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Abstract:

Seyfert galaxies have long been known to exhibit rapid X-ray Variability. As yet, no definitive
mechanism for this variability has been identified, but shocks and flare-like events have been suggested
as viable possibilities. An ASCA observation of the galaxy NGC 3227 had flares which followed a
linear increase and exponential decrease, which is the same pattern followed by solar flares. Using the
same techniques previously used to derive scaling laws for solar flares, a scaling law for flares on the
accretion disks of AGN is derived. The law relates the loop length to the loop apex temperature, rise
time, and decay time of the flare in the light curve, and from the data obtained from the observation of
NGC 3227, the flarelike events are consistent with a physically viable region in the parameter space of
loop length and apex temperature. Thus, at least by this measure, flares caused by magnetic loops
remain a physically viable mechanism for AGN variability.

Observations of Seyfert Galaxies, whether by ASCA or by other satellites, have previously divided the
data of long observations by observation time or by luminosity to create spectra which average over
one of these. Here an alternative method for classifying bins in the light curve according to hardness is
developed, and correlated to the phenomenology of the light curve. This method is applied to the 1994
150 ks exposure ASCA observation of MCG-6-30-15. The results are that, when coupled with very
conservative spectral fitting techniques, the new extraction technique suggests that local minima and
maxima are spectrally different from other regions of the light curve with the same luminosity. The
Seyfert galaxy Arkarian 120 is also analyzed, but has too short an exposure to extract statistically
viable spectra. The spectral fitting of this source shows no evidence for a warm absorber, but suggests a
soft energy excess due to blackbody radiation.
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ABSTRACT

Seyfert galaxies have long been known to exhibit rapid X-ray variability. As yet, no
definitive mechanism for this variability has been identified, but shocks and flare-like
events have been suggested as viable possibilities. An ASCA observation of the galaxy
NGC 3227 had flares which followed a linear increase and exponential decrease, which
is the same pattern followed by solar flares. Using the same techniques prev1ously :
used to derive scaling laws for solar flares, a scaling law for flares on the accretion disks
of AGN is derived. The law relates the loop length to theloop apex temperature, rise
time, and decay time of the flare in the light curve, and from the data obtained from
the observation of NGC 3227, the flarelike events are consistent with a physically

‘viable region in the parameter space of loop length and apex temperature. Thus,
at least by this measure, flares caused by magnetic loops remain a physically viable
mechanism.for AGN varlablhty

Observations of Seyfert Galaxies, whether by ASCA or by other satellltes have
previously divided the data of long observatlons by observation time or by 1um1n031ty
to create spectra which average over one of these. Here an alternative method for
classifying bins in the light curve according to hardness is developed, and correlated
to the phenomenology of the light curve. This method is applied to the 1994 150 ks
exposure ASCA observation of MCG-6-30-15. The results are that, when coupled with
very conservative spectral fitting techniques, the new extraction technique suggests
that local mhinima and maxima are spectrally different from other regions of the light
curve with the same luminosity. The Seyfert galaxy Arkarian 120 is also analyzed,
but has too short an exposure to extract statistically viable spectra. The spectral
fitting of this source shows no evidence for a warm absorber, but suggests a soft
energy excess due to blackbody radiation.
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CHAPTER 1

INTRODUCTION

Now you have just been able to reduce the countless embattled troops to an array that
is, to be sure, very large but still calculable in a finite number; but this relative relief
is undermined by the ambush of the Books Read Long Ago Which It’s Now Time To
Reread anid the Books You’ve Always Pretended to Read Arid Now It’s Time To Sit
Down and Really Read Them. |

(Italo Calvino, If on a Winter’s Night a Traveler)

Introduction

In 1962 Giacconi discovered X-rays from Scorpius X-1 (Giacconi et. al. 1962),
marking the beginning of X-ray studies of compact objects. While Cygnus‘ X—i is
thought to consist of an accretion disk orbiting a Galactic black hole of less than
" 20M.,,,, the accretion disks orbiting the 108 soiar massblac‘k hoies thoﬁéht to exist
in the cenfers of active galaxies, which includ'e quasars and Seyfert galaxies, can also
be analyzed in the X-ray window. -These galaxies are characterized by their bright
nuclei, which typically have luminosities between 10*! erg s~ and 10" erg s7!, of

which a large fraction occurs in the X-ray spectral regioﬁ. The generally accepted
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disk-corona model suggests that the disk is surrounded by a hot corona, and ilai‘d
X-rays are produged by iﬁverse Compton processes on thé lower energy photons from
the disk.

oeyfert 1 galaxies are a relatively 'quiet relation in the family of active galaxies,
having luminosities near 10% erg s~* in the X-ray band, broad ;;ermitted and narrow
forbidden optical lines, and relatively weak radio emission. Seyfert 2 galaxies typically
show only forbidden transitions in the optical region and exhibit strong emission in
the. UV. Seyfert 1 galaxies are related to the brighter ans»i—Stella,r OBjects (QSO)
in that they are radio;quiet and %ypically associated with spiral galaxies, altho.ﬁgh
QSO’s generally have X-ray fluxes one or two orders of magnitude larger than Seyfert
1 galaxies and tend to be located at higher redshiftl. Quasi Stellar Radio ‘Sour.ces
(QSR’s) are radio-loud, but are as bright as QSO’s and have broad lines. Both
kinds of Seyfert galaxy, QSO, and QSR are associated with spiral galaxies. Radio
‘galaxies are radio-loud, and are often associated with giant elliptic_a:i galaxies. BL
Lacertae objécts, named after the first known example, are galaxies with very few '
broad emission lines, aﬁd vary rapidly (7 < 1 day) in both the optical and X-ray.
LINERS (Loﬁ Tonization Nuclear Emission-Line Regions) show lower ionization states
than do other AGN, and are often associated with elliptical galaxies. Generally, ra;iio
galaxies, BL Lac galaxies, and Optically Violent Variables (OVV’s) are associated
with elliptical or SO galaxies, while QSO’s, QSR’s and both flavors of Seyfert galaxies
are associated with early sfpir@l galaxies (Woltjer, 1990). Starbursts galaxies are-

associated with both spiral and elliptical morphologies (Aretxaga, 1996).
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X-ray Observation of Seyfert Galaxies

In tile 1970’s, X-ray observation was done with temporary missions on satellites.
Such missions discovered X-rays from 3C273, the ﬁrs"c AGN to show X-ray emission
(Bowyer et. al.,1970). HEAO-1 was launched in 1977, and provided the first map of
the X-ray sky. In addition, the telescopes c;f HEAO-1 made the first meaéurements of
the X—-ray spectra of quasars and Seyfert galaxies, showing the now W.ell known power-
law spectrum they exhibit in that spectral window. In 19‘78, the Einstein observatory
was launched. Spectra from Einstein had emission lines which were noticeably red-
shifted from their nominal values; from this, researchers concluded that AGN are
receding. In addition, the first evidence of ﬂuoresgeﬁce' from cold iron was observed
in Centaurus A (Mushotzky et. al. 1978).

A spectral survey performed by EXOSAT showed that  AGN had a 2-10 keV
spectrum which was Well—de'scribed by a simple powerlaw model, but had rapidly
varying soft energy features and “leaky” absorption columns (Turner aﬁc_l Pounds
1988); that is, absorption columns which only partially cover the continuum radiation.
The p}.iot.on index of the 48 measured AGN was found to be I' = 1.740.17, with
a few outlier objects: GINGA observations of S.e'yfert galaxies provided the first
measurement of the iron Ko emission:line and the cold reflection hump. These two
feétufes are thought to originate on the innermost accretion disk; the ionized iron line
provides information about the ibﬁization state of the disk, and the reflection hump
size is directly proportional to ;che column density of -material'in the disk and the solid

angle {} of the thickness of the disk. ROSAT was designed to measure soft X-rays




4

from AGN and neutron stars; observations with ROSAT first showed the presence of
a large neutral hydrogen column in the line of sight of many AGN. This hydrogen
column is thought to exist mostly in our own ga,la,?cy; with an excess occurring in the
interst~e11a,r medium and iﬁ the outer regions of .the AGN itself.

Unified Model of Active Galactic Nuclei

While it has beer} postulated that interactions with neighboring galaxies play some
role in the origin of AGN, at least some studies suggest tha’; the occurrence of Seyfert
éalaxies with close companions is '110 higher than for normal galaxies (de Robertis €.
al 1998). In order to explain the differences between varieties of AGN, the Standard
Model of AGN has been .developed (see, for example, Rees,1997). The underlying
premise of .the standard model is that the structure of all active ga,la,xies'is the same: -
the hard X~1‘a;ys and ~y-rays are produced from an inner accretion disk, which runs
perpendicular to the radio jets produced by the object. The inner accretion region
is sﬁrrounded by a plasma which é,bsorbs and reflects the continuum, referred to as
the broadline region (BLR), which is in turn surrounded by a torus of molecular gas. .
O_utside this torus lies the narrowline region (NLR), which consists of a less dense
plasma. Outside this lie _thé ngbulae and sta,r.;; which comprise the outer regipns of
all galaxies. This model is illustrated in Figure 1.1.

Seyfert galaxies and quasars are thought to form the class of objects with high
accretion rates, while radio galaxies are thought to form the class of objects for low
accretion rates. LINERS are thought to correspond to ra,re; objects for which we are

viewing the galaxy directly along its rotation axis, which dominates the continuum -
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Figure LI: Unified Model for Active Galactic Nuclei.

radiation. Seyfert | galaxies and QSO’s correspond to viewing angles which vary
from just off the line of sight of the jet to just grazing the broadline clouds of the
galaxy. Seyfert 2 galaxies correspond to high viewing angles (close to edge-on) which
require photons to travel through the molecular torus, although the dearth of high-
luminosity Seyfert 2 galaxies suggests that molecular tori are thin or unstable under
such conditions (Osterbrock, 1993).

More recently, the broadband continuum of some members of the AGN family has
been modeled with advection dominated accretion flows, in which the high-energy
radiation is produced from the disk itself. The presence of the iron Ka emission line
and the Compton reflection hump in Seyfert | galaxies strongly contraindicates that

their accretion disks are advection-dominated (Ptak et. ai, 1998), so the objects
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obsefved in this work are 'a,na.lyzed with reference to the ‘si':a.ndard a disk model
(Shakura and Sunyaev, 1973).

While ;'cmesthetica,lly I.)le.a,sing, the standard model does have some inconsistencies
with observation. Seyfert 2 ga.la,XiAés have a far stronger UV continuum and a far
weaker hard X-ray continuum than one would predict from reasonable models of the
tofus of molecular clou,d.s,. suggesting that they have less active central engines and
more active star forming regions than do Seyfert 1 galaxies. In gddition, careful study
of the environments of Seyfert galaxies indicates that Seyfert 2 galaxies are far more
likely than either Seyfert 1 galaxies or an equivalent population of normal galaxies
to have large companion galaxies, éuggesting'that tidal interactions, and not only
obscuration of the BLR and nuclgus by a molecular torus,l may play a part in the

- formation of Seyfert 2 ga,la,)%ies (Dultzin-Hacyan et. al., 1999).

.X~ray Variability of AG‘N

The X-ray continuum of many AGN varieé by a full factor of 100 % of its baseline
va,lué over timescales of hours. The X-ray and UV spectra of most AGN are variable
(Elvis et. .al., 1978). A recent.s.tudy of 24 Seyfert 1 galaxiés found that most varied
significantly (Reynolds, 1997). Typical X-ray variability of a Seyfert galaxy is shown
in Figure 1.2, which shows a 1993 observation of NGC 4593.. .

The exact mechanism of ‘the rapid X-ray variability in AGN is not known. One
theory was that hot spots on the accretilon disk .Were orbiting the black hole with
some angular velocity as they accreted material, thus causing variaﬁidns in the X-ray

luminosity. Were this the case, we would expect to see a periodic component in the
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NGC4593
Bin time: 186.0

2x10 4x10' 6x10' 8x10
Time (S)

Figure 1.2: Light curve of NGC 4593. The flare maximum is double the baseline
luminosity of the galaxy. This light curve was made by the author from an archival
ASCA observation of NGC 4593.

power spectrum of the X-ray light curve which was associated with the rotational
period of such a hot spot, and this is emphatically contrary to observation (Kuras,
1997). Another possible source of the variation is ionizing shocks which move through
the accretion disk (Caditz, Tsuruta, Sivron 1997); this possibility is still viable and
may prove to be the source of variation in many objects. Another possibility is
that magnetic flux tubes in the AGN’s radiation disk are pushed out of the disk by

buoyancy forces, creating a tube of hot plasma similar to those which host flares in the
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solar corona. This possibility was first explored by Rosner, Tucker and Vaiana, (1978).
who hypothesized that the corona of an accretion disk around a Galactic black hole
such as Cygnus X-1 consists of a forgst of flare loops anchored in the accretion disk.

Solar and stellar flares have well-studied scaling laws which relate the loop length
L to the temperature T of the loop ‘plasma a,n‘d the rise and decay times of the
flare, represented bfy 7R and 7p respectively. These are based on assumptions about
the energy balance of the loop plasma during various .sta,ges of the flare (Fisl;er and
Hawley, 1990) and have also been found to apply to at least one X-ray star (Hawley

et. al. 1995). The scaling law for stellar and solar flares is (Metcalf and Fisher, 1996):
2L = 0.01267 "7 T2, - (1.1)

so longer loops of the same temperature have longer rise and decay times. This-
scaling law is basedlon cooling by thermal bremsstrahlung alone in a region of plasma
cooling curve where the phOtOi:l emissivity is pfoportional to T%/? (Raymond a,r..ld
Smith, 1977). The hott‘er, denser plasmas expected from models of AGN radiation
disks would not orﬂy have a différent dep@ndence of emissivity on temperature, they
would also have the additional cooling mechanism of inverse Compton scattering.
These two factors give rise to a new spaling law for AGN flare loops.

The X-ray spectrum of a,f least some AGN also varies du?ing 1ﬂminosity changes.
Galactic black hole caqdidates show five distinct states during a flare cycle which can

be explained by a magnetic reconnection model of flares (Di Matteo, Celotti, and
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Fabian, 1998), but as yet the X—.ray variation of AGN does not follow such a simple ‘
pattern. The warm absorber of the Seyfert 1 galaxy MCG-6-30-15 has been seen-
toh vary during luminosity variations (Otani ef. al., 1995) as has the Iron Ke line
(Tanaka et. al., 1995).

In this work, a new scaling law is derived for AGN flares and used. to predict the
loop length of a magnetic flux tube associated with two largé flares during an ASCA
observé,t‘ion of NGC 3227, discussed in Chapter 2 of this work. This loop length allows
us to evaluate the feasibility of reconnection of magnetic flux tubes as a mechanism
of AGN variability in terms of energetics, pressure balance, and coﬁsisten(':y with
spectral (non-) variability of the AGN continuum slope during flares.

Structure of the Warm Absorber and Broadline Region

ROSAT observations first showed the presence of O VIII absorption in the soft
X-ray spectrum of Seyfert Ga,la,xi:es‘ (Nandra, and Pounds, 1992). Outside the inner
accretion disk and its corona lie the broadline clouds. Since they exhibit a variety
of emission and absorption features, optical spectra of the broadline region can be’
used to study the composition of the broadline pldsma,. When ASCA was launched in
1993, the soft X-ray region.from 0.5-2.0 keV of many Seyfert 1 galaxies showed two
* absorption edges; one near 0.87 keV corresponds to O VIII and another near 0.72 keV
corresponds to O VII (Ferland; 1993). The plasma containing these lines was dgly
christened- the; warm absorber. In early analysis, the warm absorber was thought to
be located near the broadline region, 10'® c¢m from the central blaci{ hole.

A variety of analytical tools are availéble for analyzing the warm absorber. Study-
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ing the variation of individual line features is one means of doing this; from the
timescale of variation of a spectral featire, we can infer the maximum distance be-

tween that feature and the central black hole. A macroscopic plasma cannot change

-state faster than the light-crossing time of the plasma, so the maximum radius, Rpqq,

of a plasma which varies on a minimum timescale 7 must be:

Rmaa: =

ﬂ.[n

(1.2)

As plasma could hypothetically vary more slowly than the light-crossing time as well,

so lack of variation of a spectral feature on a particular timescale does not necessarily

equire that it is located further from the nucleus than the light crossing time.

The exact structure of the warm absorber is also an open research question. Most
studies to date have suggested that the warm absorber is one (presumably inhomoge-
neous) region of gas and dust spanning a radial region from 10'* cm to 101 cm from

the central black hole. Timescale variations of O VII and O VIII in MCG-6-30-15

suggested that the warm absorber had two distinct regions, one located 10'7 cm from

the central black hole and containing O VIII and the other located 1015_’ cm from

the central black hole cont;aining predominantly O VII ((jtani et. al. 1995). The
argument here was based not only on the timescale of variation of each oxygen edge,
but also on the recombina,tion.physics of O VIII; had the two been located in the
same regionz O VII would decrease during periods of increased luminosity as it was

promoted to O VIII, although the timescale of recombination, which is much larger




11

than that of ionization, limits the proba,bility that an increase in O VII c;)uld be rig-
~ orously correlated to luminosity changes. No other AGN with similar warm absorber
- structure has béen identified to date. -

In addition,. a variety of photoionization codes are available for modeling, including -
the widely used CLOUDY (Ferland, 1996), the less dominant ION (Netzer 1993), and
the shock treatment of MAPPINGS (Dopita et. al. 1995) These models all producg
at least two variable parameters when translated into a model for data analysis; first,

an ionization parameter, which is defined as:

v, = [ OE) p B (1.3)

0.1keV 4dTngr?

by ION, where Q(E) is the radiation density at energy E, ng the equivalent hydro-
gen density, and r the distanqe of the a,bsorpfive; material from the central engine.
’The other varié,ble in all 6f these codes is the column density of photoionized gas,
Np. Many models also contain other parameters, such as fhe composition of the
plasma, the sha,pé _a,nd filling factor of thé gas, and the photon index of the contin-
uum spectrum which causes ’luhe ionization. In this work, we use ION as a one-zone -
'photoioniza,tion model of the warm absorber region because it is valid for plasmas -

closer to the inner accretion disk than are any of the other r’nodéls.

Contents of .t'his Work

‘In this thesis, we will attempt to discuss some of the open issues regarding the

structure and dynamics of Active Galactic Nuclei discussed above by analyzing ASCA
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data. In Chapter 2, we explore the magnetic reconnection of flux tubes as a possible
mechanism for X-ray variability of AGN by deriving a scaling law similar to that used
for solar flares and comparing it to an observa,tic;n of the Seyfert 1 galaxy NGC 3227.
In Chapter 3, we describe models of the warm absorber, X-ray continuum, and iron
Ko emission line which are later used to énalyze two Seyfert 1 galaxies: Arkarian 120
and MCG-6-30-15." Chapter 3 also describes analysis techniques deve;loped by the
author to sort light curves according to phenomenology (that is, where they occur in
a flare cycle) to address the question of X-ray spectral variability during luminosity
changes. Chapter' 3 is supplemented by Appendix A, which describes the models
and fitting statistics used for spectral data analysis. Chapter 4 describes the analysis
of the Seyfert 1 galaxy Arkarian 120. Chapter 5 describes both the modification of
the method of spectra;l selection de;/el_oped by Kunieda and ité application to the
analysis of thé Seyfert 1 galaxy MCG-6-30-15, and is supplemented by the speciﬁc
measurements in Appendices B through E. Chapter 6 presents conciuding remarks
on subjects discussed throughout the thesis. All tables and figures in the thesis are

the work of the author unless otherwise stated.
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CHAPTER 2

CAN MAGNETIC FLUX TUBES CAUSE AGN
| VARIABILITY

Le soleil se noyait dans son sang qui’ se flige.

-Baudelaire, “Harmonie du soir”, Fleurs du Mal *

Introduction

Why do Seyfeft galaxies v;,ry in luminosity by more than 100% ? X-ray obser-
vation of most bright Seyfert galaxies show luminosity variations of 10** erg s=! on
timescales as short as minutes (Kunieda et. al;, 1990) although higher luminosity
Seyfert galaxies have smaller luminosity changes (Barr and Muschotzky, 1986). Since
currently accepted theories of the innermost structure of AGN require extrgction of
energy from. the material accreting oﬁto a central blac_k_hole, the mecha,.nism of these
variations may cast light onto the very nature of the central engine. Fourier phése
analysis has shovs.rn that the orbit of bright spots on the accretion disk near the core

of an AGN cannot account for all of the observed AGN variability (Kuras, 1997).

Yrans: The sun is drowning in its clotting blood. (—Baudelaire“Harinony of the Evening”, Fleurs
du Mal)
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In 1977'Ros'ner, Tucker and Vaiana suggésted that tile ‘AGN corona. consists of.
many magnetic flux tubes emerging from the rela,ti:x/ely csol, dense accretion disk
orbiting a black hole. ’fhis model has been used in explaining how individual flare
loops on an accretion disk c'a.n cause changes in the Iron Ko line shape (Begelman,
1998). Recently Di Matteo (1998) has explored the possibility that AGN variability
results from reconnection of magneti;: ﬂux tubes.by Petschek reconnectio‘n. . Despite
the fact that numerical simulations have shown that -PetSCh.ek reconnection is not a
viable mechanism for magnetic reconnection (Biskamp, 1986) many of DiMatteo’s
results are independent of reconnection mechanism and thus remain valid for Sweet-
Parker reconnection. This model of magnetic flares has also been used to explain
spectral changes in galactic black holes (Poutanen g,nd Fabian, 1999).

A cartoon of a ma,gn.eti.p"ﬂux t1.1be is shown in Figure 2..‘1; the flux tube of total
length 2L is anchored to a high—d‘eﬁsity, low—femperature -mediﬁm, which might be
the chromosphere for a solar flux tube or the inner accretion disk for an AGN. When
energy is deposited into the tube by the flare, material below the foot points. eva,I;—
orates and travels upward through the flux tube. The exact heating mechanism is
not known for flux tubes; its magnifude can be determined by observation in-sola,r
(Ké,nkelborg, Walker, and Hoover 1997) and stellar (F-isher and Hawley, 1990; here-
after, FH90) flares, in which the rise and decay times of the ﬁare event-and the apex
temperature can be me;'a,sured independently. As the heating mechanism diminishes,'
the cooling processes dom‘ina,te, resulting in decay of the luminosity. Most of the

cooling occurs at the Ioop foot points as the density is highér there, although the
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G
o® AX U X 8) inverse
loop ,Z/° Compton
synchrotron
thermal
bremsstrahlung
footpoi nt

high density, low temperature material

Figure 2.1: A magnetic flux tube anchored to a lower-temperature disk creates part
of the hot plasma of an AGN accretion disk.

apex is hotter (FH90). A scaling law which relates the rise time, decay time, and
loop plasma temperature to the loop length was first derived by (FH90) and extended
to flares on the dMe flare star AD Leonis (Hawley et. al. 1995).

Magnetic reconnection is hypothesized to cause solar flares (Lin and Hudson,
1976) and flares in X-ray stars (Hawley et. al 1995); while the exact mechanism
of converting magnetic energy into thermal energy is the subject of continued re-
search, the effects of this energy release on the solar plasma are well understood from
study of solar flares and X-ray bright points. We naturally expect that there will be
some differences between the flares on the Sun or AD Leonis and those on an AGN.
Solar and stellar chromospheres host flux tubes that radiate predominantly by ther-

mal bremsstrahlung (FH90). In contrast, an AGN plasma has cooling dominated by
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self—Co'mptonized synchrotron radiation and pair production and annihilation mech-
anisms, although thermal brémsstrahlung is still present (Blandford, 1990). Solar
flares have X—fay luminosity that is correlated to their white-light iuminosity (Can-
field et. al., 1986) while the X-ray and optical luminosities of AGN are not correlated
(Muschotzky, Done and Pounds, 1993). The length of flux tubes which create solar
flares, that are afssocia’-ced with temperatures of 10" K and densities of 10'° em =2, are
typically 10° cm (Metcalf and Fisher, 1996); in contra;st, AD Leonis had calculated
flare lengths near 2x10'° cm (FH90). | |

In this chaptef, I develop a scaiing law for ﬂarés in the corona of an AGN accretion
disk. Since the flare rise and decay time are measurablé, this ‘allovvs us to determine
an allowed region in the parameter space defined by loop length and apex temperature
evaluate the feasibility of this model. The strong similarity betwéen X-ray emissivity
of solar flares and those found in ASCA observations of Seyfert 1 galaxies suggests that
the underlyiné mechanisms may be related. Thus, followihg the same methodolégy of
deriving a scaling law from the plasma dynamics in a splar flare, as previously done
by Fisher and Hawley (1990), I will deveiop one for AGN, taking into account the
differences between plasma parameters and cooling meéhaniéms, using NGC 3227 as
a test case.

In this chapfer, we explore whether the flares observgd in the Seyfert 1 galaxy
NGC 3227 are consistent with scaling laws from a single reconnection event suchas
a,.solar flare. In Section 2.2, the calculations of FH90, in which they derived a scaling.

law for solar flares, are summarized. In Section 2.3 a similar scaling law is derived for
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AGN for a temperature range of 10° - 10*° K. In Section 2.4 the flares of the Seyfert 1

Galaxy NGC 3227 are a;nalyzed, and changes ‘in spectral hardness briefly addressed.
In Section 2.5 we calculate the maximl'lm energy produced by a flux tube consistent
with the scaling law, and compare the length to the pressure scale height of the disk
and sound transit length of the loop. Section 2.6 COIltaiI-lS concluding‘remarks.

Scaling Law for Solar and Stellar. Flares

A s.caling law relating the loop length of solar flares to apex temperature, flare rise
time, a:nd flare decay time was first derived in FH90. Here their work is summarized
in ‘order to clérify the modiﬁcations by the author, presented in the later sections of
this é:ha,pter‘.

