Chapter 2
AGN: Absorption, Spectral Classification
and the Optical Emission Lines

Scientific theory is a contrived foothold in the chaos of living
phenomena.
Wilhelm Reich (1897-1957)

2.1 Synopsis

In this chapter I examine the properties of a sample of nearby galaxies through the
use of an archival Chandra snapshot survey, with particular emphasis on absorption
and the identification of Compton-thick sources. I also discuss the importance of
the optical emission lines and, in particular, their use in distinguishing direct AGN
emission from starburst emission or reprocessed emission from obscured sources.
Although this chapter arises from a separate body of work from that described in
later chapters, the results are nevertheless relevant to the selection of AGN sources
in Chap.4. In addition, the distribution of I with respect to mg within this sample
(which is discussed at the beginning of Chap.4) leads naturally to my examination
in Chaps. 3 and 4 of how this relationship evolves within individual sources.

2.2 Introduction

Active galactic nuclei (AGN) are widely believed to be powered by accretion onto
supermassive black holes (SMBHs), and it is therefore natural to expect that their
behaviour should, at least to some extent, mirror that of Galactic X-ray binary systems
(XRBs). However, the galactic nuclei in which AGN lie are likely to have very
different properties from the local environments of Galactic XRBs, with a much
greater density of surrounding matter and therefore an increased risk of contamination
from nearby sources.
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Observationally, AGN are divided into several different types depending upon
their properties, and some types are further divided into several sub-types. For exam-
ple, sources from which broad emission lines have been detected are classified as
eithertype 1.0, 1.2, 1.5, 1.8, 1.9 or 2.0 (Osterbrock 1977), depending upon the strength
of the Ho and H B lines. It has been suggested (e.g. Antonucci and Miller 1985) that
these different classes can be unified within a single scenario in which the orientation
of the system with respect to the observer is the main factor in producing the different
observed properties. The original proposal for a unified scheme was based upon the
discovery of polarised broad lines in the optical spectrum of the Seyfert-2 galaxy
NGC 1068 and, since then, polarised broad lines have been discovered in ~50 % of
Seyfert-2 galaxies for which we have suitable spectropolarimetric data (Tran 2001).
However, in recent years a number of sources have been identified that appear to
be inconsistent with the unified model (e.g. Pappa et al. 2001; Panessa and Bassani
2002; Georgantopoulos and Zezas 2003; Bianchi et al. 2008) and, in particular, very
little is known about the degree to which the unified model applies to low luminosity
AGN (LLAGN).

In order to compare the behaviour of AGN to that of XRBs it is therefore crucial
that we understand the nature of the objects that we are studying. For instance, it
has been suggested that low-ionisation nuclear emission line regions (LINERs) are
the AGN equivalent of hard-state Galactic XRBs (e.g. Narayan and McClintock
2008; Constantin et al. 2009; Younes et al. 2011), and should therefore be described
using a radiatively inefficient accretion flow (RIAF) model (Narayan et al. 1998;
Quataert 2001). Another potential source of confusion when studying AGN is the
degree of absorption affecting our view of the source, and recognising the difference
between AGN emission that is unabsorbed and emission that is reprocessed (by
reflection or scattering, for example) has often proved more difficult than one would
imagine.

The majority of nearby galaxies are classified as having H1I region nuclei, and
it is expected that star formation is likely to play a significant role in most (if not
all) of their properties. H1I region galaxies are almost always late-type spirals with
relatively small black hole masses (Mpy < 107 M) and few of these sources
contain unresolved nuclear emission. However, bridging the gap between H 11 region
galaxies and AGN are the transition region galaxies; these sources are much more
likely to have unresolved nuclei, and possibly represent the “switching on” of AGN
in very dense nuclei that are dominated by star formation.

Possibly the greatest question mark surrounding the nature of LLAGN concerns
LINERs. Whereas there is little doubt that LINER nuclei that exhibit broad emis-
sion lines are powered by AGN (Younes et al. 2011), the origin of the emission
in narrow-line LINERs (type 2) is more open to debate. Gonzdlez-Martin et al.
(2009b) found that 80 % of their sample of LINERs were AGN, but many alterna-
tive theories have been proposed to explain the emission from these objects, such
as poststarbursts (Taniguchi et al. 2000) or old stellar populations (Cid Fernandes
et al. 2009). Gonzdlez-Martin et al. (2009a) also noted that LINERs may be more
heavily obscured than Seyferts. The presence of hard X-ray emission in the nucleus
of a LINER is a strong indication of AGN activity, but it does not necessarily follow
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that the AGN emission is responsible for ionising the narrow line region (NLR). In
general, type-2 LINERSs are regarded as something of a “mixed bag” and certainly
cannot be understood without due consideration of the wider nuclear environments
in which they are found.

2.3 The Sample

My sample is based upon the well studied Palomar sample of local galaxies, which
was the subject of an extensive spectroscopic survey by Ho et al. (1997a). This
sample contains 486 northern galaxies (§ > 0°), brighter than Bt = 12.5 mag and
no further in distance than ~100 Mpc, and provides a variety of nuclear spectral
types (H I region nuclei, transition region nuclei, LINERs and Seyfert nuclei).

A nearby galaxy sample such as the one I have chosen to use offers a number of
advantages when studying AGN activity. Firstly, at distances of less than ~100 Mpc
the host galaxies are easily detectable by ground-based surveys such as Palomar or the
Sloan Digital Sky Survey (DSS), and, consequently, the sample is complete and does
not suffer from the selection effects that plague surveys at larger redshifts. Secondly,
nearby galaxies allow us to probe accretion rates that are several orders of magnitude
below the Eddington limit and therefore examine accretion on vastly different scales
within the same survey. In addition, the angular resolution of Chandra allows us
to separate emission associated with the SMBH from the many other sources that
surround it and therefore reduce the contamination from nearby XRBs and ultra-
luminous X-ray sources (ULXs).

In addition to the main sample, I have also included a small number of Palomar
Green (PG) quasars (namely PG 0157+ 001, PG 0844 + 349, PG 1004 + 130, PG
11004772, PG 11154407, PG 1211+ 143, PG 1404+ 226, PG 1512+ 370, PG
1543 4489 and PG 2112+ 059). Although this chapter focuses heavily upon the
Palomar sample, which provides an unbiased view of accretion in the local Universe,
the quasars can help provide the high accretion rate perspective when included on the
same plots. The distances were estimated using redshift data from the NASA/IPAC
Extragalactic Database (NED, with the Hubble constant assumed to be Hy =
73kms™! Mpc_l), and the black hole masses were taken from Inoue et al. (2007).

