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Abstract

Four TeV blazars, Mrk 421, Mrk 501, PKS 2155—304, and 1ES 23444514, have been
studied with the X-ray satellites ASCA and RXTE . Because spectral energy distributions
of TeV blazars cover all observable bands, and their fluxes vary rapidly, we conducted a
number of multi-frequency campaigns. In particular, our observations of Mrk 421 and
Mrk 501 in both X-ray and TeV ~-ray bands provide the first truly simultaneous data
sets in various phases of source activity. The overall v L, spectra of TeV blazars show two
broad pronounced peaks in the spectral energy distribution; one is located between the
radio and X-ray bands, and another in the v-ray regime. We found that variability in the
X-ray and TeV bands is well correlated on time scale of a day to years. The amplitude
of flux variation was comparable in both enengy bands for Mrk 421 ([X-ray flux| oc [TeV
flux]), while quadratic for Mrk 501 ([X-ray flux|* o [TeV flux]). The data considered
here support the currently popular models where the low energy peak is produced via
the synchrotron process, and the high energy peak is produced by Comptonization of
the synchrotron photons by the same electrons that produced the synchrotron photons
(the SSC model). The physical parameters relevant for the emission were successfully
constrained from the observational properties of each TeV blazar.

Analysis of the X-ray data indicated five principal results. First, we detected the peak
of the synchrotron component for all TeV blazars. We found that the position of the syn-
chrotron peak shifted from lower to higher energy when the source became brighter. This
correlation is best studied for Mrk 421 and Mrk 501. The relationship between the peak
energy and luminosity showed quite different behavior in the two sources. Data for Mrk
421 indicated very little change in the peak position (0.5—2 keV), while Mrk 501 revealed
the lagest shift ever observed in blazars (1—100 keV). Second, seven day uninterrupted
observation of Mrk 421 revealed day-by-day flares, which were strongly correlated from
the UV to the hard X-ray bands. We found that the characteristic time scales of individ-
ual flare events are similar for all TeV blazars (~ 1 day), but are slightly different in each
object. Below this time scale, rapid variability appears strongly suppressed, indicating
‘strong red-noise’ type behavior (o< f72 ~ f~3 in the Power Spectrum Density). Third,
from the analysis of light curves of the blazar Mrk 421, we found the presence of ‘hard-lag’
flares, where soft X-ray variations precede those in the hard X-rays. More remarkably,
time-lags in various X-ray energy bands changed flare by flare, and hence the paradigm
of ‘soft-lag’ does not always apply. Fourth, we detected the general trend that the am-
plitude of variation becomes larger at increasing photon energy. A few exceptions were
found in which variation in the lower energy X-ray band is larger or comparable to that

in the higher energy band. Fifth, time profiles of each flare event were almost symmetric,



meaning that they are characterized by nearly equal rise-time and decay-time. From the
detailed temporal analysis, we discovered that the symmetry of the time profiles tends to
break down at lower energies.

Clear correlations of synchrotron peak energy with peak luminosity, found in Mrk 421
and Mrk 501, suggest that flaring behavior is repeatable and reproduced in these objects.
However, very different spectral evolution of Mrk 421 and Mrk 501 probably indicates
some differences in the electron acceleration mechanism at work during the flares. Our
result strongly supports the idea that the variability of TeV blazars is most probably due
to the changes in the injected electron number and/or maximum Lorentz factor (Ymax)-
Data for Mrk 421 indicate that the flux variability is associated with an increase in the
number of electrons, while only small changes are implied for vy,.c. On the other hand,
the flare of Mrk 501 is mostly due to the large changes in ~,,., while keeping the electron
number almost conservative. Interestingly, our X-ray data and interpretation suggest
that the origin of the flares may be associated with what is expected from the VLBI
observations of superluminal motion.

