44 - - 3.2 250 
rC4329 1 <0.82 - - 6.0 470 
NGC5347 2 1.94 ±0.20 2390 130 6.0 325 
Mkn279 1.5 <0.80 - - 5.8 355 
NGC5506 2 <1.65 - - 12.1 590 
NGCS548 1.2 1.54 ±0.20 5170 140 4.1 290 
Mkn817 1.5 <0.37 - - 2.7 282 
NGC5695 2 <0.42 - - 3.1 191 
Mkn341 1.5 <0.71 ' - 5.2 336 
NGC5929 2 2.59±0.73 2458 135 17.5 560 
NGCS940 1 2.33 ±0.20 10210 175 5.4 250 
NGC59S3 2 6.08 ±0.37 1995 185 7.7 334 
Arp220 2 17.24±0.82 5429 470 8.7 284 
NGC6104 1.5 2.80±0.37 8322 500 3.6 244 
NGC68U 1.5 5.31 ±0.17 1570 55 5.7 415 
Mkn509 1.2 <0.46 - - 3.4 300 
IC5135 2 7.85±0.52 4866 80 13.7 368 
NGC7172 2 5.62±0.60 2519 580 6.2 530 
NGC7214 1.2 4.73±0.51 6890 300 8.4 605 
IR522377+0747 1.8 <0.7 - - 5.0 312 
NGC7465 2 4.45±0.29 1957 110 a.o 405 
NGC7469 1.2 9.65 ±0.47 4936 270 4.3 231 
Mkn530 1.5 2.80 ±0.40 8815 570 4.7 234 
NGC7674 2 3.23±0.21 8650 195 5.0 302 
NGC7743 2 0.48±0.15 1608 100 3.6 306 

NOTE.- The columns report (see also text): 1) source name, 2) Seyfert 

type, 3) CO line flux in K km s""-, 4) CO velocity in km s~^ 5) full width 

half maximum in km s"', 6) channel-to-channel rms noise in mK, 7) system 

temperature in K. 
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is distributed, and 1% the number of channels the continuum is sampled over. If the baseline 

subtraction was not straightforward, an additional term in the error equation (5.1) was inserted 

to account for the uncertainty in the baseline fit. Upper limits are given as 3<r values assuming a 

width of 400 km s~^ for the CO line, i.e. 

Pco < 3dr = 136.8 ATrms A' km s~^ 

where ATrms is in K. 

Data in Table 5.1 are not corrected for the beam coupling efficiency, which is 0.84 when 

the CO emitting region is point-like with respect to the beam size (as is the case for most of 

our sources). Also, the errors do not include possible uncertainties in determining the telescope 

efficiency factors (~ 10%) and drifts in the calibration (also ~ 10%). 

In Figure 5.1 I show the spectra for the objects in which the line was detected as well as 

marginal detections. Appendi.x B contains the complete set of CO spectra for the sample. The 

spectra were smoothed to a resolution of 30 km s~', e.xcept for those few objects in which the line 

is narrower than 100 km s~'. 

5.2.1 Results 

With these data, a comparison is made of the total amount of molecular gas among different 

Seyfert types and between Seyferts as a whole and normal galaxies. To obtain the largest possible 

sample, these data were merged with those available in the literature". However, since it is 

desirable for the final sample to be as free of biases as possible, all galaxies that did not belong to 

"Heckman et al., 1989, Sanders & Mirabel 1985, Young, Scoville, & Brady 1985, Stark et al., 

1986, Sanders et al., 1986, Young et al., 1986, Scoville & Young 1983, Stark, Elmegreen, & Chance 

1987, Taniguchi et al., 1990, Braine et al., 1993. Heifer & Blitz 1993, Kriigel, Steppe, & Chini 1990, 

Sanders, Scoville, & Soifer 1991, Sage 1993, Mirabel, Sanders, & Kazes 1989, Lazareff et al., 1989, 

Wiklind & Henkel 1989, Phillips et al., 1987, Harnett et al., 1991, Krause et al., 1990, Sofue et al., 

1989, Harnett, Loiseau, & Reuter 1990, Sofue et al., 1993, Barvainis & Antonucci 1989, Claussen 

& Sahai 1992, Alloin et al., 1992, Lees et al., 1991, Reuter et al., 1993, Planeas, Gomez-Gonzalez, 

& Martin-Pintado 1989, Sanders et al. 1989, Young et al., 1995, Roberts et al., 1991, Bergman 
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Figure 5.1 Example of CO(l-O) line spectra for the objects in which the line was detected 

and for marginal detections. The arrow indicates the velocity measured either by means 

of radio or optical data. 

either the RSA or CfA Seyfert samples (MR95, HB92) were e.xcluded from this merged database. 

Conversion of the scale units into Jansky allowed measurements from different telescopes to be 

as homogeneous as possible. Table 5.2 lists the adopted conversion factors for different telescopes 

along with their beamsizes at 115 Hz. 

For objects having more than one CO measurement, the one providing the most accurate 

et al., 1992, Israel 1992, Wiklind, Combes, & Henkel 1995, Henkel, Whiteoak, & Mauersberger 

1994, .\dler & Liszt 1989, Dahlem et al. 1993, Kenney & Young 1988. 
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Table 5.2 Adopted flux conversion factors 

Telescope K/Jy beam 

Bell Lab. 113 100" 

NRAO 35 55" 

FCRAO 42 45" 

SEST 27 44" 

IRAM 4.4 22" 

NRO 6.7 17" 

NOTE.- Adopted flux conversion factors from the T^ scale to Jansky, and 

beamsize on the sky at 115 GHz for various millimetric telescopes. 

measure of the total amount of molecular gas in the gala.xy was chosen; therefore usually it was 

given higher priority to maps and to data with large beams on the source. However, when the 

beamsize on the source was larger than 12 kpc the higher S/N datum is chosen, as generally little 

molecular gas is found beyond 6 kpc from the center. Data with beamsize on the source smaller 

than 8 kpc were discarded, so that extended molecular gas would not be e.xcluded. 

This merged data set includes 94 objects, of which 78% are detected in CO. These data 

include 76% of the objects in the RSA Seyfert sample and 90% of the objects in the CfA Seyfert 

sample. This large, homogeneous set of measurements brings significant advances in determining 

the molecular gas properties of Seyfert host galaxies. 

A control sample is built of 210 normal galaxies whose total CO emission has been measured 

by Young et ai, (1989, 1995), Thronson et ai, (1989) and Roberts et ai, (1991). The contribution 

from each object is weighted according to its Hubble type so that the sums of the weights in each 

Hubble class have the same distribution as do the Hubble classes of Seyfert galaxies (Figure 4.8 in 

§4). Basically, Sa to Sb Hubble types are weighted more than Sc and SO. As a consequence, the 

actual statistical significance of the control sample is lower than expected from 210 independent 
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objects; the statistical characteristics of the control sample are equivalent to that of a sample 

with 127 objects. 

The following conversion formula is used to estimate the molecular gas mass from the CO 

line luminosity (Kenney & Young 1989): 

MH AMQ ) = 9.2 X 10" Lc o ( LQ ) ,  5.2 

The conversion factor depends on many parameters such as the metallicity and the physical 

conditions in the molecular clouds. However, averaged over the galaxy, these parameters should 

be roughly the same for the members of our sample. More specifically, the conversion is a function 

of T/however, even in the more extreme starbursting galaxies and star forming regions this 

ratio has only modest variation among the galactic GCM's used to calibrate the conversion factor 

(Young & Scoville, 1991, Devereux et al., 1994; Sage, Shore, & Solomon, 1990). Therefore, these 

effects are unlikely to introduce systematic errors in our results. 

Figure 5.2 shows how total molecular gas masses are distributed amongst Seyfert 1, Seyfert 2, 

all Seyferts and field galaxies. Intermediate 1.2-1.5-1.8-1.9 type Sejrferts are all gathered within 

the type 1 group (MR95 discuss our underlying rationale for grouping the types in this manner); 

however the distributions do not change significantly if the subclassification grouping is changed. 

In Figure 5.2, filled bars give the distribution of detections while shaded bars give upper limits. 

It is apparent that no significant differences occur between Seyfert 1 and Seyfert 2 hosts nor 

between all Seyfert hosts and normal galaxies. To check quantitatively the similarity/difference 

between the distributions, the Peto-Pretice generalized Wicoxon test (Schmitt, 1985; Feigelson Sc 

Nelson, 1985) was used, which also takes into account censored data. According to this test, the 

molecular gas mass distributions for Seyfert 1 and 2 hosts have only a probability of 65% to be 

drawn from two different distributions (i.e. less than one standard deviation). The corresponding 

probability for the distribution of Sejffert hosts to differ from that of the field sample is 62% 

(again less than one standard deviation). 

However, differences between Seyfert I's and Seyfert 2's in the content of molecular gas could 

be obscured by the spread in the galaxies' mass distribution. Thus, the distribution of the total 

molecular gas mass M/f, normalized by the dynamical mass M^yn of the galaxy as estimated by 

the 21cm HI line width was studied. Such a study is restricted to those objects having available 



102 

IS 
12 

9 
6 
3 
0 

CQ 15 
O 12 

,o 9 
o 6 

3 
0 

30 
24 
18 
12 
6 
0 

0.3 
m 
o 
CD 0.2 

IS" 
O 0.1 

0 

All Sy 

Reld 

a  9  1 0  1 1  
Log M(Ha) [Mg] 

Figure 5.2 Distribution of the molecular gas mass for Syl, Sy2, all Seyferts and normal 

galaxies. Filled bars are for detections and shaded bars for upper limits. 

HI data and which are sufficiently inclined (disk inclination higher than 30®) so deprojections 

are reliable; these requirements are fulfilled by a subsample of 50 Seyfert gala.Kies. The relative 

distribution of the M^j/Mjyn ratio is similar to the raw Myy, distribution, i.e. no significant 

differences are found at even the one standard deviation level between Seyfert 1 and Seyfert 2 or 

between Seyfert and field galaxies. 

The statistical significance of any differences is therefore very low, in disagreement with 

earlier studies (e.g. Heckman et al., 1989) which found hosts of Seyfert 2 nuclei to have much 

more molecular gas than Seyfert 1 hosts. The differences are probably due to the greatly improved 

statistics, greater sensitivity, and more care in sample selection for the present data. 

5.3 Seyfert Morphology 
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In the preceding section, it is found that the molecular gas mass does not correlate with the Seyfert 

type or with the presence of the Seyfert phenomenon itself. Therefore, the star formation-Seyfert 

type connection does not rely on differences in the amount of molecular gas. Now I consider 

whether the differences in star formation between the Seyfert types might arise from a higher 

occurrence of companions/interactions or asymmetrical gravitational potentials in type 2 Seyferts 

that could enhance the rate of star formation from a given reservoir of molecular gas. 

5.3.1 Interactions 

A number of authors have found that galaxies with nearby companions have relatively strong 

emission lines, elevated rates of star formation, and perhaps a tendency to have active nuclei. For 

example, Dahari (1984) used a sample of "all known" Seyferts and found a tendency for an excess 

of companion gala.Kies. LS95 review previous work and conduct their own study, confirming 

Dahari's result and finding that Seyfert 2 nuclei tend to be found in interacting systems. However, 

such studies are subject to errors due to sample selection biases. For example, the samples used 

by Dahari and by LS95 have a large portion of Markarian galaxies, and hence contain many 

starburst galaxies which tend to lie in interacting systems. In fact, MacKenty (1989) showed that 

the incidence of interacting Seyferts in Dahari's study was similar to the incidence of interactions 

among non-Seyfert Markarian galaxies, both being significantly higher than for field galaxies. It is 

therefore not surprising that studies using other samples, different controls, and alternate analysis 

give contradictory results as summarized by LS95. 

Dahari (1985) reported a study of a sample that should be free of such biases. He obtained 

spectroscopy of a sample of interacting galaxies from the Vorontsov-Velyaminov (VV) lists and 

found a tendency at the 90% significance level for an excess of Seyfert nuclei in spirals with 

indications of ongoing interactions (and at 98% significance for "strongly" interacting systems). 

Keel et al., (1985) also studied unbiased samples and found some tendency for Seyfert hosts to 

be interacting, although our re-analysis of their results indicates the effect is not statistically 

significant (in disagreement with their statement). 

\ tendency for Seyfert 2 galaxies to lie in groups or clusters, so they have many companions 

not necessarily physically interacting, seems established at high confidence (LS95, Monaco et al.. 

1994). However, there is again contradictory evidence regarding whether close companions are 
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linked to the nuclear activity (LS95). To avoid sample biases such as those resulting from inclusion 

of Markarian Seyferts, McLeod and Rieke (1995) searched for companions in the spectroscopically 

selected sample of CfA Seyferts (HB92). Their study was confined to nearby, massive companions 

with no requirement for distortions indicating ongoing interactions; they found only a marginally 

significant excess of such cases compared with a field sample. We have expanded this result to the 

merged R5A and CfA Sejrfert samples, using techniques identical to those employed by McLeod 

and Rieke. We confirm and strengthen their result; there is no tendency for the Seyferts in the 

merged sample to have an excess of massive, nearby companions. 

5.3.2 Asymmetric Morphologies versus Seyfert Type 

Although some of these results suggest an environment for Seyfert 2 galaxies which might lead 

to an elevated rate of interactions, any linkage between asymmetric gravitational potentials and 

nuclear activity is at best weakly established with the possible exception of Dahari's (1985) 

study of VV galaxies. We have studied this issue further by examining Seyfert galaxies for 

distorted morphologies that would demonstrate directly non-symmetric potentials. To avoid 

selection biases, I have used three different samples, each of which is identified through nuclear 

spectroscopy. 

5.3.2.1 RSA Sample 

Table 5.3a lists the sample of Seyfert galaxies in the primary RSA catalog, that is, the .VIR95 

Seyfert sample A. Two additional bright Seyfert 2 galaxies discovered by Ho, Filipenko and 

Sargent (1995) have been included in this RSA sample, NGC 6951 and NGC 3735. I used a set 

of high quality, homogeneous optical images (Sandage & Bedke, 1994) of RSA galaxies to look 

for evidence in these 64 gala.xies of: a) close companions causing clear morphology distortion; b) 

disk asymmetries/distortions; or c) bars and oval bulges. I classify a galaxy showing any of these 

characteristics as having a possible "trigger" of star formation. It should be pointed out that 

for these purposes any Seyfert galaxy having companion(s) either close or far but not presenting 

a visible effect of interaction is not considered an interacting system. The criteria to determine 

possible triggers of star formation are restricted to visible physical evidence for asymmetrical 
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potentials. In addition, any questionable cases (listed with (?)), have been counted among the 

galaxies with no visible triggers. 

Although the results of the inspection of the galaxy images are generally consistent with the 

morphological classifications, I do find additional cases with distortions. First, clearly interacting 

galaxies, such as NGC 5194 (= M51) are sometimes classified as normal morphologically. Second, 

edge-on galaxies with boxy bulges, such as NGC 4388, are now understood to be likely to have 

bars. Third, some galaxies have elongated bulges that do not get classified as bars but which 

nonetheless indicate a non-symmetric gravitational field; NGC 4051 is an example. These gala.xies 

are presumably similar to the six galaxies discussed by Wozniak et al., (1995) that are classified 

as unbarred in the RC3 but have triaxial deformations. 

