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A B ST R A C T

This thesis reports a study of the X -ray and optical properties of two samples of 

X -ray selected Narrow Emission Line Galaxies (NELGs), and their comparison with 

the properties of broad line Active Galactic Nuclei (AGN). One sample (18 NELGs) 

is drawn from the ROSAT International X -ray Optical Survey (RIXOS), the other 

(19 NELGs and 33 AGN) from the ROSAT UK Deep Survey.

ROSAT m ulti-channel X -ray spectra have been extracted and fitted with power- 

law, brem sstrahlung and black body models for the brighter RIXOS sources. In 

most cases, power-law and bremsstrahlung models provide the best results. The 

average spectral energy index, a , of the RIXOS NELGs is 0.96 ±  0.07, similar to 

tha t of AGN (a  ~  1).

For the fainter RIXOS NELGs, as well as for all the UK Deep Survey sources, 

counts in three spectral bands have been extracted and fitted with a power-law 

model, assuming the Galactic value for Nh • The brighter RIXOS sources demon

strated tha t the results obtained by these two different extraction and fitting pro

cedures provide consistent results.

Two average X -ray spectra, one for the NELGs and another for the AGN, were 

created from the UK Deep Survey sources. The power-law spectral slope of the 

average NELG is a=  0.45 ±  0.09, whilst tha t of the AGN is a =  0.96 ±  0.03.

ROSAT X -ray surveys have shown th a t the fractional surface density of NELGs 

increases with respect to AGN at faint fluxes ( < [ 2  x erg cm-^ s -^ ) ,  thus suggest

ing th a t NELGs are im portant contributors to the residual soft (<  2 keV) X -ray 

background (XRB). Moreover, the spectral slope of this background (a  0.4, 1-10



keV) is harder than tha t of AGN (a  ~  1), which are known to contribute most of the 

XRB at higher flux levels. The work presented in this thesis shows unequivocally 

for the first tim e tha t the integrated spectrum  of the faintest NELGs (a  ~  0.4) is 

consistent with tha t of the soft X -ray background, finally reconciling it with the 

properties of the sources tha t are thought to constitute it. Furthermore, by combin

ing both samples of NELGs, I find a tendency for sources at lower fluxes to display 

harder slopes (95% confidence level), further strengthening the case for NELGs to 

be m ajor contributors to the XRB at the fainter fluxes.

The analysis of optical spectroscopy, obtained on La Palm a and Hawaii, shows 

th a t NELGs form a very heterogeneous group, made up of a m ixture of Seyfert 

2, LINER and Hll-region like galaxies. Seyfert 2 galaxies are found to possess 

in general the steepest X -ray slopes. Ways to explain this in the context of the 

unified model of AGN are discussed. The FWHM of some emission lines (H a, 

H/?, [Nil]) in the NELGs appears to increase with steepening X -ray spectral slope. 

In the case of the Baimer lines, this at variance with what is observed in broad 

line AGN. The FWHM of the Baimer lines is also correlated to the FWHM of the 

forbidden lines, indicating th a t they must originate in regions of similar velocity 

fields. Unfortunately, the num ber of sources uniquely classified is not sufficient to 

investigate these relationships on a source type basis.

The optical emission line ratios of a bright RIXOS source (aka Arp 185, NGC 

6217), classified as a starburst galaxy in the literature, indicate th a t this is in fact 

a weak-[01] LINER, powered either by emission from hot 0  stars or by hot stars 

together with a non-stellar continuum. Spatially resolved spectroscopic analysis 

suggests tha t the Baimer emission lines are concentrated in the inner regions of the 

nucleus, while the forbidden lines arise from a more extended region. Line ratios do 

not indicate a change in the ionizing continuum of this source with distance from 

the centre.
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Chapter 1

Introduction

Welcome!

This thesis focuses on the study of a class of X -ray em itting galaxies, termed 

narrow emission line galaxies (or NELGs, for short), which I believe could be the 

missing component of the still unresolved part of the cosmic diffuse (extra-galactic) 

X -ray background.

The origin of the X -ray background has been a mystery since its discovery in 

1962: It is now generally believed to arise from the integrated flux of many individ

ual X -ray em itting sources and, a t the highest flux levels, it is m ade up by broad 

line Active Galactic Nuclei (or AGN). However, there are problems with AGN^being 

m ajor contributors at fainter fluxes. In particular, the shape of the spectrum  of 

the X -ray background is different from th a t of AGN. A new component is therefore 

needed to explain the remaining unresolved background emission, and NELGs have 

been proposed to be such contributors. Thus NELGs are currently a hot, exciting 

topic in high energy astrophysics, and I have undertaken to investigate their proper

ties and to compare them  to those of broad line AGN and of the X -ray background, 

in order to establish their real im portance in this context.

■̂ I will use the term AGN to refer to broad line active galactic nuclei throughout this thesis, except 
in section 1.2.1 which is dedicated to a description of both (broad and narrow) AGN.

23



24 Chapter 1

In this chapter, I will first introduce the progress made in the study of the 

cosmic X -ray background and our understanding of it, in the context of the overall 

evolution of X -ray astronomy. This will set im portant limits to the characteristics 

of the type of sources which could make up its remaining, unresolved fraction. I will 

then discuss the various classes of X -ray em itting sources and their contribution to 

the background. To conclude, a summary of the m ajor unresolved problems will 

be presented, together with points and clues which have inspired the work for this 

thesis.

1.1 The X-Ray Background

The region of the electromagnetic spectrum  lying between 0.4-300 keV {i.e. 0.01- 

100 Â) is called the X -ray band. Such highly energetic photons, if coming from 

outside our planet, are mainly absorbed by the E arth ’s atmosphere well before they 

reach the surface. It is, therefore, necessary to place detectors at a certain height in 

order to detect cosmic X-rays, and this minimum height varies from 100 km for the 

hardest part of the spectrum, up to 200 km for the soft band (Fig. 1.1). Although 

the existence of X-rays was known from the 1890s, the discovery of the existence 

of X-ray em itting astronomical sources depended upon the human ability to launch 

some sort of detector above the absorbing atmospheric limits. The first detectors 

were enclosed in captured German rockets from the Second World War, but these 

rocket experiments were only able to detect nearby sources, allowing the detection 

of the first astronomical source of X-ray emission, our Sun, in the late 40s. By 1962, 

however, the rocket and detector technology had developed enough to allow the 

discovery of the first X-ray source not belonging to the Solar System, Sco X-1, and 

of a diffuse background radiation, the X -ray background (XRB hereafter, Giacconi 

et al. 1962).

The nature of the X -ray background has been a mystery since the first discovery 

of its existence. The most visual evidence so far of its presence is the recent ROSAT
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image of the Moon analysed by Schmitt et al. (1991), shown in Fig. 1.2. The bright 

side of the Moon is seen to reflect X-rays from the Sun; the dark side is clearly much 

darker than the surrounding sky, indicating the existence of some diffuse emission 

from behind the Moon, i.e. the X-ray background.

As an interesting aside, the dark side of the Moon is not completely dark. Its 

count-rate is, in fact, ~  25 times that of the particle background (which is always 

present and must be removed as part of the analysis process), indicating that there 

must be some mechanism of X-ray generation on the dark side of the Moon itself. 

Ironically, the rocket that discovered the X-ray background in the early 60s was, in 

fact, searching for solar X-rays scattered off the Moon!

Figure 1.2: ROSAT X-ray image of the Moon in 0.1-2 keV band, from Schmitt et 

al. ^99y.

There are mainly three ways of investigating the origin of the XRB, all inde-
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pendent and yet complementary to each other: its spectrum , its isotropy and its 

identified source content. I will discuss the first two subjects in this section, but I 

will leave the contribution of X -ray em itting objects to the XRB for the next, as 

this constitutes a whole field of study in its own right.

1.1.1 The spectrum  o f the X —ray background

The spectrum  of the X -ray background (Fig 1.3) has historically been studied in 

different energy bands, depending on the type of instrum ent used to observe it and 

broadly reflecting its different origins. Galactic and extra-galactic. This structure 

will be preserved here.

The 0.1-0.5 keV band

The origin of the very softest XRB has been a m atte r of debate over the years. Neu

tral hydrogen in our galaxy strongly absorbs soft X-rays, hence the extra-galactic 

contribution in this band is very low. The observed background soft X -ray emis

sion was discovered to be correlated with Galactic latitude by Bowyer et al. (l96^, 

suggesting the existence of a hot plasm a located behind the Galactic HI layer. How

ever, the degree of correlation was weaker than  expected given the known absorption 

cross-sections for neutral hydrogen, and the intensity of the background in this band 

was much higher than expected from a simple extrapolation of the spectrum  al

ready measured above 2 keV. In addition, the ratios between different energy ranges 

(namely the B and Be bands at 0.13-1.188 and 0.0078-0.111 keV respectively) are 

constant over the whole sky, indicative of a local origin for this emission (Juda et al. 

1991). By 1990, it was generally accepted th a t this part of the XRB was mostly due 

to the so-called Local Hot Bubble (LHB, Snowden et al. 1990), a local void of neu

tral m atter partly filled by a plasm a with a tem perature of 10^ K (McCammon 

& Sanders 1990). The LHB model can also explain the anti-correlation between 

neutral hydrogen in the line of sight and X -ray emission: the neutral m aterial is
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rarer in directions where the X -ray intensity is high because it has been displaced 

by the hot X -ray em itting gas. The lack of shadowing of the very soft XRB by 

the Small Magellanic Cloud (M cCammon et al. 1976, with results later reviewed 

by M cCammon & Sanders 1990) also sets a strong constraint on the amount of 

XRB which could arise from behind this galaxy of up to 13%, once the Galactic 

absorption in this direction has been taken into account. More recent experiments 

by, e.g.^ Barber & Warwick (1994), also failed to discover any shadowing, providing 

an upper limit to  the intensity of the unresolved extra-galactic XRB in this band in 

very good agreement to the work of McCammon et al.

O ther shadowing experiments, however, (Burrows & Mendenhall 1991, Snowden 

et al. 1991) have provided us with direct evidence of the existence of a hot soft 

X -ray em itting plasm a which is located behind the Galactic HI layer. For example. 

Burrows & Mendenhall studied shadowing from a cloud of neutral hydrogen located 

in the direction of Draco, at about 90° latitude and 4-39° longitude (Galactic). 

They distinctively detected emission originating from behind this cloud, proving 

the existence of hot gas located outside the LHB, within the Galactic halo. They 

concluded, however, tha t this emission could be due to another hot bubble of plasma, 

as they could not explain the lack of shadowing found by other experiments and their 

inferred Nh was far too high to be widely extended to the rest of the halo. Kerp 

(1994) studied the same region of sky and went a step further: assuming th a t all the 

absorption was due to the neutral hydrogen in the line of sight and using standard 

photoelectric absorption cross-sections, he proved th a t if this plasm a is extended in 

the form of a hot corona of the Galaxy, its contribution to the soft X -ray background 

is <  10%. This result is in good agreement with the restrictions placed previously 

to the existence of this component by the B /B e band ratios. O ther authors {e.g. 

Wang 1992, 1993) have also pointed to the existence of extended X -ray emission 

beyond the LHB. Therefore, the lack of shadowing detected from other clouds is 

now interpreted as an indication tha t this component m ust be somewhat patchy.

To summarize, the softest XRB is now believed to consist of two components:
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the emission from the LHB at T ~  ^QS.ssio.i ^ distant (detectable up to

~  300 pc), extended but patchy X -ray source with a higher tem perature of about 

]̂ q6.3±o.i (Kerp 1994). Extra-galactic contributions, if existent, are very low, of 

the order of ~  10%.

The 3-300 keV band

This region of the XRB is not affected by Galactic absorption and is thought to be 

mainly of extra-galactic origin due to its overall isotropy. HEAO-1 provided a very 

precise measurement of the XRB spectrum  from 3 to about 45 keV (Marshall et al. 

1980), showing th a t it is extremely well fitted by a ~  40 keV therm al brem sstrahlung 

model. This result led to some controversy: some authors considered tha t this was 

not a coincidence {e.g. Hoyle 1963, Cowsik & Kobetich 1972), whilst others demon

strated tha t the therm al brem sstrahlung model had im portant problems to overcome 

if it was to explain the origin of this emission {e.g. Gould & Burbidge 1963, Field 

and Perrenod 1977, Barcons 1987). Moreover, we know that there is a significant 

contribution of sources with steep spectra at 3 keV; by extrapolating the known 

source contribution to harder energies (assuming no evolution) and subtracting this 

contribution from the XRB, the residual XRB is too flat, up to a t least 30 keV, to 

be accounted for by this model (Giacconi & Zamorani, 1987, Boldt 1987).

The therm al bremsstrahlung model was finally ruled out in 1990 by the results 

obtained from studies of the microwave background measured w ith COBE (M ather 

et al. 1990). A hot inter-galactic gas would cause the up-scattering of the low- 

energy microwave photons, effectively distorting the microwave spectrum  (Taylor 

& Wright 1989). This is the so-called Sunyaev-Zel’dovich effect. COBE measured 

a 3(7 upper lim it to this effect which is too low compared to the one predicted by 

Taylor & Wright: the maximum emission allowed by the measured distortions would 

under-produce the X-ray background to  about 1/36 of its value. Therefore, we have 

to conclude th a t the vast m ajority of the X-ray background must originate from the 

integrated flux of individual sources.
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Over the 3-10 keV band, where most da ta  on the XRB have been accumulated, 

an equally good fit can be provided by a power-law model of the form /„  oc 

w ith a , known as the energy spectral index, taking the value of ~  0.4 (Boldt et ai. 1969, 

Boldt 1987, Gendreau et al. 1995). HEAO-1 also measured the XRB from 15 keV 

to 6 MeV. An empirical fit to the XRB spectrum  from 3 keV to 6 MeV has been 

obtained by G ruber (Fabian &: Barcons 1992) with one exponential term  up to 40 

keV and a broken power-law up to 6 MeV.

The 0.5-3 keV band

This spectral region is very little  affected by interstellar absorption or by Galactic 

contribution (only below 1 keV), and most the imaging X -ray telescopes used so far 

have operated here due to the technical difficulty of focusing X-rays at higher en

ergies. From different m easurements obtained with different types of detectors over 

various energy ranges (McCammon & Sanders 1990, and references therein), the 

spectrum  of the XRB in this band has often been assumed to be an extrapolation 

of the power-law with energy index of 0.4 from higher energies, although the nor

malization was uncertain. However, we now know th a t this is not correct. Einstein 

IPC data  (Wu et al. 1991) and ROSAT data  (Hasinger et al. 1991, Shanks et al. 

1991, Branduardi-Raym ont et al. 1994) are consistent with a power-law with energy 

spectral index of about 0.7-1 over this band. Recent results from ASCA (Gendreau 

et al. 1995) indicate th a t the higher energies power-law {ol ~  0.4) holds well down 

to 1 keV, below which a Galactic therm al {kT = 0.16 keV) component and another 

softer (a  ~  4) power-law have to be added to fit the excess observed above the 

extrapolated spectrum. It is believed th a t the origin of this soft power-law lies in 

the large contribution of sources with steep spectra (such as AGN, see section 1.3.1 

for full details). Chen et al. (1997) simultaneously fitted ASCA and ROSAT data 

and their results show the continuation of the a  0.4 power-law slope down to 0.5 

keV, a lower tem perature {kT = 0.09) for the Galactic halo and a (fixed) harder soft 

power-law slope (a  ~  1.5) which is more in agreement with those actually found for
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AGN.

To summarize, the XRB spectrum  is clearly characterized by at least 3 components: 

a steep power-law below 3 keV, an exponential at a tem perature of 40 keV and a 

broken power-law at higher energies. W hether the origins of these components are 

determ ined by separate classes of objects or by separate physical mechanisms is not 

yet clear.

I am concerned with the make up of the >  0.5 keV background, which is essen

tially of extra-galactic origin. Therefore, it is the extra-galactic XRB I’ll be referring 

to during the course of this thesis as ‘the X RB’.

There remains but one final point to make. Most of the energy density of the 

XRB is contained between 20 and 40 keV. Most of the data on the XRB refer to the

0.1-10 keV range which only contains a few percent of the total energy, and most 

extra-galactic X -ray sources have also been discovered by imaging instrum ents in 

this band. Direct information in the 20-40 keV band, such as will be obtained 

from future missions, will hold the key to the origin of the whole XRB. Further 

information, however, can be found meanwhile from other properties of the XRB, 

such as its isotropy.

1.1.2 The isotropy o f the extra-galactic X -ray background

Two m ethods are generally applied to test the isotropy of the XRB: Fluctuation 

analyses (through the modelling of the P(D) curve) and correlation analyses, via 

the autocorrelation function (ACF). I will only briefly describe the concepts here, 

as, although these techniques are not directly relevant to the work presented in this 

thesis, they can constrain the characteristics of the remaining, unresolved sources.

P (D ) :  The P(D) curve is a histogram of the number of occurrences of a certain 

flux {i.e. the number of tim es this flux appears) in a given region of space, given 

a certain beam size (or resolution element). The resulting distribution is always
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asym m etric, and is distorted towards high count rates by the presence of resolved 

sources. The high flux tail is dom inated by the brightest sources ju st below the 

detection threshold. Very faint sources, of which there are many per beam , only 

produce a further small quasi-Gaussian broadening. The m ajor contribution to the 

w idth of the curve is at the level at which there is only about one source per beam, 

therefore the P(D)  can be used to test the source counts distribution (Log N - Log 

S) down to this level.

The w idth of the distribution is due to the convolution of the intrinsic fluctuations 

of the sky on the scale of the resolution element and the counting statistics associated 

w ith the instrum ent.

A C F : Again, given a region of space and a beam  size, this m ethod compares 

counts in each beam  with counts from beams of the same size in its surroundings: 

if there is any structure larger than the beam-size, then it would appear as m ultiple 

adjacent high flux m easurements, strengthening the ACF signal. This is a m ethod 

for comparing the background with itself to determ ine the scales and am plitudes 

of spatial variations of the XRB. An im portant feature of this type of work is th a t 

the contribution of sources to the ACF varies as the square of the fraction they 

contribute to the XRB intensity.

These two analysis techniques are complementary to  each other: while the P(D) 

distribution can be used to determ ine the source counts to levels below those at 

which direct detections are possible, there may also be excess variance due to  effects 

of source clustering or large-scale structure, or to  new classes of objects which do not 

contribute simply to the P(D) distribution [e.g. extended sources). This is where 

the ACF becomes a useful tool.

The m ain large-scale anisotropy of the X -ray background is consistent with the 

dipole expected from our motion with respect to the microwave background (Fabian 

& Barcons 1992 and references therein). Besides this dipole, there is a correlation 

between voids and superclusters seen in optical catalogues and diminishments and 

enhancements of the mean surface brightness of the XRB (Jahoda & Mushotzky



34 Chapter 1

1989; M ushotzky 1992).

There is also a significant correlation in the surface density of nearby galaxies 

with fluctuations in the X -ray background as measured by HEAO-1 and Ginga 

in the range 2-10 keV and with ROSAT in the 0.1-2 keV range (Jahoda et al. 

1991, Carrera et al. 1995). These results imply two possibilities: either the X -ray 

em itters are these galaxies themselves, or a population of unknown sources or clumps 

of hot gas is highly correlated with the galaxy density field. This result has also 

other implications for the population of sources which make up the XRB: Jahoda et 

al. have estim ated the contribution of a non-evolving population of present epoch 

galaxies to the X -ray background to be <  13% ±  15%, This means tha t the sources 

which contribute to the X -ray background either are not present (and correlated 

with galaxies) in the nearby universe or have undergone substantial evolution since 

the epoch where the bulk of the XRB is produced, the result varying very little 

whether this bulk was produced at z = l or z=4. Carrera et al. (1995) conclude tha t 

10-20 % of the XRB would be produced by a population of non-evolving galaxies 

up to z = l  (<  30% if the contribution of the non-evolving sources is integrated up 

to z=4), but any higher contribution is ruled out by the ACF in this band. In the 

ROSAT band, Roche et al. (1995) have also found a highly significant correlation 

between B <  23 mag galaxies (made up of a m ixture of absorption and emission line 

galaxies) and fluctuations in the unresolved 0.5-2 keV background on a Deep ROSAT 

image. They conclude th a t these galaxies produce ~  17% of the unresolved XRB 

down to z~  0.5, and their contribution could rise up to 32-40% if they extrapolate 

their results to  z=4 assuming no evolution and as large as 82% assuming th a t the 

luminosity of these galaxies increases exponentially with look-back time.

Two independent P(D) analyses of fluctuations in Deep Survey images from the 

Einstein Observatory IPC (Hamilton & Helfand 1987; Barcons & Fabian, 1990) 

predicted th a t the 1-3 keV X -ray source counts must flatten just below the Deep 

Survey level, i.e. below ~  2.6 x 10“ ^̂  erg cm“  ̂ s . Deep ROSAT images obtained 

by Hasinger et al. (1991), Shanks et al. (1991) and Branduardi-Raym ont et al.
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(1994) confirmed this flattening of source counts. Barcons et al. (1994), using the 

ROSAT fields from the UK Medium and Deep Surveys, investigated the P(D) curve 

a t the faintest flux levels reached so far. They report th a t their best fit slope of the 

source counts, extrapolated down to 0 flux, can only account for 80% of the XRB, 

so a rise in source counts (possibly due to absorbed AGN or some other population 

of sources) could be expected at some low flux level. The errors involved in the 

m easurem ent of this slope, however, allow the 100% resolution of the XRB within 

their 90% confidence limits.

M easurements of the ACF by e.g, Chen et al. (1994) implied th a t the residual soft 

(0.4-2.4 keV) XRB cannot originate from ACN or galaxy clusters from any possible 

redshift, as both of these source types were believed to cluster with correlation 

lengths which should have been detected in their study. These authors claim th a t 

the residual soft XRB, after removal of obvious sources, appears very smooth, so 

th a t less than 50% of it can originate from sources clustered more strongly than 

normal galaxies. W hatever the origin of the remaining background is, the sources 

which make it up m ust cluster rather weakly. This definitely excludes a strong 

contribution from clusters of galaxies (<  15%, Danese et al. 1993).

C arrera et al. (1991) measured the ACF of the XRB with Cinga in the 4-12 

keV region and found th a t <  50% of the XRB in this band can be produced by 

QSOs if they all cluster like the brighter ones, although if they cluster like galaxies 

(or if galaxies themselves contribute the rest of the XRB) there would be complete 

consistency with the ACF. Recent studies by Croom & Shanks (1996) indicate th a t 

ACN do cluster like galaxies, thus their contribution to  the XRB is no longer lim ited 

by the ACF of the XRB.

Measurements of the P(D) fluctuations of the XRB by Butcher et al. (1997) in 

the 2-10 keV band with Cinga show th a t the extrapolation of the Log N-Log S curve 

observed in the 0.3-3.5 keV by the Einstein Extended Medium Sensitivity Survey 

(EMSS, Stocke et al. 1991), assuming an energy spectral index for the sources 

a  >  0.7, lies well below (by at least a factor of 2) the Log N-Log S derived by fitting
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the Ginga P(D) distribution (assuming no clustering of the sources). Carrera et al. 

(1993) studied the possibility of this difference being due to clustering and found 

th a t this is not the case. They therefore concluded th a t the hard X -ray sources 

dominating the Ginga fluctuations must be strongly absorbed in the soft X -ray 

band. Assuming th a t these sources have the same evolution as those detected by 

the EMSS, they would produce ~  45% of the 4-12 keV XRB.

In conclusion, isotropy studies can put strong constraints on the types of sources 

which make up the residual, unresolved fraction of the XRB. I now tu rn  to review 

various types of X -ray sources, some of which are already known to be substantial 

contributors to the XRB.

1.2 X-Ray emitting sources

There exist many different types of sources which are known to be X -ray em itters 

and could, therefore, contribute significantly to the XRB. Hence, the study of such 

sources and their properties is an essential tool in order to establish which are 

responsible to greater extents for the XRB.

As already mentioned in section 1.1.1, I am concerned with the make up of the 

extra-galactic XRB. Therefore, extra-galactic X -ray em itting sources are reviewed 

first and in some depth. For completeness, a very brief description of Galactic X -ray 

em itters is included at the end of this section.

1.2.1 Active Galactic N uclei (AGN)

It was discovered in the 1960s tha t some galaxies have very energetic, luminous and 

compact nuclei (AGN). These are called active galaxies and, w ith the launch of Ariel 

V (1974), they have also been established to be universal X -ray em itters (Elvis et 

al. 1978), being generally much brighter (~  100 times) in X-rays than so-called 

“normal” galaxies. The fast variability of their X -ray emission indicates tha t the
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Figure 1.4: Mean energy distribution of average AGN. The da ta  have been obtained 

from Elvis et al. (1994).

origin of the luminosity in this band lies in a very small, compact region, close to 

the nucleus of the galaxy.

The origin of such emission has been a controversial subject over the years. There 

have been two trains of thought: accretion onto a massive black hole (MBH) and 

massive amounts of star formation. However, it is generally accepted nowadays 

tha t accretion onto a massive black hole is required in order to produce the high 

luminosity and rapid variability observed (Rees 1984).

To within an order of magnitude, the spectrum of a typical AGN (Fig. 1.4) from 

the far IR up to hard X-ray frequencies is well modelled by a power-law of energy 

index of ~  1 (Weedman 1986). This means that approximately the same am ount of 

energy is em itted  in each decade in frequency. At radio frequencies, however, AGN
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tend to separate into two different classes: Radio loud objects have a power-law 

spectrum  tha t extends far into the radio band (almost certainly due to synchrotron 

radiation from a relativistic je t), while the emission of radio quiet objects dies at 

wavelengths > a few mm. Most AGN are radio-quiet.

AGN generally also possess a small IR bump, thought to arise from the re

emission of radiation which has been absorbed by dust present in the system.

At optical wavelengths, AGN tend to have non-thermal continua, generally rising 

towards the blue part of the spectrum , and are rich in emission lines of various 

strengths, ionizations and shapes. A combination of blended Fell and Baimer lines 

produces another spectral bum p, called the small blue bump, around 4000 Â.

The rising of the optical continuum reaches its peak somewhere in the UV, 

decreasing again through the EUV and sometimes down to the soft X -ray band. 

This is the so-called Big Blue Bump (BBB), thought to be therm al in origin, arising 

either from optically thin gas near the central engine or, more likely, from optically 

thick gas in an accretion disk which surrounds the MBH.

In the 2-20 keV X -ray part of the spectrum , power-law fits give energy spec

tral indices which are narrowly distributed around 0.7, with a 1er width of 0.13 

(Mushotzky et al. 1993 and references therein). This is the so-called “canonical” 

slope of AGN. The strongest spectral feature in this band is a Fe fluorescence emis

sion line at 6.4 keV, which is thought to arise from reflection from cold m aterial 

in the outer parts of the accretion disk and is out of the operational range of the 

ROSAT PSPC. W ithin the PSPC energy limits (0.5-3 keV), K lines of 0 ,  Mg, Si, 

S and L lines of Fe (stronger in absorption) are present, bu t not resolved (with the 

possible exception of an absorption feature arising from 0  VIII or Fe L transition 

at 0.8 keV).

Although this description represents, to a first approximation, the basic spectrum  

of AGN, there are several types of AGN whose spectra differs from this basic picture 

in various bands. A unified model has been put forward which attributes the origin 

of these differences mainly to the effects of inclination of these systems to our line
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of sight. I will therefore firstly describe the different types of AGN and then move 

on to the unified model of AGN.

Seyfert G alaxies

They were initially discovered by Carl Seyfert in 1943, who studied 6 galaxies which 

displayed a bright, point-like nucleus. Compared to other galaxies, which are usually 

devoid of emission lines, they had broad emission lines in a range of ionization 

states. More powerful spectroscopic techniques led to the identification of many 

more Seyferts and the realization th a t they are of two distinct types: those with 

forbidden and perm itted  lines having very different w idth and those exhibiting only 

narrow lines, Seyfert 1 and Seyfert 2 respectively. They both tend to occur in the 

nuclei of spiral galaxies.

• Seyfert 1

These galaxies possess, as all Seyferts do, a bright point-like nucleus. They 

have a non-therm al optical continuum and broad optical and UV perm itted  

lines, with velocities which range ~  10^“  ̂ km /s. They sometimes lie in recog

nisable galaxies, and they frequently show dom inant Big Blue Bumps.

Below 2 keV, i.e, within ROSAT sensitivity range, the X-ray spectra of 

these galaxies steepens from the “canonical” power-law energy index of ~  0.7. 

The steepening phenomenon occurs in at least 30% of all AGN (Turner &: 

Pounds 1989), and it has been called the soft excess. It can be ra ther abrupt, 

and it is thought to  be the soft X -ray end of the BBB. It is usually well 

described by either a black body model with a tem perature of less than  150 

eV (Urry et al. 1989), by a power-law of index higher than 3 (Turner & Pounds 

1989) or by a therm al brem sstrahlung with k T  < 500 eV (Mushotzky et al. 

1993). This steepening in the ROSAT band, averaged over large samples of 

AGN, produces energy indices of 1.05 ±  0.05 (M ittaz et al. 1998) or even 

higher (a  ~  1.3 — 1.5, S char tel et al. 1994; a  =  1.3 ±  0.1, Ciliegi et al. 1996).
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• Seyfert 2

A typical Seyfert 2 galaxy spectrum  shows strong absorption of blue, UV and 

soft X -ray radiation by dust and gas; this is subsequently re-em itted as the 

IR bum p which is seen in both Seyfert types.

They have very weak (if any) non-therm al optical-UV continua, as the “host 

galaxy” (the galaxy surrounding the nucleus) contribution is larger in these 

objects. They possess narrow (<  1000 km /s) perm itted lines, with little  ev

idence for broad lines, except in the case of some Seyfert 2s when seen in 

polarized light (Antonucci & Miller 1985). Their forbidden lines are narrow 

and stronger than  those of Seyfert Is, for a given continuum luminosity (Shuder 

& Osterbrock 1981, and references therein).

The >  2 keV continua of Seyfert 2 galaxies are very similar to  tha t of 

Seyfert Is, although it is heavily absorbed by cold m aterial in our line of sight 

which can make them  appear as harder sources. Lines em itted in the X-rays 

by this type of AGN {e.g. Fe K) are more prominent than those of Seyfert 1.

W ithin the ROSAT PSPC operational range, i.e. below 2 keV, the picture 

is quite different from th a t for Seyfert Is, as there is no soft excess. This is 

believed to be absorbed by the large hydrogen column density in the line of 

sight.

• Interm ediate Seyferts

It has long been known tha t the distinction between Seyfert 1 and Seyfert 2 

galaxies is not always so clear-cut. There is a whole range of “in-between” 

objects, in which two components can clearly be seen in the line emission: 

a narrow emission line over-imposed over an underlying broad line. These 

objects have been nam ed interm ediate Seyferts, and they are classified, de

pending on the strength of the broad component relative to the narrow one, 

as Seyferts 1.1 to 1.9 (from broad to narrow dominated objects).
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• Narrow Line Seyfert 1

These objects also possess characteristics of both Seyfert 2 and Seyfert 1 galax

ies. Their emission line properties are similar to those of Seyfert 2 in their 

w idth, i.e. they tend to be very narrow, but the ratio of perm itted to forbid

den line flux (in particular, [0III]/H /9< 3 for Seyfert 1 and > 3 for Seyfert 2, 

Osterbrock & Pogge 1985) is characteristic of a typical Seyfert 1 (Shuder & 

Osterbrock 1981, Osterbrock & Pogge 1985, Boiler et al. 1996). Most of these 

sources are very steep in the soft X -ray  band {e.g. Boiler et al. 1996).

QSOs (Quasi Stellar O bjects) and quasars.

QSO (Quasi Stellar Object) is the name given to this type of source from its discovery 

in 1963 in the optical band. These objects had previously been noticed (and named 

quasars) at radio wavelengths, where they could not be resolved and were therefore 

considered point-sources. Optically, they had the appearance of Galactic stars, but it 

was not until optical spectra were taken th a t the large distances of these objects (and, 

by implication, their enormous luminosities) were realised. W ith better instrum ents, 

the host galaxy was resolved in some of these objects, usually as a very faint fuzz 

around the bright nucleus.

There are two types of QSO, depending on their radio properties: ~  10% of 

QSOs are quite powerful at radio wavelengths (radio-loud), while the rest tend to 

be radio-quiet. As seen in Fig. 1.4, the power output of both types of objects drops 

in the sub-millim eter band, but it is the size of the drop th a t defines one type or 

another: the radio loud QSOs drop ~  2 decades while the drop of radio quiet objects 

is ~  5-6 decades (Elvis et al. 1994 and references therein). As already mentioned 

before, radio-loud QSOs have been known as quasars since the early days, although 

this distinction has blurred somewhat nowadays.

QSOs display very similar spectral properties to Seyfert Is, including the  presence 

of very broad 1000 km /s) optical emission lines, although QSOs tend to be more
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luminous and have higher redshifts. They are, by far, the most luminous class of 

AGN! The strong similarity between the spectra of QSOs and Seyfert Is has made it 

very difficult to establish a clear distinction between them , i.e, when a galaxy ceases 

to be a quasar and becomes a Seyfert 1 and vice-versa. Therefore, it is usually taken 

as a working definition (e.g. M ushotzky et al. 1993, Robson 1996) th a t a quasar has 

redshift z >  0.1 and/or an X -ray luminosity L(x) >  6 x 10̂ '* ergs s~^ (corresponding 

to an absolute magnitude My >  -23).

Some QSOs display a soft excess feature, similar to th a t in Seyfert Is. The soft 

excess is harder to study in these objects because, in many cases, the soft X -ray band 

is redshifted out of the observable band. This can also be aggravated by absorption 

in our own Galaxy at low energies. The soft excess in QSOs, when fitted with a 

power-law, has spectral index 3.7- 5.2; a blackbody fit gives a tem perature 40-80 

eV (Mushotzky et al. 1993). A therm al bremsstrahlung origin has been ruled out 

for at least one of these objects, PG1211, due to its high X -ray variability (Elvis 

et al. 1986). The intersection of the soft excess slope with the hard X -ray power- 

law generally occurs in the 0.3-0.75 keV energy interval in the source’s rest frame 

(Comastri et al. 1992).

By fitting a single power-law to QSOs in the ROSAT all sky survey, Brinkman 

(1992) found a wide dispersion in photon indices, which could partly  be due to 

poor statistics. Schartel et al. (1992) noticed th a t there seems to  be a trend for 

higher redshift objects to display flatter spectra. This effect can be explained by 

redshifting the soft excess of Seyfert 1 to the quasar’s distance (Mushotzky et al. 

1993). Brinkm an’s wide range of spectral indices could then be simply the result of 

fitting of a single power-law to a composite spectrum.

BL Lacs

BL Lacs are named after the first source of this type to be discovered, as it was 

thought to be a variable star. BL Lacs are mainly radio-loud objects, characterized 

by an overall featureless continuum  spectrum , which is strongly polarized and shows
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rapid and large variability, on time-scales which can be as fast as hours at the shorter 

wavelengths and with am plitudes of up to  a factor of 40 in flux. The continuum 

spectrum  rises steeply from the UV to the IR. At about 1 mm it continues to longer 

wavelengths with a flux which is almost independent of frequency, i.e. it has a flat 

radio spectrum.

The continuum radio emission is thought to arise from synchrotron processes, 

beamed towards the observer in a narrow cone and dominating over any possible 

galactic contribution. These objects are, therefore, strongly associated with radio 

jets which have also been observed in some (radio-loud) AGN, making it a strong 

case for the existence of a relation between these two types of objects. This idea 

will be explored below, when the Unified Model for AGN is described.

Distances of BL Lacs have been obtained from optical emission lines, which 

have been observed for a few objects in their faint phases, or from the presence 

of intervening m aterial (lower lim its). They tend to be nearby (z <  0.2, although 

some are much further), low luminosity objects, the upper end of their luminosity 

overlapping th a t of QSO, (Robson 1996).

In some cases a faint galaxy, generally elliptical, has been detected around the 

BL Lac.

O V V  (O p tic a lly  V io le n t V a ria b le  q u a sa rs )

The polarization properties of OVVs, their power-law optical through to IR contin

uum and flat radio spectra are very similar to the classical BL Lacs described in 

the previous section. The difference between these two types of objects lies in the 

presence of strong broad emission lines in OVVs and in their wider redshift range 

which makes them  generally higher luminosity objects than  BL Lacs.

Both of these types of sources, BL Lacs and OVVs, are usually referred to  as 

B lazars .
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The Unified M odel

As already mentioned before, a unifying theory has been constructed to explain the 

different types of AGN, which relates the different characteristics exhibited by the 

objects to a different angle of view from the E arth  (Antonucci 1993). Fig. 1.5 shows 

a schematic view of an AGN (not drawn to scale) and Fig. 1.6 the relative sizes of 

the different components.

In this model, the origin of the activity and the large luminosities lies in a MBH 

at the centre of the active galaxy. The non-thermal X -ray continuum is thought 

to originate within 20 Schwarzschild radii of the MBH from an, as yet, unspecified 

structure.

Surrounding the MBH is a optically thick, geometrically thin accretion disk 

(extending from 5-10 Schwarzschild radii (Rs) up to perhaps 10  ̂ Rg, the exact sizes 

depending on the disk model and on the characteristics of the BH, Robson 1996), 

which is thought be the origin of the Big Blue Bump and of the soft excess seen in 

some AGN . In this context, the disk is being illum inated by the non-thermal X-ray 

continuum  arising near the BH (see Mushotzky et al. 1993, and references therein). 

These X -rays would then be either reflected ( ^  10%) or thermalized, producing a 

broad spectrum  in which intensity changes propagate at the speed of light. This 

scenario would therefore allow for the correlated variability in the UV and X -ray 

continuum  and the emission lines observed in some systems. The illumination effect 

could also create a hot, ionized “atmosphere” around the disk which reflects and 

Com pton-scatters some of its UV radiation into soft X-rays, producing the observed 

soft excess. Further evidence of the existence of this accretion disk comes from the 

6.4 keV Fe K line in the X -ray spectra of AGN: its properties are generally in 

agreement w ith those expected from neutral m atter in a relativistic accretion disk 

{e.g. M att et al. 1992, Mushotzky et al. 1995, Tanaka et al. 1995) and can be used 

to  to distinguish between different source geometries (M att et al. 1996).

Further out, at several light days for a Lx ~  10^  ̂ erg s“  ̂ Seyfert 1 galaxy, are
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The U nified  M odel for AGN

Narrow lin e c lou d  
Broad lin e clou d  

MBH + accretion  
d isk

S ey fe r t  2

. . • •

A
Seyfert.. 1

# e

Figure 1.5: Schematics of the Unified Model for AGN - seen as a section and not 

drawn to scale. For details, please refer to the text. Relative sizes of the different 

components are shown in Fig 1.6
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Figure 1.6: The relative sizes of the different components of an AGN (see text for 

absolute sizes). Top left: the narrow line region, with the molecular torus shown 

in the centre. Top right: the molecular torus. Bottom left: the broad line region 

which contains the MBH, accretion disk (and relativistic je ts  in radio-loud objects). 

Bottom right: the accretion disk, MBH and the relativistic jets. Adapted from 

drawings by E. Puchnarewicz, private communication.

fast moving clouds responsible for the broad optical lines. This is known as the 

Broad Line Region (BLR), which can have densities as high as 10̂ ® atoms cm “  ̂

(Robson, 1996). Still further out is a region of dusty, optically thick (Nh > 10^  ̂

atoms cm “ )̂ material in the shape of a torus, which is thought to obscure the nucleus 

of Seyfert 2 galaxies. Finally, on scales of hundreds of pc to kpc, in the shape of two 

ionized cones, lie clouds of slow moving, low density (10^°“ ^̂  atoms m “ ,̂ Robson 

1996) material called the Narrow Line Region (NLR). The NLR is responsible for the 

narrow optical and UV lines seen in Seyferts of both types. (Mushotzky et al. 1993). 

In the case of radio loud objects there is also evidence for a further component in
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the system: jets of m aterial moving at relativistic speeds, which are thought to be 

the origin of the radio synchrotron emission.