2.4 The Optical Emission Lines from AGN

The first step towards understanding AGN comes not from X-ray studies but from
an appreciation of their optical spectra. Fortunately, much work has already been
done in analysing the optical spectra of the Palomar galaxies, and this has been
published in a series of papers (Ho et al. 1997a,b,c, 2009). Figure2.1 shows the
optical spectra of a selection of LINER (left) and Seyfert-1 (right) galaxies (with the
stellar contribution subtracted), and highlights some of the emission lines that are
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Fig. 2.1 Optical AGN spectra from Ho et al. (1997a) for a selection of LINERs (/eft) and Seyfert-1s
(right), offset from each other for clarity. The authors have subtracted the stellar contribution from
each source by using various nearby absorption line galaxies as templates. The higher ionisation of
Seyferts compared to LINERs is clear from the relative strengths of the [O111] and [O1] lines. Both
classes can show broad Ho and H 8 lines, but these tend to be stronger in the Seyferts. © AAS.
Reproduced with permission

most relevant to this chapter. It can clearly be seen from the relative strengths of the
[O11] and [O1] lines that LINERs exhibit lower ionisation that Seyferts, but it is also
clear that LINERs can show weak broad H« lines. The presence of broad lines is
probably the most reliable indicator that the emission is from the vicinity of a SMBH,
and in Seyfert galaxies the broadening can be as much as FWHM =~ 7,600 kms~!
(Ho et al. 1997c¢).

2.5 Classifying Low Luminosity AGN

Many galaxies in the nearby Universe show emission lines from their nuclei (Ho et
al. 1997a detected emission lines in 421 of their 486 sample galaxies), and accretion
onto a SMBH is not the only possible explanation for this phenomenon. For instance,
the ionisation could be the result of nuclear starbursts, in which a large number of
stars are born in a compact area in a short period of time, and subsequently ionise
the surrounding gas with powerful winds. Alternatively, it could be the result of a
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Fig. 2.2 The relative strengths of the emissions lines used as a diagnostic between ionisation due to
star formation and accretion (Kewley et al. 2006). Reproduced with permission of Oxford University
Press on behalf of the Royal Astronomical Society

high density of XRBs or supernova remnants in the region surrounding the galactic
nuclei.

To help make sense of the variety of different properties observed amongst
LLAGN, these sources are usually classified using a plot similar to those proposed
by Baldwin et al. (1981). This kind of diagnostic diagram has become known as a
BPT diagram, and these plots utilise various different emission lines in order to dif-
ferentiate between ionisation due to star formation and accretion. Typical diagnostics
include [N1J/He, [ST]/Ha or [O1]/H« versus [O111]/H B, as shown in Fig.2.2
(Kewley et al. 2006).

The Palomar data used within this chapter have already been classified into
their various spectral types, and these are supplied in the same paper as the emis-
sion line strengths (Ho et al. 1997a). However, these classifications are based upon
line strength ratios that have not been corrected for reddening (see Richings et al.
2011) and, therefore, I instead choose to use classifications that are based upon
the extinction-corrected data. These data have been provided by Phil Uttley (private
communication), along with the de-reddened emission line strengths. The latter were
corrected for extinction using the extinction law of Cardelli et al. (1989), and spectral
classifications assigned to each source using the BPT diagnostic diagrams of Kewley
et al. (2006). Figure 2.3 shows the [N11]/H « versus [O11]/H B diagnostic for the
complete Palomar sample.

Using this new classification scheme based upon extinction-correction line ratios
I find that I have 142 H1I region nuclei, 73 transition region nuclei, 134 LINERs,
56 Seyfert nuclei and 81 unknowns. The ‘unknowns’ include the 79 galaxies from
which Hoetal. (1997a) detected no visible emission lines (or only very weak emission
lines).
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Fig. 2.3 Re-classified, extinction corrected BPT diagram for the complete Palomar sample. Red
squares are H Il regions, orange circles are transition regions, blue diamonds are LINERs (filled are
type 1, unfilled type 2) and green triangles are Seyferts (filled are type 1, unfilled type 2). The HIl
regions sweep from the top left to the bottom of the plot (referred to as the star-forming sequence
by Kewley et al. (2006)) and the Seyferts and LINERs occupy the upper-right region of the plot

2.6 The Optical Lines as Indicators of X-ray Luminosity

The X-ray luminosity from AGN, and especially at energies above 2keV, is often
used as a reliable indicator of accretion rate. The reason that this region of the
electromagnetic spectrum is particularly suitable for this purpose is due to the origin
of the X-ray emission, which is believed to be produced on scales comparable to the
accretion flow through processes such as inverse Compton scattering of lower energy
seed photons in a corona of hot electrons or blackbody emission from the accretion
disc. Furthermore, the energetic nature of X-ray photons enables them to penetrate
the often dense clouds of gas and dust that may surround a SMBH and therefore
provide a direct view of the innermost regions of the system.

In some sources, however, the column density (Ng) is so high (presumably the
result of matter predominantly in the vicinity of the SMBH) that not even X-ray
photons in the typical 0.3—10keV sensitivity range of a modern X-ray telescope
such as Chandra are able to penetrate. In this scenario, which occurs when Ny
exceeds ~1024 cm™2, the source is said to be Compton thick and the intrinsic X-
ray flux below 10keV is completely absorbed, replaced instead by a combination
of scattered and reflected emission which is expected to be a couple of orders of
magnitude weaker than the intrinsic emission. However, under the standard model
of AGN (Antonucci and Miller 1985) the absorbing matter takes the form of a torus,
and therefore a column density >10%* cm™2 in the observer’s line of sight will not
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Fig. 2.4 Plot of Liouy versus Lx for three samples of Seyfert-1 (Georgantopoulos and Akylas
2010). Reproduced with permission © ESO

prevent the ionisation of the NLR which surrounds the whole system to a distance
of up to ~100 pc.