Table 5.3a, lists the Sejrfert type classifications, the morphological type from the RSA, 

and the results from the search for triggering characteristics. For Seyfert Is I find 14 objects 

out of 26 with signs of triggers and the remaining 12 objects do not show any of the indicated 

characteristics. For Seyfert 2s I find 23 objects out of 38 with "triggers" and the 15 remaining 

with none. 

Moles, Marquez and Perez (1995) find that virtually all members of a heterogeneous sample 

of active galaxies have evidence for morphological disturbance, if systems with outer rings are 

included in this category. The RSA sample is ideal for a test of this hypothesis; not only are 

the members selected on the basis of nuclear spectroscopy, but great care has been taken in a 

homogeneous morphological classification. As shown in Table 5.3a, there are very few galaxies 

with rings that do not show asymmetries in the body of the galaxy (in fact, only two: NGC 3982 

and NGC 7213). Inclusion of ringed galaxies among those with evident triggers for star formation 

or an active nucleus would have had virtually no effect on the results. Since many RSA Seyferts 

show no obvious triggers, I cannot confirm the hypothesis of Moles et al., (1995) that nearly all 

active galaxies have either bars, interaction-driven distortions, or rings. 

•5.3.2.2 Extended RS.A Sample 

In addition to the MR95 sample A, I also studied the extensions of the RSA catalog (MR95 

sample D). I made use of any high quality images for these gala.xies I could find in the literature, 

but I often had to rely on the Hubble classification (from the RC3 catalog) to test whether the 



Table o.Sa Triggering characteristics of Seyfert galaxies in the RSA sample. 

Kame 3y  type Morph Type Trigger 

NGC788 2 Sa no 
NGC1068 2 Sb(ri) bar** 
NGC1097 I RSBbc(r5) bar/companion 
NGC1241 2 5Bbc(5) bar/close pair 
NGC1275 1.9 B pec peculiar 
NGCI358 2 SBa bar 
NGC1365 1.8 SBb(j) bar 
NGC1386 2 5a no 
NGC1566 1.5 Sc no 
NGC1667 2 Sc pec no 
NGC2639 1.9 Sa no 
NGC2992 1.9 SA (tides) interacting^ 
NGC3031 1.8 Sb(r) interacting in group 
NGC3081 2 SBa(i) bar 
NGC3185 2 SBa(i) bar 
NGC3227 1.5 Sb(j) interacting*^ 
NGC3281 2 Sa no 
NGC3516 1 RSBO bar 
NGC3735 2 Sc no 
MGC3783 I SBa(r) bar 
NGC3982 2 Sbc(r) no 
NGC4051 1.5 5bc(i) elongated bulge 
MGC-tl51 1.5 Sab no 
.VGC4235 1 Sa boxy bulge 
NGC4258 1.9 3b(s) no 
NGC4388 2 Sab boxy bulge 
NGC4395 1.8 Sd no 
NGC4501 2 3bc(a) no 
NGC4507 2 SBab(ri) bar 
NGC4S79 1.9 Sab(4) no 
NGC4593 I SBb(rd) bar/interacting'' 
NGC4S94 1.9 Sa/Sb no 
NGC4639 1.8 5Bb(r) bar 
NGC4939 2 Sbc(rj) elongated bulge 
NGC4941 2 Sab(s) no 
NGC4945 2 Sc no 
NGC5005 2 3B(3) no 
MGC5033 1.9 3BC(3) no 
NGC5128 2 30+5 pec peculiar® 
NGCS135 2 SBb: bar 
NGC5194 2 Sbc(5) interacting-^ 



Table .5.3a (continued) 

Name Sy type Morph Type Trigger 

NGC5273 1.9 SO/a no 
NGC5347 2 SBb(5) bar 
NGC5427 2 Sbc(j) no 
NGC5548 I Sa no 
NGC5643 2 3Bc(a) bar 
NGC5728 2 3Bb(i) bar 
MGC5899 2 3C(5) elongated bulge 
NGC622I 2 Sbc(i) interacting^ 
NGC6300 2 SBb(5) pec bar 
NGC68U 1.5 Sbc(r4) elongated bulge 
NGC6a90 2 Sab(i) no 
NGC6951 2 3b/SBb(rs) bar 
rC5063 2 SO pec/Sa no 
ICS 135 2 3a pec no 
NGC72I3 1.5 Sa(r5) no 
NGC7314 1-9 SC(4) no 
NGC7410 2 SBa bar 
NGC7469 I Sab pec no 
KGC7479 2 3Bbc(5) bar 
NGC7496 2 3BC(3) bar 
NGC75a2 2 SBab(rs) bar 
NGC7590 2 3c(i) no 
NGC7743 2 SBa bar 

NOTES.- "bar seen in infrared (Scoville el al., 1988), Arp 24.5, 

<=with NGC3226, ''with MCGOl-32-033, == Arp 153, -^with NGC5195, ^with 

NGC6215. 
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incidence of bars confirmed the trend noted for Sample A. Any SB Hubble type (barred) galaxy is 

classified as having a possible starburst trigger. Table 5.3b shows objects in the e.xtended .VIR95 

sample not included in the RSA sample (29 objects), along with their Seyfert types, Hubble and 

triggering classification. From 11 Seyfert Is I find 6 objects with "triggers" and 5 with none. 

From 18 Seyfert 2s I find 12 and 6 in these respective categories. 

•5.3.2.3 CfA Sample 

I also evaluated Seyfert gala.vies from the CfA catalog (HB92) which were not included in the 

above samples. For most of these galaxies, I could make use of the homogeneous infrared imaging 

study of McLeod and Rieke (1995). Table 5.3c shows this portion of the CfA sample (30 objects), 

their Seyfert type, Hubble (RC3) and triggering classification. From 20 Seyfert Is I found 10 

objects with bars/interactions and 10 with none. From 10 Seyfert 2s I found 7 with bars and 3 

with none. 

Infrared images potentially provide more information on the presence of bars or disk 

asymmetries than optical ones; however a homogeneous catalog of IR images for all of our gala.vies 

is not available at present. On the other hand, for the whole CfA sample McLeod and Rieke 

(1995) do not find a significant number of bars/distorted morphologies that are "hidden" in 

optical images. Basing the study on a mixture of infrared and optical data should result in no 

bias. 

5.3.2.4 Control Sample 

For a control sample, I made an unbiased selection of field galaxies having a similar 

distribution of Hubble types and luminosities as the Seyfert galaxies (see MR95). These gala.xies 

were selected from the RSA catalog in right ascension order until the required number for each 

type was attained. A total of 140 field galaxies was picked. I looked for triggering characteristics 

in the members of the control sample in the same fashion as for the Seyfert galaxies, finding 61 

objects with evidence for triggers and 79 without. 

5.3.3 Significance of Results 
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Table 5.3b Triggering characteristics of Seyfert galaxies in the extended RSA sample not 

included in the RSA sample. 

Name Sy type Morph type Trigger 

^^GC5l3 2 5? no 
irGC3478 I Sb no 
NGC2273 2 SB(r)a bar 
NGC3362 2 SABc bar 
NGC37a6=Mkn744 1.8 SAB(r5)& pec bar, interacting' 
NGC4253 1.5 (R')SB(i)a bar 
CIRCINU3 2 5A(d)b no 
NGC5506 1.9 pec sp no 
NGC5674 1.9 SABc bar 
NGC5953 2 SAa pec interacting-' 
NGC7I72 2 Sa pec jp no 
NGC72U 1 SB(4)bc pec bar. interacting'^ 
NGC7465 2 (R*)3B(a) bar 
NGC1320 2 Sa 4p no 
NGCH33 2 (R*i)SB{r3)iib bar 
07U5-2914 2 SA no 
MknlO I SBbc bar 
IC2560 2 (R')SB{r)bc bar 
NGC3393 2 (R')SB(«)ab bar 
11215-2806 2 (?) 
TOLI238.364 2 SB(r5)bc bar 
NGC4785 2 (R')SAB(r)ab bar 
18325-5926 1.8 (?) 
Mkn509 1 compact no 
Mknt066 2 (R)SB(«) bar 
Mknl073 2 (R*)SB(3)b bar 
NGC2110 2 SABO bar 
ESO 377-G 024 1 SA(r4)c pec no 
ESO 323-G 077 1 (R)SB(l) bar 

NOTES.- Arp 284, '= Arp 91, •'interacting with ESO 467- -G13. 
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Table .5.3c Triggering characteristics of Seyfert galaxies in the CfA sample that are not 

included in the extended RSA samples. 

Nam« Sy type Morph type Trigger 

Mkn334 1.8 pec pec/interacting 
Mkn335 1 S0/& no 
A0048+29 1 (R')SB(a)b bar 
Mkn993 1.5 SABO/a no 
IZWl=Mknl502 I 3? interacting'^ 
Mkn573 2 (RlSAB(r3) bar 
0152+06 1.9 3A{r5)b bar' 
NGC863=Mkn590 I SA(d)a no 
NGC1144 2 (R)B interacting"* 
NGC3080=Mknl243 I Sx (?)' 
A1058+45 2 Sa? no 
Mkn205 I SB(r)ab pec no 
Mkn231 I 5A(m)c pec interacting/merger'* 
1335+39 1.8 3? no 
NGC5252 1.9 SO no 
NGC5256=Mkn266 2 pec peculiar/merger 
NGC5283=Mkn270 2 SO no 
Mkn46t 2  S (?)' 
Mkn279 I SO no 
MkR471 1.8 SBa bar 
Mkn817 1.5 S no 
NGC5695=Mkn686 2 SBb bar or elongated bulge' 
Mkn841 1.5 E no 
NGC5929 2 Sab pec interacting® 
NGC5940 1 3Bab bar 
NGC6104 1.5 S bar' 
2237+07 1.8 3Ba bar 
Mkn530 1.5 SA(ri)b pec interacting'' 
NGC76743:Mkn533 2 SA(r)bc pec bar. interaction'' 
NGC7682 2 3B(r)a.b bar 

NOTES.- ^Sanders et al., (1988a), 'McLeod & Rieke (199.5), '"Arp 118. 

"Sanders et al., (1988b), MacKenty (1990), "Arp 90, ̂  .A.rp 92, 'with UGC12608. 
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Table 5.4 Results of the statistics on the occurrence of distorted morphologies in Seyfert 

galaxies of the merged extended-RSA/CfA samples. 

triggers no triggers triggering portion pi* P2** 

total Sey 71 

Sey 2 42 

Sey 1 29 

control sample 61 

52 

24 

28 

79 

0.58±0.04 99.6 

0.64±0.06 99.86 96.4 

0.51±0.07 91.0 

0.44±0.04 .... 91.0 

* Probability of significant difference from control sample. ** Probability of 

significant difference from Seyfert 1 sample 

Table 5.4 presents a summary of the study. I have combined the three samples; the portion of 

gala.xies with possible star formation triggers ranges from 44% for the control sample to 64% for 

those with Seyfert 2 nuclei. 

The statistical behavior of these results is described by the binomial distribution, which 

e.xpresses the results of an experiment with n tries each of which is counted as a success or 

a failure. If p is the overall probability of success, then the probability of x successes in the 

e.xperiment is 

PB{x,n,p) = ""—^ p'(1-p)""-'., 5.3 
li (n — X)! 

The standard deviations entered in column 4 are computed as 

, = £ [ni(l - 5.4 
n n n 

To assign probabilities that the results in Table 5.4 could have occurred by chance, I used 

equation 3.1 to compute probabilities directly, rather than making use of equation 3.2. In 

comparing two samples (e.g., Seyfert 2 galaxies and the control), I adopted a null hypothesis that 

the probability of triggers (successes), p, was the same in each sample. I computed the probability 
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Pb i ( >  x i , n i , p )  that the sample with the larger portion of triggers would have had by chance 

the observed or a larger number of successes, given p. Similarly, I computed the probability 

Pb2{^ ^2, i2tP) that the sample with the smaller portion would have had by chance the observed 

or a smaller number of successes. I adjusted the probability of success, p, to maximize the 

resulting joint probability Pbi xPgo for the two samples. Columns 5 and 6 in Table .5.4 report the 

probability that the observed results represent a statistically significant difference, that is, they 

report one minus the joint integral probability to obtain the observed results by chance. 

I find a highly significant difference between the incidence of triggers in hosts of type 2 

Seyfert nuclei and in the control sample, nearly at the 99.9% level of significance. Of course, 

the statistical analysis might underestimate the errors, which could also arise from mistakes in 

classifying the galaxies. However, even if I adopt the perverse case that all the misclassifications 

are in the direction of identifying triggers incorrectly in type 2 hosts, it would take a surprisingly 

large number of misclassifications to vitiate our result. For e.xample, if I have misclassified 4 of 

the 42 type 2 galaxies showing triggers, the significance of the difference is still 98.7%; if I have 

misclassified 7, it is still >95%. 

Due primarily to the high incidence in Seyfert 2 gala.xies, I find a highly significant tendency 

for Seyfert galaxies as a whole to show more triggers than do gala.xies in the control sample. I 

also find that the triggering rate in Seyfert 2 hosts is significantly higher than that in Seyfert I 

hosts. There is a suggestion that the triggering rate in the latter galaxies is higher than in the 

control sample. 

Dahari's (1985) study of VV gala.xies showed a tendency at roughly the 2 standard deviation 

level for a connection between interactions and Seyfert- type nuclear activity. Because his sanaple 

of galaxies overlaps partially with the one I use, the present results cannot be viewed as a 

completely independent confirmation. However, because his method is quite different from the 

one used in this study and the overlap in samples is only partial, the two results do reinforce 

each other. Note also that of 16 bona fide Seyferts in his sample of interacting galaxies, 12 are 

of type 2, twice the proportion that would be expected (e.g., MR95), again in agreement with 

the tendency found for Seyfert 2 galaxies to be more strongly associated with asymmetries than 

Seyfert 1 ones. 

5.3.4 Asymmetric Morphologies versus Star Forming Activity 
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If the distortions and bars discussed above are in fact associated with the enhanced star forming 

activity, then a correlation between the occurrence of asymmetries and starbursting activity would 

be expected. To test this prediction, the spectral index between I2^m and 25^lm (a( 12-25)) 

along with the compactness parameter at lOpm (data are from Maiolino et ai, 1995) as tracers 

of star forming activity is chosen. Given the lO^m compactness parameter the spectral index 

Q( 12-25) of a Seyfert galaxy with no significant star forming activity is empirically known to be 

a certain value a^; spectral indices lower (i.e., more negative) than this value indicate enhanced 

star forming activity in the host galaxy. Thus the difference between the observed spectral 

index and what is expected for a non-star-forming quiescent Seyfert, Aa = Q(l2-25)-a^, is a 

tracer of starbursting activity in Seyferts (see §4 for a detailed discussion of this method). More 

specifically, Ac = 0 indicates no detection of star forming activity, while the more negative AQ. 

the higher such activity is in the host galaxy. Figure 5.3 shows the distribution of Aa for Seyferts 

with asymmetric morphologies (filled bars) and for axisymmetric morphologies (empty bars) for 

the three combined samples. Axisymmetric systems peak near Aa = 0, while asymmetric objects 

are displaced toward negative values as predicted. To determine the statistical significance of this 

result the Kolmogorov-Smirnov test is applied and find a 89% probability for these distributions 

to be different, i.e. for barred and distorted morphologies to correlate with the star forming 

activity in Seyfert galaxies. 