In this picture, Seyfert 1 and 2 galaxies are intrinsically the same object, although 

viewed at a different angle. W hen we view the nucleus edge-on, the molecular torus 

gets in the line of sight, absorbing the continuum and the broad lines originating 

behind it. Therefore, we only observe the narrow lines em itted from the NLR, which 

extends above and below the torus. In the case of a radio-quiet object, by looking 

close to the axis of sym m etry of the torus we could be seeing a Narrow Line Seyfert 

1, as the fast-moving clouds of the BLR, which move around the system roughly 

in the plane of the torus, would not have significant line-of-sight velocities and the 

Doppler broadening of the lines would be significantly reduced. In the case of a 

radio-loud AGN, we would be observing into the relativistic je t, with consequent 

relativistic enhancement of its synchrotron emission to the extent of swamping all 

other emission from the system. This would be a BL Lac. At some inclination from 

this axis, a normal Seyfert 1 galaxy would be observed. A QSO in this model is 

also intrinsically the same object as a Seyfert 1 galaxy but more luminous, and thus 

visible at a much greater distance from the observer.

In the case of a Seyfert 2, this model also needs to  explain the broad lines 

seen in polarized light. These could be produced by a scattering cloud of electrons 

(Antonucci & Miller 1985), which is created by illumination and ionization of the 

molecular torus by the bright nucleus (Miller et al. 1991). This cloud of electrons 

also produces the strong Fe K a  line by fluorescence at 6.7 keV (Krolik & Kallman

1987), as well as the scattering. The reason why forbidden emission lines from the 

NLR are so prom inent in a Seyfert 2 can also be explained by this model: the 

continuum arising from the central source is partially or completely obscured by 

the optically thick molecular torus, but the narrow emission line region is directly 

in our line of sight, and hence the lack of continuum emission would enhance the 

equivalent w idth of these lines. This model and its viability will be looked into in 

some more depth in chapter 6.
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Contribution o f AG N to the X R B

In order to predict the total contribution of AGN (or any type of sources) to the XRB, 

their number distribution and evolution need to  be known in order to  extrapolate 

to fainter fluxes, where these sources have not been resolved. A luminosity function 

is defined as the number of objects detected (in this case, AGN) per unit co-moving 

volume per unit luminosity interval. In general, the luminosity function depends on 

redshift, and it can be used to test different models of evolution and predict source 

counts at fainter flux levels.

Page et al. (1997a) constructed an X -ray luminosity function w ith data  from a 

complete sample (RIXOS, Mason et al. 1998) of X -ray selected AGN. He assumed 

pure luminosity evolution, which he found consistent with the data  in his calculation 

of the AGN contribution to the XRB; however, his estimates of the AGN XRB 

intensity do not depend so much on the choice of model but rather on the choice 

of the deceleration param eter, %. Comparing his results to recent measurements 

of the intensity of the XRB with ASCA and ROSAT made by Chen, Fabian & 

Gendreau (1997), Page et al, found tha t AGN account for 44-50% of the XRB 

assuming qo= 0 or 29-32% when qo= 0.5. Previous estim ates of this contribution 

{e.g. Boyle et al. 1994) were higher because the results were compared to an earlier, 

lower m easurement of the intensity of the XRB (Hasinger 1992).

As already mentioned in section 1.1.1, recent results from ASCA (Gendreau et 

al. 1995), indicate tha t the higher energies power-law fit to the XRB (a  ~  0.4) 

holds well down to 1 keV, below which a Galactic component and possibly a softer 

power-law have to be added to fit the excess observed. Gendreau et al. find this 

soft power-law to be much too steep (a  ~  4) to be due to  AGN. However, recent 

work by Chen et al. (1996) combining both ROSAT and ASCA data  indicates tha t 

the XRB can be adequately fitted with a (fixed) soft component (a  =  1.5) without 

varying the harder power-law slope by decreasing the tem perature of the Galactic 

component. These authors use this fit to calculate the contribution of steep AGN to
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the XRB and find it to be <  33% below 2 keV (3cr) and <  10% for the hard XRB.

Therefore, the remaining, unresolved fraction of the XRB still requires a popu

lation of faint sources harder than  AGN in order to m atch the  XRB spectral shape.

1.2.2 Other galaxies

There are other types of galaxies with different degrees of activity, which are classi

fied depending on their morphology and type of emission.

H II region-like and starburst galaxies

These are usually (but not always, e.g. M82) spiral galaxies with such a high level of 

star formation occurring within them  th a t it could not be sustained throughout their 

lifetime (Weedman 1986). The distinction between starbursts and HII region-like 

galaxies (HII galaxies) is somewhat blurry, the former being at the higher luminosity 

end.

HII and starburst galaxies are characterized by their prom inent [OIIJA3727 and /o r 

[OHIJA5007 line emission, although their [OI]A6300 emission is extremely weak. 

They also have [NII]A6583/Ha <  0.6 (Filippenko 1996). The main difference be

tween these sources and broad line AGN is precisely the lack of broad lines in their 

spectra, as well as the lack of variability observed in all parts of the continuum. In 

the UV band, absorption lines typical of hot, massive stars are seen, which gave rise 

to the argument th a t these stars provide the fundam ental power source (Weedman 

1986).

The actual study of starburst galaxies as X -ray em itters began with the HEAO-2 

(Einstein Observatory), although some bright starburst galaxies had already been 

investigated earlier. Their soft X -ray luminosities tend to  be larger (factor of 10- 

100) than those of normal spirals (10^®“^° erg s~^ in ~  0.5-3 keV, Fabbiano et al. 

1984). Like for spiral galaxies in general, their X -ray luminosity is proportional 

to their blue luminosity. Blue luminosity is a tracer of young, population I stars.
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and therefore it has been thought tha t their X -ray emission is dominated by high 

mass X -ray binaries, which naturally arise from blue stars as part of their evolution 

(Fabbiano et al. 1982).

Einstein Observatory images of individual objects (see Petre 1993 and references 

therein) revealed the existence of three components in the X -ray emission of star- 

burst galaxies:

•  D isc re te  so u rces , which are confined to the galactic bulge. Based on their 

high X-ray luminosity (~  few xlO^® ergs s“ ^), these are thought to be X -ray 

binaries.

• U n reso lv ed  X —ra y  em iss io n  which traces the galactic bulge. It has been 

thought to originate from unresolved SNR and X -ray binaries (Fabbiano et 

al. 1982). This emission shows higher amounts of absorption than  th a t from 

our own Galaxy, and its spectrum  is consistent with tha t of X -ray binaries,

i.e. thermal brem sstrahlung with a tem perature >  3 x 10^ K.

• X —ra y  ha loes extending well beyond the edge of the disk along the galaxies’ 

minor axes have been observed for some of these sources.

Ginga observed 5 (bright) starburst galaxies and all show remarkably similar 

spectra in the 2-20 keV band (Ohashi et al. 1990, Ohashi & Tsuru 1992). They 

were well fit by a 6-10 xlO^ K brem sstrahlung model, a tem perature which is too 

cool to be due to high-mass X -ray binaries but consistent with th a t of low-mass 

ones.

Fundamental new results of the combined BBXRT and ROSAT PSPC data on 

M82 and NGC 253 (thought to  represent prototypical starburst galaxies) indicate 

tha t ~  10  ̂ K emission arises only in or near the bulge, and th a t the extended halo 

is substantially cooler (<  2 xlO® K, Petre 1993).

In light of these new results, all the mechanisms which have been thought to 

contribute to the X -ray emission of starburst galaxies (coronae of late-type stars, OB



Introduction  51

stars, Wolf-Rayet stars, low mass or high mass X -ray binaries, supernova remnants, 

a hidden active nucleus and inverse Compton scattering of infrared photons off 

relativistic electrons) are reviewed by Petre (1993). Some of these mechanisms are 

discarded to be origin of the hottest component for various reasons {e.g. coronae of 

hot stars and W olf-Rayet stars because of the large numbers of objects required) 

and others seem unlikely to reproduce it on their own. Petre concludes th a t the hot 

component could arise from a combination of mechanisms, although the similarities 

between all of the m easured spectra point either to the relative contributions from 

the different mechanisms being constant or to one of them  always dominating.

The optical spectra of M82 and NGC 253 have been found to be well described by 

a starburst nucleus and a LINER-like nebula (McCarthy, Heckman & Van Breugel, 

1987, see the section on LINERs), and therefore their use as prototypical starburst 

galaxies to study the nature of the cooler halo component for all starbursts may 

not be correct. According to M cCarthy et al. (1987), the emission mechanism of 

their halo appears to be starburst driven outflows, and this result was confirmed a 

year later with a study performed by Tomisaka & Ikeuchi (1988). These outflows are 

modelled to be due to massive star formation in the nuclear regions, which could lead 

to a rapid wind (of a few 1000 km /s) of hot gas (T % 10^"^ K) expanding outward 

along the galactic disk’s minor axis (Chevalier & Clegg 1985, Tomisaka & Ikeuchi

1988). Clouds in the system are then shock heated by this wind, thus producing 

X-ray emission and an optical LINER-like spectrum  especially at the periphery of 

the bipolar outflow.

Many more starburst galaxies are now being found to have soft gaseous compo

nents (Fabbiano 1996 and references therein).

C ontribution of starburst galaxies to  the X R B

W eedman (1987) estim ated th a t starburst galaxies contribute at least 13% of the 

XRB at 2 keV.

Griffiths & Padovani (1990) calculated this contribution to be 20-30% at 2 keV 

assuming m oderate evolution, and tha t these galaxies could even dom inate the XRB
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spectrum  if their evolution is similar to th a t of AGN. These results are based on 

the measured infrared luminosity function and a conversion to the expected X -ray 

luminosity function using the X -ray /IR  relation L* oc and are thus largely

independent of the emission mechanism in these sources.

Rephaeli et al. (1991) created an average X -ray spectrum  of a starburst galaxy 

from a sample of 53 bright IRAS sources, which they assumed to be starbursts. The

0.5-80 keV average spectral slope of these sources, as measured with HEAO-1 and 

Einstein Observatory data, is P ~  1.0 ±  0.3, which is flatter than tha t of the XRB 

( r  ~  1.4 , Gendreau et al. 1995). The contribution tha t such sources could make to 

the residual, unresolved fraction of the XRB is~  2% in the 3-10 keV band and 4% 

in the 3-50 keV band assuming no evolution. W hen evolution is taken into account, 

Rephaeli et al. find these levels to increase to ~  12 and 26%, respectively, in fairly 

good agreement with the values of Griffiths & Padovani.

Rephaeli et al. (1995) revisited their earlier calculations and, with a similar 

sample of 51 starbursts (excluding NGC 253 and M82 as they were outside their 

selection criteria), they obtained results consistent with their previous work.

LINERs

In 1980, Heckman identified a class of galaxies with optical spectra quite different 

from those of E l i  regions and AGN: Low Ionization Nuclear Emission-line Regions 

(or LINERs). They are characterized, as might have been guessed from their name, 

by (narrow) emission lines of relatively low ionization compared to those em itted by 

the nuclei of Seyfert galaxies. Specifically, they were defined by Heckman by two 

emission line ratios: [OII]A3727/[OIII]A5007 >  1 and [OI]A6300/[OIII]A5007 >  1/3. 

([OHJA3727 specifies the doublet). These line ratios should really be corrected for 

reddening although in practice, they are generally derived directly from the observed 

spectrum.

Over 1/3 of nearby spiral galaxies are LINERs (Heckman 1980; Heckman, Balick 

and Crane 1980). Filippenko & Sargent (1985), amongst many other workers (see
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Filippenko 1993 and references therein), dem onstrated th a t LINERs are specially 

numerous among ellipticals and early-type spirals, with ~  80% of Sa and over 40% 

of Sb galaxies being LINERs.

The emission-line gas in a m ajority of LINERs is concentrated near the nucleus 

(<  200 pc), but in some cases it can be quite extended (<  2 kpc) or even cover 

substantial fractions of the whole galaxy.

Approximately 16% of all LINERs contain broad H a emission. This could lead 

to the distinction between two different types of LINERs, nam ed LINER 1 and 

LINER 2 in a similar fashion to Seyfert 1 and Seyfert 2 galaxies: LINER Is would 

possess broad H a emission, unlike LINER 2s . The difference between them  could 

be explained along the lines of a unified model similar to th a t for AGN, in which 

observing one or the other type depends on the inclination of the system to our 

line of sight. Some LINERs display double peaked H a emission lines, which can be 

variable and /o r transient, independently of the single peaked lines. Some authors 

(e.g. Chen, Halpern & Filippenko 1989) believe th a t they originate in the accretion 

disk of these systems, but there is no conclusive evidence in th a t respect.

The nature of LINERs

LINERs constitute an heterogeneous class, and many different interpretations 

have arisen to  describe the different sub-groups of similar objects. However, there 

appears to  be no single explanation for the origin of the LINER phenomenon.

One in terpretation is th a t LINERs are AGN with a low ionization param eter 

(i.e. a low ratio  of ionizing photons to nucleons at the face of the NLR). Maoz et al.

(1995) analysed a complete sample of nearby galaxies in the UV (2300 A), observed 

with HST. This analysis revealed tha t ~  20% of these LINERs have a compact 

source of UV emission. The detection rate  is confirmed by a second imaging survey 

of LINERs with HST (B arth et al. 1996). These results suggest th a t at least some 

LINERs are genuine low luminosity AGN. The low detection ra te  could be a lower 

lim it, since B arth  et al. find tha t many LINERs have dust lanes which could easily 

obscure the nuclei.
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Another possibility, explored by Eracleous, Livio & Binette (1995a) is th a t all 

LINERs may be photoionized from a nuclear source, but the central ionizing source 

is in an ’off’ state ~  80% of the time. The transient energy source is produced by 

the tidal disruption of a star passing sufficiently close to the central MBH. Stellar 

debris settle into an elliptical accretion disk which lasts for a few decades, whilst 

the emission lines take longer (hundreds of years) to decay, effectively ’holding on’ 

until the next star passes near the MBH and the cycle re-starts. This “duty-cycle” 

scenario seems to apply to some LINERs [e.g. NGC 1097, Storchi-Bergmann et 

al. 1993, 1995; Eracleous et al. 1995b), although whether it is the case for most 

(or all) LINERs is, as yet, unclear. Since the broad line region is thought to  be 

powered by the UV ionizing continuum, one would expect broad H a emission to be 

present in the vast m ajority of UV bright LINERs and in very few UV dark LINERs. 

Unfortunately, the sample of B arth et al. (1996) cannot confirm nor disprove this 

hypothesis. They do indeed find th a t the UV bright galaxies are more likely to 

have broad H a than UV-dark ones, but with only 37 objects (8 of which are UV 

bright) they acknowledge tha t their result is not statistically meaningful. Another 

prediction of this model would be the presence of an [OIII] emission ring around the 

nuclei of UV dark objects, as [OIII] emission cuts off more rapidly when the ionizing 

flux disappears. High resolution imaging of these UV dark LINERs would provide 

a good test for this model.

Spectroscopically, if LINERs are similar to AGN, a featureless, non-stellar ioniz

ing continuum would also be expected to be most easily visible at UV wavelengths, 

where it begins to dominate over starlight. An optical featureless continuum  has 

been found only in a few LINERs. (eg. M87, Dressier & Richstone, 1990). Reichert 

et al. (1993, and references therein) obtained relatively high-quality archive lUE 

spectra of several LINERs. They found th a t most of these objects were spatially 

structured in the long wavelength emission, with an unresolved central component 

(<  1-2") superposed on extended underlying emission. The spectrum  of the extended 

component is dominated by interm ediate-type (F and G) stars. The unresolved com-
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ponent is much bluer than  the extended component and it appears to  consist largely 

of starlight, but from a younger and /or hotter population of stars. However, the 

presence of a photoionizing power-law continuum of sufficient flux to account for the 

emission lines cannot generally be excluded.

An alternative to the AGN model for LINERs is th a t their ionizing continuum 

is produced by very hot and luminous Wolf-Rayet stars. A bright starburst could 

produce a few such stars, and the resulting continuum would resemble a power-law 

model with energy spectral slope of 1.5 in the simplest models. Terlevich & Melnick 

(1985) show tha t the resulting emission-line spectrum  would be similar to those of 

Seyfert 2 or LINERs depending on the num ber of hot stars and the age of the central 

cluster.

Another possibility for the origin of the emission of these galaxies is tha t some of 

the spatially extended LINERs may contain starburst-driven winds, such as those 

described above for the starburst galaxies M82 and NGC253. Some luminous IRAS 

galaxies (such as Arp 220 and NGC 6240, Rieke et al. 1985) also show LINER-like 

bubbles, filaments, arcs and other extended features.

Yet another explanation could lie in galactic interactions and collisions. Many 

luminous IRAS galaxies may have LINER-like spectra as a consequence of such 

encounters {e.g. Sanders 1992 and references therein). If even a small amount of gas 

were captured from an interacting galaxy, collisions between clouds could produce 

a LINER spectrum  at the weak level seen in many elliptical galaxies and early-type 

spirals. Spatially extended starbursts might also produce some of the emission if 

sufficiently massive stars are formed in regions of m oderately high metallicity.

To summarize, the nature of the LINER phenomenon is far from well understood. 

Some LINERs appear to be well described by an AGN nucleus, although with a low 

ionization param eter. For others, we need to invoke starlight ionizing continua, 

starburst-driven winds or galactic interactions in order to explain their emission. 

It is quite likely tha t a combination of some or all of these processes could also 

explain different objects. LINERs are, therefore, a hot topic in current astrophysics
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research.

“N orm al” Spiral G alaxies

The X -ray (0.2-4 keV) luminosity of these galaxies is quite low, ranging between 

10^  ̂ to 10^1 ergs s~^ (Fabbiano 1989). As already mentioned before, their X -ray 

luminosity is proportional to their blue luminosity, which, in turn , is a tracer of 

young, population I stars. Their X -ray surface brightness generally follows the 

optical morphology of the galaxy.

Their diffuse therm al X -ray emission arises from a hot region of the ISM, heated 

by supernovae (Fabbiano 1989). There is also considerable contribution from indi

vidual bright sources, such as X-ray binaries, cataclysmic variables and supernova 

explosions. There could be a small contribution from stellar coronae, although only 

at the lowest energies and in some starburst regions, as the X -ray spectrum  of spi

rals is harder than th a t of stars (A;T > 2 keV for galaxies, and k T  ~  0.5 on average 

for stars, Fabbiano 1989 and references therein). Galactic nuclei emission can also 

be present and contribute varying amounts to the to tal X -ray output.

Elliptical and Lenticular Galaxies

For a given optical luminosity, the X -ray luminosity of these galaxies can span a 

wide range of values, going from levels similar to those seen in spirals (c./. 10̂ ® to 

10̂ 1 ergs s“ )̂ to 10-100 times brighter, although the very high luminosity ellipticals 

are a minority and are usually the central galaxies in groups and clusters of galaxies 

(Fabbiano 1989). The X -ray emission from the brighter sources tends to be much 

softer {kT  ~  0.5-2.0 keV) than  th a t of spirals (A:T >  2.0 keV), which suggests a 

different origin: emission of their hot ISM {e.g. Awaki et al. 1994). X -ray faint 

ellipticals and lenticulars, on the other hand, appear significantly different: their 

X -ray spectra are well fitted by two tem perature models, the hard {kT > 1 keV) 

component probably being due to the integrated emission of a population of low- 

mass X -ray binaries, similar to those responsible for the bulge emission of early-type
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spirals (Fabbiano 1989), and the very soft component {kT  ~  0.2 keV) having several 

candidates, such as coronal emission of late-type stars, an unknown population of 

super-soft X -ray sources or a cooler ISM than  in X -ray bright ellipticals (Fabbiano, 

Kim & Trinchieri 1994). In the case of X -ray faint galaxies, the contribution from 

the hot ISM is much smaller, in some cases even negligible.

By measuring their tem perature profiles, it has been found th a t elliptical and 

lenticular galaxies possess more mass than  can be accounted for in any waveband:

i.e.. they possess varying amounts of dark m atter, which becomes increasingly 

im portant at larger radii (Awaki et al. 1994, Fabbiano 1996b).

Narrow em ission line galaxies (NELG s)

NELGs are generally defined as galaxies which possess only emission lines with 

FWHM < 1000 km s~^ in their optical spectra. They constitute a heterogeneous 

class which is made up of a m ixture of LINERs, Seyfert 2s and starburst galaxies. 

This sub-classification is based on the flux ratio of different emission lines, which are 

then plotted against each other in so-called classification diagrams {e.g. Baldwin, 

Phillips & Terlevich 1981, Veilleux & Osterbrock 1987, Shields Sz Filippenko 1990). 

I will be dealing with the optical classification of the sample of NELGs studied in 

this thesis in chapters 4 and 5, where this technique (and the reasons behind it) will 

be described in detail.

Studies of the X -ray luminosity of NELGs by Boyle et al. (1995a) and Griffiths et 

al. (1996) found these sources to  be rapidly evolving with redshift, at a rate  similar 

to (Boyle et al.) or even higher than (Griffiths et al.) the evolution rate  of AGN. 

Page et al. (1997b) confirmed the presence of evolution in these sources, although 

at a slower rate  than th a t of Boyle et al. (1995a) and Griffiths et al. However, the 

type of evolution (density or luminosity) of these sources has not been possible to 

determine.

NELGs have been proposed as the missing contributor to the X -ray background 

at faint fluxes. Their number has been found to increase with decreasing flux (Jones
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et al. (1995a)) who also predict th a t they could become the dominant source popu

lation at fluxes ~  10“ ^̂  erg cm~^ s , as required if they are to make a signiflcant 

contribution to the XRB. Boyle et a l^9951^onflrmed th a t NELGs become the dom

inant source population, although the predicted flux at which this occurs is lower 

than tha t of Jones et ah, <  2 x 10“ ®̂ erg cm “  ̂ s . X -ray luminosity functions 

of NELGs (Boyle et al. 1995a and Page et al. 1997b) predict tha t NELGs comprise 

15-35% of the 1-2 keV XRB.

Central to this thesis is the investigation of whether the NELGs X -ray spectral 

slope is consistent with tha t of the unresolved fraction of the XRB; in addition, the 

individual source types and their optical and X -ray properties are studied in detail.

1.2.3 Clusters o f Galaxies

Clusters of galaxies are the largest gravitationally bound structures known. Their 

X-ray emission arises from very hot gas conflned by the potential well of the cluster. 

Hence, their spectra are typically modelled by therm al bremsstrahlung from a gas 

with tem perature of 2-11 keV (Sarazin, 1989). The therm al nature of their emission 

is confirmed by the ubiquitous detection of an emission line at ~  7 keV from Fe XXV 

and Fe XXVI (Mitchell et al. 1976). This element is thought to have been produced 

in elliptical galaxies and then lost to the intergalactic medium by some mechanism, 

such as supernovae-driven winds (Mushotzky, 1996).

Clusters are generally easily identified from X-ray images, as they are extended 

and their selection at these wavelengths is unaffected by projection effects of fore

ground /background galaxies, which make optical selections difficult. For most cases, 

the peak of their X-ray emission coincides with a massive elliptical galaxy at their 

centre. Gas cooling flows are also known to take place often in clusters of galaxies 

(see e.g. Fabian 1994 for a review).
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Contribution to the X R B

Clusters of galaxies are not generally thought to be a m ajor contributor to the 

XRB, as their X -ray luminosity evolution was originally found to be strong and 

negative, with high luminosity clusters being most numerous at the present epoch 

(Edge et al. 1990, Gioia et al. 1990). Their contribution to  the XRB in the 4-12 

keV band was estim ated to be ~  3%, increasing in the softer X -ray band to ~  

10-12% and could be higher if most clusters had cooling flows tha t were stronger in 

the past. The contribution of clusters to the softest (<  3 keV) XRB was thought to 

be <  10%. (Fabian & Bar cons 1992).

A num ber of authors, however, e.g. Nichol et al. (1997), are revisiting those 

earlier luminosity function calculations with new data  obtained from ROSAT. Nichol 

et al. results are consistent with no evolution up to z ~  0.5. At greater redshifts {i.e. 

z >  0.6), they argue tha t the fact th a t the EMSS does not detect high luminosity 

clusters might be an indication of evolution, although at low luminosities the X -ray 

luminosity function of clusters does not appear to be radically different from th a t 

at lower redshifts. O ther authors, {e.g. Ebeling et al. 1997, Collins et al. 1997, but 

see Jones et al. 1997) are also finding lack of evolution at low redshifts, although 

there are indications th a t some evolution might be occurring at higher redshifts (z 

>  0.3) for the higher luminosity (>  3 x IC*  ̂ ergs s~^) clusters.

The expected contribution of clusters to the XRB in the different X -ray bands 

should, therefore, increase from the values mentioned above. However, I have found 

no such calculations in the literature so far, and therefore the extent of increase is 

unclear at present.

In any case, estim ates using the ACE of the XRB set an upper lim it to  the cluster 

contribution of 15%, unless they are very extended and of low surface brightness 

(Danese et al. 1993).
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1.2.4 Galactic Sources

As mentioned previously, in the context of this thesis my principal interest is in the 

X -ray em itters th a t make up the extra-galactic XRB. I have therefore joined under 

one section the X -ray em itting Galactic sources and I will very briefly describe them  

here for completeness.

Supernova Explosions

The energy tha t stars release when they explode at the end of their evolution creates 

shock waves which heat up the Interstellar Medium around them , making it radiate. 

This is thought to be the origin of the hot ISM emission in our Galaxy and in bright 

elliptical and lenticular galaxies (see above).

X -ray  Binary Stars

X -ray binary systems consist of two stars which are gravitationally bound, one of 

which is a compact object such as a white dwarf, a neutron star or a black hole. In 

these systems, the companion star (generally a main sequence star) fllls and overflows 

its Roche lobe. The m aterial, either via the formation of an accretion disk or via 

magnetic fleld lines, falls onto the surface of the white dwarf or neutron star and 

forms a shock region. Some of the energy of the infalling m aterial is then em itted 

in the form of hard X-rays and, in turn , some of these hard X-rays are reprocessed 

close to the surface of the compact object and re-em itted as softer X-rays. If the 

compact object is a black hole, however, the X -rays are generally em itted from the 

accretion disk.

Stellar coronal em ission

The coronae of most stars are hot enough to emit in X-rays, due to conflnement 

and heating by magnetic flelds produced by a hydro-magnetic dynamo in the stellar 

interior. However, emission in the X-ray band is weak, and hence it can only be
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detected for nearby stars. Therefore, they do not contribute significantly to the 

X-ray background.

1.3 Summary and conclusions

The origin of the X -ray background (XRB) has been a m ystery since the discovery 

of its existence in 1962.

Although AGN are known to be the main contributors to  the soft XRB at fluxes 

>  10“ ^̂  erg cm “  ̂ s (Shanks et al. 1991; Boyle et al. 1994; Page et al. 1997a), 

their spectral shape (energy index, a  ~  1 in 0.3-3.5 keV, Maccacaro et al. 1988) 

is too steep to m atch th a t of the background (a  ~  0.4, 1-10 keV, Gendreau et al. 

1995, Chen et al. 1996). Estim ates of the AGN contribution from their luminosity 

functions indicate too th a t AGN cannot continue to  be m ajor contributors at the 

faint flux levels. Hence a new population of harder and fainter sources, with a steep 

Log N-Log S and which do not contribute significantly to the XRB above fluxes 

~  10“ ^̂  erg cm “  ̂ s~^, has been sought in order to resolve this spectral paradox 

(Basinger et al. 1993). Narrow Emission Line Galaxies (NELGs) are an attractive 

candidate as this new contributor to the XRB, mainly because their number ratio 

has recently been found to increase at faint X-ray fluxes (Jones et al. 1995a, Boyle 

et al. 1995). However, in order to  solve the soft X -ray spectral paradox, NELGs 

would need to  have a flatter spectrum  than the XRB, to compensate for the steeper 

slope of AGN.

On the other hand, NELGs, by definition, are galaxies which possess only emis

sion lines with FWHM < 1000 km s“  ̂ in their optical spectra. The broadness of 

this definition allows for different types of sources to be included in this class, thus 

the NELG population is known to be made up of a m ixture of at least three such 

types: LINERs, Seyfert 2s and HIT region-like galaxies. If NELGs are indeed found 

to have X -ray spectral indices comparable to those of the XRB, a question immedi

ately arises about whether they are all intrinsically similar in their X -ray properties



62 Chapter 1

or whether one (or more) of these sub-classes is dominant. The presence of X-ray 

evolution for NELGs (calculated by e.g. Boyle et al. 1995, Griffiths et al. 1996, Page 

et al. 1997b) also raises interesting questions, such as whether it takes the form of 

change in properties of the population as a whole or whether it is in fact due to a 

variation in the make-up of the population. By combining the results obtained from 

the optical and X -ray regimes, answers to these questions, i.e. knowledge about the 

nature of the NELG population, its make-up and its evolution, could be obtained.

It is therefore clear th a t NELGs constitute an exciting topic in current astro

physics research, and yet their nature is still unknown. Therefore, in this thesis 

I have undertaken to study their properties both in the X -ray and in the optical 

regime in order to further the knowledge of these sources and of their relevance to 

the XRB.
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X —ray data analysis - RIXOS

2.1 Introduction

As discussed previously during chapter 1, the X -ray background is believed to arise 

from the integrated flux of individual sources (Fabian and Bar cons, 1992, and refer

ences therein). AGN are the most common type of extragalactic X -ray em itter and 

their surface density shows a steep increase w ith decreasing 0.5 - 2 keV flux down 

to ~  10“ ^̂  erg cm~^ s . Thus they would be expected to be m ajor contributors 

to this background also at fainter fluxes (Shanks et al. 1991; Boyle et al. 1994). 

However, their spectral slope (energy index, a  ~  1, Maccacaro et al. 1988) is much 

too steep to m atch tha t of the background (a  ~  0.4, 1-10 keV, Gendreau et al. 1995, 

Chen et al. 1997). This indicates tha t, although AGN are the m ajor contributor to 

the X -ray background at high fluxes (>  10" '̂* erg cm “  ̂ s ), at fainter levels an

other population of sources m ust dominate, which does not contribute significantly 

above this flux level and has a steeper log N-log S and a harder spectral slope than 

AGN.

63
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Narrow emission line galaxies (NELGs) have become the most likely candidate 

to be this ‘missing’ population of sources which contribute significantly to the soft 

X -ray background. They are barely present at high fiux levels, but they have been 

shown to increase in num ber with decreasing fiux more rapidly than AGN at faint 

fiuxes (Jones et al. 1995a, Boyle et al. 1995), thus already fulfilling two of the 

requirements. If their spectral slopes can also be proved to be similar to tha t of 

the X -ray background, the so-called soft X -ray background spectral paradox could 

be solved. This exciting prospect was the motivation for the work pursued in this 

and next chapters, where I analyse the X -ray spectral slope of 17 NELGs from the 

ROSAT International X -ray Optical Survey (RIXOS) and 19 from the UK Deep 

Survey, respectively.

2.2 RIXOS

The ROSAT International X -ray Optical Survey (hereafter RIXOS; Mason et ah, 

1998) is a programme of optical identification of serendipitous X -ray sources de

tected in archive ROSAT Position Sensitive Proportional Counter (PSPC) fields. 

The survey is made up of 81 long exposures (>  8000 seconds), and is ~  83% com

plete to a fiux of 3 X 10“ ^̂  erg cm~^ s“  ̂ (0.5 - 2 keV) over 15 deg^ of sky (63 fields). 

All of these fields have high (|b | >  28°) Galactic latitude to avoid large values of 

Galactic Ny (<  5 x 10^° atoms cm~^). The target object has been excluded from the 

sample, and only sources with off-axis angle up to 17 arcminutes have been used due 

to the larger positional uncertainty and possible masking by the detector window 

support structure outside this area. These sources are detected in the energy range 

0.4 to  2.4 keV, as the softer band has a larger point spread function (PSF), higher 

diffuse Galactic X -ray emission and a larger contribution of Galactic stars, which 

complicate the detection of extragalactic sources.

The optical identification programme will be described in detail in chapter 5.

Approximately 83% of the 393 RIXOS X -ray sources have been identified and
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Table 2.1: Original RIXOS data. The identification number (ID) is made up of 

the field num ber and source sequence number. Exposures times given are after the 

processing described in section 2.3. Fluxes are in units of 10“ ^̂  erg cm “  ̂ s .

Source Name ID Exposure

seconds

Original Counts 

0.4-2.4 keV

± Original flux 

0.5-2 keV

±

RXJ163239.0+781152 122-016 30325 563.8 1.8 20.42 1.27

RXJ120330.7+275532 124-036 13651 112.6 3.1 8.48 1.33

RXJ231323.1+104059 205-025 9056 44.0 15.0 6.31 1.50

RXJ141320.1+440532 217-005 21739 85.3 6.0 4.19 0.68

RXJ141231.5+435539 217-560 21739 279.2 8.1 18.00 9.99

RXJ125451.3+564425 219-026 20172 140.3 8.6 7.62 1.04

RXJ 125533.4+471557 226-074 38128 140.6 7.0 3.86 0.54

RXJ115908.9+553041 240-060 50084 188.7 5.6 4.08 0.46

RXJ032754.0+023344 245-543 23607 941.9 7.1 63.46 9.99

RXJ134447.3+555411 254-006 9076 78.9 4.5 5.63 0.94

RXJ111730.1+074618 258-101 13035 377.0 3.1 41.27 3.27

RXJ104841.0+541301 260-028 9932 62.4 7.4 5.75 1.11

RXJ180603.7+694024 272-010 7378 96.8 1.5 12.93 1.88

RXJ104206.7+115612 273-023 5172 24.2 4.9 3.19 1.14

RXJ133129.9+110802 278-015 9023 55.7 2.4 7.78 1.72

RXJ231744.5+124333 294-006 9230 41.2 3.3 6.42 1.46

RXJ085340.3+134927 304-010 3560 151.9 6.8 11.03 1.30
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17 NELGs are contained in the sample. Their ROSAT catalogue and RIXOS iden

tification (ID) names are listed in Table 2.1, together with their 0.4-2.4 keV original 

counts and the 0.5-2 keV original fluxes (in units of 10“ ^̂  erg cm “  ̂ ® ) used to

determine the flux lim it of the RIXOS sample. These fluxes were calculated assum

ing an absorbed power-law spectrum  with an energy index of 1 and the Galactic 

value for Nh .

2.3 Analysis

The X -ray spectral analysis of the ROSAT PSPC data for this sample of sources 

has been performed in two ways:

For the brightest sources, the highest possible resolution spectra have been ob

tained and fitted using the standard software packages ASTERIX and XSPEC, 

respectively.

However, some of the RIXOS sources are too faint to provide spectra at high 

resolution. For this reason, a new statistical technique was applied to all the sources 

(including the brighter ones) using 3 X -ray spectral extraction bands and a Poisson 

fitting procedure. This way, the brighter sources also serve as a check tha t the new 

technique works well.

These m ethods are described in sections 2.4 and 2.5.

In both cases, intervals of high count rate in the tim e series of the background 

were removed to avoid high particle counts. The m aster veto rate, also related to the 

number of background particles, was set to lie between 0 and 170, as recommended 

by Snowden et al. (1993). The aspect error, which gives an indication of the accuracy 

of the a ttitude  information, was set to lie between 0 and 2, also the recommended 

values to avoid aspect problems.

It is im portant to notice tha t the response m atrix and effective area of the 

ROSAT PSPC depend on the date of the observation as shown in Table 2.2.

The effective area change is due to the PSPCC (the main instrum ent) being
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Table 2.2: Im portant dates for data  reduction.

before 25-1-91 25-1-91 to 11-10-91 after 11-10-91

EFFEC TIV E AREA: 

RESPONSE MATRIX:

PSPCC

PSPCC

PSPCB

PSPCC

PSPCB

PSPCB

switched off after it accidentally pointed to the Sun and being replaced by the 

backup instrum ent, PSPCB. The response m atrix also was superseeded due to a 

decrease in the gain of the new PSPC. These dates and the need to use different 

instrum ent param eters have been taken into account in the work presented in this 

thesis.

2.3.1 The optim al source extraction radius

Before any proper data  reduction was started, I investigated the optim al extraction 

radius for the sources:

The error in the number of counts from a source extracted from a certain area 

[e.g. a circle) is given by the square root of the to ta l number of counts in tha t 

area (z.e., source plus background). By augmenting the circle size, the number of 

extra  counts acquired by the source decreases with increasing radius, whilst the 

background grows as the square of the radius. As a consequence, there is a critical 

radius at which using a larger extraction circle only adds noise to the data. This 

turnover will occur at the point at which the function

G(r) =
VTotal num ber of counts in the extraction circle 

Number of counts in the source

IS a minimum.

To state  it in a m athem atical way, the function G(r) can also be w ritten as
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, ^ (T A F (r)) +  (Tb^r^)

=  TÂFW ----------

where T represents the exposure time, A represents the to tal source counts per 

second, F(r) is the normalized integral of the Point Spread Function (PSF) from the 

centre of the source to  a radius r and b is the background count rate per unit area.

The ROSAT PSF depends on the olf-axis position of the source (z.e., its distance 

from the centre of the field) and on the energy at which it is observed. Therefore, 

this study was performed at 4 source positions (0, 5, 10 and 15 arcminutes off-axis), 

which are thought to map adequately the PSPC field as the sources used are all 

within a 17 arcminutes radius from the centre of the field. The energy dependence 

of the PSF was taken into account by considering three average energy bands: Soft, 

Medium and Hard, with a mean energy of 0.223, 0.715 and 1.242 keV respectively.

The minimum in G(r) does not depend on T because 1 / \ /T  is only a m ulti

plicative constant, so the choice of exposure tim e does not affect the results. The 

exposure tim e used for these simulations was 8000 seconds.

The source fiux used was 3 x 10“ '̂* erg cm “  ̂ s in the 0.5 - 2 keV band (the 

flux lim it of the RIXOS sample). In order to convert this flux to counts s“ ,̂ i.e. 

in order to obtain A, I have used the ROSAT response matrices and effective areas 

to predict how many counts would be observed in each energy band given a certain 

spectral shape. In this case, the spectrum  of the source was assumed to have a 

power-law shape with an energy index of 1. A hydrogen column density (Nh ) of 

10^° atoms cm“  ̂ was taken to be the typical Galactic value for the RIXOS fields. 

This produced three values of A as 3.82 xlO “^, 1.57 xlO “  ̂ and 2.09 xlO “  ̂ counts 

s~^ for the Soft, Medium and Hard bands respectively.

The typical background (b) used was the average of all the RIXOS fields, since 

their value distribution is very narrow in all three bands. The average background 

values were, hence, 1.28 x 10“  ̂ counts arcmin"^ s“  ̂ for the Soft band, 0.21 x 10“  ̂

counts arcm in“  ̂ s“  ̂ for the Medium band and 0.13 x 10“  ̂ counts arcmin"^ s“  ̂ for
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G(r) vs r at E=0.223
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Figure 2.1: Soft G(r) versus radius of extraction. See text for details
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Figure 2.2: Medium G(r) versus radius of extraction. See text for details
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G(r) vs r at E= 1.242
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Figure 2.3: Hard G(r) versus radius of extraction. See text for details
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the Hard band.

The resulting G(r) in the three bands are plotted in figures 2.1, 2.2 and 2.3 at 

four different off-axis positions as a function of extraction radius. From these plots 

it is easy to see tha t G(r) has minim a at quite different extraction radii, depending 

on the energy band and on the off-axis position of the source. I have given more 

importance to  the minima obtained from curves with off-axis values of 10 and 15 

arcminutes, as the number of sources increases as the square of the off-axis angle 

(simply because of the larger area of sky covered at higher off-axis values). It is also 

clear tha t the minim a are fairly broad, and in all cases they occur at radii less than 

60 arcseconds. In the case of the soft band and for the highest off-axis curve, 54 

arcseconds appears to be the largest possible radius at which we are still close to 

the minimum of the G(r) curve. In the other two bands, and at the 10 arcminutes 

position, this radius does not introduce any extra noise, as we are still quite close 

to the position of the broad minima.

Therefore, the value of 54 arcseconds was taken to be the extraction radius for 

all the sources.

Note th a t it would have been more accurate to take three different extraction 

radii for the three different bands, as well as to take into account the precise positions 

of the sources. However, this study was not only performed for the relatively few 

NELGs but for all the RIXOS and UK Deep Survey sources (see also chapter 3 and 

M ittaz et al., 1998), which needed to be extracted in a simple and uniform manner 

and fitted in the same way using the new statistical technique described in section 

2.5. Hence, the simplicity of one extraction radius was a clear advantage, especially 

since it would not introduce any extra noise to the m ajority of sources.

2.4 Full Resolution Data

PSPC spectra of the 17 RIXOS NELGs in the sample were extracted and corrected 

for instrum ental effects using ASTERIX.
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To begin with, I created an image of the central 17 arcmins of each field and, 

using this image, I checked the position and size of the source given by the RIXOS 

identification list.