The strengths of various optical emission lines originating in the NLR, in particular
the Balmer lines (H & and H 8) and [O 111], 5007, have often been used as good isotropic
indicators of X-ray luminosity or AGN power (e.g. Panessa et al. 2006; Gonzélez-
Martin et al. 2009b). The strength of the correlation between the 2-10keV X-ray
luminosity and the optical lines is particularly strong amongst sources that also exhibit
broad emission lines in their optical spectra, the presence of which is probably the
clearest indication one can get that an AGN is responsible for the X-ray emission.
Figure 2.4 shows the correlation between L2 _10kev and Lo mix5007 for three samples
of Seyfert-1, demonstrating the tight correlation that is often found between these
properties in unobscured sources. Many authors have also examined the correlation
between X-ray luminosity and H o luminosity (e.g. Hoetal. 2001; Panessa et al. 2006;
Terashima et al. 2000) and found that it persists down to bolometric luminosities as
low as 1037 erg s—1.

A reliable indicator of intrinsic X-ray luminosity is a valuable tool in identifying
Compton-thick AGN. The standard model predicts that the NLRs of sources that
are heavily obscured (Ng > 10%* cm~2) by the torus will still be ionised by the
X-ray emission from the central engine along the less obscured axis perpendicular to
the observer’s line of sight. These Compton-thick sources will be expected to show
Lo/ Lx ratios that are significantly greater than for those where lower obscuration
allows the intrinsic X-ray emission to be viewed directly.
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2.7 Data Reduction

2.7.1 Observation Selection

In order to ensure a consistent approach throughout it was decided to use only obser-
vations made with the Advanced CCD Imaging Spectrometer (ACIS) instrument and
neglect those that used the High Resolution Camera (HRC), which, in any case, has
rarely been used to observe any of the sources in my sample. The Chandra archive
was searched for each of the sources and suitable observations were identified and
retrieved. In general, observations with particularly short exposure times (<~2ks)
were ignored, but, in anticipation of the effect of pileup on the brighter sources, obser-
vations with short frame times or those which utilised the High Energy Transmission
Grating (HETG) were also desirable.

2.7.2 Image Analysis

For each observation the level 2 event data were examined in DS9 and source and
background regions were placed around the X-ray point source that was thought
to represent emission from the central engine. In all cases I took the presence of
an unresolved nuclear source in the 2-10keV band as evidence of AGN activity,
and, although identification of the nucleus was generally straightforward, for some
sources it was necessary to reference the literature for a more precise location. In
most cases a circle of radius 1.5” was used to describe the source region and an
annulus of between 8 and 12" was used for the background region, but this varied
slightly depending upon the proximity of nearby sources. Observations in which no
unresolved emission was detected were ignored, as were those of NGC 4151 and
NGC 4486 due to the severe effects of pileup. An unresolved X-ray nucleus could
be identified with confidence in 89 sources.

Data reduction was performed using CXC Chandra Interactive Analysis of Obser-
vations (CIAO) software version 4.2. Afterrestricting the event files to the energy range
0.3-10keV the script PSEXTRACT was then used to automatically generate grouped
spectra with 15 counts per channel. In most cases it was necessary to recreate the
response matrix file (RMF) and ancillary response function (ARF) files manually
using the CIAO tools MKACISRMF and MKARF respectively.

2.7.3 Spectral Fitting

Once spectra had been extracted the fitting was performed using XSPEC version 12.6.0
over the energy range 0.3—-10keV. Each source was initially fitted with a model
comprising Galactic absorption (PHABS) fixed to column densities obtained using
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the NH program from the NASA HEASARC FTOOLS software! (Blackburn 1995), a
power law component (ZPOWERLW) and a second absorption component (ZPHABS)
representing absorption in the host galaxy. In some cases additional components were
included such as an iron K « line at 6.4keV (modelled with ZGAUSS) or a thermal
component (MEKAL) but these were only used if the spectrum had sufficient counts
to justify the extra parameters and the quality of the fit was significantly improved.

For each observation the ratio of the bolometric luminosity to the Eddington
luminosity serves as a proxy for accretion rate (see Chap. 1 for a discussion of how
luminosity relates to mig), and is estimated using

Loot  Fa_10kev X 4md?

= x C2-10 kev 2.1)
Lgdd Lgdd ¢

where F>_jgkev is the 2—-10keV flux from the Chandra fit, d is the distance to the
galaxy (from Ho et al. 1997a), C2_1pkev is the bolometric correction (see below)
and Lgqq is the Eddington limit for the source given by

4w GMgymp ¢

Lpgd = ——— 5077 (2.2)
oT

where G is the gravitational constant, Mgy is the black hole mass, my, is the mass
of a proton and ot is the Thompson scattering cross-section for an electron. For
each source, Mgy was estimated using the relation between black hole mass and
velocity dispersion (o, obtained for the Palomar sample from Ho et al. (2009)) given
by Tremaine et al. (2002), namely

Mpg o
logM— =o + Blog— (2.3)
0] 00

where @ = 8.13 + 0.06, 8 = 4.02 £ 0.32 and o9 = 200km s~!. The bolometric
correction, Cr_10kev, 1S estimated using the relation from Marconi et al. (2004),
rearranged to

Lol
logCa—1okev = log——"—
Ly 10kev

10gCs_10kev = 2.98 — 0.26410gLpot + 0.0310g> Loy — 0.001510g> Loy (2.4)

where Ly, is the bolometric luminosity in units of L. Equation 2.4 must be solved
iteratively in order to find Ly, from the known Ly_jgkey.

! http://heasarc.gsfc.nasa.gov/ftools/.
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2.8 Distribution of Mgy, Eddington Ratio and Ng
for the Palomar Sample

Amongst the properties derived directly from the spectral fits to the Chandra data
are the source flux (F2—10kev), the photon index (I"), the iron K « line width and the
absorbing column density (Ny). To these results I add data from the literature, such
as the colour excess (E (B — V)), host galaxy morphology, emission line luminosity
Ho, H ,3, [O 11,5007, [N 1156583 and the sum of [S1];,6716 and [S I]56731), source
distance (all Ho et al. 1997a), velocity dispersion (o) (Ho et al. 2009) and 15 GHz
radio luminosity (Nagar et al. 2005). From these data I then derive the luminosity
(L2—10%kev), the black hole mass (Mpy) and the Eddington ratio (A = Lyo1/LEdd)-