5.3.4-1 Summary 

These results point to the existence of a real difference between the large scale morphology 

of the hosts of Seyfert 2 galaxies and field galaxies, and probably between Seyfert 1 and Seyfert 2 

hosts. The difference appears to correlate with the previously noted difference in star forming 

rates in the host galaxies for the two nuclear types. The result is similar to that noted for 

non-Seyfert gala.xies (e.g., Hawarden et ai, 1986). However, it contrasts with the finding that 

there is no systematic difference in the amounts of molecular gas in the hosts of type 1 and 2 

nuclei. It appears that the differences between the hosts primarily arise because of asymmetries 

that promote the conversion of gas into stars for the type 2 hosts. These structures might 

also drive molecular gas into the nuclear region, where its obscuration could lead to a higher 

probability for the active nucleus to be classified as type 2. At the same time, this gas inflow may 

contribute to the steps leading to feeding of the nuclear engine. 
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Figure 5.3 Distribution of galajcy colors at 12-25 microns about the value expected for a 

non-star-forming Seyfert. Filled bars are for asymmetric Seyferts and empty bars are for 

axisymmetric objects. The arrow indicates the direction of offset for increasing rates of 

star formation. 

In principle, the star forming sites in Seyfert 2 gala.vies could be located by radio imaging. For 

the CfA sample, there is an e.xcellent set of radio data at a variety of beam sizes (Edelson, 

1987; Kukula et al., 1995). These data show a good correlation between the radio and infrared 

compactness parameters, a result which again supports the assignment of the extended infrared 

emission to recent star formation (given the proportionality between infrared and nonthermal 

radio emission seen in normal star forming galaxies). However, in most cases the dynamic 

range of the images is inadequate to locate the emitting regions more definitively than by the 

multi-aperture arguments. 

5.4 Location of Star Formation 

5.4.1 Implications 
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•5.4-i-l Environment and Seyfert unification 

If the results found here are combined with those of Dahari (1985), LS95, and Monaco et ai. 

(1994), a consistent picture is obtained. Type 2 Seyfert galaxies tend to lie in groups or small 

clusters, hence have interactions with other galaxies relatively frequently, and as a consequence 

are often distorted in ways that promote elevated rates of star formation and may also contribute 

to the mass inflow that is responsible for the nuclear activity. In contrast, type 1 galaxies tend 

to be relatively isolated, to interact less frequently, and hence to have lower rates of global star 

formation. 

In the standard unified theory of Seyfert galaxies, it is hypothesized that the appearance of 

a galaxy nucleus as type 1 or 2 depends solely on the direction from which it is viewed. A more 

relaxed form of this theory would hold that the two types may differ systematically but that they 

represent different stages of the identical phenomenon. The picture developed in the preceding 

paragraph is incompatible with either of these views, since the presence of a surrounding group 

of galaxies is not a circumstance that could change over any plausible lifetime for the Seyfert 

phenomenon. That is, at least a significant portion of Seyfert 2 galaxies must originate in an 

environment distinctly different from that of Seyfert Is. It remains possible, of course, that the 

basic physical processes powering Seyfert nuclei are identical and that the environmental and host 

galaxy differences are incidental to the fundamental phenomenon. 

Because Seyfert 2 galaxies have enhanced star forming activity with respect to normal 

galaxies, they are consuming molecular gas at a higher rate. The typical extended far infrared 

luminosity of Seyfert 2 hosts is L^'^(ext) ~ lO^^ '^L© (L^^^(ext) ~ 3.3 • Li'''""(ext), (Maiolino 

et ai, 1995) while their average molecular and atomic gas content is (MH, + MHI) — LO'^M© 

(from data in §5.2 and HI data on the same sample from literature). Thus the time required to 

convert the gas into stars, at the star forming rate inferred from the IR luminosity, is 

3.4-I-2 Star formation and timescales 

tmax[yrs] = ^ 6 X 10® • 
M LFiR-(ext)[L©] 0 . 0  
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where it is assumed a Salpeter IMF with cutoffs at 0.1 and 120 Mq  (Heckman, 1994). 2 x lO^yrs 

is actually an upper limit for tmax because L'^'^^(e.Kt) does not account for starbursting activity 

that might occur in the central region and thus L^^^(ext) provides a lower limit to the bolometric 

luminosity of the starburst (see Maiolino et al., 1995 for a discussion of the contribution to the IR 

luminosity from nuclear star forming activity in Seyfert galaxies). In addition, the Salpeter IMF 

produces more luminosity per stellar mass than other, more recently proposed forms of IMF (e.g., 

Scalo, 1986; Basu h Rana, 1992). Equation 5.1 demonstrates that the elevated star formation in 

Seyfert 2 gala.xies is unlikely to have persisted for the life of the galaxy. Hence, the Seyfert activity 

in these galaxies also represents a time-dependent phase, not a phenomenon that has persisted 

since the formation of the galaxies. On the other hand, the relatively long lifetime implied for 

the joint Seyfert 2/Starburst phenomenon is consistent with the relatively large fraction of type 2 

Seyferts in the local Universe: perhaps as many as 10% of all galaxies according to MR95. 

5.5 Conclusions 

The new survey of the CO emission in spectroscopically selected samples of Seyfert gala.xies 

reveals the following: 

• The CO content (and hence the amount of molecular gas) is independent of Seyfert type and 

does not differ for Seyfert host gala.xies compared with similar galaxies in the field. Thus, 

the elevated star forming rate in Seyfert 2 hosts cannot result from an excess of molecular 

gas in these objects. 

• However, Seyfert 2 hosts have a significantly higher incidence of asymmetric morphologies 

than do field galaxies or Seyfert 1 hosts. 

From these results, it is believed that many Seyfert 2 hosts are undergoing gravitational 

perturbations from nearby galaxies, and that the perturbations result in these galaxies being in 

the process of converting their molecular gas into stars more rapidly than is the case for Seyfert 1 

hosts or field galaxies. The appearance of an AGN in these galaxies may result from the gas inflow 

due to the perturbation, or this inflow may tend to obscure the nucleus making it preferentially 

appear to be of type 2. 
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CHAPTER 6 

EXCITATION OF NLR EMISSION LINES 

6.1 Introduction 

Active and starburst galaxies show a number of permitted and forbidden emission lines in the 

1.4;im- 2.4/im spectral region. The strongest lines are generally Br7 at 2.166/<m, Hel at 2.058^m. 

the 1-0 S(l) transition of HT at 2.l21^m and the a.'^Dri2 - o^P'9/2 forbidden transition of Fe at 

l.644/im. The latter two lines were first identified in active galaxies 15 to 20 years ago with 

the detection of Ho in the Seyfert 2 galaxy NGC1068 (Thompson et al., 1978) followed by the 

discovery of [Fell] in the Seyfert 1 galaxy NGC4151 (Rieke & Lebofsky, 1981). However, the 

excitation mechanisms of [Fell] and Ho are still not well determined. 

Observations of infrared lines provide a unique opportunity to investigate the nuclei of 

active and starburst galaxies, which are often embedded in dusty environments. However, the 

interpretation of emission lines from active galactic nuclei (AGNs) is not simple due to the 

limited spatial resolution, which causes the simultaneous presence of various emission line sources 

within a single observational beam, and due to the lack of a homogeneous sample of objects with 

reliable data. At present there are approximately 40 Seyfert galaxies with published data on 

Ho, [Fell]1.644/im and Br7, but many of these observations are upper limits and/or are at low 

spectral resolution (Kawara, Nishida & Taniguchi, 1988; Mouri et ai, 1990; Forbes et al.. 1993). 

The [FeH] and Ho emission lines tend to have widths of ~ 200 to < 1000 km s~' (Kawara, 
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Nishida k Taniguchi, 1988; Mouri, Kawara & Taniguchi, 1993) and hence probably originate in 

the narrow line region (NLR) . In confirmation, recent narrow band imaging studies in nearby 

Seyfert galjixies (Genzel et al., 1995; Blietz et al., 1994; Rotaciuc et al., 1991; Moorwood & Oliva. 

1994) which show that the spatial distributions of [FeII]1.644/im as well as that of 1-0 S(l) Ho, 

although not necessarily spatially coincident, extend to a few hundreds of parsecs, corresponding 

to typical NLR sizes. 

However, NLR lines are subject to a variety of potential excitation mechanisms. Surveys of 

these lines in AGNs and starburst galaxies (SBs) (Kawara, Nishida & Taniguchi, 1988; Moorwood 

& Oliva, 1988; Greenhouse et al., 1991) find contradictory results and at present it is not clear 

whether the dominant excitation mechanism in AGNs is related to stellar processes such as 

circumnuclear starbursts or directly linked to the nuclear compact source through photoionizing 

UV radiation. X-ray heating, or .A.GN-powered shocks. 

Recent improvements in IR detectors make possible measurement of these lines in many 

extragalactic objects. In this chapter, I report high resolution measurements of them in 26 

Seyfert galaxies. I use this data set and measurements from the literature to discuss the diff'erent 

excitation mechanisms of [Fell] and Ho IR lines. I will show that a variety of mechanisms are 

likely to play a role although e.xcitation in photoionizing shocks (Dopita & Sutherland, 1995) is 

probably important in the majority of cases. 

6.2 Sample and Observations 

To minimize selection biases I have drawn objects from the CfA (Huchra & Burg, 1992) and 

RSA (Maiolino & Rieke, 1995) Seyfert samples, both of which are selected on the basis of 

optical spectroscopy, and the 12/im sample (Rush, Malkan Sz Spinoglio, 1993), which is roughly 

homogeneous in apparent luminosity. Observations of [FeII]1.644^m, Ho 2.121/imand Br-/ in IT 

type 1 to 1.5, 5 type 1.8 to 1.9 and 4 type 2 Seyfert gala.xies, were made at the Multiple Mirror 

Telescope^ using FSpec (Williams et al., 1993) during 2 observing runs (May 18-19, 1994 and 

November 13-19, 1994). In addition, I took data from the literature for two Seyfert 2 gala.xies: 

'The MMT is operated jointly by the Smithsonian Astrophysical Observatory and Steward 

Observatory at the University of Arizona 
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NGC1068 (Oliva & Moorwood. 1990) and the CIRCINUS galaxy (Oliva et al.. 1994), making 

a total of 28 Seyfert objects in the sample. In studying the [Fell] line I also made use of the 

measurements of the 1.25/im [Fell] line and Fa/? by Goodrich, Veilleux k Hill (1994) and Simpson 

et ai, (1996a), which together with the observations gave a sample of 42 galaxies with useful 

measurements. Table 6.1 contains the list of gala.ides observed, their type (as classified by optical 

spectra), redshifts, and the sample from which they were selected. 

The observational routine and data reduction is as explained in §2.2.2. The Br7 line profile 

is deblended into a broad and narrow component whenever a single gaussian profile did not give 

a satisfactory fit to the line. Since I am focusing on the physical conditions in the NLR, I am 

interested in the Br7 narrow component (Br7„). Because of the limited spectral range of the 

data, they are not well suited to measuring the strengths of very broad line components. In some 

cases the Br7 line was dominated by the broad component (MKN335, MKN1040) or was too faint 

to perform the fitting procedure; in these cases I estimated the strength of Br7„ from previously 

observed IR or optical emission lines such as Pa/3n and H/?„, assuming case B line ratios and 

negligible dust obscuration toward the NLR. In some objects the [FeII]1.644^m, Ho 2.121/im. or 

Br7 emission lines were not detected within the Str confidence level and therefore I determined 

upper limits for these lines based on an average noise level. For these upper limits, I preferred 

using R(3n to set the NLR line widths, but where measurements of it were not available, I used 

the FWHM of [0111]5007.4 as representative of the NLR. Table 6.2 contains the calculated line 

fluxes with their FVVHM including upper limits for non-detections and Figure 6.1 shows spectra 

for representative galaxies of the sample. 

6.3 Results 

The results will be interpreted in the context of existing models for the narrow line region of 

Seyfert galaxies. The standard model describes the NLR to be permeated by a hard power law 

spectrum of UV photons originating in the galactic nucleus and responsible for the photoionization 

of lines such as [OIII], [Nil] and [SII]. Photoionization models have successfully explained the 

general characteristics of emission lines from the NLR (Ferland & Osterbrock, 1986); however, 

at present there are inconsistencies with some observations. Predictions of too low electron 

temperatures (Te) and underestimation of [NeV], CIII], [FeVII] and [FeX] fluxes are a few of the 



Table 6.1 Sample of Seyfert Galaxies 

Name Type z Sample 

Mkn334 SL8 0.0220 CfA" 

Mkn335 SI 0.0258 CfA 

Mkn938 S2 0.0190 12/im' 

Mkn348 S1.8 0.0140 12/fm 

Mknl040 Sl.o 0.0164 12/im 

NGC1275 S1.9 0.0176 RSA^ 

Mknl095 SI 0.0312 ... 

NGC2110 S2 0.0070 RSA-D-^ 

M-8-11-11 Si 0.0200 

NGC2273 S2 0.0062 RS.\-B<^ 

Mkn6 SI.5 0.0184 r2//m 

Mkn376 SI 0.0559 12/ifm 

Mkn79 S1.5 0.0220 12^m 

Mkn704 Sl.o 0.0293 12/im 

NGC2992 Sl.9 0.0077 RSA 

NGC3227 Sl.5 0.0039 CfA 

NGC3516 S1.5 0.0087 CfA 

NGC4051 SI 0.0024 CfA 

NGC4151 Sl.5 0.0030 CfA 

Mkn766 Sl.5 0.0128 CfA 

[C4329A SI 0.0144 RSA 

NGC5506 Sl.9 0.0060 r2;zm 

Mkn817 Sl.5 0.0314 CfA 

Mkn509 Sl.5 0.0345 I2fj.m 

NGC7469 Sl.5 0.0162 CfA 

Mkn533 32 0.0290 CfA 

"Center for Astrophysics Sample (Huchra & Burg, 1992) 

''12/im Sample (Rush, Malkan Spinoglio, 1993) 

•^Revised Shapley Ames Sample (Sandage &: Tammann, 1987) 

cross identifications: Mkn938=NGC34, Mkn348=NGC262, 

Mknl040=NGC931, NGC1275=Mknl505, NGC2273=Mkn620, 

Mkn766=NGC4253, NGC5506=Mknl376, NGC7469=Mknl514, 

Mkn533=NGC7674 
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Table 6.2 Line Fluxes (10 -- W cm~") and FWHM (km s for Sample 

Name | [FeII]l.64'I;im [ 1-0S(1)H2 | Br> 
Flux FWHM Flu.\ FWHM Fluxn FVVHM„ FluXfc FWHM6 FluXto,a( 

Mkn334 13.20 413 9.09 130 8.71 294 ... 8.71 
Mkn335 11.30 456 1.30 102 2.28® 35.1 
Mkn938 14.60 488 17.33 537 15.1 514 15.1 
MknS'tS 11.12 583 <0.43 ... 1.2'' ... <22.2 
Mknl040 <1.25 ... 2.37 185 <6.31 71.0 
NGC1068' 300 800 150 300 130 900 ... 130 
NGC1275 69.8 570 37.09 382 <1.50= 500 <10.5 
Mknl095 4.14 385 5.08 381 2.86° ... 22.2 
NGC2110 42.64 560 9.25 447 3.6 452 3.6 
M-8-11-11 32.90 687 11.85 386 i.te"* 14.95 
NGC2273 7.22 324 6.81 251 2.67 243 ... 2.67 
Mkn6 22.76 797 19.53 234 1.51' <4.14 
Mkn376 <0.20 <0.19 1.58« ... ... <2.57 
Mkn79 5.11 565 <0.48 0.61' <3.37 
Mkn704 <0.59 <0.63 1.14' ... <2.10 
NGC2992 18.15 412 4.11 327 4.1^ ... ... 51.6 
NGC3227 13.00 529 29.00 331 20.6 793 20.6 
NGC3516 <0.18 <0.07 0.03S 228 ... 0.03 
NGC4051 8.69 268 8.7 253 3.19 546 12.5 1010 15.7 
NGC4151 209 567 2.00 232 23.0 1011 198 
Mkn766 5.32 335 2.45 214 3.22 226 1.49 424 4.71 
IC4329A 9.65 147 11.89 3329 19.5 552 19.5 
CIRCINUS^ 70.00 79.00 ... 38.00 ... 38.00 
NGC5506 110 547 10.60 315 26.00 480 40.3 2161 66.3 
Mkn817 <0.60 <0.21 ... ... ... ... <0.18 
Mkn509 3.29 265 1.54' ... 