The source extraction radius was 54 arcseconds, as explained in the previous 

section, except in the case of existing nearby sources when the radius used was one 

half of the distance between the source and its nearest neighbour. The background 

was extracted in every case from a 54 arcseconds radius circle and its position chosen 

to be as close as possible to the source without including any nearby source counts. 

The selection of the optim al position for the background circle was aided by marking 

the positions of the rest of the sources in the field.

Background subtraction, corrections, and translation into XSPEC format were 

done by subsequent ASTERIX programs.

The spectra were binned with a minimum of 20 counts per bin, to allow sufficient 

counts in each bin to justify the use of statistics. For some of the weaker sources, 

namely sources 205-25, 254-6, 258-101, 278-15, 273-23 and 294-6, the criterion of 

having 12 counts per bin had to be adopted, as otherwise there were not enough 

bins to fit the spectrum  successfully. The PH A channels 1 - 1 1  were excluded 

from the fits, as they are corrupted by the event gain correction procedure. PHA 

channels 200 onwards were also excluded due to the rapid decrease of effective area 

at high energies. The resulting spectra (with a num ber of bins ranging from 2 to 27) 

were fitted (when possible) using the package XSPEC w ith three different models 

per source: power-law, brem sstrahlung and black-body, by both fixing the neutral 

hydrogen column at the Galactic value and letting it free. The l a  errors were 

obtained from grids with two interesting param eters (Nh versus photon index if 

Nh was free and normalization versus photon index when the  column was fixed to 

the Galactic value). These grids, with contours corresponding to  la ,  2a and 

3(7 deviations, are shown in Appendix A.

The effect of the redshift of the object on the modelling process has been inves

tigated for one source, 217-560. Equivalent results were obtained with and without
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including the redshift, both in the case of a power-law model and a bremsstrahlung 

model.

2.4.1 Individual sources results

The results for the modelling of individual sources are listed in the next three tables, 

namely Tables 2.3 (power-law), 2.4 (bremsstrahlung) and 2.5 (black-body). The 

errors quoted in these tables correspond to Icr deviation, as explained above. An 

unconstrained value indicates situations where the l a  contour is not closed and 

therefore an estim ate of the limits on the param eter in question cannot be obtained.

To summarise the most im portant overall findings. Fig. 2.4 shows the results from 

the power-law model fitting. It can readily be seen th a t Nh tends to be consistent 

with the Galactic value, which could indicate a lack of intrinsic absorption in these 

sources. The slopes from the fits where Nh has been allowed to vary are also generally 

consistent with those where the column has been fixed at the Galactic value. The 

exception to these general comments are two sources, 122-16 and 245-543, which 

clearly stand out in both panels.

There is no evidence of dependence of Nh or F with redshift (Fig 2.5), which 

would indicate a lack of spectral evolution in these objects. However, this sample 

is too small and the redshift range too narrow to draw any statistically valuable 

conclusion from this lack of trends. An extended set of correlations, also including 

the UK Deep Survey NELGs, will be discussed in Chapter 6.

Following this same pattern , the next two figures summarise the results from 

fitting a bremsstrahlung model to the NELGs X -ray spectra. Fig 2.6 shows tha t 

the fitted Nh is also similar to the Galactic value, again pointing towards a lack of 

intrinsic absorption, and tha t the tem peratures of both sets of fits (with Nh fixed 

to the Galactic value and left free) are consistent too. Fig 2.7 shows no obvious 

dependence of Nh or k T  with redshift. The same two sources, 122-16 and 245-543, 

are the outlying points in panel (a) of both figures, as they require very high values
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of absorbing column. They also have the lowest tem peratures of all NELGs when 

Nh is allowed to vary during the fit.

The results from the black-body fits can be seen in Figures 2.8 and 2.9. In 

line with the results already obtained from the other two models, Nh , when let 

free, adopts a similar value to the Galactic one, suggesting no intrinsic absorption 

(Fig. 2.8). In fact, many of the sources would appear to possess some soft excess, as 

their upper lim it for the amount of absorbing m aterial in the line of sight lies well 

below tha t due to our Galaxy alone. W ith this model, however, the fits produce 

generally poor results and unconstrained lower limits to the param eters, so the 

conclusion is th a t a black-body model is probably not a good representation of these 

sources’ spectra. For completeness, I note tha t the tem peratures of both sets of fits 

(with Nh fixed to the Galactic value and left free) are consistent with one another. 

Fig. 2.9 also shows no obvious dependence on Nh or k T  with redshift. The two 

outliers (122-16 and 245-543) still require high intrinsic absorption with this model, 

although their tem peratures are similar to the rest of the sources with both fits.
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Table 2.3; Full resolution RIXOS spectral results: Power-law model. Nh is in units 

of 10^  ̂ atoms cm “ .̂

ID z NugsA Pcai x l  P Nh x l  Bins

16

10

3̂

6

28

20

12

10

17

19

6̂

2 *

5

4

2*

4*

3*

7

122-016 0.005 4.12 1.67 5.58 1 9 1  7.78 
20.0 142 0.67

124-036 0.341 1.64 9 79 2.50 z. /z 2.92 1.10 3.25 1:̂ 3 2.99 0.99

205-025 0.196 4.31 1 77 0.68
' 2.49 0.63

217-005 0.137 1.13 1.67 0.71 1.50 2.32 0.73 ^.86 0.89

217-560 0.095 1.13 2 19 3^8 0.52 2.12 0.98 0.52

217-560"= 0.095 1.13 2.14:8# 0.73 2.49§:ig i.95i:gg 0.64

219-026 0.124 1.29 2.24 1.47 3.04 3.01 1 . 2 2

226-074 0.303 1.19 1.89 0.94 9  0 9  1.80 4.00 3.58 7;oo 0.79

240-060 0.245 1 . 2 2 9 99 2.09 2.45 1.41 9 1 Q 1.85 2.60 1.16 §:ig 1.50

245-543 0.031 8.81 2.50 2.68 13.5 171  123 ^^ 300 0.84

254-006 0.459 1.05 1.60 2:00 1.76 1.17 7.67 l.OOl 1.53

258-101 0.136 3.36

260-028 0.105 0.93 2.07 1;% 0.72 1.56 2.35 I.4 3 I 0.32

272-010 0.321 4.67 2.59 0.72 2.80 ijg 5.42 I'll 1.14

273-023 0.432 2.81

278-015 0.432 1.94 0.18^2^ 0.64 L35% 1 2 ^ : 0.35

294-006 0.126 4.25 2.44 0.30

304-010 0.193 3.56 0.69 0.73 0.46 7.15 2.16 7s.o 0.86

*Data grouped in 12 counts per bin 

t 1er upper limit 

" Unconstrained limit 

Central 33 arcseconds region only 

N ote: All errors quoted in this table are 1er, as obtained from the contours shown in Appendix A.
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Figure 2.4: Results from XSPEC power-law model fits. The continuous line repre

sents the one to one correspondence between the two param eters plotted. Panel (a): 

Nh , when allowed to vary, tends to be larger than the Galactic value, which points 

towards a possible intrinsic absorption for these sources. Panel (b): The slopes from 

the free Nh fits generally consistent with those where the column had been set to 

the Galactic value with the exception of two sources: 122-16 and 245-543.
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Figure 2.5: Results from XSPEC power-law model fits versus redshift. There is no

obvious trend between the absorbing column (a), fixed Nh slope (b) and free Nh

slope (c) with redshift.
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Table 2.4: Full resolution RIXOS spectral results: Brem sstrahlung model. Nh is in 

units of 10^° atoms cm “ ,̂ and k T  in keV.

ID z NnGal ^Tcai xl kT Nh xl Bins

16

10

3̂

6

28

20

12

10

17

19

6̂

2*

5

4

2*
4*

3*

7

122-016 0.005 4.12 1 oq 1.05  ̂ 7.90 4.55 0.19 g: |̂ 48.2 #1:; 0.79

124-036 0.341 1.64 0.38 0.82 0.41 g;g# 1.40 g;|g 0.89

205-025 0.196 4.31 1.13 0.45

217-005 0.137 1.13 1.53 1.07 5.84 0.40 r.60 0.95

217-560 0.095 1.13 0.60 g;|| 0.84 0.98 0.41 g:i§ 0.57

217-560": 0.095 1.13 0.63g:R 0.74 0.7iî;Ei 0.932:% 0.73

219-026 0.124 1.29 0.52 g;06 1.38 0.43 g:#g 1.65 8:|g 1.48

226-074 0.303 1.19 0.85 0.69 0.55 î:iJ 2.07 2:11 0.65

240-060 0.245 1.22 0.59 g:#o 1.91 0.93 0.53 î:Jg 1.74

245-543 0.031 8.81 0.65 g:|̂ 2.00 0.15 g i î 75.5 ĝ:;* 0.84

254-006 0.459 1.05 2.65 1.96 45.5gi3 0.801 1.55

258-101 0.136 3.36

260-028 0.105 0.93 0.70 1.26 1.86 2-®̂ 0.801 0.41

272-010 0.321 4.67 0.47 g:#| 0.50 0.58 g:g| 3.70 1;% 0.79

273-023 0.432 2.81

278-015 0.432 1.94 55.7 1.86 1.35^"' 12^% 0.35

294-006 0.126 4.25 0.44 t l î 0.04

304-010 0.193 3.56 54.6 % 1.43 57.8 6.33 l^g 1.20

*Data grouped in 12 counts per bin 

" Unconstrained

 ̂ Central 33 arcseconds region only 

t la- upper limit

N ote: All errors quoted on this table are la-, as obtained from the contours shown in Appendix A.
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Figure 2.6: Results from XSPEC bremsstrahlung model fits. The continuous line 

represents the one to one correspondence between the two param eters. Panel (a) 

Nh , when allowed to  vary, tends to be larger than the Galactic value, which points 

towards a possible intrinsic absorption for these sources. Panel (b): The tem pera

tures from the free Nh fits are generally consistent with those where the column had 

been set to the Galactic value, although the errors are very large.
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Figure 2.7: Results from XSPEC bremsstrahlung model fits versus redshift. There

is no obvious trend between the absorbing column (a), fixed Nh temperature (b)

and free Nh temperature (c) with redshift.
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Table 2.5: Full resolution RIXOS spectral results: Black-Body model. Nh is in units 

of 10^° atoms cm “  ̂ and kT  in keV.

ID z Nnoai kToai xl kT Nh xl Bins

122-016 0.005 4.12

124-036 0.341 1.64

205-025 0.196 4.31

217-005 0.137 1.13

217-560 0.095 1.13

217-560" 0.095 1.13

219-026 0.124 1.29

226-074 0.303 1.19

240-060 0.245 1.22

245-543 0.031 8.81

254-006 0.459 1.05

258-101 0.136 3.36

260-028 0.105 0.93

272-010 0.321 4.67

273-023 0.432 2.81

278-015 0.432 1.94

294-006 0.126 4.25

304-010 0.193 3.56

0.20 2.08 0.14 g;îi 9 Q  n  7 .0 6  
6 6 .0 0.81 16

0.11 g;îi 3.20 0.14 g ii 0.801 1.16 10

0 . 2 0 0.16 3”̂

0.21 g;# 4.49 0.22 0.501 4.12 6

0.12 g;}i 3.54 0.14 g 0.081 2.20 2 8

0.l2g;lJ 3.22 0.15g;}| O . I 7I 1.90 20

0 . 1 1  8 : 5 2.32 0.13 g “ 0.33 1 22 2.27 12

0.14 g;}i 0.70 0.15 g 0.37 Ï . 5 0 0.60 10

0.12 g;“ 4.68 0.15 I . 50I 3.54 17

0.19 q '22 1.27 0 .1 1 8 :ît 5 4 . 6  g # :g 0.84 19

0 . 3 2  g ; i | 3.70 0 . 2 6  g:|G 1.761 4.19 6*

2*

0.12 g;}g 4.14 0.14 O .50I 4.03 5

0.14 g;lJ 1.86 0.18 1*14 3 ,6 0 0.48 4

2*

0.36 g-20 0.28 0.335“' 2 . 5 9 % 0.27 4*

0 .1 1 8:îi 0.89 3 *

0 . 4 4  g : g i 1.10 0.57 g-35 4 .90I 0.90 7

*Data grouped in 12 counts per bin 

" Unconstrained 

^ 1er upper limit

 ̂ Central 33 arcseconds region only

N ote: All errors quoted on this table are 1er, as obtained from the contours shown in Appendix A.
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Figure 2.8: Results from XSPEC black-body fits. The continuous line represents 

the one to one correspondence between the two param eters plotted. Panel (a): Nh 

, when left free, tends to  be larger than the Galactic value, which points towards a 

possible intrinsic absorption for these sources. Panel (b): The tem peratures from 

the free Ny fits are generally consistent with those where the column had been set 

to the Galactic value.
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Figure 2.9: Results from XSPEC black-body model fits versus redshift. There is no

obvious trend between the absorbing column (a), fixed Nh temperature (b) and free

Nh temperature (c) with redshift.
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A table with X -ray (0.5-2 keV) and optical (R band) fluxes and luminosities 

of RIXOS sources is presented in chapter 6 (Table 6.1). A sum m ary of the X -ray 

spectral properties of each individual source follows (see Appendix A for plots of 

the fits and contours):

122-16 (R X J163239.0+781152)

Also known as A rpl85 and NGC6217, this is a very interesting object in itself, as 

it is very bright both in the optical and the X-rays. In addition, it is also an IRAS 

source, thus IR information might be able to cast light on its nature.

Optically, 122-16 is a spatially extended, bright nearby galaxy, and a chapter of 

this thesis (chapter 4) is dedicated to analysing spatially resolved optical spectral 

data  of this object.

122-16 also appears in one of the ROSAT calibration fields, and hence there 

are a num ber of exposures of it in addition to the one from the RIXOS sample. 

Interestingly, a study of these data  by Nicholson et al. (1997) found no X -ray 

variability in this source.

The X -ray  spectral properties of 122-16 have been hard to determine. From 

the fits obtained with the three models explained above, it appears to  be a very 

intrinsically absorbed source, with a column th a t rises to over 10^  ̂ atoms cm “  ̂

when allowed to vary in a power-law fit (note th a t the Galactic Nh is 100 times 

smaller, 4.12x10^° atoms cm~^). The x t  value for the  power-law models increase 

from 0.7 when Nh is free to well above 5 when the Nh is fixed at the local Galactic 

value. However, the slope required for the free Nh power-law model to be viable is 

extremely high, F >  12.

The best fit is obtained with a black-body model, unlike most of the NELGs 

which do not seem to be well described by such spectrum . The typical tem peratures 

are < 0.2 keV, with Nh rising to  2.9 x 10^  ̂ atoms cm ”  ̂ when let free.

A Raymond-Smith plasm a model (Raymond and Sm ith, 1977) was also tried for 

this source. This gave a reasonable fit to  the data, the best results (%  ̂ =  0.86) being
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obtained for a fixed Galactic column, a tem perature of 0.75 keV and an abundance 

of 0.2 with respect to Solar.

These peculiar results make the source 122-16 an object worth studying in its 

own right (see Chapter 4).

124-36 (R X J120330.7-h275532)

The spectrum  of this object is equally well described by a power-law or a bremss

trahlung model with no extra  intrinsic absorption. A simple black-body model can 

only provide an upper lim it to the amount of absorption required which is below 

the Galactic value, and fixing Ny increases x l  to  3.2.

205-25 (RXJ231323.1-1-104059)

This is one of the weaker sources mentioned above for which the binning had to be 

lowered to 12 counts per bin. Unfortunately, even by doing so, the num ber of bins 

(3) does not allow a free Ny ht.

The three models seem to provide equally good hts, which is not surprising given 

the low number of points in the h t and the large errors on the points themselves. 

W ith a power-law model, this source has a photon index of ~  1.8.

217-5 (RXJ141320.1-1-440532)

In this case, the best h t model seems to be a power-law which does not require any 

intrinsic absorption. The slope of this object is F ~  1.7.

Although a brem sstrahlung model provides a similar xl , the tem perature re

quired in a free Ny h t is too high (>  5 keV) to be reliably measured with ROSAT 

and by hxing Ny at the Galactic value the h t can only provide a lower limit to the 

tem perature.

The black-body gives, as for most cases, the worst h t, with xl > 4.
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A Raymond-Smith plasma model has also been tried  for this object, but the 

tem peratures required are out of the ROSAT band and not well constrained.

217-560 (R X Jl41231.5-h435539)

In X -rays, this source seems to be best described by a power-law or a brem sstrahlung 

model, neither of which requires any intrinsic absorption. The power-law photon 

index is ~  2.1, and the brem sstrahlung k T  ~  0.5 - 0.6 keV.

The black-body model appears to  be inadequate for this object.

A Raymond-Smith plasma model was also tried, but it did not improve the fits. 

There is a bright star very close to  the NELG in the X -ray error box (see Ap

pendix B) and this implies a possibility of contam ination if the extraction circle is 

too large. For this purpose, the X -ray data  were re-analized with a smaller radius of 

extraction (33 arcseconds), providing similar results. These are listed in Tables 2.3, 

2.4 and 2.5, and also shown in Appendix A. The sim ilarity between the two sets of 

results indicates th a t there is no contam ination from the nearby star to the X -ray 

flux of this galaxy.

219-26 (RXJ125451.3-f-564425)

This object is well fit by a power-law or a brem sstrahlung model. Their are 

similar, bu t the brem sstrahlung free Nh fit param eters are somewhat less well 

constrained. The power-law model seems to indicate th a t this source could have 

some intrinsic absorption at 1er level, bu t the brem sstrahlung model does not require 

a higher absorbing column than  th a t of our Galaxy to provide a good fit. Again, a 

black-body model provides a poor description of this source’s spectrum .

226-74 (RXJ125533.4-h471557)

The X -ray spectrum  seems equally well described by a power-law or brem sstrah

lung models. As for the previous source, allowing the absorbing column to vary
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seems to suggest a higher Nh than  the Galactic value and a steeper slope, but the 

brem sstrahlung models are consistent with a Galactic absorbing column. The black- 

body model with fixed Nh also provides a good description of the data, although by 

allowing Nh to vary the results are somewhat less constrained.

For a power-law, the photon index of this source would be ~  2.

240-60 (RXJ115908.9-1-553041)

Of the three models, the spectrum  of this source appears best described with a 

power-law with no intrinsic absorption. The fits for a brem sstrahlung model are 

only slightly worse than those for a power-law, and again do not require any intrinsic 

absorption. The black-body model provides a very poor description of the data.

In view of the residuals on the fits (Appendix A), a two power-law model, power- 

law with an edge and power-law with a gaussian emission line were also tried, but 

they did not improve the fit.

245-543 (RXJ032754.0-h023344)

This source appears to be best described by a black-body model when Nh is allowed 

to vary and it requires a fair amount of intrinsic absorption (5.5 xlO^^ atoms cm “ ,̂ 

c.f. Galactic Nh =  8.81 xlO^^ atoms cm “ )̂ and a very low tem perature (~  0.1 

keV).

A power-law model with free Nh requires a very high Nh and a photon index of ~  

13, which is exceptionally large, while fixing Nh at the Galactic value gives > 2. 

A similar effect is obtained when a bremsstrahlung model is fitted to  the data, with 

results which again require a large absorbing column and a very low tem perature 

(the lowest tem perature of all NELGs in this sample) when Nh is allowed to vary, 

and %y =  2 when Nh is fixed at the Galactic value.
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254-6 (R X J134447.3+555411)

This is another weak source which required binning into 12 counts per bin instead 

of the preferred 20 counts per bin.

It is equally well fit by a power-law or brem sstrahlung model. Allowing Nh to 

vary with both models provides only an upper lim it to  its value which is slightly 

lower than  the Galactic value; by fixing it at the Galactic value the power-law results 

are quite well behaved whilst the brem sstrahlung tem perature upper lim it cannot 

be constrained.

The black-body model gives a very poor fit to this source.

In fits with all three models, the first one or two bins of the spectrum  appear 

to be above the value expected from the best fit, which could be another indication 

th a t this source may possess a soft excess.

258-101 (R X J111730.1-h074618)

By extracting a spectrum  at the position of the source and binning it into 12 counts 

per bin, only two bins were obtained. Therefore no fits were possible for this object.

It became apparent later on, from the 3 band statistical analysis (see section 

2.5), th a t this source is actually too weak to be detected at all in the soft band.

260-28 (R X J104841.0-h541301)

The X -ray spectrum  of this object is well described by either a power-law or a 

brem sstrahlung emission model. The absorbing column, when allowed to vary in 

both cases, becomes only an upper lim it. W hen fixed at the Galactic value, the 

power-law provides a best fit with a slightly higher photon index (~  2) and the 

tem perature required for a brem sstrahlung is lower (~  0.7 keV) than  in the case 

when Nh is allowed to vary.

The black-body model does not seem to agree with the data.
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272-10 (RXJ18Ü6Ü3.7-I-694024)

This source is fairly well described by all three models. Nh is consistent in all cases 

with the Galactic value except when left free in a black-body model, where the upper 

lim it to this param eter is lower than  the Galactic value.

273-23 (R X JlG 4206 .7 -fll5612)

Even requiring only 12 counts per bin, I have obtained two bins for this source. 

Hence, it has not been possible to a ttem pt any fits.

278-15 (R X J133129.9-h ll0802)

Source 278-15 is another weak source which has too few counts in the X -ray band 

to be divided into bins of 20 counts, so the binning was performed with 12 counts 

per bin.

All three models seem to provide a reasonable x l  , but the power-law model with 

fixed Galactic Ny is the only fit which can be constrained, although the errors are 

large.

None of the fits performed with free Nh can constrain this param eter or even 

determ ine either upper or lower limits. Fixing Nh at the Galactic value causes 

the best fit bremsstrahlung tem perature to rise unrealistically far out of the ROSAT 

bandpass with no possible constraint on its upper limit. The black-body model gives 

a more realistic tem perature but still an unconstrained upper lim it to its value.

As a power-law with fixed Nh , this is the hardest NELG.

294-6 (R X J231744.5-f124333)

This is the last of the faint objects which had to be re-binned into 12 counts per 

bin. Unfortunately, this source still yields only 3 bins and hence it has not been fit 

with free Nh models.
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All three models provide equally good fits, which is likely to be due to the large 

error bars and the small num ber of bins.

304-10 (R X J085340.3+134927)

In this case, the X -ray emission seems well described by a power-law or black-body 

models with Nh fixed at the Galactic value. The power-law slope obtained from this 

fit is ~  0.5. The black-body model w ith free Nh only provides an upper limit to the 

column density which is consistent w ith the Galactic value.

The x l  results are very similar for a brem sstrahlung model, but the tem peratures 

are unrealistically high and unconstrained.

2.4.2 Discussion

The X -ray spectral analysis described in the previous section does not allow to 

determ ine unequivocally whether the origin of the X -ray  emission is therm al or non- 

therm al, i.e. whether the spectra of NELGs are best represented by brem sstrahlung 

or power-law models, as both sets of fits give very similar results for all of the objects. 

The black-body model, however, does not seem to  provide a good description to the 

data  for most of the sources, the exception being 122-16 and 245-543.

Sources 122-16 and 245-543 stand out in nearly all of these fits for their peculiar 

results. W ith all three models, the x l  improves (in some cases dram atically) when 

Nh is allowed to vary, and the values adopted by this absorbing column are then 

much higher than the Galactic one. This strongly indicates th a t these objects are 

indeed heavily absorbed. For a power-law model, the required slopes with free Nh 

are unrealistically high (> 1 2 )  and fixing the column at the Galactic level provides 

very poor xl results. This suggests th a t the power-law model does not provide 

a good description to the data. For a brem sstrahlung model, these two sources 

require the lowest tem peratures of all the NELGs if Nh is allowed to vary, and fixing 

it produces a worse fit to the data  (xl > 2). The black-body model fits therefore
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appear to give the best results for these two objects.

122-16 and 245-543 are the nearest NELGs (z <  0.04) and, although they have 

amongst the highest X -ray fluxes, their X -ray luminosities (using the flxed Nh 

power-law model and correcting only for Galactic Nh for uniformity) are among the 

lowest in this sample (2.2 xlO'*® and 1.5 xlO^^ erg s“ ,̂ see chapter 6). Assuming the 

best fit free Nh power-law model and correcting for the intrinsic absorption, their X - 

ray luminosities increase dram atically (5.7 xlO^^ and ~  4 x 10̂ ® erg s“ ^) especially 

in the case of 245-543 which would then have the highest X -ray luminosity of all 

the NELGs in this thesis. However, we have already seen tha t the power-law model 

does not provide a good fit to these sources. Using their best-fit free Nh black-body 

model instead, the luminosity for 122-16 does not change from its original value (2.2 

xlO'^° erg s“ ^), it is still the lowest luminosity object of the sample. On the other 

hand, the luminosity for 245-543 increases by a factor of ~  20, becoming, at 1 xlO'*^ 

erg one of the brightest sources but still within the range for other NELGs 

found in this thesis.

Only source 254-6 hints towards a possible soft excess, as in all three models the 

first one or two bins are above the best fit (1er), although consistent with it at the 2cr 

level. The weakness of this source, however, does not warrant further investigation.

To augment the statistical value of all the results obtained so far, I need to 

extend this spectral analysis to  a larger sample of NELGs. For this purpose, I will 

investigate the 19 NELGs from the UK Deep Survey in chapter 3 and I will discuss 

both samples combined in chapter 6. This provides a much larger num ber of sources 

and a wider range in X -ray fluxes, and hence a more statistically valuable sample.

2.5 Three Band Analysis - Technique verification

As some sources of both NELG samples (RIXOS and the UK Deep Survey) discussed 

in this thesis are too faint to warrant construction of full resolution X -ray spectra, 

I have extracted their X -ray counts in three bands and applied a fitting procedure
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developed by M ittaz et al. (1998) to determ ine their spectral properties. This 

novel technique was also used for the 15 brightest RIXOS sources, for which a full 

resolution spectrum  had already been fitted. This allowed the assessment of the new 

technique’s validity by direct comparison between both  sets of results. Once this 

is established, the m ethod can be safely applied to the remaining RIXOS sources 

as well as to all of the UK Deep Survey ones, which are too weak to  provide high 

resolution spectra.

The procedure uses a m aximum likelihood technique based on the poissonian 

distribution of counts (Cash, 1979) to fit a spectral model (namely a power-law 

model) together with an accurate background estim ate to the observed source plus 

background counts. By using the to ta l num ber of observed counts (source plus back

ground), the poissonian nature of the data  is correctly described. This technique is 

used in preference to the statistic which assumes a gaussian probability distribu

tion of the counts; the difference can become im portant for low source counts such 

as those in this (and the UK Deep Survey) sample.

The three spectral bands used in this analysis are defined as: S (PHA channels 

8 - 4 1  inclusive), HI (channels 52 -  90) and H2 (channels 91 -  201). The source 

counts were obtained in these three bands, using the software package ASTERIX, 

by summing all the counts in each band from a circle centred at the source position. 

The radius of the extraction circle was nominally 54 arcseconds, the same as for the 

high resolution spectra of the bright RIXOS sources. W here the extraction circles 

of two sources overlap, this radius was reduced to one half of the distance between 

the source and its nearest neighbour.

The full resolution fits from the previous section established th a t both bremss

trahlung or power-law models are, in general, equally good at representing the 

NELGs spectra. Therefore, a power-law model was chosen for this work so tha t 

a direct comparison could be established between NELG spectra, AGN spectra and 

the shape of the X -ray background, the la tte r two being generally modelled as 

power-laws themselves. A two param eter (a . Normalisation) power-law model, with
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the neutral hydrogen absorbing column ( N h  ) fixed at the Galactic value for each 

field, was thus used in the fitting process, leaving one degree of freedom. The detec

tor response function, the background level, vignetting and energy dependent PSF 

effects were folded into the fitting process and applied always to the model, not to 

the data. In this m anner, the poissonian nature of the source counts was preserved.

A large, annular (4.8 - 10.2 arcminutes radii) region centred on the pointing 

position of the field, was used to calculate the average background in each band 

with the sources masked out.

The fiat-fielding and vignetting were taken into account using the corresponding 

exposure map, normalized to 1 in the centre. The “missing” fraction of the PSF 

was calculated using the models of Hasinger et al. (1994).

The results of the three-band fits are shown in Table 2.6. The two sources which 

were too faint to be fitted with XSPEC appear adequately described with slopes 

which are similar to  those of the rest of the NELGs in the sample. A comparison 

of these results with those obtained using the software package XSPEC with higher 

spectral resolution on the brighter RIXOS sources is also shown in Table 2.6, as well 

as in Fig. 2.10. In view of the very good agreement found between them , I consider 

it justified to use the Cash statistic technique in cases, such as the UK Deep Survey, 

where source counts are low and a standard test is not appropriate.

The average spectral slope of these RIXOS NELGs (F ~  1.9) is very similar 

to tha t of the RIXOS broad line AGN (F ~  2) and therefore too steep to m atch 

tha t of the X -ray background (XRB, F ~  1.4). However, as discussed earlier, the 

work of Jones et al. (1995a) indicates th a t NELGs increase in num ber density with 

decreasing fiux, which is in itself a good indication th a t these sources could become 

im portant contributors to the XRB at fainter fiuxes. If these sources were indeed 

to make-up the remaining of the XRB, they would also have to become harder with 

decreasing fiux, thus a sample of fainter sources could provide different results.

W ith this in mind, I will apply the Cash statistic technique will to the UK Deep 

Survey sources in chapter 3.
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Table 2.6: RIXOS comparison between XSPEC and the 3 band analysis results.

ID NuGa.1 P cA S H r x S P B C a/2Xu XSPEC

122-016 4.12 1.73};: 1.67 \ i l 5.58

124-036 1.64 2.62^:% 9  7 9  2.55 ^ 2.90 1.10

205-025 4.31 1.20&;: 1-77 0.63

217-005 1.13 1.68};: 1671:1^ 0.71

217-560 1.13 2.17^:;; 2.19 l i l 0.52

219-026 1.29 2.43^;: 2.24 i:«î 1.47

226-074 1.19 1.92^:% 189 0.94

240-060 1.22 9  9 9 2 .2 9 9  9 9  2.13 
2.32 1.41

245-543 8.81 2.46l:lS 2.50 2.68

254-006 1.05 1.60 1.76

258-101 3.36 —

260-028 0.93 1-94?:?? 9 07 2.29 0.72

272-010 4.67 2.58HI 2.59 0.72

273-023 2.81 2-24?:§^ —

278-015 1.94 1.64}:g 0.18 o“.9 f 0.64

294-006 4.25 9  9 7 2 .6 0  z .z /2.00 2.44 0.30

304-010 3.56 i-oiJ:?? 0.69 0.73
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Figure 2.10: Comparison between the slopes obtained from XSPEC and the three 

band Cash statistics fits. The line represents the one to  one correspondence, and it 

shows the excellent agreement between the two methods. The one deviating point 

is the source 278-15, which could not be fit satisfactorily with XSPEC. The errors 

from the XSPEC results and from the three band m ethod are 1(7.
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2.6 Summary and conclusions

I have obtained high resolution X -ray spectra of the brightest 15 RIXOS NELGs 

and fitted them  with a power-law, a brem sstrahlung and a black-body model, both 

by letting Nh vary and by fixing it at the Galactic value. I have found th a t both the 

power-law and the brem sstrahlung models seem to describe the data  equally well, 

whilst the black-body is, in most cases, inadequate. By allowing Nh to vary, the 

am ount of absorption required by most sources is consistent with the Galactic value 

and both sets of slopes or tem peratures are also generally in agreement with those 

derived from fits with Nh fixed. There is no obvious trend between the free Nh , 

the spectral slopes or tem peratures with redshift, which would indicate a lack of 

evolution in these sources. However, the sample is small and the sources are nearby 

(the highest redshift being 0.46), thus it is difficult to draw any statistically valuable 

conclusions about their evolution.

The two nearest sources, which have amongst the highest X -ray fluxes in this 

sample, are the only two NELGs which require intrinsic absorbing m aterial in the line 

of sight. Their X -ray luminosities (corrected only for Galactic Nh for uniformity) 

are the lowest in the sample. Their intrinsic luminosities (corrected for intrinsic 

absorption as well as Galactic absorption), on the other hand, vary from model to 

model. W ith a black-body model, preferred by these sources, 122-16 remains the 

lowest X -ray luminosity NELG in the sample while 245-543 increases its luminosity 

to a value which is above average for the RIXOS NELGs bu t still within the range 

found in this thesis.

In order to expand the present sample to contain a larger num ber of fainter 

NELGs, I have also binned the X -ray spectra of the full RIXOS sample of 17 sources 

in three bands and fitted them  using a new technique developed by M ittaz et al. 

(1998). This technique, based on Cash (1979), respects the poissonian nature of 

the source counts, which is assumed to be Gaussian in standard techniques. The 

difference can be im portant for low count sources, such as the weakest of the NELGs
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in the RIXOS sample or those drawn from the UK Deep Survey. I have compared 

the results obtained from “traditional” fitting methods, such as XSPEC, with those 

obtained with this new technique for the brighter 15 RIXOS NELGs and found 

both sets of results to be in very good agreement. I will therefore conclude th a t it 

is appropriate to use this technique on the fainter sources, such as NELGs from the 

UK Deep Survey sample, for which high resolution spectra cannot be obtained. The 

results derived with this new m ethod for the UK Deep Survey NELGs and AGN are 

presented in chapter 3.

The average spectral slope of these RIXOS NELGs (P ~  1.9) is very similar to 

th a t of the RIXOS broad line AGN and therefore too steep to m atch th a t of the 

X -ray background. A sample of fainter sources, however, could provide different 

results...



Chapter 3 

X -ray data analysis - The UK  

D eep Survey

3.1 Introduction

In the previous chapter, I concluded tha t I need a larger sample of NELGs to 

increase the statistical significance of the results obtained with RIXOS sources. The 

UK Deep Survey offers an excellent opportunity to investigate a different set of 

NELGs, drawn from an independent survey with a lower limiting fiux than  RIXOS. 

By being deeper, the UK Deep Survey contains fainter sources, closer to the flux 

levels of those which make up the unresolved fraction of the X -ray background. If 

these fainter UK Deep Survey NELGs were found to  be harder than the RIXOS 

ones, i.e. similar in spectral shape to  the X -ray background, they could fulfill the 

final requirement for NELGs being the ‘missing’ contributors to the background (see 

introduction to  chapter 2). Thus, the so-called soft X -ray spectral paradox could 

potentially be solved.

99
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The UK Deep Survey sources are, however, too faint to warrant the construction 

of high resolution X -ray spectra which can be fitted with conventional packages 

such as XSPEC. In chapter 2 I tested a new statistic technique developed by M ittaz 

et al. (1998) which is appropriate for faint sources and which is found to provide 

bright source results consistent with those obtained from higher resolution spectra. 

Therefore, I will now use this new technique for the fainter UK Deep Survey NELGs, 

in order to investigate their X -ray spectral properties and to compare them  to those 

of AGN and the X -ray background. I will first, however, describe the UK Deep 

Survey project.

3.2 The UK Deep Survey

The UK Deep Survey (Branduardi-Raymont et al. 1994, McHardy et al. 1998) 

involves the optical identification programme of a deep (>105 ks exposure) ROSAT 

PSPC pointed observation. It covers 0.2 deg^ of sky in an area where the Galactic 

Nh is low (~  6.5 X 10^  ̂ cm “ )̂ and relatively uniform (Jones et al. 1995b). The 

survey reaches a flux lim it of 2 x 10~^^ erg cm “  ̂ s“  ̂ (0.5-2 keV). Only sources with 

off-axis angles up to 15 arcminutes have been used for the same reasons mentioned 

in Chapter 2 for the RIXOS survey. Source searching was carried out in the energy 

range 0.5 to 2.0 keV (PHA channels 50 - 200), again because the softer band has 

a larger point spread function (PSF), higher diffuse Galactic X -ray emission and a 

larger contribution of Galactic stars, which complicate the detection of extragalactic 

sources.

The optical identification programme will be described in detail in chapter 5. It 

is sufficient to mention here th a t about 90% of the 96 X -ray sources contained in 

the UK Deep Survey sample have been identified and 19 NELGs and 33 AGN have 

been found.
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3.3 Data analysis

3.3.1 Individual sources

As explained above, I have applied the new fitting technique developed by M ittaz et 

al. (1998) to the UK Deep Survey sources. I have therefore obtained counts in the 

same three X -ray bands used in the previous chapter for the RIXOS sources, namely 

S (PHA channels 8 - 4 1  inclusive), HI (channels 52 -  90) and H2 (channels 91 -  

201). I then fitted the three band spectra with a power-law model using the Cash 

statistic technique. For full details of the spectral extraction and fitting procedure, 

please refer to section 2.5 in the previous chapter.

Table 3.1 lists the results of the three-band power-law fits for the 19 individ

ual NELGs in the Deep Survey sample. The absorption was fixed at the Galactic 

value. The fluxes (0.5-2 keV) were obtained from the source counts, using the best 

fit slopes, the ROSAT PSPC response m atrix  and correcting for the Galactic Nh- 

Values of qo=0 and Hq=50 km s~^ Mpc“  ̂ were adopted when calculating the 0.5 - 

2 keV luminosities at the source, and the best fit power-law slopes were used for the 

K-correction.

The UK Deep Survey was carried out in a field where no bright X -ray sources 

were previously known, thus allowing the comparison of the characteristics of faint 

X -ray selected NELGs and AGN. In particular, by comparing the NELG slopes 

with the AGN ones and with th a t of the X -ray background we can test whether 

NELGs could be m ajor contributors to the X -ray background at fainter fluxes. All 

UK Deep Survey AGN were therefore also reduced and fitted in the same m anner 

as the NELGs, and the results are listed in table 3.2.

The single power-law model with Nh fixed at the Galactic value appears to 

provide an adequate representation of the spectrum  for most of the sources. I have 

performed a study of this by considering the residuals of the fits: I have calculated 

an “individual for each of the sources, by applying the formula
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Table 3.1: Three band spectral results from UK Deep Survey NELGs

ID extraction  

radius (arcsec)

Hard Counts “ 

PHA channels 52-201

Fx (0.5-2 keV) Lx (0.5-2 keV) 

10^° erg s“ ^

032 43 0.068 -2.31 ± 0.67 101.98 ± 13.03 1.96 ± 0.43 34 ± 7

036 41 0.235 0.18 ± 0.26 89.68 ± 11.49 1.31 ± 0.20 328 ± 49

042 18 0.366 -0.15 ± 0.88 50.71 ± 9.78 0.76 ± 0.22 430 ± 126

043 25 0.382 0.81 ± 0.25 69.76 ± 13.32 0.99 ± 0.20 827 ± 167

047 18 0.364 0.49 0.56 36.48 ± 8.79 0.52 ± 0.15 357 ± 101

051 54 0.062 0.78 ± 0.19 64.77 ± 10.56 0.92 ± 0.16 16 ± 3

060 26 0.580 0.51 ± 0.38 38.47 ± 7.60 0.55 ± 0.12 1062 ± 237

067 54 0.554 -1.85 ± 1.77 44.71 ± 9.50 0.81 ± 0.38 498 ± 234

085 48 0.304 -0.29 ± 1.35 19.89 ± 7.50 0.30 ± 0.17 114 ± 64

093 49 0.590 0.57 ± 0.47 36.88 ± 8.81 0.53 ± 0.14 1086 ± 295

094 54 0.061 -0.60 ± 1.38 24.88 ± 8.48 0.39 ± 0.21 6 ± 3

103 32 0.200 1.31 ± 0.32 34.03 ± 9.81 0.48 ± 0.14 100 ± 30

117 54 0.064 -0.33 ± 1.86 13.00 ± 7.67 0.22 ± 0.18 4 ± 3

121 27 0.310 -0.13 ± 0.93 27.10 ± 7.06 0.41 ± 0.15 166 ± 61

127 23 0.250 0.88 ± 0.48 22.07 ± 6.40 0.31 ± 0.10 103 ± 33

131 24 0.576 0.87 ± 0.54 22.87 ± 7.21 0.32 ± 0.11 720 ± 246

132 28 0.223 1.63 ± 0.26 19.18 ± 5.77 0.25 ± 0.08 74 ± 24

134 49 0.250 0.38 ± 0.83 26.33 ± 8.09 0.38 ± 0.15 113 ± 43

135 32 0.520 0.93 ± 0.58 17.15 ± 6.46 0.24 ± 0.10 423 ± 172

“Corrected for PSF and vignetting. The error is the uncertainty in the counts. 

