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ABSTRACT 

The Effects of Intrinsic Spectral Curvature and Flux Limits on the Measured Evolutionary 

Behavior of BL Lacertae Objects 

by 

Eileen T. Meyer 

The effects of modeling the intrinsic curvature of the spectral energy distributions of 

BL Lacertae objects in the soft x-ray on the V/VM evolutionary statistic were studied. It 

was found that the power law approximations in the soft x-ray could cause a significant 

bias in V/VM towards values supporting either negative or positive evolution for BL Lacs. 

The effects of such a bias on the Sedentary Survey, a large sample of 150 BL Lacertae 

objects, were found to be negligible on average though individual effects were appreciable. 

The luminosity function and parametric values of evolution for pure luminosity and pure 

density evolution were computed for the Sedentary Sample. 
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CHAPTER 1 

INTRODUCTION 

1.1 Active Galactic Nuclei 

I.I.I History and Observations 

Emission-line galactic nuclei were known to exist well before tHe discovery of quasars, 

yet active galactic nuclei (AGN) did not become an active area of researcfi until after ad

vancements in radio astronomy revealed quasi-stellar objects to fill the radio sky (Shields 

1999). Subsequent optical observations of the newly discovered strong "radio stars" associ

ated some of these sources with ordinary galaxies, while others corresponded to point-like 

optical sources. The quasars showed similar emission line spectra to the active nuclei, ex

plained only by a very large (extra-galactic) redshift. The recognition of quasar redshifts in 

the 1960s established quasars and active galaxies to be similar phenomena, and they have 

proved to be some of the brightest and most distant objects yet observed. 

AGN are located in the center of otherwise ordinary galaxies and exhibit extreme ap

parent luminosities from an area of small angular size, though some AGN have structure 

on scales far exceeding this. The appearance of AGN can be quite diverse, both in mor

phology (if it can be resolved) and in spectroscopic properties, with sub-types each having 

distinctive emission line spectra. Most likely the result of physical processes other than or

dinary stellar fusion, the luminosity of an AGN is so great that the host galaxy is often not 

visible. Though it is quite possible for very dim AGN to be overshadowed by the galaxy, 
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Figcire 1.1: A aemonstration of the 5roaQ-6ancl natare of AGN, in comparison with normal galaxies. 3C 273 is one of trie 
brightest quasars. Seyfert galaxies are in general lower-lciminosity AGN. Image Creaif: Brooks/Cole Thomson teaming 

in general the geometric effects on the surface brightness of the galaxy (which falls off as 

(1 + z) - 4) combined with the fact that at high redshift (z) the rest frame wavelength of 

optical light comes from the UV (where stars are dimmer) causes the host galaxies of most 

AGN to be very difficult to see (Krolik 1999). 

AGN stand out observationally from normal galaxies and stars by their unusual spectral 

energy distribution (SED), with often significant non-thermal contribution and large span 

of output across the electromagnetic spectrum (see Figure 1.1). Compared to normal galax

ies, which exhibit their own unique signature (which is essentially a composite of stellar 

blackbodies at different temperatures), the continuum from AGN is generally broader and 

flatter, the most extreme types having comparable brightness at radio, optical and X-ray 

energies. In addition, AGN exhibit emission lines far more prominent (Equivalent Widths 

~ 100 A) than the weak lines seen in the stars in normal galaxies, which are usually much 

weaker or absorption lines. 

1.1.2 The Standard Model 

The standard model for AGN has been developing since their discovery, and provides a 

framework of hypotheses on which much of AGN studies are based. The primary moti-

veition behind any physical model must be to adequately explain the large energy output 

of AGN. Given the number densities and luminosities observed (I042 to I048 erg/s), AGN 

would require an enormous quantity of fuel if powered by nuclear processes, so that a con-
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Figure 1.2: Illustration of idealized AGN Paradigm, including the broad line region and dusty torus. Image Credit: 
Brooks/Cole Thomson Learning 

siderable portion of the mass in any galaxy with an AGN would be consumed to power 

it (Blandford and Rees 1992). The need for a process of a greater efficiency than stellar 

fusion has lead to the prevailing view that AGN are powered by accretion, a much more 

efficient process under the right conditions. Indeed, if stellar mechanisms were responsible 

for AGN activity, the stars would need to be so massive that the presence of massive rem

nants should be detectable gravitationally, and so far they have not been found (Blandford 

and Rees 1992). 

The standard model of AGN involves thin-disk accretion onto a super-massive black 

hole (SMBH), of mass I06 to IO9M0. The theoretical need for a black hole versus another 

massive object or objects (neutron stars and/or stars, for example) was demonstrated by 

Rees (1977) by the analysis of light-crossing times and quasar variabilities, and by the fact 

that any sufficiently dense group of objects would fall in to become a black hole over time 

(Krolik 1999). Recent observations have shown more and more conclusively that a SMBH 

is indeed at the center of essentially all galaxies (Miyoshi et al. 1995; Tremaine et al. 2002; 

Graham et al. 2007). 

In the standard model, intense thermal emission is produced by viscous or turbulent 

processes in the accretion disk, as gravitational potential energy is released by in-falling 

matter. Hot gas (in addition to a "corona" or disk wind) in near to the black hole pro

duces strong emission lines in the optical and ultraviolet (UV). This fast-moving material 

is the so-called "broad-line" region, producing the broad emission lines seen in some AGN 

spectra. The placement of cooler, slower-moving gas and dust clouds are necessary to 
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produce obscuration of tHe central broad-line region and explain the appearance of narrow 

emission lines. Polar outflows of energetic particles naturally occur at riglit angles to the 

accretion disk, for spinning black Holes these could become highly relativistic. This model 

is illustrated in Figure 1.2. 

The above model leaves room for a great deal of modification and refinement, and 

nearly every part of it is controversial. The shape or even presence of the dusty torus is de

bated (Krolik and Begelman 1988; Urry and Padovani 1995; Elitzur 2006), and the mecha

nism for powering the relativistic jets is uncertain, being alternately linked to both accretion 

rate and black hole spin (e.g., Meier 2002; Maraschi and Tavecchio 2003; Georganopoulos 

and Marscher 1998). As stated by Shields (1999), though positive evidence has slowly 

accumulated, this paradigm is far from proven, and support for it rests on the fact that 

no others have proved viable. The more ad-Hoc external parts of the accreting black hole 

paradigm are often imposed to explain the extreme differences in appearance of AGN. 

These differences in morphology, spectral shape and beHavior have lead to a tiered struc

ture of AGN classifications. 

1.1.3 The Classification of AGN 

An empirical division can be made between those AGN with strong emission in radio 

wavelengths, compared to other AGN (radio loud, or RL), and those in which it is rather 

weak, though still greater than in a non-active galaxy (radio quiet, or RQ). Radio loud 

sources are always found in elliptical galaxies, while radio quiet sources Have been found 

to reside in spirals as well as ellipticals. Radio loudness has been theoretically linked to 

the black hole spin, and with the observations on host galaxy morphology has lead to the 

proposal that post-merger galaxies would more likely produce central black holes with 

spin. This could explain the morphology link to radio loudness, as ellipticals are thought 

to be the result of mergers. However, an extensive study by McLure et al. (1999) on radio-

quiet quasars (RQQ) clearly removes galaxy morphology as a link to radio-Ioudness, as the 

host galaxy of all RQQ over a certain magnitude (M„ = —24) were found to be ellipticals 

as well. There is evidence that the true distribution of radio-Ioudness is continuous, and 

dependent on the distributions of central black-hole mass, accretion rate, and possibly black 

hole spin as well (Lacy et al. 2001; Wilson and Colbert 1995). 

Radio-Loud AGN 

THe abundant radio emission seen in radio-loud AGN can be observed in lobe structures, 

collimated jets and central core areas. These objects can Have 3 to 4 orders of magnitude 
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more emission in trie radio than tlie radio-quiet type. One definition given by Urry and 

Padovani (1995) requires the ratio of flux in radio (at 5 GHz) to that in the optical (B-band) 

to be greater tHan 10. By tfiis measure, roughly 15% - 20% of AGN are radio-loud. Others 

set a dividing line around 1024 - 1026 W Hz"1 at 5 GHz (Lacy et al. 2001). 

Both RL and RQ AGN are divided into Type I AGN - those with bright continua and 

broad emission lines - and Type 2 AGN, with only weak continua and narrow emission 

lines (Urry and Padovani 1995). The dividing line for narrow and broad lines is usually 

set around 1000 km/s (Krolik 1999). The Fanaroff-Riley Type 1 and Type 2 (FR-I, FR-II) 

galaxies, which together belong in the RL Type 2 class, are low and high luminosity ra

dio galaxies, respectively (Fanaroff and Riley 1974). In addition to this difference, they 

are also observed to have distinct morphology, with the FR-I type having emission peaked 

near a nucleus, and only weak jets visible, and the FR-II type having radio lobe struc

tures, with bright hotspots edges. The FR galaxies are also sometimes termed Narrow Line 

Radio Galaxies (NERG). Under RL Type I AGN, Radio galaxies with broad lines are ap

propriately known as Broad Line Radio Galaxies (BLRG), and are accompanied by Flat 

Spectrum Radio Quasars and Steep Spectrum Radio Quasars (FSRQ and SSRQ, referring 

to the shape of the radio continuum in these objects). The quasars are more luminous than 

BLRG, and thus the host galaxy cannot be seen. In general a radio galaxy will be a lower-

luminosity object than a quasar, as the former are near enough for the host galaxy to be 

seen, while quasars usually represent unresolved sources. 

In addition to the standard Type I and 2 designations for AGN, Urry and Padovani 

(1995) give an additional "Type 0" to separately include those AGN with particularly un

usual spectral features. Principle in this class are the BL Lacertae objects (BL Lac, after the 

prototype), which are radio-loud and have unusually featureless optical spectra. Though 

they are often distinguished by a total lack of emission lines (EW1 < 5 A), very narrow 

lines are sometimes observed. Either condition makes redshift determination difficult, and 

most samples of BL Lacs will include numerous unknown redshifts. Type 0 additionally 

includes those AGN with broad absorption line (BAL) features in the optical and UV spec

tra; this feature is not well understood. 

Radio Quiet AGN 

Figure.1.3 shows the radio quiet division of AGN, which is as populated as the radio loud 

division. Radio quiet AGN are more numerous than radio loud, and include the Seyfert 

galaxies which come in both broad-line (Sy 1) and Narrow Line (Sy 2) varieties and are 

generally less luminous than the Narrow Emission Line Galaxies (NELG) under AGN 

1 Equivalent WidtH 
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TypeO 

BLLac 
Objects 

Figcire 1.3: Types of AGN, classifies by raaio loudness anS spectral fype. 

Type 2. THe more luminous radio-quiet quasars (QSO or RQQ) belong to Type 1, with 

broad lines, and are again more luminous and tHus outshine any Host galaxy. There are 

also a candidate group of Narrow-line RQQ, trie IR quasars (Urry and Padovani 1995). 

OtHer AGN 

Many other minor classifications of AGN do exist, and are not mutually exclusive, such as 

the Optically Violent Variables (OVV), Core-dominated Quasars (CDQ), Highly Polarized 

Quasars (HPQ), all of which are now grouped under FSRQ due to their obvious similarities, 

along with BAL QSO, IR Quasars and others. The definitions for many AGN classes can 

vary, and different studies define samples in a unique ways, which can cause difficulties 

when trying to compare across samples. 

Blazars 

The FSRQ and BL Lacs are the most rare and unique of all AGN, and together comprise the 

"blazar" class. They are core-dominated, highly luminous, variable, and show significant 

polarization, as well as super-Iuminal motion. Blazars constitute less than 5% of all AGN, 

making them somewhat difficult to observe in large numbers (Padovani et al. 1997). There 

are no definite radio-quiet equivalents of Blazars (i.e. Type 0), though some candidates 

have been found recently (CoIIinge et al. 2004). The two types of blazars are distinguished 

by their spectral lines, being strong and quasar-like in the FSRQ, and almost totally absent 

in BL Lacs. FSRQ are in general more numerous, and both can be discovered by correla

tions in x-ray and radio samples, or optical campaigns (e.g. CoIIinge et al. 2004; Padovani 

2007), taking advantage of their unique broad-band and spectral properties. 
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Figure 1.4: Spectral Energy Distribution of BC Cacertae, trie progenitor of trie class of BC Cac objects. 

THe observed spectral energy distribution (SED) of blazars Has a unique two-Hump 

appearance (Figures 1.4, 1.5), usually attributed to syncHrotron emission in tHe first Hump, 

and Compton emission in tHe second. THe SED of blazars is tfiougHt to be dominated by tHe 

jet non-thermal emission, amplified by relativistic beaming, witH only a small contribution 

from tHe accretion disk and otHer components associated to non-jet tHermal components. 

The location of the peak in synchrotron emission is of particular interest because it is one of 

the few cHaracteristics that can be pHysically linked to tfie particle distribution and physical 

processes in tfie jet (Georganopoulos and Marscfier 1998). Moreover, it has been correlated 

observationally with bolometric luminosity (Fossati et al. 1998) and there are suggestions 

that it can be reasonably extrapolated from spectral indices if not directly observed. 