NGC7469 22.63 529 8.60 309 20.5 581 ... 20.5 
Mkn533 17.05 897 4.83 268 10.21 605 10.21 

"derived from FWHM[o///]i Dahari & de Robertis, 1988 

''derived from Pa^„ flux, Ruiz, Rieke & Schmidt, 1994 

•^from Kawara & Taniguchi, 1993 

''derived from H/?„ flux, Rudy et ai, 1989 

^derived from H/?„ flux, Dahari & de Robertis, 1988 

•^derived from Pa/?„ flux, Rix et ai, 1990 

®from Giannuzzo et al., 1995 

^ [Fell] 1.644, 1-0 S(1)H2 and Br7 data from Oliva & Moorwood. 1990 

" [FeII]1.644, 1-0 S(1)H2 and Br7 data from Oliva et al., 1994 
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Figure 6.1 Representative spectra of Seyfert galaxies at 1.6 and 2//m. Wavelength is in A 

and intensity in units of 10"^^ W cm~^ 

shortcomings that are the subject of recent improvements in these models (Binette et al., 1996). 

Another promising and simple way to model the gas in the NLR is based on shocks, that 

is, the input of mechanical energy from the central source through cloud motions, superwinds 

or jet-like nuclear outflows. These models have the advantage over the photoionization models 

of naturally predicting the right Tg and line ratios (Dopita k Sutherland, 1995). In the case of 

Seyfert galaxies this model suggests a jet-driven (or wind-driven) flow in which a low density, hot 

(relativistic) plasma interacts with a surrounding denser and cool galactic medium, often observed 

as ionization cones. In addition, the radio emission is considered a measure of the gas pressure 

in the flow and therefore a correlation of forbidden lines and radio luminosity is predicted, in 

agreement with observations (Forbes & Ward, 1993; Baum & Heckman, 1989; iVIorganti et al., 

1994). 
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6.4 [Fell] emission 

The ionization potential of Fe"*" is 16.16 eV: thus, Fe"^ will only survive in partially ionized zones 

(PIZs) of hydrogen. Physical conditions in FIZs vary from object to object. However, in the 

portion of the Orion nebula dominated by PIZs, Te and Tie are typically 10'' K and 10'' cm~^ 

respectively (Baldwin et al., 1996), roughly similar to those in the Seyfert NLRs. The cooling 

tails of supernova remnants as well as photodissociation regions (FDFls), both of which have large 

PIZs, are favourable places to detect strong emission of [Fell], while HII regions are very faint in 

[Fell] due to their sharp transition between fully ionized and neutral gas. 

The electron density in the [Fell] emitting region can be estimated from the near infrared 

line ratios (Pradhan & Bautista, 1995, private communication). We present values of the 

[Fell] 1.534/[FeII] 1.644 ratio in Table 6.3. For those objects with detections of the 1.534/im line 

(NGC1275, NGC4151, NGC4388, and NGC5506) and for the upper limit for NGC3227, we apply 

models of line emissivity ratios as a fuction of rig and Te (Pradhan & Zhang, 1993) to find typical 

densities rie ~ IQ- ®-3.5 It has been enphasized that the electron densities derived in this 

manner are uncertain both because of remaining errors in the collision strengths and because 

accurate estimates nned to include detailed nebular models (Baldwin et al., 1996). However, the 

observed ratios clearly demonstrate that ne is well bellow the critical density of [Fell], and is 

unlikely to exceed 10'* cm~^. 

Table 6.3 [Fell] 1.534/1.644 Ratios for Selected Seyfert Gala.xies 

Name 1.534/1.644 

NGC1275 0l06 

NGC3227 <0.01 

NGC4051 <0.02 

NGC4151 0.05 

NGC4388'' 0.06 

NGC5506 0.10 

"this galaxy is not included in our sample because it was not 

observed in either Br7 or 1-0 S(1)H2 

It is noteworthy that these densities represent lower limits to the neutral particle densities in 

these regions, since in a PDR the electron density can be several orders of magnitude less than 
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the total particle density (e.g., Burton, Hollenbach & Tielens, 1990). However it is still e.xpected 

that the free electrons dominate the collisional rates, so the limits on n^ should be correct. 

The observed ratios, Robs =[FeII]1.644^m/Br7„, are given in Table 6.3. Assuming that the 

H recombination line and [Fell] radiation come from the same region, the theoretical value of the 

ratio, Rtheo, is given by (Blietz et al., 1994): 

(1 + 4.2X iCTj-^Vne) 

where ^ =ne/{nf{ +"7/+) is the average ionized fraction in the Fe"^ zone, which the model 

assumes to be ~ 0.5, and S is the gas phase iron abundance. As discussed by Blietz et al., in HII 

regions ////^ < 2.0. The observed values of R for nearly all the gala.xies in our sample require 

unreasonably high values of 5 for the [Fell] to be generated in HII regions, emphasizing the point 

made qualitatively in the first paragraph of this section. Similarly, given typical temperatures 

for "standard FDRs", T < 2xI0^K (Blietz et al., 1994), unrealistically high values of 6 and 

[riH + nf{+) would be required if the [Fell] originated in such regions. For the most plausible 

excitation conditions, gas photoionized by an x-ray power law spectrum or by J-shocks (see 

discussion below) fn< 2.0 (Blietz et al., 1994). Assuming this relation we calculate Jfor our 

sample of Seyfert galaxies and compare it with the galactic value of 2emitting gas. Table 6.5 

shows the results. In most cases the required iron gas phase abundance is enhanced by factors of 

1-30 over the Galactic value. A few extreme cases require larger iron gas phase abundances of 

80-90%. Even these values are reasonable if. as expected, the metallicities in the nuclear regions 

of these galaxies are higher than solar. The large enhancements of the iron gas phase can be easily 

e.xplained through grain destruction by the hard nuclear radiation or in shocks. This finding 

supports the suggestion by Greenhouse (1991) that not only the ionization conditions need to be 

favourable for [Fell] emission to be significant but the gas phase abundance of iron has also to be 

large. 

In starburst gala.xies, it is believed that the [Fell] emission is predominantly shock excited by 

supernova remnants where the gas Fe abundance is enhanced via grain destruction by fast shocks 

with V, > 40 km s~' (Greenhouse, et al., 1991; Mouri, Kawara & Taniguchi, 1993; Forbes et al., 

1993; Vanzi & Rieke, 1997; Engelbracht et al., 1997). However, in AGNs the combined effects of 

a compact source and stellar processes make the determination of the excitation mechanism of 

[Fell] more complicated and controversial. I will consider several proposed mechanisms in turn: 



Table 6.4 Line Flux Ratios for Seyfert Galaxies 

Name [OI]6300A/Ha [Felll/Br-ra l.0S(I)H3/Br-rn Fgt.v/Hj (xlO-") 

Mkn334 0.052** 1.52 1.04 8.8 
Mkn335 4.96 0.57 65.4 
Mkn938 O-ll^ Q.97 1.15 
Mkn348 0.46*^ 9.27 <0.36 

Mknl040 84.2 
NGC1068 O.l*' 2.31 1.15 0.3 
NGC1275 0.23® 27.8 
Mknl095 1.45 1.78 

KGC2110 0.41^ 11.84 2.57 42.2 
M-a-ii-u 28.36 10.22 43.9 
MGC2273 2.70 2.55 
Mkn6 0.26*= 15.07 12.93 6.1 
Mkn376 <0.13 <0.12 
Mkn79 8.38 <0.79 
Mkn704 <0.52 <0.55 

NGC2992 0-09" 4.43 1.00 158.2 

NGC3227 0.13'' 0.63 1.41 16.9 
NGC3516 0.64' <6.00 <2.33 
NGC4051 2.72 2.23 3.8 

KGC4151 0.21*' 9.09 0.09 445 
MkR766 1.65 0.76 106.1 
IC4329A 0.13-* 0.49 0.61 100 

CIRCINU3 0.13* 1 84 2.08 
NGC5506 0.15» 4.23 0.41 31.1 
Mkii8l7 
Mkn509 0.015^ 2.14 

NGC7469 0.04*' 1.10 0.42 47.7 

Mkn533 0.09^ 1.67 0.47 17.2 

"Osterbrock & Martel, 1993 

''Veilleux k. Osterbrock, 1987 

"^Koskl, 1978 

''Mouri et al., 1990 

®Rudy et a/., 1993 

•^Shuder, 1980 

^Goodrich, Veilleux & Hill, 1994 

''Veilleux, 1991 

'Boksenberg & Netzer, 1977 

•'Pastoriza, 1979 

'•"Lehnert & Heckman, 1995 

'Winkler, 1992 
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(1) circumnuclear starburst activity and pure stellar processes; (2) X-ray heating in NLR clouds 

producing extensive PIZs, (3) UV excitation of the NLR clouds; and (4) nuclear winds or shocks 

generated by the interaction of nuclear radio jets with the interstellar medium. It is likely that all 

these mechanisms are taking place at some level in the centres of AGNs; my aim is to determine 

which is dominant. 

6.4.1 Stellar activity 

Perhaps the simplest argument against the SB origin of [Fell] emission comes from comparing 

the FWHM of [FeII]1.644^m in Seyfert galaxies with those of starbust galaxies. In Table 6.2 

I present the measured F\VHM[fe//]i.644^m for our Seyfert sample. I find that the FWHM of 

the [FeII]1.644/im line is significantly broader in Seyferts (~ 500 km s~^) compared to that in 

starbust galaxies (typically ~ 200 km s~^), suggesting that the [Fell] lines have a close connection 

to the AGN activity. 

In the past it had been claimed that [Fell] emission was absent in galactic nuclei with no 

evidence of star formation (Moorwood Sc Oliva, 1988); however, this conclusion was reached with 

poor quality data that pertained to only a few objects. At present, [Fell] emission is observed, 

with different intensity levels, in all types of AGN, with and without indications of star formation. 

With the larger sample of Seyferts and better observations I investigate whether the presence of 

star formation activity in Seyferts is contributing to the enhancement of IR forbidden Fe lines. I 

assume that the hydrogen recombination lines are excited by both the AGN and by recent star 

formation, but the [Fell] is derived only from star formation, I then expect a correlation between 

the level of star formation and the [FeII]/Br7n ratio. I use Aoeo-ioo as an indicator of starburst 

activity in Seyferts as described in Maiolino et al., (1995). Figure 6.2a shows [FeII]1.644/im/Br7„ 

vs. the index Aaec-ioo while Figure 6.2b shows the distribution of the index Aaeo-ioo for our 

Sej^ert sample. As expected from the Maiolino et al. study, Figure 6.2b shows the Sey 2s to be 

displaced compared to Sey Is towards the SB region; however, it is observed that the [FeII]/Br7„ 

ratios are comparable in both types of galaxy. The similar [FeII]/Br7„ ratios among Seyferts with 

different SB activity suggests that the presence of enhanced star formation is not responsible for 

the excitation of the Fe lines. 

Before abandoning stellar activity as a possible source of [Fell] e.xcitation, I investigate one 

more case. The energy output in SB gala.xies is dominated by recently formed OB stars. Their 



Table 6.5 Optical Extinction and Fe Gas Phase Abundance for Seyfert Galaxies 

Name A^" ^ ! ̂galactic' 

Mkn334 0.58 3.0 

Mkn335 0.003 8.7 

Mkn938 2.82 2.0 

Mkn348 0.77 45.2 

Mknl040 0.153 0.4 

NGC1068 0.47 4.1 

NGC1275 0.61 31.6 

Mknl095 0.305 2.6 

NGC2110 1.13 21.6 

M-8-11-11 0.46 49.7 

NGC2273 0.214 4.8 

Mkn6 0.52 26.5 

Mkn376 0.214 0.2 

Mkn79 0.26 14.5 

Mkn704 1.36 1.0 

NGC2992 1.06 36.4 

NGC3227 0.79 1.1 

NGC3516 0.57 10.6 

NGC4051 0.53 4.8 

NGC4151 0.35 0.2 

Mkn766 0.62 2.9 

IC4329A 1.63 1.0 

CIRCINUS ... 

NGC5506 1.06 7.7 

Mkn817 0.19 ... 

Mkn509 0.20 3.7 

NGC7469 1.43 2.1 

Mkn533 0.57 2.9 

"as defined by Dahari & de Robertis, 1988 

''^galactic = 2% 

NOTE.- Parameters used in calculation: Te = lO'^K, Tig = 10® cm~^, f[[/^ = 
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Figure 6.2 (a) The ratio of [Fe//]1.644/Lim to Br7n is compared to the indicator of star 

formation Ao-eo-ioo for Seyfert galaxies in our sample. Empty circles represent Seyfert Is 

and filled circles represent Seyfert 2s. Also included are data points for Seyfert 2s (dark 

triangles) from Goodrich et al., 1994. (b) Distribution of Aaeo-ioo about the value 

expected for a non-star-forming Seyfert. Empty bars are for Seyfert Is and filled bars 

are for Seyfert 2s. The arrow indicates the direction of increasing levels of star formation. 

powerful UV radiation heats the surrounding molecular gas producing extended photodissociation 

regions (PDEls). These PDRs may contain PIZs where [Fell] and other low ionization forbidden 

lines can be excited (Burton, Hoilenbach & Tielens, 1990). I have already discussed evidence that 

the required portion of gas phase iron is unreasonable for this mechanism to produce the [Fell] in 

these galaxies; here I point out another difficulty. There is no doubt that in Seyfert gala.xies there 

is ongoing star formation activity; however this mechanism requires FUV fluxes many orders of 

magnitude stronger than the derived values from observations of Br7 fluxes in Seyferts. Thus, 

the physical conditions are not appropriate to produce significant [Fell] from stellar PDRs in the 

NLR of Seyfert galaxies. 
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6.4.2 X-ray heating 

The nuclei of Seyfert galaxies emit strongly at X-ray wavelengths and these high energy photons 

can penetrate into the NLR to generate extended PIZs. Hot electrons released in these regions 

can collide with iron atoms to produce the observed [Fell] emission. 