Figure2.5 (left) shows a histogram of Mgy for the complete Palomar sample,
broken down by spectral classification. The range of masses over which each spectral
type is distributed can be explained by the possible evolutionary sequence from
H1I regions to transition regions, to Seyfert galaxies, and finally to LINERs (e.g.
Constantin et al. 2009). In particular, there is very little overlap in My between the
LINERs and H1I regions, both of which occupy the low accretion rate end of the
scale (A < 1073).
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Fig. 2.5 Left Histogram of black hole mass for the complete sample. LINERs and H1I regions
generally do not overlap much in black hole mass, with the latter occupying the high-mass end
of the scale. Right Histogram of Eddington ratio from the Chandra analysis of the sample. The
Seyferts extend over a much larger range of A than the other spectral types, and appear to show a
slightly bimodal distribution (the distribution can be fitted with two Gaussian components, centred
onlog A = —2.95 and —5.65; I find that an F-test rejects a single-Gaussian fit at the 1-o level); both
of these facts can be attributed to absorption, with the unobscured Seyfert-1s mostly occupying the
A > 10~* end of the scale and the Seyfert-2s the A < 10~* end



2.8 Distribution of Mgy, Eddington Ratio ... 37

Figure 2.5 (right) shows a histogram of Eddington ratio (A = Lyo1/LEdq) from the
Chandra analysis of the sample. Whereas the transition regions, LINERs and H1I
regions are generally low Eddington ratio (A < 1073), the Seyfert galaxies cover a
much wider range spanning several orders of magnitude. The Seyfert galaxies also
show a bi-modal distribution in A, with the type-1 Seyferts found at high Eddington
ratios (A > 107%)and the type-2 Seyferts found at low Eddington ratios (A < 10™%).

The slight differences in My and A between different spectral types are more
clearly seen when the two parameters are plotted against each other (Fig.2.6). In this
plot I have marked regions where the different spectral types are generally found,
and there appears to be a fairly clear distinction between the quasars, type-1 Seyferts,
H1r regions and LINERs, with the transition regions and type-2 Seyferts more
scattered.

The standard model of AGN asserts that many of the differences in fundamental
properties that we observe in these sources can be explained as an effect of incli-
nation, and the lack of broad optical emission lines in type-2 sources is simply a
result of obscuration by the torus. If this is true, it would therefore be reasonable to
expect that type-2 sources should, on average, exhibit greater absorption than type-1
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Fig. 2.6 Plot of black hole mass Mgy versus Eddington ratio A = Lpo/Lgdq (serving as a proxy
for accretion rate) for the Palomar sample galaxies and a small selection of PG quasars. The quasars
(open red circles), Seyfert-1s (filled green triangles), LINERS (filled and open blue circles, repre-
senting type 1 and type 2 respectively) and H1I region nuclei (red squares) are generally found in
different regions of the plot. The remaining symbols represent Seyfert-2s (open green triangles)
and transition region nuclei (orange circles)
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Fig. 2.7 Histogram of X-ray column density (Ny) for the complete sample, and also broken down
by spectral type. Seven sources were excluded because the fits to the soft emission were too uncertain
to obtain a reliable estimate of the absorption, and a further ten sources (7 type-1, 2 type-2 and 1
transition region) appeared to show no absorption

sources. However, there is always a degree of uncertainty over any measurement of
the column density, especially when Ny < ~10%3 cm™2; to fit an absorption model
one must know the exact form of the underlying continuum, a challenge that is made
more difficult by the presence of soft emission of a fairly uncertain nature in many
AGN.

Figure2.7 shows a histogram of the absorbing column density (Ny), measured
directly from the Chandra spectral fits. The type-2 AGN, transition regions and H1I
regions generally show a quite narrow range of absorption, with 30 of the 46 sources
(65 %) from which the absorption could be measured having a column density of
between 102973 and 10217 cm~2. This level of absorption is within an order of
magnitude of Galactic absorption, and is therefore not unexpected in the region of a
galaxy nucleus; a column density of ~10?! cm™2 could easily be produced by dust
lanes, for instance.

In contrast, the type-1 sources exhibit a much greater variety of column den-
sities and show no evidence of being less absorbed than their type-2 counterparts.
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Figure 2.7, however, does not show the intrinsic absorption of sources that are Comp-
ton thick; these sources may instead appear on the plot with much lower column
densities, representing the absorption that affects the reprocessed emission as X-rays
are scattered or reflected into our line of sight. Furthermore, there are ten sources
(7 type-1, 2 type-2 and 1 transition region) where the absorption is too low to be
detectable (usually due to having too few photons to avoid heavy rebinning of the
data), and these have been excluded from the plot.

2.9 Identifying the Compton-Thick AGN in Our Sample

It is unfortunate that, in order to assess the effectiveness of a particular technique
for identifying Compton-thick AGN, one must first apply another—possibly equally
uncertain—technique in order to determine which members of the sample are indeed
Compton thick. A good indicator of heavy absorption is the presence of polarised
broad lines in the optical spectrum (Antonucci and Miller 1985), and when combined
with an X-ray column density that appears very low then Compton thickness is
almost assured. However, the detection of polarised broad lines is only possible in
the brightest sources and there is currently very little spectropolarimetric data in the
literature for sources within my sample.

Another useful indicator of Compton thickness is the presence of hard X-ray
emission (>10keV) from a source which is relatively weak at softer energies; this
hard emission can penetrate an absorbing column that is dense enough to block the
2-10keV emission that is within the peak sensitivity range of observatories such as
Chandra and XMM Newton. Surveys such as the Swift BAT survey (Baumgartner etal.
2012) have produced catalogues of X-ray sources at energies above 14 keV, and 17 of
the 89 sources for which I have obtained Chandra spectra are found amongst the 1,171
sources detected by BAT. Figure 2.8 shows a plot of the 2-10 keV Chandra luminosity
from my survey against the 14—-195keV Swift BAT luminosity (Baumgartner et al.
2012).

Ultimately, AGN are classified as Compton thick or Compton thin depending
upon evidence from multiple indicators and, initially, I choose to select the Compton-
thick sources in my sample using the 0.3—-10 keV spectra. Figure A.1 in Appendix A
shows the Chandra spectra of 11 sources that have at least one of two Compton-thick
indicators, which are a flat spectrum above 2 keV and a large iron K « line equivalent
width. Five of these sources (NGC 1052, NGC 1068, NGC 3079, NGC 4102 and
NGC 7479) were also detected by the BAT survey with larger than average ratios of
L14-195kev/Lo—10kev (Fig.2.8).