BE Eac Objects 

A definition of a BL Lac object Has roughly been agreed upon in the literature, though it has 

changed over time (Perlman et al. 1998). The Einstein Medium Sensitivity Survey (EMSS) 

survey, the first statistical (well defined and complete) sample of BL Lacs, required point

like appearance, EW of less than 5 Aand small Ca II H and K break contrast, which is a 

measure of the presence of a non-thermal continuum in a galaxy (Morris et al. 1991). This 

measure, c = (/+ — /_) / /+ compares the flux red-ward and blue-ward of the Calcium 

break. Gioia et al. (1990) required c < 25% to ensure that only minor contamination from 

an underlying galaxy would be allowed. Many early BL Lac samples used this definition 

(Stickel et al. 1991; Morris et al. 1991). However, Browne and Marcha (1993) pointed out 

what has been called the "Browne-Marcha effect" on surveys, in which low-luminosity BL 

Lacs are missed because they are difficult to recognize in the surroundings of a luminous 
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elliptical galaxy. The objects most likely to be missed are tHose near tHe flux density 

limit of the survey and those at low redshift. Particularly, Browne and Marcha (1993) 

recommend using a Ca II H and K break value as High as 40%. Additionally, some have 

relaxed the stringent equivalent width criteria due to the known occasional appearance of 

broad Ha and other emission lines in BL Lac objects during quiescent periods (Vermeulen 

et al. 1995). Another classification scheme for blazars was suggested by Landt et al. 

(2004), using a separation in the [OIII]A5oo7-[OII]A3727 equivalent width plane, following 

the discovery of significant bimodality for the [OIII] line among the DXRBS blazars, and 

has showed some success in application to the Sedentary Survey of BE Eacs in separating 

them into strong and weakly lined BE Eacs (Piranomonte et al. 2007). 

The first BL Lacs were generally found in small numbers in either radio or x-ray sur

veys, the former finding those with synchrotron peaks in lower energies (LBLs), and the 

latter finding those in higher energies (HBLs). The apparent LBL/HBL bimodality is likely 

the effect of survey bias imposed on a continuum of spectral types, as there is now evidence 

that numerous intermediate types exist, and the exact distribution of spectral type or SED 

"color" is not fully known (Costamante et al. 2001). 

1.2 Blazar Unification Theories 

1.2.1 Introduction to Unification 

The strikingly dissimilar appearance and known variability of AGN has presented a chal

lenge to researchers both in classification and in forming and understanding of AGN. Their 

extreme characteristics are a clue that very unusual high-energy processes are taking place, 

and the standard model of AGN is usually employed to interpret these observations. The 

process of refining the model in the context of these differences is generally referred to as 

"unification" of the AGN class. 

The premise of most AGN unification schemes is that the various types of AGN might 

really be the same object viewed from a different angle to our line of sight (for a different 

take, see the micro-Iensing hypothesis in e.g., Padovani and Giommi 1996). The standard 

model provides a basis for AGN unification through both external effects on the AGN 

(orientation and environment) and intrinsic properties of the accreting black hole system. 

However, the relative importance of these effects and particular components within them 

are not known, and until a more exact physical model is in place, the "grand" unification 

of all AGN remains an open problem in astrophysics. 
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1.2.2 Broad AGN Unification Schemes 

A general unification scheme can be produced for radio-loud AGN by considering the 

dominating presence of relativistic jets and the resulting anisotropy of radiation, enhanced 

by the presence of the obscuring torus. In this context, viewing angle is considered the 

principle factor in determining the sub-type. An edge-on view (90° from the jet) would 

produce the double-Iobed radio galaxies, with the central engine obscured. This would 

be the view producing FR-I and FR-II galaxies. As viewing angle decreases, less of the 

accreting black hole and central region is obscured, and the result is the BLRGs and radio 

quasars as the object becomes more and more cored-dominated, with broader emission 

lines coming from the rapidly moving gas which can now be seen closer to the black hole. 

Finally, a view with very small angles to the line of sight will be dominated by Doppler-

boosted radiation in the polar jets, producing very core-dominated, quasar-like objects with 

superluminal motion, i.e. blazars (Urry and Padovani 1995). This is only a basic scheme 

and does not take into account the more intrinsic properties such as black hole size, spin, 

age, accretion rate, or general environment which undoubtedly play a role in the strength 

of the jet, and thus the shape of the continuum (Meier 2002; Lacy et al. 2001). A complete 

unification theory must take into account both orientation and the varying possibilities for 

accreting super-massive black holes. 

I..2.3 Blazar-Specific Unification Schemes 

The first unification schemes for blazars attempted to extend the viewing angle hypothesis 

to within the blazar class. In this scheme, the LBLs would be more aligned, while HBLs 

would be more off-axis, reflecting the belief that HBLs were intrinsically more numerous, 

and that LBLs were more luminous overall. However, the true ratio of LBL to HBL (often 

expressed as a probability function on the ratio of x-ray to radio fluxes, or fx/fr) has 

not been completely described, and there is a debate over which type of SED dominates, 

with obvious implications for unification attempts (Padovani and Giommi 1995; Fossati 

et al. 1998; Padovani 2007). The viewing angle has been ruled out as the sole reason for 

LBL7HBL dichotomy, as shown by Padovani and Giommi (1995); the same work predicts 

a 10 to I ratio of LBL to HBL based on the theory that LBLs are the weaker and thus more 

numerous type. 

A prevailing theory is that BL Lacs and FSRQ might be beamed versions of a parent 

FR-I and FR-II population, respectively. The original linkage of FR-I and BL lacs was due 

to the fact that they both occupy the low-luminosity, radio-loud space of AGN taxonomy, 

and have similar host galaxy types (Urry and Padovani 1995). Chiaberge et al. (2000) 
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Figure 1.5: Blazar Energy Diagram, in a v - log vFv form. The SEDs are not inaiviSaal sources bat represent the averages 
for different spectral types. The blcie line represents the HBC type, with lowest bolomefric luminosity ana highest upeak 
values. 

tested tfie Hypothesis tHat blazars are merely beamed (on-axis) FR galaxies by comparison 

of de-beamed core luminosities of blazars to those of FR galaxies in radio and optical. The 

appropriate distributions of FR-I core luminosities were recovered using a two-component 

jet velocity structure model, in which a faster central spine is surrounded by a slower 

moving layer. 

TKe Blazar Sequence 

The first major unification scheme built on physical grounds was the blazar sequence of 

Fossati et al. (1998). Using three samples of blazars, the I Jy and Slew Survey BE Eacs, 

and the 2 Jy FSRQ, an analysis of the SEDs in the samples revealed a continuous trend 

in the location of the synchrotron peak (ypeak), in that different ranges were covered by 

the different samples. In addition, the luminosity ratio between high and low frequency 

components increased with bolometric luminosity. This supported the view that a single 

parameter, a function of luminosity, was responsible for most of the physical properties of 

the jet, and could be used to unify the FSRQ, RBL and HBL objects. The continuous trend 

is represented in Figure 1.5. 

A physical basis for the 'blazar sequence' has also been proposed by Cavaliere and 

D'EIia (2002), connecting FSRQ and BL Lacs through the accreting black hole paradigm 

by supposing there to be a bimodal distribution of both black hole rotation rates and ac

cretion rates. The former distribution explains the general radio quiet/loud distinction and 

the latter forms the distinction between lower luminosity Seyferts and the quasars. In this 

model, the importance of accretion rate is stressed over any orientation effects, and the 
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featureless optical spectrum of BE Lacs is explained by tHe out-shining of tHe jet and par

ticularly low accretion rates. 

The blazar sequence remains controversial, as it makes a number of claims which are 

disputed. In the blazar sequence, FSRQ are blazars with highest powers (possibly beamed 

versions of the more powerful FR-II galaxies), and they should only exhibit lower vveak, 

in accordance with the blazar sequence. Thus no "HFSRQ", having high vpeak comparable 

to those of HBLs should exist. However, the Deep X-ray Radio Blazar Survey (DXRBS, 

Perlman et al. (1998) has found a number of candidate HFSRQ, that nevertheless do not 

appear to reach the highest values of upeak as does the HBE Eacs found in the same sample. 

This puts some doubt on whether FSRQ and BE Eacs have a continuum relationship as 

described in the blazar sequence. 

The blazar sequence also predicts that HBLs, as the lower-powered, less luminous 

type, should be the most numerous. This contradicts claims that the synchrotron "cut-off' 

energy value determines spectral types for BE Eacs, and that the higher-powered BE Eacs 

would be those with the highest cut-off energies (Padovani and Giommi 1995; Perlman 

et al. 1998). The cut-off theory is supposedly supported by recent number counts of 

radio and x-ray surveys (Padovani 2007), but since no surveys exist which select for BE 

Eacs independently of x-ray or radio emission (although the optically-selected sample of 

CoIIinge et al. (2004) is close), the sequence has yet to be disproved on these grounds. 

Other Blazar Unification Ideas 

Some recent unification schemes have produced interesting results through the use of ac

creting black hole and relativistic jet models. Georganopoulos and Marscher (1998) pro

pose that only two parameters determine the observed characteristics of the BE Lac, view

ing angle and the electron kinetic luminosity of the relativistic jet Afein. The main obser

vational parameter is the synchrotron peak frequency vs of the SED. The spin-down of the 

central black hole due to continuous energy extraction causes sources to become less pow

erful over time, so that an initial FSRQ object might later become a BE Lac of decreasing 

power. This model does reproduce the observed double-humped SED signature and the 

observation that (for a constant viewing angle), decreasing Kkin drastically reduces Ls and 

moderately increases vs. 

Another physical scenario is presented by Maraschi and Tavecchio (2003) who em

phasize a jet-disk connection for blazar unification as a physical basis for the observed 

blazar sequence. They propose that BE Lac objects Have similar BH masses to FSRQ, but 

largely sub-critical accretion rates cause inefficient disk radiation, leading to a jet luminos

ity much larger than the disk luminosity. A single parameter, the accretion rate, governs the 
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total power and trie ratio between jet and accretion luminosity such" tHat FSRQ Have high, 

near-Eddington rates, and BL Lacs Have sub-Eddington rates. THus, tHe lack of emission 

lines in optical spectra of BL Lacs would be due to a Highly sub-critical accretion disk witH 

low radiative efficiency being out-sfiined by tHe relativistic jet. 

1.3 Anomalous Evolution in BL Lacs 

Unification of certain classes of AGN could be explained by an evolutionary sequence 

from one type to anotHer, based on some physical cHange, i.e., tfie spin-down of tHe black 

Hole decreasing radio power in tHe jet (Georganopoulos and Marscfier 1998), or a rapidly 

decreasing accretion rate due to exhaustion of in-falling material to produce a bi-modality 

or continuum of types. Measuring evolution is important when trying to build a sequence 

or unification scheme for a class of objects. It is quite possible tHat two similar classes 

of objects are simply the same thing at different stages of evolution (showing opposite 

signatures), conversely, two classes unified under some physical or orientation scheme 

should show similar evolutionary signatures. 

1.3.1 Measuring Evolution 

In the most general description, cosmological evolution describes a change in the lumi

nosity function of a population with redshift. THe luminosity function dn/dL counts the 

differential density change of a population per unit of luminosity. This is most commonly 

modeled as a power law, which almost always Has a negative index (i.e., low-luminosity 

objects are always more common than High-luminosity). A positively-evolving popula

tions was more numerous (higher co-moving density) or more luminous (on average) in 

the past than presently, and vice-versa for the case of negative evolution. 

Non-Parametric Measures of Evolution 

The simplest evolutionary measure is done by simple source counts and includes the 

Log(N)-log(S) plots common in large survey studies (Figure 1.6). This directly tests the 

distribution of source counts, or how many sources there are, as a function of their bright

ness, and N is usually written as N(>S) to emphasize that it is an integral quantity, repre

senting the number of objects brighter tHan tfie particular value S. TKis measure is popular 

because tfie relation is particularly simple for a Euclidean universe, in which the integral 

counts for a spherically symmetric Homogeneous population will scale as flux-3''2, regard

less of tfie shape of tHe luminosity function. THus, any deviation in a Iog(N)-Iog(S) plot not 
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and / r > 1.7 mjy are also shown (dashed lines and open circles). Taken from Giommi ef al. (1999). 

only indicates the presence of non-Euclidean geometry, but if the geometry is well known, 

can indicate evolution in a sample as well. 

Another measure, introduced first by Schmidt (1968) and improved upon by Avni and 

Bahcall (1980), among others, is Known as the V/VM (or Ve/Va in the latter formulation). 

When dealing with small and flux-limited samples, it is often not possible to test for pos

sible evolution by analyzing directly the number densities vs. luminosity or redshift, as 

the sample size is far too small for averages to form a meaningful trend. To circumvent 

this problem, a ratio of the co-moving volume of space associated with an object's known 

redshift (V), and the co-moving volume of the maximum redshift (zmax) at which the ob

ject would still be detected (VM) was introduced by Schmidt (1968) to assess evolution 

within small samples. The individual values of V/VM may vary from 0 to 1, and a test for 

uniformity in distribution would require a value of (V/VM) consistent with 0.5. 