Note: All errors quoted in the table are 1 cr deviation.
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Table 3.2: Three band spectral results from UK Deep Survey AGN

ID extraction

radius (arcsec)

Hard Counts “ 

PHA channels 52-201

Fx (0.5-2 keV) Lx (0.5-2 keV) 

lO^o erg s “ ^

002 27 0.260 0.69 ± 0.07 326.33 db 19.52 4.64 ± 0.29 1604 ± 101

003 54 1.069 1.45 ± 0.06 264.68 ± 18.29 3.67 ± 0.26 59109 ± 4144

007 36 1.140 1.30 ± 0.07 163.12 ± 13.74 2.27 ± 0.19 39198 ± 3353

010 37 0.380 2.07 ± 0.07 140.41 ± 13.01 1.93 ± 0.18 2397 ± 224

O il 44 0.826 1.05 ± 0.09 164.82 ± 15.89 2.31 ± 0.23 13956 ± 1385

013 54 1.610 1.00 ± 0.09 147.25 ± 13.96 2.07 ± 0.20 74973 ± 7334

015 27 1.140 1.71 ± 0.08 137.57 ± 12.96 1.90 ± 0.18 44993 ± 4293

017 46 1.640 0.85 ± 0.11 121.51 ± 12.51 1.71 ± 0.18 56586 ± 6075

018 54 1.620 0.77 ± 0.12 127.05 ± 13.68 1.80 ± 0.21 53180 ± 6060

020 31 1.390 1.19 ± 0.11 110.93 ± 12.99 1.55 ± 0.19 43497 ± 5258

021 44 1.360 0.40 0.21 82.10 ± 10.67 1.19 ± 0.17 15850 ± 2274

023 54 0.970 1.47 ± 0.08 145.26 ± 13.93 2.01 ± 0.20 24664 ± 2390

024 31 1.630 1.13 ± 0.13 89.34 ± 12.38 1.25 ± 0.18 53352 ± 7610

029 18 1.900 1.69 ± 0.20 60.73 ± 15.36 0.84 ± 0.21 103407 ± 26407

030 42 1.890 0.26 ± 0.20 109.26 ± 11.80 1.59 ± 0.19 42119 ± 5106

031 46 2.140 -0.29 ± 0.40 84.84 ± 10.94 1.29 ± 0.22 24853 ± 4216

037 54 1.570 1.21 ± 0.16 53.63 ± 9.98 0.75 ± 0.14 30723 ± 5840

048 43 0.692 1.30 ± 0.12 71.83 ± 11.37 1.00 ± 0.16 4365 ± 709

055 32 1.184 0.19 ± 0.40 49.16 ± 8.34 0.72 ± 0.15 5848 ± 1194

056 41 1.890 1.08 ± 0.17 45.59 ± 8.49 0.64 ± 0.12 40256 ± 7635

057 29 1.525 1.36 ± 0.16 59.28 ± 10.76 0.82 ± 0.15 35581 ± 6615

061 18 3.430 0.62 ± 0.57 51.71 ± 14.61 0.74 ± 0.24 155913 ± 49926

063 36 2.593 1.07 ± 0.20 47.07 ± 9.26 0.66 db 0.13 109802 ± 22327

072 24 2.808 1.11 ± 0.31 31.80 ± 7.84 0.44 ± 0.11 100688 ± 25852

075 31 1.380 0.30 ± 0.55 47.36 ± 9.41 0.69 ± 0.17 8800 ± 2149

080 54 1.100 1.33 ± 0.25 34.33 ± 8.94 0.48 ± 0.13 7624 ± 2030

091 54 2.007 0.48 ± 0.42 46.44 ± 9.71 0.67 db 0.16 26205 ± 6208

092 54 1.600 1.11 ± 0.32 28.21 ± 8.67 0.39 ± 0.13 15652 ± 5005

101 42 1.350 0.21 ± 0.92 24.83 ± 7.26 0.36 ± 0.14 4078 ± 1584

104 44 1.485 0.42 ± 0.55 30.78 ± 7.81 0.44 ± 0.13 7560 ± 2230

110 31 1.855 -1.51 ± 1.54 27.14 ± 7.59 0.47 ± 0.23 1866 db 911

118 29 0.998 1.49 ± 0.30 19.72 ± 7.61 0.27 db 0.11 3684 ± 1444

125 50 1.680 0.81 ± 0.35 35.05 ± 8.84 0.50 ± 0.13 16877 ± 4569

“Corrected for PSF and vignetting. The error is the uncertainty in the counts. 

Note; All errors quoted in the table are 1 <r deviation.
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Figure 3.1: Deep Survey residuals study for NELGs (left) and AGN (right). Ab

scissae axis: — (Observed counts - Predicted counts)^/Observed counts” . The

top panel contains the distribution of on the S band; the second panel from the 

top contains the HI band; the third panel contains the H2 band. The bottom  panel 

represents the total for all bands combined. There are 6 NELGs and 8 AGN 

with x^ > 2, giving an upper limit of ~  30% and ~  25% for the to tal number of 

absorbed NELGs and AGN, respectively.
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(Observed counts - Predicted counts)^/Observed counts

to  each of the bands independently and then adding these three values to create a 

to tal result. I have taken a value of >  2 to indicate th a t the model does not 

provide a good fit to the data. There are a number of reasons why this could be so, 

e.g. the source could be intrinsically absorbed, have a soft excess, this may be the 

wrong model for the emission mechanism, etc. However, if I assume this high value 

of x^  to be due only to intrinsic absorption, I can place an upper lim it to the number 

of sources which could require an absorbing column higher than  the Galactic value. 

In the case of NELGs, shown in the left panel of Fig. 3.1, I have found tha t, out of 

the 19 sources, 6 (5 shown on the plot, the 6th one having >  7 and being out of 

the plot) have >  2, giving a ~  30% upper lim it to  the fraction of NELGs which 

might require intrinsic absorbing column. In the case of the AGN, shown on the 

right in Fig. 3.1, this fraction is slightly smaller 25%), with 8 of them  out of a 

to ta l of 33 having >  2 (again, one of these sources being out of the plot with 

X' >  32).

I have examined possible correlations between the X -ray spectral slope and other 

param eters of the UK Deep Survey NELGs and AGN. In C hapter 6 I will explore 

further correlations between the X -ray and optical properties of the RIXOS and the 

UK Deep Survey NELGs.

There is no evidence for a system atic trend of spectral slope w ith X -ray luminos

ity for either the UK Deep Survey NELGs or AGN, as shown in the top two panels 

of Fig. 3.2. The bottom  panel, where the two types of sources are combined, appears 

to show a slight trend of increasing slope with increasing luminosity. I have investi

gated this correlation further by applying two tests, Pearson’s linear and Spearm an’s 

Rank correlations (see e.g. Numerical Recipes for a good description of these tests). 

The significance of these correlations can be evaluated using a t test, which behaves, 

in the case of a null correlation, like a S tudent’s t-distribution; a t test value larger 

than the tabulated  Student’s t-distribution at the confidence level chosen indicates
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Figure 3.2: Energy index versus X -ray luminosity for the UK Deep Survey sources. 

The top panel shows the NELGs results, the middle one the AGN ones. It can be 

seen from these two panels th a t there is no obvious dependence of spectral slope 

with luminosity. The bottom  panel, where the two types of sources are combined, 

shows a trend of increasing slope with increasing luminosity (see tex t for details of 

the correlation analysis). As NELGs have lower luminosities, this trend indicates 

tha t their spectral slope might be harder than tha t of AGN.
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th a t the correlation is statistically real at th a t confidence level. As it can be seen 

from Table 3.3, there is no correlation for either the NELGs or the AGN separately, 

bu t there might be a weak correlation when the two types of sources are combined. 

I have assumed a 5% chance th a t I m ight be wrong in rejecting the null (no correla

tion) hypothesis. The results shown reject the null hypothesis at this confidence level 

only for the combined sources. The non-linear (Spearman) correlation is significant 

at the 99.9% confidence level.

Table 3.3: Correlation statistics for UK Deep Survey sources: X -ray luminosity 

versus slope. The same symbols, with the same meanings, will be used in future 

tables.

PEARSON SPEARMAN

Nsources r t Correlation? 95% t Ts t Correlation?

NELGs 19 0.190 0.780 N 2.110 0.179 0.750 N

AGN 33 0.206 1.171 N 2.042 0.191 1.080 N

ALL 52 0.319 2.381 Y 2.021 0.460 3.659 Y

r: Pearson coefficient

t: t test result on the Pearson’s coefficient

95% t: Minimum value of t to accept the correlation, with a 5% probability of being wrong. 

Fg: Spearman coefficient

NELGs cover a lower luminosity range than AGN (clearly illustrated by the  top 

two panels of Fig 3.2), as they are nearer sources. The relationship found between 

X -ray luminosity and slope points to the NELGs having a harder slope than  the 

AGN from the same sample.

There is no evidence for a dependence of spectral slope with redshift for the 

NELGs, as shown in the top panel of Fig 3.3 and also in Table 3.4, where the results 

of the correlation analysis are given. However, the UK Deep Survey AGN (middle 

panel of Fig 3.3) do reveal a trend with the Spearm an’s test (5% confidence level):
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the nearest sources tend to have slightly steeper slopes. This correlation disappears 

when the two samples are combined (bottom  panel of Fig 3.3); yet another indication 

tha t the NELGs are harder than AGN at least at low redshift ranges. The chance 

of mistakingly finding a spurious correlation is again chosen to be 5%.

Table 3.4: Correlation statistics for UK Deep Survey sources: redshift versus slope. 

Symbols are defined in Table 3.3

PEARSON SPEARMAN

Nsources r t Correlation? 95% t Ts t Correlation?

NELGs 19 0.182 0.763 N 2.110 0.186 0.784 N

AGN 33 0.302 1.763 N 2.042 0.387 2.334 Y

ALL 52 0.195 1.403 N 2.021 0.213 1.545 N

The hardening of AGN with redshift, if real, is very subtle, but other authors 

(Almaini et al. 1996 and references therein) have reported on the existence of such 

trend. There are many reasons why this trend could be present. The most likely 

possibility is th a t the soft excess, found in many AGN, is redshifted out of the 

observing bandpass. Another explanation could lie in the fact th a t absorbed AGN, 

which are too faint to be observed at high fluxes, become more abundant at faint 

flux levels, effectively hardening the average spectrum  of these sources. It is also 

likely th a t, if such a correlation were indeed real, a combination of the above reasons 

could be responsible for it.

The slopes of individual NELGs and AGN in the Deep Survey have been plotted 

against to tal signal in PHA channels 52-201 in Fig 3.4 and the num ber distribution of 

the two source types is shown in Fig. 3.5. From these two figures it can be seen th a t 

the brighter sources in the UK Deep Survey are AGN, whilst NELGs only appear 

and become im portant at the faint end of the distribution, below ~120 counts. The
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Figure 3.3: UK Deep Survey sources energy index versus redshift. The top panel 

shows the NELGs results, the middle one the AGN ones. From these two plots it 

appears th a t there is no obvious dependence of spectral slope with redshift (but see 

text for correlation analysis results). The bottom  panel, where the two types of 

sources have been combined, confirms this.
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dashed line, set at 120 counts in both figures, highlights this break-point. Even 

though there is a significant dispersion of slopes from source to source, there is also 

an indication even in Fig. 3.4 th a t the slopes of the NELGs are harder than  those 

of AGN.
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Figure 3.4: Energy index versus counts in PHA channels 52 - 201 for NELGs and 

AGN in the UK Deep Survey. The dashed line at 120 counts highlights the point 

below which NELGs appear and become im portant. See text for details.
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Figure 3.5: Number of sources versus counts in PHA channels 52 - 201 for the UK 

Deep Survey. The dashed line emphasizes th a t the NELGs only appear below ~  

120 counts, and the dotted line shows the further subdivision of the sample of AGN 

into objects with <  60 counts and those w ith counts between 60 and 120. See text 

for details.
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3.3.2 Average spectra

To investigate further the difference between the X -ray spectra of NELGs and those 

of broad line AGN, I have co-added all UK Deep Survey NELGs and all UK Deep 

Survey AGN counts in each band, creating an average spectrum  for each of these 

two types of sources. By summing the spectra of many NELGs and AGN I am 

averaging the effects of dispersion in the properties of individual objects, mimicking 

the way the unresolved X -ray background is measured. To take into account the 

different off-axis angle of each source and to correct for the vignetting effect, I have 

proceeded with this averaging as follows:

Firstly, I corrected the three band images for vignetting, by dividing each pixel 

by the corresponding exposure map value, normalized to 1 in the centre. I then 

extracted all the source counts and subtracted the background. Since the sources 

are going to be added in these three bands, I also corrected their counts in each 

band for the “missing” fraction of the PSF to a 3 arcminutes radius, to avoid loss 

of counts in the softest band. In effect, this is like “positioning” the sources on-axis 

in the PSPC image with an extraction radius of 3 arcminutes.

These counts were then added in each band for all the sources. The num ber of 

pixels used in the extraction for each source was also added up, as this information 

is used during the fitting procedure to take into account the adequate am ount of 

background, respecting in this way the poissonian nature of the counts.

The resulting ’average’ source was then ‘corrected back’ to  a 54 arcseconds radius, 

as this is the optimal extraction radius to maximise the signal to noise ratio (see 

chapter 2, section 2.3.1). Since the background is taken into account during the 

fitting procedure, the appropriate background was added to this average source.

Effectively, this process creates an average source on-axis which has already been 

corrected for every instrum ental effect, with all its counts and the right amount of 

background to be taken into account during the fitting.

The average spectra of AGN and NELGs were then fitted with the Cash tech-
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nique in the same way as the individual sources. A probability density distribution 

for the power-law slope is obtained by projecting (integrating) the two dimensional 

maxim um  likelihood surface in normalisation and slope along the normalisation axis 

(Cash 1979).

To ensure th a t there is no bias in the spectrum  as a function of count ra te  (such 

as might be introduced by imperfect background subtraction for example) I have 

used in the comparison only AGN with <120 counts in order to m atch the count 

range of the NELG sample. This leaves 23 AGN in the sample. The probability 

density distribution for the AGN and NELGs energy indices are compared in Fig 3.6. 

I find th a t the mean slope of the AGN is o;=0.96±Q.Q3 (1er) while tha t of the NELGs 

is a  =  0.45 di 0.09, i.e. they differ at more than 3<j confidence. Moreover, the mean 

slope found for the AGN is consistent with brighter X -ray AGN samples selected 

in the soft X -ray band above ~0.3 keV (Maccacaro et al. 1988, â  = 0.95 ±  0.05; 

M ittaz et al. 1998, a. =  1.05 ±  0.07 ).

As explained above, I have excluded the ten brightest AGN in the sample from 

this analysis. If I include them , the mean AGN slope increases to 1.21 ±  0.01, 

further increasing the discrepancy with the NELGs results. However, it can be seen 

from Fig 3.4 th a t this softening of the mean slope is prim arily caused by 2 of the 

bright AGN, which have softer than  average spectra and dom inate the counts.

The error quoted for the mean slope of these AGN and NELG samples is statis

tical only, which is appropriate because I am interested in their relative value and 

system atic errors should affect both samples in the same way. However, system atic 

errors will be relevant when comparing my results with those of other samples. The 

dom inant cause of possible system atic error in this spectral extraction procedure 

is likely to  be the background value used. To assess this effect I have artificially 

distorted the background spectral shape and re-fitted the average source data. For 

illustration, if I reduce the background counts in the softest and hardest channels by 

5% (Fig. 3.7), the slope of the m ean AGN increases to 1.07 ±  0.02 (~  0.1 increase) 

and the NELG to 0.69 di 0.05 (~  0.2). The effect of this distortion has brought
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Figure 3.6: Probability  distribution of NELGs and AGN spectral slopes. The shaded 

area represents the X -ray background slope, the w idth of which reflects its uncer

ta in ty  (G endreau et al. 1995). The dashed line represents the NELGs distribution. 

The solid line is used for AGN with less than  120 counts in PHA channels 52 - 201. 

These AGN have been further divided into two subsamples, the dotted  line being 

used for AGN with less than  60 counts, and the dash-dotted line representing AGN 

w ith counts between 60 and 120. See text for details.
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the two average spectral slopes slightly closer, but the diflference between the two 

types of objects is still greater than  3cr. By increasing instead the soft background 

counts by 5% but keeping the 5% reduction in the hardest band (Fig 3.8), the AGN 

slope decreases to 0.85 ±  0.03 (~  0.1 decrease) whilst the NELG slope has a larger 

decrease to 0.16± 0.13 (~  0.3), the difference between these two types of objects 

increasing even further. The reason for the different behaviour of the two source 

types to the background distortion lies in the larger num ber of AGN involved, as 

well as their brighter nature (see Fig 3.5). I regard these results as an upper lim it 

to the size of possible system atic effects.

Given th a t system atic errors in the background do affect the results on faint 

sources more than bright sources, I have further verified th a t the AGN and NELG 

populations have different mean slopes by subdividing the AGN sample into two 

groups which have <60 counts and counts between 60 and 120 respectively. This 

subdivision is illustrated in Fig. 3.5 as a dotted line which sections the AGN his

togram. Probability distributions for the two subsamples are also shown in Figs 3.6, 

3.7 and 3.8. Both AGN subsamples are significantly softer than  the NELGs in every 

case.

There are inevitable selection effects in a count-rate lim ited sample derived with 

ROSAT because of the restricted energy response of the detector. I expect the 

mean spectrum  of source samples to be biased to softer slopes than  would be the 

case for a flux limited sample selected over a more extended energy range and with 

a flatter detector response at high energies. This should be borne in m ind when 

comparing these results with the spectrum  of the X -ray background measured, say, 

with ASCA which should include significant numbers of faint AGN as well as NELGs. 

Nevertheless, since such selection effects would affect both the AGN and NELG 

samples, the difference in the mean spectrum  of the two samples seems secure.

I also note tha t direct measurements of the X -ray background with ROSAT 

may suggest a somewhat softer slope than determ ined with ASCA (e.g. 0.7±0.3, 

Branduardi-Raym ont et al. 1994; 0.6±0.3, Chen et al. 1994), which are even more in
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Figure 3.7: Probability distribution of NELGs and AGN spectral slopes when the 

background is reduced by 5% in both the softest and the hardest bands.
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Figure 3.8; Probability distribution of AGN and NELGs spectral slopes, increasing 

the background in the soft band by 5% and reducing it in the hardest band by the 

same amount.
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agreement with the results presented here. However the uncertainties are relatively 

large given the restricted energy range of ROSAT, and there are possible system atic 

biases due to the uncertain contribution of Galactic background emission in this 

band.

3.3.3 Higher resolution average spectra

In the previous section, I have established th a t the spectra of NELGs in the UK Deep 

Survey sample are indeed harder than AGN from the same sample and comparable in 

shape to the X -ray background. However, the intrinsic absorption study performed 

in section 3.3.1 indicated th a t up to ~  25% of AGN and 30% NELGs could be 

intrinsically absorbed. As long as the absorbing m aterial is intrinsic to  the source, 

fixing the absorption at the Galactic value mimics the way these sources contribute 

to the X -ray background and therefore the results of the fits in section 3.3.2 are 

secure.

In this section, I have performed a further study of the total am ount of intrinsic 

absorption th a t could be affecting the average UK Deep Survey NELG and AGN 

spectra. This will give an indication of whether faint NELGs are intrinsically steep 

sources but heavily absorbed or they are indeed intrinsically harder sources than 

their brighter counterparts in the RIXOS sample.

For this purpose, I have used x s e le c t  in F to o ls  to extract two high resolution 

average spectra: one from the to tal sample of 19 NELGs and another from the 23 

AGN used in the previous section. An effective area m atrix was created for each one 

of the two average sources, taking into account in this way the vignetting corrections 

for each individual object. A background file (common to both average sources) was 

also created with x s e le c t  by extracting the same annular region used previously, 

having first removed circular areas of 1.5 arcmin radii centred on each object. This 

background file was incorporated in the fitting procedure. I binned the average 

spectra into 20 counts per bin, which resulted in 75 bins for the NELGs and 91 for



X - r a y  data analysis - The U K  Deep Survey  119

the AGN. I then fitted them  with XSPEC using the same three models (power-law, 

brem sstrahlung and black-body) used in chapter 2  for the high resolution RIXOS 

NELGs. The results (best fit values and upper and lower 1 er limits) are shown in 

Tables 3.5, 3.6, 3.7 and the data with the best fit model and contours are shown in 

Appendix A. The AGN and NELG contours for free Nh fits with a power-law 

model are compared in Fig. 3.9.

The three models give similar x l  (except for the black-body model being rejected 

for the AGN), although the power-law model appears to provide the best constrained 

results for the NELGs. By fixing the absorption at the Galactic value, the NELG 

and the AGN show similar slopes to those obtained in the previous section with 

the lower resolution data. This provides further, independent confirmation th a t the 

3-band fitting technique produces reliable results.

By allowing the Nh to vary, however, the NELG results appear to indicate tha t 

higher absorbing columns (of the order of 2  x 1 0 °̂ atoms cm “ )̂ and steeper (a  ~  1 ) 

power-law slopes are required. The free Nh fits exclude the Galactic value for Nh 

and the ~  0.4 slope at >  2cr, while fixed Nh fits exclude the steep (~  1) free slope 

at >  3 (7 . Thus, while the fixed absorption fits provide a good representation of 

the data, the average NELG may require some intrinsic absorption and a somewhat 

steeper {i.e. softer) power-law slope.

The AGN results show a similar trend to those obtained for the NELGs: the fixed 

power-law model provides a good description of the data  but a higher absorbing 

column and a steeper power-law slope are indicated by the free Nh fits.

To summarize, free Nh fits indicate th a t both types of sources are likely to be 

affected by absorption outside our Galaxy, i.e. the intrinsic power-law slopes of some 

objects may be steep and indeed comparable to  or even higher than  those measured 

with ROSAT for average broad line AGN (a  ~  1 ). The excellent fit provided by 

the models when Nh is fixed at the Galactic value, however, together with the xl 
study performed in section 3.3.1, indicate tha t this is not the case for all individual 

objects. In the case of the NELGs, which are nearby sources (z <  0.6), the extra
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Table 3.5: High resolution UK Deep Survey spectral results: Power-law model. Nh 

is in units of 1 0 °̂ atoms cm “ .̂

ID NnGai OiGa.1 xl « N r xl Bins

NELG 0.65 0.42o.6fi 1.23 1.00j;^5 2.36j;jf 1 . 1 2  75

AGN 0.65 0.93î;g5 1.30 1.25};5? 1.39g;gg 1.24 91

Table 3.6: High resolution UK Deep Survey spectral results: Brem sstrahlung model. 

Nh is in units of 1 0 °̂ atoms cm “ .̂

ID Nncai ^ÎGai xl hT Nh xl Bins

NELG 0.65 3.64;^g 1.17 1.70j;|5 1.45§;gg 1.13 75

AGN 0.65 0.95î;?g 1.29 1.01?;§g 0.56g;|g 1.30 91

Table 3.7: High resolution UK Deep Survey spectral results: Black-body model. Nh 

is in units of 1 0 ^̂  atoms cm~^.

ID Nnoai ^Tcai xl hT Nh xl Bins

NELG 0.65 0.27g;i? 1.37 0.27% 0.431 1.35 75

AGN 0.65 0.15g;^f 2.96 3.00%  ̂ 5.86 91

1 Upper limit 

“ Unconstrained
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Figure 3.9: Contours for the average NELG and AGN fitted with a power-law model, 

allowing Nh to vary. The contour lines correspond to 1 <7 , 2cr and 3(7  respectively. 

The dash-dotted line corresponds to the value of the Galactic Nh .

absorption must be intrinsic to the source. Therefore, the original, possibly steep, 

power-law of those absorbed objects is distorted by the Nh as it leaves the source, 

resulting in a harder observed spectrum . Although the spectral slopes of NELGs and 

AGN are not significantly different in free Nh fits, the larger amount of absorption 

indicated for NELGs reflects their relatively harder observed spectrum . The yet 

unresolved X -ray background would be made up of these NELGs as hard sources, 

thus the results obtained from the previous section appear secure.
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3.4 Summary and conclusions

Because of the good consistency found in the previous chapter between “trad itional” 

fitting methods such as XSPEC and those obtained from the new technique devel

oped by M ittaz et ah (1998) for faint sources, I consider it appropriate to use this 

new m ethod on the UK Deep Survey sources, which are too faint to be fitted with 

XSPEC.

I have therefore extracted the X -ray spectra of 19 NELGs taken from the UK 

Deep Survey in the same three bands as used in the previous chapter with the RIXOS 

sources. I have also extracted the spectra of 33 AGN of similar count ra te  from the 

same sample. I have evaluated the spectral slopes of all these objects using M ittaz et 

al. statistical technique and fixing Nh at the Galactic value, and I compared both 

sets of results. I find a correlation between spectral slope and X -ray luminosity 

when both types of objects are combined, which indicates th a t the NELGs, being 

on average the lower luminosity objects, must also be harder on average than  the 

UK Deep Survey AGN. This is supported by a comparison of the behaviour of their 

slopes with redshift: no trend appears for the NELGs or when both types of sources 

are combined, but AGN appear to become harder with increasing distance. There 

are many reasons why such a correlation should exist, such as redshifting of the soft 

X -ray excess (found in many AGN) out of the ROSAT bandpass or the absorbed 

AGN population becoming more prominent at fainter fluxes.

By plotting the slopes of both types of objects against counts in the two hardest 

ROSAT energy bands, despite the large dispersions, I obtain another indication tha t 

NELGs spectra are harder than AGN.

To further investigate this result, I have created an average spectrum  of a NELG 

and an AGN by summing up all the source counts of each class in each of the 3 bands, 

and I have then fitted these two average spectra in the same way as I earlier fitted 

individual sources. To avoid biasing these spectra as a function of count rate,e.^. by 

imperfect background subtraction, I have only used in the comparison AGN within
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the same count rate range of NELGs. I have thus excluded 19 AGN from the study. 

By comparing the resulting slopes of these two average sources, I have found tha t 

the NELG spectrum  is harder than th a t of the AGN at more than  3(7  confidence.

Moreover, the mean spectral slope of the NELGs (a  =  0.45 ±  0.09) is consistent 

with the slope of the X -ray background between 1 and 10 keV (a  =  0.4 ± 0 .1 ; 

Gendreau et al. 1995) whereas the slope of the AGN at similar count rates is not 

(a  ~  1 .0 ).

In order to assess the robustness of this outcome, I have also further studied 

the effects of imperfect background subtraction by distorting the background shape 

applied with these two average sources as well as by subdividing the AGN sample 

into two subsamples. Similar results to the ones presented above were obtained from 

these checks. It therefore seems th a t the difference between the spectral slopes of 

AGN and NELGs and the similarity between the la tte r and the shape of the X -ray 

background are real.

I have created higher resolution average NELG and AGN spectra and fitted them  

with power-law, brem sstrahlung and black-body models. All three models provide 

similar acceptable x j  (except for the black-body model for AGN, which produces 

x j  >  2.9), although the power-law fits seem better constrained for the NELGs. 

The results from fitting both sources with a power-law model having the absorption 

fixed at the Galactic value are equivalent to  those obtained earlier from the three- 

band fits, providing further evidence th a t the novel technique adopted works well. 

Allowing Nh to vary during the fit, however, indicates th a t some of the NELGs and 

AGN in the UK Deep Survey may have intrinsically steep slopes, indeed comparable 

or even steeper than the average for broad-line AGN (a  ~  1 ). These steep spectra 

are, however, distorted by absorption (relatively more so for NELGs than  AGN), 

giving them  the observed appearance of harder sources. Since the NELGs are nearby 

sources (z <  0.6), the absorption in excess of the Galactic value required by the fits is 

likely to be intrinsic. Therefore, the NELGs contribution to the X -ray background 

would be in the shape of the harder spectrum  established with the three-band fits.
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These results open an im portant way forward to the understanding of the origin 

of the soft (<  2 keV) extragalactic X -ray background. Extrapolation of the source 

num ber counts suggests th a t NELGs become the dominant source population at 

fluxes four times fainter than the UK Deep Survey flux lim it (i.e. at fluxes of 

~  5 X 10“ ®̂ erg cm“  ̂ s ~ ^  in the 0.5-2 keV band; Jones et al. 1995a, McHardy et 

al. 1998). The increasing num ber of these sources at low fluxes and their spectral 

properties as shown in this thesis, taken together, can reproduce both the flux and 

spectrum  of the X -ray background. Thus, the results reported here add considerable 

weight to the idea tha t NELGs are the m ajor contributor to the residual unresolved 

soft X-ray background and they represent a substantial step towards the resolution 

of the so-called soft X -ray spectral paradox.
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Arp 185 - LINER or starburst?

4.1 Introduction

It was found in chapter 2 th a t source 122-16, aka Arp 185 and NGC 6217, has the 

highest X -ray flux of all the NELGs investigated in this thesis. It is also the nearest 

source, and its X -ray luminosity is the lowest in the RIXOS sample.

Arp 185 was a difficult source to fit in the X -ray band. Unlike the rest of the 

RIXOS NELGs (except for 217-560), it appeared best described by therm al models, 

the power-law requiring unrealistically steep spectral slopes to  fit the data. Also 

unlike most of the NELGs, Arp 185 is heavily obscured in the X -ray regime. A 

study performed by Nicholson et al. (1997) found its X -ray emission not to be 

variable, a result which would too be consistent with a therm al origin.

Arp 185 is also bright in the IR band, being one of the sources in the IRAS 

catalogue, and it is thought to be highly reddened (Schmitt et al. 1997 and refer

ences therein). To the present date, it has been considered in the literature as a 

starburst galaxy, again consistent with therm al X -ray emission. Its identification as

125
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Figure 4.1: Multiwavelength spectrum  of Arp 185. From Schm itt et al. (1997, 

and references therein), de Vaucoleurs et al. (1991), Kinney et al. (1993) and the 

RIXOS optical and X -ray spectra. The optical spectrum  lies below the photometric 

measurements in the same band of De Vaucoleurs et al. due to light loss from using 

a slit. See text for details.



A rp  185 - LIN E R  or starburst?  127

a starburst comes from line ratios diagrams which have only been used as a discrim

inator between AGN and starbursts [i.e. between photoionization by a therm al or 

a non-therm al continuum) rather than  differentiating between Seyferts, HII region

like galaxies and LINERs {e.g. Ashby et al. 1995). Its spectral energy distribution, 

obtained from Schm itt et al. (1997) is shown in Fig. 4.1.

In this chapter, I have further studied Arp 185 in the optical regime. For this 

purpose, I have firstly classified it using the diagrams of Shields & Filippenko (1990, 

SF hereafter), which are, in turn , also drawn from two previous papers: Baldwin, 

Phillips & Terlevich (1981, B PT hereafter) and Veilleux & Osterbrock (1987, VO 

hereafter). I will first describe the classification scheme used in this chapter (the 

same scheme th a t will be used in chapter 5 for the other 35 NFLGs studied in this 

thesis), before moving on to the results obtained from this work.

4.2 Photoionization models and classification sche

mes

In order to classify the different types of NFLGs, it is im portant to assess what kind 

of properties make them  different from each other.

The main physical difference between different classes of emission line galaxies 

is the photoionizing continuum. In narrow-line AGN, the ionizing radiation is well 

approximated by a power-law continuum. In HII regions the ionization may be due 

to UV photons em itted by hot OB stars. In LINFRs, this is less well established: 

some LINFRs could be photoionized by a nuclear source, while others may be ionized 

by starlight continua, starburst-driven winds or galactic interactions. The difference 

in the ionizing continuum causes the emission of different optical lines with different 

relative strengths. For example, HII region-like galaxies have weak low-ionization 

lines, such as [NII]A6583, [SIIJAA6717, 6731 and [OI]A6300. LINFRs, as discussed 

in Chapter 1 , generally possess strong [01] and [Oil] lines, as well as relatively weak
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[OUI] lines (c./. LINERs are defined by the line ratios [OII]A3727/[OIII] 5007 >

1 and [OI]A6300/[OIII]A5007 > 1/3, Heckman 1980). As a consequence, different 

types of objects have characteristically different spectra, thus a classification system 

based on the relative strengths of the emission lines should be able to  distinguish 

between the different sources. Many authors have worked on schemes based on 

emission line ratios, although most of the classifications in the literature are based 

on two papers: B PT and VO.

B PT concentrate on an empirical study of which line ratios can distinguish be

tween different emission mechanism using data compiled from the literature. These 

authors use as their sample of LINERs only those which have been satisfactorily 

fitted with shock-heating models. B PT find th a t there are essentially four diag

nostic diagrams which can effectively separate the different types of NELGs into 

different regions in line ratios space, shown in Fig. 4.2: [OII]A3727/[OIII]A5007 ver

sus [0III]/H /3 (a), versus [OI]A6300/Ha (b) and versus [NII]A6584/Ha (d), and of 

[NII]A6584/Ho; versus [OIII]A5007/H;5 (c). Diagram (e) in the same figure 

([OII]A3727/[OIII]A5007 versus [OI]A6300/[OIII]A5007), although rejected by BPT 

because the lines involved make the ratio sensitive to reddening effects, can also 

distinguish well between the different types of sources after reddening corrections. I 

have therefore included it as part of my classification tools.

VO concentrate their search on diagrams which are reddening insensitive. These 

authors find th a t the ratios [OIII]A5007/H/?, [SII](A6717-f A6731)/Ho;, [NII]A6584/Ha 

and [OI]A6300/Ha are very useful in classifying emission-line galaxies. In particular, 

th a t the [OIII]A5007/H^ versus [OI]A6300/Ha diagram could be the best single tool 

for distinguishing between different objects. VO note tha t the [OI]A6300/Ha ratio is 

sensitive to reddening effects, but they still include it, as it is the best discriminator 

between photoionization from a power-law continuum and from OB stars.

In addition to establishing useful classification diagrams, VO also explored the 

physical scenarios th a t give rise to the diversity in line strengths between the different 

types of objects:
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Figure 4.2: Classification diagrams, taken from Baldwin, Phillips & TerlevichQ.98]). 

The diamonds represent sources ionized by a power-law continuum , the  ’x ’ repre

sent shock-heated galaxies and the circles represent H ll-regions, the  represent 

planetary nebulae and the vertical bars indicate upper limits.
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The absorption cross-section of all ions decreases rapidly with increasing photon 

energy, and therefore soft X-rays can penetrate deeply into the predom inantly neu

tral zone of the narrow line region of AGN, where they produce a large partly-ionized 

region. Here, HI, HII and free electrons coexist with neutral atoms of other elements, 

as well as with ions with ionization potentials similar to th a t of HI. Hot free electrons 

produced by X -ray photoionization and by Auger processes can strengthen lines pro

duced by collisional excitation, such as [OI]A6300, [SH]AA6717, 6731, [NH]A6583. 

This partly-ionized zone does not exist in HII regions, which are photoionized by 

hot stars and can be modelled as spherical shells around the ionizing source {e,g. 

Evans & Dopita, 1985; McCall, Rybski & Shields, 1985; VO).

According to VO, the intensities of [OI]A6300, [SHJAA6717, 6731 and [NHJA6583 

are larger with respect to H a in narrow-line AGN than  in HH-regions because col

lisional excitation of these lines is more im portant in objects with extended partly 

ionized zones. Since the ionization potential of 01 is similar to the ionization po

tential of HI, there is a large difference in the ratio of [01] over H a between HII 

region-like objects and AGN. A similar situation occurs with the [SH] lines, al

though the fact tha t SH can also occur within the HII zones of HH-regions and 

AGN attenuates the difference.

OHI is produced predom inantly by UV photons well inside the partly  ionized 

zones, closer to the ionizing source. However, the relatively larger numbers of pho

tons tha t can ionize OH to OHI in power-law spectra generally make [0HI]/H/5 

larger in the AGN than  in all but the highest excitation HII region-like objects.

As mentioned earlier, in this thesis I have used the classification diagrams of 

SF, which are themselves taken from B PT  and of VO. The six diagrams are shown 

in Fig. 4.3. The areas for each type of source have been obtained by SF on the 

basis of the data shown by B PT and VO. The displacement introduced by Ay =  2 

magnitudes reddening is indicated by an arrow in those diagrams which are sensitive 

to it (as published by SF).
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Figure 4.3: Classification diagrams, adapted from Shields and F i l ip p e n k o 99^ The 

arrows indicate the displacement in the ratios introduced by reddening correspond

ing to Ay =  2 magnitudes. S =  Seyfert 2, L =  LINER and H =  HII region-like 

galaxy. See text for details.
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4.3 Data

The optical da ta  used in this work have been obtained through the ROSAT Inter

national X -ray Optical Survey (RIXOS hereafter, Mason et al. 1998), the aim of 

which is the optical identification of a large sample of X -ray selected objects. The 

X -ray selection criteria have been described in chapter 2 . Arp 185 is the brightest 

RIXOS NELG studied in th a t chapter, where it is listed under the name of 122-16.

The RIXOS optical identification programme is fully described in chapter 5. I will 

only mention here th a t the autom atic plate measuring ( APM) facility at the Institu te  

of Astronomy, Cambridge, was used to find all the possible optical counterparts to 

each X -ray source within its one sigma error circle. These counterparts were later 

observed spectroscopically and identified using various telescopes at the Observatorio 

del Roque de los Muchachos, on the island of La Palm a (Canary Islands).

Arp 185 is a bright barred spiral galaxy (see Fig 4.4) which completely fills the 

X -ray positional error circle. There is a bright point-like optical source (the closest 

of the two in Fig 4.4) situated about 33 arcsec away from the nucleus, in one of the 

arms of this galaxy. This source was also observed spectroscopically and identified 

as a foreground Galactic star, therefore unrelated to the system.

The optical spectrum  of Arp 185 studied in this chapter (Fig. 4.5) was obtained 

during a RIXOS observing run in February 1993 with the ISIS spectrograph on 

the 4.5m W illiam Herschell Telescope (W HT). ISIS is a two arm  spectrograph with 

CCD detectors. It was used with the 5400 Â dicroic and the R300B (blue arm) 

and R158R (red arm ) gratings, resulting in wavelength ranges ~  3700-5400 A for 

the blue arm and 5200-8300 A for the red. The slit was 4 arcminutes long and 1 

arcsecond wide, giving a resolution of ~  6  A in the red and ~  3 A in the blue. 

The R band image shown in Fig 4.4 was obtained from the Im  Jacobus Kapteyn 

Telescope (JK T) and a CCD detector on La Palm a in May 1993, and the position 

of the slit during the spectroscopic observations (taken at the parallactic angle) has 

been drawn on it. The full optical image obtained had a field of view of 6.4 x 5.8
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Figure 4.4; Optical (R) image of Arp 185, a bright barred spiral galaxy. The held 

of view is 5 X 5.2 arcmin. The long narrow rectangle superimposed on the image 

represents the slit position used to obtain the spectrum in Fig 4.5.
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arcmin with a resolution of 0.31 arcsec/pixel.

4.4 Optical classification

The optical (3700-8400A) spectrum  of this source, as reduced by the RIXOS team , 

is shown in Fig. 4.5.

Halpha

Hgam ;om ] [OI]

-[Oil] Hdel Hbeta Hel

E

4000 5000 6000 
Wavelength (A.)

7000 8000

Figure 4.5: Optical spectrum  of Arp 185

The redshift has been measured to be z=0.005. All the emission lines required 

for the classification diagrams, [SII]AA6717, 6731, H a, [OIJA6300, H/?, [OIIIJA5007 

and [OII]A3727 are present and very prominent, except for [01] which, although 

present, appears to be comparatively weak. The weakness of the [01] emission line 

is in itself, as discussed before, an indication of HII region-like activity. H/?, H7  and 

H(̂  appear to be filling broad absorption dips. Thus H/? is best described by a two 

component fit: a very strong, narrow emission line and a weak, broad absorption 

dip. I have used this model to obtain the intensity of the emission component in 

H ^ for the line ratios. The line fluxes for all the lines are shown in Table 4.1.

The optical fitting process was performed using FITSPEC, an IDL routine de

veloped by Prof. K.O. Mason. Using this package, the redshift of the source can be
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1 5

Figure 4.6: An example of error measurements: the two [SII] AA6717,6731 lines.
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Table 4.1: Individual line param eters for Arp 185. Fluxes are in units of 10“ ^̂  erg 

cm “  ̂ s , FW HM ’fe' the lines are in km s“ .̂ The errors are system atic and were 

calculated as described in the text.

Parameter H a Nil OHI Oil 01 SII

Flux

FWHM 389lff
29.7il:?5
279if*“ 382ljf

8.42i‘;5?

383il|^
26.3i^1^
557i5i?