After Compton-thick candidates had been identified from their Chandra spectra,
I next performed a literature search in order to verify or reject those sources. Aside
from the archetypal Compton-thick Seyfert-2, NGC 1068 (for which this step wasn’t
considered necessary), this provided support for the inclusion of NGC 2782 (Zhang
et al. 2006), NGC 3079 (Iyomoto et al. 2001), NGC 3690 (Della Ceca et al. 2008),
NGC 4036 (Gonzalez-Martin et al. 2009a), NGC 4102 (Gonzalez-Martin et al. 2011),
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Fig. 2.8 Plot of the 2—-10 keV Chandra luminosities from my survey against the 14—195 keV Swift
BAT luminosities from Baumgartner et al. 2012. Sources with Chandra spectra that show signs of
Compton thickness, such as a flat spectrum above 2keV or a large iron K « line equivalent width,
are plotted with filled red circles and sources that show no such signs are plotted with open blue
triangles. A linear fit to the latter has equation logL14—195kev = 3.54 4+ 0.93logLy_10kev

NGC 4501 (Brightman and Nandra 2008), NGC 5194 (Cappi 2006) and NGC 7479
(Georgantopoulos et al. 2011). However, the classification of two further sources,
NGC 1052 and NGC 4111, is more uncertain. Gonzalez-Martin et al. (2009a) found
that, for both these sources, the only indication of Compton thickness is their unusu-
ally flat spectra, and other common indicators suggest that they are in fact Compton
thin. In this chapter I include both these sources in my list of likely Compton-thick
candidates, but highlight instances where their properties are inconsistent with the
other 9 sources.

2.10 The Relationship between L;_jgkev and Lo
and its use as an Absorption Indicator

The emission line most commonly used as an indicator of intrinsic X-ray luminosity
is the [O 1] forbidden line of doubly ionised oxygen (e.g. see Bassani et al. 1999;
Georgantopoulos and Akylas 2010; Gonzdlez-Martin et al. 2009b; Panessa and Bas-
sani 2002; Panessa et al. 2006), emitted in the green part of the optical spectrum at
500.7 and 495.9 nm. In this thesis I use only the 500.7 nm line intensities, which
were published for the entire Palomar sample by Ho et al. (1997a).



2.10 The Relationship Between Ly_jokev and Lo .. 41

20 T
All sources :
15 | .

10 + i
5 i
20
15 -
10 +

5}
20 =l

T
Sy/LINERs 2.0

T T
Sy/LINERs 1.0-1.9

15
10

5
20
15
10

5

Number of sources

Compton Thick

20
H, /Transition regions
15 - .
10 b .
5L N i
0 1 Ex< E§§ NN 1
-2 -1 0 1 2 3

Log L1 kev/ L[Omh 5007

Fig. 2.9 Histogram showing the ratio of X-ray luminosity to [O I1I],5007 luminosity. Top panel All
sources for which Chandra spectra were extracted. The distribution appears slightly bimodal and
has been fitted with two Gaussians (centred at —0.129 and 1.549), which are shown in each of the
panels (black line). Second panel Sources classified as either Seyfert 1.0-1.9 or LINER 1.0-1.9. I
find a mean log; Lr—10kev/Liom) ratio of 1.23. Third panel Sources classified as either Seyfert-2
or LINER-2. I find a mean logo L2—10 kev/Ljour ratio of 0.344. Fourth panel Sources with X-ray
spectra showing evidence of Compton thickness, such as a flat spectrum above 2keV or a large
iron K « line equivalent width. I find a mean log,q Lo—10kev/L{omy ratio of —0.178. Bottom panel
Sources classified as either H IT region or transition region nuclei, in which emission associated with
stellar processes would be expected to contribute greatly to the optical emission line strength. I find
amean log;y Lo—10kev/L{om ratio of —0.199. Compton-thin sources that are powered by an AGN
tend to have X-ray/[O 1] ratios that are scattered about the second Gaussian peak, whereas sources
that are believed to be Compton thick are more scattered. However, the spectral classifications
most strongly clustered about the first Gaussian peak are the H II/transition region nuclei, raising
the possibility that star formation may be a significant factor in producing the double-Gaussian
distribution of the L>_19kev /Lo histogram in LLAGN

Previous studies of the relationship between Ly_1gkev and Loy have reported
upon a bimodal distribution in the histogram of Rx/jom = L2-10kev/L{om (€.g.
Maiolino et al. 1998; Gonzalez-Martin et al. 2009b), which the authors associate
with the presence of Compton-thick and Compton-thin populations in the sample. In
Fig.2.91find only a slight suggestion of bimodality in my data, and fit the histogram
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of all sources with two Gaussian components (centred at logRx /jom = —0.129 and
1.549). However, an F-test fails to reject a single-Gaussian fit at the 1-o level.

When the data are broken down by spectral classification it can be seen that the
sources for which we can say with greatest certainty that the X-ray emission origi-
nates from an accretion flow (Seyferts and LINERs, types 1.0-1.9) show the high-
est Lo—10kev t0 Liom ratios (logRx joy;; = 1.23), and are clustered around the
second Gaussian peak. The lowest ratios are found in the H1I regions/transition
regions and the Compton-thick sources (logRy Jsjom) = —0.199 and —0.178 respec-
tively) and the former are strongly clustered about the first Gaussian peak (more so
than the Compton-thick sources, which are more spread out). These results suggest
that star formation (which is expected to contribute strongly to the [O 1] emission of
H11 region and transition region nuclei) may be responsible for the double-Gaussian
distribution of the Ly_19kev/L{om] histogram in LLAGN, bringing into question
the validity of using this ratio as a Compton-thick diagnostic.