Calculation of V/VM requires knowledge of the flux limits of the detector, the detec

tor response function, and the amount of any reddening or absorbing material along the 

line of sight (usually only Galactic hydrogen, njj) in addition to an observed or assumed 

model for the spectral energy distribution. The function can become extremely compli

cated and certainly non-analytical for a real-world test, but for a simple Euclidean uni

verse, where the volumes follow the formula V = (1/3)R371Q,, the simple result is that 

V/Vmax oc(fluxmj„/fluxo6serued)
3^2, the ratio of the minimum detectable flux to the observed 
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flux of an object, to the 3/2 power. A more sophisticated measure, used in Chapter 3, is 

(Ve/Va) which allows for combining populations from surveys with different flux limits 

(Avni and Bahcall 1980), where Ve is the volume enclosed by the object and Va is the 

"volume available". 

Parametric Measures 

While non-parametric measures of evolution can be considered preferable for fully utiliz

ing the available data and lacking the danger of inaccurate assumptions, it is often desirable 

to parameterize observed evolution according to an assumed law. In the most general de

scription, all forms of astrophysical evolution can be included in the single equation: 

*(L, z) = A > ( * ) ( ^ M ^ y , ^(L, z)) (I.I) 

where po{z) describes the evolution in co-moving number density over time, and L*(z) 

describes the evolutions of the luminosities and parameters OLJ{L, Z) which in general de

termine the shape of the luminosity function ip. If these parameters are constant then the 

shape of the luminosity function is invariant, and the population can be considered to un

dergo separately a density and luminosity evolution (Petrosian 1992). 

Most quasar surveys, even large ones, will simply test for the most basic types of 

evolution, termed pure luminosity evolution (PLE) or pure density evolution (PDE). In 

these cases, either an exponential or power law form for the evolution is usually assumed, 

and invariance of the luminosity function is required. 

1.3.2 Conflicting Evolution Results for BL Lacs 

The general class of AGN, excluding BL Lacs and FR-I galaxies, have been Known since 

early in their study to be very strongly positively evolved (Schmidt 1968). However, BL 

Lac samples have been plagued by their small size and conflicting results - so much so 

that the evolution of BL Lacs remains a very open question despite numerous estimates 

in the literature. The earliest estimates tended toward negative evolution, but more recent 

examples have countered these claims. Veron (1979) initially noted the steep luminosity 

function of early samples of Seyfert Is in comparison to very preliminary estimates from 

10 BL Lacs and proposed that the evolution of BL Lacs was smaller than for Seyfert I 

nuclei, as the surface density of faint BL Lac objects is much smaller than that of quasars, 

despite that the volume density in the range 23 < Mv < 21 is at least as large as Seyferts. 

Substantial negative evolution for a statistical sample of x-ray selected BL Lacs was 

first measured by the Einstein Medium-Sensitivity Survey (EMSS, Maccacaro et al. 1984). 
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Survey 

I Jy complete 
Einstein EMSS 

RASS HRX 
XB-REX 
DXRBS 

Sedentary 

Table I.I. (V/VM) 

No. 

34 
41 
35 
55 
24 
150 

R. flux Iim. 
(mJy) 

1000 
-
-

5 
50 
3.5 

V 

results for past surveys 

. Mag. 

-

-
-

20 
25 
21 

X. flux Iim. 
(ergs s _ I cm -2) 

-

~ 2 x 10~13 

8 x 10 - 1 3 

4 x 10~13 

2 x I0"14 

~ 2 x I0- 1 3 

(V/VM) 

0.614 5 0.047 
0.427 3E 0.045 

0.41 3E 0.05 
0.48 3E 0.04 
0.57 3E 0.06 

0.042 I 0.02 

This and other negative results are sHown in Table 1.1 (Wolter et al. 1991; Morris et al. 

1991; Wolter et al. 1994; Rector and Stocke 200I)2. Rector et al. (2000) later conducted a 

multi-frequency correlation witH the EMSS sources and confirmed a negative evolution re

sult. The ROSAT all-sky survey (RASS) catalogues and WGACAT (White et al. 1995) cat

alogue of pointed ROSAT sources have been used in major multi-frequency identification 

efforts. Notably, Bade et al. (1998) presented a subset of the Hamburg ROSAT X-ray bright 

sample (HRX, Cordis et al. (1996)) which yielded the surprising result that highly X-ray 

dominated sources showed much more negative evolution than those with lower x-ray to 

optical flux ratios. These varying results were quickly confirmed by Giommi et al. (1999) 

in their Sedentary sample which isolated out HBLs from RASS Bright Source Catalogue 

(BSC) for specific analysis, and also by Rector et al. (2000) using EMSS sources with ra

dio counterparts, supporting the view that perhaps only HBLs are negatively evolved, and 

are separate from LBLs. 

At odds with the negative results, the I Jy radio-selected survey sample of BL Lacs 

found mildly positive evolution (Rector and Stocke 2001; Stickel et al. 1991). However, 

Rector and Stocke (2001) also found reason to believe in a continuous movement from pos

itive to negative evolution in LBLs to HBLs. This interpretation is refuted by Fan (2003), 

due to the lack of difference in black hole masses between blazar sub-types, which would 

have indicated that different stages of the accreting black hole corresponding to different 

masses might explain the different types (Woo et al. 2005). Most recently, the DXRBS and 

Radio-Emitting X-ray (REX) samples have not shown any conclusive evolution (Padovani 

2007; Caccianiga et al. 2002). Beckmann et al. (2003) also supported an evolutionary 

sequence for BL Lacs with HBLs being most negatively evolved. However, others have 

failed to confirm the negative evolution, even for the HBL subset, using samples from these 

same surveys (Caccianiga et al. 2002; Padovani 2007). 

2However a Known selection effect may have colored tHese results and others before 1995 (see Browne-
Marcha effect, above) 
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It is important to note that later studies used a more updated BE Lac definition which 

included the higher Calcium break contrast, and that in general, as the flux limit increases, 

negative evolution becomes less and less evident, because the Euclidean part of the Iog(N)-

Iog(S) is sampled. There is far from a consensus on the issue of BL Lac evolution, and this 

coupled with the uncertainty over the distribution of spectral type, is a core issue to be 

resolved before the unification of the blazar class can be accomplished. 

1.3.3 Unification and Evolution 

Several of the physical unification schemes reviewed incorporate evolution into their pre

dicted results. The unification scheme of Cavaliere and D'EIia (2002) attributes the lack 

of a strong positive evolution in BL Lacs (as opposed to FSRQ and other quasars) to their 

slow luminosity evolution, a consequence of the low accretion rate previously invoked to 

also explain the unusual optical signatures. Also, they propose a link between FSRQ and 

BL Lacs in that FSRQ, after burning at a large accretion rate, switch over to a slower BL 

lac "mode" thus explaining the negative evolution of BL Lacs, and positive evolution of 

FSRQ. The low accretion rate for BL Lacs also implies that they have lifetimes of several 

gigayears, which alone would produce a fairly neutral evolutionary measure. They predict 

a Ve/Va —0.5 for BL Lacs due to the flattening of the luminosity function from FSRQ to 

BL Lac transitions. This picture is marginally consistent with FR-I and FR-II parent popu

lation theory, because the power of FR galaxies has been linked to low and high values of 

accretion rate. 

A similar argument by Bottcher and Dermer (2002) sought to explain the blazar se

quence by a reduction in the black hole accretion power with time. As the gas and dust 

surrounding a BH are depleted, there is less to scatter accretion disk radiation. An evolu

tionary sequence from FSRQ to LBL to HBL results from a one-parameter model defined 

by the optical depth of the circumnuclear matter. This links radio-loud AGN with pro

genitor merger galaxies and quasars with high Eddington rates. These physical models of 

blazars attempt to explain inconclusive evolution results. 

1.4 Spectral Energy Distributions of BL Lacs 

The standard interpretation of the non-thermal emission of blazars is synchrotron and 

Compton emission from a collimated relativistic plasma jet (Blandford and Rees 1992). 

The spectral energy distribution (SED) is plotted in v - log vFv space, as this allows for 

easy comparison of power production across decades of energy (i.e., in this representa

tion, area is proportional to energy output). In such a diagram (Figure 1.5), the blazar 
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class exhibits the signature two-Hump appearance. In Keeping witH the standard model 

interpretation, the first Hump is always attributed to synchrotron emission from relativistic 

electrons in the jet, but the second component wHich extends to GeV and TeV in energy 

and could be either SSC (synchrotron self-Compton) or EC (external Compton). There is 

evidence for both based on variability studies. Multi-epoch observations of the SED of 

the famous 3C 279 shows correlated variability at infrared and GeV energies, supporting 

IC models where the same population of electrons is responsible for the emission. The 

object known as Markarian 501 also shows a correlation between X-ray and TeV ener

gies. However, several counterexamples are known where x-ray flares (for example) were 

not correlated with a change in optical luminosity, and vice-versa (Sambruna 2007), and 

variability studies are an active part of AGN research. 

I.4.I X-ray Spectral Modeling of BL Lac Objects 

Detailed observations of individual bright BE Eac sources, such as Markarian 421, show 

these objects to Have remarkably curved and extremely variable x-ray spectra (Fossati et al. 

2000; Massaro et al. 2004). In terms of the standard model, the synchrotron component 

of the typical BL Lac SED dominates most of the observable spectrum, and the peak in 

synchrotron energy can vary from IR to hard x-ray energies. The spectral range covered by 

x-ray observations (typically a few to tens of keV) is thus high enough in energy to include 

a significant portion of the Compton component for BL Lacs with lower peaks (LBLs), 

but this is not the case for those with higher energy peaks, which show consistent concave 

curvature in x-ray (Fossati et al. 1998). 

Past studies of BL Lac evolution Have used a power-law to describe tHe x-ray spectrum 

(Giommi et al. 1999; Bade et al. 1998; Stickel et al. 1991; Rector et al. 2000). The 

power law model leads to simple analytical forms for evolution and flux measurements, but 

there is some doubt that the SED of BL Lacs can be modeled this way, even over narrow 

frequency ranges, due to the possibility of extreme curvature. As noted by Bade et al. 

(1998) it is not clear that the power law can be extrapolated as far as it would be needed 

to cover the typical soft x-ray band. In studies of BL Lacs where more detailed spectral 

information is available, some type of curved model is almost always used, and provides 

a statistically significant better fit (Fossati et al. 2000; Giommi et al. 2002; Massaro et al. 

2004; Massaro et al. 2004; Perlman et al. 2005; Nieppola et al. 2006). For instance, 

Giommi et al. (2002) claim that a logarithmic parabola model, which can describe the 

spectral curvature of blazars in a very wide energy band with only three parameters, fits 

better than other models. The spectra of sources in broad surveys used to compile large 

samples of BL Lacs are often limited in spectroscopic detail, but it is possible that curved 



1.4. SPECTRAL ENERGY DISTRIBUTIONS OF BE LACS 18 

spectral models are better tfian a power law in these cases as well. 

1.4.2 Effect of Curvature on Evolution Measures 

Hypothesis 

Because the curvature of the spectrum affects the computed maximum redshift, a SED that 

is actually steeper than it is modeled will have a lower maximum redshift than is calculated 

thus skewing the ratio ofV/Vufor that source to lower values. 

The central question is How much uncertainty in tfie (V/VM) measure can be attributed 

to using a power-law model for an intrinsically curved spectra, and further, Row much 

additional error is added in using an average power-law index for a source instead of an 

index matched to hardness ratio. 

A physical understanding of AGN will undoubtedly rest on a physical paradigm that 

unifies all the disparate classes hedged under that name. While radiative models and de

tailed observations will continue to drive at the problem, the current problem of blazar 

unification, and specifically, BL Lac evolution needs clarification. It is very likely that the 

extreme and unique spectral curvature of blazar objects has an impact on modeling efforts 

and measured evolution. 

In the next chapter, I discuss motivations for carefully considering this spectral curva

ture, and examine the appropriateness of the power law model in general. Chapter 3 will 

focus on the sample of 150 HBL Lacs known as the Sedentary Survey. I will review the 

ROSAT BSC data and the work done in the Sedentary Survey, and reintroduce the curved 

models and their appropriateness for the HBL class. I re-examine the Sedentary Survey 

sample, both separately from and together with the problems of intrinsic spectral curva

ture. In Chapter 4 I discuss the results of parameterizing evolution and the effect on the 

Sedentary Survey luminosity function. Chapter 5 contains a summary of work and impli

cations for the broader work on blazar unification. 