 We begin by writing the gas dynamic equations for the plasma in a loop with
uniform pressure and constant cross section; we first have the equation of state fgr

the plasma:

P = 2nkT (2.1)

where we make the simplifying assumption that electrons and ions have the same
density n and temperature T. We can consider the loop a one-dimensional entity
based on similar loops in the Sun, which h.';,ve cross sectional areas which are small
relative to the length. The remaining spatial dimension, z, is the distance along the
arc of the loop. We also have continuity:.

. 0 - :
n+ gnv =0 . _ (2.2)
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and conservation of energy (as per FH90):
3 5 ,dv dF,

P =Q@-R—gP - —=

(2.3)

where P is the pressure in the flare 1001.), Q the heating rate of the plasma, R the
cooling rate of the hot plasma, F, the conductive flux of the plasma, v the plasma
velocity and z the distance from the foot point along the flux tube. The plasma is

assumed to be an ideal gas, and the cooling law is assumed to have the form:
R =n2AT® . | (2.4)

where n is the plasma density, A=10"°* and a=% for chromospheric temperatures

near 10° K (FH90). The conductive flux is described by:

F, = nngg : (25)

Z

where £o=10"° cgs is the Spitzer heating constant. The energy conservation equation

* is then integrated over the loop, yielding:

2

§P=<Q>—<R>—§Pvch - - (2.6) .

where the heat flux is zero at the loop’s foot points, and the pressure is assumed -
uniform throughout the loop. Here the velocity v in the enthalpy term is the bulk

electron velocity in the chromosphere. The enthalpy term does not vanish, but ¢an
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be ghown (FH90) to be significantly smaller than the other terms in the equation,

- giving:

;P =<Q>-<R > . - (2:7)

Earlier numerical simulations of coronal lobps (Craig, McClymont, Underwood, 1979; .

McClymont and Craig 1987) have shown that the spa,tiai velocity distribution is:

o(e) = s el . e

where N(z) is the integrated density, or column depth, and is defined by:

N(z) = /0 n(2) d'. L) |

We then relate the ﬁressure to the total column depth N;(which is just the value of
the column depth when z=1): | o |
N P -

-]\Tz =05 (2:10)
where {2 is a parameter deterr_ni'ned by t-he loop properties, and changes as thé loop
evolves from evaporative to condensing states. The pai‘amefer Q) is an ad hoc param-
eter created to cover b;)undary conditions during the various stages of loop evolution.
'fhé relation befween colﬁmn depth and éressure, is kej to the dynamics of the loop;
thus, we examine values for { in the strongly evaporating and stron“g—ly condensing

limits. During strong evaporation, the flux tube is filling with plasma, so we exﬁ"ect

that it heats very quickly and << 1.
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Strongly Evaporating Loops

Here the most important steps in fhe derivation of the e%pressions for maximlim
pressure and {2 for a stro'ngly evaporating loop are presented; all calculations ;Lre due
to FI-IQO., and are presented here.s;) that they may be referenced later for the work of
the author. During the initial phase of loop formation, heating dominates the lo.op _

dynamics; that is, < @ >>>< R >. The integrated energy equation gives
3 - , .
§P =<Q>—-—<R>=<Q> (211

so that the local energy equation, following the previous assumptions that the pressure

and heating are uniform throughout the loop, becomes by substitution

dF, 5 _dv _ -
—Z4gP=0. B (219
Integrating and defining
N . ' '
="— 2.13
o= B

so that, using the definition of the semi-loop length L, and the fact that the apex .has\

a 'hig'her texﬁper'ature than do the foot points,

k‘Nt 15k2NtNt 23 1 1 | E '
L= | / — g2 d. 2.14
" P ( KoP , (@ ge ) hde. (2.14)
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We then define a pararﬁeter

9= /l(m — l:c2)2/3 dz (2.15)

' 0 2 ’ T
which, when integrated numerically, has the value = 0.4656, and the loop half—ﬂlengfhh |
is:

L

_ ZT]Ntk (15k2NtNt) 2/3

| "ep (2.16)

This can then be rewritten to give an expression for the pressure: ..

_ 22*PPnkT4N,

P - (2.17)

which by assumption is uniform throughout the flux tube; T4 represents the é,pex

temperature in this equation. This then leads to

Y . 7/2
Ny 16,175 50T5”

N7 TTPLE (2.18)
At this point, it is expedient to define the parameter |
¢ = %21/3}72 =0.2013 (2.19)
The apex loop tempe.ra,ture e'volution is then described by:
din(Ta) _ (i) o)

din(t)] — \' 2 QL?
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Depending on the size of Q, the loop temperature can either increase linearly (slower

heating) or exponentially approach a maximum apex temperature:

2 L2Qq2/7 :
TA,ma.z - [E))‘"CTO] (221)
where
¢=02913. - (2.22)

Finally, the density and pressure for strongly evaporating loops are related by Q such

that

14+2Q PL* I

"= [ Q gKloTZ/z

(2.23)

which means that we can theoretically have §2 > 1; however, for situations where the

heating rate is very large compared to the net cooling rate § << 1.

Strongly Condensing Loops in the Solar Environment

After the flare has cooled for some time, the plasma begins to condense and recombine

" with the chromosphere. During this phase, the heating term is negligible compared

with the cooling term, and the flux is minimal, so that the energy equation becomes:

3 . 5 dv '
sP+ R+ 5P =0 | (2.24)
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or, inserting the known form of the cooling term,

3 . 2 e o O 0V _
but since
5 dv 5 N, 5_. N
5P = —3Fw — aF (1- E) (2.26)
and
oT oT '
the energy equation can be written as:
3 - 2 arma D - Ny\dT' N
5P+ n AT — Z.PnNt(l - Nt)dN =0. N (2.28)
After some algebra, this becomes:
dar 2., N\I"“2kT\3. ... 5N N
At the apex, there is no temperature gradient
ar| - ‘
N TA— 0 . | : (230) :
~ and we can define
P 2 a—2 . . . » N
Ra= (ﬁ) ATS | (2.;1.)
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so that the average cooling rate is
3 - '
< R>= —§P + Ra. (2.32)

Recalling that the plasma is described by

%_ _ Q% ©33)
we can write:
gnm < R>=Ra (5-34)
which reduées to
Q= %(1 ~ <1§§>). (2.35)

While the upi)er limit for ) is 3/5, typical values are much smaller since most of the

cooling processes take place near the foot'poiﬁts.

Static Loops in the Solar Environment

In midlife, the flux tube is approximately static, meaning that the heating term
balances the Spitzer heating and cooling terms, and the enthalpy flux vanishes. The

energy conservation equation then becomes:

dF,
dz

Qefs —R— = 0. S (2.36)
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In the ;%e of the strongly condensing loop, FH90 found that
207 2QRNA 7D

/=2 3 Poasl® . - @3

while in the case of the strongly evaporating loop, we found that:

221312k T s Nomass '
Pma:z: = 1 LA (2.38)
. where
__,CHOTE/ZTR
‘ngc = Ikl (2.39)

Equating the two éxpressions for Pp,, gives the scaling law for a magnetic flux tube

in the solar environment:

| a 11 [M] .
LPT? % = ﬁlﬁ =C > (2.40)
where C is a constant and
11/4 —a/2 1
=B|—=———1Z - 2.
ﬂl B[ 2 — ) 2] ( 41)

where B(a,b) is the beta function and

,32‘= é [lg%z_/z%] ,- | (2.42)
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For solar temperatures (i.e. near 10°K), this repfoduces the scaling law of FH90:
L = 0.012675 "2/ T3/ : T (243)

known to be consistent with loop lengths of 10° cm produced in the solar environment.

Scaling Law for Flares on an AGN Accretion Disk

The n’_loldel of magnetic ﬂu.x tubeé as a s;)urce of flares can be ‘modified for the
AGN envi'ronm'ent to produce a scaling law similar to that found for solar and stellar
flares. The term affected by fhe tempe_ratur’e change. is the cooling term; thermal
bremsstrahlung is the dominant cooling mechanism for plaémas in the temperatﬁre
regime of solar flares, and follo.Ws a well-studied coéling law for solar abundance
i:)la,smas (Raymond, Cox, and Smith, 1976). In contrast, the temperatures expected
in an AGN corona are higher, and a 10(')p would cool by thermal bremsstrahlung,
inverse Compton sca_tter.ing, s;ynchrotron, radiation a,nd,- at temperatures above 1096
K, pair creation and annihiiation processes. The f(;llovying calcﬁlationé result in a

scaling law for magnetic flux tubes on an AGN accretion disk.

Cooling Mechanisms

From spectral analysis of .Seyfert 1 and other active galaxies the main radiation pro-
cesses -of AGN are known to be synchrotron radiation, inverse Compton scattering,
thermal bremsstrahlung, and, if the coronal temperafures are sufficiently high, pair

production and annihilation (Blandford, 1990). Since the most accepted AGN model -
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Log Temperature (K) | log A  «
4.9-5.4 -21.2 0

5.45.75 | -104 -2

5.75-6.3 S 1-21.94 0
6.3-7.2 17.73 -2/3

Table 2.1: Coeflicients for cooling by thermal bremsstrahlung below 107-2K |

is of a cold (10° K) accretion disk surrounded by a hot (10® K) corona (Osterbrock,
1993) we begin by reviewing the density and temperature dependence of each of the
significant cooling mechanisms.

Cooling by thermal bremsstrahiung is deséribed by:
Ry = Anen;T*® _ (2.44)

Where A and « are coeﬂicienfs determined by Rosne'r, Tucker, and Vaiana (1978) to
the best-fit polynomial ﬁt for the Raymond cooling curve in the pertinent temperature
range (Rayniond and Smith 1977). These coefficients are reproduced in Table 2.1 for |
temperatﬁ.re.s from 10*°K to iO”K.

Above 1072K, line emission is no longer present and thermal bremss’grahlung is

described by the expression:

[2mkT 257e® . - -
: Rtb = szsznenigb (245)

where k is the Boltzmann constant, T is the temperatﬁre of the plasma in the flux
tube, m is the electron mass, h is plank’s constant, ne and n; are the electron and ion

densities'respectively, and gy is the gaunt factor, which we assume to have a value of
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1.2. Z.;; is the effective charge for the combined species in the plasma,; it is typically
assumed to have a value of 1.4 in an AGN central engine (Blandford, 1990). If the

gas in the flare loop is 10° K, which means that thermal bremsstrahlung will have an -

1

energy loss rate of about 6x10‘6efg s7Lem™3 for a plasma with density 10° g em™8,

The energy loss rate due to Compton. upscattering is gilven by (Rybicki and Light-
man, 1979):

" 4kpgT '
R;. = B corneUpp - (2.46)

mc?

where T is the temperature of the coronal plg,sma in Kelvin, n, is the .electr-on- density
in the plasma, Uy, is the incident photon energy densi;cy, and o7 is the Thomson cross -
- section. The photon energy density from the disk is ca,u.sed by‘ blackbody radiation,
so for a disk temperature of 10° K, we expect an energy density of:

4o

c

Uph = —Tg 0 = 7.6x105‘ergcm_3"s_1. - (247)

" Our expected cooling due to Compton upscattering will then be 1.4x10~6 erg s~'em ™2,
Thus, for the femperature ‘re}.nge of intefc_ast-we expect that losses due to thermal

" bremsstrahlung and Compton upsca;stering will be éomparable, and both must be
included in any calculations available to estimate the energy balance of the flare loop.

The electrons a,l_sé emit synchrotr;)n ra,di.a,tion. The ratio of enérgy loss rates of

synchrotron radiation to inverse Compton scattering is given by (Zombek, 1992):

_ 5 | W)
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where

. B2
:§7F.

Us (2.49)

In the inner accretion disk of an AGN, magnetic field strengths are typically near. 103

G (Blandford, 1990), so that
R

SYnc ~ 0.05. ' ) .
R, 05 | (2 50)

We can write the combined contribution of synéhrotron and inverse Compton losses

as:

. 4k T -‘ N .
—n;Bc—z-caTne(Uph + Ug). (2.51)

Rssc = Rz'c + Rsync =

In addition to the above, Tritz (1990) showed that nonthermal pair production
and annihilation are significant to the energetic balance in AGN coronae. The many
pair production mechanisms are dominated by two-photon processes due to their high
cross sections and the relativel;f low densities of particles in thg AGN disk (Begelman,
Sikora, and Rees, 1987). These processes are important when the pararﬁetér -

kT,

mec?

o=l oy L 25)

or T, > 6x10°K; that is, for half a decade of the tempef@ture range considered here. =

AGN in general are expected to have significant pair production when

[ = L‘ob.;' or

- : . 2.
4 (Atgps)mect > 1L , ( 53),

most fall within the range | = 103 — 10¢ (Lightman and Zdziarski, 1987). We will
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later show that this condition is not satisfied for NGC 3227; therefore, we develop
a spaling law which excludes the contributions of pair production for use with this

_source.

Static Loops on an AGN Accretion Disk

Following the‘method of Fisher ‘and ﬁawley FHQO, we approximate f;he ldop. evolution -
as a succession of static loops. In-order to féllow their method, we assume that the
plasma in the loop itself is opfically thin; 1';he measured optical depth .of the corona 1s
T 1. However,k this is the depth of the full corona, not_t}ie loop itself. The plasma in
the loop itself has Windbw;s of relatively low opacity for much of the speqtra,l-windows '
in the ASCA observation, which widen for temperatures above 106 K(Burbidge et.
al., 1978; Acton 1978; Saba et. al., 1-999, McKenzie, 2000). We further assume the
ioop is in hydr(')sta,tic equilibrium (i.e. has constant pressurej; this is not justified ab
initio, but is taken care of by considering only parts of the résulting parameter space
which have loop lengths short enough to be travez;sed in the timescale of the flare,
given the speed ofh sound of the material: We begin with the energy conservation
equation for the plasma:

5 dv | ch

—P Q R—2P=— —

27 dz dz (2.54)
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where Q is the volumetric heating rate for the loop, R is the radiative loss rate given

by:

R= Rtb + Rssc-

Since enthalpy flux vanishes, the heating law can be written as:

dF,
$SC . dz

=Q

The energy conservation equation for the loop then becomes:

et 2 g
or, since 'the local conductivity is given by:
F, = —koT%/2— 4T
| dz
the loop energy balance becomes:
%fﬂTo‘ s ._l_'40T(U:r;:c-l- UB)P ~ Kope (Ts/de)

It is expedient to define:

AP? E'_Q G = 40T(Uph+UB)P

> - >
Kok? Ko mekg

Q-

(2.55)

| (2.56)

(2.57)

(2.58)

(2.59)

(2.60)
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so that .
E=G+FT*?— g(Ts/zazT) i (2.61)
Z
Notice that
T5/29,7 — .i_azT"/z | (2.62)

so that, just as in the calculations for lower temperatures,

‘ FTa+1/2azT . %82[(T5/202T)2] : (E . G)TS/ZBZT- (263)

This can be rewritten as:

2F at3/2 5/2 o _ 4, 7/2
T aEt L - AT 0T = (B - 0ot (2.64)

At the loop apex, we have z=L, T' = T}, and 8,7 = 0. Integrating the entire equation

above over, dz, we get:

QFT*H 2 =@ (2.65)

In a similar manner, we can integrate the general equation over dz and notice that

the intégra.nds must be equal; doihg so gives:

2F
a+3/2

To+3/2 _ 7829, T)? = %TW. (2.66)

We can then make the substitutions:

T = zly, : (267)
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Log Temperature (K) | o = 3 B2 A
4.9-5.4 0 1.40032 2.17272 2.
5.4-5.75 -2 0.946224 2.53544 1.27
5.75-6.3 0 1.40032 2.17272 2
6.3-7.2 -2/3  2.12564 3.014 1.68
7.2-9.6 1 +1/2  1.1781 2 1.17

Table 2.2: Coeflicients for cooiing by thermal b_remss_tra,h‘lung'a,bove 10%9K

where T} is thé apex temperature, and
2= Ly ‘ ' (2.68)

where z is the altitude in the loop, so that we get:

2FL* o 4L* ‘ _ 0z, .
a+3/2T g2 —(E~G)e™/ = 7/2(0) | (2.69)
Once we substitute
QFT* 2= _ G ' (2.70)

we are doing exactly the same derivation as FH90, Which.yields a column density
expression: -

B ~ '
N = Lnag. | ‘(2.71)

From numerical integration, the numerical values of each of the beta functions B; and
the parameter A = 14/(7 — 2«) are tabulated for the temperature range of interest

in an AGN environment. The upper limit of T=10%¢ K is chosen because above this _

temperature pair processes become important.

The dynamics of strongly eifaporating loops are independent of the cooling mech-
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anism, so the physics is identical to that already examined by FH90 and summarized
in Section 2.2.3. We thus progeed to find expressions for Q and FPros for a strongly

condénsing loop on an AGN accretion disk.

Strongly Condensing Loops on an AGN Accretion Disk

Strongly condensing loops are by definition those for which the heating and con-
duction terms are negligible compared to the cooling. The strongly condensing loop
differs from the treatment of the loop in the solar corona. First of ail, The energy

flow is described by:
| 5 dv

. _P + Rtb + Rssc + = ) dt =0 - (272)
so, if we define
. 20"1"
I= 2.7
me —(Upn + Up) | (2.73)
and let
- BP=HP+1IP. : (2.74)
The cooling law then becomes
3 . 2 A S5do ~ ‘
§P +n?AT* + BP 4 i 0. : o (2.75)

We then assume that the quantity 7/n is uniform throughout the loop in keeping |

without assumption that the system is in hydrodynamic equilibrium. This requires
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that

Nt N ' )
-and
ov _ wvdn N, :
so that the scaling law is
3. Lo o 5 N B N\ dT o
oP 4 AT + BP — 5P — 5PN, -¥aw (2.78)
‘Noting that
oT 0T ON oT ‘
5 " oNos  "oN (279)
the cooling law can be rewritten as .
5 . NANOT 3. ', 5 N, \
— 11— )= = &4 ———=P. .
2nNtP(1 Nt)aN SP £ n?AT" 4+ (B hvat) e 80)
After some algebra, this yields: _
5 N ap P \? pra
o _ (T [m_B] ~ 3P - (d) 4T (281)
dN P T )

At the loop apex, the temperature is at a maximum, so the gradient vanishes; -

that is:
dTl’

| =0 | (282

Ta
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5N, ] 3 P 2
[§N:-—BJP—§P (%) ATA .

Now recall that the rate of thermal bremsstrahlung at the apex is

P

Rys = (2k

) ATA‘ |

. so that the avemgé cooling r\ate is:

< R>= —;P: BP + Ryy.

At this point, it is useful to find an upper limit for Q such that

We can then rewrite the cooling equation as:

[595 - B]P—;P = R,

or

gQP:—<R>_-BP—RA

so that

Qzﬁ(l_@Jf_RA),

-5 < R>

(2:83)

| (2.84)

(2.85)

(2.86)

| (2.8%)

(2.88)

(2.89)

While this provides the same upper limit of % for € in the limit of a strongly condens-
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ing plasma, in reality 0 will often be significantly lower because the Inverse Compton

" scattering rate is independent of the temperature and the ratio % will be closer to
1 than 0.
An approximate for () in a strongly condensing loop is
3 Riot A :
Q=—(1- ’ 2.90
5 ( <R >) o : ( <-)

where Ryo: 4 is the total cooling rate at the apex and, in gehera,l, Rt = Ry + Rssc-

From FH90, note that

T _ (T [(%%— - B)P - %P] ~ () AT

aN ~\p 5k, (1— 21) .
and
[g% - B|P - g-P = (%)ZATX—? - | (2.92)

which we can use to find the femperature ciependence on column density (and thus

. indirectly on posifion in the loop). Let
T =— ' (2.93)

so that

1dT (sz) [("2%)2[z‘le?i“v2 — AT (2.94)

Nydz \ P 5kN,(1 — )
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or

LAl P’ A T _qer
o) 501 —z) _ (2.95)

Ndz = B
We thus have an expression Which.depends only on the thermal bremsstrahlung con-
tribution to the cooling. Physicall-y, this mékes sense; inverse Compton and syn-
chrotron cooling depend only on the plasma pressure and not on its temperature, so
the spatial ltefnperature distribﬁtion in the loop is determined entirely by the thermal
_bremsstrahlung rate, which is temperatﬁre dependent.
AtAthis point the physics reproduces that shown in.FH90 for a plasma cooli.ng by
thermal bremsstrahlung alone. We thus use t}-'le upper limit | .

< 12 — 6«
-~ 35

Q

(2.96)
which for a plasma with T' > 10”2 K means a =0.5 so that the strict upper limit is
2 <0.257 (2.97)

and ‘values for {2 for the lower temperatures are found in an analogous -manner.

Scaling Law for a Loop on an AGN

The functional form of the scaling law for flux tubes on an AGN accretion disk is
identical to that of a solar flux tube because the derivation of the scaling law does
not depend upon the functional form of the cooling mechanism (Fisher and Hawley,

1990; Hawley et. al." 1995). The most prominent change in the scaling law is seen
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in the parameter Q for strongiy condensing loops, which is’ constrained to a much
smaller value as discussed in Section 2.4.

When the loop is in a strongly evaf)orating‘ phase, the column density was found

to be related to the loop semi-length L and rise time 75 by

Niaw = % ; (2.98)
and the maxiriﬁum pressure is
Pras = 22/377%5‘4%“’ (2.99)
as per the calculatiqns of FH90. The static llo‘op mode:ls gave
3. o , ,
5P=0-<R> D (2-109)

which, when combined with the average loss rate for a static loop and the definition

of ) can be shown to give (Metcalf and. Fisher, 1996):

de QKN

&t _ 3% Vmas at1-4 ' 2.101
dt Pral? © - @y

" where
s = YO (2.102)
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Log Temperature (K) a S P q
4.9-5.4 95.98 0.75 0.5 0.5
-5.4-5.75 9.3x107  0.2143 0.7857
5.75-6.3 . 0.38 0.75 0.5 0.5 |
6.3-7.2 ’2.07X1011 0.417 0.4048 0.5952
7.2-9.6 { 6.79 1 05714 0.4286

Table 2.3: Coefficients for AGN scaling law over five decades of temperature

This éxpression can be integrated to give:

L_3 200 ¥ N :
T —2QKN)_
— = _3 712 . (2.103) _

L
Q

Since the pressure should have the same maximal value at the end of the evaporating
phase as it does at the beginning of the condensing phase, we can substitute the values
for Npee and Ppe, found for the evaporating phase into the above expression and -

solve for the loop semi-length L. This gives scaling law for high-temperature flares in

the form: -
1 [2RQrp(roTy ma) (& = N
L= TVEm Sy : (2.104)

where k=1.?.>8x10“16 cgs is the Boltzmann constént, Ko = 107 is the Spitzer heating
constant, and all other parameters depend upon the values of A and o from the:
thermal bremsstrahlung rate at ‘tha,t temperature. In each case, the scaling law can
then be eXI:)ressed as a fﬁnction of the apex t'émperature T4 and the flare rise and
decay ’gimes:

L = aT57E7h. | (2.105)

The values of these f)ara,meters are as shown in Table 2.3.
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Observation of Flares in NGC 3227

NGC 3227 has loﬁg been known to exhiBit rapid X-ray variability; the first HEAO1
observation show;ad a 140% increase over 5 hours (Tennant and Muschotzky, 19835.
The identification of a broadline region (Salamanca ef. al., 1994) classified the source
NGC 3227 as a Seyfert 1.5 galaxy. NGC 3227 weakly intera,ct:s with its neighbor,
NGC 3226, causing the existence of both central compact and extended H I emiss_ion'
regions (Mundell et. al.,1995), as well as extended He and O [III] emission regions
related to the bar of the SA galaxy (Gonzalez Delgado and Pérez, 1997). ROSAT
PSPC obser\‘/a,tions intiicated that the hfghly variable source exhibited little spectral
variability, but strong évidence for dust in the warm absorber (Komossa a,nd.Fink,
1997). The 1993 and 1995 ASCA observations of this source showed varying Eardness
.'ratios but no direct spectral changes (George et. al., 1998). The overall flux of the
- 1993 ASCA obse;;/ation exhibited two flare-like events. ’i‘his source was thus chosen
as a test case for the application of scaling laws similar to those already derived for
-solar and stellar flares to flares on the inner accretion disk of an active galactic nucleus
(AGN). ‘

The 1ight curve of an archival ASCA observation of N‘GC 3227, a Seyfert 1.5
gé,la,xy showed two stljong events which had the same characteristics as do solar and
steliar flares: both had linear increases with timeécale TR énd exponential decays with
timescale 7p. This .observa,tion of NGC 3227 was performed gsing ASCA in 1993. The
" entire observation was performed in faint rﬁode, which was subsequently converted

to bright2 mode for analysis. In screening the da,té, a cutoff rigidity of 6 GeV/c?
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4x10' 8x10'
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Figure 2.2: Light Curve of NGC 3227

I(t) = lo+ ht', ts<t <tm
I{t) = 10+ litme~t/tD) t>tm

was used, and data acquired during passage through the south atlantic anomaly were
excluded. The following analysis is intended to provide models of the light curve,
which is shown in Figure 2.2.