Theoretical models indicate that x-ray heating can generate the strong [01] lines in Seyfert 

glaxies (Simpson et al., 1996; Alonso-Herrerei al., 1996; and references therein). A correlation 

between [FeII]1.644/im/Br7 and [OI]6300A/Ha in a small sample of Seyfert galaxies has been used 

to argue that the same mechanism generates the [Fell] emission, since both Fe"*" and 0° are e.xcited 

in the same PIZs (Mouri et al., 1990). However, a comparison between [Fen]„1.2567/im/Pa/?„ 

and [OI]6300A/HQ was carried out for a significantly larger sample of Seyfert 2 gala.xies and 

showed little or no correlation (Goodrich, Veilleux k Hill, 1994). I performed a similar comparison 

between [OI]6300A/Ha and [FeII]1.644/im/Br7„ for those gala.xies in our study with available 

optical data in the literature as shown in Figure 6.3a. Table 6.4 lists these line ratios. I incorporate 

the work of Goodrich et al. by merging their Seyfert 2 data with my data and expanding their 

correlation plot as in Figure 6.3b. Pa/?„ flu.xes were related to Br7„ using the standard case B 

recombination ratio and the [FeII]1.2567/im flux was derived by assigning the theoretical value of 

1.359 to the [Fell] line ratio 1.2567/im/1.644^m. Figure 6.3b shows a correlation coefficient of 

0.46 corresponding to a 99of a real correlation, although with substantial scatter. Even though 

0° and Fe"*" can coexist in the same PIZs, the weakness of the correlation suggests other effects 

also influence teh expected relation between them,as I discuss further in §6.3.1.4 below. 

Large [FeII]1.644/im/Br7 ratios are predicted by theoretical models of gas clouds exposed 

to X-ray radiation (E > IkeV) from a compact source (Halpern & Grindlay, 1980; Simpson et 

al., 1996), since this situation results in large partially ionized gas zones. Therefore this ratio 

can be used to estimate the importance of X-ray excitation in the NLR. The observed ratios, 

ftobs =[FeII]1.644/im/Br7n, are given in Table 6.3. These values can be compared with SB 

galaxies where X-ray radiation from a compact source is absent. For them, the [FeII]1.644/jm/Br7 

ratio is low, between 0.4 and 1.6 (see Table 6.6). Seven of the Seyfert galaxies (Mkn 6, 79. 

348, NGC 1275, 2110 k. 4151, and MCG 8-11-11) have Rgbi of ~ 10 or more, suggesting that 

for them X-ray heating may be operative. For about half of the Seyferts, Robs is in the range of 

starbursts, so this test is inconclusive. One case, Mkn 376, shows very small [FeII]1.644/im/Br7„, 
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Figure 6.3 (a) Comparison between the ratio of [Fe//]1.644/zm to Br7„ and the ratio 

[0/]6300A/ffQ:. Symbols are as in Figure 6.2. No correlation is observed for these 

objects, (b) Adapted from Goodrich et al, 1994. Comparison between the ratio of 

[Fe//]„1.2567/im to Pa/?n with [OI]QZOQk/Ha. Again, no correlation is found for Seyfert 

galaxies. 

not significantly different from that seen in HII regions such as the Orion Nebula where 

[FeII]1.644/im/Br7 ~ 0.06. It is possible that the [Fell] is e.xcited in this gala.xy by giant HII 

regions near its center. 

If the .x-ray heating is important, we might expect a correlation between .x-ray and [Fell] 

strengths. This possibility is examined in Figure 6.4. 

Hard X-rays The seven galaxies mentioned previously with a large [FeII]1.644/xm/Br7 ratio 

possibly show a correlation of hard X-ray fluxes at 6 keV (Rieke, unpublished) with their 

[Fell] 1.644^m emission as shown in Figure 6.4a. For them, I find a correlation coefficient of r = 
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Table 6.6 Line Ratios for SB Galaxies 

Name [FeII]1.644/Br7 1-0S(1)H2/Br7 Reference 

M82 0.77 

1.03 

1.60 

0.39 

1.59 

0.67 

0.65" 

0.64 

1.02 

1.40 

0.80 

0.81 

0.73 

0.31 

0.71 

0.15 

<0.11 

0.30 

0.20 
<0.33 

1 
2 
3 

3 

4 

5 

5 

5 

5 

5 

NGC253 

NGC3256 

NGC4945 

NGC6946 

He2-10 

NGC5253 

II Zw 40 

NGC1614 

NGC7714 

''Fe[II]I.644/Br7 ratio from Kawara, Nishida & Taniguchi, 1988 

REFERENCES." (1) Rieke et al., 1980; (2) Forbes et al.. 1993; (3) Moorwood &: Oliva. 

1994; (4) Engelbracht et al.. 1995; (5) Moorwood &: Oliva, 1988 

0.66 and a probability > 90% that the correlation is significant. The correlation is unaffected or 

even strengthened if corrections are necessary for HX extinction in the type 2 Seyferts in this 

group. The remaining galaxies show no correlation in this comparison. There is no correlation of 

hard X-rays with [FeII]/Br7n; the latter comparison should compensate for differences in extent 

Soft X-rays Similarly, soft X-ray fluxes at 1 keV (Malaguti et al., 1994) do not show any 

correlation with the [FeII]1.644/im/Br7„ ratio for Seyfert Is and Seyfert 2s as it is shown in the 

correlation plot in Figure 6.4b. There is also no correlation of soft X-rays with [FeII]1.644/im/Br7„. 

Summarising, the [Fell] strengths for a number of Seyferts appear to be in agreement 

with the predictions of X-ray excitation models. For the subset of galaxies where these models 

seem to be succesfully applicable, I also find a possible correlation of [Fell] strength with 

the strength of the hard X-ray emission. However, the majority of galaxies in our sample do 

not have [Fell] at a strength that suggests this mechanism, nor do they show the expected 

correlations of [Fell] strength with [01] or X-ray emission. Hence, although some Seyferts may 

have X-ray-heating-excited [Fell], in most cases this mechanism is unlikely to dominate. 

of the NLR. 
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Figure 6.4 (a) Plot showing the lack of correlation between hard X-rays (6 keV) fluxes and 

[FeII]1.644 fluxes for Seyfert galaxies. Square points represent data sources with biconical 

emission (b) Same as (a) but for soft X-rays (0.2-4 keV). 

6.4.3 UV Excitation 

Can UV photons from the active nucleus be the ultimate source of the [Fell] emission in Seyfert 

galaxies? Photoexcitation (fluorescence) is not favored because optical and NIR [Fell] lines 

correspond to transitions between quartet and doublet levels which are not pumpable by dipole 

transitions from the aDe level (Bautista, Peng & Pradhan, 1996). Thus, production of the [Fell] 

e.Kcited states from the aZ?6 level collisionally by electrons is favored. 

However, in some Seyfert galaxies, (Wilson & Tsvetanov, 1994; Simpson et al., 1996b; 

Marconi et al., 1994) the influence of UV photons from the active nucleus over pc-kpc scales is 
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clearly demonstrated by the detection of [OIII]5007A radiation in bi-conical morphology, as a 

result of beamed UV radiation illuminating and ionizing the NLR gas. If this interpretation is 

correct we should expect a good correlation between the UV radiation and [OIII]5007A fluxes in 

those objects with bi-conical emission. As a test, UV and [OIII] data were taken from literature 

and are presented in Table 6.7. Mulchaey et al., (1994) tabulate UV fluxes derived from lUE 

measurements, and at a rest wavelength of 1450A with a bandwidth of lOOA. Although it is 

possible that the UV measurements are subject to extinction in the source, Mulchaey et al., 

argue that the extinction is probably not strong. Fortunately, for the use of these data, this 

question is of secondary importance. As shown in Figure 6.5a shows those objects with evidence 

for bi-conical [OIII]5007A emission present a good correlation (r=0.97) between their UV and 

[OIII]5007A fluxes. This indicates that UV radiation, when beamed, is in fact ionizing part of the 

NLR as predicted by photoionization models. 

In Figure 6.5b I compare [Fell] and UV for only those galaxies with beamed UV radiation. 

Again, these line strengths appear to be correlated, with r = 0.97 corresponding to a probability > 

99.9% of a real correlation. In addition, the [OIII] and [Fell] fluxes are correlated directly, so even 

if the UV is obscured, the flux seen by the emission line gas produces a similar effect on the two 

lines. Note that Mkn 6, one of the galaxies with beamed UV, is also a possibility for excitation by 

X-ray heating (see preceding section). In fact, the ionization cone should also identify a gala.xy 

where a substantial portion of the ISM is exposed to strong x-ray emission from the nucleus. In 

addition, the soft X-Ray flux should be correlated in strength with the UV one, so it is likely 

that both mechanisms are active in these galaxies. Thus, where UV beaming is present, [Fell] is 

probably excited in large part by the ionizing UV/X-Ray radiation from the nucleus. Whether 

X-Ray heating or photoionization dominates is difficult to determine, since in high density regions 

the emission line strengths from collisional excitation and photoionization can be similar (Burton, 

et al., 1990; Simpson et al., 1996; Alonso-Herrero et al., 1996; Morse, Raymond & Raymond, 

1996). Moreover, direct excitation by the nuclear continuum is not necessarily the general case: 

only a modest portion of Seyfert galaxies show bi-conical radiation and most objects in the sample 

neither show ionization cones nor obey the correlations between [OIII] or [Fell] and UV. 

6.4.4 Nuclejir radio jets 



135 

Table 6.7 X-rays, UV, Optical and Radio data 

Name X ray4 log(UV) [OIIIISOOTA 6 cm 
6 keV 0.2-4 keV flux flux W flux ref 

(I) (2) (3) (4) (5) (6) (7) 

Mkn33l 8.0 0.28® 4.9" 250 11.30 1 
Mkn335 8.5 -13.13 23 280 3.3 1 

Mkn938 l.l** 330 
Micn348* 17.0 0.36 -14.77 42 365 

Mknl040 20.0 10.47 13 305 2.0 2 
NGC1068* 4.9 14.79 -13.22 1995 1060 1090 3 
NGC1275 103.0 43.3 

Mknl095 44.0*' 8.1" 598 
NGC2110 39.0 3.3 -14.66 17 420 96 4 
M-8-II-1I 52.0 -13.38 71 605 71 5 
NGC2273 33 110 8.9 3 
Mkn6' 12.0 •14.29 75 475 100 6 
Mkn376 <10.0 55.0^ 5.3^ 1.8 2 
Mkn79 25.0 19.5 -13.75 37 350 4.2 6 
Mkn704 ll.O 9.77 • 14.04 13 330 
NGC2992 65.0 27.54 -14.85 91 245 77.0 3 
NGC3227 49.0 13.49 • 13.72 64 485 27 1 
NGC3516 25.0 3.98 -13.98 48 250 4.3 3 
NGC40SI 3.3 21.88 -13.93 39 190 8.0 1 
NGC4151* 89.0 9.77 -13.14 1160 425 34 7 
Mkn766 26.0 16.22 -14.20 67 180 10.4 6 
IC4329A 118.0 49.98 <-14.41 34 550 
CIRCINUS* 12.9^" 8.3 
NGC5506 33.0 19.05 -15.00 45 250 160 3 
Mkn8l7 8.0 -13.46 13 330 5.3 6 
Mkn509 45.0 • 13.00 81 520 4.5 6 
NGC7469 41.0 29.51 -13.24 58 360 69 
Mkn533 8.3 -14.32 49 350 66.5 1 

"Green, Anderson & Ward. 1992 

''Dahari &; de Robertis, 1988 

•^from NED (Nasa Extragalactic Database) 

Notes.- Cols. (1)-(2):10~^^ ergs s~^ cm~^; hard X-rays data are from Rieke 

(unpublished) and soft X-rays data are from Mulchaey et al., 1994 or as otherwise noted; 

Col. (3): Logarithm of UV flux in ergs s~^ cm~^ A~^ from Mulchaey et al., 1994; 

Col. (4): Flux in 10"''' ergs s~' cm~^; no reddening correction applied; Col. (5): FWHM 

of [OIII]5007A in km s"'; [OIII] data are from Whittle (1992), or as otherwise noted; 

Col. (6): 6cm radio flux in mJy; Col. (7): references for radio data 

' Galaxies with [OIII]5007A conical radiation 

REFERENCES.- (1) Edelson, 1987; (2) Antonucci & Barvainis, 1988; (3) Ulvestad & 

Wilson, 1984b; (4) Ulvestad h Wilson, 1983; (5) Ulvestad, Wilson & Sramek, 1981; 

(6) Ulvestad & Wilson 1984a; (7) Pedlar et ai, 1993 
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The interaction of nuclear radio jets with the ISM is another possible mechanism for the excitation 

of emission lines in the NLR of AGNs. Extensive radio mapping of the nuclei of Seyfert galaxies 

has revealed the presence of linear radio structures such as jets or small scale lobes (e.g. Ulvestad 

& Wilson, 1984; Kukula et al., 1995) which are aligned with the NLR or with the ionization 

cone axis wherever they exist (Wilson & Tsvetanov, 1994). It has been proposed that shocks 

produced by a radio jet could e.xplain the excitation of [Fell] lines (Kawara, Nishida & Taniguchi. 

1988; Moorwood & Oliva, 1988). For example, in the well studied prototypical Seyfert 2 galaxy 

NGC1068 it has been claimed that the excitation of [Fell] emission is due to J shocks as a result 

of the interaction of the nuclear radio jet with the circumnuclear medium (Blietz et al.. 1994), 

although gas excited by nuclear X-rays could not be ruled out. 

Simpson et al., (1996) argue that shock models are inadequate to explain the [Fell] emission. 

They point out that [01] A6300 and the near infrared [Fell] lines are produced in PIZs under 

virtually identical conditions. They compare the [Fell] and [01] in starbursts with that in 

Seyferts, finding that the [01] emission is relatively much stronger in the Seyferts. They argue 

that increasing the contribution from the PIZ should increase both lines equally, and hence they 

favor a photoionization model for the [Fell] excitation. However, there are complications with 

these arguments due to a number of effects. For example, scatter in the data points is expected 

due to inhomogeneous observations and de-reddening techniques. The [FeII]/Pa/9 ratio will 

depend on the degree of iron depletion onto grains (Alonso-Herrero et al., 1996), which appears 

to vary from gala.xy to gala.xy as illustrated by the large range in S listed in Table 6.5. The two 

species have different excitation energies. In addition, the critical density of the [FeII]1.644/im 

line is Ticrit = 4.2 x 10''(T/10''K)° ®®cm~^ (Blietz et al., 1994), whereas for the [0l]6300 line 

LENT ~ 2 X 10®cm~^ (Veilleux & Osterbrock, 1987), about 50 times higher. Detailed modeling 

taking careful account of variations in depletion, excitation, and density in the NLR is needed 

before the arguments of Simpson et al., (1996) can be accepted. 