CHAPTER 2 

ANALYSIS OF THE GENERAL 

EFFECTS OF SPECTRAL 

CURVATURE ON (V/VM) 

Simulated spectral energy distributions (i.e., analytic forms for modeling a SED) with in

trinsic curvature are employed to test the Hypothesis that ignoring intrinsic spectral curva

ture in performing a (V/VM) analysis will bias the result toward negative evolution. These 

idealized curved SEDs form the basis for simulating the spectra of an observed object, and 

must first be folded through instrument response and absorption functions. By setting the 

normalization of the synthetic source to a value which yields a (V/VM) = 0.5 only if the 

curvature is taken into account (since the exact functional form of the SED is known, by 

design), a significant bias can be found if the procedure calculating (V/VM) uses a power 

law and the result varies significantly from 0.5. 
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Effects of Absorption ana Instrument Response on SEDs 
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Figcire 2.1: The effects of instrument response function and heavy absorption by galactic rm on an idealized SED. Panel 
(a) shows a Cog-Parabolic carved spectrum (arbitrary normalization) with a power law with index determined by hardness 
ratio of the carved soarce. In panel (b), The effects of moderate (njj = 4e20) Galactic absorption are shown. In panel (c), 
the effects of instrument response weighting are shown. In (d), the effects shown in both (b) and (c) are combined. 

2.1 Methods 

2.I.I X-ray Spectra 

As BE Eac spectra are Known to be particularly curved in the x-ray band, trie analysis 

is conducted assuming data from a typical instrument used in surveying tfie soft x-ray, 

namely, tfie ROSAT PSPC (Roentgen Satellite Position Sensitive Proportional counter, 

Briel et al. 1988). Tfie motivation for tfiis choice over otfier detectors is tfiat tfie metfiods 

developed in this section will be applied to a real sample observed by ROSAT in the next. 

The ROSAT PSPC has an observational window of 0.1—2.4 keV (soft x-ray) with moderate 

energy resolution, and an angular resolution of about 20". A typical "raw" spectra, consist

ing of photon counts in different energy bins must be processed by tfie usual procedures 

of background subtraction to remove noise and folding through the instrument response 

function to account for the device being more sensitive in some frequencies than others. 

Tfie form of the instrument response is highly dependent on energy, and is expressed in 

units of cm2, and is also known as the effective area of the instrument. 

Depending on the direction to a given extra-galactic source, intervening hydrogen 

clouds and other absorbers can significantly redden the observed spectra. Extensive maps 
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Hardness Ratio vs resulting Photon Index (r) 
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Figure 2.2: Tni j i ana TBR2 for 3 representative n-n values typical for high Galactic latitudes: none ( n j = 0.0), moderate 
(na = Ie20), and high (nH = 4e20). r is defined as the spectral index for flux in photons s _ I cm - 2 , N7 oc E _ r . 

of Hydrogen in our galaxy have been made (Dickey and Lockman 1990), with the absorp

tion column density n# measured in units cm -2 . As the absorption below E = 0.5 keV 

can be quite severe for high n-R, accounting for this effect is a crucial step in calculating the 

true broad-band flux from a source. All analysis in this work uses the energy-dependent 

cross-section cr(E) from Morrison and McCammon (1983), which together with the spe

cific njj value forms the extinction coefficient r = a(E)njj. A demonstration of the effects 

of instrument response and absorption on a curved and power-law SED is shown in Figure 

2.1. 

For short exposure times (typical of an all-sky survey), a well-sampled energy spectrum 

for a source is not generally available. The principle quantities of interest for character

izing the spectra (as generally available in catalogs), are the total count rate of photons 

and hardness ratios I and 2 (HRI and HR2). The hardness ratios each are taken using a 

'hard' and 'soft' band, such that the ratio is (ctShard—ctssoft)/(ctShaTd+ctssoft). For HRI, 

these bands are 0.5—2.0 keV and 0.1—0.4 keV, respectively. HR2 is actually completely 

contained within the hard band of HRI, using 0.9—2.0 keV and 0.5—0.9 keV, respectively. 

The hardness ratio is defined so that values range from —I to I, with a high hardness ra

tio indicating a spectrum dominated by higher-energy photons ("hard" spectrum), while a 

negative or lower number indicates the opposite ("soft"). The absorption in the lower range 

of the 0.1—2.4 keV band can make the spectra appear harder than they actually are. Cor-
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rectly accounting for the njj along trie line of sight for an object can substantially change 

the deduced energy distribution for the source. 

The hardness ratios provide a means of fitting the shape parameters of an adopted model 

for the source, as the ratio represents the relative change in the SED over the observational 

window, and is independent of normalization. Typical surveys provide the best-fit spectral 

index for a power-law for an object, along with the hardness ratio and absorption column 

value. For a given amount of nH , the spectral index is a monotonic function of hardness 

ratio, as shown in Figure 2.2 

2.1.2 Modeling 

Four spectral forms for the underlying curvature are used in the qualitative analysis, in 

comparison to a power-law model (2.4) with index fixed to a typical value for HBLs (T = 

2.1, Giommi et al. 1999). The functional forms of the models are: 

-(a+bZog(^-)) 

*\og = K I - = - 1 " (2.1) 
\&ref J 

Fexp = K ( — J exp{-—) (2.2) 

FCC = K(^) 0 + ( ^ l > (2-3) 

These are the log-parabolic model (2.1), power law with exponential cut-off (2.2), con

tinuous curvature model (2.3), and plain power law (2.4). All are shown in Figure 2.3, in 

a broad-band plot to show long-range behavior. The parameter EVe/ for (2.1) and (2.4) 

is the reference energy for the normalization constant K, which is expressed in units of 

photons s"1 cm - 2 keV -1 (i.e., these are equations of photon flux). For (2.1) the parameter 

a determines the slope around ~ETef and b is the curvature-producing parameter, since as b 

goes to zero (2.1) approaches the plain power law. For (2.2) the quantity ~EC is the cut-off 

energy. The model looks like a plain power law at lower energies but as ~Ec is approached 

it falls off rapidly. Equation (2.3) represents two slightly different models. The parameter 

/ is usually set equal to either I or 2, with the latter value producing a steeper curvature 

for the same values of a and b. Both cases are tested. The quantity ~EB is the break energy 

similar to that of the exponential cutoff, but less severe. Equation (2.4) is the plain power 
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The Corves' SED models in comparison to Power Caw 
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Figcire 2.3: The Carved Models are given by solid colored lines. The point spectrum is of a representative BC Cac object, 
arbitrarily normalized. The dashed window gives the span of the ROSAT soft x-ray band. 

law and is given for comparison. Unlike the curved models, the only free parameter is T, 

which is completely constrained from HR1 and n H for a given source. 

Parameter Values 

The nearby BE Eac object Markarian 421 (z = 0.031) was used to generate fits for the 

parameters of all SED models (Fossati et al. 2000; Massaro et al. 2004). Though not 

representative of all blazars, it is used to test of whether a realistic amount of curvature 

in a source will affect V/VM- Mkn 421, like the general class of BE Eacs, is a highly 

variable source. Temporally separated observations have therefore lead to slightly different 

parameterization, and averages were computed to get reasonable values. For all modeling, 

the parameters at a = 2.1, b = 0.35 for the Log-parabolic form (2.1), T — 1.75 for the 

power law with exponential cutoff (2.2), and a = 1.8, b = 2.75 for the continuously curved 

models (2.3) (values taken from Massaro et al. 2004 for the log-parabolic model, Fossati 

et al. 2000 for the continuous curvature model). 

Computing Normalizations 

The x-ray count rate for a source can be converted into a total flux over the observed 

(0.1—2.4 keV) range by normalizing a power law with K = I as shown1: 

'Tfiis procedure is shown for trie power-law case only, but extensions to other analytic forms is obvious 
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Tun-normdE = K (-p- ) • A(E, nH) • fl(E)cffi; photons s-1 (2.5) 

wliere tHe V is tHe photon index, eitfier derived or assumed, and trie functions A(E, TIB) 

and R(E) represent tHe absorption due to Galactic hydrogen along the line of sight, and 

the response function (effective area) of the PSPC counter, respectively. To find the nor

malization value, K, the count rate is divided by the integral of (2.5) from 0.1—2.4 keV. 

The total observed flux is: 

r2A / £ \ - r 
Vnorm = K - — • TJ • X • A(B, ns)dE erg s"1 cm"2 (2.6) 

J 0.1 \&ref / 

where zQ is the object redshift, dz is the luminosity distance, and X = 1.602 x I0~9 erg/keV. 

Note that the flux is not corrected for the Galactic absorption (to recover the "actual" flux 

of the object would require removal of the A(E, nji) term), or 'R-corrected' for redshift 

(which would require an additional factor of (I + z) in the energy, as well as one outside 

the integral), as would be necessary if testing for the observed flux for the same object at 

different redshifts, since K is implicitly dependent on z. Additionally, K depends on the 

njj and T, as well as actual redshift, and is not intrinsic to the source but model-dependent. 

With E the intrinsic luminosity of the source (independent of all other factors), K is: 

g = M i + »)""•> „n 
indz{z0)

2 

where we have employed the energy index a = T — I, and the actual redshift of the object 

(which must be known or assumed) is z0, with luminosity distance dz(zo). 

2.1.3 Calculating V/VM as a function of E^a^ 

Computing the factor V/VM for a single source requires a spectral model to compute the 

changing observed flux as the source is pushed back in redshift, as higher-energy portions 

of the SED are sampled with increasing z. If the intrinsic normalization of a source is 

known, the observed flux can simply be computed using Equation (2.6) or the equivalent 

for a curved model, with the energy E1 replaced with E" = E( l + z) in the function and an 

additional factor of (I + z)2 outside the integral to account for the cosmological redshift 

effect on dE and the frequency of the radiation due to time-dilation (see App.A.I for a 

fuller derivation). 
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Computing zmax 

For the simple case of a power-law, all the factors which depend on the distance of a source 

can be moved outside the integral in Equation 2.6, and calculating the flux from a source 

at an arbitrary distance (redshift) becomes elementary: 

check 
dz(zo) 1 [ I + Zc/iecfc^ 

l + Z0 
(2.8) 

.dz(Zcheck). 

where F is the calculated flux of the object from the redshift at which it is discovered, and 

Fcheck is the flux if it instead had a redshift zCheck, with corresponding luminosity distance 

di,{zcheck)- The maximum redshift zmax at which an object would still be observed in a 

sample with Known flux Iimit(s) is simply calculated by stepping through zcheck
 u n t i l the 

result of Equation (2.8) matches the flux limit. The V/VM for this test was computed 

using the condition of a limiting count rate (0.1 counts/s, as for the RASS-BSC catalog) 

converted into a flux via the model used. 

Changing Ti!peak Location 

The general parameters that determine the shape of the curved models (e.g. a, b, T) are 

fixed to Mkn 421 values for simplicity, and the only remaining parameter is the choice 

of where the peak of the energy spectrum would occur. The tested peak values ranged 

from 0.1 to 10 keV in energy. The lower range is probably the edge of the HBE zone, 

and while higher peak energies are known to occur, for these curved models such a source 

is well-approximated with a power law (with the ROSAT window being located far from 

"interesting" parts of the spectrum).The standard procedure for calculating V/VM with a 

power law requires only a count rate (to fix the normalization) and a Hardness Ratio (HRI) 

for fitting the spectral index, if necessary. The count rate and HRI are calculated using the 

absorbed, response-folded curved spectra. 

Normalization 

The normalization is fixed so that for each data point representing a combination of model 

and peak location, the V/VM resulting from applying the curved model would be exactly 

0.5 given an assumed initial redshift z0 = 0.2. From this normalization value, a count 

rate is derived and then used to normalize a power law fit to our test curved model. This 

directly tests how approximating a SED that is intrinsically curved as a power law for a 

non-evolved population will affect the calculated Ve/Va. 

We assume the cosmological values used by (Giommi et al. 1999) in this analysis: H0 

= 50, q0 = 0. 
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2.2 Results 
Evaluating Curved Sources witH a Universal Power Eaw 

THe variation in V/VM resulting from modeling with a power law (T = 2.1) a single, 

curved source taken to be located such tfiat V/VM = 0.5 (when a curved model is used) 

is shown in Figure 2.4. The surprising result is not only that the effect on the "true" 

evolution measure of V/VM = 0.5 is so dependent on energy, but that both a negative 

bias and a positive bias can be created depending on the parameters. While the variation 

does depend on the galactic nff, the effect is less than 10% for reasonable tin values and 

does not change the overall trends shown (an average value of n-n — 4 x I020 cm - 2 

was assumed). All 4 curved models behave strikingly similarly, crossing the dashed line 

at 0.5 at fairly low energy (0.2-0.3 keV). The log-parabolic model stands out due to its 

asymptotic behavior, being the only one that does not approach a power law either blue-

ward or red-ward of the observational window. Conversely, the other two models do, either 

at both ends (continuous curvature) or one (exponential cut-off) and this is manifested in 

a stabilizing of the discrepancy at the right edge. At lower energies, when the exponential 

tail of the cut-off model is sampled most strongly, the value of V/VM begins to diverge 

strongly. While the range of peak energies could be extended, the effect of pushing a 

curved model to peak in lower energies than about ~Evtak = 0.1 keV in energy causes it 

to need a normalization (corresponding, theoretically, to the intrinsic luminosity of such a 

source) so High as to be unphysical (or at least, unreasonable given maximum luminosities 

of I048 erg/s). Given evenly distributed peak values over the tested range (or one extended 

to higher energies, which is not ruled out), a slight negative bias would indeed prevail. 