The variability of NGC 3227 was modeled to a constant plus several distinct bursts,
modeled by: where is the time at which the maximum of the flare occurred, the

rise time tn = tm —ts, the burst height litm is the maximum amplitude of the burst,
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| flare | 7r (3) [ 7 (s) | Imae (Counts/s) | tmas (s)
11 6,590 | 12,085 . 0.701 42,232
9 13,761 | 7,762 0400 | 10,741
3 3,000 | 1,443 0.200 55,000
4 4,000 | 3,607 79,000
5 | 1,122" | 1,559 0.2161 16,425

Table 2.4: Burst model is fit to the light curve of NGC 3227. Each of the five flares
is characterized by a rise time 75 from the beginning to the maximum of the flare, a
decay time 7p at which the flare has decayed to 25% its original amplitude, a flare -
amplitude I,;qz, and the time at which the maximum of the flare occurred t,qy

and the decay time tp is defined to Be the time taken for the burst to decay to one
fourth of its maximum value. |

Since this source comes from a region 61” the X-ray siqy with average Background
of .roughly 0.1 CPS in thé spectral region of intefest, no background subtraci:ion has
_been performed The light cu%ve of NGC 3227 was fit to five ~ﬂareS'uéi;1g the software
packagé XRONOS, indicated by the solid line in Figure 2.2. The parameters of each
of the flares are shown in Table 2.4. |

The shortest timescale of variation is on the or(_ier.c.of iOOO seconds for this source;
its average observed luminosity in the 0.1-10 keV ba,nd“is 1~b42‘erg/ s (George et. al.,
1998). 'This gives 1=0.07, verifying that pair processes are not substantial iﬁ this
source as per the discussion of Section 2.3.1.

We can now find an approxirﬁate relation 'betweén apex temperature and the
expected loop length for the temperature range T::104'9‘9'6. Loop lengths for each of
the five flares are shown as a function of apex temperature in Figure 2.3. The disjoint
nature of the‘ curve results from the approximate treatment of thermal brerﬁsstrahluﬁg

discussed earlier; the results near the boundaries between segments of the curve are
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Figure 2.3: Loop length as a function of apex temperature for the five flares in the
observation of NGC 3227. The solid line represents flare 1, the crosses flare 2, the
diamonds flare 3, the triangles flare 4, and the boxes flare 5.

not robust.

As we have performed the above calculation with the upper limit of the parameter
0, we might ask what affect a smaller value would have on the projected loop length.
The question is particularly important for AGN since the expected contributions
of combined inverse Compton and synchrotron processes are comparable to that of
thermal bremsstrahlung. We expect the plasma to cool faster than if by thermal
bremsstrahlung alone, thus we expect a smaller value of fL As an extreme case,
consider the limit as $ approaches 0; the loop length then becomes:

i(fi=0)= 2" it (2.106)
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log T AK
Figure 2.4: Loop length as a function of apex temperature for the first flare in the
observation of NGC 3227. Diamonds represent the upper limit on fi, circles the case
D=0.
where s,p,q are as defined previously. The projected loop lengths for the first loop
will be longer for most temperature regimes, as shown in Figure 2.4.
Physical Constants of AGN Flares

While we can predict a length of the flux tube associated with each temperature
window of thermal bremsstrahlung emission, such loop lengths must pass certain
criteria to be physically plausible. One assumption of the scaling law is that the
plasma within the loop is in hydrostatic equilibrium. In order to accomplish this,
the loop must be short enough that sound waves can cross the length of the tube
on timescales much shorter than those of the observed flares. Another is that the

loop length must be longer than the pressure scale height of the inner accretion disk

in order to be meaningfully anchored in the accretion disk. Still another is that the
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thermal energy in the flare plasma must be at least as great as the energy radiated
by the flare.
The speed of sound ¢, in an accretion disk is given by:.

wh

Vs

Cs =

(2.107)

where h is the half-thickness of the disk and € its angular velocity (Shakura and
Sunyaev, 197 6). For a typical disk, b = 0.1R, so using a Keplerian orbit around a

Schwarzschild black hole,

0.1 [GMce
g = ——A ———— 2.108
“=BV R (2.108)
or, for the innermost stable orbit of a Schwarzschild black hole at 6Rs, c, = 10%°

- cm/s. We thus require

L < TRe;. (2.109)

For the 1ongest decay time in Table 2.4 (for which we have also calculated a. loop
length), this gives

L<10%cm = | (2.110)

which is achieved by most of the temperature regimes of interest.
The flux tube must also be longer than the pressure scale height of the disk to
which it is anchored; in particular, we require

L>01R,=h T (@11

t
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where R, is the Schwarzschild radius of the black hole (Shakura and Sunyaev, 1973).

Recent work by DiMatteo (1998) suggests that a flare height of 0.8 R, is appropriate
for flares on AGN dis_ks.v Seyfert 1 galaxies are usually associated with spiral galaxies,
and as such are thought to hav.e, central black holes of mass near 107 M, (Rees,
1996). The associated Schwarzschild radius is then 3x1011-12 cm, so our flux tube
must have L> 101911 ¢m,

In order to produce enough radiated power to explain the 10*2 erg/s amplitude of
the ~ 10°~* s flares, the thermal energy storgd in the flare loop must be greater than
the energy released during a flare event. The thermal energy stored in a flare is given
by:

U =2n,VkT : (2.112)

where n.is the electron density, V is the volume of the flux tube, and T is the
I. temperature (assumed to be the same for electrons and ions). If the loop minor

radius is a tenth of its length, this leads to the requirement that: ‘
I3 > 6x105p 171 (2.113)

to produce the 1042 erg/s for the largest two flares in NGC 3227. The disk density is ..
thought to be near 101§cm_3; (Di Matteo, 1998), and the density of the plasmla' in the
flux tube pi‘obably 'conéiderably lower.

These physical requirements are summarized in Figure 2.5, which shows regions

in the L-T, parameter space for which flux tubes are allowed on an AGN accretion
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Figure 2.5: Below 1010 cm, loops cannot exist because they are smaller than the
pressure scale height of the disk, while above 1013 a sound wave cannot cross the
disk on timescales shorter than those of the flare event. The dotted line indicates
the temperature at which the loop can emit 1042 erg/s for a density of 10l6cm-3,
the dashed line that for a density of 10140m™3 and the chain dashed line that for
10120m™3. Also shown are projected loop lengths for the five observed flare in NGC
3227; circles represent flare 1, crosses flare 2, diamonds flare 3, triangles flare 4, and
boxes flare 5.

disk. The white area indicates the parameter space available after application of the
first two constraints; the energy constraint for a plasma with density 1012- 16cm-3
overlaps this area for the loop lengths and temperatures allowed by the other two
constraints. Figure 2.5 demonstrated that the calculated loop lengths of the flares
observed in the ASCA observation of NGC 3227 are consistent with the constraints
on sound speed, pressure scale height, and energy for apex temperature in the range
1065-7 2K or above I085K. At present, there is no easy way to distinguish in which of

these two temperature regimes these flares lie; either range is consistent with expected
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densities.

Considering again that the calculated loop lengths-assume the ﬁpoer limit of Q,
we note that the loop lengths for the upper temperature regime remain plausible for
values of §2 throughoﬁt its plausible range, while plasma in the temperature range
10%°-72K is much more sensitive to the value of Q. In the presence of strong in-
verse Compton radiation (or synchrotron radia,tion‘,la,lthough the second is relatively
small, as per Section 2.3.1), the plasma cools faster than if by‘ thermal bremsstrahlung
alone. ) will thus be smaller, in general, than suggested by this treatment, and will
. mean increased loop lerlgths for all temperature regimes above 105'4K. This would
correspond to longer lengths for loops in the 1063-72K range, possibly (but not nec-
essarily) above the limit imposed by the sound transit time of the loop. However,
faster coolirlg (and hence longer) loops in the 1072726K range would mean that loops
exceeded the pressure scale height of the disk at lower temperatures, making it more
likely that loops with plasma above 1072K were responsible for flares such as those
observed in NGC 3227.

Conclusion

We find that the loop lengths predicted for a flare event observed in the Seyfert 1
galaxy NGC 3227 are consistent with the expected form of a scaling law for a 'cororra,l
loop. One.length which meets the physica,l. requirements for the energy emitted by the |
flare, sound transit time of the loor>, and pressure scale height of the AGN accretion
disk corresponds to apex temperatures in the range 10%°~"2K. This is reasonable not

only because it is within an order of magnitude of the coronal temperature predicted
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by the classic disk—cor.ona, model of AGN (10°K) but also because it suggests a value for
T’s which is more than ten times the expected disk temperature of 10°K,.as observed
in coole;r solar flares.: In addition, a 107?K plasma is two ofders of magnitude below
the regime where pair processes are important components of the energetics, thus
justifying our neglect of them iln this work. The hotter flares (T4 > 108'5;K) are also
plausible in terms of expected coronal temperatures, and above 10°K, an inefficient
emission process can be accommodated even for low densities. 11; addition, flares
above 10"2K are still viz;.ble for values of Q2 smaller than the upper limit, making it
most likely that this temperature range corresponds to the flare femperature in this
source.

Thermal bremsstra,hluﬁg is clearly not the dorﬁinant .emission mechanism for
Sey.fert galaxiés. Howe\‘fer, 'Whep' we consider the dependence of éa,ch of the mech-
anisms on pressure, we find that synchrotron radiation and compton upscattering
are both linearly related to the piasma density. This means that, although they are
lé,rger than thermal bremsstrahlung, their effect will be to change the effective .hea,ting
rate of the plasma rather than changing the functioga;l form of the scaling law. This
would n;)t be the case for pair processes; other Seyfert gala,xiés and AGN which are
in the regime where pair processes are rﬁore important will n;eed a more sophisticated

treatment which incorporates the losses due to these mechanisms.
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CHAPTER 3

ANALYSIS TECHNIQUES

Two roads diverged in the woods
So I took the path less travelled by
and that has made all the difference.

-Robert Frost (1963)

| Introduction
Seyfert 1 gaiaxies emit light With significant luminosity across the elecfromagnetic
spectrum from infrared to high;energy ~ rays. The low—enel}gy region of a Séyfert 1
(Syl) is dominated by a power law spectrum which is superimposed b-y a blackb;)dy
spectrum in the UV, which is often _feferred to as the "Big Blue Bump”. The powerlaw

spectrum from the IR to the UV has the functional form (Ferland 1996):
fo= Vaexp(—hz//kTﬁB)e:vp(—kT_rR/hz/), +arv®. . (3.1)

where f, is the radiative flux at frequency v; a is the power law coefficient for the
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continuum, and is related to the photon index by:
P=a+1, . ' (3.2)

T’sp is the temperature of the blackbody emission which causes the big blue bump, T7r
the temperatu.re of the blackbody causing emission in the IR, and a is an empirically
de£ermined constant 1.°elai:,ir'1g the relative strength of the powerlaw to the blackbody
continua.

The spectrum of the X-ray region is dominated by the powerlaw continuum, but
also includes neutral hydrogen absorption, an iron Ko emission line theorized to orig-
inate from the accretion disk orbiting the central black hole, and oxygen absorption
postulated to originate from the warm absorber. Observati;)n of the X-ray window
. thus provides clues to the structure and va,ri‘ation of the innermost regions of the
galaxy.

| This chapter is essentially a methods and materials description for the data anal-
ysis portion of this thesis. Sectiqn 3.2 describes the desigr-l'of ASCA and summarizes
those technical details which directly affect the analysis described later in this work.
Spectral fittings a,ré ail‘ performed with the software pa,cka,ge XSPEC and other data
reduction with the software ﬁackage XANADU; both were ‘developed by NASA‘for
analysis (;f X-ray observations. A specific procedure for consistently modelling spec-
~ tra and minimizing unphysical effects of the ﬁtting algorithm are descriBed. This

procedure was developed by the author, and is described in Section 3.3. Readers:
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unfamiliar with the models availagle in XSPE_C, or w.ith the standard statistics used
to evaluate their goodness of fit, will find a summary in Appendix A. Section 3.4
describes techniques used in this work for timing analysis of Seyfert 1 Galaxies. Sec-
tion 3.5 describes techniques ”to group bins from light curves in which the galaxy is
in different dynamical states; in addition to reviewing standard techniques, two. new

selection methods developed by the author are described.

Optical Design of the X—ray Telescope ASCA

The observa,ti'ons described in this work are data fI‘Oi’l;l the Japanese satellite
ASCA, Wh‘iCh consists of four separafe detectors- two SIS (Soiid State Imaging Spec-
trometer) and two GIS (Gas Imaging Spectrometer) detectors. One improvement of
ASCA over ROSAT and GINGA is that its spectral window, spanning from 0.5 to
10 keV, céver's the soft X-ray region of the warm abéorber as well as the harder X-
ray powerlaw continuum and Fe Ko emiésion features. ASCA’s energy resolution_ of
AEE = 2% for the SIS detectors is also of high scientific importance becaiise it allowed
the first Tesolution of the two oxygen ;,bsorption edges just Below 1 keV; these edges
constitute what is known as the “warm absorber” in AGN. ASCA was the first X-ray
telescope with high enough spectral resolution to determine the emission line param-
eters betwéen 0.5 and 10 keV. In part‘icula,r,- the iron Ka line was found to exhibit a
redshifted lobe which was consistent. with a disi< orbiting a Kerr black holg (Iwasawa.
et. al. 1996). | |

Each of the four detectors on the satellite ASCA has its own optical dssembly; all

lie within the same plane at the back of the satellite. The focussing optic for each de-
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tector consists of a mirror madé of 120 nested concentric aluminum féils coated with _
10~20 nm of acrylic and GQ nm gold, which enhances the reflectivity. The light reflects
off each at grazing incidence. The focal length of the m'irr_or 18 3.5 m. AS.CA has
four imaging s"pectroscopic detéctors; two are the GIS (Gas Imaging Spectromete.r)
detectors with a circular, 50” field of view, and provide adequate operating character-
istics for an enel;gy range from 0.7-10 keV. Their energy resolution is 8% at 5.9 keV,
and their eﬁective area is 1300 ¢m? at 1 keV and 600 cm? at 7 keV. ASCA’S other
two detectors are solid state imaging spectrometers (SIS), each consisting of 4 charge
' coupled devices (CCD); ASCA was the first X-ray satellite, to use CC]j’s as a photon
detector. The SIS detectors have the same effective area as do the GIS detectors, but
their field of view is 22”x22” square (if all 4 CCD’s are usea; ob.serva,t.ions taken in
1- or 2-CCD mode, such as those described here, have a sma,lier field of view). They
have better response in the soft X-ray region, and provide acceptable response over
the O.4—10'keV energy range; the energy resolution at 5.9 ke;V is 2%.

While both sets of detectors were slowly undergoing radiation damage the t.wo
SIS deteptors were particularly susceptible to damage, and became unusable in more
recent observations. High energy particles from cosmic rays and the solar wind cause
color'center formation a,nd'(.)ther forms of lattice damage in the CCD’s; this increases

. the number of hot and flickering pixels and increases the dark current! (Dotani et. al.”

!Single photon detectors typically require that the incident photon liberate electrons from the
detector material, causing current to flow. No such detector is perfect- occasionally an elsctron will
be emitted, causing a current, when no photon is incident. This is referred to as “Dark Current” or
“Non X-ray Background”, and is a standard specification given with any photon counting device.
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1997).This has several effeci;s on observation with ASCA; first, the increased number
of hot and flickering pixels makes it nearly impossible to perform 4-CCD observations
with the SIS detegtors as was sometimes done early in ASCA’s lifetime. Secondly,
the detector response function éhanges over time, so the available calibration files
become less reliable, In addition, the validity of the background files created by
NASA during the performance verification (PV) phase just after ASCA’s launch -is
lessened due to the changes in dark current and detector response-function. This
suggests that a nearsky background is particularly a,pproplzia,te for SIS da,ta,. In more
recent observations, the SIS ;‘letecto'rs are only considered valid above 0.7 keV.

Techniques of Spectral Analysis

A typical ASCA Seyfert 1 spectrum is shown in Figure 3.1. The spectrum consists
of a number of features; %ir.st, the electrons from the corona produce a powerl'ax}v
contingum with I' &~ 2. This can be seen moét clearly between 2 and 10 keV. Below 2
keV, the powerlaw continuum is absorbed by the interstellar ﬁedium (‘ISM)2, causing
an obvious deficit in the count rate expected from the source. One other continuum
feature can be seen in some sources; above 9 keV, a small X-ray excess is visible. This
1s the low energy end of the “reflection hump” first discovered by GINGA observations,’
and thought to be caused by Comptbn reﬂ‘ection_ of the continuum. |

A number of absorption and.emlission'fea,tures are also present in Figure 3.1; all

are redshifted due to the recession of the galaxy. An iron absorption feature can be

2The Interstellar Medium consists of rarified gas within our Galaxir, the host galaxy, and (to a
much smaller extend) intergalactic space; the equivalent column depends on the angular locatlon of
the extragalactic source. :
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Figure 3.1: Typical X-ray spectrum of an AGN.
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seen aBové 7 keV; if the iron is neutral, this feature occurs at 7.1 keV, if ionized the
absorption feature is between 7.6 and 7.9 keV. At slightly lower energies near 6.4 keV,
‘we see a ling profile due to iron Ker emission. The next prominent continuum features
occur at the softer end of the spectrum, in the same region as broadband absorption
- by the ISM; two ienized oxygen edgeé occur beiow 1 keV. One of these is due to O
VIII near 0.871 keV, a,nd another is due to O VII near 0.721 keV. Below 0.6 keV the
~eﬁ°ecti;fe area of ASCA decreases éh@rpIy, making spectral features difficult to detect
and analyze. The narrow emission line near 0.58 keV is a feature of damage to the

SIS detectors, and has no physical significance.

Background Subtraction

In addition to dark current and other sources of X-rays from within the detector,
the night sky itself has an X-ray backgr(.)und. The X-ray background originétes from
several sources; about half the cou.nts frém 0.5-10 keV are emissions from unresolved
quasars (Fabian and Barcons, 1992). The X-ray background of thelnight sky' is not
spatially uniform (Schafer, 1993); and ié shown in Figure 3.2, Which; Wi’ph-the five
sources analyzed or shown as -examples within this work are labelled. NGC 5548
and MCG-6-30-15 (C and D respectively on the image) are located in areas of the
sky with high X-ray backgiound, while the NGC 3227, Arkarian 120, and NGC 4593
are lo<':ated in areas _with averag;e or low backgrQund counts. The location of the _'
séurce in the X-ray sky determines the optimal method of background subtraction

for the SIS detectors; sources from regions of the sky with low X-ray background _
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Figure 3.2: Partial images of the X-ray sky at 1.5 keV; dark blue areas indicate low
count rates, while yellow areas indicate very high count rates. Images are gnomic
plots covering 180 degrees on each axis of the sky from the RASS 1.5 keV survey
(Snowden et. al, 1995.) The sources labelled here are: A)NGC 4593 B) NGC 3227

C) NGC 5548 D) MCG-6-30-15, and E) Akn 120.
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Source Source CR. Nearsky CR Blénksky I CR . Blanksky II CR
Arkarian 120 1.301 0.025 0.018 0.008
MCG-6-30-15 1.47 "0.023 0.009 0.003

Table 3 1: SISO X-ray count tates for the sources considered in this work; each count
rate is in units of counts/keV/cm?/s, and represents an average rate for the entire
observation. The Source CR is the average count rate for the source itself, the nearsky
count rate is that of a non-source region on the SISO chip, the Blanksky I CR is the
count rate of the blanksky observation from a region identical to that of the source,
and the Blanksky II CR is the count rate of the blanksky observation from a region
identical to that of the nearsky.

should use a blanksky background subtraction, while sources 'from areas of high X-
ray background should use a nearsky region for SIS background subtraction. The
background count ra,tes. for each of the sourceé in this work are showﬁ in Table 3.1,
and were measured by the author. These sources indicate the variation in the X-ray
background; Arkarian 120 originates frorﬁ a low background region of the sky, and the
blaﬁksky background is used for the SIS subtraction, while MCG-6-30-15 originates .
from a high backgr;)und region of the sky, so a nearsky subtraction is used for the SIS
background. Tn contrast, the.GIS detectors éxpefienc;e substantial vignetting, which
precludes the use of nearsky region§ for baekgrouﬁd subfracti.on. Within this work,
we thus use the average X-ray background obtained for 15 different blanksky pointing
positions. (Tkebe et. al., 1995). In each case the blanksky background region filter

was identical to the source region.

Procedure for Empirical Models

' Since Seyfert 1 galaxies have relatively conﬁplicated spectra in the ASCA window,

XSPEC’s fitting algorithms will frequently have model parameters which interact




60

with one another to produce values which are unphysical. The aﬁthqr therefore
determined which model parameters affect one a,nother-a,nd developed a sequence for
fitting spectr.a,l data which minimizes the affects of these cpﬂﬂicts.

Continuum models for ASCA observations are fit to the hardér X-rays due to the
interference from Galactic hydrogen absorption at lower energies. The models are in-
each case fit to a 2-10 iieV window with the iron line region for the source excluded.
The lower energy 01.1toff of 2 keV is not arbitrary, it was determined by examining
a;, graph of the best-fit photon index as a function of energy. The solid circles in
Figure 3.3 shows how a simplé poWerlaW model, described in the next section, varies
when fit simultaﬁeously with neutral hydrogen; above 3 keV. the line remains almost
constant as a function of energy. Within the 3-10 keV region we expect to find an
iron a,bsorption. edge near 7.1 keV and an iron Ko emission line near 6.4 keV. Thus,
the continuum spectra is determined by excluding a region of approximafely 5-7.5
keV in which these features exist fqr the purpose of ﬁtting fhe powerlaw continﬁum.
The exact limits of the excluded feg"ion are determined fror;l-a‘double—gaussian fit
to the iron Ko line simultaneously with the continuum ea;ch case; the limits of the
excluded region for each sour.ce are determined by the energy at which thé iron line
is less than 1'0% of its maﬁmum.

The photon index is fit to the 2-10 keV GIS data, e;{‘clqding the iron emission
reg'ion. The soft energies are excluded from this fit because 1':he Galactic hydrogen -
absorption which manifests itself below 3 keV has the strong quential to increase both

¢

itself and the photon index simultaneously, as shown by the simultaneous contour plot
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Photon Index

Energy (keV)

Figure 3.3: Photon index when fit to a spectral window from n keV to 10 keV where
n is the energy indicated by the horizontal axis. Filled circles represent a simple
powerlaw fit, diamonds are a simple powerlaw with the iron line region ignored,
squares are a powerlaw with a double-gaussian fit of the iron line, and the open
circles are a powerlaw with a Schwarzschild diskline model. This set of measurements
was made using an archival ASCA observation of MCG-6-30-15.
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Method T X2/dof
A~ [1.80£0.03 1.09
B | 1.87%0% . 0.8819

C |1.89£0.05 0.9457
D  [1.844£0.04 0.9382

Table 3.2: Four methods of fitting the photon index are shown; a) a powerlaw spec-
- trum with no modification for iron absorption or emission features, b) a powerlaw
spectrum with the 5-7.5 keV region excluded, ¢) a model with a powerlaw continuum,
double-gaussian fit for the iron line, and edge model for the iron absorption edge, and
d)a model with a powerlaw continuum, Schwarzschild profile fit to the iron emission
line, and edge model for the iron absorption edge. '

of the two parameters in Figure 3.4.

The validity of this approach was tested for the full observation spectrum of the
1993 observation of MCG;6—30-15. First, the powerla'\-zv was fit to the entire spectrum,
including the iron line, for é,n energy interval from 2-10 keV, 2.5-10 keV ... 7.5-10 keV.
Then the 5-7.5 keV region was excluded, and the p.owerla,w. fit to spectral windows

from 2-10 keV up to 4.5-5 keV. Then two models of the Fe Ka emission line were
ﬁt simultaneotisly and the powerlaw coﬁpared across various spectral W.indows. The
results of these four fits are shqun in. Table 3.2; all have been fit for a,v spectral region
of 3-'10 keV.

The powerlaw fit t(; the complete spectrum with no‘treatment of the i.ron line gives
a lower. photon index than any of the other methods. Thus, fitting the. powerlaw from
3 keV to 10 keV with the iron line excluded is a valid méans of measuring the photon
index provided the iron line does not have a red wing extending beloxhzv 5 keV. Since
the ﬁttiﬁg algorithm takes signiﬁéantly less computat‘ion time, we adopt the approach

of fitting the powerlaw continuum to a continuum model and excluding the iron line
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Figure 3.4. Confidence contours for the photon index and neutral hydrogen column.
The fact that the contours are a tilted ellipse indicates that the parameters have
a tendency to increase each other when fit simultaneously. This contour plot was
made using an archival observation of MCG-6-30-15; the interdependence of these
parameters is characteristic of the models used and ASCA data, and is the same for
all sources described within this work.
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Confidence contours
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Figure 3.5: This measurement was taken from the archival ASCA observation of
Arkarian 120.

for all subsequent analyses.
The two partial absorption models (by gas and by dust) are relatively straightfor-
ward. In the case of partial absorption by dust, the absorption term multiplies the

photon index and is:

M(E) = Ae~a (3.3)

Since A is redundant with the powerlaw normalization n, it is frozen to | for fitting;

a interacts with the photon index F, as shown in Figure 3,5. parameters when fit
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1.9
Pholndex

Figure 3.6: Confidence contours for photon index and relative reflection This mea-
surements was taken from segment 3 of the newest ASCA observation of NGC 5548.

simultaneously, as a larger dust index a is naturally fit to a smaller photon index.
For older ASCA observations, the difference can be rectified by noting whether the
lowest energy bins (below 0.6 keV) are consistent with the powerlaw, as the correct
photon index will coincide with both these bins and those above 2 keV without other
fit parameters interfering.

figures 3.6 and 3.7 show that the relative reflection and the photon index inter-
act with one another; when one increases, XSPEC’s fitting algorithms will cause the

other to increase, so that high values of either parameter should be interpreted very
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Figure 3.7: Confidence contours for photon index and ionization parameter. This

measurements was taken from segment 3 of the newest ASCA observation of NGC
5548.
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ca;ﬂtiously. Iﬁ contrast, there appears to be minimal correlation between the photon

index and the ionization parameter, so the two may be fit concurrently without i)re—

cautions. Since there is no independeﬁt means of interpreting the relative reflection

with ASCA data, the procedure used was to fit it to a small value g,nd allow the

other parameters to fit. A second fitting was then done with the photon index frozen

to determine a plausible value for the relative reflection. Since the only difference

between the pexriv and pexrav models is the inclusion of the ionization pa,fa,meter,

* which does not interact with the photon index, the same proéedure 1s used to fit both -
the ionized and neutral reflection models.