There are two models proposed for the ionization of the NLR based on fast J shocks. 

Us > 40 — 50 km s~^ driven by nuclear radio jets. Both models ass ume the presence of shocks 

created by the radio jet impinging into the circumnuclear medium; however, they differ in the 

source of the ionizing photons. One takes the high energy radiation from the active nucleus as the 

ionizing field (Wilson & Ulvestad, 1987; Taylor et al., 1992) while the other considers the shocks 

themselves as the source of high energy photons that ionize the NLR (Sutherland, Bicknell & 



Dopita, 1993; Dopita & Sutherland, 1996; Morse, Raymond & Wilson, 1996). 

The 6cm radio continuum emission from the nuclei of Seyfert galaxies consists mostly of 

nonthermal emission with, at most, a small contribution of thermal free emission associated with 

star forming regions (Edelson, 1987). Because the radio emission is often associated with jets or 

small scale lobes, we can take it as a measure of jet-induced shocks penetrating into the NLR. 

If these shocks excite [Fell], a correlation with the radio emission is expected such as has been 

found for [Nil] + Ha (Bautn & Heckman, 1989) and [OIII] (Morganti et al., 1994). 

An overall correlation between [FeII]1.644//m flux and 6cm radio flux was found for a sample 

of SB, Composite and Seyfert galaxies (Forbes & Ward, 1993). However, the quality of the 

correlation within the Seyfert type alone was poor and the significance of this result is therefore 

difficult to determine. The correlation is only moderately improved in the work of Simpson et 

al., (1996a). I performed a similar analysis of radio and [Fell] fluxes for our much larger sample 

of gala.xies using an unpublished compilation of 6cm VLA A configuration radio data (Ulvestad. 

1996). The radio data are presented in Table 6.7. Note that I have e.xcluded the two radio loud 

gala.xies, Mkn 348 and NGC 1275. Figure 6.6a shows the relation between [FeII]1.644/im and 

6cm fluxes. The good correlation found between these two fluxes (r=0.83) suggests that shocks 

generated by jets and outflows from the nucleus are the primary excitation mechanism for the 

[Fell]. 

This conclusion can be tested by comparing the [Fell] correlation with radio flux with the 

correlation for Br7, as suggested by Simpson et al., (1996). They argue that photoionization of 

[Fell] should lead to equally good correlations of hydrogen recombination lines and of [Fell] lines 

with radio flux. Shock excitation of the [Fell] should produce a better correlation of this emission 

with the radio than would hold for H recombination lines. In Figure 6.6 I show the comparison 

under discussion. In fact, the scatter for Br7 is significantly larger than for [Fell]. Simpson et al., 

(1996) observed a similar effect for Pa/? but could not demonstrate it was intrinsic because many 

of the observations involved had inadequate spectral resolution to isolate the narrow component of 

Pa/?. Our observations have removed this limitation. Simpson et al., (1996) also were concerned 

about extinction increasing the scatter in Pa/3 fluxes. Since most of our gala.xies are measured 

at Br7, e.xtinction of this line for them will contribute less scatter than it will for [Fell]. The 

few cases of type 1 Seyferts where we derived Br7„ from Balmer lines were selected to have low 

expected extinction, and they do not contribute disproportionately to the scatter in Figure 6.6c. 
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Thus, this test supports the conclusion that the [Fell] is largely excited by shocks. Distinguishing 

pure shock excitation and a combination of shock and photoionization as would be e.xpected from 

photoionizing shocks is very difficult, as emphasized by Morse et al., (1996) and Alonso-Herrero 

et ai, (1996). 

-U -13 -12 -11 -10 -9 -15 -lU -U -lli -13 -IZS -12 

lo| [0in]5fl07 (erp s ' cm"') log [Fen|l.6W (ergs s ' cm"*) 

Figure 6.5 (a) Correlation plot (r=97) between UV flu.Kes and [OIIIJSOOTA fluxes for Seyfert 

galaxies with evidence for ionization cones. Symbols as in Figure 6.2. Dashed line 

represents the best linear fit. UV data and [0111]5007.^ data for NGC4388, NGC.5728, 

MKN573, MKN78 and NGC7582 are from Mulchaey et al, 1994 and Whittle. 1992 

respectively, (b) Correlation plot similar to (a) between UV fluxes and [FeII]1.644/im 

fluxes for same galaxies (r=0.97). 
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Figure 6.6 (a) [FeII]l.644;/m fluxes vs 6 cm nuclear emission for Seyfert gala.\ies. 

Correlation index is r=0.83. Symbols as in Figure 6.2. Dashed line is the best linear 

regression fit. (b) H2 fluxes vs 6 cm nuclear radio emission for Seyfert gala.xies. Correlation 

index is r=0.73. Dashed line is the best linear fit.(c) Br7 fluxes vs 6 cm nuclear emission. 

Correlation index is r=0.55. Units of 6cm emission is in mJy 
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6.5 H2 Emission 

In Seyfert galaxies only two mechanisms are thought to be potentially important for excitation of 

H2: I.) UV fluorescence; or 2.) collisions in hot gas heated dynamically by shocks (C or J shocks) 

or by X-Rays. The simultaneous presence of strong UV and X-Ray fields and high velocity gas 

clouds in the nuclei of these galaxies makes unclear which of these mechanisms is dominant. 

Our spectra appear to require that the Ho be de-excited collisionally. Sternberg & Dalgarno 

(1989) have calculated emission spectra for Ho in PDRs illuminated by strong UV radiation. At 

low and moderate densities, the emission is respectively by radiative and collisional fluorescence. 

In both cases, the high level lines should be strong. Specifically, our spectra include the 

wavelengths of the 6-4 Q(3) and 5-3 0(3) lines, respectively at 1.6011 and 1.6131//m, which 

should be 35 to 40% of the strength of the 1- 0 S(l) line for fluorescent de-excitation (Black k. 

van Dishoeck 1987; Sternberg & Dalgarno 1989). We detect neither of these lines in our spectra. 

Cases that appear to contradict the expected fluorescent ratio at a significant level are entered 

in Table 6.8. At least for these galaxies, which all tend to have relatively strong Ho emission, 

fluorescence is unlikely to be the dominant emission mechanism. 

Table 6.8 Upper Limits for 6-4 Q(3) and 5-3 0(3) Ho lines (xlO~--W m~-) 

Name 6-4 Q(3) 5-3 0(3) 

NGC1275 2.57 3.72 

NGC3227 1.53 1.91 

M-8-11-11 1.74 1.48 

Mkn766 0.21 1.92 

Mkn938 5.28 4.89 

NGC5506 9.1 4.6 

NGC2110 2.76 2.49 

NGC4051 5.24 5.40 

NGC7469 8.18 8.12 

Mkn533 1.48 1.52 

Equation A7 of Sternberg & Dalgarno (1989) demonstrates that the scaling factor for the 

UV field, should be large for the conditions in Seyfert galaxy NLRs. Their models then place 

a lower limit on the total density in the Ho - emitting region, nr > 10'' cm~^. This limit does 

not contradict the upper limit we derived for the electron density in the PIZ from the [Fell] line 

strengths (Section 3.1) for two reasons. First, as noted there, the the electron density can be 
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several orders of magnitude less than the total particle density (Burton et al. 1990). Second, the 

ffo line widths in these galcixies are systematically less than those for [Fell] or for other lines from 

the NLR. This result suggests that the Hn is excited in a distinct region. 

6.5.1 Non-thermal case: UV Fluorescence 

Far-UV photons (11< hu <13.6 eV) can directly excite H2 electronically, with decay to an e.xcited 

vibrational level of the ground electronic state followed by fluorescent emission from the cascade 

back to the ground vibrational state. In the past, the UV excitation of molecular hydrogen was 

found to be insignificant when comparing the H2 flux with the Br7 flux in a sample of Seyfert 

1 galaxies and quasars (Kawara, Nishida &: Gregory, 1990). Determination of the e.xcitation 

temperature of Ho lines in a few Seyfert 2 galaxies (NGC 1068, NGC 5128, NGC 1275, and 

NGC 4945) and starbursts gave mixed results regarding the excitation mechanism of molecular 

hydrogen. It was concluded that, depending on the source, the excitation mechanism could be 

either UV photons from the AGN or shocks (Mouri, 1994). 

One case involving fluorescence is that of UV radiation from PDRs around massive stars. 

Some Seyfert galaxies have circumnuclear starforming regions (NGC 1068, NGC 7469) which 

harbor massive OB complexes which can form numerous PDRs and from which HT emission 

is expected. Theoretical models for fluorescent Ho emission (Black k van Dishoeck, 1987) 

demonstrate that the Ho IR emission depends primarily on the incident UV radiation but also 

on the gas density n = + n[{ (e.g.. Black & van Dishoeck, 1987). Detailed predictions are 

available for interstellar UV radiation (Draine, 1978). To apply these models, we derive an upper 

limit to the number of UV photons potentially generated by OB stars in our Seyfert galaxies by 

assuming the entire narrow component of Br7 as a measure of the UV flux generated by stars over 

an area of ~ 1 kpc diameter, thus ignoring any contribution of the AGN to Br7„. We compare 

the number of UV photons emitted by OB stars (Te// =40000 K) with the 1-0 S(I)H2 intensity 

in Figure 6.7. In most cases the large l-O S(I)H2 flux cannot be produced with the available 

number of UV photons from OB stars and only in one object, Mkn 376, is this mechanism clearly 

possible. Recall that this galaxy was also found to have [Fell] at a level that might be e.xcited in 

the same fashion. Therefore we conclude that stellar PDRs contribute minimally in the excitation 

of H2, despite the relatively small line widths. 
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To establish whether UV photons (912A < A < llOOA) from the active nucleus could excite 

the in our sample of Seyfert galaxies, we compare the total number of available UV photons 

generated by the active nucleus to the 1-0 S(1)H2 flux. We use Draine's (1978) models derived 

for the interstellar UV spectrum. The UV intensity generated by a compact source in Seyfert 

galaxies is represented by a power law (Ferland & Osterbrock, 1986) oc t/~®,1.2 < a < 1.6. 

The similar behaviour of these UV fields within the relatively narrow wavelength range of interest 

makes possible the application of the models to the case where the UV field is generated by an 

AGN. The total number of UV photons from the active nucleus is calculated from the measured 

Br7 flux. We use the Br^totai flux which is proportional to the total number of UV photons 

generated by the active nucleus. The number of UV photons between 912-1108A is calculated by 

normalising the integrated AGN ionizing flux between 228-912.4 so that for every 77 Ly continuum 

photons there is 1 Br7 photon generated (Tj, Og dependent). Table 6.9 shows the calculated 

number of UV photons, normalized to the solar neighborhood UV photons (1.6xl0~^ ergs s~' 

cm~- or 2.7 ph s~^ m~-), for Seyfert gala.xies for the two cases a = 1.2 and a = 1.6. Because 

we do not know the proximity of the molecular gas to the nucleus, we assume a nominal spatial 

extent of the emitting region ~ 10 pc. In Figure 6.8 we plot the UV intensity, luv versus the 

1-0 S(1)H2 total intensity when a = 1.2. On this figure we also plot the theoretical predictions of 

the 1-0 S(1)H2 intensity as a function of UV intensity and gas density from Black & van Dishoeck 

(1987). This plot clearly demonstrates the feasibility of UV excitation of molecular hydrogen by 

the active nucleus in Sej^ert gala.xies. In addition, it shows that the required gas densities are 

modest; for all the galaxies in the sample a gas density < 10® cm"^ (< ricrUicai) suffices. 

6.5.2 Thermal case: Collisions 

X-ray Heating X-rays can penetrate into molecular clouds and photoionise the gas, thus 

imparting kinetic energy to the electrons which heat the gas through collisions. This hot gas in 

turn collides with hydrogen molecules which are excited to higher vibrational levels from which 

they cascade down to the ground, emitting IR lines. Theoretical models of X-ray heating for the 

excitation of Ho (Lepp & McCray, 1983; Gredel & Dalgarno 1995) have been applied to e.xplain 

the IR H2 emission lines in Seyfert Is and quasars (Kawara, Nishida & Gregory, 1990). Following 

the models of Lepp & McCray, the condition Fx/l-0(Sl)H2 > 400 must be satisfied for X-rays 
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Figure 6.7 Adapted form Black & van dishoeck, 1987. 1-0 S(1)H2 total intensity vs 

normalized UV intensity for Sej^ert galaxies. Symbols as in Figure 6.2. Dashed lines 

represent theoretical predictions of 1-0 S(1)H2 as a function of UV intensity and gas 

density n which takes the values 100, 1000, 3000, 10000 and 30000 cm~^ from bottom to 

top. The UV field is created by OB stars with a black body temperature Tej/ =40000 K. 



Table 6.9 Numberf of UV Photons 

Name AGN OB stars 
a =1.2 a =1.6 

Mkn334 5.10 5.21 2.02 

Mkn335 5.84 5.95 1.58 

iVIkn938 5.21 5.32 2.13 

Mkn348 <5.11 <5.22 0.77 

Mknl040 5.76 5.86 <1.63 

NGC1068 4.90 5.01 1.67 

NGC1275 <4.99 <5.10 <1.06 

Mknl095 5.81 5.92 1.84 

NGC2110 3.72 3.83 0.64 

M-8-I1-11 5.25 5.36 1.06 

NGC2273 3.49 3.59 0.41 

Mkn6 <4.62 <4.73 1.10 

Mkn376 <5.38 <5.49 2.09 

Mkn79 <4.69 <4.80 0.87 

Mkn704 <4.73 <4.84 1.39 

NGC2992 4.96 5.07 0.78 

NGC3227 3.97 4.08 0.89 

NGC3516 1.83 1.94 -1.25 

NGC4051 3.43 3.54 -0.34 

NGC4151 5.03 5.14 1.02 

Mkn766 4.36 4.47 1.12 

IC4329A 5.08 5.19 2.00 

CIRCINUS 3.41 3.52 0.33 

NGC5506 4.85 4.96 1.37 

Mkn817 <3.73 <3.83 ... 

Mkn509 1.66 

NGC7469 5.21 5.31 2.13 

Mkn533 5.41 5.52 2.33 

t logarithm of the normalized number of UV photons per second generated by a compact 

source (AGN), f„ ~ W*, and massive stars (OB), blackbody with Te// = 40000 K 
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Figure 6.8 As Figure 6.7 but for the case where the ionizing UV flux is produced by a 

compact source. The UV flux is normalized to the integrated normalized flux ~ 

between 228-912 A. 
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Figure 6.9 Correlation plot of Soft and Hard X-Rays with molecular hydrogen. Data symbols as 

in Figure 6.4. 

in the 1-lOkeV range if X-ray heating is exciting H2 (see Model b of Lepp & McCray). Table 6.4 

shows these ratios. With the exception of NGC 1068, NGC 405 1 and possibly Mkn6, all Seyferts 

easily satisfy this condition. 