In Fig.2.10 I plot Lo_jpkev against L{omjx5007, dividing the sources into type-1
and 2 AGN, starburst sources (H1I regions and transition regions) and Compton-
thick AGN. The solid red line corresponds to the local minimum between the two

. . -1
O“”]MOO?Lumlnosny [ergss™]
=

10 10 1 043 44 45

2-10 keV Luminosity [ergs s°]

Fig. 2.10 2-10keV X-ray luminosities from my Chandra survey plotted against the luminosity of
the [O11I]y5007 emission line (from Ho et al. 1997a). The red line (Liou = 0.181 Lo_jokev)
corresponds to the minimum in the double-Gaussian fit to the Ly_jokev/Liom) histogram.
Type-1.0-1.9 LINERs and Seyferts are shown with filled blue triangle, type-2 LINERs and Seyferts
with open blue triangles and H 1l/transition region nuclei with filled green diamonds. The sources
selected as Compton-thick candidates are marked with filled red circles. Any observations with
fewer than 100 counts, in which the spectra were not of sufficient quality to identify Compton-
thick candidates, are marked with grey crosses. Most of the Compton-thick sources are found
in the region Lion) > 0.181 Ly_jokev, but are clearly distinct in their [O 1] luminosity from
Compton-thin sources (shown separated by the dashed grey line), suggesting that the usefulness of
the X-ray/[O 111] ratio as a Compton-thick diagnostic may not extend down to LLAGN
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Gaussian components that were fitted to the Ly_19kev/L{om) histogram (Fig.2.9),
and most of the Compton-thick candidates lie to the left-hand-side of this line.
However, amongst the sources on the left-hand-side of the red line (sources where
Liom; = 0.181 Ly_jgkev), there is a clear distinction in luminosity between
Compton-thick and Compton-thin sources, with the former being found at higher
luminosities. This division in luminosity between Compton-thick and Compton-thin
sources (shown with a dashed grey line) also marks a change in the distribution of
sources for the sample as a whole. At higher luminosities there is a noticeable gap in
the density of points with mostly type-1 AGN to the right-hand-side of the red line and
mostly Compton-thick AGN to the left-hand-side. A histogram of Lx/L[0mx5007
for these data would produce a far clearer bimodal distribution than the one I find
in Fig.2.9. However, at lower luminosities (beneath the dashed grey line) this gap
disappears and the data points become more evenly spread. Here I find an absence
of Compton-thick sources, replaced instead by a population of starburst sources
(H 1/transition region nuclei), all of which are found to the left-hand-side of the red
line. This result is consistent with recent studies (e.g. Hopkins et al. 2009; Panessa
and Bassani 2002) which report that LLAGN that are heavily obscured by the torus
are less common than previously thought.

The picture that emerges from these data is that the Ly_19kev/L[om ratio diag-
nostic of Compton thickness is only valid above Lo ~ 10%° erg s~ At lower
luminosities, starburst contamination creates considerably more scatter in the data
and the likely disappearance of the torus means that we no longer see a separate
population of sources representing the Compton-thick candidates. In this luminosity
regime, the standard model of Antonucci and Miller (1985) no longer applies and
the L2_10kev/L{om ratio may instead be useful in separating starburst nuclei from
AGN.

The similarity of the X-ray to [O I ratios in Compton-thick sources and starburst
sources (H 11 regions/transition regions) may suggest a connection between the two,
further evidence for which is provided by the breakdown of Compton-thick sources
by spectral type, which reveals that 33 % (3 from 9) of transition regions for which
I have spectra available and at least 100 spectral counts are actually Compton thick.
This figure is comparable to that found for Seyferts of type 1.8-2.0, where 23 %
(3 from 13) appear Compton thick, and higher than for the other spectral types, with
0% (0 from 7) of Seyferts of type 1.0-1.5 and 10 % (4 from 41) of LINERSs also
appearing Compton thick. Only three H 11 regions have at least 100 spectral counts,
and none of these appear Compton thick.

2.11 A Comparison of Absorption in the X-ray
and Optical Bands

The X-ray emission from an accreting black hole is believed to arise in the innermost
regions of the accretion flow (<1pc) where the in-falling material is at its hottest.
In contrast, the narrow emission lines (such as Ha, H 8, [O 1], [N 1], [STI], etc.)
observed from AGN are produced in the NLR at distances of up to ~100 pc from the
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black hole. Therefore, it should be expected that, even in sources where the alignment
of the torus is such that it does not obscure the emission from the central engine, the
X-ray emitting region should be more heavily obscured than the NLR.

Absorption in the X-ray band is mostly due to the presence of gas between the
source and the observer, which is quantified in terms of its hydrogen column density
(Ng) in units of atoms per cm?. Extinction in the optical band is mostly due to dust
and is estimated from the colour excess

E(B - V) = (B - V)observed - (B - V)intrinsic (2~5)

where B — V is the difference between the magnitudes in the B and V filters. The gas
and dust that are responsible for X-ray and optical extinction respectively usually exist
together in aratio that is reasonably consistent (at least, the estimates of this ratio from
the literature vary by a factor of less than ~5, which is small when compared to the
scatter found in my data). In this chapter I choose to use the empirical relationship of
Bohlinetal. (1978) (Ny/E(B—V) = 5.8 x 10?! cm~2 mag™"), but I could also have
chosen Predehl and Schmitt (1995) (Ni/E(B — V) = 1.79 x 10?! cm™? mag™").

Figure2.11 shows a histogram of the ratio between Ny and E(B — V), broken
down to separately show Compton-thin sources with low and high X-ray to [O111]
ratios (where Liom; = 0.181 Lo_jpkev is the boundary between the two). Also
shown on the same plot is the Bohlin et al. (1978) relationship between Ny and
E(B — V) (dotted red line). The Seyferts and LINERs with high X-ray to [O11]
ratios (i.e. the sources clustered under the second Gaussian peak of Fig.2.9) have
much higher Ng/E (B — V) ratios than we would expect if the same material were
responsible for both the X-ray and optical extinction. These sources undoubtedly
contain a high proportion of AGN, with broad optical lines detected in 23 of 36
sources (64 %) compared to just 5 of 28 (18 %) in the sources with low X-ray to
[O 1] ratios, and this ‘excess’ of X-ray absorption is due to the origin of the X-
rays being deep within the AGN where the photons are subjected to much greater
obscuration than that which affects the narrow line region further out.