From the X-ray study of TeV blazars, we suggest that at least four dynamical time
scales must be taken into account to understand the observed time variabilities. These
are (1) electron accerelation time, t..., (2) electron cooling time, t..o1, (3) source light
travel time, t.s and (4) electron injection time, ty,;. We show that all the variability
patterns in blazars are well understood by the balance of those time scales. To confirm
our knowledge of spectral evolution and rapid variability in blazars more quantitatively,
we have developed a new time-dependent SSC code, incorporating the radiative cooling
and acceleration process, as well as light travel time effects properly. That is because
we deemed the popular SSC model based on steady state emission as inadequate for our
case, given the detection of the rapid flux and spectral time variability in blazars. By
using the code developed by us, we simulated various types of flares for TeV blazars. We
confirmed that ‘soft-lag” will be expected when the acceleration time of electrons is much
shorter than cooling time, while ‘hard-lag’ can be observed when the acceleration time is

nearly equal to the cooling time, which is only expected around vy, .-
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Chapter 1
Introduction

Active Galactic Nuclei (AGN) produce enormous power (10%°~10%¢ erg/s) from extremely
compact volumes. They are commonly variable, and large luminosity variations on time
scales of hours to years have been observed. From the combination of high luminosities
and rapid time variability, it is generally believed that the ultimate source of power in
AGN is accretion onto massive black holes (107~10'°M) which exist at the centers of
these powerhouses. The recent discovery of the clear, broad, skewed fluorescent iron line
in the spectrum of MCG 6-30-15 with ASCA (Tanaka et al. 1995), as well as the high
rotation velocities in a sub-parsec region of NGC 4258 (Miyoshi et al. 1995) from water-
maser observation confirmed the existence of those massive black holes in AGN, and in

some cases, allowed us to estimate their masses.

Blazars, a subclass of AGNs, have outstanding properties in several aspects. They
exhibit the most rapid and the largest amplitude variations of all AGNs (Stein et al.
1976). Recent observations with the EGRET instrument (30 MeV—30 GeV; Thompson
et al. 1993) on-board the Compton Gamma-Ray Observatory (CGRO) reveal that more
than 60 AGNs are bright y—ray emitters (e.g., Mukherjee et al. 1997). Remarkably, all
AGNs detected by EGRET were classified as blazars. Observations with ground-based
Cherenkov telescopes further confirmed ~v-ray emission extending up to TeV energies for
four nearby blazars: Mrk 421 (z = 0.031; Punch et al. 1992), Mrk 501 (z = 0.034; Quinn
et al. 1996), 1ES 23444514 (z = 0.044; Catanese et al. 1998) and PKS 2155-304 (z =
0.117; Chadwick et al. 1999).

It has been reported that the overall spectra of blazars (plotted as vF,) have at least
two pronounced continuum components: one peaking between IR and X-rays, and another
in the y—ray regime (e.g., von Montigny et al. 1995). The strong polarization observed
in the radio and optical bands (Angel & Stockman 1980) implies that the lower energy

component is most likely produced by synchrotron radiation of relativistic electrons in
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2 CHAPTER 1. INTRODUCTION

magnetic fields, while inverse-Compton scattering by the same electrons is believed to be
the dominant process responsible for the high energy +-ray emission (Ulrich, Maraschi,
& Urry 1997; Ghisellini et al. 1998; see also § 2). This non-thermal radiation is thought
to be emitted in a relativistic jet pointing close to our line of sight (e.g., Urry & Padovani
1995).
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Figure 1.1: The multi-frequency spectra obtained from the contemporaneous observations of Mrk 421
and PKS 0528+134 (Kubo et al. 1998). The dotted line (intended as a guide to the eyes) shows the fit

to a third-order polynomial function.