4.55il:« (42 .7 i|jS ‘ 
482i^‘|

* Two lines visible - used added flux

estim ated from the position of the emission lines. Then, the spectrum  is corrected 

to  its rest frame before any line flux measurements take place.

The flux of each line was estim ated by fitting it with a gaussian profile. The 

continuum was always fitted as a first degree polynomial, i.e. a straight line, and 

subtracted from the line flux.

Despite the fact th a t previous authors have not included any error analysis when 

dealing with classification diagrams, I believe th a t these are necessary in order to 

establish the confidence with which a certain source is identified as belonging to 

one type or another (see also Chapter 5, section 5.3.2). For this purpose, I have 

calculated the uncertainties involved in each line measurement.

The systematic uncertainties due to the assumed level of the continuum were 

obtained “by eye” , by estim ating the highest and lowest possible flux which could 

be contained within the line by both changing the size of the gaussian representing 

the line and by increasing and decreasing the level of the continuum. This process 

is illustrated in Fig. 4.6: the top panel shows the best fit results, the medium panel 

illustrates the maxim um  flux and the bottom  panel the minimum flux in the lines. 

I use the added flux of the two [SII] emission lines as a single measurement for the 

ratios, thus the effects of blending are not im portant for these lines. The statistical 

errors in the fitting process of Arp 185 emission lines are found to  be of the order 

of 1 0 “ ®̂ erg cm"^ s , whilst my (conservative) estim ates of the system atic errors

-X-The values of the FWHM presented here have not been corrected for instrumental resolution. This 
correction can be taken into account using the formula crlf^served =  (^Intrinsic +  (^instrument- This 
would make the intrinsic FWHM of the lines smaller than the values shown in Table 4.1 by ~  150 
km/s in the red arm and ~  100 km/s in the blue.
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“by eye” (as shown in table 4.1) are of the order of 10 erg cm  ̂ s  ̂ . I have 

therefore neglected statistical uncertainties in the error estimates in this work.

In the case of H a and [Nil], blending can seriously affect the error measurements, 

as the lines involved will be ratioed for classification purposes. In this case, I have 

fitted simultaneously the three lines with gaussian profiles (Fig. 4.7, top panel). 

The errors are estim ated by raising and lowering the continuum level and ratioing 

the maxim um  of each line to the minimum of the other and viceversa (medium 

and bottom  panels of the same figure, see Chapter 5, section 3.5.2 for a detailed 

description of this process).

I believe tha t the errors obtained in this manner are highly conservative and tha t 

they are also adequate for this work, where statistical errors are negligible. However, 

I am aware tha t this m ethod of estim ating errors is empirical and, therefore, these 

uncertainties are to be considered only as an aid in the classification process.

The emission line ratios for Arp 185, together with their errors, have been plotted 

in their corresponding classification diagrams in Fig. 4.8. Surprisingly, it can be 

seen from this figure tha t the diagrams which do not depend on the strength of 

the [OI]A6300 emission line point mostly to this source being a LINER, whilst the 

weakness of this line excludes any possible origin other than an HII region-like galaxy 

in those diagrams which include it. Possible reddening effects (see chapter 5 for a 

description of how they are calculated) are illustrated as grey areas on the same 

figure. They clearly do not resolve the discrepancy between the different diagrams.

4.4.1 Arp 185 and Weak [OI] LINERs

A search through the literature reveals a type of LINER which exhibits characteris

tics similar to Arp 185: Weak-[OI] LINER.

Since the earliest classifications of LINERs, it has been noticed tha t unambigu

ous LINERs have [NH]A6583/ H a>  0.6, thus this ratio has been often adopted to 

distinguish LINERs from HII regions and starburst galaxies. However, it is not part
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Figure 4.8: Classification diagram for Arp 185
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of the original definition and it does not distinguish LINERs from Seyfert 2 galaxies.

Filippenko & Sargent (1985) realised tha t LINERs identified only by their large 

[NII]A6583/Ho; ratio comprise two types of sources, depending on the strength 

of their [OI]A6300 emission. Filippenko adopts a value of [OIJA6300/ H a =  1 / 6  

(z.e.log([OI]/ H a=  -0.78) as the dividing line between them , with those below this 

strength being called "Weak-[01] LINERs” . In this definition, only the narrow com

ponent of H a  is included, despite the possible presence of broad H a emission. In the 

case of Arp 185, no broad component of H a is required. A survey of the literature 

by Filippenko and Terlevich (1992) suggests tha t at least 25% of all LINERs may 

have indeed weak [01]. These authors also find th a t most of the weak [01] LIN

ERs were classified as LINERs based on their high [NH]A6583/Ha ratio, but do not 

satisfy Heckman’s (1980) criteria for LINERs (c./. [OH]A3727/[OIH]A5007 >  1 and 

[OI]A6300/[OHI]A5007 >  1/3). Arp 185, however, is not one of such sources, as it 

clearly satisfies these criteria. It should, therefore, be classified as a LINER.

Filippenko and Terlevich (1992) suggested th a t the origin of the emission lines 

in weak [01] LINERs could be due to solar-metallicity gas being irradiated by the 

ionizing continuum of early 0 -type  main-sequence stars; this would create an HH- 

region with an ionization param eter which is a factor of ~  2 0  lower than  in typical 

HII regions. The observed line ratios in weak-[01] LINERs, though, require higher 

stellar effective tem peratures (T >  45000 K) than  are normally believed to be present 

in solar-metallicity HH-regions (T <  40000 K), and the authors argue th a t these 

conditions could be a natural consequence of the generally higher gas densities, 

pressures and masses in galactic nuclei than  in extra-nuclear HII regions.

The predicted positions of the line ratios from this model in different classification 

diagrams are shown in Fig. 4.9. A comparison between these diagrams and the 

values of Arp 185 shown in Fig. 4.8 indicates th a t the line ratios of this source are 

roughly consistent with those predicted by photoionization by O stars models from 

Filippenko & Terlevich (1992), although the above-solar predictions (dashed lines) 

appear to be closer to the actual line ratios of Arp 185. This result also agrees
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Figure 4.9: Classification diagrams for weak-[01] LINERs. The results of 0 -s ta r 
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well with the preference for therm al models as the origin of its X -ray emission, i.e. 

the origin of the ionizing continuum, as indicated by the spectral fits reported in 

Chapter 2 .

Alternatively, Ho, Filippenko & Sargent (1993, HFS hereafter) suggest tha t 

weak-[01] LINERs could be composite HII region/LINER systems, i.e. either neb

ulae excited by both hot stars and non-stellar radiation or m ixtures of normal HII 

regions and nebulae excited by non-stellar radiation. In support of this idea, HFS 

indicate tha t the spectrum  of NGC 3504 in their sample shows prom inent Baimer 

absorption lines and a very blue continuum - in fact, this source’s spectrum  looks 

remarkably similar to th a t of Arp 185! Kenney et al. (1992) detected a large con

centration of molecular gas in the nucleus of NGC 3504, which led them  band HFS 

to suggest tha t an inflow of gas could have triggered a nuclear starburst in this 

source. HFS, however, acknowledge th a t both scenarios for weak-[01] LINERs, the 

composite spectrum  and the ionization by hot O stars, are plausible with the current 

data.

Arp 185 is, therefore, classified in this thesis as a weak-[01] LINER.

4.5 Further analysis: spatial resolution

The nuclear region of Arp 185 is extended, as it is suggested by the R image shown in 

Fig. 4.4. It is a very bright source, thus it should be possible to obtain spectra from 

separate nuclear regions. In this manner, a direct comparison between the strengths 

of the emission lines at various positions can be obtained. Moreover, if these are very 

different, it is possible tha t we might be observing a change in emission mechanism, 

which would be in agreement with the composite H II/LIN ER  spectrum  suggested 

by HFS.

W ith this exciting prospect in mind, I re-reduced the RIXOS spectrum  using 

IRAF. The data were debiased using frames th a t were taken at the beginning and 

end of the observing run. There were no flat-fleld exposures taken, however, so this
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Figure 4.10: Spatial profiles of the spectrum  of Arp 185 (top) and of a photom et

ric standard  star (bottom ), taken on the same night. The right hand side panels 

correspond to the profile of the red arm  of the spectrum , whilst the left hand side 

display the blue arm . Clearly, the profiles of Arp 185 are broader than those of the 

photom etric standard  (FW HM  of Arp 185 is 6 pixels both in the red and in the blue 

arm s, while th a t of the comparison star is 2.4 pixels in the  red and 2.7 in the  blue
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Figure 4.11; Zoomed spatial profiles of the spectrum of Arp 185. The right hand 

side panel corresponds to the blue arm; the red arm is shown on the left hand side. 

The regions of extraction of the different zones are marked and numbered in these 

two panels.

Table 4.2: Extraction regions for the blue and red arms. Note that the red arm is 

reversed with respect to the blue arm. These regions are shown in Pig. 4.11.

Red Arm Blue Arm

Region Pixel range Size (arcsec) number Pixel range size (arcsec) Offset (pc)

1 192 - 202 6.0 1 208 - 218 6.0 0

2 175 - 185 6.0 2 225 - 235 6.0 1527

3 203 - 210 4.2 3 200 - 207 4.2 873

4 2 1 0 - 219 5.4 4 191 - 200 5.4 1614
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correction was not performed. The spatial profile of Arp 185 (shown in Fig. 4.10, top) 

shows very good signal-to-noise ratio and, most im portantly, it is broad, compared to 

th a t of a photom etric standard observed on the same night (bottom ). The FW HM 

of the profiles of Arp 185 are 6 pixels, both in the red and in the blue arms, while 

those of the comparison star are 2.4 pixels in the red and 2.7 pixels in the blue. 

This confirms th a t spatial information can be obtained from the spectrum  of this 

source. I have chosen four different extraction regions, shown in Fig. 4.11 and 

defined in Table 4.2. The right hand panel of Fig. 4.11 displays the red arm  profile 

and extraction zones, which are reversed with respect to  the blue arm shown on the 

left hand side. I have extracted spectra from these four regions, and flux calibrated 

them  using observations of standard stars which were taken during the same night, 

before and after Arp 185.

Table 4.3: Line param eters for the nuclear regions of Arp 185. Fluxes are in units 

of 10“ ^̂  erg cm “  ̂ s .

Zone Ha Nil OHI OH 01 SII

1 36.28Ü1I 83.18ii.IS 8 .io i i ; i 24A2t\fe Q 70+3-45 O-<O_0.69 47.09iS^Ss
2 2.26tS;g 1.037 1 .9 7 ii‘? 0.207 i.oet i .o s i i ”

3 I08.40i®:« 9 QQ+0-92 72.94ÜU ^̂ •̂ 9-0.43 l A S t l l t Q 97+2.28 39.25i?o«»8
4 0.847 i.oo iil* 0.7lt 0.8H 0.47t 0.22iiJS

* t Upper limit

The extracted spectra were fitted as individual sources and the fluxes of the lines 

in each spectrum  are listed in Table 4.3. The spectra of the different regions are 

shown in Fig. 4.12, normalized to the average value of their corresponding continua 

to allow a direct comparison of the relative strengths of their features. From this 

figure, there appears to be a hint th a t the strengths of the different lines are indeed 

varying as we move outwards from the central regions. The Baimer lines appear 

to be more prominent in region 1, becoming weaker as we move away from the 

nucleus. The forbidden lines, on the other hand, are still strong in the outer regions.
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Figure 4.12: Spectra of the 4 different nuclear regions of Arp 185
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Unfortunately, the data  are too noisy in regions 2 and 4 to detect [01], H/? and 

[GUI]. The emission lines of all regions are still narrow, with no evidence for a 

broad component.

From the same four spectra, it can also be seen tha t the continuum  of the blue 

arm  appears to become redder as we move away from the nucleus. This effect, 

although less obvious, may also be occurring in the red arm of the spectra. Blue 

luminosity is a tracer of young stars, which are generally found in the nucleus and 

probably are the power source of this LINER. Therefore, it is not surprising tha t 

the strong blue continuum will decrease in the outer regions of the nucleus, where 

the redder, older stars of this galaxy begin to dominate.

The line ratios were calculated for each spectrum  separately and plotted in sim

ilar classification diagrams to those used in the previous section. The results can be 

seen in Fig 4.13: The line ratios for region 1 (nucleus) are indicated by asterisks, 

for region 2 by triangles and solid lines, for region 3 by squares and for region 4 

by the dashed lines. All the regions roughly confirm the earlier classification of this 

source as a weak-[01] LINER, although the ratios between the different lines may 

be changing with distance from the nucleus of the galaxy.

In order to investigate this result further, I obtained an H a image of Arp 185, 

taken with the JK T  and a CCD detector in 1988, from the INC archives. The full 

image is 2 x 3 arcmin with 0.30 arcsec/pixel resolution.I debiased the image, but 

the flat-fielding correction was not possible. A fraction of this image ( 2 x 2  arcmin) 

is shown in the top panel of Fig. 4.14. As a comparison, an R image of this source, 

taken w ith the same telescope but with a different CCD, is shown in the bottom  

panel of the same figure (part of the image shown in Fig 4.4, field of view now 2.6 X 

2.6 arcmin). Due to the different sizes, exposure times and bandwidths of the two 

images, a direct comparison of the extent of the nuclear regions cannot be established 

by eye. I have therefore extracted radial distributions of these regions from both 

images and normalized them: the resulting profiles are compared in Fig 4.15 (left). 

The profiles of one of the three stars on the top right hand side of the images (the
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Figure 4.13: Classification diagrams for the different nuclear regions in Arp 185. The 

line ratios for region 1 (nucleus) are indicated by asterisks, for region 2 by triangles 

(and solid lines), for region 3 by squares and for region 4 by the dashed lines. All 

the regions confirm the classification of this source as a weak-[01] LINER. See text 

for a discussion of these results.
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central star) are also shown in the same figure (right) as a check for system atic 

differences between the two images. From this it can be seen tha t, although the 

nuclear region of Arp 185 the H a image appears slightly broader than th a t of the R 

image, a similar effect can also be observed on the star profiles. This difference in the 

nuclear profiles is, therefore, more likely to  be related to  different seeing conditions 

and /o r a slight telescope tracking problem rather than  to a physical difference in 

size between the two regions in the two bands.

A possible reason for the similarity between the two nuclear profiles, if such 

difference exists, is th a t the bandpass of the H a filter is broad enough to include the 

[Nil] lines. Thus, a more rapid decline of the H a  em itting region would be masked 

by the presence of strong [Nil] emission in the outer regions. To investigate this 

possibility, I have obtained from the ING Observers Guide 1988 the specifications of 

the only H a filter available at the tim e, and I have confirmed th a t it would indeed 

include the [Nil] lines of Arp 185. I cannot, however, verify th a t this was the filter 

used during the observation.
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Figure 4.14: H a  (top) and R (bottom) images of Arp 185, both taken with the JK T  

and different detectors. The fields of view are 2 x 2  arcmins for the H a  image and 

2.6 X  2.6 arcmin for the R image.



Arp 185 - LINER or starburst? 151

Nuclear regions Star

1.0

R profile 

H a profile

I
1

g

0.2

0.0
0 2 4 6 8 10 12

R profile 

H a profile

g

0.2

0.0
100 2 4 6 8 12

Distance from the centre (arcseconds) Distance from the centre (arcseconds)

Figure 4.15: Comparison of the radial profiles of the nucleus of Arp 185 in the R 

and the Her images (left) and of a star (right). The solid line represents the profile 

obtained from the R image, the dotted line from the Ha image. See text.
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4.6 Summary and conclusions

Arp 185 has been so far classified in the literature as a starburst galaxy; this is 

consistent with the preferred therm al origin of its X -ray emission suggested by 

the X -ray spectral fits performed in Chapter 2. This classification would also be 

consistent with the lack of variability found by Nicholson et al. (1997). The X -ray 

spectral fits strongly suggest a high amount of absorbing m aterial in the line of 

sight, which is supported by the brightness of this source in the IR band and its 

inclusion in highly reddened starburst galaxy sample of Schmitt et al. (1997). The 

classification of Arp 185 as a starburst galaxy, however, was performed using line 

ratios diagrams only to  determ ine whether the ionizing continuum was non-thermal 

(AGN) or therm al (Starburst) in origin.

The optical spectral classification performed in this chapter places this source in 

a new light. Arp 185 has line ratios characteristic of LINERs and of HIT regions. In 

fact, it is those ratios which involve the forbidden [01] emission line which exclude 

any possible origin except for Hll-regions, while those diagrams which do not involve 

this line point to this source being a LINER. A search through the literature finally 

establishes tha t this source is a Weak-[01] LINER. As such, it could be powered by 

hot 0  stars in the nucleus of the galaxy, i.e. an ionization continuum which creates 

line emission characteristic of LINERs but has much weaker [01] emission (Filip- 

penko & Terlevich (1992)). Alternatively, it could be a composite HII region/LINER 

system: either nebulae excited by both hot stars and non-stellar radiation or mix

tures of normal HII regions and nebulae excited by non-stellar radiation.

The optical spectrum  of Arp 185 obtained within the RIXOS project was found 

to be of sufficient signal-to-noise ratio to perform spatially resolved spectroscopy, 

thus it was possible to extract spectra from four different nuclear regions. The 

results from their analysis suggest th a t the Baimer lines may be concentrated in the 

central regions, whilst the forbidden lines arise from a wider area. The line ratios 

derived from all of these regions are consistent with the earlier classification of Arp
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185 as a weak-[01] LINER.

I have also obtained a JK T archival H a  image of the source. 1 have compared its 

nuclear profile with th a t of an R image obtained from the RIXOS project and found 

them  not to be significantly different, given the system atic uncertainties between 

the two images. This is likely to be due to the bandpass of the H a  filter being wide 

enough to  include the bright [Nil] lines. This would mask any faster decrease in 

strength of the H a emission line with distance from the nucleus of Arp 185.
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Chapter 5

Optical D ata Analysis

5.1 Introduction

In the previous chapters (namely chapters 2 and 3) I have concentrated mainly on 

the X -ray properties of NELGs, regardless of their subclassification. In chapter 4 I 

concentrated on the study of a single, nearby NELG. However, as discussed previ

ously, NELGs are an heterogeneous class which includes different types of sources 

such as LINERs, HII region-like galaxies and Seyfert 2 galaxies.

The large (36 objects in total) sample of NELGs presented in this thesis is 

drawn from two X -ray surveys with different lim iting fluxes, and this offers us an 

ideal opportunity to further the study of the nature of these galaxies. This is the 

largest group of NELGs to be optically classified into different subtypes and thus 

provides us with information about e.g. their population make-up and their subgroup 

properties. It will also allow us to compare the optical to X -ray properties of these 

subgroups (Chapter 6) to  take the investigation of NELGs as far as possible within 

the confines of this thesis.

155
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5.2 Data

As already mentioned in previous chapters, the data  for this work come from two 

samples, RIXOS and the UK Deep Survey.

5.2.1 RIXOS

The X -ray aspect of the RIXOS programme (Mason et al. 1998), which involves the 

optical identification of X -ray selected ROSAT PSPC sources, have already been 

introduced in Chapter 2; here, the optical work associated with this project will be 

fully described.

The RIXOS X -ray source positions were cross correlated with large astronomical 

databases including NED, SIMBAD and LED AS. X -ray sources coincident with 

likely catalogued counterparts {e.g. catalogued QSOs) were considered identified 

and were not observed spectroscopically; in cases where the catalogue identification 

was ambiguous {e.g. catalogue objects without accurate positions) the X -ray source 

was included in the optical observing programme.

The optical identification programme was initiated by using the autom atic plate 

measuring (APM) facility at the Institu te  of Astronomy, Cambridge, to find all the 

possible optical counterparts of the X -ray source within the 1er error circle of the 

ROSAT position. If no likely counterpart was found, the optical counterparts in the 

larger 2a and 3cr error circles were considered. If there were no optical counterparts 

in the APM chart, images of the field were taken with the 2.5m Isaac Newton 

Telescope (INT), the 2.5m Nordic Optical Telescope (NOT) and the Im  Jacobus 

Kapteyn Telescope (JK T) at El Roque de los Muchachos, on La Palm a (Spain).

These counterparts were later observed and identified using the 4.2m W illiam 

Herschel Telescope (W HT) and the INT. Two different instrum ents were used for 

the acquisition of most of the spectra: the Faint Object Spectrograph (EOS) on 

the INT and the Intermediate-dispersion Spectroscopic and Imaging System (ISIS) 

on the W HT. EOS is a fixed format spectrograph with a cross disperser covering
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between 3500 and 10000 Â with a resolution of 15-20 Â in the red and 8-10 Â in the 

blue. ISIS is a two arm  spectrograph with CCD detectors. W ith this instrum ent, 

the spectra were taken using the 5400 Â dichroic and the R300B (blue arm) and 

R158R (red arm) gratings, resulting in wavelength ranges covering between 3700 to 

9000 Â with a resolution of ~  6 Â in the red and ~  3 Â in the blue. All spectra were 

taken using a narrow (1 arcsecond) slit, positioned at the parallactic angle except 

for some cluster candidates, when the slit was positioned to observe two or more 

galaxies simultaneously. The Interm ediate Dispersion Spectrograph (IDS) on the 

INT was used for spectroscopy (~  20 Â resolution) with a wavelength range of 3000 

-  10000 Â, when FOS was unavailable in 1995.

About 83% of the 393 RIXOS X -ray sources have been identified (mostly with 

AGN and Galactic stars) and 17 NELGs are contained in the sample. Optical images 

and spectral data  on these NELGs are shown in Appendix B.

5.2.2 The UK D eep Survey

The UK Deep Survey (Branduardi-Raymont et al. 1994; McHardy et al. 1998, IMH 

hereafter), involving the optical identification programme of a very deep ROSAT 

PSPC observation, has also been described in chapter 3 in its X -ray aspects. Here 

I will focus on the optical work.

Imaging data  were obtained in V and R bands using the 88in University of Hawaii 

Telescope and the 2.4m M ichigan-Dartmouth-M IT (MDM) Telescope in May 1992 

and June 1993. These observations reached down to R =  23 mag. I band images 

were also obtained to similar depth using the 2.4m MDM Telescope and the W HT. 

Deeper (R=24 mag) images were obtained using the W HT on fields which were 

initially blank. In March 1995 the whole region was re-observed in the R  band 

using the Canada-France-Hawaii Telescope (CFHT) and the University of Hawaii 

8Kx8K CCD array, which allowed the observation of the whole field at once for 

approximately one hour, reaching a limiting m agnitude R > 24.
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The R>23 early images were used for identification purposes. Low resolution 

(10 - 15 Â) optical spectra of all the sources which lie within 10-15 arcseconds of 

the X -ray centroid position were obtained with the NOT, the University of Hawaii 

88in Telescope, the Multiple Object Spectrograph (MOS) on the CFHT and the 

ISIS spectrograph on the W HT. For MOS the grism used was 0300 in first order 

with Loral 3 as the detector, covering 4000 - 9000 Â with ~  15 Â resolution. Ap

proximately 15 spectra were taken at a time. ISIS observations were m ade in single 

long-slit mode to cover objects in gaps between MOS masks; the same setup as for 

the RIXOS programme was used (R158R and R300B gratings for the red and the 

blue arms, respectively, with the 5400 Â dicroic) except for the slit width, which 

was typically 1.5 arcseconds for both MOS and ISIS. Observations were made at the 

parallactic angle whenever possible to ensure no distortions in the spectral shape.

Higher resolution spectra of 8 NELGs were taken in May 1994 in order to search 

for the possible presence broad emission lines. These observations were obtained 

with ISIS, using the 5400 Â dicroic and the R158R and the R300B gratings, giving 

a resolution of <  2 Â.

About 90% of the 96 UK Deep Survey X -ray sources have been identified and 

19 NELGs are contained in the sample. Their optical images and spectra are also 

shown in Appendix B.

5.2.3 Chance coincidences

Assuming an error-box radius of 10 arcseconds, we expect 0.25 unrelated galaxies 

brighter than R=22. in each error box (IMH, Metcalfe et al. 1991), 0.1 brighter 

than R=21 and 0.03 brighter than  R=20.

In the case of the UK Deep Survey and ignoring the fields which have been 

unambiguously identified with a QSO, cluster or a star, we expect 1 galaxy with 

R <  20, 3 with R <  21 or 7.5 with R <  22 in the remaining 30 error boxes. These 

figures could be lowered by ~  20% due to the fact th a t not all field galaxies exhibit
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emission lines {e.g. Tresse et al. 1996). However, to consider the worst possible 

scenario, I will not reduce these figures here. There are 10 IDs with NELGs having 

R <  20, 6 with 20 <  R <  21 and 3 with R >  21 (Table 5.2). Therefore, 13 of the 

16 NELGs with R <  21 are real associations. The number of NELGs with R <  21 

does not exceed the num ber of expected chance associations. Thus I conclude tha t, 

in the worst possible case, 6 out of the 19 NELGs in this sample could be chance 

coincidences.

In a more realistic light, i.e. taking into account the ~  20% reduction mentioned 

above, 14-15 of the of the 16 NELGs with R <  21 are likely to  be real associations. 

In the case of the fainter sources, the case for the identifications is strong, and 

their redshifts (z=0.60,0.58 and 0.31) are fairly high (at least in the case of the two 

furthest sources), reinforcing their selection as ID. In summary, realistically, I expect 

only ~  3 out of these 19 sources to  be chance coincidences.

In the  case of RIXOS, there are 67 unidentified sources, giving a to tal of 84 

error boxes. Assuming the same error-box size for the RIXOS sources (10 arcsecond 

radius), we can expect 0.006 unrelated galaxies per error box with R <  19 (Metcalfe 

1991). There are 15 NELGs identified with R >  19, 1 with R >  20 and 1 which I 

(very conservatively) estim ate to have R <  22 (Table 5.1). Therefore, in the worst 

possible scenario, I would expect 0-1 of the 15 NELGs with R <  19 to be chance 

coincidences. The num ber of NELGs with R <  20 (and with R <  22) is smaller than 

the num ber of expected chance associations. Therefore, in the worst possible case, 

2-3 of the RIXOS NELGs could be chance coincidences. In a more realistic light, 

however, the faintest source (273-23) has z=0.43, thus I would expect only 1-2 of 

the 17 RIXOS NELGs to be coincidences.
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Table 5.1: Summary of RIXOS NELGs identification.

ID ROSAT Optical Offset 90% radius R mag

RA (2000) Dec RA (2000) Dec (") (")

122-016 16 32 39.0 78 11 52 16 32 40.32 78 12 00.37 20 1.5 4.27

124-036 12 03 30.7 27 55 32 12 03 30.91 27 55 33.96 3.5 6.1 18.56

205-025 23 13 23.1 10 40 59 23 13 23.09 10 40 57.00 1.8 9.7 17.69

217-005 14 13 20.1 44 05 32 14 13 19.82 44 05 34.79 5.1 3.7 16.84

217-560 14 12 31.5 43 55 39 14 12 31.53 43 55 35.39 3.7 60 15.58

219-026 12 54 51.3 56 44 25 12 54 51.69 56 44 29.05 7.1 4.8 16.39

226-074 12 55 33.4 47 15 57 12 55 33.36 47 15 57.97 1.2 4.5 18.40

240-060 11 59 08.9 55 30 41 11 59 09.07 55 30 40.32 1.2 2.4 17.55

245-543 03 27 54.0 02 33 44 03 27 54.10 02 33 41.40 3.0 99 11.78

254-006 13 44 47.3 55 54 11 13 44 47.07 55 54 10.09 3.0 3.3 18.88

258-101 11 17 30.1 07 46 18 11 17 29.64 07 46 49.08 31 35 17.31

260-028 10 48 41.0 54 13 01 10 48 40.44 54 13 01.55 5.8 5.6 15.07

272-010 18 06 03.7 69 40 24 18 06 03.10 69 40 23.89 7.8 2.9 17.99

273-023 10 42 49.9 11 51 23 10 42 50.25 11 51 19.08 5.6 8.5

278-015 13 31 29.9 11 08 02 13 31 29.59 11 07 57.36 4.7 6.7 13.39

294-006 23 17 44.5 12 43 33 23 17 44.76 12 43 33.96 3.9 9.1 16.75

304-010 08 53 40.3 13 49 27 08 53 40.42 13 49 24.96 1.8 2.4 19.29
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Table 5.2: Summ ary of UK Deep Survey NELGs identification. From McHardy et 

al. (1998).

ID ROSAT Optical Offset R mag

RA (2000) Dec RA (2000) Dec (")

032 13 35 24.753 38 05 36.28 13 35 25.20 38 05 36.4 6.2 15.20

036 13 34 38.202 38 06 27.90 13 34 38.39 38 06 27.9 2.5 17.74

042 13 35 02.903 37 50 00.46 13 35 02.53 37 50 11.1 12 18.89

043 13 33 29.390 37 55 55.56 13 33 29.02 37 55 57.8 5.7 20.21

047 13 35 05.423 37 49 54.32 13 35 06.16 37 49 53.0 11 18.91

051 13 34 00.153 37 49 10.15 13 34 01.52 37 49 10.1 20 16.40

060 13 34 08.863 37 57 05.68 13 34 08.79 37 57 06.7 1.2 22.71

067 13 34 59.897 37 56 28.06 13 35 00.20 37 56 33.2 6.9 19.77

085 13 34 08.400 37 54 42.53 13 34 08.82 37 54 43.5 6.1 20.73

093 13 33 53.165 38 02 00.14 13 33 53.80 38 01 56.0 10 21.22

094 13 33 46.424 38 00 26.10 13 33 46.07 38 00 25.3 5.1 18.87

103 13 33 30.866 37 48 06.12 13 33 31.07 37 48 09.8 4.7 19.29

117 13 34 12.613 37 45 35.01 13 34 13.55 37 45- 39.0 15 16.64

121 13 35 17.911 37 55 32.56 13 35 18.67 37 55 31.6 11 19.27

127 13 34 57.111 37 49 40.15 13 34 57.67 37 49 34.2 10 20.06

131 13 35 19.279 37 58 24.79 13 35 18.76 37 58 19.0 9.5 22.32

132 13 34 46.319 37 58 44.38 13 34 46.68 37 58 41.1 6.2 18.76

134 13 34 01.062 38 01 28.51 13 34 02.30 38 01 12.1 24 20.62

135 13 33 47.254 37 54 02.12 13 33 48.16 37 53 54.1 15 20.33



162 Chapter 5

5.3 Classification of NELGs

5.3.1 M ethod

As explained in chapter 4, NELGs are generally classified into Seyfert 2, LINERs and 

HII region-like galaxies based on certain emission line flux ratios. The lines I have 

used for this purpose are: H a, H/?, [NH]A6584, [OIII]A5007, [SII](A6717-|-A6731), 

[OIJA6300 and [OIIJA3727 (the la tte r emission line being a blend of [OIIJAA3726, 

3729).

The optical emission lines of all NELGs in the RIXOS and UK Deep Survey 

samples were fitted using gaussian profiles to obtain fluxes, after correcting the 

spectra to their rest wavelength. The continuum was always fitted using a first 

order polynomial. Close-by emission lines (H/? and [OHIJA5007) have been fitted 

simultaneously using a common continuum level. In the case of severely blended 

lines (e.g. H a and [NIIJAA6648, 6584), it is sometimes difficult to determ ine whether 

the individual emission lines are themselves broad or narrow, as both cases could 

be correct. In such cases, I have taken the view tha t if the blend can be adequately 

fit using only narrow emission lines, the galaxy in question is considered a NELG. I 

have therefore fixed the wavelength of some or all the emission lines involved in the 

blend and, sometimes, the width of one of the forbidden lines, if required. The flux 

of each individual emission line is then obtained by subtracting the flux under the 

gaussian fits of the rest of the lines involved.

The procedure to classify NELGs based on these emission line ratios has already 

been described in chapter 4, thus only the main points are summarised here. For 

classification purposes, I have used the line ratio diagrams described in Shields & 

Filippenko (1990), which are themselves a compilation from the earlier work by 

Baldwin, Phillips & Terlevich (1981) and by Veilleux & Osterbrock (1987). The 

boxes which contain the different types of sources have been established by Shields 

& Filippenko based on the data shown in the two earlier papers.

Classification diagrams for all the RIXOS and UK Deep Survey NELGs are
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shown in Appendix B.

5.3.2 Errors

Even though previous authors have not used errors when plotting their data  in 

classification diagrams, I believe th a t some indication of how accurate the data  are 

is essential in order to establish with some certainty a classification for a given object. 

In some cases the signal to noise ratio of the spectrum  is the limiting factor, while 

in others a single classification cannot be established despite the spectrum  being 

of extrem ely good quality, i.e. these are truly interm ediate objects. It is therefore 

essential to be able to distinguish between these two cases. The errors for the line 

fluxes in this work have been established “by eye” , i.e. by altering the continuum to 

extrem e upper or lower levels, and the gaussian fits to the lines also to extrem e upper 

or lower fluxes. I realise th a t this is not a statistically accurate way of estim ating 

errors; however, I have found the errors presented here to be either similar to or 

larger than  statistical ones. I therefore believe th a t the errors established in this 

m anner are conservative. They are not, however, to be taken as formal errors but 

as a further help to the classification.

The errors in the emission line flux ratios are calculated in the following manner:

• Lines which are distant in wavelength space: I have taken the maximum 

possible flux of the num erator and divided it by the minimum flux of the 

denominator, and vice versa.

• Lines which are close in wavelength space: If the flux in the num erator 

is larger than  the flux in the denominator, 1 have taken the m axim um  flux 

of the nom inator and divided it by the maximum flux in the denom inator to 

obtain the upper value to the ratio, and the minimum flux in the num erator 

divided by the minimum flux in the denum erator to obtain the lower value. 

Otherwise 1 have calculated the flux ratios like if these two lines were distant 

in wavelength space.
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• B le n d e d  lines: If the blending was not too severe, I have proceeded in the 

same way as for lines close in wavelength space. In the case of severe blending, 

however, I have divided the maximum flux of the num erator by the minimum 

flux in the denominator and viceversa, to  ensure a conservative estim ate of the 

errors involved.

The FWHM and EW errors obtained from the procedure described above [i.e. by 

altering the continuum level and the fits) are however not expected to be accurate or 

even conservative. Therefore, I have used SPECTRUM  (M ittaz, 1991) to obtain the 

correct statistical error on these param eters for all the emission lines of the brightest 

spectrum  (122-16) and one of the faintest spectra (304-10). The results are shown 

in Tables 5.3 and 5.4, and give an indication of the range of errors on these two 

param eters which could be expected for the other sources.

Table 5.3: FWHM and errors (km s“ ^) obtained from SPECTRUM.

ID H a  H(3 [Nil] [OIII] [Oil] [01] [SII]

122 16 384 ± 2  269 ±  54 384 ± 3  379 ±  36 560 ± 3 2  565 ± 7 7  814 ± 1 7

304 10 314 ±  50 503 ±  510 254 ±  258 142 ±  144 188 ±  190 ----  699 ±  508

Table 5.4: EW  and errors obtained from SPECTRUM.

ID H a  HI3 [Nil] [OIII] [Oil] [01] [SII]

122 16 63 ± 1  9.33 ±3.90 39 ± 1  2.62 ±0.34 9.23 ±0.76 2.06 ±0.36 19 ± 1

304 10 78 ± 22  6.40 ±9.21 12 ±  16 6.66 ±9.58 29 ± 4 2  ----  19 ± 18

5.3.3 Reddening effects

Blue light is scattered preferentially to red light by interstellar gas, thus the observed 

photom etric colours and spectra of a cosmic source would appear redder than  they
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are intrinsically.

As reddening can affect the shape of the spectra, it can also affect the line ratios 

used to classify NELGs. In the following, I do not estim ate its effect for those sources 

for which any amount of reddening would not change the classification obtained. For 

those sources for which reddening could modify the outcome, I have attem pted  to 

quantify this effect. However, I have established th a t using the Galactic Nh values 

(listed in chapter 2, e.g. in Table 2.2 for RIXOS, and quoted at 6.5 xlO^^ atoms 

cm “  ̂for the UK Deep Survey) to estim ate the reddening produces a negligible effect 

on the classification diagrams shown in this thesis.

Another estim ate of the reddening can be obtained from the H a/H /? flux ratio. I 

have therefore divided the flux in the H a emission line by th a t contained in the H/? 

emission line, assuming a theoretical ratio between the two of 2.88 (corresponding to 

Case B recombination) and an error on the resulting reddening of 0.1 magnitudes. 

There are, however, 5 sources for which reddening could affect the classification but 

for which H a has been redshifted out of the observing band and thus no estim ate 

of the reddening has been possible. I have considered such sources to be correctly 

classified in this thesis. Comments on reddening effects and reddening-corrected 

ratios for individual sources are included in Appendix B.

5.4 Results

Tables 5.5 and 5.6 present a summary of the optical classification of the RIXOS 

and UK Deep Survey NELGs. Tables 5.7 and 5.8 contain the individual line fluxes 

for the RIXOS and the UK Deep sources respectively; Tables 5.9 and 5.10 list the 

FW HM  again for both samples, and tables 5.11 and 5.12 contain the EW . It is worth 

noting th a t the best fit FWHM of effectively all the emission lines is <  1000 km 

s~^, as expected for NELGs. I do not quote upper lim its of the FW HM or EW  of 

those lines with only upper lim it on the flux: as explained above, errors on these 

two param eters (and therefore, upper limits) are not reliably estim ated in this work.

I'^The values of the FWHM presented in this thesis have not been corrected for instrumental res- 
I olution. This correction can be taken into account using the formula (^Ibserved ~  ^intrinsic +

^instrument '
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Table 5.5: Summary of RIXOS classifica- Table 5.6: Summary of UK Deep Survey 

tions. classifications.

ID z Class ID z Class

122-016 0.005 W eak-[01] LINER 032 0.066 HII

124-036 0.341 HII 036 0.230 Undetermined

205-025 0.196 Sy2/LINER 042 0.359 LINER/Sy2

217-005 0.137 Sy2/HII 043 0.385 Sy2/HII

217-560 0.095 Sy2 047 0.367 Sy2/HII

219-026 0.124 Sy2 051 0.060 Weak-[OI] LINER

226-074 0.303 LINER 060 0.313 Sy2/LINER

240-060 0.245 Sy2 067 0.560 Undetermined

245-543 0.031 LINER/Sy2 085 0.303 Undetermined

254-006 0.459 Sy2 093 0.597 H II/LIN ER

258-101 0.136 n i l 094 0.061 H II/LIN ER

260-028 0.105 LINER 103 0.201 H II/LIN ER

272-010 0.321 Sy2/HII 117 0.061 H II/LIN ER

273-023 0.432 Undetermined 121 0.304 LINER

278-015 0.079 LINER/Sy2 127 0.253 Undetermined

294-006 0.126 HII 131 0.581 Sy2/HII

304-010 0.193 Undetermined 132 0.223 Sy2

134 0.250 HII

135 0.521 Undetermined
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Table 5.7: RIXOS line fluxes (xlO erg cm  ̂ s  ̂ ). See text or Appendix B for 

details on the individual fits.

ID Ha H/3 [Nil] [OIII] [Oil] [01] [SII]

122 016 146.611?;?? 29.73t . l f2 93.25it?| 8.42iJ:?? 26.341 :̂11 4.55lJ:J^ 42.691?:™

124 036 — 0.23i2:J| — 0.31±%| 0.05ig;S? — —

205 025 o.soiS:*,» o.o5iS:J« 0.92+“f n 99+0.32 0.22iS:?1 0.071»:™ 0.1711:1?
217 005 1 7 0 +0.22  ̂ ' '̂ -0.72 O.OTig;™ i-24iS:y 0.79±gj| 0.92iS:?| 0.15“ 0.46"

217 560 7  7 1  +1.34 ' •'-'•-0.39 5.63iSJ? 6.5ii;:5? 0.0611:11 9 1 c+0.92 '̂ • '̂)-0.22

219 026 o.o7iS:^? 0.57iS1J 0.20“ 0.13“ 0.4311:11
226 074 — o.62i“:?| — o-29iS:i! 0.09l“;J| 0.041%; —

240 060 o.32iS:“ 0.08“ o.35iS:S« o.35iS;?5 0.i2iS:?? 0.67“ —

245 543 2.6011*5̂ “ 18-34i?„“ o 2.19i?‘o3' 6.89i1«^f a.83l% r 8.1811:11
254 006 — 0.03i“;“! — 0.42iS;JJ 0.09l% | — —

258 101 0.23±g:% 0 .6 li“;“ 0.921°:% O.1 2 IS.I? 0.53"

260 028 6.66i»j“ i-25i§;?5 7.74i?:™ 2.25i?;|‘ 1 qo+4.24i.OO_o.21 1.19“ 9 1 9+0.38

272 010 — 0.05ig;J® — 0.40ig;J| 0.14l% | -- —

273 023 — 0.04iS:J^ — 0.20ig:fo -- -- --

278 015 4.24ii®à 5.09“ 13.50i|;g 2.93il?? 4.421?:™ 8.05" 6.1511:11

294 006 2.68iSit 0.39“ i-54iS:?3 0.49iS:|| o.2olS:% o.23lS:% 0.4711:1?