As was the case for [Fell], Mouri et al. (1989) claim to find a correlation between 1-0 S(1)H2 

and [OI]6300A for a sample of Seyfert galaxies. If it is assumed that the [01] lines are e.Kcited in 

PIZs created by X-rays, this result would support X-ray heating as a possible mechanism of Ho 

excitation. We have re-examined this result with our improved data set, as shown in Figure 6.3. 

Unlike the situation for [Fell], we find no hint of a correlation. We conclude that the [01] and 

are either excited by different means and/or occupy different regions of space. In Figure 6.9, we 

compare both hard and soft X-Ray fluxes with the 1-0 8(1) line strength. No correlation is 
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evident, even for the galaxies we isolated because X-Ray heating was a plausible source of their 

[Fell] emission. Thus, although X-Ray heating is a possible mechanism for the H2 excitation, the 

expected correlations with other parameters are all absent. We suspect X-Ray heating could only 

be dominant in a small number of galaxies, since then we would not expect to see correlations in 

the overall sample. 

Shocks The other thermal e.xcitation mechanism involves dissociative or J shocks with velocities 

V, > 40-50 km s~^. As already discussed in § 3.1. 3, the active nucleus can generate such 

shocks through the interaction of nuclear radio jets with the circumnuclear gas and molecular 

clouds in the NLR of Seyfert galaxies. Predictions of IR emission lines from dissociative J 

shocks in molecular clouds exist for various shock velocities, u, > 30-150 km s"*^ and densities, 

n = 10^ — 10® cm~^ (Hollenbach k. McKee , 1989) however, these models have not been applied 

to the case of active galaxies. 

The most accurate way of discriminating between thermal and non-thermal excitation of 

molecular hydrogen is through the calculation of the ortho-to-para ratio (o/p) of Ho. H2 possesses 

two identical nuclei and can exist in two different states depending on the relative alignment of 

their nuclear spins. If the spins are parallel, the molecule is in the ortho state (corresponding 

to odd values of the rotational quantum number 7); if they are antiparallel it is in the para 

state (even values of J). Thus there are 2 parallel and 1 antiparallel state, or a total of three 

different spin alignments. In equilibrium therefore a ratio of 3/1 is expected. The ground state 

of Ho corresponds to a para state, so at low temperatures the para states are favoured and the 

o/p ratio decreases. The rotational levels are separated by hundreds of K and therefore at high 

temperatures the rotational levels can be populated to their equilibrium value of 3/1. The o/p 

ratio is set at the formation moment of the Ho molecule that occurs on the surfaces of dust grains 

and reflects the physical conditions under which Ho was formed. Conversion between the states 

is forbidden (o p) but, in the gas phase, spin exchange reactions can occur through collisional 

interaction with H and H"'". For example, if the gas is hot enough (»300 K) the o/p abundance 

saturates at a value of 3 due to the numerous collisions which rapidly bring the states to thermal 

equilibrium as in the case of shocks. Otherwise in cold gas (<50 K) the ratio depends strongly 

on temperature, the destruction of Ho, and spin exchange reactions. Thus, a value of 1.8 for o/p 
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implies a fluorescence gas temperature of ~ 100 K. 

The measurement of the o/p involves accurate flux measurements of at least 3 emission 

lines between 2 vibrational levels and consecutive final rotational levels such as 1-0 S(0), 1-0 S(l) 

and 1-0 S(2) (for a detailed explanation of the o/p method see Fernandes, 1993). In AGNs, most 

Ho lines are either too faint or blended with other species which makes the calculation of the 

o/p ratio quite difficult. At present only one Seyfert galaxy, NGC 1068, has enough detected IR 

Ho lines to calculate its o/p ratio (Hall et ai, 1981; Oliva & Moorwood, 1990). Using the Hall 

et al. data for the 1-0 S(0), 1-0 S(l) and 1-0 S(2) transitions, we calculate an o/p ratio ~ 2.8, 

quite close to the saturation value of 3 for the pure thermal case. The rotational temperature, 

Tp, calculated from the S(0) and S(2) lines is 1310 K. Using data for the 2-1 S(l) line (Oliva k 

Moorwood, 1990) we calculate a vibrational temperature, T^, of 1960 K. The temperatures Tr 

and Tu are quite similar as is expected for a thermal case with o/p ~ 2.8, suggesting that the Ho 

is either shock excited or excited in very dense PDRs (n ~ 10® cm~^). However in §3.2.1 we found 

that molecular hydrogea cannot be excited in stellar PDRs. Even in the case of UV excitation by 

a compact source, the density of the gas, n, is expected to be < 10® cm~^, arguing against dense 

PDRs being responsible for most of the emission. 

Rotaciuc et al., (1991) concluded that the Ho emission in NGC1068 is e.xcited in gas heated 

by UV or X-rays and rule out the case of outflow shocks associated with the nuclear radio jet. 

However they only investigate the case of slow shocks (y, = 30-40 km s~^); as shown by Dopita 

& Sut herland (1995), shock velocities of 300-500 km s~' are required to excite forbidd en lines in 

their NLR. Although their models have not been applied to the case o f molecular gas, previous 

models of J shocks in molecular clouds (Hollenbach & McKee, 1989) showed that high velocity 

shocks can excite Ho emission in molecular clouds. 

To investigate whether the 1-0 S(l)Ho emission in other gala.xies is e.xcited by shocks 

generated by nuclear radio jets/outflows, we compare the 1-0 S(1)H2 flux with the [FeII]1.644/im 

flux in Figure 6.10. 

In §3.1 we found that nuclear shocks are the dominant excitation mechanism for [Fell]. In 

Figure 6.10 we observe that these lines follow a corelation trend and NGC 1068 falls near the 

average trend line. This behavior is an indication that both lines are excited through a similar 

mechanism. If Ho is shock excited, we expect a correlation between the 6 cm radio flux and the 
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1-0S(1)H2 flux. In Figure 6.6b we show this plot. Althou gh the scatter is slightly larger than for 

[Fell], there is a good correlation and NGC 1068 falls near the average trend line. 

Determinations of the o/p ratio in additional Seyfert galaxies should be very useful in further 

tests of the excitation mechanism of HT in AGN's. 
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Figure 6.10 Comparison of [FeII]1.644^m flux with i-0 S(1)H2 flu x for Seyfert galaxies. 

Symbols as in Figure 6.7. 

6.6 Conclusions 

We report new high resolution infrared spectroscopy of 26 Seyfert galaxies and merge these results 

with those from the literature to assemble a large, high quality database on the strengths of the 

[Fell], Hi, and hydrogen recombination emission in these galaxies. The high resolution of our 

data permits accurate separation for the first time of broad and narrow line components in type 

1-1.9 galaxies. With this improved database, various hypotheses for the excitation of [Fell] and 

Ho can be tested: 
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1. In hardly any case can the lines be produced by stellar-driven processes. 

2. Based on correlations with the radio emission, it appears that the primary excitation 

mechanism for both lines is shocks powered by jets and outflows from the AGN. I confirm this 

possibility for NGC 1068 by showing that the o/p ratio for Ho is 2.8, consistent with the value of 

3 expected for shock e.xcitation. 

3. We cannot distinguish pure shock excitation of [Fell] from excitation in photoionizing 

shocks. However, the association of [Fell] and Hj emission with shocks generally supports recent 

suggestions that photoionizing shocks play an important role in e.xciting the NLR. 

4. Contrary to the majority of our sample, galaxies with ionization cones appear to have [Fell] 

excitation through photoionization and/or heating by the hard nuclear UV/X-Ray spectrum 

(MKN348, MKN6, MKN78, NGC5728, NGC4388, NGC1068, NGC4151). Our separation of these 

galaxies from the majority of our sample agrees with similar arguments made from optical studies 

by Morse et al., (1996). 
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CHAPTER 7 

SUMMARY 

The goal of this thesis was to present complementary observations of various types of Seyfert 

galaxies to probe present unification ideas and to get a better understanding of the Seyfert 

phenomenon. In what follows, firstly I will present a concise but comprehensive summary of the 

main results of this work, although complete conclusions can be found at the end of each chapter, 

and secondly, I will review the present state of unification theories including evidence in support 

and against the standard model. 

7.1 Summary of Results 

7.1.1 Hidden Seyfert 1 Nuclei 

Since the discovery of a hidden Sey 1 nucleus by optical spectropolarimetry in the prototypical 

Sey 2 galaxy NGC1068 by Antonucci and Miller (1985), many additional studies have used this 

technique successfully on other Seyfert 2 galaxies. This work left unanswered the question of 

whether hidden nuclei could only be found by spectropolarimetry, and even whether hidden nuclei 

resided only in a subclass of Sejffert galaxies. In Chapter 1 (published in Ruiz, Rieke & Schmidt, 

1994), I showed that infrared photometry could be used to select a sample of Seyfert 2 gala.xies 

where the BLR was behind heavy extinction that could be penetrated by measuring line profiles in 

the near infrared. In addition, I showed that in at least one case there are no significant polarized 
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lines, that is, reflecting screens are absent and the BLR is visible directly through the obscuring 

material. At the same time, Goodrich, Veilleux and Hill (1994) observed Seyfert 2 galaxies that 

had not been preselected by our photometric criterion and detected very few new BLRs. Thus, 

the question remains whether ALL Seyfert 2s contain hidden BLRs. 

7.1.2 10 /jm Mid-Infrared Properties 

Pier and Krolik (1992; 1993) have proposed a model for a pc-sized accretion disk around the 

central black hole of an AGN. They predict that the near and mid-infrared brightness will depend 

strongly on the orientation of the disk toward the observer and that it should be relatively faint 

at 10pm in Seyfert 2 galaxies. I analyzed a large and very sensitive set of small-beam 10//m 

photometry and found that Sejdert 2 nuclei do appear to be systematically fainter than Seyfert I 

ones (Maiolino, Ruiz, Rieke Sc Keller, 1995). However, when I attempted to relate the 10/im 

properties physically to the pc-sized disk, I found contradictions with the relative size scales 

of the BLR and mid-infrared emitters. This analysis suggests that other geometries should be 

considered for the accretion disk, perhaps a warped disk on a larger scale. 

In this same study, we found that type 2 Seyfert host galaxies tend to have a very elevated 

rate of star formation compared with type 1 hosts and field galaxies, a result which contradicts 

unification theories since large scale properties are not influenced by nuclear properties and 

therefore should be homogeneous on such scales. A possible explanation is found in Chapter 3 

when I analysed the morphological properties of a large sample of Seyfert galaxies. 

7.1.3 Molecular Gas Content, Morphology and Seyfert Activity 

To add to our understanding of the differences in star forming rate between the hosts of the two 

types of Seyfert nuclei, Maiolino and I measured many Seyfert galaxies at mm-wavelengths to 

determine their CO content. We found that the amount of molecular gas is independent of the 

Seyfert type (Maiolino, Ruiz, Rieke Si Papadopoulous, 1996). Hence, the elevated star formation 

depends on some mechanism to trigger a higher rate from a similar amount of gas; potentially, this 

same mechanism is important in the mass flow toward the center of the galaxy that is required to 

feed the .AGN. Since CO traces low density gas, it is possible that the amount of denser molecular 
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gas is in fact higher in Sey 2s: therefore, a similar survey of HCN or similar molecules that trace 

much denser gas may be necessary to explore this issue. 

It has been proposed that circumnuclear star forming activity (at a few parsecs) could force 

gas into the inner parts of the galactic nucleus to feed a black hole (Heckman et al., 1989). 

However, the star formation we found is extended on kpc scales. Here, field galaxies show a 

relation between star formation and asymmetric gravitational potentials such as bars or elongated 

bulges. In a large sample of Seyfert galaxies, I used high quality optical images to investigate 

whether the occurrence of bars and other distortions was linked to the elevated star forming 

activity. It was found that the Seyfert 2 galaxies have a higher incidence of such distortions than 

field galaxies at the 99.9% level of significance, and that the galaxies with such distortions tend 

to be the ones with elevated star formation (Maiolino, Ruiz, Rieke, & Papadopoulous 1996). This 

study can be improved by using IR images which can reveal morphologies such as hidden bars 

at small scales; such images are only available for a limited number of Seyfert galaxies. Thus a 

near infrared imaging survey is necessary to understand better the link between Seyfert nuclear 

activity and nuclear morphology. 

7.1.4 Physics of the NLR 

There are many unresolved issues regarding the nature of emission lines in the NLR of Seyfert 

galaxies. In particular the origin of IR [Fell] and Ha emission lines presents a long-standing 

controversy (Kawara et al., 1988; Moorwood & Oliva, 1988; Greenhouse et al., 1991). It is 

not clear whether these lines are excited by the active nucleus itself or whether they are the 

result of stellar activity such as supernova remnants or stellar PDRs. Most of the controversy 

arises because previous studies have been based on poor quality data and small samples. I have 

completed a study of a large sample of Seyferts for which I have obtained high resolution NIR 

spectroscopy of [FeII]1.644/im, 1-0 S(1)H2 and Br7 emission lines. With these data I have been 

largely successful in discriminating among the various mechanisms that may excite the [Fell] and 

Ho emission lines, finding in most cases that they probably originate from shocks associated with 

jets and other large-scale outflows from the AGN. 

Regarding Ho, the determination of the Ho o/p ratio is one of the best discriminators between 

thermal and non-thermal e.xcitation mechanisms. To determine the o/p ratio, high resolution 
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spectroscopy of many IR H2 lines is required and at present such data are available for only 

NGC1068. High quality spectroscopy targeting IR Ho lines would be valuable in the determination 

of the excitation mechanism of molecular hydrogen. 

7.2 Unified Model of Seyferts: Present State 

It has been more than 20 years since the revival of unification ideas by Lawrence k Elvis (1982). 

Since then, observations in all regions of the electromagnetic spectrum have brought a wealth 

of information on various aspects of the Seyfert phenomenon, most of it well explained by the 

standard model; nevertheless, there are a few observational results which at the very least propose 

some challenges to the model. In what follows I will review what has been learnt about Seyfert 

activity and how these observations fit within unification ideas. 

Given that the standard model is based solely on orientation aspects of the nuclear 

environment of Seyfert galaxies, it is natural to e.xpect that the behaviour of the Seyfert hosts is 

independent of the Seyfert type. Parameters which measure such isotropic properties are: galaxy 

morphology, star formation rate, amount of molecular gas, extended radio structures, extended 

X-rays and UV, and in general any parameter that measures large scale phenomena. 

Thus one of the most straightforward questions to answer is whether galaxy morphology 

depends on Seyfert type. The distribution of Seyfert morphology has been studied using the 

Hubble classification of optical images (this work §5; Adams, 1977; Heckman, 1978; Veron-Cetty 

& Veron, 1986; Heckman et al., 1989). It is seen that Sey Is and Sey 2s are equally distributed 

among the spiral classes, SO through Sc. In the past there have been studies to determine whether 

the incidence of nearby companions and/or asymmetrical potentials dependent on Seyfert type. 

Although many morphological studies have been carried out previously (Dahari, 1985; RafanelU. 