Multi-frequency spectra of blazars indicate their variety. Figure 1.1 shows the spectral
energy distributions of Mrk 421 and PKS 05284134, respectively. Mrk 421 is the proto-
type of TeV v-ray emitting blazars, while PKS 05284134 is the one of the brightest GeV
emitting blazars that was observed by EGRET but has not been detected at TeV energies.
One can find significant differences in their luminosities and peak positions of low-energy
(LE) and high-energy (HE) components. Also note that the LE luminosity is larger than
that of HE for Mrk 421, while the reverse applies for PKS 0528+4134. Several authors
have interpreted the difference as due to the different ‘seed’ photons for inverse-Compton
scattering. Kubo et al (1998) suggested that the multi-frequency spectrum of Mrk 421
is well explained by the synchrotron-Self-Compton (SSC) scenario, in which the source
of the ‘seed” photons for the Compton process is pure synchrotron radiation internal to
the jet (Jones et al. 1974; Marscher 1980; Ko6nigl 1981; Marscher & Gear 1985; Ghisellini
& Maraschi 1989; Maraschi et al. 1992; Marscher & Travis 1996), while seed photons
external to the jet play an important role for the case of PKS 0528+134 and other objects



showing strong broad emission lines (External Radiation Compton (ERC) model: Dermer
& Schlickeiser 1993; Sikora, Begelman, & Rees 1994).

There are indications that particles are accelerated more efficiently in blazars having
lower luminosities (e.g., Ghisellini et al. 1998; Kubo et al. 1998). In fact, the luminosity
of Mrk 421 is significantly lower than that of PKS 05284134, while the peaks of LE/HE
components are located at much higher frequencies (Figure 1.1). In low luminosity objects,
energy loss by radiative cooling would not be effective because there are less ambient
photons to be Compton scattered to higher energies. Thus the TeV blazars gives an

important opportunity to study the particle acceleration in blazar jets.

The first multi-frequency campaign of Mrk 421 including TeV energies was conducted
in 1994 (Macomb et al. 1995; Takahashi et al. 1996). The contemporaneous observations
implied correlated variability between the keV X-ray and TeV ~-ray emission, while the
GeV flux and the radio to UV fluxes showed less variability. The results from this cam-
paign are important because it suggested the possibility that a single electron population
is responsible for both the X—rays and TeV ~y-rays, qualitatively agreeing with the SSC
scenario. However, the fact that the X-ray and TeV observations were separated by one
day, could introduce uncertainties to draw concrete pictures. In fact, we now know that
both X-ray and TeV ~-ray fluxes of Mrk 421 can vary significantly within a day. Simul-

taneous, uninterrupted observations are crucial to understand the blazar phenomenon.

In this thesis we intensively study the four TeV blazars, with an emphasis on the
observations with the X-ray satellites ASCA and RXTE . Our main goal is to understand
both the rapid time variability and spectral evolution of TeV blazars based on the high
quality X-ray data. We analyze all the ASCA data obtained in 1993—1998, which covers
the energy range 0.5—10 keV. To increase data samples in different states of source activity,
we have also analyzed all the archival data of RXTFE obtained in 1996—1998, where the
energy range covered by the Proportional Counter Array (PCA) on-board RXTE is 2.5
keV to ~20 keV.

Importantly, 30 observations presented in this thesis were conducted truly simultane-
ously with the Whipple Cherenkov telescope (TeV ~-ray) and 7 observations were simul-
taneous with EGRET (GeV ~-ray). In particular, an unprecedented campaign of Mrk
421 (7 days) is extremely valuable since this provides for the first time an uninterrupted
and simultaneous data set including EUVE | X-ray (ASCA and RXTE ) and TeV ~-ray
energy bands. We also report another big campaign for PKS 2155—304 for 12 days by
RXTE .