The neutral hydrogen of an AGN must fall within two constraints; ﬁrst,.it must
be no smaller than the Galactic h)l/drogen measured by the 21 cm radio measure
and second, it must be no larger than any existing measurement of neutral hydrogen
made by ROSAT. The 21 cm radio line includes only neutral hydrogen in our own -
Galaxy; as neutral hydr(.)gen C&I‘I -potentially exist in the host galaxy and, in small
quantities, in intergalactic space, the measurement of the extinction in X-rays can .
potentially be larger. ROSAT has much lower energy resolution than does ASCA, .
and so cannot resolve the two oxygen edges described below. As the oxygen edges are
absorptive features, their pre‘sénce reduces the totai number of counts, which would
cause low-resolution data to fit a larger neutral hydrogen column than is actually

' present.
The oxygen edges are extremely sensitive to the column density of the ISM; as

such, the neutral hydrogen density must be determined and frozen before the oxygen
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Figure 3.8: Contour plot of optical depth of 0 VII shows ellipses with a major axis
tilted from the horizontal. This indicates that increasing the neutral hydrogen will
decrease the O VII edge depth if all other parameters remain constant. This particular
set of contours was made for MCG-6-30-15 but the interdependence of the parameters
is present in all models.

edges are fit. The interdependence of these parameters is shown in Figures 3.8 and
3.9, in which we can see that increasing the neutral hydrogen column substantially
decreases the edge depth of both 0 VII and 0 VIII.

The 21 cm line measurements of the neutral hydrogen in each case are given in
Table 3.3. The two oxygen edge depths also affect one another, particularly when the

edge energies are not well fit, as illustrated in Figure 3.10. XSPEC’s fitting algorithm
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Figure 3.9: Contour plot of optical depth of O VIII also shows ellipses with major
axis at a 45 degree angle to the horizontal. This indicates that increasing the neutral
hydrogen will decrease 0 V111 ifall other parameters remain constant. This particular
set of contours was made for MCG-6-30-15 but the interdependence of the parameters
is present in all models.

Object RA Declog Nh(cm 2)
Akn 120 05 16 9.7 -00 09 47.3 21.09
MCG-6-30-15 13 33 01.8 -34 02 27 20.63

NGC 3227 10 23 10.9 19 49 35.9 20.34

Fable 3.3: Neutral Hydrogen Column Densities measured by radio techniques for each
of the galaxies analyzed in this work. Values from Dickey and Lockman (1990).
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Figure 3.10: Contour plots of optical depth of O VII vs O VIII show ellipses with
major axis at a 45 degree angle to the horizontal. This figure was made from an
archival ASCA observation of NGC 5548.

tends to decrease one oxygen edge when the other is increased. This effect can be
minimized in two ways: first, by ensuring that the edge energies are well fit, which
can be done by examining the residual before and after the oxygen edges are fit to
the model, and second, by freezing the edge energies during the fit of the edge depth.

In summary, our procedure for fitting soft X-ray features is as follows. The photon
index is frozen to the value previously obtained by fitting the GIS detectors from 3-10

keV with the iron features removed. Then the full spectrum, down to 0.7 keV is fit
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with the neutral hydrogen frozen at the value given by the 21 cm measurement; the

oxygen edge energies are frozen to a value chosen heuristically by examining residuals

before and after their inclusion in the model.

Photoionization Models

In general, the function of photoionization codes is to use models of incident powerlaw
radiation on_a; broadline cloud to predict the relative intensities and line width of
spéctfal lines and the optical depth of absorption edges as discussed above. The
two “industry-standard” photoionization codes are ION, developed by Hagai Netzer
and Jan George, and CLOUDY developed I;y G. Ferland and his collaborators. Both
operate on more or less the same premises: the central engine is assumed to produce
a continuum spectrum which is ‘provided by the user; this creates a spectrum F' (6)
This spectrum is then inciden"c upon an iohized gas where the incident photons are
scattered and absorbed. The ionization state of the gas is described by (Krolik and

Kriss, 1995):
[ F(e)de

" Arringe (34)
where 1 is the distance between the central engine a;nd the ionizing medium. The
gas is also.a,ssumed to have an equivalent column density nj, which ‘is.t.}.le amount’
of hydro'geh the continuum spectrum would encpunter if the ionized gas had solar

abundance. Many models also have a covering factor parameter €, which indicates

the fraction of the volume within the cloud of ionized gas which contains ionizing -
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material. A third exemplary photoionization code also exists, MAPPINGS (Dopita
1995, Dopita and Sutherland 1995, ﬁopita and Sutherland 1996), which is designed
to include spectral signatures of fast and slow shocks. Unfortunately, the energy.
resolution of ASCA is not adequate to meaéure the differences in line profiles necessary
to take advantage of MAPPIN GS’ sophistication, so it is not used in this W'OI‘k.

The tabulated results of the photoionization code ION Wére provided to our group
by their creator, Dr. Hagai Netzer.The main difference betwe'en_IiOvN and CLOUDY is
that ION contains a more com'plete treatment of reflection of ‘the continuum spectrum
off the ionized gas. ION is valid for densities from 10 to 10*em =3, which éncompasses
* the expected density of the warm absorber (109 — 102¢m=3). ION is designed only
for X-ray analysis and does not extend down to the optical or up to the y-ray region
of the spectrum. |

ION is a,rranlged in ta,blgs with fixed photoﬁ index and covering factor, each of
which has variable ionizatioﬁ parameter and equivalent column density. The-ioniza-
tion pa’rainetér u.sed by.ION is .not‘ the same as that used for other. codes; ipétead, it

is defined by (Netzer 1993): -

10kev  Lu . ' ,
Uy = —h gy - (35)

0.1keV 4Tr%ngc

and, for the typical Seyfert 1 spectrum, is related to the other standard X—ray ioniza-
tions by (Netzer, 1996):

. U = 141U, (3.6)
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and

¢ = 4.9 x 10°U,. (3.7)

The reason for the modified ionization parameter is that the other, broader-band,
_ionization parameters are dominated by the flux in the ultraviolet bump, which is
not well correlated with X-ray ionization.

Techniques of Timing Analysis

X-ray light curves of AGN vary considerably in their complexity; most vary By
factors of 100% , sometimes over timescales as short as hours (Kunieda et. al., 1990).
In addition, some spectral variability.is seen in the different bands of the light curve

(Netzer et. al. 1994). Although not as dramatic as the variability of Galactic black

holes (Poutanen and Fabian, 1999), variations of the different bands still give insight.

into the structure and dyna,micsiof the galaxy-sized black hole and accretion disk
thought to be at the center of AGN, and the warm absorber thought to be within the

BLR (BroadLine Region).

Hardness Ratios

~ To best separate the behavior of the physical features from the overall luminosity, we’

follow the example of Netzer et. al. (1994) and define four hardness ratios:

(Counts3 — 5keV) . ‘
(Counts0.4 — 0.6keV)

.131 = (3.8)

(Counts3 — 5keV)

e (Counts0.6 — 1.3keV)

(3.9)
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R.w (Counts7.5 — 10keV)
> (Counts3 — 5keV)

R (Countss — 7.5keV)
T (Counts3 — 5keV)

(3.10)

(3.11)

Within‘the ASCA energy baLndpasé. R; is the ratio of two spectral regions which are
dom;nated by the bowérlaw contiﬁuum and were initially thought to have few other
signiﬁca,ntiy observable features; threme caution must be taken in the interpretation
of data from this region Adue to the well-documented radiation damage of the SIS
dgtectors. R, is the ratio of the 3-5 keV region, which contains minimal spectral
information other than the photon index, and the 0.6-1.3 keV region, which typically
exhibits neutral hydrogen absorption by the ISM and our Galaxy as well as two
oxygen absorption edges which corresl;)oﬁd to O VII and O VIIL V@riation of Ry,
which typically has the best signal—.to—noise ratio of any of the ha,rdness'ra,tios, gives
information about the variation of the warm absorber. R is at first glance the ratio of
two regions which are entirely dominated by the poweriaw; however, close examination
of the spectral shape c;fte;l shows the low-energy end of the cold ;eﬂection hump vs}hich‘ _
peaks near 12 keV. Thus, variations in R3, which ar; naively interpreted as variation
in the photon index, z;,re more likely to correspond to variations in the gold reflection
hump. Finally, the hardness ratio R4, which divides the 5-7.5 keV regio.n typicaﬂy
dominated by iron Ko absorption and emission features by the 3-5keV region which -
contains powerlaw information alone, can yield informatior; about the variation of
the iron emission line. However, the typical iron line normalization for a Seyfert 1

gzﬂaxy is two orders of magnitude smaller than the normalization of the continuum
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radiation; this means that extreme care should be taken in interpreting the changes
in R, as variation in the iron absorption and emission featufes.

Phenomenological Classification of Timing Data

When presented with the light curve and hardness ratios from a. long obsei‘vation,
- or of several short observations, the question of how to group states with similar
morphology together arises. Studies of spectral features caﬁﬁot be done of individual
bins on a light curve, sincg counting statistics on this timescale are inadequate. In-
stead, light curve bins must be added together in a self-consistent manner to create

a statistically viable spectrum.

Standard Techniques

When an observation of a galaxy is long enough that more than one spectrum with
statistically valid features may be extracted, observers use two standard filters fo
' observe them. The ﬁrsi:"is to divide the light curve into the sequential time bins- that
is, the first 20 ksec of an obgervation, the second 20 ksec of the obéervation, and so
forth, as shown in Figure 3.11. The speétra ext.ra,cted in this manner then represent .
averages over the time bin from which they originate. This technique has been used
»gxtensively by previous researchers; for example, Otani et. al. (1995) used temporal
filters to analyze the Warﬁ absorber in MCG-6-30-15 and found that O VIII changed
depending on the luminosity of the source. |

For rapidly varying sources which do not stay at one:luminosity long enough

to obtain a valid spectrum, it is often convenient to group together non-sequential
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Figure 3.11: Temporal filters for the light curve of NGC 3227. These particular filters
were made from an archival ASCA observation of NGC 3227.
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points of the same luminonsity to see whether extremely high luminosity points differ

significantly from extrefnely low luminosity points. This method has been used by

a number of observers, including Iwasawa'et. al. (1996), who used it to ghow that |
high luminosity states from MCG-6-30-15 have different iron line profiles than do low

luminoéity states.

Each of these selection methods has drawbacks. If the timescale of variation of a
source is longer than the bin used for temporal filters, some details of the spectral vari-
ation within the bin may be; lost. Luminosity filters also have the disadvantage that
not all points of the same luminosity are necessarily associated with the same spec- -
trum. For instance, luminosity filters will group together points where the source’s
luminosity is increasing and de‘créasing.‘ éalactic black holes have been observed
to have spectra which vary throughout a flare cycle, showing five different spectral
states (Di Matteo, Celotti, and Fabian, 1998). At least one source (Kellen, 1997) has

‘exhibited spectral differences between increasing and decreasing states.

The Kunieda Method

In order t(; address some of these concerns, Kunieda et. al (1987) developed a method
of sorting states according to their phenomenology and hardness ratio. The observéd—
tion 1n question was (_)f NGC 6814, vvhich exhibited quiescent behavior with distincf
flare states interspersed throughc;ut the observation; thé flare states had a notably
different higher hardness ratio R, than did the othe’r epochs of the observation. They

showed that the flare states, of which there were three, had spectra that were more
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closely related to each other than to the temporally closer quiescent states with lower
hardness ratio; thus, there is reason to believe that selecting by either phenomenology
or hardness is 'superior to selection by time during the observation or by luminosit.y
alone. |

Unfortunately, a cataclysmic variable was discovered in the field of view of .NGC
6814 (Leighly 1992), invalidating the conclusions previously drawn {from the observa-
tion.. While the conclusions may not be valid for AGN, the techniques dgveloped are,
and our object here is to explore them in further detail. For MCG-6-30-15, Kunieda’s
method leaves unanswe_red the fﬁndamen‘tal qgestion: if luminosity and hardness ra- .
tio are not directly related to the phenomenology of such a rapidly Varyiﬁg source,

what is the preferred method of spectral selection?

. Two New Methods of Classification

Some AGN, such as NGC 3227, caﬁ easily be modelled by a simple linear increase and
exponential decrease characteristic of flares caused by magnetic reconnection. Most
AGN do not have such distinct flares, but rather exhibit a nﬁmber of small flares
which overlap one ano;cher to create rapid variability. In the latter case, classifying
the individual bins of the light curve according to their instantaneous state may be
appropriate. For such instances, the author developed the classification scheme shown
in Figure 3.12.

Those timing bins which were within 1o error of b(.)th adjoining timing bins were

sorted into the constant classification. For all other timing bins, a right-hand and
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decrease well increase flare constant

Figure 3.12: The four state classifications are shown: flare and well states are just local
maxima and minima, respectively, and increasing and decreasing states are shown-
all classifications are applied to the middle point.

left-hand derivatives were calculated using the formulae:

(@dL) _ (Li-LirD 612

and
(dL) (L~™-L)
(db)right {ti+1 —ti)

where Li denotes the intensity of the ith point in the light curve and li denotes
the time at the beginning of the ith point in the light curve. This can be roughly
illustrated by a diagram: Figure 3.12 shows the four states for which the data points
differ by amounts larger than their error bars. The state well consisted of those points
for which the left derivative was negative and the right derivative positive and both
had absolute values larger than a. Thus, as suggested by its name, local minima for
which the variation was larger than a minimal value lie mostly within the well state.

The flare state is essentially opposite of the well state; those events associated with a
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positive left derivative and a negative right derivative, both with absolute value above
the cutoff o were classified as flare; thus, this state consists of the largest local ma,)éima,
of the'light curve. The increasing state consists of all points having both ieft and
right derivatives positive and greater than «; these states then correspond to times
for which the luminosity is very rigorously increesing. The decreasing state consists
of all poiﬁts vs_rith left and right derivatives both negative and ha,ving absolute value
larger than o; these points are epochs in the light curve during which the luminosity
is rapidly decreasing.

Another means of classifying points in an observation arises when one notices
that .the correla,tien between some of the hardness ratios and the luminosity is not
1:1; tha,t. is, two portions of the observation with the same luminosity have different
hardness ratios. An example of this is shown in Figure 3.13, Which shows that the
Seyfert 1 galaxy NGC 5548 has multiple values of hardness ratio Rs for the same
lumiﬁosity. Physically, this suggests that the photon index is varying independently
from the luminosity of t.he ga,le,xy, S0 sorfing points in the light curve independently
by the two variables may yield insight into the dyﬁamics of the inner accretion disk
and corona. This trait is eot characteristic of all Seyfert 1 galaxies; MCG—6—36—15,
for .insta,nce, exhibits little veria,ti'on of R3 while the luminosity varies ra,pi;ily. This
is discussed i.n dete,il in Chapter 5. In summary, the interdependence of the hardness
ratios must be considered separately for each source, and a suifable filter defined

which will yield physically interesfing data.
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r3vl_0.qdp

Figure 3.13: Some Seyfert | galaxies have multiple values for a hardness ratio when at
the same luminosity. This particular plot was made from the 1997 ASCA observation

of NGC 5548(now archival);in this case, the data points are classified in four bins
chosen by hardness and luminosity.
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CHAPTER 4

X-RAY ANALYSIS OF. ARKARIAN 120

La nuit parfois ravive une plante singuliére dont la lueur décompose les chambres

. meublées en massifs d’ombre.

(Francois Ponge, “La Bougie” Le Partie Pris des Choses) -

.Introduc(tion .
Located appro%imately 131 Mpc from Ea,rth,' Arkarian 120 is one of the most
~ distant well-studied Seyfert 1 galaxy.- Arkarian 120 was discovered in the 6ptica1
by Osterbrock at Lick Observatory in 19;75', and subsequently identified as va, Seyfert
1 galaxy. The first X—ray detection of the object was made by the X—ray satellite

UHURU in 1978 The soft X~ray spectrum of Arkarian 120 was proven by ROSAT

(Brandt et. al, 1993) to be consistent with the galactic hydrogen .absorption of

9.75 4 1.61 x 10%¢m ™2 (Stark et. -al., 1992). The cosmological redshift, measured by
‘studies of the optical lines of the galaxy, is z=0.033 (Ostriker et. al 1991).

Earlier analyses of this source have produced a range of values.for the continuum

1Translation: The night sometimes revives a singular plant whose hght decornposes furnished
rooms into massive shadows.
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power law, depending on detector and model. Analysis of the EXOSAT observa-

tion produced a 2-10 keV power law of I' = 2.1970% (Turner and Pounds, 1989),
while the GINGA obéervation showed Compton reflection and produced a modified -
power law of F = 1.9570:35 when the reflection feature was satisfactorily fit (Nan- -
dra, 1991). A ROSAT observation of this source fixed the primary photon index to
the value obtained by Nandra (1991) and found that a second continuum component
(bremsstrahlung, blackiaody, or a second power law) was needed to adequately explain
the 0.1-2.0 keV continuum.

One of many recent optical studies of this source showed that its optical continuum
and emission line variability have the' same amplitude over shorter (Ales.s than 2 month)
and longer (greater than 4 month) timescales. This suggests a broad line region (B_LR)‘
of 40 light days (Winge, 1998).. Arkarian 120 (Akn 120) was observed by EXOSAT
(Turner and Pounds, 1989), and as part of the EXOSAT s;pectra,l survey of AGN. :
This was the first indication that Akn 120 has a significantly steeper siope than most
other Seyfert 1 galaxies, with I' = 2.10¥3:%, An excess emission in the soft X-rays vva;,s
also suégested by the data. A sugsequgnt GINGA obsefvation of the source showed
a éold reflection hump ab;)ve 10 keV and a correspondingly shallower photon inde;x
.(Nandra,, 1991).

| A 1991 ROSAT observation of _Arka,rian 120 allowed detailed fitting of the soft
X-ray component of the source (Brandt et. al., 1993). The source did not vary more

than 25% over the course of the observation. Brandt et. al. found that a simple .

power law model corrected for galactic hydrogen a,bsdrption did not adequately fit
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the data, but three models with secondary continuum compoﬁents did: double power
law, bremsstrahlung; and blackbody models all provided fits with roughly equivalent
goodness of fit. In- contrast, models with oxygen emission.and absorption fit the data,
substantially less well.

In this chapter, the 1994 ASCA observation of Arkarian 120 is analyzed and
compared to standard models of Seyfert 1 Galaxies. Section 4.2 describes the data
extraction and image analysis ﬁechniques used. Section 4.3 contains timing analysis
of this observation. Section 4.4 cénta,ins the results of spectral analysis of the source.
Section‘ 4.5 contains a discéussion of the anélyses in light of the previous observat.ions
discussed above.

Data Extraction

Arkarian 120 was observed September 29-30 1994 for 106 ks; the principal inves-
tigator was Dr. Hideyo Kunieda. The data was extracted. using XSELEQT v.1.4,
whicﬂ was installed by the author on a SUN workstation and tested a,géinst the ex-
isting vérsions at NASA’s Goddard Space Flight Center via remote connection. A
cutoff rigidity of 6 GeV ¢~ was used and passage during the South Atlantic Anomaly
(SAA) was excluded from the data set. .‘

Dec= —00deg 0947.3”

The source counts for Arkarian 120 were extracted from a circular region 5 ar-
cminutes in diameter centered at RA= 05 16 9.7, Dec=-00 09 47.3. Spectra extracted

'from the available source-free area on the detector had no counts, thus, a blank sky

background subtraction was used. When a spectrum was subtracted from the source
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Figure 4.1: Count Rate vs. time for ASCA Observation of. Arkarian 120 using SIS
detectors. A) is the total count rate; B) is for 0.4-0.6 keV, C) 0.6-1.3 keV, and D)
3-5 keV. These data were extracted from the archival ASCA observation.

region on an average background image of the X-ray sky, it corresponded to a count
rate of 0.018 CPS. Thus, in this case, a blank sky background was used for the SIS
as well as CIS spectra.
Timing Analysis
The SIS light curve of Arkarian 120 is shown by Figure 4.1 which includes the
total count rate and the count rates of the ultrasoft (0.4-0.6 keV), soft (0.6-1.3 keV)

and medium (3-5 keV) spectral windows. Figure 4.1 shows variation in the total light
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curve of about 20% , which is consistent with the previous ROSAT observation of
| this source (Brandt et. al., 1993). With the exceiat.ion of thrge points near the end of |
the observation, the ultrasoft (0.4-0.6 keV) band seems well correlated Witil the total
count rate. .The soft (0.6-1.3 keV) band seems even better correlated Wi’th the total
. count ra,te-, although the bétter correlation could easily be due to the fact that the
SIS detectors have better res‘ponse z1’b0ve‘0.6 keV. In contrast, the medium (3-5 keV)
band does not a‘lppe'ar well-correlated to the total count rate Wh_ich suggests possi.ble
variation of the photon index.

During this observation the GIS detectors had a slightly longer exposure (44.3 ks)
: than.did the SIS detectors (40.2 ks), so the light curves mus£ be analyzed separately:
The GIS light curve for the observation is as shown in Figure 4.2. The amplitude of
the variation of the total GIS count rate is api)roximately 20% , as one would expect
from'the SIS count rate. The medium energy band (3-5 keV) shows little variation,
séme of which appears to be correlated to the variations to the total count rate and
some of which does not. The iron line (5-7.5 keV) and hard (7.5-10 keV) bands show
similar trends, indicé,ting possible variation in the continuum shape.

The primary statistics associated with the tvv'o light curves and hardness ratios
are shown in Table 4.1. While the light curve has a small probability of being con-
sistent with a constant for both the GIS and SIS liéht curves, the likelihood is small.
In contllast, the hardness ratios are all statisticgll‘}’f Inconsistant with v;,riation. 'i‘o

| explore the possibility that the photon ‘index is varying, we examine hardness ratio

R3 in terms of the two components; if the counts from 3-5 keV are plotted against
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Start Time 9624 18:56:12:466 Stop Time 9625 22:42:52:466

Figure 4.2: Count Rate vs. time for ASCA Observation of Arkarian 120 using CIS
detectors.

CIS SIS Ri R?2 R3 R4
Ave. 1.12 1.19 128 0.122 0.079 0.229
g 0.08 0.08 1.693 0.151 0.104 0.277
Min 0.937 0.969 0 0 0 0
Max 1.59 144 10 048 050 122
X2Prob. Const. 0.066 0.059 0 0 0 0

KS Prob. Const. 1.I1xIO-28 2.56x10"2% 0 0 0 0

Table 4.1: The average, standard deviation, minimum, maximum, and the x2 and
Kolmogorov-Smirnov probabilities that each curve is constant are shown. The hard-
ness ratios R\ and R2 are taken with SIS data alone, while R3 and R4 are taken with
CIS data alone. The definitions of the hardness ratios are given in Chapter 3.
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Figure 4.3: Counts 7.5-10 keV vs. 3-5 keV. Each point represents a 5 ks time interval
of the observation.

the counts from 7.5-10 keV, a straight line with slope R3 would indicate that the
photon index is constant over the course of the observation. This plot is as shown
in Figure 4.3. The linearity of the plot suggests a constant hardness ratio during
the observation; this, in turn, suggests that the photon index does not vary over the
course of the observation. A single data point is inconsistent with this linear trend;
one point with low hard counts has extremely high medium counts. This suggests
that a single 5 ks interval within the light curve may have a different photon index
from the rest.

Next, we examine the possibility that the iron line spectral band varies during the
observation, as the statistics of the hardness ratio R4 suggest. Figures 4.4 and 4.5
show the hardness ratio R4 plotted against count rate and against the hardness ratio

R3. At low luminosities, there is some indication that R4 may be anticorrelated
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Figure 4.4: Ra plotted against the total GIS count rate. All counts are taken from
the combined GIS detectors.
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Figure 4.5: Ra plotted against %. All counts are taken from the combined GIS
detectors.
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Figure 4.6: R2 plotted against the total SIS count rate. All counts are taken from
the combined SIS detectors.

with count rate, but there appears to be no such correlation for higher count rates.
A longer observation would be needed to confirm whether any such correlation exists
for ASCA data. No correlation between R3 and Ra is apparent; this might mean
that the iron line varies while the photon index does not, but care must be taken
in interpreting the data in this manner since the iron line represents a very small
percentage of the total count rate even in the 5.0-7.5 keV band.

In the case of Arkarian 120, the hardness ratios Ri and R2 may have the physical
significance of continuum changes rather than indicating possible changes in warm
absorption. In sources with strong warm absorption, R2 corresponds to changes in
the column depth of ionized oxygen. To explore whether R2is correlated with either
count rate or continuum hardness, we plot it against each as shown in Figures 4.6

4.7.



a

R2

Figure 4.7: R2 plotted against /Z3. All counts are taken from the combined SIS
detectors.

No correlation exists between R2 and /Z3, suggesting that R2 might vary during
the course of the observation since /Z3 does not. There is some indication that R2is
correlated with luminosity during the low count-rate portion of the observation, but
no correlation at all when the count rate is high. Arkarian 120 is not particularly
well-fit to the oxygen edges which characterize warm absorption in this region (as
discussed in the next section), so the possible variation in R2 probably corresponds
to changes in the low-energy continuum component.