Violato & BarufFolo, 1995; Maiolino & Rieke, 1995), in §5 we make use of a large and better 

selected sample. Additionally, the criteria for selecting a galaxy with such morphologies were 

constrained to only visible distortions from an interaction or the presence of bars, elongated 

bulges or boxy-bulges (in edge-on galaxies). These improvements in the sample and analysis 

criteria together with improvements in the statistical analysis, makes our result more reliable 

than those of others. In fact, in this work (§5), we show that there is a significant tendency for 

Seyfert 2 gala,xies to present more asymmetrical potentials than Seyfert Is. There have also been 
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studies to determine whether the incidence of nearby companions is dependant on Seyfert type. 

Earlier studies showed that Seyfert galaxies tend to lie in interacting systems (Dahari. 1984: 

MacKenty, 1989), but these results were subject to errors due to biased samples; more recently 

a number of studies with improved samples have tried to establish whether Seyfert galaxies tend 

to have more nearby companions than normal galaxies (Monaco et al., 1994; Laurikainen k. Salo. 

1995). McLeod k Rieke searched for companions in the spectroscopically selected CfA sample 

and confined their study to nearby massive companions with no requirements for distortions. 

They found only a marginal excess of such cases compared to a field sample. From our e.xpanded 

sample we confirm this result, Seyfert galaxies do not tend to have massive nearby companions. 

Radio images provide further information on morphological issues. VLA images at sub-

arcsecond resolution of a large sample of Seyfert gala.xies have revealed that Sejrfert 2 galaxies 

present radio structures in the 500 pc to Ikpc range more often than Seyfert 1 gala.xies do (Kukula 

et al., 1994). These radio structures are associated with nuclear radio jets and typical scale sizes 

are a few hundred parsecs, although in few objects (e.g. NGC1068) the jets can be as large as a 

kpc. This is consistent with the unified model in which the differences between the types are due 

to orientation effects. The fact that small scale extended radio structures are seen more often in 

Sey 2s, is believed to be the consequence of orientation effects of the circumnuclear regions: Sey 1 

nuclei are seen head on and therefore are blocking the view of the opposite side, whereas Sey 2 

nuclei are observed edge on so that we can detect the emission from the two opposite sides of the 

nculeus. 

Another parameter that is independent of nuclear activity is the amount of molecular gas in 

the galactic disc of Seyfert galaxies. The large coverage of radio observations allows the detection 

of global molecular emission such as CO, which is an indirect measure of the total amount of 

molecular gas in the host galaxy. Recent measurements indicate that there is no significant 

differences on the amount of molecular gas in either Se3^ert type (§5). 

It is known that star formation takes place all over the galactic disk, in places where 

molecular gas and dust are abundant, and the large scales involved ensure that star formation 

is independent of Se3^ert type. Hence, extended mid-infrared emission from the disk of Seyfert 

galaxies is used as an indicator of the amount of ongoing star formation; thus, recent observations 

have revealed that in fact there is a significant difference between Seyfert types, finding that 

enhanced star formation in the host of Seyfert 2 gala.xies is more common than in Seyfert Is. 
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Along with the morphological differences, these results indicate that the simplest form of unified 

model is not correct. 

What about the nuclear environment of Seyferts? The nuclear regions of Seyfert galaxies 

have been observed extensively. Here I will review what has been learnt from continuum emission 

and spectral line observations. The unified model was historically proposed to explain X-ray 

observations from the nuclei of Sejrfert galaxies, but since then it has been supported by many 

confirmed predictions. This model consists of a compact source surrounded by high velocity 

clouds making up the so-called BLR which at the same time is surrounded by a thick dusty torus. 

Depending on our line of sight with respect to the axis of the torus we could see a Sey L (face 

on torus) or a Sey 2 (edge on torus). Therefore the detection of anisotropic radiation is a key 

observation to determine the validity of the model. There is considerable evidence of anisotropy 

from the nucleus of Seyferts giving strong support to the orientation dependant model. The most 

direct argument comes from optical spectropolarimetry of type 2 objects, in particular of the 

prototypical type 2 Seyfert NGC1068. Spectra of the polarized light have broad lines, like type 1 

rather than type 2 objects, probably caused by electron scattering of light from a type 1 nucleus 

hidden from our view by a thick torus of gas and dust. After this discovery, a number of other 

Seyfert 2 galaxies have been observed in polarized light also showing broad lines typical of a 

Seyfert 1 nucleus (Tran, 1995; Tran, Miller &: Kay, 1992). 

The appearance of ionization cones of high-excitation lines such as [0111]5007 in the ENLR 

of many nearby type 2 Seyferts suggests that the extended narrow line region gas is photoionized 

by UV photons from a hidden luminous source whose strength is comparable to type I objects 

(Wilson & Tsvetanov, 1994; Marconi, 1994). These ionization cones are wedge-shaped structures 

with opening angles typically in the range ~ 30° - 100". In the unified picture, the relative 

number of each type of Seyfert galaxy gives an estimate of the solid angle of the sky covered by 

the torus as seen from the central source. The space density of Seyfert 2 galaxies is roughly 3 

times higher than the space density of Seyfert Is, which means that the thick torus must block 

about 3/4 of the sky as seen by the central source. This is consistent with the opening angles of 

the observed ionization cones. The NLR properties (emission line ratios, EWs) of type 1 and type 

2 objects are statistically indistinguishable (Cohen, 1983; Whittle, 1985a), although very high 

ionization lines tend to be detected only in Seyfert Is. Also from narrow band imaging studies 

the extend of the narrow lines is no different between Seyfert types, which in any case is of the 
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order of few 100 pes (Genzel et al., 1995; Blietz et a/., 1994). Infrared broad lines have also been 

discovered in type 2 objects with strong infrared excess indicating that the high velocity clouds 

are obscured by dust at optical wavelengths (Rix et al., 1990; Ruiz, Rieke & Schmidt, 1994). This 

result fits the picture of a subset of Seyfert nuclei with such an inclination that we are able to 

observe through the top of the dusty torus and detect the BLR at IR wavelengths. However most 

Seyfert 2 galaxies do not show broad lines in either polarized light or the infrared as revealed by 

observations of type 2 objects not selected by their IR e.xcess (Goodrich, Veilleux k. Hill, 1994: 

Heisler, Lumsden & Bailey, 1997). 

Mid IR continua from a Ipc size dusty torus have been modelled for various inclination 

angles with respect to the observer's line of sight revealing the anisotropy of this emission, in 

which a face-on torus will be substantially more luminous than a edge-on torus (Pier & Krolik. 

1992; 1993). This prediction is supported by the observation of the nuclear mid IR emission of 

Seyfert I and Seyfert 2 galaxies which reveals that Seyfert 2s are less luminous than Seyfert Is, 

although the geometry of the obscuration is not consistent with a Ipc size torus and the Seyfert 

nucleus type (§4). More support for anisotropic emission comes from the strongly absorbed X 

ray spectra of Seyfert 2s in the 2-20 keV band compared to type Is (Awaki et al., 1990; 1991) . 

The column density of the absorbing material can be as large as 10"'' atoms cm~" (Mushotzky, 

1993b). The high column densities seen in Seyfert 2s result in their fainter soft X ray luminosities 

compared to Seyfert Is (Lawrence, 1991; Awaki et al., 1991). The higher energy spectra however 

is quite similar between Seyfert types. Seyfert spectra also show strong Fe K lines attributed to 

fluorescence of cold material in the vicinity of a thin accretion disk. Depending on the Seyfert 

type their EWs vary from few keV in Sey 2s to few 100s keV in Sey Is (Awaki et al., 1990, 1991: 

Kruper et al., 1990; Nandra, 1991). These observations agree with the unified model, in which the 

strong absorption of soft X rays is due to the presence of a thick absorbing medium, while higher 

energy photons are not absorbed. The broad Fe K lines observed in Sey Is are due to our direct 

view of the nuclear region while in Seyfert 2s the much weaken lines are attributed to scattering 

above the torus by ionized material. 

All of the above evidence is in support of the unified theory, however there exists the 

unresolved problem of the blue featureless continuum emission of Seyfert 2s. In spite of the heavy 

obscuration, this continuum resembles that of a power law, in fact, the UV spectra of Seyfert 2 

galaxies have approximately the same shape as the UV spectra of Seyfert Is (Kinney et al., 1991). 



158 

One possibility is that there exists an intrinsic type of Seyfert 2 galaxy which does not have a 

BLR, incompatible with the above evidence in support of the unified model. In an attempt to 

explain the contradiction, Heckman et al., (1995) proposes that the Seyfert 2 continuum is caused 

by unusually luminous starbursts in the circumnnuclear region of Seyfert 2s. If the unified model 

is correct, this model should also work for the case of Seyfert is, however their UV spectra do not 

show this starburst component. Another possibilities are scattered emission off hot electrons, and 

free-free emission from warm gas above the BLR. At nay rate, this issue if far from resolved. 

The simplest model of Sej^ert galaxies is that type 1 and type 2 classifications result from 

lines of sight that miss or intercept obscuring material, respectively. Some modifications to this 

simple picture are already needed, possibly a change in the geometry of the obscuring material 

as a result of inconsistencies of mid-infrared observations with IR models of nuclear dusty torus. 

Additional problems remain such as the dependance of host gala.xy properties with Seyfert type: 

barred morphologies, mid-IR emission, star-formation. In addition, the nature of the power law 

UV continua of Seyfert 2s remains une.xplained by the unified picture. Some improvement to the 

model can be achieved if the geometry of the obscuring material that blocks the BLR is extended 

to about 10 pc to keep the nuclear mid IR properties in agreement with the strong correlation 

of lO^m luminosity with the observed Seyfert type. Another improvement to the model is 

the addition of a possible evolutionary sequence among the Seyfert types. Here, a significant 

number of type 2 Seyferts would originate in such an environment that they undergo frequent 

interactions resulting in more efficient star formation compared to Seyfert Is. In this way, the 

nuclear phenomenon could be the same among Seyfert types but the differences are caused by 

environment and evolution. 

The notable progress in determining the validity of unification models and establishing 

that some degree of anisotropy is definitely present, indicates that the models for unification of 

Seyfert galaxies are at least partially correct. Even if observations eventually require significant 

modifications, these models have been the focus of AGN research for the last decade and hence 

have led to substantial progress in understanding these sources. 
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Appendix A 

Corrections to the Luminosity 
Function 
Completeness and Errors 
Evaluation 

The importance of the "hybrid" luminosity function described in §4.2 is that, through the 

weighting quantity l/Vmaxi it accounts for the selection criterion adopted in each sample, thus 

eliminating possible residual biases in the sample itself. Anyway we did not go much deep on 

details regarding the calculation of the luminosity function and corrections that are needed; these 

topics are treated in this appendix. 

I discuss in first place the meaning of the Vmax term. Suppose we detect a source at some 

distance r, then the observed flu.x is F = Lf4iir-, with F > S {S is the detection limit). This 

same source could have been detected if it were as far away as r^ax = {L/47rS)^^'. This ma.ximum 

distance rmax encloses a spherical volume around the observer: 

1/ _ 
' m a x  —  2  

within which a source of luminosity L could have been detected. If we now consider many such 

sources, we would expect that half of the sources will be found in the inner half of this volume 

and the rest will be found in the outer half, provided that the density of such sources is uniform. 
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Thus, a useful statistic is one of the form VIVmac where V is the spherical volumen on whose 

surface the object is actually located; the average of V/Vmar is then expected to be 0.5 if the 

objects are distributed uniformly in space. 

The CfA Sy sample is known to be complete ((V/Vmax) ~ 0.5). When dealing with the lO^m 

luminosity we keep the whole CfA sample and thus we get the same completeness level. For the 

extended lO^m luminosity we miss 4 objects, both because of missing IRAS data and because 

we discard Mkn 993 and Mkn 530 (footnote 7 in §4); but these missing objects do not affect the 

completeness level. As shown by HB, clustering corrections are negligible. Since the CfA covers 

sky regions at high galactic latitude, we do not correct the magnitudes for absorption due to our 

own Galaxy. 

As noted by Sandage et al., (1979) the Shapley Ames is incomplete above ~ 12.3 mag. The 

incompleteness level is well described by the equation 

f(m) = [eC^-i^.rsj/o.ig^ Ij-i 

where m is the magnitude in the Bx system and f(m) is the fraction of a complete sample in 

fact contained in the Shapley Ames. By adding gala.xies drawn from the Zwicky catalogue (after 

correcting the magnitudes for systematic deviations between the two photometric systems), the 

incompleteness is much reduced for sources with S > —3®. Maiolino and Rieke (1994) present an 

e.xtension of the sample that reduces the incompleteness level further; but in this paper we do 

not use objects from such extended sample. We thus only correct the incompleteness in the RSA 

using Eq 4.8 only for objects having 6 < —3". Moreover, due to its lower limiting magnitude with 

respect to the CfA, the RSA samples a more nearby Universe and thus clustering corrections are 

more important. We thus perform a correction to the search volumes for objects belonging to 

the RSA, according to the formulae given in HB. For low galactic latitude objects we correct the 

magnitudes for Galactic absorption. After these corrections the subsample of RSA objects having 

available 10/im photometry is still incomplete: (V/Vmax) = 0.42 ±0.04. This is attributible to the 

incomplete coverage of lO/im data among EISA Sy galaxies, as well as to the Galactic absorption 

that makes the limiting magnitude of the survey lower with respect to its nominal value (13.2) at 

small galactic latitudes. Finally it should be taken into account that spectroscopic studies among 

the RSA Sy are not as homogeneous as for the CfA sample. These problems are treated in details 

by Maiolino and Rieke (1994). 
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As described by RMS, the 12^m sample is incomplete below 300 mJy; we correct the 

luminosity function as specified by them. After this correction the completeness level is consistent 

with the Euclidean value ( (V/Vmax) ~ 0.5). As specified in §4.3, most of the objects in the 

I2/im sample for which 10/im photometry is not available (28% of the sample) are sources at high 

redshift (for which the groundbased beam would include the whole galaxy and thus does not give 

more information with respect to IRAS); this makes the completeness level of the subsample we 

use in §4.4 drop down to (V/V'max) = 0-37 ± 0.03; the level of incompleteness is roughly the same 

for Syl and Sy2. When dealing with the extended luminosity, we can use the I2/im IRAS data as 

upper limits to the extended emission and the completeness is recovered. For the 12^m sample 

Galactic absorption corrections are of course negligible: the selection criterion imposes |b| > 2.5° 

and mid infrared Galactic absorption is negligible at these latitudes. 

The errors on the luminosity function are evaluated assuming a Poisson distribution: the 

error on the space density is thus given by 

To determine the l/V^ax factor we need to know the distance of the objects. We calculate the 

distances using a Hubble constant Hq = 7-5 km s' Mpc~', after having corrected the velocities 

for a virgocentric motion of 300 km s~^ A part treatment was due for objects lacking a reliable 

distance from their redshift: the distance of N303I is taken from Freedman et ai, (1994), 

determined through cepheids; for objects in the N5I28 group, whose members have a velocity 

distribution affected by the local environment, distance is calculated by the average velocity of 

the group members. 

A$(MiO(im) 
max 

(A.2)  
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Appendix B 

1-0 CO Spectra 
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