304 010 2.39i‘i^ o.38i;i« 0.27i‘;“ 0.3iiS'j| 0.431J:?? 0.1811:1? 0.6611:11

" Upper limit
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Table 5.8: UK Deep Survey line fluxes ( x 10 erg cm^ s  ̂ except when indicated). 

See tex t or Appendix B for details on the fits.

[Nil] [OIII] [Oil] [01] [SII]ID H a HP

032^ 0-sotl:^

032'

036' — 0.57“

042'' o.2oi«:Ji 0.77“

043'’“ — 0.99“

047'’“ i.07±g:# 0.06l“;"f

051'' 5.821“:“̂

060' — o-oiiS:J?

067'’“ — 0.61“

085'' 0.22±g:’| o.o3j:g:;5

093'’“ — o .io ïJ i î

094'' 0.73l“:“ 0.18j:“;î=

103'' 0.67l«:ÎS o-i4iS:J2

117'' o.62i»:«|

117' 8,49ii:“ o .e iiJ :’?

121' — 0 31 +*̂ -22 U.Oi_o,o5
127'’“ 0.89l«:« 0.14"

131'’“ — 0.91"

132' 0.47tS:|I 0.28"

134'’“ 2 .70« i^ o-4iiS1^

135'’“ 2.90j:®;?^ i.6 o % ;i

i-iotS:o6 O-SBlasI — 0.151“:"" o.8olg:I"

3.66i?:™ 1.341^:"" 2.641’:"" 2.13“ 2.871’:""

— 0 91 +0-77U.Zi_0.08 0.691’:"" — —

o.24i“:J| 0.78" — 0.27" —

— 2.i8 l|:% 1.601Î:’" 1.05" —

0.35i“J i 0.49i";“ 0.99" 0.13" 0.231":""
Q qq+0.08O.00_o.9i 0.42l":% — 0.ll±g;gg 2.341":#

— 0.25l%" 0.39" 0.05tg;Jl —

— 0.211S:# n OQ+0-23 U.OO_o 09 1.05" —

o.o5ig:Jl 0.041":"" — 0.06" o.26iS:i;

— o.4il?:l5 1.881’:"" — —

o.i3tg:% 0.371":" — 0.25" o.2ilS:JJ

0.24l“;“ 0.071":"" — o.o2ig:;^ 0.291":"

2.44±g:% 0.271’:"" — o.i6lS:?5 i.87tJ:“

4 .0 li“|« 0.631":™ 2.101":"" 0.481’:"" 3.011":""

— 0.34l":"| 0.85l":% 0.071":"" —

0-04tg;J5 o.o6l":% o.i3iJ:"i — 0.291":"’

— 3.36l":"| 9 K9+1-57 — —

0.381":’’ O-lSlaîe 0.29l":"| o.oilS:» 0.341":""

0.30lg;î? 1.391’:" 2.i4l?:ft 1.78“ 2.051":""

0.98lg:"" 5.4il?:^^ 3.7“ 0.841":""

 ̂ High resolution data 

 ̂ Low resolution data 

“ Arbitrary flux units 

“ Upper limit
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Table 5.9: RIXOS FWHM of the different emission lines (km s ^). See text or 

Appendix B for details on the fits.

ID H a H(3 [Nil] [OIII] [Oil] [01] [SII]

122 016 388 279 382 383 557 482 811

124 036 — 803 — 406 436 — —

205 025 469 204 858 527 411 506 262

217 005 530 385 534 511 458 U U

217 560 324 592 375 494 547 145 595

219 026 448 244 463 408 U U 711

226 074 — 688 — 633 689 293 —

240 060 439 U 470 611 614 U —

245 543 628 944 805 666 486 897 1502

254 006 — 478 — 677 510 — —

258 101 551 686 523 651 452 561 U

260 028 798 1404 858 814 535 U 1016

272 010 — 705 — 621 339 — —

273 023 — 239 — 625 — — —

278 015 455 U 805 505 1173 U 860

294 006 598 U 525 494 411 417 470

304 010 284 539 147 203 205 303 646

U Upper limit
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Table 5.10: UK Deep survey FWHM for the different emission lines (km s ^). See 

tex t or Appendix B for details on the fits.

ID Hoi [NH] [OIII] [Oil] [01] [SII]

032^ 127 192 175 240 — 297 336

032̂ 341 201 369 775 284 — 856

036̂ — U — 735 1232 — —

042^ 79 U 35 U — U —

043̂ — U — 624 1112 u —

047̂ 726 215 467 924 U u 388

051^ 146 157 177 192 — 75 305

060̂ — 304 — 656 U 204 —

067̂ — 805 — 923 1124 U —

085^ 133 88 97 106 — U 440

093' — 376 — 316 954 — —

094' 102 178 100 183 — u 141

103'' 276 254 268 329 — 29 602

157 237 168 233 — 126 328

117' 467 202 482 385 581 603 941

121' — 472 — 677 536 270 —

127' 1029 197 116 887 387 — 623

131' — U — 505 413 — —

132' 482 U 509 699 254 129 791

134' 569 335 332 742 1208 U 1631

135' 432 456 71 432 681 U 249

 ̂ High resolution data 

 ̂ Low resolution data 

U Upper limit
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Table 5.11: RIXOS EW.See text or Appendix B for details on the individual fits.

ID H a H(3 [Nil] [OIII] [Oil] [01] [SII]

122 016 63.52 9.45 40.63 2.79 9.78 1.95 19.72

124 036 ---- 21.25 ---- 29.91 6.36 ---- ----

205 025 11.24 0.80 13.04 3.50 5.92 1.14 1.73

217 560 36.57 6.45 26.82 28.44 13.88 0.30 11.92

217 005 18.09 0.86 12.86 9.24 17.79 U U

219 026 15.33 0.61 12.43 4.69 U u 3.78

226 074 ---- 26.55 ----- 12.33 4.44 1.79 ----

240 060 5.73 U 7.86 7.07 5.72 U -----

245 543 4.11 3.17 17.63 2.61 26.34 6.68 8.90

254 006 ---- 3.62 ---- 54.82 17.62 ---- ----

258 101 44.84 5.15 12.09 13.42 28.42 2.61 U

260 028 12.92 7.35 14.99 6.38 6.22 U 3.15

272 010 ---- 2.51 ---- 18.97 7.95 — ----

273 023 ---- 1.47 ---- 8.03 ---- — -----

278 015 1.82 U 8.01 1.38 18.74 u 1.18

294 006 20.63 U 11.39 3.28 1.79 0.83 1.82

304 010 61.08 6.58 5.62 5.08 7.09 4.15 14.62

U Upper limit
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Table 5.12: UK Deep Survey EW. See tex t or Appendix B for details on the indi

vidual fits.

ID H a HP [Nil] [OIII] [Oil] [01] [SII]

032̂ ^ 10.81 1.85 6.00 2.12 ---- 0.83 4.61

032̂ 17.21 2.37 6.77 3.43 9.90 U 5.77

036' ---- U ---- 1.79 16.24 ---- ----

042'' 3.35 U 3.83 U ---- U ----

043' ---- u ---- 6.56 11.17 u ----

047' 13.96 0.64 4.60 5.01 U u 3.38

OSl'' 31.73 4.94 17.74 1.55 — 0.51 10.61

060' ---- 2.72 ---- 68.75 u 5.66 ----

067' ---- U ---- 7.29 15.47 U ----

085'' 29.66 4.47 6.51 5.68 ---- U 49.08

093' ---- 2.04 ---- ---- 20.88 ---- ----

094' 22.12 4.07 4.02 8.57 ---- U 6.57

103'' 23.82 4.34 8.59 1.95 — 0.51 10.02

117'' 27.22 3.02 12.38 1.28 ---- 0.76 9.45

117' 28.90 1.88 13.51 1.98 10.74 1.63 10.45

121' ---- 7.94 ---- 8.89 28.46 2.02 ----

127' 26.89 U 1.16 1.77 7.69 ---- 9.07

131' ---- U ---- 73.10 60.52 ----- ----

132' 8.86 u 7.18 3.77 11.55 0.27 6.38

134' 30.79 2.96 3.50 11.24 16.78 U 27.30

135' 35.14 6.31 11.89 1.73 30.79 U 11.22

 ̂ High resolution data 

 ̂ Low resolution data 

U Upper limit
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5.4.1 Is the population content o f both sam ples o f NELGs 

consistent w ith each other?

The NELGs studied in this thesis come from two different samples with similar 

num ber of sources, but with different sensitivity limits and sky coverage. Page et al. 

(1997b) have performed a comparison between the num ber of NELGs in RIXOS and 

the UK Deep Survey, finding th a t cosmological evolution can only be detected at 

99% confidence when both samples are put together, bu t cannot be inferred if they 

are taken separately. However, these authors find th a t the num ber of sources in the 

joint sample is still too small to determ ine what form this evolution takes (whether 

it is density or luminosity evolution) due to the large uncertainties involved.

Even though no work of this kind can be performed on the individual sub-types 

of NELGs with the present small number of sources, it is interesting to consider 

whether the RIXOS and UK Deep Survey samples are at least consistent with each 

other in term s of population content, as one way in which evolution could take place 

is as a change in the population make-up with decreasing flux. A sum m ary of the 

NELGs classification presented in section 5.4 is given in Table 5.13

Given th a t the RIXOS and the UK Deep Survey samples do not cover the same 

area of sky or have the same limiting flux, I a ttem pted  an approxim ate calculation 

to check whether or not the NELG populations in the two samples are consistent 

on the basis of source number-flux (or log N - log S) considerations.

Errors are not included in this calculation: both samples contain a large num ber 

of unidentified sources (67 in RIXOS and 11 in the UK Deep Survey, comparable 

to the to ta l num ber of NELGs in both samples) and a num ber of NELGs not iden

tified as belonging to one class or another (7 in RIXOS and 14 in the UK Deep 

Survey). Errors are, therefore, very large, especially because of the small num ber 

of sources within each NELG sub-classification. The calculation is, hence, only of 

rough guidance to whether there are inconsistencies between the two samples.

For simplicity, I consider a uniform Newtonian Universe [i.e. non-relativistic)
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Table 5.13: Breakdown of NELGs classification in the RIXOS and UK Deep Survey 

samples.

Class RIXOS UKDS TOTAL

Seyfert 2 4 1 5

LINER 3 2 5

HII 3 2 5

Sy2/LINER 3 2 5

H II/LIN ER 0 4 4

Sy2/HII 2 3 5

Undetermined 2 5 7

which is not evolving.

W ithin Euclidean space,

S =  L/47rr'

where S is the flux of the source under consideration, L is its luminosity and r is 

the distance to the source. We have assumed no evolution, which means no change 

in luminosity with distance, i.e. L =  constant. Thus

S oc r “ ^

The to tal num ber N of objects of luminosity L is equal to their num ber density, 

p, times the volume. Assuming a sphere for the volume,

N =  p  X |7 rr^

We have assumed no evolution, i.e. p =  constant. Therefore,

N oc r^
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But we know, from above, tha t r oc S thus

N oc S- ^ / 2

Therefore, in this type of Universe,

N (>  Sr ) =  k Sr /̂" and 

N (>  Sd ) =  k

where Sr (the RIXOS flux limit) =  3 x 10“^̂  erg cm “  ̂ s

Sd (the UK Deep Survey flux limit) =  2 x 10“ ^̂  erg cm “  ̂ s and k is the constant 

of proportionality.

Assuming both samples cover the same volume of space,

^ ( > S r )  _

N (>S d )

N (> S r ) _  (3xl0~^^)~^/^
N (>S d ) (2 x 10“ 1^)“ ^/2 

=  0.017

RIXOS has a NELG density of 17 sources in 15.4 deg^, i.e. 0.974 sources deg“ .̂ 

Under a Euclidean Universe, the predicted number of sources deg“  ̂for the DS would 

be:

Number of sources deg~^ in RIXOS   0.974
0.017 ~  0.017

=  57.3 sources deg“ .̂

The UK Deep survey covers 0.16 deg^. Therefore, the num ber of NELGs pre

dicted for it is: 57.3x0.16 =  9.2.

I have 19. Is this an inconsistency? If we assume, as an upper lim it, th a t all 

the unidentified sources in RIXOS are, in fact, NELGs, there would be 84 (i.e. 

17+67) NELGs in RIXOS, i.e. 5.45 sources deg“ .̂ This implies a predicted number 

for the UK Deep Survey of 51 sources, which is above the num ber actually found. 

However, I have not included the num ber of UK Deep Survey sources which are not
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identified (11), which, under the same assumption, would bring the to tal num ber of 

UK Deep Survey NELGs to 30. Therefore, considering the errors involved, there is no 

inconsistency between the two samples given the Euclidean space and no-evolution 

assumptions.

We could also ask whether the two populations are consistent in term s of fully 

classified objects.

Following the calculations shown above, the population content of RIXOS and 

the UK Deep Survey are checked for consistency in Table 5.14.

Table 5.14: Check for consistency between the source content of RIXOS and the UK 

Deep Survey.

N

RIXOS 

Source density

UK Deep Survey 

Predicted source density Predicted N N

Seyfert 2 4 0.26 15.29 2.45 1

HII 3 0.19 11.18 1.79 2

LINER 3 0.19 11.18 1.70 2

N Number of sources

The number of Seyfert 2 galaxies in the Deep Survey predicted from the RIXOS 

sample is 2 - 3, and I have found only 1. However, there are 5 uncertain objects in the 

UK Deep Survey which could be Seyfert 2s, 5 undeterm ined NELGs and 11 uniden

tified objects. Therefore, I do not think tha t the data  show any inconsistency, given 

the errors involved. Similar arguments can be applied to HIT region-like galaxies 

and LINERs, despite the good agreement found for these two types of sources.

In conclusion, simple calculations based on the log N -log S relation for Euclidean 

space with no evolution indicate no m ajor disagreements between the NELG pop

ulations of the RIXOS and the UK Deep Survey samples studied. Given the large
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errors involved in this exercise, the difference between the num ber of expected and 

found sources is not significant.

5.5 Summary and Conclusions

In this chapter I have attem pted  to classify the 36 NELGs in the RIXOS and UK 

Deep Survey samples into Seyfert 2, HII region-like galaxies or LINERs. For this 

purpose, I have measured the flux of all the emission lines in the optical spectrum  

of each source and I have calculated line flux ratios. I have then plotted these in 

classification diagrams derived from Shields & Filippenko (1990), including errors 

on the ratios in order to give an indication of the quality of the classification.

The optical data  and classification diagrams are collated in Appendix B, where I 

also include comments about the presence or absence of certain emission lines and/or 

their fitted models for all the individual NELGs in the samples. I also briefly discuss 

the effects on reddening on the classification of each source. For completeness, I 

have included optical images of the areas containing the X -ray sources and I briefly 

comment on the existence and nature of other optical objects in the error boxes as 

well as on the characteristics of the optical counterpart.

In conclusion, in this chapter I have presented the optical classification of the 

largest X -ray selected sample of NELGs to  date. It has been constructed from two 

nearly complete samples (RIXOS and the UK Deep Survey) which have different sky 

coverages and limiting fluxes, and thus presents us with an excellent opportunity 

to test for evolution of the constituent objects. Page et al. (1997b) have already 

found evolution using the full sample, but the form of the evolution could not be 

determined.

One way in which evolution could take place is by a change of the population 

make-up with decreasing flux. In order to investigate whether the two NELG sam

ples (RIXOS and the UK Deep Survey) have a similar population composition, a 

rough log N- log S calculation has been performed, using the to tal num ber of NELGs
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and those in the individual sub-types. I have assumed, for simplicity, a Euclidean 

Universe with no evolution. The results show th a t the two samples are in good 

agreement given the large errors involved. This outcome does not exclude the pos

sibility of a change in the make-up of the NELG population with decreasing flux, 

rather it indicates tha t this sample is not large enough to give such information, 

especially when divided into the different optical classes.

Comparisons between the X -ray and optical properties of the NELGs are pre

sented in the next chapter.



Chapter 6 

X —ray and optical properties of  

NELGs: Correlations

6.1 Introduction

To summarize the results obtained so far, in previous chapters I have performed 

X -ray (chapters 2 and 3) and optical (chapter 5) analyses of the RIXOS and UK 

Deep Survey NELGs.

In chapter 2 , 1 established th a t the X -ray spectra of most RIXOS NELGs are well 

fitted with either power-law or brem sstrahlung models, although it is not possible 

to determ ine which provides the best description of the data. I also tested a new 

method of spectral analysis appropriate for very faint sources and showed it to 

work well. I found the average spectral slope of the RIXOS NELGs to be in good 

agreement with th a t of AGN from the same sample.

To investigate further these two classes of objects, in chapter 3 I studied a fainter 

sample of NELGs and AGN drawn from the UK Deep Survey. I created an average

179
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X -ray spectrum  of the NELGs and of the AGN from this sample and fitted them  

using the new method tested in chapter 2. The power-law slope of the NELG 

spectrum  is ot= 0.45 ±  0.09, whilst th a t of the AGN is a=  0.96 ±  0.03. In other 

words, the UK Deep Survey NELGs are on average harder than  those from the 

RIXOS sample and harder than AGN, having comparable X -ray spectral slopes to 

th a t measured for the XRB.

This is an im portant result towards solving the so-called X -ray spectral para

dox, but it is also im portant as it provides further knowledge about the intrinsic 

nature of NELGs: the X -ray properties of the NELG population are changing with 

decreasing flux, Le. evolving. In order to  understand whether this change in prop

erties could be due to a difference in the make-up of the population, I performed 

an optical classification of the NELGs in chapter 5. NELGs are found to constitute 

a heterogeneous group, comprising Seyfert 2, starburst galaxies and LINERs. The 

RIXOS and UK Deep Survey samples of NELGs appear consistent with each other 

in their composition within the (large) errors involved, indicating th a t if it is indeed 

the make-up of the population tha t is evolving, this is not detected with the present 

data.

In this chapter I will combine the two sets of results obtained previously in the 

X -ray and the optical bands separately: taken together, they can provide us with 

further information about the broad-band properties and ultim ately the intrinsic 

nature of these sources.

6.2 Correlations and results

Summaries of all the results obtained so far for the two samples of NELGs, RIXOS 

and the UK Deep Survey, are presented in Tables 6.1 and 6.2 respectively. The fluxes 

are in units of 10“ ^̂  erg cm“  ̂s , and the luminosities in units of 10^° erg s“ .̂ The 

X -ray fluxes (Ex, 0.5 - 2 keV) are calculated using the 3-band fitted X -ray slopes 

and the Galactic value for the absorbing column. For the X -ray luminosities (Lx)



Table 6.1; Summary of RIXOS X -ray results. See text for definitions and units.

ID z OiScol ± Fx ± Lx ± F r ± L r ± Class

122-016 0.005 0.71 0.120 20.53 1.15 2.22 0.12 7500000 5940000 811679 642850 LINER

124-036 0.342 1.70 0.115 7.63 0.99 6476 868 14.40 7.44 9948 5140 HII

205-025 0.196 0.20 0.585 7.27 1.26 1257 255 32.10 11.20 6404 2234 Seyfert 2/LINER

217-005 0.137 0.74 0.140 4.51 0.54 403 49 70.30 26.50 6489 2446 Seyfert 2/HII

217-560 0.095 1.18 0.055 16.41 0.94 712 41 224.00 64.10 9555 2734 Seyfert 2

219-026 0.124 1.45 0.100 6.33 0.70 498 55 106.00 47.00 7918 3511 Seyfert 2

226-074 0.303 0.91 0.130 3.70 0.45 1894 239 16.70 9.54 8757 5002 LINER

240-060 0.245 1.22 0.075 4.54 0.37 1552 129 36.60 11.80 11923 3844 Seyfert 2

245-543 0.031 1.46 0.160 34.92 1.73 151 8 7430.00 3560.00 31717 15197 LINER/Seyfert 2

254-006 0.459 0.23 0.275 6.23 0.98 6389 1204 10.70 8.90 14678 12209 Seyfert 2

258-101 0.136 0.82 0.570 1.61 0.52 143 47 45.60 38.20 4144 3471 HII

260-028 0.104 0.94 0.145 6.79 1.22 348 63 359.00 102.00 18510 5259 LINER

272-010 0.321 1.58 0.190 12.35 1.50 8676 1149 24.40 12.10 14585 7233 Seyfert 2/HH

273-023 0.432 1.24 0.630 2.56 0.97 3317 1464 — ---- — ---- Undetermined

278-015 0.079 0.63 0.235 7.59 1.16 214 33 1690.00 544.00 49091 15802 LINER/Seyfert 2

294-006 0.126 1.27 0.300 7.00 1.19 559 97 76.40 21.80 5904 1685 HII

304-010 0.193 0.01 0.250 12.02 1.03 1947 187 7.36 4.95 1420 955 Undetermined
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Table 6.2: Summary of UK Deep Survey results. See text for definitions and units.

CM
OO

ID z #3cof ± Fx ± Lx ± F r ± L r ± Class

032 0.066 -2.313 0.669 1.96 0.43 32 7 315.00 58.10 6307 1163 HII

036 0.230 0.183 0.262 1.31 0.20 314 50 30.40 5.60 8612 1586 Undetermined

042 0.359 -0.148 0.878 0.76 0.22 414 165 10.50 1.94 8109 1498 LINER/Seyfert 2

043 0.385 0.814 0.249 0.98 0.20 842 183 3.12 0.58 2833 522 Seyfert 2/HII

047 0.367 0.492 0.562 0.52 0.15 363 121 10.30 1.91 8370 1552 Seyfert 2/HH

051 0.060 0.778 0.187 0.92 0.16 15 3 104.00 19.20 1711 316 LINER

060 0.313 0.507 0.377 0.55 0.12 272 67 0.31 0.06 176 32 Seyfert 2/LINER

067 0.560 -1.848 1.773 0.81 0.38 505 464 4.68 0.86 10358 1910 Undetermined

085 0.303 -0.294 1.347 0.30 0.17 113 75 1.93 0.36 1012 187 Undetermined

093 0.597 0.570 0.474 0.53 0.14 1115 391 1.23 0.23 3184 588 HH/LINER

094 0.061 -0.595 1.378 0.39 0.21 6.04 3.26 10.70 1.98 182 34 HH/LINER

103 0.201 1.031 0.317 0.48 0.14 101 31 7.29 1.34 1536 282 HH/LINER

117 0.061 -0.327 1.860 0.22 0.18 3.45 2.83 83.70 15.40 1425 262 HH/LINER

121 0.304 -0.131 0.933 0.41 0.15 159 71 7.42 1.37 3920 724 LINER

127 0.253 0.880 0.481 0.31 0.10 106 35 3.59 0.66 1256 231 Undetermined

131 0.581 0.871 0.540 0.32 0.11 735 310 0.45 0.08 1082 200 Seyfert 2/HH

132 0.223 1.627 0.261 0.25 0.08 74 24 11.90 2.19 3149 580 Seyfert 2

134 0.250 0.381 0.829 0.38 0.15 113 48 2.14 0.39 729 134 HII

135 0.521 0.926 0.579 0.24 0.10 425 201 2.80 0.52 5202 957 Undetermined
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in the same energy band, I have used Ho =  50 km s qo= 0. All X -ray luminosities 

are k-corrected to the the rest frame of the source using the fitted spectral slopes.

In order to compare the optical properties of NELGs, however, we need to have 

optical fluxes measured in the same band. I have APM E m agnitudes for the RIXOS 

sources and R m agnitudes for the UK Deep Survey. I have chosen to convert the 

RIXOS sources to the same optical band as the UK Deep Survey ones. For this 

purpose, I have used each optical RIXOS spectrum  with the corresponding E mag

nitude to  obtain an estim ated R m agnitude which does not require assumptions 

regarding the object’s spectral shape. The conversion from R  m agnitude to R flux 

was performed using the standard formula:

log fA(mx) =  -0.4mx -f log f^ (0)

where m% is the m agnitude of the source in the given band, and fA(0) is the 

absolute spectral irradiance for a source of m agnitude 0 in the same band, taken 

from Zombeck (1982, 1990) to be 1.74 x 10~® erg cm “  ̂ s for the  R band.

The bandw idth (FW HM) of the standard R  filter is 2200 Â.

I have assumed an optical power-law continuum spectrum  with an energy index 

a  = 1 for the k-corrections, and the same values of qo and Ho used in the X -ray 

regime.

There is only one RIXOS source, 273-23, for which I do not have an E m agnitude. 

I have therefore not included this source in the diagrams or correlations which involve 

optical fluxes or luminosities. Since it has been impossible to sub classify this source, 

its exclusion does not affect the results presented here.

The redshift distribution of the two samples, RIXOS and the UK Deep Survey, is 

shown in Fig. 6.1. Both samples have similar distributions, although the UK Deep 

Survey has more sources at higher redshifts than  RIXOS. The averages of these two 

samples are z=0.20 for RIXOS and z=0.34 for the UK Deep Survey.
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Redshift distribution
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Figure 6.1: Redshift distribution of the RIXOS and UK Deep Survey NELGs.
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6.2.1 Optical classifications versus X —ray energy index

Fig. 6.2 shows the spectral slopes of the individual NELGs from the two samples 

grouped according to their optical classifications (the ordinate axis is for reference 

only). From this figure, it is clear th a t it is not possible to distinguish between the 

different types of objects only on the basis of their X -ray spectral slope. Seyfert 2 

galaxies appear to be the steepest class on average, although there are large errors 

involved in the comparison and proper averaging is required to confirm whether this 

is the case. W ithin this group, 4 out of the 5 Seyfert 2 galaxies have steep slopes, 

comparable to those of broad line AGN. This seems surprising when considered in 

the context of the Unified Model of AGN, as these Seyfert 2s are expected to be 

heavily absorbed and thus their X -ray spectral slopes ought to be harder than  those 

of broad line AGN. This will be further discussed in C hapter 7. In general, there 

is also an indication in Fig 6.2 th a t the harder sources have the largest errors. One 

reason for this is th a t the harder sources are the faintest in the X -ray regime: this 

will be further discussed in section 6,2.2.

To compare quantitatively the spectral slopes of the different types of NELGs, 

Table 6.3 contains the normal and weighted averages of the X -ray energy indices of 

all the NELGs, separated into their different optical classifications. These results are 

plotted in Fig. 6.3. The normal averages (top panel) confirm th a t Seyfert 2 galaxies 

are indeed the steepest sources. HII region-like galaxies, on the other hand, have the 

hardest spectra of the uniquely classified objects, although they are consistent with 

LINERs within errors. This behaviour is roughly m atched by the groups which can 

only exclude one type of gcdaxy as their possible nature: The group Seyfert 2/H II 

is the steepest, followed by the Seyfert 2 /LINER and by the LINER/HH groups, 

although they all agree within errors.

The bottom  panel of Fig. 6.3 shows the weighted averages: all the groups have 

now become steeper. This effect can be expected if, as mentioned above, the hardest 

sources do indeed tend to have the largest errors. The population of HII sources
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Figure 6.2; X -ray slope versus optical identification for all the NELGs. RIXOS 

sources are represented by asterisks and UK Deep Survey sources are represented 

by squares throughout the chapter. The ordinate axis is for reference only.
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steepens more than  the rest and becomes softer than  the Seyfert 2 galaxies; the 

subgroup with contains both of these types reflects this fact too, although only 

marginally.

The next two tables, namely tables 6.4 and 6.5, also contain the normal and 

weighted averages of all the NELGs divided into their optical classification, but this 

tim e they are also separated depending on whether they are RIXOS or UK Deep 

Survey sources. This is illustrated in Fig. 6.4, in which the RIXOS sources are 

represented by asterisks and the UK Deep Survey sources by squares. It can readily 

be seen tha t, in all groups (except for Seyfert 2 galaxies, which are represented by 

only one source in the UK Deep Survey), RIXOS NELGs are steeper than  UK Deep 

Survey NELGs. Again, the largest difference lies in the HII region-like subgroup, 

where the normal average of these sources is as steep as Seyfert 2 (and AGN) in 

RIXOS and is the hardest in the UK Deep Survey. In the RIXOS sample, all 

the average slopes are closer together towards steeper values, whilst the UK Deep 

Survey still covers a wider range of slopes and holds the same ranking as shown 

in Fig. 6.3. The weighted averages (bottom  panel) present a similar picture to the 

normal averages, except th a t the difference in slope between the HII sources of the 

two samples has now become larger.

To summarize, the similarity in spectral slope found between the different types 

of sources, together with Fig 6.2, indicate th a t it is not possible to  distinguish 

between the different types of NELGs based only on the X -ray spectral slope of the 

source.

Nevertheless, there are still three m ain results which can be derived from this 

section. Firstly, th a t Seyfert 2 galaxies are as steep as AGN in both samples with 

different weightings, a result which will be discussed further in C hapter 7. Secondly, 

tha t the HII region-like galaxies have a very wide range in spectral slopes, holding 

the largest difference in slope between the RIXOS and the UK Deep Survey sources 

of all types. Thirdly, th a t the RIXOS sources are in general steeper than  the UK 

Deep Survey ones, a difference which is generalized to  all source types.
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Table 6.3: ALL NELG AVERAGE ENERGY INDEX.

ClELssification Average ± W eighted Average ±

Seyfert 2 1.14 0.08 1.22 0.04

LINER 0.64 0.20 0.83 0.07

Seyfert 2 /  LINER 0.53 0.23 1.06 0.12

Seyfert 2 /  HII 0.90 0.17 0.98 0.10

LINER/HII 0.17 0.60 0.81 0.26

HII 0.37 0.25 1.50 0.10

UNKNOW N 0.16 0.35 0.29 0.16

ALL NELGs AVERAGE SLOPES

Seyfert 2 

LINER

Seyfert 2 or LINER 

Seyfert 2 or HII 

LINER or HII 

HII
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Figure 6.3: Average X -ray slope versus optical identification for the all NELGs.



X -r a y  and op tica l p roperties  o f  N ELG s: Correlations 189

RIXOS AND THE UK DEEP SURVEY AVERAGE SLOPES
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Figure 6.4: Average X -ray slope versus optical identification for the all NELGs, 

split into their samples. The RIXOS sources are represented by asterisks, the UK 

Deep Survey by squares.
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Table 6.4: RIXOS AVERAGE ENERGY INDEX.

Classification Average ± Weighted Average ±

Seyfert 2 1.02 0.08 1.21 0.04

LINER 0.85 0.08 0.84 0.08

Seyfert 2/LINER 0.76 0.22 1.15 0.13

Seyfert 2/HII 1.16 0.12 1.04 0.11

HII 1.26 0.22 1.62 0.11

UNKNOWN 0.63 0.34 0.18 0.23

Table 6.5: DEEP SURVEY AVERAGE ENERGY INDEX.

Classification Average ± Weighted Average ±

Seyfert 2 1.63 0.26 1.63 0.26

LINER 0.32 0.48 0.74 0.18

Seyfert 2 / LINER 0.18 0.48 0.41 0.35

Seyfert 2 / HII 0.73 0.27 0.78 0.21

LINER/HH 0.17 0.60 0.81 0.26

HII -0.97 0.53 -1.25 0.52

UNKNOWN -0.03 0.47 0.37 0.21
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6.2.2 Fluxes and lum inosities versus energy index and red

shift

A comparison between the average slope of NELGs in the two samples shows th a t the 

RIXOS NELGs (a  ~  0.9, from chapter 2) are significantly steeper than  the UK Deep 

Survey (a  ~  0.5, from chapter 3). It is clear from the previous section, however, 

th a t this change in spectral slopes between the RIXOS and the UK Deep Survey 

sources is not due specifically to one source type or another but to all the types in 

general. Thus, there m ust be an intrinsic difference between the two samples. In 

order to investigate this result further and (hopefully) find an explanation for it, 

additional comparisons between X -ray and optical properties are required.

In this section (and in section 6.2.3) I have searched for linear and non-linear 

correlations between different param eters using the Pearson’s linear and Spearm an’s 

rank coefficients. The significance of these correlations can be evaluated using a t 

test, which behaves, in the case of a null correlation, like a S tudent’s t-distribution. 

Therefore, the t test results were compared to the tabulated  S tudent’s t-distribution 

at the confidence level chosen (95%): a t test value larger than  the tabulated  one 

indicates th a t the correlation is statistically real at th a t confidence level.

The X -ray spectral slope of each NELG is plotted against redshift in Fig. 6.5, 

and Pearson’s and Spearm an’s test results are shown in Table 6.6: there is no 

correlation between these two param eters, indicating th a t the difference in spectral 

slope between the NELGs of the two samples is not related to  our distance to  the 

source. This result had already been established separately for the RIXOS and the 

UK Deep Survey samples in Chapters 2 and 3, respectively.

Fig. 6.6 contains comparisons between X -ray fluxes, optical fluxes and X -ray 

energy index for all the NELGs, both separated into the samples they were drawn 

from and into their optical classes. The two samples cover a different range in X - 

ray flux (top left), which could be an im portant factor towards the discrepancy in 

spectral indices. If this were the only factor, one could expect th a t the spectral
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Energy index versus redshift
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Figure 6.5: X -ray energy index versus redshift.
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Table 6.6: Correlation statistics for RIXOS and UK Deep Survey (UKDS) between 

redshift and X -ray slope. The same symbols, with the same meanings, will be used 

in future tables.

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t Ts t Correlation?

RIXOS 17 0.017 0.064 N 2.131 0.074 0.286 N

UKDS 19 0.167 0.697 N 2.110 0.178 0.746 N

Both 36 -0.040 0.231 N 2.042 -0.012 0.068 N

r: Pearson coefficient.

t :  t test result on the correlation coefficient, Pearson’s or Spearman’s.

9 5 %  t :  Minimum value of t to accept the correlation, with a 5% probability of being wrong 

fg: Spearman coefficient.

X -ray energy index should become systematically harder with decreasing flux for 

all the sources. The results from correlation analysis on these param eters are shown 

in Table 6.7: the X -ray flux of both samples independently does not show any 

dependence with slope (the correlation for the 19 UK Deep Survey is only due to 

the hardest source), but a Spearm an’s test when the two samples taken together 

confirms its existence at the 95% confidence level. Clearly, ~ 2 orders of m agnitude 

range in flux {i.e. RIXOS and the UK Deep Survey combined) are required to  detect 

the slope change in NELGs.

NELGs could all, as a class, be becoming harder with decreasing flux. A lterna

tively, this correlation could be the result of harder sources emerging at lower fluxes 

while the steeper population remains constant, rather than  a progressive hardening 

of all NELGs. E ither way, this is a very im portant result regarding the composition 

of the X -ray background: the UK Deep Survey sample of NELGs in this work has 

an average energy spectral slope which is similar to th a t of the X -ray background. 

However, we require the existence of an even harder population to be able to  repro-
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Table 6.7: Correlation statistics for RIXOS and UK Deep Survey (UKDS) X-ray

flux versus spectral energy index. Symbols are defined in Table 6.6.

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t Ts t Correlation?

RIXOS 17 0.171 0.673 N 2.131 0.127 2.121 N

UKDS 19 -0.553 2.737 Y 2.201 -0.289 1.247 N

UKDS 18 -0.177 0.721 N 2.201 -0.164 0.067 N

Both 36 0.318 1.955 N 2.042 0.343 2.131 Y

duce the background spectral slope, as we know tha t AGN contribute a large fraction 

of the background and tha t we need to compensate for their steeper slope. Hence, if 

NELGs, as suggested by the results presented here, do indeed become harder with 

decreasing flux, together with the fact tha t their surface density increases at fainter 

fluxes, there could be a large unresolved population of NELGs which is even harder 

on average than the X -ray background and the NELGs in this sample, as required.

The top right hand side of Fig. 6.6 displays the optical flux of the NELGs versus 

their X -ray energy index: correlation analyses (not shown) confirm the visual im

pression tha t there is no dependence between the optical flux and the energy index 

(panel a), nor any dependence appears when the class is taken into account (panel 

b).

The top diagrams of Fig. 6.6 also highlight the difference in X -ray flux range 

between the two samples and how well they complement each other (top left), as 

well as how similar in optical flux both samples are (top right). The ratio between 

the X -ray and optical fluxes versus energy index is also shown on the bottom  left. It 

can be seen from this plot tha t different types of NELGs cannot be classified using 

only this ratio. Since the EMSS found the X -ray to optical flux ratios to be very
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Figure 6.6: X -ray and optical flux versus energy index for all the NELGs. The top 

two plots show the 0.5-2 keV X -ray (left) and R  fluxes (right) with respect to the 

X -ray spectral index of each source. The bottom  plots display the ratio  of these two 

fluxes with respect to the energy index obtained from the 3-band analysis (left) and 

this same ratio converted to the EMSS bandpasses (right. See tex t). The solid lines 

represent the theoretical limits for for the value of this ratio for AGN, the dotted 

lines are the limits for ’norm al’ galaxies.
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useful when classifying these sources, I have transformed the ROSAT X -ray fluxes to 

the EMSS bandpass: using the fitted X -ray energy indices and Galactic absorption, 

I can predict the countrate th a t these NELGs would have in the Einstein IPG 

(0.3-3.5 keV) band and thus the flux these sources would have with in the EMSS, 

assuming an energy spectral index of 0.4 and a Galactic value for Nh of 3x10^° 

atoms cm~^ (Maccacaro et al. 1982). The error in the 0.3-3.5 keV flux of each 

source is determ ined using the fractional error found for the 0.5-2 keV flux. The 

optical fluxes (V band) are determined assuming an optical energy index of 1. The 

resulting data  are plotted versus the fitted ROSAT energy index on the bottom  right 

of Fig. 6.6, where the solid lines represent the theoretical limits for the value of the 

flux ratio for AGN, the dotted lines are the limits for ‘normal galaxies’ (Maccacaro 

et al. 1988, Stocke et al. 1991). Although generally the EMSS limits agree well 

(within errors) with the optical classification of NELGs found in this work, they 

are not very accurate and therefore not a good way of distinguishing between these 

different types of objects.

I have investigated this result further by averaging the fluxes in the different 

classes. This is shown in Fig. 6.7: it is impossible, given the size of the errors 

and the sim ilarity between the spectral slopes of the different types of sources, to 

distinguish object types using only this ratio.

The X -ray and optical fluxes for each source are plotted against redshift in 

Fig. 6.8. Visually, there appears to be some redshift dependence of X -ray flux for 

the RIXOS sources (top left), but none for the UK Deep Survey sources. I have 

calculated the Pearson’s linear and the Spearm an’s rank correlation coefficients, 

together with t tests on the results. The Pearson’s test confirms the presence of an 

anti-correlation between X -ray flux and redshift (Table 6.8), while the Spearm an’s 

test does not (95% level of significance). The apparent RIXOS trend, however, is 

only due to the two brighter sources with very low redshifts, z < 0.05. If these sources 

are excluded, both the Pearson’s and the Spearm an’s tests return a strong rejection 

for the existence of this correlation. These results are also shown in Table 6.8.
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Figure 6.7: Ratio of the average X -ray flux to the optical flux for all the NELGs. 

For the left-hand-side panels, all NELGs are averaged together, whilst the right- 

hand-side plots show the two samples separately: the asterisks represent the RIXOS 

sample whilst the open squares represent sources obtained from the UK Deep Survey. 

The vertical lines show the EMSS limits for AGN (continuous lines) and normal 

galaxies (dotted lines).
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Table 6.8: Correlation statistics for RIXOS UK Deep Survey (UKDS) X-ray flux

versus redshift. Symbols are deflned in Table 6.6.

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t rs t Correlation?

RIXOS 17 -0.492 2.186 Y 2.131 -0.480 2.121 N

RIXOS 15 -0.219 0.807 N 2.160 -0.246 0.917 N

UKDS 19 -0.239 1.015 N 2.110 0.032 0.134 N

Both 36 -0.423 2.719 Y 2.042 -0.349 2.171 Y

Table 6.9: Correlation statistics for RIXOS and UK Deep Survey (UKDS) optical 

flux versus redshift. Symbols are defined in Table 6.6.

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t Ts t Correlation?