Evaluating Curved Sources witH a Matching Power Law 

In Figure 2.5 is shown, for comparison, the results of the same analysis that produced 

the previous figure, except that instead of a fixed T = 2.1 index, a power law index was 

"matched" to the curve at each peak value. This requires that the HR1 value of the curved 

model, as computed after absorption and folding, be matched by the power law by stepping 

through index values to get a best fit. The results as shown below can be more easily 

interpreted by reference to Figure 2.6, which clearly shows that spectral index is a smoothly 

varying function of the peak in energy for the different curved models. For the continuous 

curvature and exponential cut-off models, there is clear asymptotic behavior as the peak 

moves to high energies, as the observational window samples the asymptotic form, red-

ward of the curving portion, corresponding to a power law with index T ~1.8. The log-

parabolic model, naturally, has a parabolic shape in log-space and thus never approaches a 
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Figcire 2.6: Photon Indices (rs) fit to carved models as a fcinction of peak energy (Epea/t). 

power law form, and in fact tHe relationsHip is strictly linear. Tfiis figure can also be used 

to estimate "goodness of fit" of a power law approximation to a curved source, by noting 

where the relationship flattens out, indicating SED has stopped appreciably curving away 

from a power law. 

In general for the matching case, we can see that the original hypothesis was upheld, 

and that fitting curved sources using a well-matched power law will always cause a depres

sion in the V/VM value. 

Discussion 

The behavior of the curves shown in Figures 2.4 and 2.5 can easily be understood after 

looking at the spectral curves in Figure 2.3, and the absorbed power law spectra. Given a 

fixed count rate, which is naturally an absorbed quantity, a steeper spectrum (i.e., a steep 

power law or a curving model) will need a higher intrinsic normalization to match this 

observation, which leads to a higher total flux. From there, it is easy to see that for fixed 

flux limits a source modeled to have a higher x-ray flux will "drop out" of the survey at 

higher redshifts, leading to a lower V/VM value. The overall shape of the curves in the 

figures depends on how much the curved or matching power law spectrum deviates from 

T I > I I I | 
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that of a T = 2.1 power law, particularly in trie mid-to-fiard part of trie band. 

These tests provide qualitative evidence tfiat intrinsic curvature, even over narrow ob

servational bands, can Save an effect on measured properties of a single source. Tfie exact 

sign of the discrepancy for a sample, However, depends on the distribution of peak energy 

values, as the bias effect is strongly dependent on this parameter. 



CHAPTER 3 

ANALYSIS OF THE SEDENTARY 

SURVEY 

Tlie Sedentary Survey sample of 150 HBEs, due to its size and x-ray selection, is a good 

candidate for testing further the hypothesis that unaccounted intrinsic spectral curvature 

might bias the evolution results for a survey. All 150 HBEs in the survey were originally 

modeled using a single T = 2.1 (photon index) power law, and the resulting analysis of 

the sample yielded a significant negative evolution result, with (Ve/Va) = 0.42 E 0.02 

(Giommi et al. 1999). 

3.1 The Sedentary Survey 

3.I.I Tfie ROSAT BrigHt Source Catalogue 

One of the primary missions of the ROSAT satellite, launched in June 1990, was to produce 

an all-sky map in the soft x-ray (0.1—2.4 keV; 100—5 A) and extreme ultraviolet bands. 

Tlie soft x-ray coverage was produced with the Position Sensitive Proportional Counter 

(PSPC) imaging camera by scanning the sky in great circles roughly perpendicular to the 

ecliptic. The total sky exposure time was 119.36 days, but due to the survey scan mode 

and observational constraints the exposure time is not evenly distributed, and is generally 

longer near the ecliptic poles and lowest at the equator. The average time of exposure is 
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around 400 seconds. 

The RASS Bright Source Catalogue (RASS-BSC) (Voges et al. 1999) is a sub-sample 

of the second processing of the ROSAT All-Sky Survey (RASS-II) of sources with detec

tion Likelihoods (L) > 15 (the RASS-II includes sources down to L=7), comprising 18,8II 

sources. The likelihood value for each source is generated during the processing, which 

includes a local-detect algorithm using a sliding window technique (Voges et al. 1999). A 

quick analysis of the source count statistics in the RBSC with L = 15 reveals this limit to 

be roughly equivalent to a 3.5 a detection. 

3.1.2 Producing tfie Sedentary Survey 

Giommi et al. (1999) have assembled the Sedentary Survey of HBL Lacs (so called because 

it avoided initial time-consuming optical observations) by correlating the RASS-BSC with 

the NRAO VLA Sky Survey (NVSS) catalog (Condon et al. 1998) of radio sources and 

obtaining optical magnitudes from available catalogs (APM and Cosmos online services, 

Yentis et al. 1992; Irwin et al. 1994). All Blazars emit from the radio through X-ray, 

but the HBLs, both radio loud and having a relatively flat spectrum from optical to x-ray, 

occupy a unique position in the multi-frequency parameter space (as defined by broad

band effective spectral indices aro and aox, defined between the rest-frame frequency in 

the radio of 5 GHz, the optical wavelength 5000 A, and x-ray energy I keV). Since no other 

objects occupy the same parameter space, HBLs may be selected out of the correlated list 

based on criteria isolating this portion of the parameter space, without need for optical 

verification beyond magnitude estimate. The exact selection criteria are: 

(i) folfR > 3 x 10-10 erg cm"2 s~l iy~l 

(ii) IR > 3.5 mJy at 1.4 GHz 

(iii) aro > 0.2 

(iv) V < 21 

(v) RASS-BSC count rate > 0.1 cts/s 

(vi) \b\ > 20° 

Criterion (i) is calculated with / x in the 0.1—2.4 keV band, and with (ii), (iii) and 

(iv) ensure that only HBL BL Lacs are selected by isolating the HBL "zone" of parameter 

space. Criterion (v) is approximately equivalent to a 2 x 10 - 1 3 flux limit in x-ray, although 

the survey is not complete in the x-ray (meaning a few sources brighter than this and than 
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3.5 mJy in radio, but Having a ratio less than required by (i) will be excluded). Criteria 

(v) ensures that trie sky coverage of tHe RBSC (92%) can be utilized, while (vi) simply 

eliminates contamination from the Galactic disk. Application of these criteria to the sev

eral hundred candidate sources from the RASS/NVSS cross-correlation result in the final 

catalog of 150 HBLs. 

3.1.3 Appropriateness of Curved Fitting 

Before applying the methods of the previous section to the Sedentary sample, it is in

structive to examine the information on the spectral curvature contained in the RASS-BSC 

images of the objects, in the form of HRI and HR2. HR can be calculated from an ide

alized spectrum by normalizing a power-law model to match the source counts, applying 

absorption according to the n H value, and binning the counts as needed for Equation 3.1 

or 3.2. 

Tj r j j _ CtSo.5-2.0keV ~ CtSp.i-o.4keV .,, <s 

CtSo.5-2.OkeV + CtSo.l-OAkeV 

u n o _ CtSQ.g-2.0keV ~ CtSQ.5-Q.gkeV ,~ ~\ 

CtSo.9-2.0feeV + c£So.5-0.9fceV 

The best-fit x-ray spectral index (T) of each object in the survey is determined itera-

tively to match the hardness ratio observed. In this case HRI is used, because it utilizes the 

whole band and has the most information on the slope of the SED over the observational 

range. HR2 can also be useful because of the extreme nature of soft x-ray absorption. 

The relationship between hardness ratios and photon index depends on the Galactic njj, as 

shown in Figure 2.2. Figure 3.1 shows histograms of HRI, HR2 and the derived T for the 

Sedentary Survey objects. 

Because HR2 is defined entirely within the hard band of HRI, it does not provide 

entirely independent information. Nevertheless, it does present a finer scale on which to 

measure the curvature. If the spectra are curved, the photon indices inferred from HRI and 

HR2 will not match, and the value of HR2 predicted using the HRI index (rHRi) will differ 

from the observed one. The degree and sign of the difference should give information about 

the change in slope across the ROSAT band: a positive difference between the observed 

value and the calculated one would indicate a flattening of slope over the higher energy 

parts of the spectrum, and a negative difference would indicate a steepening. In the ideal 

case of an actual power-law spectrum, there would be zero difference in HRI and HR2 

(after accounting for absorption). 

http://CtSp.i-o.4keV
http://CtSo.5-2.OkeV
http://CtSQ.g-2.0keV
http://CtSQ.5-Q.gkeV
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HR1 and derived T for the Sedentary Survey Sources 
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Figure 3.1: Hardness Ratios ana Derived r s for Sedentary Scirvey. Upper panel gives trie distribution of HR1 and HR2. 
Note that HR2 is on average slightly softer (more negative) dcie to the slightly different sizes of hard and soft bands. Cower 
panel gives the matching distribution of photon indices. 

In Figure 3.2, two different scenarios are sfiown. In botH panels the difference in cal

culated and observed HRI and HR2 vs trie observed values are displayed. Thus, negative 

virtues indicate that the calculated value is lower tfian tHe observed by the amount shown. 

For window (a), only a F of 2.1 was used, consistent with the methods of the Sedentary 

analysis. For window (b), the index was allowed to vary with each source ("matching" 

power law). 

In (a), the difference in HR2 (HR2 calculated with THKI minus observed HR2) in

creases as HR2 observed becomes larger. Since a larger value of hardness ratio indicates 

more positive slope (lower F, more hard counts than soft), the fairly steep slope being as

sumed leads to a greater and greater difference in HR2. The discrepancy in HRI is evenly 

distributed around 0, as would be expected if the distribution of fitted F is fairly uniform 

around 2.1. In (b), we see from the HR2 discrepancy that the curvature does not always 

increase toward the end of the spectrum, as many values are positive. A positive difference 

would imply upward concavity and could also be an artifact of low statistics or absorp

tion (e.g. an additional absorber intrinsic to the source). A positive value could indicate 

a late-peaking SED (at the end of or beyond the ROSAT soft band) or more complicated 

SED structure possibly resulting from contribution from the inverse Compton component. 

In any case, the non-zero differences between our observed HR2 and that calculated with a 

single power law clearly support the theory of underlying curvature for these sources. The 
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Figure 3.2: Hardness Ratio differences from single power law for Sedentary survey sources. Panel (a) employs only a single 
r = 2.1 power law and individually meascired t i s and shows the difference between predicted and observed Hardness 
Ratios. Panel (b) employs the matching spectral index of each object based on HR1 and n j j - The difference is zero for 
HR1 by design, while the difference of prediction and measurement for HR2 appears randomly distributed. 

next step is to investigate the effects of modeling curved spectra as power laws for a large 

sample of BL Lacs. 

3.2 Methods 

3.2.1 Models and Fitting 

In addition to a plain power law, four models were tested to show qualitatively How the 

assumed shape of the SED affects the Ve/Va test1. Normalization (determination of K) was 

explained in section 2.3. The four models presented in section 2.1.2 are used, reprinted 

here for reference: 

'Flog — K 

" exp — •*» 

Ere / 

-(a+bZog(^-)) 
ref 

exp{-—) 

(3.3) 

(3.4) 

'in this chapter, the representation Ve/Va is used in place of V/Vu due to the complicated survey limits 
of the Sedentary Survey (see Avni and Bahcall 1980). 
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T*-K{i;Y <36) 

These are tHe log-parabolic model (3.3), power law with exponential cut-off (3.4), con

tinuous curvature model (3.5), and plain power law (3.6). Parameters EVe/. a, b, ~Ec, f, 

~EB, and F, are defined previously. As before, these are fixed so that only the location of 

the peak in (synchrotron) energy free to vary. (See App. A.2.) 

The Sedentary Survey BL Lacs are fitted to the above curved models, and the (Ve/Va) 

is computed from Equation 3.7. As before, a caveat is that these sources do not likely all 

have the same spectral shape, and if all the parameters of the curved models are free, the 

SED is very under-constrained. However, it is not the intention of this study to necessarily 

derive the Ve/Va but instead to demonstrate the cumulative effect of assuming moder

ately curved spectra is significantly different from the power law assumption, and also to 

differentiate between the models presented. 

THe procedure for the multi-source analysis is a simple extension of the tools used for 

single sources in Chapter 2. Each Sedentary source has a measured count-rate, which fixes 

the normalization, and two hardness ratios. Since HRI uses the most broad-band infor

mation, we chose to use it to fit the peak location. While peak location cannot guarantee 

a perfect HRI match, the curved models can reproduce the HRI to less than 1% error in 

95% of the sources, and for no source is the error more than 10%. The peak location is 

determined individually for each source, constrained only by HRI and the nn measured. 

The process of finding a zmax, and thus Ve/Va from fluxes and the flux limit mapping, is 

as described in section 2.4 and the Appendices. 

3.2.2 Computing (Ve/Va) 

The calculated value of (Ve/Va) for a source depends greatly on the model employed for 

the spectrum and any simplifying assumptions in the treatment of the selection. Giommi 

et al. (1999) assume that the x-ray spectrum of all HBE sources can be approximated with 

a power law with a photon index T - 2.1. The critical flux (value at which a source is so far 

away as to no longer be detected) is not a single value, as it varies by location in the sky due 

to the non-uniform distribution of Galactic hydrogen on which observed flux is dependent. 