Spectral Analysis

Following the recent standard, the spectrum of this observation was grouped by a
minimum of 20 counts to ensure the validity of the x 2 coefficient (George et. al. 1998).
This does have the undesirable effect of reducing at least some of the absorption edge

depths (Kellen, 1997); for this reason, the edge depth is verified by measurement
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Model Parameters - x? d.of.
Simple Power law I'=1.887552 262 261
Absorption by Dust T = 1.64f8j8§ 262.4 260
. . a = 0.257993
Absorption by Gas I'=1.88%0303.  262.4536 260 |
, | ng = 0.071% x 102 - |
Reflection off Neutral Gas I‘ = 1.8670% 262.5 260
€ = 0 15+0‘.42 .
. . 19015 ,
Reflection off Tonized Gas I'=1.957063 263.8893 271
€= 0.651012
0.18
£ =996.1

Table 4.2: Best-fit parameters of continuum models to the 2-10 keV window of Arkar-
ian 120, with iron line region excluded. T is the photon index, n is the normalization
of the model in units of photons keV~lem~2sec™? at 1 keV. For the absorption mod-
els, a is the index for dust, while ng is the equlvalent neutral hydrogen column of
gas. For reflection models, € is the fraction of the continuum which is reflected and
€ 1s the ionization parameter (defined in Chapter 3). The reflection models have an
inclination of 30 degrees, in agreement with the optically measured inclination of this
galaxy. The value of x? is the fitting statistic for the model, and d.o.f. is the number
of degrees of freedom of the model. Errors shown are 1o confidence regions.

on the ungrouped light curve as well when, as for this soﬁrce, standard grouping

combines a significant number of channels in the energy band of the edge in question.

Hard X-ray Continuum

Before ﬁttiﬁg the continuum, the spectral window with significant emiésion from the
iron Ko fluorescence line mlist Be excluded. In Figure 4.8, the iron ling is seen t;) fall
below 5% of its maximum at 5.5 keV on the low eﬁd; the iron absorption edge is below
7.1 keV; so the ign;)red region was chosen as 5.5-7.2 keV. The best-fit parameters for
S a simpie power law are as shown in Table 4.2.

Of the continuurrllr fits, oﬁly three are viable options: the simple powerl law, ab-

sorption by dust, and reflection off an ionized medium. To differentiate between the
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keV/cm

channel energy (keV)

Figure 4.8: Iron Ka fluorescence line for Arkarian 120. This is an unfolded spectrum
for the full SIS data.
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three, we can examine the few lowest ‘energy bins of the SIS spectrum. Below the
O VII absorption edge, the absorption by the ISM is minimal, so that a correctly fit

power law will match the lowest enérgy bins without any absorption corrections.

Soft Energy Spectrum -

The most Isr'ominent continuum feature below 2 keV is the é,bsorption by neutral
hydroéen. Since the Galactic value of neutral hydrogen absorption must be a lower
limit for N and the ROSAT value an upper iimit, we constrai-n the value of the
neutral hydrogen to the range of uncertainty obtained by Brandt et. al. (1993).
The full spectrum was fit to a simple po‘Wér law and neutral hydrogen absorption
model, with results shown in Figure 4.9. The most striking difference is the strong
soft energy excess indicated by the large negative value for the signed x? statistic at
the low energy end of the spectrum. The features are well correlated between the two
detéctors; anci there is also the possibility of absorption and emission features below
1 keV. |
We thus attempt to ﬁt thé soft X-ray data to several continuum ﬁodels which fit
the ROSAT data, as well as moré complicated emissién / a.béorption models in keeping

with ASCA’s superior spectral resolution. The results of the fits are summarized in

© Table 4.3.

The soft X-ray components of a si'mple'bla,ckbody (Blackbody I), thermal bremsstrahlung,

and disk emission fit the data best, but their ﬁtting. statistics are not compelling.

However, these three models fit the data significantly better than do the single power
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Figure 4.9: x 2 deviation of soft X-rays from Simple Power law Model. This plot was
made using the SIS detectors.
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Model ' ny ' Other Parameters x>  dof
Power Law & Blackbody I  8.26 x 1072 =~ kT=0.32973525 687.7 608
- ng = 2447082 »x 10-°

Power Law & Brems. 8.04 x 1073 kT=1.072072 692.8 607
ny = 3.111513 x 1073 .
Double Power Law 8.5 x 1073 I' = 2.383%5.378 768.5 608

ng = 4.701147 « 104
Power Law & Blackbody IT  8.26 x 107° 'kT=0.32810015 686.7 607
ny = 15.872%

Power Law & Blackbody III 8.06 x 1073 kT=0.571303 693.0 608 -

' _ '. n, =139
Power Law & Blackbody IV  8.03 x 103 m = 0,11%5:05 710.4 608

a=6.63 '
: ng = 2.39 x 1073

Power Law & Blackbody V= 8.97 x 1073 m=10 - 806.2 608

; ' a=6.63 :

. ) Ng = 0 )
Power Law & Disk 8.06 x 1073 1 =557 %1072 6941 608

ng = 3.39 x 1073

Table 4.3: Soft X-ray Continuum Models for Ark. 120. n; is the normalization c_>f -
the first-powerlaw continuum; n, the normalization of the other components of the
model. ' -
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channel energy (keV)

Figure 4.10: deviation of soft X-rays from Power law and Blackbody | Model

law, double power law, and more complicated blackbody models. All of the  spec-
tra show several common features: a soft energy excess at 0.5 keV, a reflection hump
beginning just below 10 keV, a narrow excess (most likely an emission line) just above
0.6 keV, and two absorption features near 0.71 keV and 0.86 keV. These features are
typified in Figure 4.10, which shows the x 2 deviation of the data from the model for
the Power Law & Blackbody | continuum model.

In order to best fit the soft energy data, we adopt the three best-fitting soft

energy continuum models and the best-fitting high-energy continuum model (XSPEC
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Model Value
Component : ‘
Power law  A; = 8.3470:09 x 103
Blackbody A, =3.31%033 x 1075 |
Blackbody - KT =10.28
- Edge 1l T = 0t01
Edge 2 T = 0.33+520
Gaussian e = 0.596
Gaussian o =0.0240.02
Gaussian n=1.567075 x 10~*
x? =677.2
d.o.f. =608

Table 4.4: A; and A, are the normalizations of the primary power law and blackbody,
respectively. kT represents the temperature of the blackbody in keV. Edge 1 is an -
absorption edge with energy corresponding to O VII absorption; Edge 2 is an absorp-
tion edge with energy corresponding to O VIIL The edge energies were constrained
to prevent overlap with the gaussian near 0.6 keV, so the energies are not presented.
The Gaussian is a gaussian line profile, which corresponds to emission from ionized
oxXygen.

model pexrav) to fit the low-energy end of the reflection hun;p. We also fit the three
spectral features of interest, 'Which, if present, will correspond to oxygen emission and
absorption.

The parameters of the best fit to the comp(;site power Jaw-blackbody model are
sho.wn in Table 4.4 This model shows the presence of O VIH.to 90% confidence, which
would suggest that Arkarian 120 has a Wa.rni a.bsorberj in addition to a low energy
continium component. The fitting statistic is not ideal, but from Figure 4.10 it is
clear that much of the discrepa,n_cy comes from the reﬂection hump above 8 keV,

~which has not‘been accurately fit in this model. The large deviationé‘between 2
‘and 5 keV are not well correlated between the SIS0 and SIS detectors, suggesting

that counting statistics, rather than the physics of the object, are responsible. The
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Model Value
Component
Power law  A; = 7.83 x 1073
Blackbody A, =3.13 x 1075
Blackbody kT = 0.28

Edge 1 T = Qo
Edge 2 = (toos
Gaussian e = 0.628
Gaussian o =0.02
Gaussian n=>5.01 x 1075
x* = 753.2

d.o.f.=604

Table 4.5: A; and A; are .the normalizations of the primary power law and
bremsstrahlung components, respectively. kT represents the temperature of the
bremsstrahlung electrons in keV. Edge 1 is an absorption edge with energy corre-
sponding to O VII absorption; Edge 2 is an absorption edge with energy-corresponding
to O VIII. The edge energies were constrained to prevent overlap with the gaussian
near 0.6 keV, so the energies are not presented. The Gaussian is a gaussian line
profile, which corresponds to emission from ionized oxygen.

fitting statistic is considerably improved from its value without the warm absorbing
components, further indicating the likelihood of its presence.
The parameters fr(;m the composite bremsstrahlung and power law model with .
a warm absorber are SilOWIl in Tablé 4.5. There can be l‘ittle argument that the
bremsstrahlung plus power law model does not have as compelling a fitting statistic
as does the brefnsstrahlung plus blackbody model, and_is actually a worse fit than a
model with bremsstrahlung alone. If bremsstrahlung is responsible for the soft energy
excess, the warm absorber (if present) does not contain nea,rly-a,s mucﬂ material as if
the soft energy excess is caused by blackbody emission.
Conclusion

While Arkarian 120 does not vary 'dra,matica,lly, its light curve is not inconsistent
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with variable luminosity. Moreox;'er several of the prima,ry‘ hardness ratios show a
high probablhty of variation Wthh 1s not simply correlated to the s source lumlnosﬂ:y
This short observation is not adequate to extract separa',te spectra according to the
luminosity and hardness parameters, but a longer ASCA observation or an RXTE
observation would be extremely interesting in that light.

The hard X-ray continuum. includes the low energy end of a Compton Reﬂecti.on
hump previously seen in the GINGA observation of this source (Nandra, 1991). A
simple power law modél‘ fits the data adequately, and prodiices a slope si:atistically
consistent with those of Nandra, but the most likely continuum model is reflection
from an ionized medium.

The soft X-ray portion of the spectrum shows strong evidence' of a second contin-
uum component, as previously found in ROSAT o“bserva,tiox‘ls of the source (Brandt
et. al, 1993). The fitting statistics allow us to rule out the double power law as a
feasible continuum model, but we ca,ﬁnot distinguish between a simpleﬂ‘blackbody,
a disk model, and thermal bremsstrahlung as secondary models of the continuum.
If we accept a blackbody component as part of the soft énergy continuum, there is
substantial evidence of a warm absorber in Arka,rian 120. The warm absorption was
not méasured in the'previous ROSAT observation because ROSAT’s lower spectral
resolution was unable to distinguish the blackbody compoﬁent from the embedded
warm absorber. .

The ASCA observation of Arkarian 120 thus preseﬁts an i'mproved picture of

its structure: this galaxy has a central engine consisting of a cold disk orbiting a
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black hole of indeterﬁlinate spin parameters. The cold disk is ‘.surrounded by a hot
corona, evident from the compton reﬂe'ctioﬁ of the corona off the disk, 'as well asl the
presence of Ko fluorescence. In é&diﬁion, the galaxy has a blackbody component Wii:h. .
a temperature near 108 K, Which almost certainly comes from the rd'isk itself. vThe
disk is likely ;urrounded by a warm absofber,' as indicated by the presence of O VIII

absorption and an emission line near 0.6 keV.
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CHAPTER 5

X-RAY ANALYSIS OF MCG-6-30-15

Un coup de des n’oblitera le hasard.

Stéphane Mallarmé, Un Coup de Des!

Introduction

X-rays from tile galaxy MCG-6-30-15 were first discovered by Pineda in 1978
usiné the SAS 3 X-ray observaf.cory, and was later identified as'a Seyfert 1 galaxy
from optical observa,t‘ions (Pineda, 1980). EXOSAT observations of this source first
showed the presence of an iron Ko emission line and a cold reflection hump above 10
keV thought to be from reflection from the inner accretion disk. This was confirmed
in a subsequent GINGA observation (Nandra, Pounds, and Stewart, 1989; Matsﬁoka,
et. al. 1990); also, evidence <')f an lonized absorber was ipferred, by‘the sha,p.e of
the iron Ko line. The galaxy was also analyzed by ROSAT’s Positional Sensitive
Proportional Counter (PSPC) in 1992 (Nandra and Pounds, 1992); the analysis of

this observation first revealed evidence for an absorption edge near 0.8 keV; which

Ltrans: A toss of the dice does not eliminafé chance. Stéphane Mallarmé, A Roll of the Dice
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is consistent With a low-resolution spectrum of O VII and O ViII K-shell absorption
| edges. . |
This object has been studied over many wavelengths; a recent study'b;y Reynoids
et. al. (1997) included aﬁalysis of Hubble observation, Which demonstrated that the
- galax.y. Wés of class 50, analysis by the Anglo Australian Telescope,.. which showed
strong extinction due to interstellar dust, and by the In;cerna,tional Ultraviolet Ex-
| plorer (IUE), Wh.i‘ch showed an extremely high flux ratio of CIV/HB. This was ex-
plaiﬁed as the result of scattering from the same material which causes the extinction
observed at lower wavelengths, and is consistent with a scattering fraction of 1-5% .
In addition, previous observations by the Infrared Astronomy Satellite (IRAS) showed
that the shape Qf the IR bump is consistent with thermal emission from a d-usty warm
absorber only if the composition of the gas is not solar.

The source was observed twice during the performance verification (PV) phase |
by ASCA in 1993; these observations were the first to resolve the O VII and O
~ VIIT K-shell edges, and also the first to detect a skewed li‘ne shape for the Fe Ka
emission line (Fabian et. al., 1994). In addition, the optical depth of the O VIII
K-shell absorption edge varied betwee-n'lthe ltwo observations; the first observation,
performed July 8-9 1993, had 7ovr;r = 0.19+40.03, whi_le the second observation,
performe(i July 31-August 1 1993 had 7oy 17 = 0.44i0.04 (Reynolds et: al.', 1995).

A long ASCA observation of ._MCG—6—30—15 in 1994 provided data for a series of
dramatic findings. At that time, the o‘bservat.ion provided the highest quality da)tavk for

the iron Ko line; the initial analysis showed that the line was similar to that expected
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from a S.chwarzschild black hole, _but not entirely con;istent (Tanaka et. al. 1995) aﬁ;i
the second analysis that the iron line was completely consistent with Kerr and.va,ried
over the course of the observation (Iwasa,wé, et. al. 1996). The 1994 observation
also provided material for extensive studies of the W;er absorber. The first analysis
showed variation in the warm absorber; Otani et. él. (1995) found t}.lat the O VIII
changed significantly over the co1'1rse. of the observation buf that the O VII did not',
and concluded that the two must be located in spatially distinct regions of the AGN.
Similar methods were used in another analysis (Reynolds 1956),- in which some O VII
variation was found. Since then, another long Aé_CA observation has been performed,
but 'the radiation damage t'o the SIS detectors precluded using it to further study the
warm absorber. -

In this chapter, the 1994 observation of MCG-6-30-15 is reanalyzed by sorting
the light curve inté spectra in two different manners: first, by dynamical state and
sgcogd using both hardness and luminosity as filters. We do not_ extend th.i-s analysis to
include the more recent ASCA observation of MCG—6—30~i5 because of the increased
effects of the Residual Dark'bistribution. (RDD) due to radiation damage (see, e.g.
| Chiaﬁg et. al. 2000); these make ASCA observations after 1996 unreliable below 1
keV. Tilus, such observations cannot be used alone to make predictions about the
warm absorber region. In section 5.2, criteria for data analysis are summarized.
Section 5.3 presents timing anaiysis of this observation..- S'ectioﬁ 5.4 describes ‘the
selection methods as applied to this particula,r‘ source; it is supplem;ented by the

material in Appendix E. Spectral analysis of the full and newly selected data are
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presented in Section 5.5, and con.cluding remarks exist in Section 5.6. The analyses
presented in Sections 5.2-5.5 are supplemented by Appendix B; the fitting parameters
for luminosity and temporal filters (published elsewhere) are shown in Appendices'C
and D respectively.

Data Extraction and Image Analysis

In 1994, MCG-6-30-15 was observed b3; ASCA from July 23 to July 27; the princi-
pal -investi'ga,tor was Dr. Hajime Inoue. Data was obtained at HIGH, MEDIUM, and |
LOW telemetry rates; the entire 1 CCD mode observation vas performed in FAINT
mode and subsequently converted to BRIGHT2 mode. The data were extracted ﬁsing
XSELECT version. 1.3 with a cutoff rigidity of 6 GeV/c?; data obtained during pas-
sage through the South Atléntic Anomaly (SAA) were excluded. The field of view of
ASCA contains no other X-ray sources, although an F star lc;cated in our own galaxy
contributes in other wavelength regimes (Pineda, 1980). The SIS data were extracted
from a reéion 4.3 arc minutes in diarﬁeter and, Abeca,us.e the source is in a relatively
high ba,_ckground region of the sky, a,.near sky béckground .subtraction with radius
1.7 minutes of ar‘;, WE:LS made. Due to vignetting, the GIS detectors use a_blaﬁk sky :
background; the source region was 8 arc minu_tgs. The interested reader may refer to

Appendix B for more details.

Timing Analysis
The light curve of this source was first analyzed in the manner described in Cha,ptef
3; the light curve is shown in Figure 5.1. The interested reader may find plots of

each of the hardness ratios against time in Appendix B. This observation of MCG-
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I igure 5.1. The total count rate of MCG-6-30-15 from all four detectors over the 365
ks observation.

6-30-15 varies extremely rapidly; the peaks are overlapping and not easily resolved
into individual flares. Two prominent features occur in the 360 ks observation; a
bright flare near the middle of the observation and a deep minimum near the end
of the observation. Near the bright flare the luminosity varies rapidly, but during
the deep minimum the low luminosity remains almost constant and varies very little.
The primary statistics of the total light curve (Table 5.1) show that the variation
is statistically significant. Variation in the hardness ratios is also apparent; R2 in
particular varies rapidly, except during the deep well at the end of the observation, as
shown in Figure 5.2. During the deep well, R2 does not vary as much as elsewhere in
the observation, but has a value substantially higher than earlier epochs, suggesting
an increased column density for the warm absorber.

A plot of the counts from 3-5 keV plotted against the counts from 7.5-10 keV
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CPS R2
Average 1468 0.488
Standard Deviation 0.520 0.205
Minimum 0 0.111
Maximum 44  0.328

X2 probability of constancy 0 0
KS probability of constancy 0 0

Table 5.1: Statistical properties of the light curve of MCG-6-30-15. The values of
both the x2 and Kolmogorov-Smirnov (KS) tests indicate probabilities of constancy
of less than 10-38. Count rates are in units of counts per second (CPS); hardness
ratios are dimensionless.

£ 03

2.105
Time (s)

Figure 5.2: Hardness ratio R2 versus time. This particular graph is made using only
counts from the two SIS detectors; the interested reader may find the corresponding
plot for the CIS detectors in Appendix B.
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3-5 keV Count Rate

Figure 5.3: Counts 3-5 keV plotted against Counts 7.5-10 keV. The deviations from
constant slope suggests that the photon index changes for low luminosities.

gives a qualitative estimate of the photon index. The bins in Figure 5.3 are nearly
linear, although several hard count rates are associated with more than one medium
count rate. While this indicates that more than one photon index may exist for the
observation, the proximity to linearity of the points also suggests that the variation
in photon index will not be great.

A plot of the hardness ratio R2 vs. R3 is even farther from linear; many values of
R2 exist for a single value of R3 as shown in Figure 5.5. A rough relationship between
the hardness ratios certainly exists; higher R3 (softer power law) is associated with a
slightly higher R2 (less absorption by the warm absorber). However, a wide scatter
of values of R2 exists for any value of R3. Part of this variation is associated with
the deep minimum at the end of the observation, but earlier variation is not well-

correlated with either time or luminosity. Spectral selection using only time and
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BES

1 2
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Figure 5.4: Hardness ratio R2 plotted against Count Rate for 5 ks bins of the light
curve.

Figure 5.5: Hardness ratio R2 plotted against hardness ratio R3 (right)for 5 ks bins
of the light curve.
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- luminosity filters thus has the potential to miss variation in the warm absorber.

Selection of Da,ta, Sets

This observation has already been analyzed by several other resea,r-chers, including
Otani et. al. (1994), Réynolds et. al.(1995) and Iwasawa ef. al. (1996). There
are two main differences between this work and others: ﬁrét, we use slightly more
~ conservative techniques of spectral fitting, and second, we use ‘nlew selection criteria
to group points of the light curve with similar I;hysics into spectra. To demonstrate
that the results presented here are the result of the selectiog criteria, and not of the
fitting technique, the analysis of the spectrum of the full 1994 observation is presented
in this chapter, and analyses of spectra selected with temporal and luminosity filters
are presented in Appendices C and D respectively. Selection with temporal filters
is hereafter called Method A, While.selection with luminosity filters is désignated as
Method B, to quickly distinguish them from the new gelection methods presented

here.

Selection by Luminosity Derivative

The long exﬁosure of this observation allows subdivisioh of the luminosity derivative
states into more classes than were described 1n Chapter 3. The state Constqnt ’still
describes po‘ints which are within error of the two adjacent bins of the. light curve,
but other bins within the light curve are subdivide.d.a,ccording to whether the change
exceeds a threshold value . The rerﬁainiﬁg nine states are illustrated in Figure 5.6.

This ségactral selection technique will hereafter be referred to as Method C. The




) jump
increase flare

spring wobble

decrease
well fall

Figure 5.6: The classification by second derivative is expanded from four to nine
subsets for the long exposure observation of MCG-6-30-15.
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| Data Set | Exposure(sec) SISO counts Count rate
Constant | 16,353 31,214 1.91
Increase 16,353 31,214 2.14
Decrease 17,261 37,041 2.15
Flare 17,074 36,745 2.68.
Well .| . 13,580 28,512 2.10
Jump 16,692 34,927 2.09
Fall 15,891 32,237 2.03
Spring 16,083 33,603 2.09
Trip 14,467 28,602 1.98
Wobble 9,323 14,696 1.61

Table 5.2: Characteristics of Spectra Chosen by 3-point Derivative for MCG-6-30-15.

states Flare, Well, Increase, and Decrease are as described in Chaf)ter 3 with the
additional requirement that the difference in luminosities of adjacent points exceed
" the parameter o; the others are self-explanatory from Figure 5.6. Several values of
1o Well‘e used, and basic analysis performed on the resultant spectra, qﬁtil a value of
o which produced a roughly equitable distribution across states was obtained. The
characteristics of the final spectra are sumimarized in Table 5.2. ‘One striking poinf
from the data sets themselves is that points classified as consta,n;c and wobble, rather
than points described as wells, have the lowest count rates. This reflects the fact that
during the deep minimum at the end .Of the observation, only the very beginning and
end of the epoch have rapid variation, and thé very low luminosity p,oinf.s 111 between

. these changes show little variation.

Selection by Ry and Luminosity

In section 5.2, the timing analysis for these data showed that count rate and R, vary

significantly and independently, while the other hardness ratios have less variation
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A C> 1.73 cps 1 R, > 0.5

B 1.73cps > C > 1.47cps |2 0.5> R, > 0.44
1 C 147cps > C >1.2lcps |3 044> R, < 0.4
| D C< 1.27cps 4 , Ry < 0.4

Table 5.3: Cutoff values for Count Rate and R, for classification of MCG—6—30—_15.

and are not independent of the continuum. This is suggesfive of the variation with
state seen in galactic black holes (DiMatteo ef. al., 1998), which show different
hardness ratio.s at the same lum'inosit)},' depending upon which state they aré in (e.g.
decreasing or increasing). Thus, we use the hardness ratio R, as a SeC(')I’ld dimension
to sort the data into spectra.- Each bin in the light'curve classified both by luminosity
and by hardness ratio Rj, as shov?n in‘Ta,ble 5.3. This method of épectral selection
will hereafter be referred to as Method D. | )

Thus, each point was associated with both a luminosity and a hardness ratio
claséiﬁcation, so that a’ p(;oint with luminosity more than one standard deviation abow'e‘
the mean and a hardness ratio less .than one standard deviation below the méan would
receive the classification A8, where the letter represents the luminosity classification
and the npmber the ha,rciness .classiﬁca,tion. This created 16 éeparate classes of .points
within the observation; of these, 14 épectra were created, as cla,ssiﬁca;tions Al and
B1 were combin;ed, and D3 and ‘D4 combined; to ensure that each spectrum had a
minimum of 8500 total counts. The characteristics_ of these spectra are described in
Table 5.4. Thé cutoff for the count rate and hardness ratio are based on tile light
curve statistics; in each case, the mean and 0.50 deviations were used as cutoff points.

Across luminosity classifications A-C, there is-not a significant variation in the
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Data Set | Exposure SISO Counts Count Rate
- AB1 3,583 . 8,999 251 -
A2 11,132 . 31,855 2.86
A3 15,545 - 44,535 . 2.86
A4 | 11,876 34,697 2.92
B2 10,148 23,094 2.28
B3 13,242 29,388 2.22
B4 9,796 22,027 2.25
C1 5,189 10,030 1.93
C2 14,301 27,603 1.93
C3 10,670 20,739 1.94
C4 4,486 8,648 1.93
D1 22,124 26,997 11.22
D2 9,330 14,001 1.50

D34 | 10,087 15,074 1.49

Table 5.4: Here the characteristics of spectra selected by combined luminosity and
hardness, are shown.

count rate of the spectra, with the same luminosity classification. Ip contrast, the
count rate for data set D1 (which contains most points from the deep minimum) has
~ significantly lower luminosity than D2 and D34, which correspond roughly to local
minima iﬁ earlier parts of the observation. The spectra~ selected by luminosity and
hardness had no a prioriassociation with particular phenomenologies of the dynamics.