2.12 The Unusual Case of the Seyfert-2 Galaxy NGC 3147

Figure2.11 also reveals that there are four sources (NGC 1068, NGC 2782, NGC
3147 and NGC 3998) which have X-ray column densities that are more than an order
of magnitude less than we would expect from their optical extinction. Although the
spectral fit for NGC 2782 is somewhat uncertain in the soft X-ray band (see Appendix
A), the X-ray absorption affecting the other three sources is very well constrained.
Figure2.12 (left) shows the X-ray spectrum of NGC 3147 with the absorbing
column density of 1.217 x 10?° cm™2 obtained from a free fit. On the right-hand-
side of the same figure Ny has been fixed to 3.074 x 102" cm—2, which is the value
we would expect from applying the relationship of Bohlin et al. (1978) to the colour
excess (E(B — V) = 0.53). The higher value of Ny provides a poor fit to the data
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Fig. 2.11 Histogram showing the ratio of column density (Ng) to colour excess (E(B-V), Ho et al.
1997a). Top panel Sources with X-ray spectra that show evidence of Compton thickness. Second
panel AGN (Seyferts and LINERs) with low X-ray to [O1II] ratios and X-ray spectra that do not show
evidence of Compton thickness. The only type-1 Seyfert in this population is NGC 1275, the central
member of the Perseus cluster. Third panel Starburst sources (H II/transition regions). Bottom panel
AGN with high X-ray to [O111] ratios, most of which are classified as type-1 Seyferts or LINERs.
The vertical red line at 5.8 x 10> cm™2 mag~! shows the known empirical relationship between
column density and colour excess (Bohlin et al. 1978). Seyferts/LINERs with high X-ray to [O111]
ratios generally show much higher absorption in the X-ray band than in the optical, presumably due
to the origin of the X-rays being deep within the AGN where the photons are subjected to much
greater obscuration than that which affects the narrow line region further out. Seyferts/LINERs with
low X-ray to [O111] ratios instead show Ny /E (B — V) ratios that are consistent with absorption by
the same material in both X-ray and optical bands

at low energies and the source therefore exhibits much lower extinction in the X-ray
band than in the optical. Clearly this discrepancy between the X-ray and optical
observations of this source cannot be attributed to uncertainty in fitting the X-ray
absorption component.

The X-ray emission from AGN is generally believed to come from the innermost
regions of the system and, even if the X-ray source in NGC 3147 is unobscured
within the inner few parsecs, we would still expect there to be absorption from the
same material (perhaps the NLR) that is responsible for the reddening of the Balmer
lines. Of course, it is possible that the narrow Balmer lines that are used to estimate
E(B — V) may not originate from the vicinity of the central black hole, but the
Chandra ACIS image shown in Appendix B fails to identify any other strong, compact
X-ray sources within a radius of 30 arcseconds of the central source (about 6 kpc at
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Fig. 2.12 Chandra spectrum of the Seyfert-2 galaxy NGC 3147. Left Column density, Ny, is
allowed to vary during the fit. The best-fit value is Ny = 1.217 x 10?° cm~2, which is more than
an order of magnitude less than the value we would expect from the optical extinction. Right Ny is
fixed to 3.074 x 10?! em~2, which is the value we would expect from applying the relationship of
(Bohlin et al. 1978) to the colour excess (E(B — V) = 0.53). This larger column density provides
a very poor fit to the data at low energies

an estimated distance of 40.9 Mpc) that could be responsible for the ionisation. A
more likely explanation is that the NLR around NGC 3147 is anisotropic, and our
line of sight to the central black hole passes through a region of the NLR that is less
dense.

NGC 3147 is an example of a class of galaxy often referred to as a ‘true’ Seyfert-2
(e.g. Ptak et al. 1996; Panessa and Bassani 2002; Georgantopoulos and Zezas 2003;
Matt et al. 2012; Bianchi et al. 2008, 2012), which is a term used to describe a
Seyfert nucleus that appears unobscured and in which no broad lines are detectable
in the optical spectrum. In such cases, it is expected that the BLR must be missing
as the absorption is insufficient to entirely obscure these lines. Nicastro et al. (2003)
suggested a mechanism whereby the BLR is formed by accretion disc instabilities
and showed how it may therefore disappear at accretion rates lower thanmg < 1073,
a limit which is consistent with the low Eddington ratio of NGC 3147 (A = 2.811 x
10_4). Contrary to this claim, however, I find many of the Palomar sources with
broad emission lines (especially amongst the LINER population) have Eddington
ratios well below the 10~3 limit (see Fig.2.6), although it must be added that the
detection of broad H « and H 8 lines in the spectra of the low accretion rate sources
(Ho et al. 1997c¢) is likely to be subject to some considerable uncertainty.

Various alternative theories have been proposed to explain the lack of broad lines
in NGC 3147. For instance, Matt et al. (2012) argue that the source could actually
be Compton thick (despite the soft, power-law spectrum suggesting otherwise) if
a highly ionised surface were responsible for the reflection. However, the authors’
Suzaku observation of energies above 10keV failed to find any convincing evidence
of an obscured AGN. A more likely explanation for the lack of broad lines is possibly
that NGC 3147 is completely face-on in terms of inclination (as suggested by Shi et
al. (2010)), and the orbital motion which we would normally expect to broaden the
emission lines is therefore perpendicular to our line of sight.



2.13  X-ray Luminosity, Radio Luminosity and the Fundamental Plane 47

2.13 X-ray Luminosity, Radio Luminosity
and the Fundamental Plane

The emission from AGN is distributed throughout the electromagnetic spectrum and,
in order to understand the nature of LLAGN, it will be necessary to consider more than
one waveband. The penetrating nature of radio emission, combined with the very high
angular resolution that can be obtained, makes it particularly suitable for studying
AGN. In XRB systems it is known that radio loudness increases at lower accretion
rates as the source enters the hard state, which is indicative of the presence of jets
launched by a geometrically thick, radiatively inefficient accretion flow (e.g. Meier
2001; Wu and Cao 2008). Merloni et al. (2003) found a relation between the black
hole mass, the radio luminosity and the X-ray luminosity (known as the fundamental
plane) such thatlogLg = (0.607(|}) logLx +(0.780 ) logMpy +7.3375 0. This
relationship applies for both AGN and stellar mass black holes and could provide a
powerful method of confirming the AGN nature of many LLAGN.