RIXOS 16 -0.379 1.536 N 2.145 -0.926 9.210 Y

RIXOS 14 -0.435 1.672 N 2.179 -0.890 6.766 Y

UKDS 19 -0.519 2.503 Y 2.110 -0.715 4.220 Y

The two samples, RIXOS and UK Deep Survey, are combined on the bottom  

left of Fig. 6.8. From this figure it is clear that the correlation between X -ray 

flux and redshift found when the two samples are combined (95% confidence, see 

also Table 6.8) is likely to be biased by selection effects: the RIXOS sample has 

been selected with a higher limiting flux and it thus covers a smaller redshift range, 

while the UK Deep Survey is missing sources of low surface density {i.e. sources 

with high X -ray fluxes) due to its smaller sky coverage. This also indicates tha t 

selection effects could bias correlation analyses which involve redshift, and thus 

luminosities, if both samples are combined, and therefore in such cases the samples 

will be considered separately.
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Figure 6.8: Optical and X -ray flux versus redshift for all the NELGs.
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Table 6.10: Correlation statistics for RIXOS and UK Deep Survey (UKDS) optical

flux versus X-ray flux. Symbols are deflned in Table 6.6

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t Ts t Correlation?

RIXOS 16 0.343 1.365 N 2.145 0.335 1.332 N

RIXOS 15 0.870 6.365 Y 2.160 0.196 0.722 N

UKDS 19 0.742 4.559 Y 2.110 0.249 1.060 N

Both 35 0.377 2.336 Y 2.042 0.645 4.847 Y

Both 34 0.808 7.746 Y 2.042 0.613 4.388 Y

Optically, however, there is a clear trend of decreasing flux with increasing red- 

shift (Fig. 6.8). I have performed the same statistical tests (Pearson’s and Spear

m an’s) on these da ta  and the results are shown in Table 6.9: there is an anti

correlation, and in the case of the Spearm an’s test the confidence levels are better 

than  99.9% for both samples. I have also excluded the 2 RIXOS sources with z<  

0.05 and the Spearm an’s result still stands at the same confidence level. This trend 

is corroborated by the bottom  right plot of Fig. 6.8, which displays the ratio of 

X -ray over optical flux versus redshift for each source.

The optical flux is plotted versus the X -ray flux in Fig 6.9. There appears to 

be a linear correlation between these two param eters, as emphasized by the dashed 

line representing the one to  one correspondence between the two. The statistics of 

the correlation analyses between these two param eters are shown in Table 6.10 for 

RIXOS, the UK Deep Survey and for both samples combined. The UK Deep Survey 

and both samples combined clearly confirm the presence of a linear (Pearson’s) 

correlation at 99.9% and at 95% confidence levels, respectively, while the RIXOS 

sample did not exhibit such correlation. Source 122-16, however, is clearly an outlier 

with its high optical flux, and when it is excluded from the analysis, a correlation is 

also found for the RIXOS sample (99.9% confidence level). In addition, the strength
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Table 6.11: Correlation statistics for RIXOS and UK Deep Survey (UKDS) optical

versus X-ray luminosity. Symbols are defined in Table 6.6

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t Ts t Correlation?

RIXOS 16 -0.198 0.755 N 2.160 -0.221 0.846 N

RIXOS 15 -0.103 0.375 N 2.145 -0.054 0.193 N

UKDS 19 0.226 0.958 N 2.110 0.372 1.652 N

of the correlation when both samples are combined also increases to the 99.9% 

confidence level.

It is clear, therefore, th a t the X -ray flux is proportional to the optical flux, and 

thus so will the X -ray luminosity be proportional to the optical luminosity. These 

two param eters are plotted in Fig. 6.10 for all NELGs, separated into their samples 

and into their individual classifications. The dashed lines in this figure represent 

the one to one correspondence. Examination of the results of the Pearson’s and 

Spearm an’s tests (Table 6.11), which were preformed, in the case of the RIXOS 

sample, with and without source 122-16, indicate tha t there is no correlation between 

X -ray and optical luminosity. This is likely to be due to the smearing introduced 

by the redshift distribution to the existing fiux-flux correlation.

These sources are, in fact, ~  10 times more luminous in the optical than  in the 

X -ray regime, and the UK Deep Survey NELGs have luminosities which are roughly 

10 - 100 times fainter than their RIXOS counterparts.

The X -ray luminosity is not related to the spectral slope of the source (Fig. 6.11, 

top left and Table 6.12), neither is the optical luminosity (top right and Table 6.13). 

W hen the two samples are combined, the general distribution of X -ray luminosity 

with energy index is similar to th a t of Fig. 6.6, top left, indicating th a t a similar 

relationship could hold in both diagrams. However, a correlation between these two 

param eters only appears at the at the 90% confidence level when the two hard-
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est sources are removed. Thus we must conclude th a t, if such correlation exists, 

it is likely to be biased (as pointed out earlier) and /or scattered by the redshift 

distribution of the two samples.

Table 6.12: Correlation statistics for RIXOS and UK Deep Survey (UKDS) X -ray 

luminosity versus energy index. Symbols are defined in Table 6.6

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t rg t Correlation?

RIXOS 17 0.212 0.840 N 2.131 0.203 0.805 N

UKDS 19 0.173 0.724 N 2.110 0.189 0.796 N

The X -ray luminosity does have a dependence on redshift at the 99.9% confidence 

level for both samples (Fig. 6.11, bottom  left): the further away the galaxy, the 

higher its luminosity. This is due to a selection effect: by selecting the sources with 

a fixed sensitivity limit, their derived luminosities will correlate with redshift. This 

is illustrated by the solid and dashed line curves in the plot, which represent the 

minimum luminosity of an object detectable at the fiux lim it of the corresponding 

survey for different redshifts. The solid lines represent the lim it for the RIXOS 

sample and the dashed line corresponds to  the UK Deep Survey lim it, both  for % 

=  0; the dotted lines correspond to % =  0.5. As expected, at every redshift, the

Table 6.13: Correlation statistics for RIXOS and UK Deep Survey (UKDS) optical 

luminosity versus X -ray energy index. Symbols are defined in Table 6.6

PEARSON SPEARMAN

Sample Nsources r t Correlation? 95% t rg t Correlation?

RIXOS 16 -0.115 0.435 N 2.160 0.162 0.613 N

UKDS 19 -0.417 1.891 N 2.110 -0.160 0.667 N
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Deep Survey sources have consistently lower X -ray luminosities than  the RIXOS 

ones. This is due to  both samples having different limiting X -ray fluxes while 

still covering a similar range in redshifts, as well as having different sky coverage. 

Therefore, as RIXOS, with its larger sky coverage, selects the (rarer) brighter sources 

(cf Fig. 6.6, top left), at any given redshift the RIXOS sources will have higher X -ray 

luminosities than the UK Deep Survey ones.

There is no dependence in either sample between optical luminosity and redshift 

(Fig. 6.11, bottom  right). Again, this is due to the fact th a t the sources have 

been selected in X-rays and not in the optical regime. NELGs have been shown to 

become optically fainter in flux with increasing redshift, and this is compensated for 

by taking the redshift into account when calculating optical luminosities.

I have calculated the average optical and X -ray luminosities of the different 

classes of NELGs, taking both samples together and separately. These are listed in 

Tables 6.14 and 6.15.

Table 6.14: ALL NELG AVERAGE X-RAY LUMINOSITIES (10^° erg s~^).

Classification

ALL

Average ±

RIXOS

Average ±

UK Deep Survey 

Average ±

Seyfert 2 1845 243 2288 303 74 24

LINER 484 52 748 83 87 35

Seyfert 2 /  LINER 462 63 541 86 343 89

Seyfert 2 /  HII 2204 242 4539 575 647 127

LINER/HII 307 98 ----- ----- 307 98

HII 1465 175 2393 292 72 24

UNKNOW N 961 223 2632 738 293 103

Fig. 6.12 illustrates the difference in average luminosities in the optical and X -ray 

bands with source type. In the X -ray regime (top left), Seyfert 2 and HII region-like 

galaxies are the brightest sources, the group tha t contains both of these types is in 

fact the most X -ray luminous. By splitting them  into their corresponding samples
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Figure 6.12: Average X -ray and optical luminosities (in units of 10^° erg s ) for all 

the NELGs. For the top panels, all NELGs are averaged together, whilst the bottom  

plots show the two samples separately: the stars represent the RIXOS sample whilst 

the open squares represent sources obtained from the UK Deep Survey.
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Table 6.15: ALL NELG AVERAGE OPTICAL (R) LUMINOSITIES (10^° erg s 'l ) ,

Classification

ALL

Average ±

RIXOS 

Average ±

UK Deep Survey 

Average ±

Seyfert 2 9445 2713 11019 3388 3149 580

LINER 168915 128578 279649 214297 2815 395

Seyfert 2 /  LINER 19099 4418 29071 7346 4143 749

Seyfert 2 /  HII 6672 1562 10537 3818 4095 550

LINER/HII 1582 176 ----- ----- 1582 176

HII 5406 1307 6665 2142 3518 585

UNKNOW N 4643 474 1420 955 5288 535

(bottom  left), all the groups appear to keep their luminosity ranks except for the 

only UK Deep Survey Seyfert 2 galaxy, which has very low luminosity compared to 

its RIXOS counterparts. As it has already been pointed out, the UK Deep Survey 

NELGs are intrinsically less X -ray luminous than the RIXOS ones and Fig 6.12 

confirms this.

In term s of average optical luminosities (right panels), LINERs appear to be the 

brightest class. The high value is mainly due to 122-16 (aka Arp 185): when this 

source is removed, the average optical luminosity becomes 8224 x lO'̂ ® erg s”  ̂ for all 

LINERs and 13633 x 10̂ *° erg s“  ̂ for the RIXOS LINERs, closer to the rest of the 

groups. The UK Deep Survey NELGs appear to have average optical luminosities 

in a narrow range, between 10^  ̂ - 10'*̂  erg s~^, while RIXOS sources have a wider 

range, spanning through 2 - 3  decades. It is also clear from these averages tha t it is 

not possible to differentiate between the different groups of NELGs based only on 

their optical and/or X -ray properties. As it has already been emphasized before, 

the optical classification of NELGs needs to be performed using spectral emission 

line ratios, such as those presented in chapters 4 and 5.
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6.2.3 Optical em ission line properties versus X -ray proper

ties

Another set of param eters which can trace relationships between optical and X - 

ray properties are those from optical emission lines. These lines are expected to 

be em itted by ionized clouds which are directly illum inated by X-rays from the 

underlying continuum-powering mechanism, it being an active nucleus or starburst 

activity.

Unfortunately, I cannot compare the absolute flux of each line to tha t of the X - 

ray continuum, as some of the sources do not have accurate absolute flux calibrations 

in their optical spectra and others are in arb itrary  flux units (c./. chapter 5). For 

the following study, RIXOS and UK Deep Survey NELGs have been combined in 

all cases.

The FWHM of each line, however, does not require absolute flux calibrations 

to be accurate. Fig. 6.13 shows the FW HM of each individual line measured for 

the NELGs versus their X -ray energy slope. Some correlation between these two 

param eters appears “by eye” to exist for some lines, e.g. in the case of Ho; and 

H/?, which look broader with increasingly steeper slopes. In order to verify the 

existence of these correlations, as well as to quantify the confidence with which they 

can be rejected or accepted, I have performed Pearson’s linear and Spearm an’s rank 

correlations for all of the plots in Fig 6.13: the results are displayed in Table 6.16. 

The num ber of da ta  points included in the analysis differs from plot to plot because 

not all the lines are visible or bright enough in all the spectra measured. Sources 

with only an upper lim it for the line in question are also excluded from the analysis.

The Pearson’s test results indicate th a t there is a real relationship between 

FW HM and X -ray energy slope with more than  95% confidence in the case of H a, 

[Nil] and [Oil], but th a t it is non-existent in the other lines. From the Spearm an’s 

results, a more robust test, no further correlations become apparent. In fact, one of 

the correlations which appeared with the Pearson’s test ([Oil]) is not present with

^ A s already mentioned in Chapter 5, the values of the FWHM presented in this thesis have not 
! been corrected for instrumental resolution. This correction can be taken into account using the
I formula alf̂ êrved = ^intrinsic + (̂ instrument- This does uot Significantly affect the results presented 
i in this thesis.



210 C hapter 6

1500

S 1000 
X

a
X  500

Ha V energy index n p  V energy index
X Sy 2 
XHH 
+ LINER 
OS/L 
A S/H 
□ L/H 

I- O??

□ Q>

O

O à< 
+

-2 -1 0 
Energy index

1

[Nil] V energy index
1500

1000

g

■3 ■2 1 0 21
Energy index 

[Oil] V energy index
1500

§ 1000

O 500

■3 2 1 0 1 2
Energy index

[Sn]A,6717 V energy index
1500

1000

XX

3 •2 01 1 2

1500

^  1000 
X

CO.
X  500

3 ■2 01 1 2
Energy index

[Gin] V energy index
1500

1000

E
O 500

□ °  o

3 ■2 1 0 1 2
Energy index 

[01] V energy index
1500

S 1000

500

3 -2 0 1 21
Energy index

[Sn]A-6731 V energy index
1500

1000
CN
S  500

3 ■2 1 0 1 2
Energy index Energy index
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Table 6.16: Correlations between the X -ray spectral index and the FW HM of dif

ferent optical lines. Symbols are defined in Table 6.6

PEARSON SPEARM AN

Line Nsources r t Correlation? 95% t Ta t Correlation?

H a 24 0.542 3.028 Y 2.074 0.528 2.915 Y

Hi0 29 0.208 1.105 N 2.052 0.353 1.959 N

H/3 28 0.381 2.101 Y 2.056 0.466 2.684 Y

[Nil] 24 0.444 2.325 Y 2.074 0.468 2.487 Y

[OIII](5007) 34 0.170 0.974 N 2.042 0.091 0.516 N

[Oil] 25 -0.443 -2.372 Y 2.069 -0.382 -1.985 N

[Oil] 24 -0.314 -1.552 N 2.074 -0.317 -1.565 N

m 18 -0.212 -0.867 N 2.120 -0.174 -0.708 N

[SII](6717) 17 0.419 1.786 N 2.131 0.466 2.038 N

[SII](6731) 17 0.246 0.981 N 2.131 0.235 0.938 N

the Spearm an’s test. The linear correlation of [Oil] FW HM with energy slope found 

with the Pearson’s test is, in fact, spurious, as it disappears when the hardest source 

in this plot (a  =  —1.8, corresponding to UK Deep Survey source 67) is excluded.

The lack of correlation of H/? with the spectral index is also due only to source 

67 from the UK Deep Survey. W hen this source is excluded, both Pearson’s and 

Spearm an’s tests agree on the existence of this correlation at the 95% level. The 

values for these tests are also shown in Table 6.16

Thus, H a, [Nil] and get broader as the NELG X -ray spectra become steeper. 

The Baimer lines correlation is in the opposite sense than  found previously by other 

authors for broad line AON {e.g. Puchnarewicz et al. 1997, Laor et al. 1994), where 

the FWHM of the H a and H ^ line is thought to be directly related to  the line- 

ofisight velocity of the broad line region (BLR) and the relationship is interpreted 

as an inclination effect. In the case of the Seyfert 2 galaxies, however, the BLR is 

expected to be obscured from our line of sight by a molecular torus, so the above 

explanation is not directly applicable to this type of objects. Moreover, NELGs are 

made up of a m ixture of at least 3 types of sources, Seyfert 2, LINERs and HH
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region-like galaxies, and I do not have sufficient numbers of objects in each class to 

perform reliable individual correlation analysis.

I would therefore conclude th a t the interpretation of the line FW HM correlation 

with X -ray  slope is not straightforward. I would require a larger sample of uniquely 

classified objects to begin a meaningful study of the conditions th a t give rise to  the 

correlation in each class of objects.

I have also investigated the existence of correlations between the FWHM of 

the Baim er lines H a and H/? and the FWHM of the forbidden lines. The results 

are presented in Tables 6.17 and 6.18, as well as in Fig 6.14. The FWHM of the 

forbidden lines is correlated to th a t of the Baimer lines, thus indicating a sim ilarity 

in the conditions tha t give rise to them , i.e. they come from similar velocity regions. 

In the particular case of Seyfert 2 galaxies, this result would be consistent with the 

Unified Model: in these objects, the BLR is obscured from our sight, thus both the 

forbidden and the perm itted emission lines we observe are expected to arise only 

from the NLR. The lack of correlation between the width of the Baimer lines with 

the forbidden [Oil] emission line is not surprising, since this line is composed of a 

doublet which is not always resolved.

Table 6.17: Correlation statistics between H a FWHM and the FW HM of different 

optical forbidden lines. Symbols are defined in Table 6.6

PEARSON SPEARMAN

Line Nsources r t Correlation? 915% t Ts t Correlation?

[Nil] 24 0.517 2.834 Y 2.074 0.656 4.081 Y

[OIII] 23 0.915 10.390 Y 2.080 0.916 10.445 Y

[Oil] 15 -0.048 -0.174 N 2.160 -0.163 -0.594 N

[01] 14 0.616 2.706 Y 2.179 0.635 2.849 Y

Since the equivalent width of emission lines does not require flux calibrated 

spectra to  be valuable, I have also searched for correlations between the equivalent
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Table 6.18: Correlations statistics between H/? FWHM and the FWHM of different 

optical forbidden lines. Symbols are defined in Table 6.6

PEARSON SPEARMAN

Line Nsources r t Correlation? 95% t Ta t Correlation?

[Nil] 20 0.587 3.072 Y 2.074 0.454 2.164 Y?

[OIII] 28 0.406 2.265 Y 2.056 0.388 2.149 Y?

[Oil] 19 0.032 0.132 N 2.110 0.100 0.414 N

m 17 0.684 3.629 Y 2.131 0.531 2.432 Y

width of the optical emission lines and the X -ray spectral slope of the different 

sources. I have plotted these two param eters against each other in Fig 6.15 and the 

results of the correlation analyses are shown in Table 6.19: there is no correlation. 

This is not surprising, since these NELGs are very nearby galaxies and the galaxy 

continuum could contam inate any underlying optical continuum due to the X -ray 

(nuclear) source, thus effectively hiding any possible relationship between the two 

param eters under scrutiny.

Table 6.19: Correlations between the X -ray spectral index and the equivalent width 

of different optical lines.

PEARSON SPEARMAN

Line Nsources r t Correlation? 95% t ra t Correlation?

H a 24 -0.067 -0.313 N 2.074 -0.233 -1.124 N

30 0.257 1.407 N 2.048 0.062 0.329 N

[NII] 24 0.104 0.487 N 2.074 0.037 0.176 N

[OUI] 34 -0.224 -1.301 N 2.042 0.166 0.953 N

[OH] 25 -0.212 -1.043 N 2.069 -0.331 -1.685 N

m 18 0.023 0.092 N 2.120 0.062 0.248 N

[SII](6717) 17 -0.112 -0.438 N 2.131 -0.385 -1.615 N

[SII](6731) 17 0.024 0.093 N 2.131 -0.064 -0.247 N
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6.3 Conclusions

The study of NELGs as individual sources, separated into their optical classes and 

into the samples they were selected from, and comparisons between their different 

optical and X -ray param eters have provided us with im portant new results.

We already know from previous chapters th a t the Deep Survey sources are harder 

than  those from the RIXOS sample, implying tha t there must be a fundam ental 

difference between these two samples.

In this chapter, I have searched for possible correlations between X -ray and 

optical param eters of the NELGs in the RIXOS and UK Deep Survey samples. Ta

ble 6.20 summarises what has been found from correlation analyses between different 

parameters.

Table 6.20: Summary of correlation results

z Fx F r Lx Lr

ex. X V X X X

z — y V V " X

Ex — V

Lx — X

* Present only with the com

bined RIXOS and UK Deep 

Survey samples and likely to 

be due to selection effects 

Due to a selection effect

Firstly, I have established tha t it is not possible to distinguish between the 

different types of NELGs using only X -ray their spectral slope. Nevertheless, it 

has been possible to establish tha t the difference in spectral slope between the two
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samples is not due to one single group but th a t all the UK Deep Survey subgroups 

are consistently harder than their counterparts in the RIXOS sample.

The lack of correlation between redshift and spectral slope indicates th a t the 

difference between these sources is not related to their distance. I have looked at 

the relationship between the X -ray flux of the individual sources and their energy 

index and found tha t, even though there is no correlation when considering each 

sample separately, when both samples are combined there is definitely a tendency 

for NELGs to become harder with decreasing X -ray flux (95% confidence level). 

This is a very im portant result regarding the composition of the X -ray background: 

the sample of UK Deep Survey NELGs has an average energy spectral slope which 

is similar to th a t of the X -ray background. However, we require the existence of 

an even harder population to be able to reproduce the background spectral slope, 

as we know tha t AGN contribute a large fraction of it and we need to compensate 

for their steeper slope. Hence, the trend found th a t NELGs become harder with 

decreasing flux, together with the fact tha t their surface density increases with 

respect to AGN at fainter fluxes, reinforces the idea th a t NELGs could indeed be 

the missing contributors to the X -ray background.

In addition, I have found tha t the ratios between the optical and X -ray fluxes of 

NELGs are consistent with the results obtained from the EMSS in term s of ’norm al’ 

and ’active’ galaxies when extrapolated to the same energy bands. However, it is 

impossible to  distinguish between these two classes solely on the basis of the flux 

ratio, as the errors involved are large and the different types of objects cover large 

ranges in ratios. It is therefore necessary to perform the line flux ratios and consider 

appropriate diagnostic diagrams to distinguish between objects, as I have shown in 

Chapters 4 and 5.

I have also discovered correlations between the FW HM of H a, [Nil] and possibly 

H/? with X -ray spectral energy index. These lines tend to become broader with 

steepening spectrum , which is, in the case of the Baim er lines, opposite to  tha t 

found for broad line AGN by other authors. These sources, however, are a m ixture
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of three different classes of objects, hence any a ttem pt to explain the existence of 

such correlation would have to be performed for the three classes separately and 

the present data  are not sufficient to carry this out. I have also found th a t the 

FW HM of the Baimer lines appears to be correlated to th a t of some forbidden lines, 

which indicates tha t these lines originate in similar regions. In the case of Seyfert 

2s, this result would be consistent with the Unified Model, as all the narrow lines 

are expected to  be em itted from the NLR. However, I do not have enough uniquely 

classified sources to perform reliable individual class correlations, hence a larger 

sample is required in order to a ttem pt to explain the physical conditions which give 

rise to such relationships. I have not found any correlation between the equivalent 

width of the emission lines and the spectral slope of the sources; if such correlation 

exists for NELGs it could be masked by galactic contam ination of the continuum 

associated with the X -ray source.

While investigating the NELGs optical classification with respect to their X -ray 

spectral index, I have found th a t the average spectral slope of Seyfert 2 galaxies 

is steep and similar to th a t of Seyfert Is from both RIXOS and UK Deep Survey 

samples. Higher resolution X -ray spectra were available for 4 of these 5 sources 

and they do not require any intrinsic absorption (see Chapter 2). This result seems 

surprising when considered in the context of the Unified Model of AGN, which pre

dicts th a t Seyfert 2s should be intrinsically heavily absorbed. This will be discussed 

further in Chapter 7.



Chapter 7 

Summary, conclusions and future 

work

7.1 Summary and conclusions

7.1.1 NELGs and the X -ray  background

In the introduction to  this thesis, I highlighted th a t one of the m ajor and most 

exciting unsolved mysteries of current X -ray astronomy is the origin of the X -ray 

background (XRB). Although the XRB is known to be made up by the integrated 

flux of a large num ber of X -ray sources, the nature of the faintest population tha t 

gives rise to  such background remains unknown. Broad line AGN are m ajor con

tributors to the XRB at fluxes higher than  10“ ^̂  erg cm “  ̂ s (e.^. Boyle et al. 

1995a, Page et al. 1996), but their X -ray spectral slope (a  ~  1, e.g. Ciliegi et al. 

1996, Chapter 3 of this thesis , M ittaz et al. 1998) is much too steep to reproduce 

th a t of the background (a  ~  0.4, Chen et al. 1994, Gendreau et al. 1995). This 

is the so-called “soft X -ray spectral paradox” , an extrapolation of th a t previously

219
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established at higher energies from Ginga studies (Boldt 1987, Tanaka 1992). There

fore, a population of harder sources is expected to appear and become dominant at 

fainter fluxes.

Indications about the existence of such a hard population were published before 

and during the work presented in this thesis. Hasinger et al. (1993) reported a 

hardening of source spectra with decreasing flux (3.3(7 level) from a long ROSAT 

PSPC exposure of the Lockman Hole. These authors also observe 1.6 times more 

sources than  predicted from broad line AGN X -ray luminosity functions (XLF) 

obtained by e.g. Boyle et al. (1993), implying tha t AGN similar to those found at 

higher fluxes are not responsible for this hardening. Hasinger et al. suggest, among 

other explanations, tha t this could be due to the presence of a new population of 

sources, practically absent above fluxes greater than a few 10“ '̂̂  erg cm “  ̂ s but 

with a steep log N - log S, and th a t these sources could contribute signiflcantly to 

the XRB.

Vilkhlinin et al. (1995) confirmed the hardening of the sources with decreasing 

flux using 2678 serendipitous X -ray sources found in 130 long exposure, high Galac

tic latitude ROSAT fields down to a limiting flux of 1.2x10“ ^̂  erg cm “  ̂ s . This 

hardening was determined both by hardness ratios analysis of individual sources and 

by spectral fitting of sources averaged as a function of flux. They did not, however, 

identify the sources involved.

Further confirmation of these results came from Carballo et al (1995) and their 

optical identification of 57% of the objects of the UK Medium Sensitivity Survey, a 

flux-limited sample of 89 X -ray sources with fluxes >  1.7 xlO “ '̂* erg cm “  ̂ s : 16 

galaxies identified so far have been found to have on average harder X -ray spectra 

than  broad line AGN (â  ~  0.6). Carballo et al. suggested tha t the hardest sources 

found by Hasinger et al. (1993) at fluxes below 10“ '̂* erg cm “  ̂ s may indeed be 

mostly galaxies.

Jones et al. (1995a) proposed th a t narrow emission line galaxies (NELGs) could 

in fact be a m ajor contributor to the XRB. They dem onstrated th a t NELGs can
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become the dominant source population at fluxes ~  5 x 10“ ®̂ erg cm “  ̂ s~^ in the 

0.5-2 keV band from extrapolation of source num ber counts from the UK Deep 

Survey (Branduardi-Raym ont et al 1994, McHardy et al. 1998, Chapters 3 and 5). 

However, if NELGs are to be m ajor contributors to the XRB, they need to have 

spectral slopes which are harder than  AGN in order to solve the soft X -ray spectral 

paradox.

In this thesis, therefore, I have undertaken to investigate the spectral properties 

of a sample of 36 NELGs: 17 NELGs drawn from the ROSAT International X - 

ray Optical Survey (RIXOS, Mason et al. 1998, see also Chapters 2 and 5) and 

19 NELGs extracted from the UK Deep Survey. In the X -ray regime, I found the 

RIXOS NELGs to be, in general, equally well described by unabsorbed power-law 

models and by brem sstrahlung models (Chapter 2). Using the power-law model, 

the average X -ray spectral energy index of these sources is 0.96 ±  0.07, similar to 

th a t of broad line AGN (a  ~  1) and still much too steep to m atch th a t of the XRB 

(a  ~  0.4).

However, the indication of hardening of source spectra with decreasing flux {e.g. 

Hasinger et al. 1993), together with the steep increase in the NELG population 

with decreasing flux indicated by Jones et al. (1995a), suggest th a t this may not 

be the case for the fainter NELGs, such as those in the UK Deep Survey. Indeed, I 

have found in this thesis (Chapter 3) th a t the integrated spectrum  of the 19 NELGs 

from the UK Deep Survey is harder (at more than  3 a  confldence) than  th a t of 23 

AGN of similar count rate  obtained from the same sample. Moreover, the m ean 

spectral slope of these NELGs (a  =  0.45 db 0.09) is consistent with the slope of the 

X -ray background between 1 and 10 keV (a  0.4) whereas the slope of the AGN 

of similar count rates (a  ~  1.0) is still too steep, similar to th a t of broad line AGN 

at higher fluxes. These results have been published in Romero-Colmenero et al. 

(1996a, 1996b) and Branduardi-Raym ont et al. (1996).

Consequently, the work presented in Chapter 3 strengthens considerably the idea 

th a t NELGs are indeed the hard population of sources postulated by Hasinger et
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al. (1993) and Vilkhlinin et al. (1995) and, thus, th a t these NELGs could be the 

missing contributor to the XRB.

7.1.2 The hardening o f NELG spectra

The results summarised in the previous section indicate tha t the X -ray spectral 

slope of the RIXOS NELGs is different from th a t of the UK Deep Survey NELGs 

at more than  3(7 confidence, while the spectral slope of AGN remains ~  1 in both 

samples. The fact th a t the spectral slope of the UK Deep Survey AGN is essentially 

the same as tha t of the RIXOS AGN excludes system atic effects as the possible 

origin of the NELG discrepancy, since both UK Deep Survey NELGs and AGN 

used in the comparison have similar count rates and thus system atic effects would 

affect both populations in the same way.

Further confirmation of the NELGs hardening with decreasing flux comes from 

two independent analyses of NELGs at similar flux limits to those of RIXOS and 

the UK Deep Survey NELGs, respectively.

On the one hand, Ciliegi et al. (1997) corroborate the results obtained from 

the RIXOS NELGs with a sample of NELGs drawn from the Cambridge-Cambridge 

ROSAT Serendipitous Survey (CRSS). This survey is 90% complete down to a flux 

limit of 2 X  10“ '̂* erg cm “  ̂ s (0.5-2 keV), i.e. slightly lower than  RIXOS, and 

contains 68 broad line AGN and 10 NELGs. A comparison between the redshift 

distributions of the RIXOS and the CRSS NELGs (Fig 7.1) indicates tha t they are 

very similar. The CRSS NELG average slope (a  =  1.30 ±  0.49), is also consistent 

with tha t derived for the RIXOS NELGs.

On the other hand, Almaini et al. (1996) provide support to the results obtained 

from the UK Deep Survey NELGs with the spectra of 15 X -ray sources which 

are likely to be NELGs (the optical counterpart lies within 20 arcsec of the X -ray 

source). These are drawn from flelds which are less deep (21-49ks) than  the UK Deep 

Survey and which contain 356 objects in to tal (of which 96 have not been observed
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Figure 7.1: Comparison of the redshift distribution of RIXOS and CRSS NELGs: 

the RIXOS sample contains more sources, but the redshift distributions of the two 

samples are very similar.
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spectroscopically and 89 have not been identified). They examined hardness ratios 

and also stacked the spectra to obtain a simultaneous fit to all the sources; their 

average NELG slope is a  =  0.51 ±  0.1 (0.1 - 2 keV). The redshifts of all these 

objects do not appear to have been published yet, so a comparison of their redshift 

distribution with th a t of the UK Deep Survey NELGs has not been possible. The 

redshift distribution of the UK Deep Survey NELGs (compared to th a t of the RIXOS 

NELGs) is shown in Chapter 6, Fig. 6.1.

It is therefore clear th a t the average properties of NELGs change with decreasing 

flux: two independent analyses at higher (>  10“ "̂* erg cm"^ s "^ ) fiux levels, i.e. 

those in Chapter 2 of this thesis and Ciliegi et al. (1997), indicate th a t the X -ray 

spectral slope of NELGs is similar to tha t of broad line AGN, while two independent 

analyses of fainter (~ 2 x 10“ ^̂  erg cm ”  ̂ s ) NELGs, i.e. those in Chapter 3 and 

Almaini et al. (1996), agree tha t the average slope of faint NELGs is a  ~  0.5, i.e. 

similar to  tha t of the X -ray background.

Nevertheless, in order to compensate for the presence of steep sources, such as 

AGN, the missing contributors to the XRB must become even harder with decreasing 

flux, to bring the average slope of all sources to the XRB level. I have thus explored 

the relationship between the X -ray spectral slope and the X -ray flux of the total 

sample of NELGs studied in this thesis. I found tha t there is a correlation (95% 

confidence level) between these two param eters when both the RIXOS and the UK 

Deep Survey samples are combined, although no such correlation can be found when 

the samples are taken separately. No other author has reported on the existence of 

this correlation: the work presented in this thesis is unique as it combines NELGs 

from two faint samples with different limiting fluxes and does not include Einstein 

Medium Sensitivity Survey (EMSS, Maccacaro et al. 1988) sources. This result 

further strengthens the case for NELGs being the missing component of the XRB.

To summarize, the work presented in this thesis represents a step forward towards 

solving the so-called soft X -ray spectral paradox and thus towards our understanding 

of the origins of the XRB. Even though the brighter (RIXOS) NELGs have similar
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slopes to those of AGN, the average slope of the Deep Survey NELGs is close to 

th a t the XRB. Correlation analysis also suggest th a t NELGs become harder with 

decreasing flux. All of this, combined with the results from Jones et al. (1995a) 

tha t NELGs are likely to dominate the source counts at the faintest fluxes, confirms 

them  as the strongest candidate yet for the missing component of the XRB.

7.1.3 The nature o f NELGs

Page et al. (1997b) investigated the X -ray luminosity function of NELGs contained 

in the RIXOS and the UK Deep Survey samples and found evidence for evolution 

when combining the samples, but none when the samples were taken separately. 

However, the form of this evolution, i.e. whether it is a change in the density of 

NELGs or of their individual properties (such as luminosity), could not be deter

mined due to the small size of the sample.

Clearly, evolution could take place as a change in the population make-up as 

well as a change in the properties of NELGs. In order to determ ine the nature of 

these sources and investigate whether this could be the case, I have optically clas

sified the complete sample of NELGs (36 objects) contained in this thesis (Chapter 

5 and Appendix B) using the line ratios diagrams of Filippenko & Terlevich (1992). 

These diagrams have traditionally been used without errors, since the sources being 

classified were bright and the errors insignificant. However, X -ray selected NELGs 

are not optically bright (R mag ~  12 — 23), and therefore error analysis becomes 

essential: it is im portant to establish whether an unambiguous classification is pos

sible, or whether an inconclusive one is due to the quality of the d a ta  or to the 

source being truly an interm ediate object. Therefore, I have included error analysis 

in the procedure to ensure a more reliable classification for these sources. Reddening 

effects have also been taken into account where possible in cases where they could 

affect the outcome. This represents the largest sample of X -ray selected NELGs to 

be optically classified in this manner. I have found NELGs to be a m ixture of Seyfert
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2, LINER and HIT region-like galaxies. A simple log N - log S calculation indicates 

tha t the population contents of the RIXOS and the UK Deep Survey NELG samples 

are consistent with each other w ithout requiring evolution, despite the difference in 

limiting X -ray flux and spectral slope. Nevertheless, the errors in this estim ate are 

too large to exclude the possibility of a change in the make-up of the population 

between the samples, due to the small number of unambiguously classified objects 

involved. A larger number of sources is required in order to establish whether this 

is the case.

I have also further investigated the relationship between the X -ray and optical 

properties of NELGs (Chapter 6), both by considering them  all as a single type 

of source and by separating them  into their classes and /or the samples they were 

drawn from.

Correlation analyses indicate th a t the emission lines Ho:, [Nil] and possibly H/? 

become broader with steepening X -ray spectrum. In the case of the Baimer lines, 

this is in the opposite sense to th a t found for broad line AGN by other authors 

{e.g. Laor et al. 1994, Puchnarewicz et al. 1997). NELGs, however, are made up 

of a m ixture of at least three different types of sources and, unfortunately, I do not 

have a large enough number of unambiguously classified objects to perform separate 

correlation analysis on the different sub-types with the current samples. The FWHM 

of the Baimer lines also appears to be correlated with tha t of the forbidden lines. 

This result suggests tha t perm itted and forbidden lines are being em itted from either 

the same region or from regions with similar velocity fields, giving these lines similar 

characteristic widths. In the case of Seyfert 2 galaxies, this is very likely due to  all 

lines being em itted  from the NLR.

Normal galaxies have X -ray luminosities in the range erg s~^ (0.2-4

keV, Fabbiano 1989), while the NELGs presented in this thesis are in the range 

1Q40“44 gj.g g-i (0.5-2 keV), i.e. at least 1-2 orders of magnitude brighter. Optically, 

these NELGs are brighter than in the X -ray regime, with R luminosities in the 

range 1Q42-45 g-i (similar to those of X -ray selected normal galaxies in the B
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band, e.g. Fabbiano 1996). Therefore, the X -ray to optical luminosity ratio of the 

NELGs presented in this thesis is 1-2 orders of m agnitude higher than th a t of normal 

galaxies, in agreement with the results found by other authors [e.g. Griffiths et al. 

1995).

Having classified the NELGs using emission line ratios, I have also compared 

their X -ray/optical luminosity ratio with the limits found by the EMSS (Maccacaro 

et al. 1989, Stocke et al. 1991). Although the EMSS limits agree well with those 

found in this thesis, it has not been possible to separate the different types of NELGs 

or even establish the origin of the X -ray emission (active or non-active nucleus) on 

the basis of this information only.

7.1.4 Seyfert 2 galaxies and the Unified M odel for AG N

As m entioned earlier in Chapter 6, 4 out of the 5 Seyfert 2 galaxies in the to tal 

sample of NELGs presented in this thesis have steep X -ray energy indices, and the 

average slope of these 5 sources [a =  1.14 ±  0.08) is comparable to the “canonical” 

broad line AGN energy slope of ~  1.

Higher resolution fits to the X -ray spectra of 4 of these sources, the RIXOS 

Seyfert 2s (see Chapter 2), confirm this result, showing th a t none of them  require 

any absorption in excess of the Galactic value. The hardest source (254-6) is one of 

them .

These results might seem surprising when considered in the context of the well 

established Unified Model for AGN (please refer to  C hapter 1 for a more ample 

description). In this picture, Seyfert 2 galaxies are thought to be broad line AGN (or 

Seyfert Is), but viewed edge-on. This causes the molecular torus, which surrounds 

the nucleus and the Broad Line Region (BLR), to get in the view, absorbing all 

the radiation em itted from its centre in our line of sight. Hence, Seyfert 2 galaxies 

would be expected to show a very high intrinsic absorbing column, of the order of 

1 q22 _  1Q24 atoms cm “ ,̂ and to be, as a result, harder sources than Seyfert Is. I do
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not find this with the present sample.

Rush et al. (1996) found a similar result to  mine with respect to Seyfert 2 

galaxies. These authors studied 54 Seyfert 1 and 59 Seyfert 2 galaxies extracted 

from a flux-limited sample at 12 pm ,  and fitted them  in the ROSAT PSPC band 

with a power-law model, both by fixing and by letting the absorbing column free. 

The values of Nh required by these models were consistent with the Galactic value. 

Their Seyfert 2 slopes are also steep, slightly steeper than those of their Seyfert 1 

galaxies (â  =  1.26 ±0.11 for Seyfert Is, â = 1.45 ±0 .18  for Seyfert 2s) although the 

difference between them  is not statistically significant.

Rush et al. argue tha t Seyfert 2 galaxies could be totally internally absorbed 

by the molecular torus, but th a t a cloud of electrons above and/or below the torus 

could scatter some of the soft X -rays into our line of sight. Electron scattering is 

wavelength independent, thus respecting the spectral shape of the incident radiation. 

This would result in Seyfert 2 galaxies having the same distribution of spectral slopes 

as Seyfert Is.

The classical, wavelength independent Thomson cross-section for electron scat

tering, (7t , is only appropriate as long as the wavelength of the incident radiation is 

greater than the Compton wavelength of the electron, Ac =  2.43 x 10“ ^̂  m. A pho

ton with an energy of 1 keV has a wavelength of 1.24 xlO~® m, hence the classical 

approach is appropriate to the case considered here. In this context, therefore, the 

scattering picture is a plausible one.

One consequence of this model is tha t the scattering process would only direct 

a small fraction of the soft X-rays into our line of sight, so Seyfert 2s would have 

lower observed soft X -ray luminosities than intrinsically similar Seyfert Is. As the 

Rush et al. sample is selected in the 12 p m  IR  band, where Seyferts are thought 

to emit a constant fraction of their to tal intrinsic bolometric luminosity (Spinoglio 

& Malkan, 1989), their finding th a t Seyfert 2s are on average less X -ray luminous 

than Seyfert Is constitutes evidence in support of the scattering model.

I do not have IR  fluxes for the Seyfert 2 galaxies studied in this thesis to be able
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Table 7.1: Average X -ray luminosities for Seyfert 2 galaxies and AGN. All lumi

nosities are in units of 10^° erg s“ .̂

Classification

RIXOS

Average ±
Deep Survey 

Average ±

ALL

Average ±

AGN* 6738 174 2397 224 6687 171

SEYFERT 2 2288 303 74+ 24 1845 243

NELG 2032 143 300 41 1118 71

* Only AGN with redshift <  0.6 have been used in this average. 