Table 5.5 shows the rough correlation bétween these data sets and phenomenology;
the'interésted reader can refer to Appendix E, WhiC}.I shows each bin in the lighi',
curve with its classification using both methods developed. as part of this work. As
one might eﬁcpect, most loc;al maxima have high luminosity and most local minima
have low lumi.nosity.. The deep minimum at the end of .‘-che observation hosts far more
high Hardness, low luminosity (D1) states than elsewhere in the observ'a,tion. The

rest of the extremely low luminosity states occur earlier in the observation; states
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Data Set : Plienomenology

AB1 peaks of small-amplitude flares after 160 ks

A2 high luminosity, relatlvely stable points

A3 before bright flare, some peaks of large-amplitude flares
A4 before bright flare, other peaks of large-amplitude flares
B2 relatlvely stable bins

B3 before bright flare, some peaks.of low-amplitude flares before 160 ks
B4 before bright ﬂare other peaks of low-amplitude flare before 160 ks

C1 : surroundmg/ peaks of small flares after 160 ks

C2 decreases after small-amplitude flares

c3 relatively stable bins

c4 low amplitude quiescent states

D1 deep minimum, small-amplitude local minima

D2 ‘small-amplitude local minima .
D34 first 20 ks of observation, large-amplitude local minima

Table 5.5: Primary Phenomehologies Associated with each new state.

classified as D2 are located throughouf the observation, With.‘66 percent of the counts
occurring before 300 ks. Only about 10 percent ‘of the low hardnesg, extremely low
luminosity bins are located in .the deep miniﬁmm; bins classified as D&/ are associated
~ mostly with the first 20 ks of the observation and local minirﬁa occurring prior to the
deep miﬁimum. Some high luminosity states are also correlated to phenomenology;
of the locai maxima in the observation, 54 percent are classified as A4 or .B4, and
another 23 percent are plassiﬁed as A% or BS. "Thus high luminosity, low hardness
sta,tesl are associated with thg: peaks of the flares during the‘ 6bserva,tio‘n; the stroné
eiéeption 1s that the remainder of the A2 and A3 statés are associated .With the -
bright flare between 120 and 140 ks. Hovs}evef, if we classified this .region as one of
rapidly overlapping, strong flares, the phenomenolog:y would still be consistent. The
som.ewhat dimmer low hardness B& and B4 st;,tes are concentrated just prior to the

very bright flare at 140 ks, just prior to the flare near 200 ks, in regions associated
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Model Photon Index  Other Parameter(s) x? d.o.f.
- Single Power law I'=1.86+0.04 607.0 663
Broken Power law Iy =1.78%5%5¢ Ebreak = D.447057  586.8 661
: 'y =2.28:0.04
Absorption by Dust I'=1.68+0.04 gy = 0.147512 607.0 662
Partial Absorption by Gas | I' = 1.86 = 0.04 N, =05 698 662
Neutral Reflection '=228+0.04 - €=62+0.7 582 662
Ionized Reflection ['=2.13+0.04 ¢ =0.0147502 586 661
A ' €= 34108 |

Table 5.6: Best-fit parameters for six possible continuum shapes. Reflection models
are fit with 6 = 30. Confidence limits given are 3o.

with smaller flares between 210 and 240 ks, and just -prjor to the flare at 270 ks.
These states are then precursors.to large flares and peaks of small ones in the more
luminous portions of the observation. The interested rea,der‘may find an illustration
- of how each point in the light curve is classified in Appendix E. -

Spectral Analysis

Hard Continuum -

The iron line for MCG-6-30-15 is unusually broad (Iwasawa et. al., 1998) and mpét be
excluded frorﬁ continuum models which do not include ionized reflection. Figure 5.7 -
shows the iron line, roughly fit to a double gaussian profile. .From this line shape,
it isA evide';lt that most of the iroﬁ line can be eliminated if the 4.5-7.2 keV window
is excluded from the analysis. With this window excluded, the availabvle power law
models were fit to .spect.ra, of the full pbservation with results as shown in Table 5.6.
The rgsults for the siﬁg_le pbvver law are in good agreement with previéus analyses

of this observation (e.g. Iwasawa et. al',_ 1996). The broken power law fits well,
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channel energy (keV)

Figure 5.7: Fe Ka fluorescence line in MCG-6-30-15, in this case fit to a double gaus-
sian profile. This particular graph illustrates that the broad iron line has significant
counts from about 4.5 keV to the iron absorption edge near 7.2 keV.
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but ’Fhe-break energy is almost exactly centered on the Fe Ko emission line energy,
suggesting that it may be an artifact of excluding the iron line region. Physically, the
only parameter of interest is the lower limit on the abéorption by dust, which indica.ntes
a small amount of dust may or may not be present. The fitting statistics from the -
reflection models is better, but no more so than the broken power la\;v; this suggests
that a reflected cofnponent is probably present. The increase in photon index, though,
suggests that the relative reflection is overestimated due to its interaction with the
photon index, which is significantly higher for these data than‘ for the simfle power law
model. All models except absorption by gas fit the data acceptably. Nonetiieless, the
fitting statistics and increased relative reflection of the ionized and neutral reﬂectiop
models suggest that thié, rather than absorption by gas or. dust, is the most likely
physical. process in the coﬁtinuum of th.is ‘source.'

Table 5.7 shows the best-fit photon indices of the data sets selected using Method
C (luminosity derivatives). All are within statistical error of the average photon
index of I‘zl.é7. Only one data set has unacceptable fitting statistics- despite having '
adequate counting statistics the data sets spring and trip do not have adequate fitting
statistics.

The best-fit parameters for the simple power law model .for the data set selécted
by combined luminosity and hardness criteria (Method D) are shown in Table 5.8. .
The lphoton index does not change sign‘iﬁcantly froﬁl one data set to another; all data
sets are consistent with the photon index of the entire observation.

All data sets in Table 5.8 are consistent with a photon index of 1.87 to within




119

Data Set | Photon Index x* d.o.f.
con 2.03701  210.0 219

| decrease 1.91391¢ 183.2 231
 fall 2.081018 190.2 212
flare 2.09%517 2256 217
“increase 1.95%218 200.6 * 214
jump . 1.977048 241.3 242
spring 2.021018 186.0 184
trip 1.91+521 182.2 140
well - 2.05%52, 1536 153
wobble | 1.94%92%  102.7 116

Table 5.7: The best-fit parameters from the simple pbwer law model are shown for
* the spectra selected using luminosity derivatives. Errors shown are 3o.

Data Set r x? d.of.
abl 2.07795 117.3 119
a2 2.13%017 155.9 204 |
a3 . [2.03%31% 2335 233
ad | 2157027 159.0 154
b2 1.82752% 168.0 163
b3 1.947022 162.7 165
b4 | 1.78%522 87.57 117
cl 2.09703%2 84.91 99 |
2 | 194132 9478 146 |
c3 .| 211195 1248 121
4 | 1.90%5%2 2678 77
d1 1.833317 208.6 206
dla | 1.75332% 1034 119
dib | 1.8070% 1163 101
d2 | 2.01733% 100.1 94
d34 | 1.90%335 1055 88

Table 5.8: Simple powerlaw fits to Method D datasets
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statistical error. However, thrge data sets. (dlb; d2, and d34) have slightly lgss com-
pelling fitting statistics than the others. The fits of tﬁe (;’pher continuum models
show a siﬁilap lack of variation across data sets selected by either method, and, as
with the .continuum for the full o;bservation, the reﬂecﬁon médels fit the data better.
The interested reader can find these data in Appendix B; to summarize, the fitting
statistics for each of the models vary minimally. The br(_)ke'n power law model (;on—
sistently has the be;st fitting statistics for those data sets which have x2/dof > 1 and
is usually one of the two Worst—ﬁttin'g models for other data sets; from this, one can
conclude that a broken power law is pfobably may not be the best representation of
the data sets overall. As this is the only model with no basis in a model of the AGN
environment, this finding is reassﬁring. Between 22% and 80% of the data sets within
any particular grouping meth(;d show evidence for absorp‘tipn by dust, as does the

average spectrum of the observation.

Thé Warm Absorber

Before analyzing thé warm absorber of the complete obéefvatibn, a value for the
neutral }Ilydrogen column is needed. A lower limit on the amount of neutral hydrogen
is obtained from the 21 cm observations of Galactic hydrogen (Elvis, Lockman, and
Wilkes, 1989) which obtained a value of 4.1x10%cm?. The multiwavelength analysis
of Reynolds et. al. (1997) also places a constraint on this value; if the ratio'o'f- -cold
gas to dust is the same as for our own galaxy, the neutral hydrogen column should

be in the range 2.6-4.4 x10*'cm~2. Previous observations have either fixed the value
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‘at 4.1x10%°cm? (Iwasawa, et. al. 1996,. Tanaka et. al. 1995) or allowed the value
to vary provi.ded that it remains above this value (Otaﬁi et.'_ al. 1995, Reynolds
Et. al. 1997, Reynolds 1996). We choose the first approach because it allows us to
analyze variatihns of the warm absorber on timescales shorter than the light-crossing
time for a pheton travelling from the central engine to the clgsest conpeivable neutral
hydrogen, and note that this timescale is far longer than the 20 ks data seté used by
previous observers.

| With the photon index fixed to 1.88 in accordance with the hard X-fay analysis
and the neutral hydrogeh column fixed at 4.1x10*°cm?, the two oxygen edges were fit.
The results are as shown in Table 59 These energies of these lihes are in excellent
agreemént with previous analyses (Otani et. al. i994; Reynolds 1995), as is the
optical depth of O VIII. This method of analysis does, however, give a different value
of 707 than pre\./ious ana,lyses; the reason for this is that this analysis results from
fixed values of neutral hydrogen and photon mdex The value is significantly hlgher
than that of Reynolds (1995), who found 7or = 0.64 £ 0.02 for ' = 1. 9070:9% and
Ny, = 5.3 + 0.3x10*°cmn?, and much higher than that of Otani et. al. (1994) who
fouhd Tor = 0.58 £ 0.04 for I' = 1.84 +0.01 and N,=4.1x10°cm?. The difference
from Reynolds value is small, and is due to the different method oi‘" fitting neutral
hydrogen. The difference from Otani’s value is larger because his method of fitting
the phofon. index involves simultaneously fitting the photon hidex, neutral hydrogen,
- and oxygen edges };o the SIS detectors wihh all counts. above 2 keV excluded and

no background subtraction. Our statistical fit is superior to either that of Reynolds
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Parameter Value
O VIII €= 0.88Of8j8§2
7=0.178 +0.020 -
O VII e = 0.717+5:003
7 =0.723 £ 0.026
x*/d.o.f. 1.326

Table 5.9: Average Values of the Oxygen Edges of the Entire Observation; conﬁdence
- regions shown are 3¢ limits.

(x?/d.o.f. = 1601/1008)- or Otani (XQ/d..o.f. = 994.6/513) for the same model;.their
results were easily reproduced when their methods were used. |

Next we explore the possibility that the properties of the warm absorber cha,nge
with dynamical state by analyzing the data obtained using the derivate sorting
method. Figure 5.8 shows the variation in the O VIII edge depth plotted against
the veriation in the O VII edge depth. The .physical significance of this variation is
that the well state has significantly lower epti-cal depths for 0 VII and O VIII than
two other states (constant trip). Examination of the point-by- pomt classification: in
Appendix E shows that few of the tlmmg bins classified as well are located in the deep
minimum at the end of the observation; rather, they are located throughout the rest
of the observation, and generally correspoﬁd to local minima, es one would expect.
As with I;revious analyses, these data sets show no significant variation in the energy -
of the two oxygen edges, and the goodness-of-fit of the data sets is acceptable:

We can further confirm the sfrongest variation, between the well and constant

states, by ta,kihg' a ratio of the two spectra using the recently developed ftool mathpha.
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liguie 0.8. O VIII Optical Depth as measured for Method C spectra. Error bars
represent 3(7 confidence limits.

Fhe ratio of the two spectra is defined by:

=gW ©)
where A(e) is the first spectrum of interest and A(e) is the second. The most interest-
ing example from this spectral set is shown in Figure 5.9, in which we see a dramatic
inverted edge profile near 0.7 keV and a clear (but slightly less dramatic) inverted
edge profile near 0.86 keV. These differences strongly suggest that the denominator
spectrum, constant, should have much larger optical depths for both O VII and O
VIII, which is entirely consistent with the results shown in Figure 5.8.

Next we analyze the data selected by hardness and luminosity. The edge energies
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Figure 5.9: Ratio of Well to Constant Spectra
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R2
Figure 5.10: Variation of O VIII with R2] horizontal axis is the value of R2 for the

spectrum, vertical axis is the measured optical depth of O VIII. Error bars shown are
3(7.

remain constant to within measurement error for this data set; the goodness-of-fit
are comparable to those of Otani et. al (1995);the interested reader can find them in
Appendix B. The optical depths of the edges, however, vary according to the hardness
of the spectrum; the variation of 0 VII is shown in Figure 5.10. Not only does dl,
which corresponds to the deep minimum near the end of the observation, have a
substantially lower depth than any other region, d34, which corresponds mostly to
minima in the observation, also has an 0 VII edge depth which is smaller than several
other regions to 3(7 significance. This strongly suggests that the O VII optical depth
varies during the course of the observation.

Variation in O VIII is also evident, as shown in Figure 5.11, where the optical
depth appears to be correlated with the hardness ration R2. However, data set cl has

the highest hardness ratio of this selection method, and does not differ significantly
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Figure 5.11: Variation of 0 VIII with /Z2; horizontal axis is the value of R2 for the
spectrum and vertical axis is the measured value of 0 VIII. Error bars shown are 3<7.

Covering Factor F=17 Q= B8 I =19 =20
1.0 Nh=21.001 21331 21.5491::N 21.652™
£=-1.57 -1.50  £=-1.32 +0.03
= 6502 4915 JX*= 4263 X2 = 4540
0.5 Nh= 2125 Nh = 21.4975
£=0.60 £=044
%2=6967 X2 = 4241

Table 5.10: Average Values of the Single-Zone Photoionization Model; confidence
regions shown are 3cr limits. For each fit the degrees of freedom are 2371.

from any data set other than dl, which has a significantly higher optical depth for O
VIII. However, the low-hardness data sets aj and bj have significantly lower O VIlII
than do the high-hardness data sets dl,d2,c2, and abl, and data setcj has lower O

VIl than does dl.
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Data Set | Column Density U L, x10*erg/s x?/dof |

“con 2150700 0.429700%2 11.06 1.222
inc 21.317007 0.31975115 13.28 1.132
dec 21.471053 0.48070 70 12.23 1.081
flare 21.447505 . 0.349700%7 15.57 1.121
well 21.287052 0.29170 059 12.56 1.211
jump 21.4479%3 0.39010-052 12.45 1.232
fall - 21.4470%2 0.38610-575 11.56 1.195
spring 21.5275:05 0.534%5:0% 12.02 . 1.195
trip 21457005 0.3487020% 12.09 1.196
wobble | 21517353 0.49475:078 10.17 1.249

Table 5.11: The best-fit parameters from the photoionization code ION are shown.
The slope was kept at a constant value of 1.9 for these data.

Data Set | Column Density U Ly x 10*erg/s x*/dof
abl |  21.54%0%2 0.5375:5% 14.47 1.103
a2 - 21.4475°03 0.23700% 16.70 1.147 -
a3 21.3470-%2 0.29F5-5¢ 16.06 1.238
ad 21.3010:52 0297897 . 16.01 1.353
b2 21.4470% 0271512 13.07 1.118
b3 21.4175703 0.3310-39 12.53 1.219
b4 21.32700° 0.297978 12.33 - 1.100
cl - 21.5570%2 0.377518 11.38 1.173
c2 21.5470°03 0.461507 11.32 1.101
c3 - 21.4079%¢ 0.351514 10.85 1.095
cd | 21.3975% 0.3075:20 10.60 1.027
di 21.8370:52 0.897002 7.389 ~ 1.258
d2 21.54700 0.46%5-15 8.623 1.147
d34 21.4270°%% 0.4470-12 . 8.267 1.089

Table 5.12: The best-fit parameters from the photoionization code ION are shown.
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Photoionization Models of Total Spectrum . -

The soft X-ray parameters describe a hot plasma with temperature near 10° K. ’I‘he _
relative strengths of the émission lines, when combined, give far more information
than this- they also give information about the structure and isotropy of the warm
absorber. For this reason, we modei the results usiﬁg one of the available .ph.otoion—
ization codes, ION. The grid of pertinent fits to the model is shown in Table 5.10.

We next investigate the variations of the one-zone photo’ioniza,tion model with
dynamic state by analyzing the Method C spectra. The best-fit parameters are as
shown in Table 5.11. The varlatlon of ionization parameter is substantially smaller
for the dynamic states, which vary little in luminosity, than for data sets from the
other three selection methods, which va,ry:far more widely in luminosity. The basic
trend of these data is to show a correlation between high column densities and high
ionization parameters, which is likely to. be an artifact of the fitting procedure.

The best-fit values for a,. one-zone photoionization model are shown in Table 5.12.
A slope of 1.7 was used for D‘a;ta,. Set d1; i.n all other cases a slope of 1.9 provided the
best fit. Here again, the deep minimum state shows both a highe:i’ coluﬁn density and
lonization parameter than any of the other states; this is consistent with the previous
ﬁndings of the empirical model.

Conclusions
Apparent changes in photon index for a power law spectrum are usually attributed

to either changes in the reflection parameters or changes in absorption by gas or dust.
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The results in the appendices demonstrate that the method of spectral selection, and
not the method of spectral analysis, is the cause of the new results.

The continuum emission of the source was carefully examined using six different
models. While-partial reflection models are ‘consiétent with the data, simple I.nodels
of partiallabs‘orp'tion of the continuum by gas and dust fit the data best; there exists
substantial eviaence that the continuum is reddened due to a,bsofption by dust. The
models of partial absorption fit the data extremely Weil. The presence of absbrbing gas
and dust is consistent with UV,optical, and IR observaf;ions of this galaxy (Reynolds
et. .CLZ. 1997), so it is likely that the continuum shape is influenced by this effect.

The-data suggest that the continuum may be partially absorbed by’ ionizin.g gas,
but this presence of such gas can only be determined to 1o significance. Variation in
the underlying photon index and the column density of an absorbing column of gas
are measured, but both parameteré increase simultaneously for all of the data sets
where statiétically signiﬁca,n"s variation is measﬁred. The possibility that the variation
is due to the response function of ASCA and fitting a',lgorithms of XSPEC was then.
. confirmed by examining a contour plot of the two par.a_,meteI‘*s.

Otani’s (1995) analysis of this observation using standard sélection criteria indi-

* cated that the O VIII edge varied with SIS count rate according to the relation:

+

rovirr = (0.38 + 0.05)C 095030 . (5.2)
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suggesting that the warm absorber depends on luminosity. We found that

I —(0.89:£0.57)
TOVIII = (1.29 + 067) (l ) (53)

0%erg/s

which is consistent with Otapi’s result since count rate and luminosity are linearly
related for a simple power law model. We also found that the O VII’I edge depgnds
on the hardness ratio Ré, despite the lack of correlation between luminosity and Ry.
O VIII increases with hardness. Iﬁ contrast, there is no strong relation between the
O VII edge and the hardness of the source, although we did find variations of O VII
with lurﬁinosity. Reynolds- (1995) also found such variations.

Several factors account for the diffe-rences in Oxygen edge depths of our findings
and those of the previous analyses; first, using phenomenological selection technique;
we analyze the data on shorter timescales than the previous observers. Secondly, we
used a more rigorous method for measuring the photon index than did previous ob-
servers, a,_n-d>did not allow it to vary at the same time as the oxygen edges. Finally, we
included data from all four detectors in our a,nalyéis, although the ltwo GIS detectors
were only considered for energies above 1 keV. We found that we could reproduce the
results of Reynolds (1995) b&f allowing the photon index to véry freely while fitting -
‘soft en;ergy features. We note that our method and that of Reynolds (1995) produce
néarly linear correlations betweeﬁ the 2-10 keV luminosity of SISO channel an& the
SIS0 count rate, while that of Otani does not. We conclﬁde fha,t constraining the neu-

tral hydrogen absorption and including some method of modelling the hard energy
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X-rays are critical in finding this variation, although the i)henomenological method

of screening makes the difference more apparent.
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CHAPTER 6

.CONCLUSION

At this moment, but only just in time to save the book from extinction, Orlando
pushed away her chair, stretched her arms, dropped her pen, came to the window, and
exclaimed, ”Done!”

-Virginia Woolf, Orlando

In this chapter, a summary of all work in this thesis is given, and conclusions
common to the analyses drawn. Some suggestions for further investigation are also
given.

X-ray Variability of Active Galactic Nuclei

In Chapter 2, we demonstrated that light curves from the Seyfeﬂ; galaxy NGC
: 3227 are conmsistent with constraﬁnts one W;)uld expéct from a model of inagnetic .
reconnéction of a flux tube. We began by adding cooling ter;rﬁs assoclated Witjfl
' ‘Compton upscattering and synchrotron radiation to the energy conservation equation
for a flux tubel previously derived by Fisher and Hawley (1990). Using the same

technique as they, we derived a relation between the loop semi-length of the flux-
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tube L, the loop apex temperature T4, and the ‘rise and decay times from the light
curves. Since at present there is no empiriéal way to measure the apex temperature,
we examined a plot of T4 vs. L for a set of flares observed on the Seyfert 1.5 gr;la,xy
NGC 3227. The result was that when regions‘excluded by physical constraints due to
energy emission, pressure scale hei_ght and the speed of sound through the flux tube
were eliminated, flux tubes were still physically plausible for the temperature range
thought to be corisistent with an AGN corona. |

Implications on the Structure of Seyfert Galaxies

Two sources Weré analyzed in this work: Arkarian 120 and MCG-6-30-15. For
Arkarian 120, the analysis focussed on determining the best fit para,meter.s for the
continuum shape, since it is a short observation, and this source is less observed in
the X-ray than was MCG-6-30-15. For MCG-6-30-15 the analysis focussed on us-
ing new selection techniques to predict spegtral changes over long observations. The
two sources represent different extremes of current observations of Seyfer;c Galaxies:
Arkarian 120 is the highest luminosity of the three, but is also the most distant, and
the most obécured by Galactic hydrogén. The' observa,tion:wa,s relatively shprt, so -
only one sta'ti.sticaﬂy robust spectrum was analyzed. MCG-6-30-15 ﬁés character-
ized by ré,pid xv/a,ria,lbility' on very :short timesqa,les, for an extremely long, continuous
observation.

In 'Cha,pter 3a deta,iledle)'cpla,na,tion of the analysis ‘-cechniques' used on each of the
two sources was given. The first sections deécribe;d the techniques of timing analysis

~ and spectral analysis used, which (though not exciting) are important because they
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are the source of different results of this work and one of the published analyses of
MCG-6-30-15. The late;‘ sections describe data grouping techniques developed by the
author for subsequent analysis of MCG-6-30-15. The discussion is s‘uppiemented by
Appendix A, which gav'e a description of the models and statistical téchniques used
to analyze the data.

. In C}ia,pter 4, the Seyfert galaxy Ar.karia,n 120 was analyzed. The main findings
were that the soft X-rays are better fit by blackbody components than by oxygen
edges which typify a Waifm absorBer. The variability of this source, a;ld of its hardness
ratios, was suggestive that a longer observation of the gala;xy would be interesting
in terms of continued aﬁalysi_s by phenomenological grouping- particularly since this
source shows flares' which appear to have the saﬁe linear increase ;md exponential
decrease as 1;hose which appeared in NGC 3227, and are ;;haract‘eristic of magnetic
loops. |

Chapter 5 contains the more interesting parts of an extensive analysis of MCG-
6-30-15; the less intéresting parts haviﬁg been relegated to several _appendiées. Two
classification schemes fo.r sorting. events files into spectra were created by the author
(inspired by previoué work by Dr. Kunie&a, currently of ISAS), and applied to the
data. They ‘slhovved that, Whel’l’ grouped together, local minima had .a, lower degree of
ioniza,t.ion than other pheﬁomenblogies in the spectrum- including a prok.)nged deep
minimum at the end of the observation. The primary physical significance of th.is
finding is that at least some of the O VII must be located as close to the nucleus as

is the O VIII; the previous work suggested that O VII should be located farther from
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the centrdl engine than the O VIIL
The two observations show a few similarities: both have variability in hardness
- ratio RQ; suggestive that the warm absorber (or other soft X-ray component, in the
case of Arkarian 120) is variable. The apparent continuum variagility for MCG—G—BO—
15 is actually due to its extremely strong, broad i.ron Ko line.

Concluding Remarks

Magnetic loops may well be responsible for va,ria,bilit); of Seyfert 1 gélaxies, and
perhaps otﬁer AGN as well. NGC 3227 is not the only source which has individual
flares which fit the linear incréase al;nd exponential decreése pattern reminiscent of
s.ola,r flares; further analysis of sources in i:his light would be interesting as Chandra
and XMM data bepome publicly available.

The results of the phenomeﬁological classification schemes developed in this work
are suggestive of the statisfically r(;bust correlation between X-ray spectrum and
phenomenology of AGN and Galactic black holes such as Cyénus X-1. Classification
by hardness ratio (or by derii(ative of the; luminosity) seems to be very good at
grouping data sets which have variation in the warm absorber. This suggests that
the technique may also be applied to the data from the new generation X—ray satellites,

where the exposure needed for a statistically viable spectrum is shorter.

’
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This Appendix is a supplement for Chapter 3, and describes each of the models
(from XSPEC or otherwise) used for ‘data analysis. In.addition, the main statistical

techniques used to evaluate the goddness of fit of the models are described.

Hard X-ray Continuum

In the contexf of ASCA observations, hard X-rays mean those above 2 keV, which are .
minimally affected by the presence of the interstellar medium. Seyfert galaxies usually

exhibit a powerlaw continuum, iron Ko features and in some cases the low-énergy '
end of the compton reflection hump. This section describes the XSPEC fnodels used
to model the powerlaw continuum and (in some cases) the compton reflection hump.

The simplest model for the X-ray continuum is a powerlaw distribution:
Fle) = Ae7™* . ‘ (A.1):

where A is the normalization of the distribution in Counts keV~lem 251 at- 1.0 keV
and T is the phot;n index of the spec£rﬁm.