The different flux limits produce different values of zmax (the higher the limiting flux, the 

lower the maximum redshift). 

To correct for selection bias due to the fact that some parts of the sky are probed more 
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Figure 3.3: Histogram of Sky Coverage (limiting flux) for the Sedentary Survey, computed using a r = 2.1 power law, as 
described in (Giommi et al. 1999). 

deeply than others, a maximum redshift is computed for a Histogram of flux values over the 

sky, and a weighted sum (by area covered by each flux value) composes the final (Ve/Va)i 

for a source. While the histogram of sky coverage can be computed using any reasonable 

number of divisions in flux, Giommi et al. (1999) choose to use a seven-step histogram2 

(solid line in 3.3). 

The method of calculating Ve/Va individually is summarized in Equation 3.7. 

Ve/Va = 
Z)I=i Vol(min(z0, zmax^, H0, gQ) * areaj 

121=1 Vol{min(zr, zmax,i), if0,9o) * area* 
(3.7) 

The VolQ function refers to the volume enclosed by integrating a co-moving volume ele

ment from the present to a given redshift and depends explicitly on cosmological parame

ters. For an empty universe model, the function is analytic, though this is not necessarily 

so for other values (Hogg 1999). 

Although consistent with what has been done in previous study, there is an obvious 

2In analyzing the (Ve/Va) results of the Sedentary Survey analysis, it was noted that the procedure 
described in the first paper (Giommi et al. 1999) does not produce the values for integrated flux or individual 
V S/Va as given in that paper. The integrated flux of each object was claimed to be derived using a photon 
index T = 2.1 power law, corrected for Galactic absorption. However, the values listed do not match those 
calculated with the HEASARC tool PIMMS, or our own calculations. The reason for the discrepancy has not 
been determined, but the net effect is that the average flux has been over-estimated in Giommi et al. (2005) 
by about 20%. This discrepancy extends to the sKy coverage calculated and shown in Figure 3.3. However, 
the effect generally cancels out since it affects both calculated fluxes and the flux limit simultaneously. 
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Table 3.1. n g and Representative Area 

n H (I020 cm"2) Area (deg2) 

1.66 3288 
2.30 6576 
3.33 9865 
4.25 I3I50 
5.29 16440 
7.01 19730 

21.16 23020 

inconsistency in using tHe T = 2.1 derived flux limit map for curved and matching power 

law models. THougfi the flux limit histogram is representative of the changing flux limits 

across the ROSAT sky for a T = 2.1 power law, it is not a physically meaningful repre

sentation for the curved and matching power law models. Flux limits are dependent on 

model, the amount of Galactic hydrogen, and the count rate limit (in this case always taken 

to be 0.1 cts/s, in keeping with condition (v)). Given the same sky coverage in njj, these 

alternate models will always have different flux limits. Two alternatives are considered for 

calculating the flux limits for the re-analysis: 

1. Calculate a flux limit for each source using the individually parameterized models 

(by TSpeak), normalized to the completeness limit count rate of 0.1 cts/s, with known 

absorption column % . 

2. Use the representative histogram of njj values for the the sky covered by the Seden

tary Survey, as was used to generate the histogram of fluxes via T = 2.1 power law 

used in the first set of results (Table 3.1). This is an equivalent weighting as was 

done in the original paper using T — 2.1 for all cases, but now adjusted for different 

models. 

The first alternative is simple and intuitive, but does not account for the small numbers in 

the survey as the weighted histogram does. Both methods were tested. 

Since this is effectively a radio (and not x-ray) flux limited survey (due to condition (ii) 

in Section 3.1.2) any zmax from the x-ray flux limits in the weighted sum which exceeds 

the zmax calculated from the radio flux limits (3.5 mJy), assuming a power law with energy 

index ar = 0.2, is replaced with the latter value. 
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Table 3.2. (Ve/Va) for Sedentary Sources, using T = 2.1 flux histogram 

trial Eog-Para PL + Exp CCI CC2 Matched T T = 2.1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

avg 

clean 

0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.44 
0.45 
0.45 
0.45 
0.45 

0.44 

0.45 
0.44 
0.44 
0.44 
0.44 
0.45 
0.44 
0.44 
0.45 
0.44 
0.44 

0.44 

0.44 
0.45 
0.45 
0.45 
0.45 
0.45 
0.44 
0.45 
0.45 
0.45 
0.45 

0.44 

0.44 
0.44 
0.44 
0.44 
0.44 
0.44 
0.44 
0.44 
0.45 
0.44 
0.44 

0.44 

0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.44 
0.43 
0.43 

0.43 

0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.44 
0.45 
0.45 
0.45 
0.45 

0.44 

Table 3.3. (Ve/Vg) for Sedentary Sources, using tin histogram 

trial Log-Para PL + Exp CCI CC2 Matched T 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

avg 

clean 

0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.43 
0.42 
0.42 
0.42 
0.42 

0.42 

0.43 
0.43 
0.42 
0.43 
0.43 
0.42 
0.43 
0.42 
0.42 
0.43 
0.43 

0.42 

0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.43 
0.42 
0.42 
0.42 
0.42 

0.42 

0.42 
0.43 
0.42 
0.42 
0.42 
0.42 
0.43 
0.42 
0.42 
0.43 
0.42 

0.42 

0.42 
0.43 
0.42 
0.43 
0.43 
0.42 
0.43 
0.42 
0.42 
0.43 
0.43 

0.42 

0.42 
0.42 
0.42 
0.42 
0.42 
0.42 
0.43 
0.42 
0.42 
0.42 
0.42 

0.42 
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3.3 Results 

Table 3.2 sfiows ten sets of values of(Ve/Va) for the Sedentary Survey, each produced by 

randomly drawing the count rate and hardness ratios for a source from a normal distribution 

having the error and mean given for each source in the RBSC catalogue. This set of results 

is slightly higher than the average given in Giommi et al. (1999) due to the slightly differing 

flux limits and unabsorbed flux values. 

The results of the two alternate methods for flux limits are nearly identical (< 1% 

difference), so only the results from using an n-g histogram are given in Table 3.3. The 

most obvious change is that overall the average values are quite near to the values quoted 

in Giommi et al. (1999), of (Ve/Va) = 0.42 E 0.02. Secondly, the curved and matching 

power law models do not produce significantly higher values of {Ve/Va) as was first pos

tulated, though this is completely in agreement with Section 2.2. The first effect can thus 

be attributed to the T = 2.1 flux limit histogram not being appropriate for use on power 

law models with V ^ 2.1. The second effect was initially surprising, but can be understood 

by considering How the normalizations are calculated, and the high degree of absorption in 

the soft x-ray. 

3.4 Discussion 

Because the RBSC count rates are absorbed, a steeper power law (or curved model) will 

require a higher initial normalization to produce the same count rate after absorption, due 

to the deficit in Harder photons which are not affected by absorption, and make up most 

of the counts received. A higher normalization leads to a higher initial unabsorbed flux. 

Comparing two identical power laws, with one having a higher initial flux than the other, 

it is obvious that against the same flux limit, the higher flux source will be detectable at 

greater distance, thus Having a greater zmax. By design, we have tested curved models 

which will exhibit this comparative lack of hard photons, as well as matching power laws, 

which on average have a slightly steeper value than T = 2.1 for the Sedentary sample. 

3.4.1 Conflicting Results 

It has been shown that (Ve/Va) measurements for the Sedentary sample are not biased 

toward a negative result from the use of a universal power law which Had been shown in a 

simple analysis (Chapter 2) to cause just such a bias . The results shown in Figure 2.4 and 

Figure 2.5, indicate that V/VM will (nearly) always be systematically low for a power-law 

approximation to a naturally curved source. However, the values in Table 3.4 (here shown 



3,4. DISCUSSION 40 

Table 3.4. (Ve/Va) for Sedentary Survey 

Log-Para PL + Exp CCI CC2 Matched T T = 2.1 

0.440 0.439 0.441 0.438 0.427 0.443 

with an extra significant digit for purposes of distinguished subtle differences in the curved 

models) were found by re-analyzing the Sedentary sources using the curved models, and it 

is clear that the curved models do not make a significant difference in the final value. 

Interestingly, we can predict the progression shown in Table 3.4: 

C.C. (f=l) > Eog-para. > PE + exp. cut-off > C.C. (f=2) > matching PL 

from the order in which the curves in Figure 2.4 cross the V/VM = 0.5 dashed line from 

left to right. Note that the original hypotheses does Hold when comparing a matching 

power law to a curved model. The question clearly raised is why the hypothesis does not 

hold for the universal power law case as well, and the answer can be found in the carefully 

analyzing further the results of Chapter 2. 

3.4.2 Tfie Epeak Effect 

The part of Figure 2.4 that shows V/VM above 0.5 for the 2.1 power law (recalling that 

the power law approximations are to curved sources with V/VM = 0.5 by design) is the 

key to the results for the sedentary survey.. This region only spans 'Epeak values less than 

about 0.35 keV, and leads to the argument that the TJpeak location is the main reason for 

the discrepancy, leaving why low T$peak causes the non-intuitive (V/VM > 0-5) result for 

further analysis. 

The distribution of 15peak for the Sedentary Sources is shown in Figure 3.4. The Epeak 

value was found by minimizing the difference between the observed and calculated hard

ness ratio for a given source. Since clearly JHpeak will Have a strong effect on Hardness 

ratio, this allows for very narrow determination of ~Epeak f° r the model assumed. From the 

histograms shown, we can see immediately that for at least 3 of the 4 models, there is a 

tendency for piling up at the low end of the distribution. If sources tend to be on the high 

part of Figure 2.4, it is easier to see How the curved models could actually give a lower 

V/VM for these source. However, there is no clear correlation between Ve/Va and TJpeak 

when these values for all 150 objects in the sedentary survey are plotted against each other 

(figure 3.5), because each source has different values of z, XI-R and measured count rate 

which shifts the relationship around. 

The multiplicity of parameters (ZQ, % , count rate, hardness ratios) which influence 

V,,/Va is the reason Ve/Va plotted against any single parameter looks like a scatter plot, as 
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Histograms of Energy Peak" Cocalions for the SeSenlary Scirvey 
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Figure 3.4: Histogram of Bpeo* values for all 150 Sedentary survey objects on the allowed range 0.1 -10.0 keV. ~Eveak 

(i.e., peak energy location) is determined exclusively from hardness ratio, as all scale parameters of the SED models are 
fixed. A low Epeafc generally correlates to a lower hardness ratio, while high Epeak corresponds to the opposite. 
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V/VM for Sedentary Survey vs z, c t ra te , HR1, and nH 
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Figure 3.6: These figures show trie lack of obvious correlation between <Ve/a) and! other values of interest for indiviaual 
objects in the Sedentary Survey. Panel (a) compares with reashift, (b) with coanf rate, (c) with hardness ratio (HR1), ana 
(d) with log of the Galactic Hydrogen column, n H • 

shown in Figure 3.6. The influence and range of tfie other parameters clouds the correla

tion. While it could be interesting to plot only a range of ZO,TIB, and count rate values in 

a single plot, 150 sources is too few to accomplish this. However it is still clear that many 

sources are in that range of E'peafc that for each individual, fixed-parameter, V/VM vs ^Epeak 

plot we could create, where a higher V/VM would be observed. 

3.4.3 The V/VM VS £peafc relationship 

Unabsorbed Flux Difference ( 5 F 

The hypothesis was based on the "early" deficit of hard counts on a curved spectrum source 

that would seem to cause the source to "drop out" sooner as harder bands come into view 

of the detector via redshifting. However, this does not take into account the effects of 

Galactic Hydrogen (n^), which can decimate the photon counts from 0.1 up to around 0.4 

keV. The effect varies with njj (which ranges in value all over the sky, but is significant 

in most of the sources in the survey). In the extreme case a high njj will give no counts 

in this range, yielding HR1 = 1 (this appears to have occurred for at least 5 sources in 

the sedentary survey). The effect of absorption is that for a curved spectrum with a low 

^Epeak (maximizing the deficit of hard counts), and a significant n# value, (decreasing the 

photon counts in the soft band), a relatively high normalization must be assumed to yield 
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the measured number of counts, compared witH a power law or any model lacking tfie 

hard-count deficit. This normalization directly affects the measured (unabsorbed) flux and 

luminosity of a source. 