+ One object only

to  compare their intrinsic bolometric luminosities. The average X -ray luminosities 

of broad line AGN, of Seyfert 2 galaxies and of all NELGs in the present samples 

are nevertheless compared in Table 7.1. Only AGN with z <  0.6 have been included 

in the average to avoid biasing it towards higher luminosities with the high redshift 

objects, as AGN are believed to have been more luminous in the past (e.g. Page 

et al. 1996). The Seyfert 2 galaxies clearly possess lower luminosities than  the 

AGN found at similar redshifts from the same samples, and this still holds true 

when both samples are combined. The fact tha t AGN and Seyfert 2s are selected 

with the same criteria and averaged within the same redshift range ensures tha t 

the difference in luminosity between them  is an intrinsic property. Therefore, the 

conclusions reached in this section agree with the predictions of the scattering model 

for Seyfert 2 galaxies/^

In addition to the similarity in spectral slopes between the two types of Seyferts, 

there is a second issue to be considered with the standard Unified Model for AGN: 

analyses of ROSAT pointed observations of Seyfert 2 galaxies (e.g. Turner, Urry 

& Mushotzky, 1993, Rush and Malkan 1996) do not necessarily require significant 

amounts of intrinsic absorption. These authors find th a t equally good fits can be 

obtained with an absorbed power-law model and with a single power-law with un

resolved, high EW  Fe and 0  line emission in the 0.7-0.8 keV range. The high EW

However, there is a problem with this explanation. The scattering efficiency of scattering models 
is only of a few percent. If the ROSAT X-rays that we see from Seyfert 2s come from the scattered 
component only, then their intrinsic luminosities must be exceptionally high, much higher than 
those of the Seyfert Is from the same redshift range (see Table 7.1).
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of these emission lines agrees very well with the scattering model, as the lines would 

be measured against the scattered continuum rather than the ionizing continuum in 

the case of a Seyfert 2 galaxy and thus their EW would be enhanced.

The NELGs presented in this thesis are very weak, hence their ROSAT PSPC 

spectra are not good enough to confirm or deny the presence of line emission in 

these sources.

Alternatives to the scattering model involve multiple spectral components in the 

ROSAT bandpass - e.g. a soft excess, contribution from Fe or O lines at about 0.7- 

0.8 keV and/or cold absorption of the soft X -ray continuum by the molecular torus. 

A combination of these factors could mimic the spectrum  produced by the scattering 

model when arranged in a suitable manner. This is, however, very much an ’ad 

hoc’ solution and thus unlikely, due to the high number of combined param eters 

and their restricted range of values necessary to produce the observed similarity in 

slopes between the two types of AGN.

7.2 Future work

7.2.1 Solving the soft X -ray  spectral paradox and investi

gating the nature o f NELGs

In order to progress further in understanding the ultim ate composition of the XRB, 

we need to extend our studies to even fainter sources and to higher energies: we need 

to explain the XRB not only at the ROSAT energies, but over the whole X -ray band 

before we can call it understood. Only XMM, with its wide operational band and 

vast collecting area will really make it possible to further substantially on what has 

been discovered so far. Meanwhile, however, progress can still be made from studies 

of current samples of X -ray selected sources at other wavelengths.

I already plan to extend the work presented in this thesis w ith a program, already 

in progress, of optical identification of a sample of very hard sources detected in some
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ROSAT PSPC fields, below the RIXOS flux lim it of 3x10“ '̂* erg cm “  ̂ s . Being 

so faint, these hard sources should be representative of what the residual unresolved 

X -ray  background is made of. They could be NELGs with an even harder spectral 

slope, they could be absorbed AGN or even a new, undiscovered type of source. 

This exciting work has the potential to bring the soft X -ray spectral paradox to a 

definitive resolution.

The change in X -ray spectral slope of NELGs with decreasing X -ray flux also 

needs explaining. One possible interpretation would be the presence of a population 

of broad line AGN, confused among the NELGs because of poor signal-to-noise ratio 

or low resolution in optical spectra. The contribution of this population could be 

diminishing with decreasing flux, as the “true NELGs” become the dominant source 

of X -ray emission.

Green et al. (1992) found a clear separation between broad-line and narrow-line 

galaxies when plotting their 60/xm versus 0.5-4.5 keV luminosities, thus adding the 

NELGs in this thesis to such diagram could be one way of searching for “confused” 

broad line AGN. To do this, M ittaz (Private communication) has used preliminary 

results from an ISO proposal aiming to obtain IR  photom etry of 7 of the RIXOS 

NELGs in the 12, 25, 60 and 100 fim  bands: 60/im and X -ray luminosities (or 

upper lim its) for three of the sources observed so far (219-26, 217-5 and 217-560) 

have been overposed on the Green et al. plot in Fig. 7.2 and suggest tha t they 

could be indeed “confused” broad line AGN, in agreement with the above-mentioned 

theory. However, since Seyfert galaxies of either type are not as well separated in 

this diagram  as other types of objects, this result is also consistent with an optical 

classification as Seyfert 2 galaxies.

There are other possible avenues to investigate this further:

Firstly, to  obtain high resolution spectra of all NELGs and investigate, especially 

in those cases of severe H a blending, whether the H a  emission line is indeed narrow 

or it co>ntains a broad component. Boyle et al. (1995b) found th a t 9 out of 17 

NELGs in a sample of joint EMSS and CRSS sources (limiting 0.5 - 2 keV flux
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Figure 7.2: 60^m luminosity versus X -ray (0.5-4.5) luminosity. D ata have been 

obtained from Green et al. (l992^ and show a clear separation between broad-line 

and narrow-line objects. Superimposed on this plot are the three RIXOS NELGs 

observed so far with ISO. The one detection (219-26) lies between the broad and 

narrow line galaxy regions, and the two sources for which we have only upper limits 

(217-560 and 217-5) are clearly in the broad line galaxy region of the plot (M ittaz, 

private communication).
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~  2 X 10“ ^̂  erg cm~^ s ) exhibited broad H a emission, while I have analysed 

high resolution spectra of 6 (fainter) UK Deep Survey NELGs (see C hapter 5) and 

I have found only narrow emission lines.

Secondly, to observe the hydrogen Paschen series (P a  and/or P/?) of NELGs in 

the near IR, where the effects of dust obscuration are less severe, in a search for 

broad emission lines. Newsam et al. (1997) have already observed 8 of the UK Deep 

Survey NELGs in this band and found no evidence of broad lines, also in agreement 

with the ’confused AGN population’ theory.

The combination of all these m ethods represent an effective way of cross-examining 

the current data in order to further the knowledge of the nature of NELGs and their 

relation to the XRB.

Arp 185 (C hapter 4) is a nearby, low-luminosity weak-[01] LINER which, pre

cisely because it is so close, has the highest X -ray flux of all the NELGs discussed in 

this thesis. It therefore presents us with an excellent opportunity to investigate in 

detail a low-luminosity NELG, of which there may be many contributing to the XRB 

and which go undetected because of their distance. Extending the work initiated 

in Chapter 4, higher resolution spectroscopy at different slit position angles across 

the galaxy would allow us to establish unambiguously whether there is a change 

in emission mechanism from the inner to the outer regions of this source. M ulti

wavelength analysis could also help to uncover the physical mechanisms behind its 

X -ray  emission, as it appears to be heavily obscured in the X -ray regime.

7.2.2 Probing the Unified M odel for A G N

The scattering model described in section 7.1.4 (Antonucci, 1993, Rush et al. 1996) 

offers a satisfactory explanation for the similarity in X -ray spectral slope between 

Seyfert 1 and 2 galaxies. However, further tests are required in order to determine 

whether this the correct explanation. For example, one way of testing the viability 

of this model would be to investigate other wavelengths, such as the infrared. It
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has been established tha t the fraction of bolometric luminosity of Seyfert galaxies is 

roughly constant at 12 pm  (Spinoglio & Malkan, 1989): measuring the luminosity of 

X -ray selected Seyferts in this band would ensure th a t we are comparing like with 

like, and would allow us to investigate direct relationships between the properties of 

these sources at different wavelengths. O ther spectral regions within the IR  range, 

such as the 60 pm  band, provide information about the amount of dust in the system: 

observations at these wavelengths are directly relevant to the discrepancy between 

the high amounts of absorption in Seyfert 2s predicted by the unified model of AGN 

and the lack of it found so far.
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122-16: Power-law
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122-16: Brem sstrahlung
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124-36: Power-law
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124-36: Bremsstrahlung
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124-36: Black-body
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205-26: Black-body
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217-5: Bremsstrahlung
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217-5: Black-body
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217-560: Brem sstrahlung
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219-26: Brem sstrahlung
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Figure A.20: See caption in Fig A.I.
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219-26: Black-body
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226-74: Power-law
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Figure A.22: See caption in Fig A.I.
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226-74: Bremsstrahlung
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240-60: Power-law
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240-60: Brem sstrahlung
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245-543: Bremsstrahlung
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254-6: Brem sstrahlung
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Figure A.32: See caption in Fig A.I.
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254-6: Black-body
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260-28: Power-law
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260-28: Bremsstrahlung
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260-28: Black-body
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272-10: Power-law
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272-10: Brem sstrahlung
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Figure A.38: See caption in Fig A .l.
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278-15: Power-law
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278-15: Brem sstrahlung
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278-15: Black-body
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294-6: Black-body
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304-10: Power-law
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Figure A.46: See caption in Fig A .l.



294 Appendix A

304-10: Bremsstrahlung

q
d

o

0 . 2 0.5 21

to CO

^ d
0.1 0.2 0.5 1

channel energy (keV)

CD>cu

Ë

0 . 80 . 2 0.4 0 . 60

Ny (10^^ atom s cm ‘̂ )

1) ^  
T-i

b 2
CO ' —I -tJ
cO OO

o

0 . 1 0 . 2 0.5 21

0.1 0.2 0.5 1

channel energy  (keV)

o

o
CD

o
C\2

5x10"^ 10 1.5x10 *2x10 - 4

N orm alization

Figure A.47: See caption in Fig A .l.



Figures o f  X - r a y  spectral fits 295

304-10: Black-body
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Average NELG: Power-law
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Average NELG: Bremsstrahlung
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Average NELG: Black-body
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Average AGN: Bremsstrahlung
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Average AGN: Black-body
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A ppendix B 

Optical analysis o f individual 

sources

In this appendix, 1 present the analysis of the optical spectroscopy of all the 

NELGs in the RIXOS and UK Deep Survey sample. The data  and the results are 

displayed in the same way for all the sources, in order to m aintain uniformity and 

ensure completeness; they are distributed on two pages in the following manner:

First page:

Shown at the top of the page, are the low resolution spectrum  of the source on the 

left hand side and an optical image of the X -ray error box area with possible coun

terparts on the right hand side. The images shown for the RIXOS sources were taken 

with the 2.5m Isaac Newton Telescope (INT), the 2.5m Nordic Optical Telescope 

(NOT) or the Im  Jacobus Kapteyn Telescope (JK T) at El Roque de los Muchachos, 

on La Palm a (Spain). If no RIXOS image was taken, a Digitized Sky Survey (DSS) 

one is shown instead. The images shown for the UK Deep Survey are obtained using

303
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the Canada-France-Hawaii Telescope (CFHT) and the University of Hawaii 8 Kx8 K 

CCD array, which allowed the observation of the whole field at once for approxi

m ately one hour, reaching a limiting magnitude R >  24. The radius of the circle in 

the image represents approximately the l a  error in the position of the X -ray source 

for the RIXOS sources and approximately 1 0  arcseconds in the case of the UK Deep 

Survey. This circle is not plotted when its size is comparable to th a t of the optical 

identification. An arrow (where necessary) indicates the identified counterpart to 

the X -ray source. In the case of the Deep Survey, the images shown are deeper than 

those used for identification purposes and they therefore contain sources which were 

too faint for inclusion in the spectroscopic identification programme.

If an ISIS high resolution spectrum  was taken (UK Deep Survey only) the blue 

and red arms are plotted underneath the low resolution spectrum and the image re

spectively. The two arms were obtained from separate (i.e. not overlapping) regions 

in wavelength space. Therefore, they have been separately calibrated and I have 

not attem pted to merge them . Due to  the large gap between the two arms, it is 

very difficult to establish a comparison between the continuum levels of both arms, 

which has consequences for the flux calibration and could therefore also affect the 

flux of the line. In these cases, the bottom  left diagram of the classification scheme 

(including line ratios which cross both arms) should be taken with caution.

A series of comments about the identifications and the spectra of the sources are 

also given in this page, together with a brief discussion about reddening effects on 

the classification of each individual source.

Second page:

In the next page, the classification diagrams used to separate the NELGs into Seyfert 

2, LINER or HII region-like galaxies are plotted here. The positions of the line ratios 

of each source (with errors as explained in Chapter 5) are placed in these diagrams.

Straight lines are plotted where only one of the ratios necessary for the diagram
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could be computed because the other lines are redshifted out of the spectrum . The 

central line represents the ratios of the best fit fluxes for the lines, while the lines at 

both sides represent the errors.
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122-16

This source (aka Arp 185) has been discussed in chapter 4 and is included 

here for completeness

o r i r j [ O i l

N t l ]

• « tb  (A )

Figure B.l: Optical spectrum and R band image of 122-16.

Im age: The error circle is within the nucleus of this bright, barred spiral galaxy. 

The bright source in the arm, next to the nucleus, is a foreground star.

S p e c tra l C o m m en ts:

• 2=0.005

• [OI]A6300 present but weak.

• H/?, H7  and appear to be very narrow emission lines in broad absorption 

dips. H/? is best described by a narrow line and a broad absorption dip.

• [Oil] line is near the edge of the chip, where is confused by absorption features. 

R ed d en in g : E(B-V) = 0.9. Allowed ratios are marked as shaded areas on Fig B.2 : 

it has no effect on the classification.

W eak [OX] L IN E R .
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Figure B.2: Classification diagram for 122-16. Result: Weak-[OI] LINER.
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124-36
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Figure B.3: Optical spectrum and R band image of 124-36.

Im age: Three optical objects in this held. Two are close to the X-ray position. 

The ID is the one inside the circle. The object next to the circle is an HII galaxy 

and the third is a normal galaxy.

S p e c tra l C o m m en ts:

• z=0.342

• 01, Ho,[Nil] and [SII] lines out of range due to redshift.

• [Oil] weak but measurable.

• can be htted both with a single narrow and a narrow+broad components 

- Both give similar results. Used the single ht for the ratios.

R ed d en in g : No estimate possible: it could change the classihcation to HII/LINER.

H II
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Figure B.4: Classification diagram for source 124-36. Result: H II.
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Figure B.5: Optical spectrum and B band image of 205-25.

Im age: Faint object in the centre of the error box, definitely extended. It has a 

companion (the faint source at the edge of the circle) which has not been observed. 

S p ec tra l C om m en ts:

• 2=0.196

• [SII] lines weak.

• Hq blended with [Nil]. Fixing the position of the three lines and the width of 

the [Nil] lines I can obtain a good fit to a narrow Ha, without the need for a broad 

component - used that fit for the ratios.

• [01] quite weak.

• H/9 mixed in with noise, but measurable. Extremely narrow.

R ed d en in g : It would not change the classification.

S ey fe rt 2 /L IN E R .
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Figure B.6: Classification diagram for source 205-25. Result: S eyfert 2 or L IN E R .
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217-005
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Figure B.7: Optical spectrum  and R band image of 217-5.

Im age: Only one possible candidate, a bright, extended object on the edge of the 

small error circle.

S p e c tra l C o m m en ts:

• z=0.137

• A second spectrum  produces the same z, but is weaker. => Used the first 

spectrum .

• [SII] lines in the atm ospheric absorption dip - obtained an upper lim it.

• Hq well described by a single narrow line.

• [01] in the noise - only an upper lim it.

•  H/3 very weak.

• [Oil] (A3727) quite bright.

R ed d en in g : It would not change the classification.

S ey fe rt 2 /H I I .
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Figure B.8: Classification diagram for source 217-5. Result: Seyfert 2 /H II .
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217-560
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Figure B.9: Optical spectrum and R band image of 217-560.

Im age: The ROSAT uncertainty circle has the ID at its centre and it includes 

several other sources. The close pair have been found to be NELGs as well. The 

bright object at the circle’s edge is a foreground star.

S p e c tra l C o m m en ts:

• 2=0.095

•  H q  can be fit with a single line by fixing its wavelength, as well as the wave

length of the [Nil] lines.

• [0 1 ] in the atmospheric absorption dip - obtained an upper limit.

• R/3 is narrow - it appears to be in an absorption dip (FWHM of the absorbed 

component ~  8000 km /s). Using a single emission line fit would increase the value of 

the [0III]/H/5 ratio and hence the classification as a Seyfert would only get stronger. 

R ed d en in g : It would not change the clasification.

Seyfert 2.
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Figure B.IO: Classification diagram for source 217-560. Result: Seyfert 2
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219-26
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Figure B .ll :  Optical spectrum  and R. band image of 219-26.

Im age: Only one source in the small error box, which appears extended.

S p e c tra l C o m m en ts:

• z=0.124

• There are two spectra. Used the one with better signal-to-noise ratio.

• Ho does not require a broad component.

• [01] (6300) not m easurable - upper limit.

• [SII] lines also mixed in with noise - but obtained an estim ate.

• [Oil] not visible - upper limit.

• H(3 narrow and confused in the noise - obtained an estim ate.

R ed d en in g : Estim ate unreliable due to  H/?. It could change the classification to 

Seyfert 2 /H II.

S ey fe rt 2
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Figure B.12: Classification diagram for source 219-26. Result: Seyfert 2.
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226-74
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Figure B.13: Optical spectrum and R band image of 226-74.

Im age: The ID is indicated with an arrow (it fills the error box).

S p e c tra l C o m m en ts:

• 2=0.303

•  H q ,  [Nil] and [SII] lines out of range. H q ’s broad wing appearing at the edge 

of the chip?

• [OI]A6300 in the noise, but managed to get an estimate.

• [OII]A3727 also just measurable.

• H/3 could have a broad base. It can be fit both as a single narrow line and as 

a broad+narrow line.- Used the single fit for the ratios.

• There is a [NeV]A3425 line.

R ed d en in g : No estimate possible. It could change the classification to HII if very 

large.

L IN E R .



Optical analysis o f  individual sources 319

1.5

1.0

I 0 .5

i
o
%  -0 .5  
.2

-1.0
-1 .5

H

-1 .5  - 1 .0 - 0 .5  0 .0  0 .5  1.0 1.5 
l o g ( N U / H a lp h a )

1.5

1.0

I 0 .5

io
%  -0 .5  
S

-1.0
-1 .5

H

-1 .5  -1 .0 - 0 .5  0 .0  0 .5  1.0 1.5 
l o g ( S I I /H a l p h a )

1

^  0

1

■2

-1 .5  -1 .0 - 0 .5  0 .0  0 .5  1.0 1.5 
log(OII/Oni)

1.5

1.0

I 0.5

io
'5û -0 .5
2,

- 1.0
-1 .5

H

- 2 - 1 0  1 
l o g ( O I /H a l p h a )

W) -1

1.5 - 1 .0 - 0 .5  0 .0  0 .5  1 .0 1.5
iog(on/oni)

■o
t  0

-1

-2 H

-1 .5  - 1 .0 - 0 .5  0 .0  0 .5  1.0 1.5 
iog(oii/oni)

Figure B.14: Classification diagram for source 226-74. Result: L IN E R .



320 Appendix B

240-60
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Figure B.15: Optical spectrum  and Digitized Sky Survey image of 240-60.

Im ag e : No RIXOS image. DSS: One faint, point like source. The error circle is 

centred on the ID and of similar size, so the counterpart is indicated by the arrow. 

S p e c tra l  C o m m e n ts :

• z=0.245

• Two spectra, one from FOS and another from W HT - Used W HT as it has 

clearer lines.

• H a can be fitted with a single narrow line.

• H/9 cannot be m easured - upper limit.

• [OII]A3727 weak but measurable.

• [OIJA6300 as an upper lim it only.

R e d d e n in g : It would not change the classification.

Seyfert 2.
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Figure B.16: Classification diagram for source 240-60. Result: Seyfert 2,
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245-543
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Figure B.17: Optical spectrum  and R band image of 245-543.

Im age: The identified counterpart of the ROSAT source is the bright, extended 

galaxy at the centre (aka UGC2748).

S p e c tra l C o m m en ts:

• 2=0.031

•  H q  can be fitted with a narrow line b y  fixing its wavelength and th a t of the 

[Nil] lines, as well as the width of [NII]A6584.

R ed d en in g : It would not change the classification.

L IN E R /S eyfert 2.
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Figure B.18: Classification diagram for source 245-543. Result: L IN E R  or Seyfert

2.
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254-6
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Figure B.19: Optical spectrum and Digitized Sky Survey image of 254-6.

Im age: No RIXOS image. DSS: One faint, point like source filling the error circle. 

Sp ectra l C om m ents:

• z=0.459

• [01] (6300), Ho, [Nil] and [SII] out of range due to redshift.

• [OKI] lines quite bright, R/3 confused in the noise - managed to get an estimate.

• [Oil] noisy but measurable.

R edden ing: It would not change the classification.

Seyfert 2.
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Figure B.20: Classification diagram for source 254-6. Result: Seyfert 2.
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258-101
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Figure B.21: Optical spectrum  and Digitized Sky Survey image of 258-101.

Im age: Image obtained from the DSS. The identified counterpart is indicated with 

the arrow. The rest of the sources in the error circle are norm al galaxies, except for 

the bright one on the left which has not been observed.

S p e c tra l C o m m en ts:

• z=0.136

• There are two spectra of this: one of them  is not good enough to see the lines, 

so I used the second one, which has be tte r signal-to-noise.

• Hq does not require a broad component.

• H/5 can be fitted both as a single, narrow line or as a strong narrow line in a 

deep absorption. No difference to the classification. - Used the single fit.

• [SII] lines are on the side of the atm ospheric absorption dip - Upper lim it only. 

R ed d en in g : E(B-V) =  0.9. Allowed ratios are marked as shaded areas on Fig B.22: 

The bottom  left diagram  confirms the classification.

H II
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Figure B.22: Classification diagram for source 258-101. Result: HII.
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260-28
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Figure B.23: Optical spectrum and R band image of 260-28.

Im age: Only one ID possible, a bright and extended galaxy.

S p e c tra l C o m m en ts:

• 2=0.104

• [SII]A6731 in the atmospheric absorption dip - cannot be measured. Used only 

the [SII]A6717 line. This underestimates the flux of the [SII] lines, which would 

move the position of the “true” [SII]/Ha ratio towards the right in the diagram at 

the top right of Fig B.24. This strenghthens the classification.

• [Oil] noisy, but measurable.

• [01] measured as an upper limit only.

• Fixing the wavelength of H a and the two [Nil] lines, as well as the width of 

[NH]A6584, produces a good fit for the three lines. Used this for the ratios. 

R ed d en in g : It would not change the classification.

LIN ER .
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Figure B.24: Classification diagram for source 260-28. Result: L IN E R .
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272-10
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Figure B.25: Optical spectrum and Digitized Sky Survey image of 272-10.

Im age: No RIXOS image. DSS: Faint, point like object filling the error box. 

S p e c tra l C o m m en ts:

• z=0.321

• Ha, [Nil], [SII], [01] out of range due to redshift.

• H/3 very weak but measurable.

• [OII]A3727 shows two peaks, corresponding to AA3726,3729. Added the two 

for the ratios.

R ed d en in g : No estimate possible. This source could be undetermined.

S ey fe rt 2 /H II .



Optical analysis o f  individual sources 331

1.5

1.0
3
1 0.5

§ 0.0
o
'So -0.5
.2

-1.0

-1.5
-1.5 -1.0-0.5 0.0 0.5 1.0 1.5 

log(NII/Halpha)

1.5

1.0 

I 0.5

0.0
o

1.5 -1.0-0.5 0.0 0.5 1.0 1.5 
log(SII/Halpha)

1

t  0

1
bO

2

-1.5 -1.0-0.5 0.0 0.5 1.0 1.5 
log(OII/Om)

1.5

1.0

II 0.0
o
% -0.5
s ,

-1.0
-1.5

H

- 2 - 1 0  1 
log(OI/Halpha)

-1.5 -1.0-0.5 0.0 0.5 1.0 1.5 
log(OII/Oni)

3  0

-1.5 -1.0-0.5 0.0 0.5 1.0 1.5 
log(OII/Oni)

Figure B.26: Classification diagram for source 272-10. Result: Seyfert 2 or H II.
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273-23

y 17 [O U I]8-
Mg

[O U ] H b c ta6-

ç

5000 7000 8000

Figure B.27: Optical spectrum  and R band image of 273-23.

Im age: N either the ARM nor the DSS show any sources in the ROSAT position. 

Our deeper RIXOS image shows 3, of which one is inside the error box.

S p e c tra l C o m m en ts:

• 2=0.433

• There are two spectra, but they are both very weak =4> Measured lines from 

the higher quality one.

• M easured [OIII] and H/3

• [Oil] in the joint between the two arms - not measured.

• Rest of the lines are all out of range 

R ed d en in g : It would not change the classification.

U n d e te rm in e d .
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Figure B.28: Classification diagram for source 273-23. Result: U n d eterm in ed .
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278-15
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Figure B.29: Optical spectrum and R band image of 278-15.

Im age: One source in the error circle: a large, bright galaxy.

S p e c tra l C o m m en ts:

• 2=0.079

• [SII] lines blended.

• Ha is can be fitted as a single, narrow line by fixing the wavelength of the Ha 

and the two [Nil] lines, as well as the width of [NH]A6584 to ~  800 km /s. This was 

used for the ratios.

• H/3 in the noise and not measurable - upper limit. [OIII] lines also extremely 

weak but an estimate was tried.

• [01] measured as an upper limit. [OH] (3727) might be real - measured. 

R ed d en in g : It would not change the classification.

L IN E R /S eyfert 2.
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Figure B.30: Classification diagram for source 278-15. Result: L IN E R  or Seyfert

2.
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Figure B.3i: Optical spectrum and B band image of 294-6.

Im age: Only one possible ID in the error circle.

S p ec tra l C o m m en ts:

• z=0.126

• Ho can be well fit with a narrowd-broad components by fixing the peak of the 

lines at their wavelengths (the broad component has FWHM ~  3500 Km/s). Fitting 

Ho as a single line and fixing the wavelength of all the lines gives an acceptable fit 

too (FWHM of Ho ~  600 km /s) - Used this fit.

• [SII] lines are both visible, but next to the atmospheric absorption dip - this 

needs to be kept in mind because the continuum level might be uncertain.

• [01] is in the noise - obtained an estimate.

• u p  is confused in the noise - upper limit.

R ed d en in g : Estimate not possible due to H/?. It would not change the classifica

tion, but it could explain the bottom left diagram.

HII.
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Figure B.32: Classification diagram for source 294-6. Result; H II.
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Figure B.33: Optical spectrum  and R band image of 304-10.

Im age: The error circle is nearer the faint source on the top, but very close to the 

actual ID. The brighter source below is actually an AGN at the  same redshift as the 

NELG.

S p e c tra l C o m m en ts:

• 2=0.193

• There are two spectra of this source, the second one of better quality - used 

this one.

• [SII] in the  noise - obtained an estim ate.

• [01] weak but measurable.

• [Oil] very bright and narrow.

R ed d en in g : It would not change the classification.

U n d e te rm in e d .
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Figure B.34: Classification diagram for source 304-10. Result: U n d eterm in ed .
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Figure B.35: Optical spectrum and R band image of DS source 32.

Im age: Two galaxies, probably interacting. “The X-ray centroid corresponds to 

the brighter of the two galaxies. Both have the same redshift and they both show 

narrow emission lines” (McHardy et al. 1998, IMH hereafter).

S p e c tra l C o m m en ts:

• 2=0.066

• Low resolution: The continuum in the two arms of the spectrum does not join 

well - ratio [01]/[OIII] tricky because of cross-over.

• [01] can only be measured as an upper limit.

• High resolution: Very narrow lines - no evidence for broad lines.

R ed d en in g : It would not change the classification.

H II
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Figure B.36: Classification diagram for source 32. The asterisks represent the low

resolution data, the triangles the high resolution data. Result: H II.
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Figure B.37: Optical spectrum and R band image of DS source 36.

Im age: Only one bright galaxy at the edge of the error circle.

S p e c tra l C o m m en ts:

• z=0.230

• Ha, [Nil] and [SII] lines redshifted out of the spectrum.

• [01] in an absorption dip - could not measure it.

• Got an upper limit to H/?.

• [Oil] (if real) has a peculiar square shape.

R ed d en in g : It would not change the classification.

U n d e te rm in e d .
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Figure B.38: Classification diagram for source 36. Result: U n d eterm in ed .
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Figure B.39: Optical spectrum and R band image of DS source 42.

Im age: The NELG is the extended galaxy at the edge of the circle. The bright ob

ject at the bottom of the circle has also been observed and found to be an absorption- 

line galaxy. “The X-ray centroid probably displaced towards a neighbouring galaxy, 

DS source 47” (IMH).

S p e c tra l C o m m en ts:

• 2=0.359

• Both spectra are very noisy. I used the high resolution one for line ratios.

• Upper limits obtained for [Sll], [01], H/? and [0111].

R ed d en in g : It would not change the classification.

L IN E R /S eyfert 2.
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Figure B.40: Classification diagram for source 42, Result: L IN E R  or Seyfert 2.
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Figure B.41: Optical spectrum and R band image of DS source 43.

Im age: The ID is the bright object in the error circle. “Narrow line radio galaxy, 

member of a rich cluster whose centre is approx 80 arcsecs south” (IMH).

S p ec tra l C o m m en ts:

• 2=0.383

• Badly subtracted sky.

• Not a reliable Ho or a visible H/3 - NELG?

• Can’t measure Ho as i t ’s too close to the badly subtracted sky lines. Obtained 

an upper limit to U/S and [01].

R ed d en in g : It would not change the classification.

Seyfert 2 /H II.
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Figure B.42: Classification diagram for source 43. Result: Seyfert 2 or H II.
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Figure B.43: Optical spectrum  and R band image of DS source 47.

Im age: The ID is the bright galaxy. The X -ray centroid is probably displaced 

towards a neighbouring galaxy, source 900-42. Note th a t they are at a similar 

redshift (IMH).

S p ectra l C om m en ts:

• 2=0.367

• High resolution data  extrem ely noisy - used the low resolution spectrum .

• Fixed the position of H a and the [Nil] lines, and the width of [NH]A6548, to 

get an acceptable fit.

• [SII] lines are at the edge of the  spectrum  - had to  fix the position of [SH]A6727 

and its width.

• M easured H/? and [OHI]A5007. O btained an upper lim it to [OH] and [01]. 

R ed denin g: It would not change the classihcation.

=#> S ey fert 2 /H II .
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Figure B.44: Classification diagram for source 47. Result: Seyfert 2 or H II.
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Figure B.45: Optical spectrum  and R band image of DS source 51.

Im ag e : X -ray source is extended 30" in a N-W direction and there is possible a 

companion. Most likely ID is th e  bright elliptical radio galaxy indicated by the 

arrow. A group of 6 18-19 mag galaxies lie 10-40” from the centroid along the 

extension of the X -ray source - weak emission from the group may be responsible 

for the extension (IMH).

S p e c tra l C o m m e n ts :

• z=0.060

• There is no low resolution spectrum  of this source.

• Very good S/N  high resolution spectrum - only missing [Oil] for ratios. 

R ed d en in g : E(B-V) =  0.33. Allowed ratios are marked as shaded areas on Fig B.46: 

it has no effect on the classification.

Weak-[OX] LINER.
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Figure B.46: Classification diagram for source 51. Result: Weak-[OI] LINER.
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Figure B.47: Optical spectrum  and R band image of DS source 60.

Im ag e : The central object is the NELG. The other object, at the edge of the error 

circle, is a galaxy.

S p e c tra l  C o m m e n ts :

• 2=0.313

• Blue arm  of the spectrum  is noisy.

• By setting the bright line at ~  A6580 to be [GUI], there is a tiny peak in the 

data  which would correspond to H/3... - used this for redshift determ ination. The 

other line at ~  A5900 (possibly a cosmic ray) remains unidentified.

• Hq , [Nil] and [SII] lines are redshifted out of the  spectrum .

• [o n ] measured as an upper lim it.

R e d d e n in g : No estim ate possible. It could change the  classification to H II/Seyfert2 

if very large.

Seyfert 2 /L IN E R .
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Figure B.48: Classification diagram for source 60. Result: Seyfert 2 or L IN E R .
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Figure B.49: Optical spectrum  and R band image of DS source 67.

Im age: Two sources in the 10 arcseconds error circle, the ID is the brighter one. 

No inform ation on the other object.

S p ectra l C om m en ts:

• 2=0.560

•  [O il] very bright.

• H a and [Nil] lines are in an extrem ely noisy area - not used.

• H/3 in an absorption dip - used this fit. O btained only an upper limit.

• [01] very weak - obtained an upper lim it.

R eddening: It would not change the classification.

U n d eterm in ed .
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Figure B.50: Classification diagram for source 67. Result: U n d eterm in ed .



356 Appendix B

900-85
0.005

0.004

0.003

0.002

0.001

5000 6000 7000
WaycQengtb (AncBiroms)

8000

2.0-to"

2 .0 -1 0

I 12XICT16t.O-tO-̂7

r

[Ofl

wLiph. -

r

(N iq

I 1 j h l j l

.

- -

6400 6600
W ffveJcng th  (A )

Figure B.51: Optical spectrum  and R band image of DS source 85.

Im age: A few possible sources in the error circle. No comments from IMH. 

S p ectra l C om m en ts:

• 2=0.303

• Classification based on the high resolution data  only.

• [Oil] out of range.

• [01] m easured'as an upper limit.

R eddening: It would not change the classification.

U n d eterm in ed .
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Figure B.52: Classification diagram for source 85. Result; U n d eterm in ed .
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Figure B.53: Optical spectrum  and R band image of DS source 93.

Im age : Two sources in the 10 arcseconds error circle, but only the bright galaxy 

(the ID) has been observed.

S p e c tra l C o m m en ts :

• 2=0.597

• [Oil] very bright.

• [OIII] appears be in some sort of absorption feature - flux estim ated using 

[OIII]A4958.

• U/3 is very weak, and looks slightly absorbed. appears in absorption too. 

R ed d en in g : It would not change tb e  classification.

H II/L IN ER .
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Figure B.54: Classification diagram for source 93. Result: H II or L IN E R .
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Figure B.55: Optical spectrum  and R band image of DS source 94.

Im age: Two sources in the 10 arcseconds error circle. The brighter two galaxies in 

the field have been observed: the one in the circle (the ID) is a NELG, the one just 

outside is an absorption line galaxy.

S p ectra l C om m en ts:

• 2=0.061

• Used the higher resolution data , as the lower resolution have a few calibration 

problems as well as showing H a highly blended with [Nil].

•  Hq is defin itely  narrow.

• [o n ] outside the spectrum . [01] m easured as an upper limit.

R eddening: It would not change the classification.

H II/L IN E R .
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Figure B.56: Classification diagram for source 94. Result: H II or L IN E R .
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900-103
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Figure B.57; Optical spectrum  and R band image of DS source 103.

Im ag e : Three sources in the 10 arcseconds error circle. Only observed and identified 

the bright galaxy. The source on the bottom  edge of the circle is an absorption line 

galaxy.

S p e c tra l  C o m m e n ts :

e z=0.201

• Used only the high resolution spectra. The blue arm  is very noisy.

• [OIII] very weak.

R e d d e n in g : It would not change the classification.

H II/L IN E R .
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Figure B.58: Classification diagram for source 103. Result: H II or L IN E R .
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900-117
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Figure B.59: Optical spectrum  and R band image of DS source 117.

Im a g e : Only one possible counterpart in the error circle, a bright galaxy.

S p e c tra l  C o m m e n ts :

• 2=0.061

• Used both the high and low resolution data.

• Both sets of spectral results agree very well.

R e d d e n in g : E(B -V )= 1.4 from the low resolution data, 1.0 from the high resolution 

data. Allowed ratios are marked as shaded areas on Fig B.60: it has no effect on 

the classification.

H II/L IN E R .
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Figure B.60: Classification diagram  for source 117. The asterisks represents the low 

resolution ratios, the triangles comes from the high resolution data. Result: H I I  o r  

L IN E R .
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900-121
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Figure B.61: Optical spectrum  and R band image of DS source 121.

Im age: Two sources in the error circle, a bright extended object and a point-like 

source. Observed and identified the bright galaxy as the optical counterpart of the 

X -ray source.

S p ectra l C om m en ts:

• 2=0.304

• Ho, [Nil] and [SII] lines redshifted out of the band.

• [Oil] extrem ely bright.

R ed den in g: No estim ate possible. It could change the classification to HII if it 

was large.

LINER.
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Figure B.62: Classification diagram for source 121. Result: L IN E R .
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Figure B.63: O ptical spectrum  and R band image of DS source 127.

Im age: An emission line galaxy with quite a bright nucleus lies ~  9 arcsecs from 

the centre of the  error circle (source 1). This is the most likely ID, although some 

contribution from an M star 13 arcsecs away (source 2) cannot be ruled out (IMH). 

Error circle not drawn as I am unsure about its location.

S p ectra l C om m en ts:

• z=0.253

• H a very bright. It looks asym m etric. Used the m axim um  of [N il]/m inim um  

of H a as the m axim um  of for the errors and viceversa for the minimum.

• H/? upper lim it only, same for [OH].

R ed den in g: It would not change the classification.

U n d eterm in ed .
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Figure B.64: Classification diagram for source 127. Result; U n d eterm in ed ,
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900-131
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Figure B.65: Optical spectrum and R band image of DS source 131.

Im age : The ID is indicated by the arrow. “A more compact object, probably also 

a galaxy, of similar total magnitude and similar distance East of the X-ray centroid 

cannot be ruled out” (IMH).

S p e c tra l C o m m e n ts :

• 2=0.581

• [Oil] and [OIII] are very bright.

• Hfd not detected - upper limit.

• Rest of the lines redshifted out.

R ed d en in g : No estim ate possible. It could change the classification to HII/LINER 

if very large.

Seyfert 2 /H II.
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Figure B.66: Classification diagram for source 131. Result: Seyfert 2 or H II.



372 Appendix B

900-132
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Figure B.67: Optical spectrum amd R band image of DS source 132.

Im age : Two interacting galaxies. The X -ray  source is centred on the brighter of 

the two. Both galaxies have the same redlshift. Spectrum of fainter one is of poorer 

quality and no emission lines have been detected  (IMH and private communication). 

S p e c tra l C o m m en ts :

• z=0.223

• Ho and [NII] fairly bright.

• [SII] lines at the end of the spectrum  - uncertain ratios.

• [01] at the edge of an atmospheric (absorption dip - could be absorbed.

• H(3 upper limit only.

R ed d en in g : It would not change the claissification.

Seyfert 2.
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Figure B.68: Classification diagram for source 132. Result: Seyfert 2.
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900-134
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Figure B.69: Optical spectrum and R band image of DS source 134.

Im age : “Almost the faintest source in the list, the offset of the NELG from the 

X-ray centroid (22 arcsec) is still consistent with it being the ID. Nothing brighter 

than 23.5 mag any closer to the X-ray centroid” (IMH). The bright source near the 

NELG is a G star (private communication).

S p e c tra l C o m m en ts :

• z=0.250

• [SII] lines blended together.

• Upper limit to [01].

• Rest of the lines with good measurements.

R ed d en in g : It would not change the classification.

HII.
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Figure B.70: Classification diagram for source 134. Result: H II.
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900-135
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Figure B.71: Optical spectrum  and R band image of DS source 135.

Im age: The galaxy marked with an arrow is the most likely ID. Another fainter 

galaxy lies very close, hidden by the error circle. The other bright object at the edge 

of the circle is an M star, whose contribution to the X -ray flux cannot be ruled out 

(IMH).

S p ectra l C om m en ts:

• z=0.521

• [Oil] quite bright.

• [OIII] in an absorption dip - used [OIII]A4958 to estim ate it.

•  [01] is only an upper lim it, H a noisy.

R ed den in g: It could change the classification to Seyfert 2 /H II or even HII if very 

large.

U n d eterm in ed .
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Figure B.72: Classification diagram for source 135. Result: U n d eterm in ed .