‘An alterna.tiVe model of the powerlaw‘co.ntinuum is the broken poweﬂavv, which
has no a pﬁ_Orz' physical justification, but is often usefui in establishing ‘(l:hanges in

spectral shape. This model has the functional form:

f(E) = AC~F15 £ <-6617'ea.k

f(E) = Ae—er E > Ebreak
for which €ppeqr is the energy at which the pho’ﬁon index changes, I'; is the photon
. . [
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index below the break, gnd I'; is the photon index above the break

If the nonthermal radiation from the central engine originlates in the corona, and is
" reflected off a disk, we would expect that a model describing the reflection component
would more accurately déscriBe the data. Photons reflected froﬁl an AGN accretion
disk have a finite probabili;cy of undergoing a Compton.reflection and being reemitted
at a different energy. For an infinite, plane-parallel geomefry, };;hofcons obey the

transport equation (Lightman and White, 1988):

10W , ‘

. where W is the probability that a photon with initial energy ‘zo has reached energy
x without being absorbed, x is the opacity and p the density of the accretion disk
material. The continuum spectrum has an approximate analytical form of:

W(ac .:1:0) = e:z:p[C( L i)] - (A3) |

4dzf 4zt

where C=10"°is a constant resulting from "_sh'e‘ integration, and assumes cosmic abun-
dances in the ma,‘-te-rial‘. This equation is valid for low states of ionization, and assumes
an isotropic source.

Exbonentially cut—off power-law spectrﬁm reflected from- neutral material. See
Magdziarz and Zd21arsk1(1995) for details. The output spectrum is the sum of the
cutoff power laW and the reflection component. The model can be used to obtam

the reflection component (parameter rel_re fl in XSPEC, which is often called ¢'in
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publications and in tables in this work). Within XSPEC,.the reflection component
alone can be obtained by setting rel_re fl < 0. The normalization of this component
is just the scaling factor |relrefl|; if this is done, the user should ‘-ensure that 0 is
not within the included range of the parameter. If E, = 0, there is no cutoff in the
power law. Version with Va;ria,ble iron abundance and new opacities of Balucinsl«;a
and McCammon (1992, and 1994, private communication). As expected in AGNs, H
and He are assumed to be fully ionized. For this model, T is the photon index, F,
the cutoff energy in keV, e the scaling factor for reflection, z the redshift, q the jron
abundance relative to éolar, cosf) the cosine of the inclination angle of the reflective
‘material relative to the observer, and n the phofon flux at 1 keV of the powerlaw in
- the observed frame.

Multifrequency observations of Se};fert 1 galaxies have indicated that ‘seyeral can-
didates are substantially reddened (Reynolds, 1997)(Reynoids and Fabian, 1995).A
simple model for the inclusion of dust in the soft X-ray cbntinuum isv available as the

XSPEC model plabs, which has the form:
fout(é) = fz’n(e)Ae_'a ) (A4) ‘

where A is a normalization factor and a is the index of the dust.
If the cold disk at the center of an AGN is surrounded by a hot plasma, it is
equally likely that part of the continuum reaching the observer will be absorbed by

this medium. Two media are likely to cause this absorption: gas and dust. A simple
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model for absorption of the continuum by gas is:
fout(€) = ﬁn(e)',(Nhe-E*a(e) +1- 6) (A.5)

where N}, is the equivalent hydrogep column in units of 1022 atoms per em? and € is
a covering f@ctor of the continuum source by the gas. This model corresponds to the
XSPEC: model pcfabs for,solar-aBundance gaséé.

For comparison the six models for the photbn index are shown in Figure A1 for _a;ﬁ :
inclination é,ngle of 9 = 0. The difference .b'etw'een the broken powerlaw and simple
photon index is self-evident, whereas the main differences between the simple photon
index and the partial reflection models occurs at hiéh energies just below the highest
energy detected by ASCA. The partially absorber powerlaw does not present any
difference from the simple photon index at high energies and ca,nno‘t be distinguished

from modelé which involve variation of the warm absorber at soft energies.

Soft X-ray Continuum Models

For the more luminous Seyfert 1 galaxies, the spectrum below 2 keV typically includes
absor;;ti(;n by the intel;stellar medium, absorption _by O VII and O VIII, and an O
VI emission line. Photons with enefgies i)_elow 2 keV experience absorption by the
interstellar medium and absorption and emission by the plasma near the center of'
the AGN.

Photons from an AGN must travel through the interstellar medium (ISM) and the
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Energy

| igure A.l. Models of the Hard Continuum Spectrum; all have the same primary
photon index, with other parameters adjusted to demonstrate spectral differences.
Solid line, simple powerlaw, dashed line: broken powerlaw, filled squares: partial ab-
sorption by dust, filled circles: partial covering by gas, open circles: partial reflection
from neutral material, open squares: partial reflection from ionized material.
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portion of our galaxy in the line of site before reaching the vicinity of earth. Most of
the absorption occurs within our galaxy, and is measured by radio techniques. The

model used for galactic hydrogen in this work is:
I(e) = I,(g)eMre(®) (A.6)

where o(¢) is the photon capture cross section of the interstellar medium (ISM) and
Ny, is the column density of the ISM in units of cm?.

Many Seyfert 1 galaxies exhibit absorption and emission features dye further ion-
ization of the coronal and broadline plasmas. Three absorption edges are typically
assoclated with ASCA spectra. The Fe K absorption edge energy val;ies from 7.1 keV
for Fe I to 9.3 keV for Fe XXVI, so that the redshift-corrected edge energy indicates
the ionization state of the iron on the cold disk. In most ASCA observations of Seyfert
galaxies we see absorption edges due to ionized O VII and-O VIIIL These have the
-same functional form as the iron absorption edge, but correspond to energies of (. 721
keV for O VII and 0.871 keV for O VIII (Verner and: Ferland, 1997).

The model used in fitting a,bsorptioﬁ edges has the form:

m(e) = gfedge ¢ > €edge

mE) =1  €<euge
where 7 i the depth of the absorption edge and Eedge is the lowest energy’ at

which photons are absorbed by the atomic process of interest. The denotation m(e)
indicates that this model is multiplied by, rather than a,dded'to, other components of

the continuum spectrum.
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The edge depth is related to the photoionization cross section ¢ of the species 1

by (Rybicki and Lightman, 1979):

where n;.is the number density of species i. .

While ASCA does not have good eﬁectivé area /bel(.)w 0.6 keV, We‘expect to find
two recombinagtio:r-l. lines, one at 0.653 keV which correspondé to O VI‘II' and another
a-t 0.568 keV, corresponding to O Vﬁ. The ionized oxygen is thought to. exist in
the warm absorber, possibly in the broadline clouds. These features are ﬁt with
extremely narro;v—width gaussian line profiles, since ASCA does not have adequate

energy resolution to determine if the profiles experience any gravitational redshift.

Statistical Techniques |

Spectra from ASCA observations' are analyzed using the software package XSPEC. If
uses several statistics to evaluate the goodness of fit, which are documented here.

THe most common stﬁtistic to compare two binned curves of any variety in astro-
physics is the x* test. Consider two samples with equal numbers of points n. The
first samiole has points with value z; and the second sample has an ith point .With
value ;. rI"he chi-square statistic is then:

' Xzzzm o (A8)

Y
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In the context of analysis by XSPEC, the i are the points in the ASCA observation

‘and the. y; are the values predicted by the model being tested.
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APPENDIX B

SUPPLEMENTARY IMAGE AND LIGHT CURVE DATA
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Figure A.2: GIS3 Image of MCG-6-30-15 over the course of the entire observation.

Image Analysis of MCG-6-30-15

This appendix contains images and light curves important for the analysis of MCG-
6-30-15 which are important for the analysis, but are too page intensive to include in

the main body of the text. The GIS3 image of the source is as shown in Figure A.2.

Light curves of MCG-6-30-15

The light curve for the full observation of MCG-6-30-15 is shown in Figure A.3. The
four hardness ratios (which were defined in Chapter 3) are shown in Figures A.4
through A.7. These figures are presented here to supplement the discussion in Chap-

ter 5.
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Tine (s)

Figure A.3: Light curve for MCG-6-30-15; total counts.

3x10'

Figure A.4: Ri vs time for MCG-6-30-15; note that hardness ratios do not have units.
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Figure A.5. R2vs time for MCG-6-30-15; hardness ratios are dimensionless quantities.



168

0.15

0.1

0.05

Figure A.6: R3vs time for MCG-6-30-15; hardness ratios are dimensionless quantities.
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2x10

Figure A.7: R4 vs time for MCG-6-30-15; hardness ratios ard dimensionless quantities.
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Data Set Iy Ebreak I x?  d.o.f.
constant | 1.73¥015 6.25%0%) 2.8370F 360.9 374
decrease | 1.863312  9:.0_,5 2.7 348.9 390
fall | 1777014 g 4508 2.82°0% 339.0 - 368
flare | 1.74%81; 6.3%35 3.1213% 3563 375
increase | 1.831013  6.8%22 2511091 3063 365
jump | 1.661315  6.0705  2.6270% 4245 415
spring -| 1.821%4°  6.8%13 2907103 3385 390
trip | 1797315 9.0.,, 860 2945 243
well | 1.87%01%  9.0_.¢ 6.03 - 2925 279
wobble | 1.68703%  6.6_o7, 2.627318 219.0 208

Table A.1: Broken Photon Indices for Method C Data. Confidence regions shown are.
3o; confidence regions for I'; are omitted when they exceed the soft limits for that
parameter.

Spectral Analysis of MCG-6-30-15

Alternate models of the continuum spectrum are e%plored next. The broken powerlaw-
model‘was examined ﬁ'rst, since it can indicate more subtle c.ontinuum changes with-
out assigning them to either reflection or absorption. However, the model can only
indicate trendé in the data, and does not correspond diregtly to underlying physical
changes in the data. The best-fit parameters for the bfoken_powerlaw model f.or the
Method C dat‘a is showtn in Table A.1. |

This dataset is consistent with a constant lower photon index I'; with a value near
1.8; the dataset “jump” has a photon index lower than I‘M;e = 1.88 to 3o significance.
Five of the eighf 'datasets for which have a measurable confidence reg.ion for Iy have
[y> T4 to 30 signiﬁca,nce,“although seven of the datasets have break energies within
the iron line region. These data are comsistent with the existence of a high-energy

reflection hump, but due to the proximity of €,ex to the iron emission line none
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Data Set Iy Ebreak T, x? d.of
abl 1.83%507  8.4%53 100 2209 244
- a2 1.9979%:  9.0_04 —1.3%2 317.7- 372
a3 2.0319%:  9.0_04 —1.3%52 399.7 308
ad 2.097008  8.6_14 3.47%%  277.3 307
b2 1.85199¢  9.0_0r  -0.07 334.2° 318
b3 1.971008  9.0_05 —0.3%% 3055 324
bd | 2013505 5.07°  1.64133% 163.9 224
cl 1.821008 85704 10.0_,; 209.3 204
c2 |- 1.85%008  9.0_05 —3.0v%3 206.6 296
c3 1.88133%  10.0_;0 9.6 251.2 248
c4 1.93%318 50 177183 7071 124
d1 1.65700:  8.9_0s 10.0_43 340.6 372
dla 1.6130%  5.017  1.98%025 2168 240
dib | 1.63657 017 9305 - —2.8 2451 - 195
d2 1.7313%  6.6%50 2991984 208.9 197
d34 1.927092  9.0_0s -3.0 1917 188

Table A.2: Broken Photon Indices for Method D Data. Confidence regions shown are
1lo; .confidence regions for I’y are omitted when they exceed the soft limits for that
parameter.

. provi_(;les conclusive evidence for the presence of that feature.

Finally, th;e best-fit parameters for the broken powerlaw model fit to 1;i1e datasets-
ex"cra;ctt.ad by Method D -as shown in Table A.2.

This dataset exhibits.signiﬁca,nt differences in the low-energy photon index Ty
which are not _clea:rly related to the value of the break.energy. Unlike the other
datasets only two of the datasets from this group show high-energy indices which are
significantly higher than the low 'energy. index. Most datasets have break energies
abqve 8 keV, suggesting that some feature eXist’s there, but many datasets have
T, <0.

One possible physical basis for a deviation from the continuum is that the con-

tinwum radiation is partially reflected from neutral gas in:the line of sight. This
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Data Set I o x? d.of.
constant | 1.82751% 0.227017 208.1 215
decrease | 1.7610:1¢ 0.16+018 1791 996
fall 1.84%51%  0.24701% 187.0 207
flare | 1.857017 0.257917 2213 211
increase | 1.787048 0.18101% 197.6 209
jump | 1773338 0.17121% 92313 238
spring | 1.82701% 0.22401% 183.0 179
trip | 1763322 0.16%322 1779 136
Cowell | 1.82%3%2 0227022 1536 151
wobble | 1.77102% 0.1713% 1027 114

Table A.3:" Absorption by Dust for Method C Data. Confidence regions shown are
30. :

possibility is modelled using the native XSPEC model “pexrav”, which is described
in Chapter 3.

The alternative; to reflection of the continuuim off gas is that the continuum is
partialiy absorbed by gas or dust along the line of sight of th—e galaxy. The possibility
of absorption of the continuum by dust is modelled by the native XSPEC model

" “plabs”, which was previously described in Chapter 3. This model i)roduced better
fitting statistics for the average spectrﬁm of the complete observation than did the
simple powerlaw model or the partial reflection model. In thié analysis two ,goalé are:
intended; 'ﬁrst, to determine whether the' dust index « is significantly different from
zero which would provide further evidence that the continuum 1.1n.dergoes partial
absorption by a column of dust and second, to find determine whether eifher the
photon‘ inde)é I' or the dust index « vary between dataseté.

. The mo;iel for absérptioh by dust vs}as also fit tb the data selected using Method

C (three-point derivative classification), with best-fit parameters shown in Table A.3.
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Data Set { . T o x? dodf
abl 1.83%05;  0.24702%  117.3 118
a2 1.877312  0.27%518 1559 202
a3 1.81731%  0.217018 9335 228
ad 1.87132%  0.275022  159.0 149
b2 1.71432%  .0.11%521  168.0 161
b3 1.9240-22 © 0.171022  162.7 © 163
b4 | 1.697322 0.002402, 87.57 125
cl 1.841032  0.247532  84.91 97
c2 | L7THRE 0173032 9478 144
c3 1.857921  0.25%52%  124.8 - 119
c4 1.7539%%  0.15%5%2  26.78 75
di 1.71%8348  0.12%017  208.6 204
dla | 1.68¥92% 0.07892% 1034 - 117
dib | 1.70333°  0.10%53%  116.3 99
d2 1.80893*  0.21%53%  100.1 92
d34 1.75705  0.15753% 1055 86

Table A.4: Absorption by Dust for Method D Data. Confidence regions shown are
3o.

All of these data are comsistent with a constant photoﬁ index. with either the
value I' = 1.88 found for the simple powerlaw model or for the value I' = 1.72 found
for fhe dust absorption model of the average continuum spectrum. Eight of the ten
datasets shown here show significant absorption of dust to 3¢ significance; all ten of
the datasets are consistent with a constant absorption coefficient of a = 0.14.

F inally, we explore the poésibility _tha,t the propert':ies of the dust absorption vary
with the average hardness of the spéctra. The best-fit pa,rameteré of the dust absorp-
tion model for the Method D datasets are as shown in Table A.4.

" The photon indices of this model are within the 3o confidence limits of one another;
all the data are consistent with both the phpton index found using the dust absorption

model of the observation as well as with that of the simple poweﬂa,w model. One can
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note that the only datasets which have o > 0 to 3o cgnﬁdeﬁce aré ﬁhe high luminosity
datasets a2, aS, and ad. We may thus conclude that absorption by dust is significant
for the high luminosity portions of the light curve.’ The data are all consistent with
the model of the continuum of the entire observation, which has signiﬁcan;s absorption
by dust with index o = 0.14. Another n'otewor.thy characteristic of these data are
that the goodness of fit statistics for this model are noticeably worse than for other
models of the céntinuum; seven of the thirteen main datasets and one of the tw‘o
subdivision (dla) fai;l to meet the criterion that x2/d.o.f. < 1.

None of the methods of analysis show any v_ariaﬁion of the continuum, or of the
absorption index of dust' within the line of siéht of MCG-6-30-15. However, most of
the (ia,ta, show a a > 0 to within 3¢ conﬁdenc;e, so we conclude thgt dust is present

| within line‘ of sight of MCG-6-30-15, but its physic;ai cha;i“acteristic';'s do not vary at
levels measura:ble by ASCA.

Next, we explore the possibility that the continuum of MCG-6-30-15 undergoes
pa,rtiall absorption by;* gas in the line of sight of the observation. Since the two param-
eters defining absorption by gas are interdependent, many trials détermined'that thé
column density of gas N}, a',nd the covering fraction € ca.mnot both be measured with
any degree of conﬁdencg for .the lower—résolution spectra rgéultiné from the selection
methods described in Chapter 5, the method of fitting the data with the covering frac-
tion frozen to €= 0.5 was adopteci. The best-fit parameters for the average spec;trum
using this method are shown in Table A.5-

This model for the average spectrum shows both a photon index and a neutral
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[ = 1.91575.0%
Nj, = 0.5210%5
x? = 436.0
d.o.f. = 508

Table A.5: Best-fit parametérs for a modified partial absorption model for the average
spectrum. Errors shown are 3o for the photon index and 1o for N,.

| Data Set r Ny, x? d.of.
constant | 2.24¥51% 3.5  206.3 217
decrease | 1.98731% 1.0%2% 182.7 229
fall | 2.087318 0o+24. 190.2 210
flare | 2.297517 3.4%3°% 2222 215
increase | 2.207517 46752 196.8 212
jump | 2.26701¢ 53756 9236.6 240
spring | 2.23%012 3.5+4% 1834 182
trip 1.91F92 0.0t2° 1822 139
well | 2.13%522 11434 1533 152
wobble | 1.997026 0.7740 102.6 114

Table A.6: Partial absorption: by Gas for Method C data. Confidence regions shown
are lo. ' - ' ’

hydrogen column within 3¢ confidence regions of the values deterxﬁined initially. The
3o confidence region of the hydrogen column did no£ exclude fhe possibility that no
absorbing gas is present in the line of sight, so the 1o conﬁdence region is shown here.

Next the data selected by Method C are examined; with besf~ﬁt Iﬁaramet;:rs shown
in Table A.6; the cor.responding best-fit data for Method D are shown in Ta’tl)le A.T.

Several of these datasets have photon indihces which differ signiﬁcantly :from that
of the average spectrum. All datasets which have significantly diﬁeriné photoﬁ indices
algo have column densities which are significantly different from zero.

T.he effective colu.mn density of the gas, which in this case is a measure of both the

column density IV, and the escape fraction ¢, varies significantly among the datasets.
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Data Set | T Ny, x* d.of
abl 2.561055 1420738 116.1 121 -
a2 |2.30%01% 243733 159.2 211
ad .| 2.04701% 0483233 236.7 239
ad 2117522 0.03%233. 167.6 157
b2 1.9015017  1.23%31%  169.5 169
b3 | 1.92%012 0t 1763 171
b4 1.78%527. 01386 88.02 118
cl 2.571029 1471398 88.04 102
c2  [203%52 0t 1075 150
. c3 2.10%5:27 1 0.031358  128.9 125
c4 1.981952  0+82° 3046 77
d1 2.25704T  7.71FLEe C213.3 213
dla | 222752 g48+18l 1075 122
dib  [2.2613%2  9.02%3% 121.9 104
d2 2.061550 1.61%331 103.3 97
d34 | 2.00133L  1.90%%37T  107.2 90

Table A.7: Partial absorption by Gas for Combined Luminosity and Hardness Data.
These data were fit with an escape fraction frozen to €=0.5 to avoid unrealistic error
estimate for spectra with low NV,. Confidence regions shown are 3o.

In particular, the datasets abl, a2, cl, and d1 (and both éubéets) have column densi-
ties of gas above 0 to 3¢ significance. Many datasets have differing column densities
of dust to 3¢ éigniﬁcance; in particular, d1 has higher column densi-ty of gas than
datasets c2,c3, b3, a4, and a3. .Dataset b4 has lowér coluﬁp density than dI to 1o
significance, a.,nd bo’.ch datasets c4 and d34 are consistent with a zero column density'
and have fewer counts than do most other datasets. This suggests that the contin-
uum during the deep minimum is absorbed b)'r a larger amount of gas than the loc;al.
maxima earlier in the observation. In addition, we see the first evi(ience for variation
of the photon index for this dataset; we note that those data;se’-cs with the highest
ciensities of absorption by gas also have the highest phoﬁon indices.

We must thus examine the possibility that the variations in this model result from
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| Data Set O VII O VIII L.(10*%erg/s) x*/dof |
flare e=0.723"505 &= 0.867%0056 15.00 0.9389
jump |e=0.72410%0 & =0.891735%¢ 11.63 1.061
trip e =0.7097007 &= 0.891F50:9 10.93 1.130
well | e=0.725700)7 € = 0.84375355 11.34 1.141
con |e=0.7177958 €= 0.8727055% 10.01 1.123
dec | e=0.72010072 €= 0.89075 0054 11.88 1.012
fall e =0.724750" ¢ =0.86275053 11.22 1.052
inc | e=0.726700% & =0.86770152 11.82 1.079
spring | & = 0.72370015 & = 0.891705:% 11.63 1.021

Table A.8: For both O VII and O VIII the best-fit énergy and optical depth are

shown.

the response function of ASCA and fitting algorithm used by XSPEC. The steep
inclination angle of the ellipses which represent the confidence contours indicates
that the two parameter; increase each other when both are fit simultaneously. The
large values for absorption column occur, in virtually every case, for datasets which
also have significantly higiler photon indices than the reference Iy, = 1.88. The
result that partial absorption occurs significantly for at least some datasets must be
considered in this light; while the data are not inconsistent with the presence of a
§ma11 ‘column of gas along the line of sight, they do not provide conc‘;lusi;/e evidence
that such a column exists. Attempts to fit the data to tilis model with a frozén
powerlaw showed no datasets with significant column densities to 3o significance.
The. best-fit parameters for the oxygen edge energies for the Method C data sets
are as shown in Table A.8. No statistically significant variation is- seen. Table A.9
shows the same data for the Method D data sets; again, the variations in oxygen edgé

depth are not statistically significant.
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O VIII

[ Data Set | O VI Lx.(1042erg/s) x*/dof |
abl e =0.718%02 ¢ =(0.8757 0% 14.08 1.043
a2 e=.71270008 &= .865T00e% 16.24 1.041
ad e =0.72570 035 €= 0.871 15.75 1.071
ad e = 0.7237002 . — 3496700 15.84 1.216
b2 e=0.715753% €= 0.891%01 12.63 1.038
b3 e = 0.726%0012 ¢ —=0.850101% 12.25 1.100
b4 e =10."725T0050 €= 0.850%313, 12.08 1.026
cl e = .71863037° €=.8751100% 10.89 1.156

e OO g R 00 ‘

c3 e=0.719700;* €=10.8797000% 10.52 0.9930
cd €= .7210i8;8§83 € = .8447¢55%3 10.28 1.001
d2 e =0, 705+3 o7 & =0.878*00% 8.201 1.108
d34 e=0.7297005 €= 0.86970; ~8.047 1.015

Table A 9: Here the values of the best-fit energy ¢ for O VII and O VIII absorptlon

edges are shown for spectra selected by Method D.
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APPENDIX C

" METHOD A DATA SETS OF MCG-6-30-15
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Data Set | Time interval (ksec) Exposure(sec) SISO counts Count rate
t1 0-20 8,594 14,291 1.663
t2 20-40 . 6,261 15,401 - 2.460
t3 40-60 ' 9,273 21,837 - 2.355
t4 60-80 6,461 10,760 1.665
t5 80-100 9,646 19,580 2.030
t6 100-120 7,520 17,796 2.367
t7 120-140 9,002 27,196 3.021
£8 140-160 - 7,920 25,903 3.271
£9 160-180 9,202 24,409 2.653
t10 180-200 ' 8,276 16,755 2.025

t11 - 200-220 , 8,508 20,034 2.355
t12 220-240 8,460 16,607 . 1.963
t13 - 240-260 6,789 14,058 2.071
t14 260-280 9,627 21,266 2.209
t15 280-300 7,501 14,331 1.911
t16 © 300-320 9,957 . 16,393 1.646

817 .320-340 7,676 10,684 - 1.392
t18 340-360 10,721 9,636 0.8988

Table A.10: Selection criteria and characteristics of each of the 18 spectra selected -
by sequential time filters .

This appendix contains details of the tempora,lly—selécted datasets from tl_le long
. observation of MCG-6-30-15 to supplement the summary given in Chapter 5. These
measurements are equivalent to the previously publishéd results of .Otani et. al.
(1995) and Reynolds (1996), and serve the purpose of demonstrating that the results

‘presented in Chapter 5 are not an artificat of the fitting procedure used.

Selection Criteria for Temporal Data Sets

The observation was divided into 18 spectra from each consecutive 20 ksec of the
observation, and denoted by the labels t1, £2, t3....t18; t1 corresponds to the first

20 kseé of the observation, t2 to the second 20 ksec of the observation, and so forth.
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‘Data Set | Photon Index x? d.o.f.
t1 2.001032  49.05 69 |
t2 1.9610:32 76.01 82
t3 | 2,071 113.0 121

t4 1.8119:32 84.56 73
t5 1.78%02 1205 122
t6 2.1215:22 75.21 103
t7 1.9810%% 1154 131
t8 2.031020 1404 145
t9 1.847520. 1449 139
£10 1.881025 110.5 115
t11 2.0210-25 136.0 109
t12 1.8213:28 93.66 106
t13 1.991522 77.67 90
t14 1.921022 118.3 175
t15 1.883039 7439 91
t16 1.92+0:24 118.9 110 .
t17 1.78%532  82.39 115
t18 ' 1.72+3-:j;§ 61.64 68

Table A.11: Photon Indices for Temporal Data Select1on Conﬁdence regions shown
are 3o. ‘

The characteristics of these states are described in Table A.10.