Figure2.13 (top left) shows a plot of X-ray luminosity against radio luminosity,
where the X-ray luminosity data are from my Chandra survey and the radio data
are from the literature (the Palomar sources from Nagar et al. (2005) and the PG
quasars from Kellermann et al. (1994)). The plot shows considerable scatter, with
the Seyfert-1s clearly distinct from the LINERs. By fitting a fundamental plane to the
data, and adjusting the x-axis accordingly, the scatter is reduced and the correlation
becomes much tighter (see Fig.2.13, top right). From my fits I find that logLr =
0.681logL>—_10kev + 0.92logMpy + 3.34, which compares favourably to the values
found by Merloni et al. (2003). However, the same cannot be said of the fits to
only the Palomar sources (logLr = 0.37logLlr_19kev + 0.77logMpy + 16.57)
or the LINER sources (logLr = 0.48logLls_19kev + 0.77logMpy + 12.35—
see Fig.2.13, bottom left and right). Unfortunately, very few of the HII regions or
transitions regions have radio luminosities available in the literature (although, in the
case of the former, very few are expected to have compact radio cores). If these data
were available then the fundamental plane could potentially be used to verify whether
or not the emission in these sources is of an AGN origin. For example, if the X-ray and
radio emission were caused by a compact population of 1,000 X-ray binary systems
in the vicinity of a 106 M SMBH then the radio emission would be expected to be
~2.7 orders of magnitude weaker than if the emission was from the SMBH itself.
A source with these properties would be sufficiently offset from the fundamental
plane correlation to be easily identifiable. The forthcoming LeMMINGs e-Merlin
legacy survey will provide detailed radio observations of all Palomar objects above
declination 20° and may help provide some answers concerning the nature of these
sources.
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Fig. 2.13 Top left Plot of X-ray luminosity (L2—1¢ kev) versus radio luminosity (vL,). Top right
As before, except the X-ray luminosity has been corrected by fitting a fundamental plane to the data,
such thatlogLr = 0.681logL2_10 kev +0.92 logMpy + 3.34. Bottom left Best fit to the fundamental
plane from my LINER data. I find that logLr = 0.48logL>_10 kev +0.77 logMpy + 12.35. Bottom
right The fundamental plane fitted to the LINER data is applied to the other sources as well, and
appears to be an unsatisfactory fit to the quasars and the two radio-loud Palomar sources (NGC 315
and NGC 1275). In all plots the filled and open blue diamonds represent type-1.0-1.9 and type-2
LINERSs respectively, filled and open green diamonds represent type-1.0-1.9 and type-2 Seyferts
respectively, red circle represent the PG quasars and the orange circles represent the transition
regions. X-ray data are from my Chandra survey, radio data for the Palomar sources are 15 GHz
VLA observations (Nagar et al. 2005) and radio data for the PG quasars are 5 GHz VLA observations
(Kellermann et al. 1994)

2.14 Summary of the Main Observational Results

e The 2-10keV X-ray spectra of Palomar galaxies show no indication of Compton
thickness amongst sources where the luminosity of the [O1] line satisfies
Liom = 1039 erg s~!. At low luminosities the ionisation of the narrow line
region may be dominated by stellar processes and the ratio of optical line strength
to X-ray luminosity is probably unreliable as a Compton-thick indicator.
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e Seyferts and LINERs with high X-ray to [O 111] ratios show (by their Ny/E(B—V)
ratios) much higher absorption in the X-ray band than in the optical, indicating
that the origin of the X-ray emission is deep within the AGN where the photons
are subjected to much greater obscuration that that which affects the narrow line
region further out. Seyferts/LINERs with low X-ray to [O111] ratios instead show
Nu/E(B — V) ratios which are consistent with absorption by the same material
in both the X-ray and optical bands.

e The majority of type-2 Seyferts and LINERs in the sample have X-ray column den-
sities of ~10%! cm~2, whereas type-1 Seyferts and LINERs have column densities
that are distributed evenly over a large range (< 10> cm~2). The type-2 sources are
therefore consistent with either a non-AGN origin or with scattering of intrinsic
AGN emission from a reprocessor further out from the centre.

e H1I region nuclei and LINERs all have Eddington ratios below ~0.1 % of the
Eddington limit, and show little or no overlap in black hole mass (with the LINERs
occupying the high end of Mpy-space). Some LINERs with broad optical emission
lines have Eddington ratios as low as 107, which is not consistent with theories
promoting the disappearance of the broad line region at low accretion rates.

2.15 Discussion

Low luminosity AGN remain a somewhat untidy, confusing and complex class of
object, with no single model seemingly able to describe all the properties in an entirely
consistent way. For instance, there’s no doubt that the unified model of Antonucci
and Miller (1985) successfully explains the presence of polarised broad lines in many
sources by invoking the dusty torus but, equally, it’s also clear that there are just as
many type-2 sources to which this model does not apply. The major difficulty that
is encountered when studying low accretion rate sources is that the luminosity of
the AGN no longer greatly exceeds that of the other sources expected to exist within
the host galaxy, and contamination is therefore a problem at all wavelengths. Even
the sub-arcsecond angular resolution of Chandra does not necessarily isolate the
emission related to the accretion flow. LLAGN may therefore be fairly diverse in
nature and, in order to compare these sources to Galactic X-ray binary systems, it is
likely that careful selection of the sample will be more effective than attempting to
model all the different spectral classifications of LLAGN.

Possibly the most important progression towards an understanding of LLAGN
would be to reliably identify the Compton-thick candidates. In this chapter I have
shown that the use of the [O111]5007, emission line as an indicator of intrinsic X-ray
luminosity is unreliable at low luminosities and, in fact, there is little evidence for
Compton thickness amongst any source where Liom < 1039 ergs~!. Instead, at
these low luminosities the ionisation of the narrow line region may be dominated
by stellar processes, and the discovery of a compact and massive stellar cluster co-
existing with the AGN in the inner few parsecs of the transition region galaxy NGC
4303 (Colina and Gonzalez Delgado 2002; Jiménez-Bail6n et al. 2003) raises the
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possibility that nuclear star formation occurring on scales comparable to the torus
may be common.

One thing that is clear, however, is that the detection of broad optical lines implies
the presence of an AGN and broad-line sources generally show a tight correlation
when their X-ray luminosity is plotted against properties such [O 11I] luminosity, radio
luminosity or Ha luminosity. It seems reasonable to expect that studies which are
restricted to only type-1 Seyferts and LINERs are likely to find more similarities in
behaviour with XRBs than studies which include all spectral types, and the presence
of broad lines in some LINER sources at Eddington ratios as low as 10~° means that
such a restriction would have little effect on the range of accretion rates surveyed.
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