The important relationship is that a lower ^Epeak will give a higher unabsorbed x-ray 

flux (relative to the power law), and this relationship is clear in Figure 3.7. The dotted 

lines in this figure clearly show that 7S(FXiCurve(i FXir=2.i) is highest at low ~Epeaki i-e-> 

curved models will get significantly higher fluxes there. Note that the difference in flux 

is on the order of the observed fluxes themselves. It is not a coincidence that the dashed 

lines in Figure 3.7 follow the same relationship as the V/VM plot in Figure 2.4. The values 

become negative past an ~Epeak around 0.35 keV, and this supports the observation that as 

the curved model peak moves up in energy, the bulk of the counts that were being absorbed 

will move "out of the way" of the absorption-induced deficit and will show more strongly 

in the harder counts. The flattening occurs because the ~Epeak ranges all the way up to 10.0 

keV, well outside the observational window, so a good portion of the unnormalized counts 

will be outside the observational window and for all models except log-parabolic, as the 

asymptotic power-law behavior takes over. (Recall that the T = 2.1 unabsorbed flux is 

constant). As with the V/VM curves in Figure 2.4 the asymptotic nature (to a power law) 

of the curved models (except log-parabolic) causes the flattening. 

The matching power-law models show a different result (solid lines in Figure 3.7), 

because at low ~Epeak, the power law has the higher normalization, contrary to what occurs 

for the universal power law case. The behavior of the curved models (except log-parabolic), 

with SF values going to zero, is obviously a result of the asymptotic behavior. These will 

more closely be matched with a power law as the observational window is shifted out to the 

soft -side power-law tail. However, at the low TZpeak side, the dramatic fall of the power-law 

+ exponential cut-off model is clearly the result of the power-law failing to approximate the 

steep curvature. This is also tfie case for the always curving log-parabolic model. For the 

continuous curvature models (red and magenta), if the sources were given even lower ~Epeak 

values (and therefore unrealistic luminosities), the curves of ZXF would return to zero, as 

these models have asymptotic power laws both lower and higher in energy from the peak. 

Relating 5 F to V/VM 

Low Epeafc will tend to give a high SF for the universal power law (r = 2.1) case, but 

how the corrected (unabsorbed) flux difference translates into differences in V/VM must 

be examined, in light of tfie remaining difference in spectral shape which should also have 

influence. However, as will be shown, the spectral shape appears not to matter beyond 

producing the initial flux difference ZXF. It is clear that the higher the assumed intrinsic 
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Difference in Onabsorbea' Flax between Carved and Power Caw models 
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Figure 3.7: Trie difference in corrected flax (directly related to the normalization) for each point in Figures 2.4 and 2.5. 
For each Epeafc value, with T»H, ZO, constant and count rate determined by the normalization such that V/VM = 0.5, the 
corrected (unabsorbed) flux is shown for all approximations to the curved model. The dashed line shows the approximation 
using only a r-2.1 power law, while the solid line shows the approximation with a hardness-ratio matching power law. Note 
that the matching always underestimates vy V M , from the perspective that the curved spectrum is the 'true' SED. 
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Figure 3.8: Top Panel - Shows the effect of raising the count rate with njj, zo fixed, with two Epeofc values as shown. 
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steepness (counter to original expectations), the V'/VM goes down. Note that the carves woald be more pronounced for 
high n H and less so for lower values. 
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luminosity is, the lower trie resultant V/VM, all else being constant. THis is illustrated in 

Figure 3.8, both for curved models with a changing "observed count rate" (upper panel) 

and for the power law models (bottom panel), here illustrated by changing the photon index 

of a source (both normalized identically in count rate and njj). 

In the power-law case, as the flux increases with steepness (because of the absorption-

deficit effect mentioned above), the V/VM goes down. It is clear that a curved model with 

twice the normalization of a T = 2.1 power law will have a lower V/VM, regardless of 

the spectral shape differences. In general the difference in ZQ and zmax is on average fairly 

small, and subsequently the actual effective spectral shift due to this difference is not that 

dramatic. 

For any curved spectra for which a power law is a decent approximation (not over- or 

under- producing either hard or soft photons i.e., a reasonable hardness ratio match), the 

impact of spectral type on V/VM is practically negligible. It is the not well-fitting power 

law approximations to curved models that produce major differences. Note this can only 

occur if a fixed photon index is applied (as was done in the original sedentary survey) and 

not when comparing a matched power law which by definition will have the same (or very 

nearly) hardness ratios as the curved model. 

While 5 F is important to the V/VM value, there is no direct correlation between the 

two for the Sedentary sources, because again the problem of too many parameters will 

cloud the relationship. With njj, ~Epeak, and zQ all held constant, the relationship between 

the two is clear, each source in the survey is located somewhere on it's own "line" in 

parameter space, and these do not generally coincide. 

3.4.4 Confirming tfie AF, V/VM, and E^^ Relationships for tfie Seden
tary Survey 

Figure 3.9 was created from the same procedure which calculates Ve/Va for the sedentary 

sources, except that a control was inserted to make all sources have the same n j = 4e20 

(the average) and z0 = 0.25 (also the average value), and count rate 1.2 cts/s (a little above 

average, but arbitrary in any case). By ordering the sources by ~Epeak (which only depends 

on hardness ratio which is unchanged), we can show the change in flux with ~Epeak does 

give for the sedentary sources the same trend seen in Figure 2.4, confirming the basic result. 

Of course, to really see the picture in light of all sources, there should be 150 figures, one 

for each source. The trend, however, clearly shows that the main dependency is on S F 

being large and positive. It is clear that low ~Epeak will lead to low Ve/Va, all else constant. 

Figure 3.10 shows the results of a similar analysis done on the Sedentary sample, this 

time with Epeafc field constant instead of the count rate. The sources can then be ordered 
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V/V„ vs EPc.k, Fixed Count rate (n„ = 4e20 cm' ' , z0 = 0.25, cts = 0.12 ops) 
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V/V„ vs Countrate for the Sedentary Sources. n„ = 4e20 cm"". z0 = 0.25 
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V/VM vs ctrate for all models, fixed parameters (NH=4e20,z=0.25) 
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Figure 3.11: The effect of Bpeak ana count rate on the difference in curved and power law model flux, using a r = 2.1 
power law. 

Table 3.5. (Ve/Va) for Sedentary Survey, I keV < Epeak < 10 keV 

Log-Para 

0.469 

PL + Exp 

0.459 

CCI 

0.456 

CC2 

0.459 

Matched T 

0.427 

T = 2.I 

0.443 

by count rate, and tfie panels (a)-(c) show the somewliat obvious relation, that if count 

rate is increased, witfi all else constant, Ve/Va decreases. Panel (d) sHows tfie magnitude 

of difference is Highest at lower count rates wfiere more of sources are likely to be in 

parameter-space. Figure 3.11 gives tfie distribution of count rates in a fiistogram overlaid 

witfi panels (a) and (c) of Figure 3.10. Tfie normalization is sligfitly fiigfi so tfie curves are 

little low compared to tfie average. 

As a final check, the re-analysis of (Ve/Va) was run once more, but with a restricted 

Epeak range of 110 keV. Since I keV is well above where low peak values could cause 

higher Ve/Va measurements, this increases values of Ve/Va, both compared to the previous 

analysis and to the fixed power law. The results are given in Table 3.5 and confirm that 

restricting the range of ~Epeak does raise the value of (Ve/Va). 
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Alternate V/Vm averages for 1000 sources evenly distributed on a Generating Cosmology 

Generating 
Cosmology 

Max Redshift V/Vm(1) V/Vm (2) V/Vm (3) V/Vm (4) 

0.500 0.4756 0.4629 0.4740 
/H, _. . . . - . „ 1.000 0.4543 0.4498 0.4508 
(1) E,nste.n-de-S,tter 2 0 0 Q 0.500 QA2QQ Q ^ • • • ^ - - ^ 

3.000 0.3938 0.4460 0.3823 

0.500 0.5243 0.4873 0.4984 
, „ . . n ., 1.000 0.5456 n.nnn 0.4959 0.4964 
(2) Low Density 2QQQ Q s m 0.5000 QJSBS Q ^ 

3.000 0.6061 0.5553 0.4878 

0.500 0.5370 0.5127 0.5110 
,-, u . . . . . 1.000 0.5501 0.5041 ncnnn 0.5005 
(3) H,gh Lambda 2QQQ 0 5 5 5 2 QA?35 0.5000 ^ ^ 

3.000 0.5540 0.4447 0.4325 

0.500 0.5259 0.5016 0.4889 
_. 1.000 0.5491 0.5035 0.4994 

W G l o m m i 2.000 0.5875 0.5078 0.5344 °-5 0 0° 
3.000 0.6177 0.5122 0.5675 

Key: fl_M Q_X ftjc H_0 
(1) Einstein-de-Sitter 1 0 0 73 
(2) Low Density 0.05 0 0.95 73 
(3) High Lambda 0.27 0.8 0 73 
(4)Giommi 0 0 1 50 

Figure 3.12: The effect of aifferenf cosmologies on (V/VM) for 1000 "idealized" soarces, having (V/VM) = 0.5 for the given 
cosmology. Comparison is for adopting the "wrong" cosmology in calculating the luminosity distances and co-moving volume 
elements. Top rows indicate which cosmology was applied, while the rows are for the different cosmologies employed in 
generating the sample. Clearly when these are identical there is not difference in the the {V/VM) measare. The yellow 
highlighted box indicates what might be relevant to the Sedentary survey and the results presented, both applying an empty 
universe model (4). 

Effect of Cosmology on Ve/Va calculations 

No study Has examined the effects of assuming an incorrect cosmological model on the 

Ve/Va measure, though it is mentioned briefly in the original paper by Schmidt (1968). 

Given that original the V/VM measure was designed in part to be a possible measure of the 

geometry of the universe, it is quite reasonable to suspect that the effects of a mistake could 

be significant. This is relevant to the discussion because the analysis presented here and 

by Giommi et al. (1999) uses an empty universe model. While the effects are appreciable, 

they are not dramatic enough in this case to appear to make a difference, as shown in Figure 

3.12. These values were calculated using the same procedure for the Sedentary analysis, 

with only the cosmology changed (affecting luminosity distances and co-moving volume 

measurements). 



CHAPTER 4 

PARAMETRIC EVOLUTION AND 

THE SEDENTARY SURVEY 

LUMINOSITY FUNCTION 

Tlie Sedentary Survey of High-frequency Peaked BE Lacs Has been completely identified 

in the optical band (Piranomonte et al. 2007), leading to a confirmation that the sample of 

150 AGN are indeed BL Lacs. Piranomonte et al. (2007) also supply lower limits for 26 of 

the 39 objects previously without redshifts, based on a simulated optical spectra. With this 

information, it is now possible to look at both parametric fits to the confirmed evolution as 

well as the luminosity function of the sample. 

4.1 Methods 

4.I.I Parametric Forms of Evolution 

Two forms of luminosity evolution and one form of density evolution were tested on the 

sample by use of simple parametric forms which can be used to correct the luminosi

ties or densities as a function of redshift. For pure luminosity evolution (PLE), there 

is both an exponential form L(z) = L(0) exp(cr) (where r is the look-back time in 
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Radio ana X-ray Cominosity Correlation for trie Sedentary Survey 

45 46 4 / 
L» (0.1 - 2.4 keV) 

Figcire 4.1: Correlation of Ex and ~LR for the Seaentary Sample. The best fit line is an CCS Bisector (see text). 

gigayears), wHicfi tends to act more strongly at HigH redsHift, and a power-law form is 

TJ{Z) — 1(0)(1 + z)1. Similarly, for pure density evolution (PDE) the density evolution 

law is p{z) — p(0)(I + zY. THe best-fit values for /3, 7, and c are derived by finding the 

values that recover (Ve/Va) = 0.5 when the evolution is applied to objects in the sample, 

with error calculated by finding the values of the parameter that yield (Ve/Va) = 0.5 EE a, 

where for a value of 0.5 with N = 150, a = I /VI2 N = 0.024 (Longair and Scheuer 

1970). 

The Sedentary Survey is subject to selection limits in multiple bands. Since {Ve/Va) 

is computed via a radio and (effectively) an x-ray flux limit, luminosity evolution must 

be applied to both bands. Extending the method used in Wolter et al. (1994) for EMSS 

BL Lacs, the evolution parameter for the radio was computed from that for the x-ray, by 

the general rule that ZR oc 1 X
X R . A correlation (0.609, > 99% significance) between ZR 

and Lx for the sample is clear in Fig. 4.1. The line shown is the best-fit regression line 

found via the Ordinary Least-Squares (OLS) bisector method, as appropriate for data in 

which the choice of independent variable is not clear (Isobe et al. 1990). The slope of 

this line is {3xR — 0.96 EE 0.03, and accordingly the evolution parameter in the radio is 

CR = /?X,RCX = 0.96cx for this analysis. 
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Histogram of Reashifls lor Seflentary Survey 
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Figure 4.2: Histogram of ReSshiff for Sedenfary Scirvey. Black portion corresponSs to known reashiffs, lined portion 
inSicates the new lower limits from modeling ana represents lower limits only (Piranomonte ef al. 2007), ana white portion 
indicates those with no reashift assignea to z = 0.3, the average. 

In tfie original sample, 39 objects were without redshifts. Twenty-six were given the 

lower limit values found by Piranomonte et al. 2007 using simulation. The remaining 13 

were excluded from trie sample, after trials with random values assigned according to the 

Known distribution of redsHift (Fig. 4.2) showed negligible differences in (Ve/Va). 