Spectral Analysis of Temporal Data Sets

The photon indices of the temporal spectra were measured in the same manner as for-
the average spectrum of the observation. The results are shown in Tg,ble A.11. While
the results are suggestive of a photon index change during the deep minimum at the '
end of the observation, the; results are statistically consistent with the valﬁe obtained
for the total observation of 1.88.

Table -A.12' contains several points vs-rorth noting. First, the two photon indices

of this model are different to lo significance for several of the datasets, suggesting
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Data Set r, Ebreak | x2  d.of
t1 1.80% 015 8.79 10 | 125.9 146
t2 1.7933% 5 1.757938 1441 149
t3 1.967012 9.0 3.1 -206.0 217
t4 17602 8.8 10 141.8 129
t5 1.56 +£0.18 6.18%148 . 297108 9999 222
t6 1.92%8:1% 9.0 2.4 173.6 188
t7 1.741018 6.4 2.55T072  936.1 244
t8 - | 1.759%01%% 6.37704r  2.83%04  230.7 266
t9 1.831313 9.0 -1.5 02391 252
t10 1.72+020 6.33  2.39582%58% 198.4 193
t11 1.8435047  8.82_061  9.99995 . 243.2 199
t12 1.817%18  8.46 2.3+ 1682 191
13 1.95%018 8.89 -3 172.7 162
t14 1.88612 9.0 0.976233  241.9 269
t15 1731022 6.78t222  275ties 1549 161
t16 1.7275032 8.8 10_g¢ = -241.7 ' 204
t17 1.6713:20 9.0 10 145.6 176

1.53+0.19 8.62793% 10 125.9 133

t18

Table A.12: Broken Photon Indices for Temporal Data.

- are lo.

Confidence regions shown
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Data Set I a x* d.o.f.
t1 | 1.78¥952 0.1877% 53.78 79
t2 1.76%9:28  0.167528 79.03 84
t3 1.82192 0.2270%% 1165 124
t4 1724954 0.12%531 8531 72
t5 1.681522 0.08153% 126.2 124
t6 1.831325  0.231525 81.40 106
t7 1.797031%  0.197512 116.0 134
t8 1.83%917  0.22%517 147.5 148
t9 1.73%042  0.137912 146.9 141
t10 1.751502  0.15%23, 113.9 115
t11 1.801323 0.19%523 1405 110
t12 1.741330  0.147335 1009 108
t13 1.827027  0.22%0:27  82.17 90
t14 1.7533%%  0.157522 1207 177
t15 1.787337 0.18%27, 80.76 92
t16 1.788022  0.18%5%2 128.0 111 .
t17 1.705:32  0.10%5% 82.76 115
t18 1.67%5:32  0.0775:3% 61.99 68

Table A.13: Absorption by Dust for Temporal Data. Confidence regions shown are
30. '

that the physics of the continuum is more thap a simple powerlaw. Second, unlike
the single photon index model, we see variations in the low energy powerlaw for this
dataset. The softer powerlaw for the last .foﬁr datasets is altnost certainly the result

_ of inclusion of a few counts from the Fe Ka absorption liné, Whigh does not correlate -
to the physics of the continuum.

The datasets extracted according to Me:tho.d A are analyzed first, with best-fit
pafameters shown in Table A.13. Here we see no signiﬁca,;lt‘ variation in the i)ho—
ton index, which is consistent with .the findings of the simple powerlaw model. All

datasets are within-3c error of the powerlawvslope of I'=1.88 measured for the aver-

age spectrum. Some evidence for the presence of dust in the line of sight exist; the
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| Data Set r Ny, x* d.of.
t1 | 1.98792%F 0.0t3% 53.99 82
t2 1.913327  0.0t3° 81.36 ' 85
t3 2.031021 . 0.0727 1165 126
t4 | 1.84%322 0.0t** 86.95 75
t5 1.951020 3147 1248 127
t6 2.051925  0.0t3° 81.40 107
t7 2.021573 0.8513%2 1181 136.
t8 2281012 4.2%35 1453 150
t9 | 1.85791%  0.07%4 1469 144
t10 2.22%82%  6.715%Y 1111 119
t11 2.18%3%%  3.3¥$2  139.6 113 -
t12 11.94%32  1.1t3% 1007 110
t13 [ 2.041025 0.01135, 8220 92
t14 2.0975%  2.6733 1223 179
t15 2.08%537  1.8%33  80.37 94
t16 2221025 4.9%31 12719 114
t17 1791028 037 8295 117
t18 1.867022  1.6332 6246 71

Table A.14: Partial absorption by Gas for Temporal Data. Confidence regions shown
- are lo. '

datasets t3,t6,t7, and t8 all have o > 0 to 3¢ significance. The data aré consistent
with a constant absorption index o = 0.14 found for the average spectrum.

Next, the possibility that the i)ropertiés of a column of absorbing gas might vary
is examined. Tfle best-fit parameters for the data selected using Method A are shown
in Table A.14. Several of the datasets show devia,ti;)n in-photlon index fr'om Dboth
that detern;ined by the simple powerlaw model for the average spectrum :(I‘ave =
1.88) and that determined for the partial absorptiqn model for the average spectrum;
datasets tS, £10, t11, and t16 all have photon indices higher thén this value to within
1o significance. Only two of the datasets differ significantly from one another; t17

has a lower photon index than does t8. Three d.a'ta,sets (t8-, t10, and t16) have NV,
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{ Data Set O VII O VIII L;(10%erg/s) x?*/dof

t1 e =0.724T5558 - € = 0.854F0-131 9.291 | 1.018
t2 e =0.723100% & =0.871+3151 14.05  1.056
t3 e = 0.727+0918 e = 0.950 13.52 1.045
t4 e =0.714750% &= 0.933F71% 9.575 1.001
t5 e =0.72233015 ¢ = 0.870751% 11.85 1.138
16 e =0.72570535 € =0.846701%2 13.59 1.021
t7 e =0.72619055) €= 0.871m0e" 17.10 1.117
t8 e=0.723T001s € =0.858700:%  19.16 0.9865
t9 e =0.71475055 € =.0.900F39%0 15.77 - 1.038
10 e = 0.7101555 € = 0.86270:%¢] 11.76 1.125
t11 e = 0.717T38%8 ¢ = 0.871m0e" 13.53 1.116
. t12 e =0.72475033 € =0.864702%  11.42 1.062
13 e = 07233304 £ = 0.8757307% 11.97 1.055
t14 e=0.717T008 €=0.913750% 12.71 1.092
t15 | e =0.7271008 € = 0.864701%2 11.02 1.000
t16 e =0.718T005 €= 0.89875:0%9 9.835 1.141
t17 e =0.7213355 € =0.90470:157 7.982 1.006
t18 | e =0.71473033 & = 0.894T00%6 5.081 1.289

Table A.15: The best-fit edge energy ¢ is tabulated together with 3¢ uncertainty
limits for both the O VII anid O VIII absorption edges.

significantly hlighef than the value for the average spectrum of the observation; these
are the only datasets which ha,ve‘gas column (iensity which differs siéniﬁcantl'y from
Z€ero.

Table A.15 shows the best-fit enefgies for the oxygen absorption edges; the edge
energies remain constant to well within measurement error. | |

Finally, we attempfc to fit the data with a one-zone photoionization model. The .
results are as shown in Table A.16. Here the data are ﬁ.t with the tables created by
ION.With a 50% covering factor; a.s before, they are statistiéa,lly indistinguishable

from the 100% covering factor; the column. density is adjusted to compensate. o
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Data Set | Column Density U L.x10%erg/s x?/dof
t1 21.389175:08%  .407306F3-1280 9.557 1.098
t2 21.4441790%28 457701080 14.46 " 1.101
t3 21.451075:559% 530770 Toge 13.82 1.110
t4 21.546375-0257 50007 J5n 9.958 1.039
t5 21.5024790%%  .3935F0-0%%9 - 12.30 1.214
t6 21.406675051L 488775092 13.83 1.100
t7 21.2882F90%22 2798101337 17.23 1.237
t8 21.4120095577, 3130751322 19.45 1.111
t9 21.461975 0721 177870 050s 16.26 1.093 -
t10 21.449975-0571 .2380F 51008 . 12.12 1.168 -
t11 21.393070 0508 .189670-9576 13.90 1.201
t12 21.499979-5587 4296101053 11.81 1.100
t13 21.516415:5422 5078700562 12.41 1.180
t14 21.40947003%% 36747101127 12.93 1.198
t15 21.51697 50222 537005 11.42 1.079
+16 21.734575-0522 7282700855 10.50 1.203
t17 . 21.751610015s  .83217 00240 8.564 1.078
t18 22.105975 05 1.0147590% 5.755 1.296

Table A.16: The best-fit parameters from the photoionization code ION are shown.
In all cases except t17 and t18 the slope used was 1.9; for t17 and t18 a slope of 1.7
consistently gave better fitting statistics.
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APPENDIX D

METHOD B DATA SETS OF MCG-6-30-15
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Data Set . Criterion Exposure SISO counts Count Rate |
1 C>C,+20 6,843 25,753 3.76
12 Cat i< C<Ci+20 7,064 22,915 3.24
13 Coto<C<Citio 14,487 41,699 © 2.88
14 | Co+30<C<Cito 6,494 17,273 . 2.658
15 Cotlo<C<Cu4io 12,118 30,251 2.50
16 Cotizo<C<Ci+ ga 14,003 32,374 2.31
17 Co<C<Ci+io 15,889 33,803 . 213
18 Co—30<C<C, 9,985 19,735 1.98
19 |Co—320<C<C,—0250 16,300 29,988 1.84
110 Co—20<C<Ci—2c . 13474 22,395 1.66
111 Co—0<C<Ci—30 10,330 15,113 1.46
2 | Co-20<C<Ci—0 11,819 14,610 1.24
113 C<C,—30 . 12,508 9,556 0.764

Table A.17: Here the criteria and features of spectra selected by luminosity (Method
B) are shown. The quantities C;, and o were obtained from the statistics of the
combined light curve for the observation.

This Appendix contains the results of spectral aﬁa.lysis of luminosity filtered

(Method B) data sets for MCG-6-30-15.

Selection Criteria for Luminosity Selected Data Sets

'I.‘he. spectra was also divided into 12 luminosity-selected bins, denoted 11 (a spectrei,
from the states with the highest lulﬁinosities,) ‘through. 112 (a,.sp~ec.t_ra, from the states
with the lowest luminosities). 'T'he‘ characteristics of the lum'inc')sit.y— selected states
are described in detail in Table A.17. The cutoffs for the luminosity-selected spectra
were chosen in two manners; first, they were based upon the statistics of 1;he light
curve, and second, they were chosen so that each set would have a roughly equitable
exposure time.

[

When dividing a long observation into smaller pieces to analyze the time varia-
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tion of spectral featurés, most observers conﬁr;e'themselves to either strict temporal
binﬁing, in which they take extra,.ct spectra from each consecutive 20 ksec of the obser-
vation, or by luminosity filters, in which they group even’.cs on the light curve with the
similar 1umino.sities into spectra. Previous analyses of this observation have a,lrga,dy
used these methods, most notably Otani et.,al. (1995), Reynolds and Fabian (1995),
and Iwasawa et.al. (1996). These methocis, while rigorous, 'ha,ve several drawbacks.
Temporal selection ignores the variations of the source on timéscales $horter than the
usual 20 ksec binning time, despite the fact t.h.a,t many AGN (including the present
target) are known to vary on timescales of minutes. Luminosity ﬁltering'metﬁods
are non-ideal because t.hey do not differentiate between states 6f the same luminosity
which are f;ar separated in the observation, and could then have different physics, nor
do they. distinguish between different dynamic behavior, such as increasi;ig, decreas-.

ing, or extremal states, of the same luminosity.

Spectral Analysis for Luminosity Selected Data Sets

Some spectral features (such as the iron lineshdpe) vary with the the luminosity of the
source. The Metﬂod B datasets are ideal for showing Whéthef the continuum slope
is. one of these; they are fit to the simple powerlaV\-r model with best-fit parameters
shown in Table A.18.

While Table A.18 shows that the photon indices of each data éet are within error
.. of the photon index of the spectrum of the c;)mplete observai;ion, several datasefs are

not satisfactorily fit by a single photon index model.
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Data Set | Photon Index x? d.of.
11 2.0515-2 104.3 159
12 2.0179023 101.1 142
13 2.041031 181.4 166
14 2.137924 138.6 125
15 2.06+5:20 140.5 167
16 2.03+219 153.2 175 -
17 | 1.90%52 136.6 157
18 2.0119-29 157.5 171
19 2.071912 196.3 211
110 1.86%5%  138.1 135
111 1.83791% 1924 180
112 1.97553% 2225 193
113 1.89152L . 2115 220

Table A.18: Photon Indices for each dataset of the Lumihosity Filtered Regions.
Confidence regions shown are 3o.

Next, the possibility that the shape of the continuum has cha.nges correlated Witl’.l
luminosity i.s exz_a,mixied. Datasets extracted using Method B were fit to the brpken‘
powerlaw model with results as shown in Table A.19.

Here some variation in the lower photon index I'; is evident.; in particular, dataset
. 19 has a photon index higher than that of datasets i10,111,112, and 113., as well as than
the average photon index for the simple powerlaw model of the total ob.serva,tion,A
[zve = 1.88. One dataset (17) has a break energy within the iron Ko energy range, and
serves only to show that the photon indices above and below this feature do not differ
substa,ntia,lly. from one another. The rést of the datasets have break energies "a,b(-)ve 8 -
keV, suggesting that any differences between I'y and Ty shoﬁld be iﬁtefpfeted in the
context of the beginning of the cold reflection feature seen in GiNGA. obsefvatio_ns of
this object. While the confidence regions for I'; are small enough tlo draw conclusions-

about thé continuum, many of the confidence regions for I'; exceeded the limits
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| Data Set Iy Ebreak T, x* d.of.
11 2.027013 9.0 8.8 103.2 156
12 2.051515° 8.8 -1.3. 99.73 138
13 2.031011 . 9.0 2.7 181.4 163
14 2.171913 9.0 = -3 136.0 121
15 2.04-311 8.6 1.7 138.6 163

16 2.081015 8.44+0.8 0.897%2% 1492 170
17 | 1.9679:20 5.0 1.817921 1354 153

18 2.031312 8.6 0.97 1551 168
19 2.12+5%9 9.0 . -3 191.3 206
110 1.79+512 8.7 10_s5 133.2 133 |
111 1.83%5:19 9.0 2.11  191.0 176
112 1.88+510 8.6 10_46 209.7 189
113 | 1.897012 9.0 2.4 - 211.3 215

Table A.19: Broken Photon Indices for Luminosity Data. Confidence regions shown
- are lo; confidence regions for I'; are omitted when they exceed the soft limits for that
parameter. ‘ '

available for the model, and thus are not available.

Next, the iaossibil‘ity that the characteristics of reflection vary with luminosity is
exploréd using - datasets extracted by Method B. The best-fit parameters are shown
in Table A.20.

The da,ta,sefs extracted by Method B all-overlap the 3o confidence limits of I'gpe =
1.88, confirming the results from Method A that any reflective geometry remains
constant over the observation. The only change seen is in Q, which again varies
widely, but this variation does not achieve st;,tistical signiﬁcance.

The possibility that the properties of the dust in the line of sight depénds on the
luminosity of the galaxy is e%plored in Table A.Zl, which show.s the best-fit parameters
for spectra selected by Method B.

This dataset is consistent with constant photon index 1.88 of the simple powerlaw
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2 d.o.f:

Data Set- r € theta

I 1.957058 1.0 28.7 1.04 108.4 163
12 2.13¥32 1.0 31.3 2.0 103.7 145
13 1.87133¢ 1.0 282 20 1867 171 -
14 2.23102% 1.0 31.3 1.96 144.8 129
15 - | 1.8679%% 1.0 345 2.0 144.8 174
16 2.161918 1.0 31.5 1.96 157.7 181
17 1.83¥32% 1.0 29.1 1.0 1386 164
18 215701 1.0 314 1.0 1621 179
19 {2217%17 1.0 31.3° 2.0 201.0 220
110 1.68¥93¢ 10 283 2.0 1484 141
111 1.7573% 1.0 289 1.0 1959 187
112 1754532 1.0 283 2.0 229.2 201
113 1.72733¢ 1.0 283 20 213.0 226

Table A.20: Partial absorption by Gas for Method B Data. Confidence regions shown

are 3o.

3o.

=3

Data Set r o X d.o.f."
11 1.81%537 021753, 101.7 153
12 1.8113%5 0211520 9299 134
13 1.78%0:23 0.197023 1747 158
14 | 1.85%028 0257082 1341 117
15 1.81%522  0.247522  136.6 158
16 1.82102%  0.22102%5 1446 164
17 1.74%52% 0.157322 129.1 148
18 1.821023  0.2270:25 152.8 161
19 1.841521 0.24%921 1939 201
110 1711928 0.15733% 136.1 128
111 1724521 0.13752L  186.9 168
112 | 17435312 0.197312 208.6- 183
113 L7352 0.177027  203.5 209

Table A.21: Absorption by Dust for Luminosity Data. Cogﬁdence regions shown are
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Data Set r Ny, x®> d.of.
11 2.17%05 1.88FF 1037 157
12 2013525 0316 101.1 140
13 -2.2510%%  3.55%579 179.9 164
14 | 2323325 3.1978%% 1375 123 |
15 2.3780% 5.9477%5 136.7 165 |
16 2171838 2207378 1521 173
17 1.90102% 028 1366 155
18 ] 2.01%320 022 1575 169
19 2.071917 0.017258 196.3 209

© 110 2.181037 6.4114%5 1355 133
111 1.971329 2.31439% 191.3 178
112 2.357012  7.981%9 2064 191
113 | 2.24752% 6.897141 206.1 218

Table A.22: Partial absorption by Gas for Luminosity Data. Confidence regions
shown are 1o. : o

model of the average .spe;:truin, and also with the photon index of 1.72, the best-fit
value for the average spectrum and a dust absorption model. Here the datasets 14,
15,16, 18, 19, and 112 show dust absorption coe_ﬂicients which differ significantly from
0; all the data are consistent with o = 0.14 as found for th;e average speétrum. We
(;,onclude that ‘the. dust a;bsofption does not vary significantly within the accuracy
Iﬁéaéured by these data. |
Next the Method B da,ta,s.ets are examined in order to, determine whether the
ph}‘rsical characteristics of partial covering by gas could change with luminosity. The
best-fit parameters for the partial covering model are a;,s shown in Table A.22.
Five of the thirteen datasets selected by Method B have photon indices which are
higher than that of the average spe;;trum to 1o significance. These five also have
column densities -which a,.re significantly nonzero, as does one dataset (113) which

has a photon index within error of the average spéctrum. Three of the four lowest
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| Data Set O VII O VIII . L;(10%erg/s) x*/dof
11 e =0.722 € = 0.865700°8 20.81 1.002
12 e=0.72970017 e=0.856"F - 17.99 0.9977
13 | e=0.7221087% €= 0.867730%0 15.98 1.041
14 e =0.719780;8 & = 0.8507011% 14.60 1.018
15 e =0.724%001s €= 0.871700%8 13.87 1.067
16 | e=0.7174T50)% €= 0.873270. 1311 112.69 1.098
17 e =0.7144T00125 € = 0.870075 0533 11.76 1.071
18 e = 0.715800118 o — 0, 8726F0-0193 10.93 0.9716
19 . |e=0.721010013 € =0.88467005Y - 10.19 1.064
110 - e = 0.7262 e = 0.8809 9.063 1.052
111 e =0.734170038 € = 0.8555799452  8.040 - 1.034
112 e =0.7249T005%% € = 0.8798F50552 6.715 1.102
113 e =.711675035 € = .8960700%2 3.943 1.271

Table A.23: The peak energy for the absorption line ¢ and the optlcal depth 7 are
listed for each of the spectra selected by luminosity. '

luminosity datasets show high column densities, as do the datasets 13, and 15, which
represent mediﬁm luminosity data.

The two previous observations used the temporally selected data to make state-
ments about the variation of the oxygen edges with lum.inosit).f. Here we use the data
selected directly according to luminosity state (Method B) to analyze this supposition;
the best-fit parameters are shown in Table A.23. |

The optical depth of O VHI is anticorrelated with lﬁminosify; this finding is in
" agreement with the previous observations (Otani et. al. 1995; Reynolds 1996). The
relation between luminosity and O VIII optical depth was fit with several functions;

the best-fitting result came from a power relationship:

Tog = (2.66 £ 0.08)e(0-069£0.014 ez 1 (( 78 + (0,22)e~(201£0-11) L (A.9)
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which fits the data well partly because the highest luminosity state (which originé,tes
from the peak of the bright flare) has a slightly higher column depth than the other
high luminosity states. For comparison to previous observations, we can also examine

a single exponential:

(A.10)

' 'L —(0.89:!:0..57).

which is not within measurement error of their results'. The reason for the discrepancy
with the results 6f Reynolds (1996) is that his photon index was allowed to vary at
the same time as were the edge depths. The results differ fr(;m those of Otani et. al.-
-(1995) because they plotted their results againsi; gross SIS counf; rate; repetition of
their method showed that the SIS count rate is nof linearly related to the 2-10 keV
luminosity as measured by the GIS detectors because most of the counts on an SIS
detector are from photons below 2 keV.

Next, we explore the variation of the one-zone photoionization model with lumi-
nosity by analyzing the Method B datqsets. The Vbest_—'ﬁt parameters are as shown ‘in -
Table A.Z4.I~n all cases except 112 and 113 the slopé used was 1.9; for these spectra
slope of 1.7 consistently gave better ﬁttiné statisticé.

The ionization parameter is significantly higher for the low luminosity datasets
than the high luminosity datasets, which is cou'nterintuitive,. but.consistent vﬁth the
~ previous observation that O VIITis énti—correlated to luminosity and 'O VII correlated

to i1t. The key to explaining this lies in the fact that the column density of ionized
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.U

Data Set | Column Density L,z10%erg/s x?/dof
11 21.37701 0056 33007031 - 21.17 1.131
12 21.3979750557 3486750856 18.30 - 1.113
13 21.4001195553  .289075:0922 16.35 1.197
14 21.392475:0%50 2908701218 14.98 1.106
15 21.4237 00055 3263700557 14.20 1.133
16 21.4051F00518 " 9996F0 110 13.11 1.188 -
17 21.4518% 00588 3205709568 12.18 1.171
18 21.4384705528  2649F7 1198 11.30 1.008
19 21.473510 8555 . 42897100812 10.53 1.162
110, 21.4852700575 4640739502 9.479 1.146
111 21.539970 055  -H2467 0002 8.328 1.107
112 21.5773 0 0ike 657375050 7.037 1.194
113 21.7634700558 9290750828 4.265 1.334 -

Table A.24: The best-fit parameters from the phqtoionizatién code ION are shown.

" material (U) also depends on luminosity- the low luminosity states -a,ls.O have substan-
tially higher ma,teria,l'column densities. This suggests that during the deep minimum
(which corresponds to dataset 113, and the périod prior to the deep minimurn to 112),
the.source is partially obscured by a cloud of gas (and possibly dust) which decr-eases

the overall luminosity and accounts for the extra column-dénsity of material.




197

APPENDIX E

SELECTION OF METHOD C AND D DATA SETS




Count Rate @K
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tgiure A.8: Classification of each point on the light curve using the two schemes

focussed in this section.
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Figure A.9: Classification of each point on the light curve using the two schemes

discussed in this section.



Count Rate €=

"1 cAdecrease
2c3 decrease
3¢5 decrease

-4 d3decease
5 d2 well

"'6 d3 increase

_7 cl increase
8 b4 flare

1.8x10s

T-" 1
1 b3 fall | a4 flare | alconsta
2 b2 junmp 2 a4 fall 2 b4 well x
3b3 wobble 3 a4 spring 4 d4 jump
4 ad trip 4 a4 increase 4 MconstjAt
5 cl well 5 al flare 5b4 trip
6 c2increase 6 c4 well d cl well
7 &2 increase 7 a4 flare ~ al flare
Sal increase 8 ¢3 fall 8 b4 decre;

9 c2 constant 9 ¢4 decreaSC

I cl increase : | @ decrease
2M flaw 2 dl dcczcasc
3 dl constant =3 d2 well

4 d3 increase : 4 c4 increase
5c3 increase  :5 c3;urrp

6 b3joirp 16 c2 wobble
7 b3 constant : 7 c3 trip

8 b2 constant : 8 d2 fall

9 cl constant :

I ¢2 spring
2 2 jrorp

3 c3 trip

4 c2 fall

5 ¢2 spring

6 c2 increase
7 c3 jurrp

8 ¢3 constant
9cl constant

cl constant  c2fall 2 trip
€3 spring €2 decrease ;
4
L
|
|
Vi)
0,
% x4 N4
F ¢ o
o f
1
|
3
|
0
2x10s 2.2x105 2.4x105

Time (5

Ibl trip : 1 c3well
2 c2 well : 2 ¢4 increase
3¢l increase : 3 b4 flare
4 b2 jump t 4 c3well
5bl constant : 5 b2 increase
6 b4 trip : 6 b3 jump
7 ¢2 fall : 7 b4 jump
8 ¢3 trip : 8 a4 flare
C-
L)
4 +7 w
-ti
2.6x10s

Figure A.10: Classification of each point on the light curve using the two schemes

discussed in this section.
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