4.1.2 Calculating The Luminosity Function 

The luminosity function for the Sedentary Survey sample was computed using the nonpara-

metric cumulative luminosity function (CLF) method as originally derived by Lynden-Bell 

1971, (see also Caditz and Petrosian 1990, Petrosian 1992). 

i 

tfc) = c(>(Ll) J](I + l/N-j) (4.1) 
2=2 

The method requires firstly the ordering of all objects from high to low in luminosity, 

and the calculation of JVj, the number of objects with equal or greater luminosity than 

source i, also having z < Zmaxj.- $(Li) can be set to normalize the total luminosity 

function to sources per co-moving volume, for example. For any spaces where iVj happens 

to be zero, interpolation is done from nearby values (this only occurs once in the total 

cumulative calculation). 
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V./V. as a function of y, 0x r = 0.96 
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Figure 4.3: Change in (Ve/Va) with power-law Iciminosify evolution parameter 7. Dotted line inaicates(Vr
e/V

r
a) = 0.5, 

dasriea lines are at 2 ana 2.5 u. 

4.2 Results 

4.2.1 Best-fit values for PLE, PDE 

Changing (Ve/Va) as a function of an evolutionary parameter is shown in Figures 4.3,4.4, 

4.5 for power law PLE, exponential PLE and power law PDE, respectively. The method 

of calculating {Ve/Va) is as in Chapter 2, using a fixed power law. The resulting best-fit 

parameters and l a errors are shown in Table 4.2. For comparison, the results for the same 

parameters from other BL Lac Surveys are shown in Table 4.1 (Morris et al. 1991; Wolter 

et al. 1994; Stickel et al. 1991; Rector and StocKe 2001). Luminosity evolution of either 

form is marginally supported only at the 2a level, with a more negative result for power-

law evolution than for exponential. For comparison, the best-fit values for luminosity 

evolution indicate that for sources at z = I (maximum redshift in our sample), the ratio of 

x-ray luminosity now to then is about 1.7 for the power law form, compared with about 

1.9 for the exponential form. The goodness-of-fit for either sample correction is given by 

a Kolmogorov-Smirnov (K-S) test on the distribution of (Ve/Va) after correction. The K-S 

for both cases was consistent with a uniform distribution (p = 0.21, 0.20, respectively). 

Density evolution is not supported to zero-error approximation, as no value of the pa-
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Figure 4.4: Change in (Ve/Va) with exponential luminosity evolution parameter c. Dotted line indicates (Ve/Va) = 0.5, 
Sashed lines are at 2 ana 2.5 u. 
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Figure 4.5: Change in {Ve/Va} with power law density evolution parameter p. Dotted line indicates {Ve/Va) = 0.5, dashed 
lines are at 2 and 2.5 a 
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Table 4.1. Parameter values for PDE and PLE for otHer surveys of BL Eacs 

Survey 7 /5 c 

XB-REX 
RASS HRX —4.9±|;| 
HRX revised -4.0 

D40 -3.0 
U y 

EMSS -

Table 4.2. Parameter values for PDE and PLE for Sedentary Survey 

Evolution Type Model Best Fit Value 

Luminosity Z(z) = L(0) exp(cr) c = -0.0181^1? 
Luminosity I(z) = L(0)(I + z)7 7 = —0.77±g";|| 

Density p(z) = p(0)(I + zf /3 = (—22,-1.5) 

rameter will allow (Ve/Va) = 0.5, though the closest value is 0.48. Inside the 2a range 

indicated in Fig. 4.5, values of /3 from —22 to —1.5 could be considered consistent for this 

sample. Though this may preclude positive evolution, the results are not conclusive since 

the ratio of densities at z = I then to now is approximately 3 x I06 for the smallest value, 

versus a ratio equal to about 4 for the highest /?. 

The results for density evolution are less surprising after examination of a plot of 

O V K ) vs- redshift (Fig. 4.6). The correlation is only r = 0.3 (99% significance) ac

cording to a Pearson's r test. The density evolution acts by weighting the (Ve/Va) of more 

distant objects more than those nearer, but without some trend of increasing (Ve/Va) with 

z it is not possible to find any weighting that is monotonic in (I + z) that will recover no 

evolution. 

4.2.2 Tfie Luminosity Function 

The nonparametric cumulative luminosity function (0(L)) assuming no evolution (no cor

rection) is plotted in Figure 4.7. There is an obvious change in slope of the function, though 

not a clear break as seen in many quasar samples (Caditz and Petrosian 1990). A qualita

tive test for density evolution can be obtained by examining the luminosity function in 3 

distinct redshift bins to look for a change in the shape of the luminosity function over time. 

The Sedentary Survey sample is too small to accommodate more than three bins, of size 

0-0.25, 0.25-0.45, and 0.45-0.89. In Fig. 4.7 there is a possible evolution of a break 

in the luminosity function, which would rule out density evolution which implies that the 

-0.75 E 2.75 
-4 n+4-2 

3.1 
-7.0 
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V./V, vs z for Sedentary Survey 

Reashiff (z) 

Figure 4.6: {Ve/Va) vs. ReSsHift for the Sedentary Survey sample. 

shape of tHe luminosity function will remain constant. This is consistent with tfie results 

of the best-fit analysis. 

Fig. 4.8 and Fig. 4.9 show the change in the luminosity functions after correcting for 

luminosity evolution according to our best-fit parameters as found in the previous section. 

Our assumptions require that the luminosity function maintain the same shape with respect 

to z, and this is supported. However, a more strongly evolving characteristic luminosity 

might put a break in tfie slope of tfie luminosity function beyond tfie observable limit in 

low-redshift bins. 

4.2.3 Discussion 

While the Sedentary sample of BL Lacs does appear to exhibit marginally significant neg

ative evolution, a simple parameterized fit shows that tfie negative evolution is far less 

dramatic than shown in quasar surveys (which generally have positive evolution), or even 

measurements from other BL Lac samples. Interestingly, it appears tfiat wfiatever evolution 

does occur is not consistent with a pure density evolution, instead being consistent with ei

ther purely a luminosity evolution (with both power-law and exponential forms possible) 

or a more complicated Generalized Luminosity Evolution (GLE) incorporating density and 
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Cynaon-Bell Cominosity Function for Sedentary Survey 
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Figare 4.7: The Ccimrjlafive Laminosity Fanction for trie entire BE Cac sample in the Sedentary Survey. 
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Figure 4.8: CF Corrected for Power Caw PCE 
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Nonparametric Cumulative Lum. Fn. c = -0.016, f>tr = 0.96 
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Figure 4.9: CCF Corrected1 for Exponential PEE 
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luminosity. This is similar to results for quasars found by Caditz and Petrosian (1990). In 

both" of the PEE cases, trie ratio of luminosities now to at z = I is about 2, indicating a 

slight negative evolution over time. 



CHAPTER 5 

CONCLUSIONS AND 

IMPLICATIONS FOR THE AGN 

PARADIGM 

THere is a great deal of evidence that BL Lacertae objects Have intrinsic spectral curvature, 

and some doubt about trie suitability of a power-law model to adequately cover tHe soft 

x-ray band. The intent of Chapter 2 is to discover if-negative evolution within the BL Lac

ertae class could be attributed in any amount to inadequate modeling of the sources. The 

advantages of using simple forms to model the X-ray spectra of BL Lacs and other objects 

appears to be outweighed by the risk of biasing measurements. Although the ubiquitous 

power-law model produces analytical forms for flux and V/VM, the results show that its 

use in modeling spectra can lead to both an underestimate and overestimate of V/VM if 

curvature is present. The largest discrepancy occurs when using a single power law index, 

most of which can be avoided simply by finding reasonable index values for individual 

sources through spectral fitting. In general, the value of V/VM is very dependent on the 

hardness ratio and the peak in energy. 

The results of Chapter 3 show that sources in the Sedentary Survey of (Giommi et al. 

1999) do not conform to a power-law approximation, based on the discrepancy in HR2 

when HRI is used to generate a spectral index. Additionally, it was found that although 
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a photon index of 2.1 is close to the average (T = 2.2) for the sample this alone can be 

tracked to difference of about 0.01 in (Ve/Va) value, and the error introduced in using 

a single value versus trie derived indices was large enough to cause a significant (1.5a) 

underestimate of {Ve/Va). 

Re-analysis of the Sedentary Survey of BE Lacs found that while application of a uni

versal power law can cause large discrepancies in (Ve/Va) for curved spectra, the mean 

value for this sample is not markedly different for any particular model, as the bias effect 

discovered in Chapter 2. can act in both ways and largely cancels out. Moreover, this result 

demonstrates the inherent dependence of V/VM on the ^peak location and the surprising 

effects of normalization on low-peaked curved models. In particular, it leads to a high 

intrinsic normalization which leads to a lower V/VM compared to a fixed power law. The 

matching power law does confirm the hypothesis that a power law model relative to the 

curved sources and the process of matching a power law, and in that respect the original 

impression was correct, probably because the absorption effect is small if the soft to hard 

distribution of counts is not a large discrepancy in two models. At present, the values of 

(Ve/Va) are suspect due to the variation induced by modeling. 

Which BE Lac class (HBEs or EBEs) is most numerous, and whether they evolve 

differently, is not simply a demographical question but also has strong implications on the 

physics of relativistic jets. Strong evidence separating the two classes in numbers and/or 

in evolutionary behavior would dictate physical properties in the black hole-jet model, 

such that it can tell us what type of jets are preferred and how they change over time. 

The evidence in the Sedentary Survey indicates that these HBL Lacs do not evolve very 

strongly, if at all, supporting models with low accretion and long lifetimes for these objects. 

The evolution of BE Lacs is also key to the idea of their perhaps being former FSRQ that 

are now aging on a longer timescale, such that it might be reasonable to expect negative 

evolution for this case if significant numbers of FSRQ are becoming BE Lacs. Lastly, at 

least some of the argument behind BE Lac objects being beamed FR-I galaxies lies in their 

both exhibiting negative evolution, so that if they show very similar degrees of negative 

evolution, they might be undergoing the same physical processes. 

Without knowledge of how blazars fit into the current paradigm for AGN, we cannot 

have a complete model or call the current one a success. We must investigate the possibility 

of the blazar spectral sequence, and form a better understanding of blazar demographics 

and evolution before physical models can be reliably tested. Important questions remain 

about the possible evolution within the BE Lac class, with implications for broader physical 

models and unification schemes. 
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APPENDICES 

A.l Finding Zmax 

lated 
Equations of Flux and Luminosity Re

use most basic equation to represent tHe energy leaving an astronomical object is trie dif

ferential pHoton luminosity measured 'at trie source': 

dZ = Z-
-i-r 

T~l\ photons s KeV ) (A.I) 

Where the normalization factor Z Has units pfiotons s _ I keV_I, ~E is the energy in KeV 

and T is tHe pHoton index. THis could easily be integrated over some energy range to 

yield a total pHotons emitted. From tHis equation, we can easily construct a new equation 

representing tHe un-absorbed flux measured at tHe instrument in tHe observational window 

(0.1-2.4 keV): 

flux, 
/

1A 

0.1: ^Zirdziz)2 

~E • (1 + zf 
E r 

- r 
~E-X-{\ + z) dE erg s"1 cm"2) (A.2) 

To get from equation (AI) to equation (A2), we first add in tHe factor of redsfiift (I+z) under 

tHe exponential, since tHe part of tHe SED we are observing originated at a HigHer energy 

and has been redshifted down to our observational window. Another factor of (I + z) is 

added to also shift the differential dE (i.e., the total number of photons is conserved), but 

tHis is cancelled by another factor of (I + z) for tHe time interval lengthening with redshift. 

To convert from using the distance measure to luminosity distance, thougH, a factor of 

(I + z)2 is included. Lastly, the factor oi~E • X converts the flux from photons to energy 

(ergs), and dividing by A.-ndz{z)2 (with dz being the luminosity distance in cm) gives the 

correct energy flux form. 

Since L and ~Er are intrinsic to the source, we can rearrange equation (A2) to derive the 

relation used to get zmax (equation 3): 

flux(zcheck) = 
L • [I + Zcheck] 

iTTdz(z)2 

I - a P2A 

0.1 
•~E-X d~E = fluxx<r 

dz(z) 

.dz(Zcheck) l + Z 
(A.3) 

I - Q 
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A.2 Curved Model Fitting 

Given a location Epeak for the peak in a vFv plot, the following quantities were calculated 

for each model: 

Eref = Epeak10^ (A.4) 

Ec = Epeak/(2 - a) (A.5) 

EB = Epeakj-—^ (A.6) 
' ( a - 2 ) 

EB = Epeak\l 7 ^ (A.7) (2 -6 ) 
( a - 2 ) 

These are the quantities specified in equations (2.1) — (2.4) in the text, corresponding 

to: (A.4) log-parabolic model, (A.5) power law with exponential cut-off, (A.6) continuous 

curvature model, and (A.7) plain power law. These formulas were found by taking the 

derivative of the photon flux equations to determine an equation in terms of Epeak by setting 

it equal to zero, and then solving for the given reference energy. If a value of redshift has 

been included, each of these must be multiplied by a factor (1 + z). 