Unlike most of the previous work which focused on the photon spectral properties

and/or classification of blazars, we also study the rapid time variability in blazars. Photon



4 CHAPTER 1. INTRODUCTION

spectra are important since they provide information on the distribution of relativistic
electrons and the physical environment around the jet. On the other hand, the time
variability gives us different constraints on the dynamics operating in blazar jets, such
as the acceleration, radiative cooling and particle escape. It also gives us an information
on the size of the emission region. To understand the observational data deeply, we
develop a time-dependent numerical code that follows the time evolution of radiation from
particles based on the one-zone homogeneous SSC model. Using the code, we compare
the observational data directly to the prediction of the time-dependent model. Such a
comparison is an important ingredient in the study of blazar activity.

In this thesis, we present the review of the past study on the AGNs and blazars in § 2.
We give a brief description for theoretical frameworks which can be a guide to understand
the radiation mechanism in blazars in § 3. We describe the instruments on-board ASCA
satellite in § 4 and RXTFE satellite in § 5. The log of ASCA and RXTE observations
of four TeV blazars are described in § 6. We report the analysis and results of ASCA
observations in § 7 and RXTEFE observations in § 8. The multiband properties of TeV
blazars are described in § 9. We discuss our observational results and their implications
in § 10. We develop a ‘new’ time-dependent SSC model in § 11 and compare it to the
observational data. Finally, the conclusions are presented in § 12. Details are described

in appendixes.



Chapter 2

Observational Properties of Blazars

2.1 Unifying Active Galactic Nuclei (AGN)

2.1.1 Classification of AGN

The Universe is made up of galaxies, many containing more than a hundred thousand
million stars. 1—10 % of galaxies are called ‘active’ galaxies and possess an amazing
source of energy at its nucleus (e.g., Ormes et al. 1996; Figure 2.1), generating the power
comparable to that emitted by a thousand of galaxies. They are called an active galactic
nuclei (AGNs).

AGNs produce enormous luminosities in extremely compact volumes. The combina-
tion of high luminosities (10%*°~10% erg/s) and short variability time scales (< 1 day)
implies that the power of AGN is produced in more efficient way than ordinary stellar
processes (e.g., nuclear fusion). This leads us to the hypothesis — which is widely be-
lieved — that the massive black holes are present in the central powerhouses, and that the
accretion of matter onto such black holes is the origin of their high radiation power.

In general, an AGN emits not only visible light, but their emission spans a wide
spectral range from radio to v-rays. Furthermore, the most rapid time variability in AGN
is observed in the X-ray and ~-ray energy bands. Since the integrated stellar light from
a galaxy is emitted mainly in the IR/optical bands and relatively little of it is in the X-
ray band, X-ray observations are an extremely important tool to ‘look’ inside the active
galaxies.

In the broadest sense, galaxies in general are classified into two types, ellipticals or
spirals. Independently, on the spectral grounds AGNs are classified into ‘radio loud’ and
‘radio quiet’ objects by their activity and/or luminosity in the radio band (Figure 2.1).
About 10 % of AGNs are radio loud, and a ‘jet’ structure most frequently appears in the

3



6 CHAPTER 2. OBSERVATIONAL PROPERTIES OF BLAZARS

radio VLBI image. Jets usually extend in opposite directions from the central core of
the galaxy (see, Figure 2.2). BL Lac objects, the subject of this thesis, have strong radio
emission, but also generally ‘inhabit’ elliptical galaxies. About 1000 blazars are known so
far (see, also Veron-Cetty & Veron 1993).

Galaxies
radio AGN | 1-10 % radio
loud [~10 % ~90 % |quiet
spiralsr ellipticals| most spirals| most  ellipticals
no lines [most broad narrow
lines narrow line
most line
steep
spectrum
Seyfert |
OVV QSO
superluminal Seyfert I RQ QSOs

high polarization

BLAZARS
~ 1000

Figure 2.1: A categorization of active galactic nuclei (AGN). About 1—10 % of galaxies have active
nucleus in their center. AGNs are furter classified into radio loud/quiet objects. Figure adopted from
Ormes et al (1996).

2.1.2 Unified Picture of AGN

The radio quiet AGNs which are not associated with jet structure include Seyfert galaxies
and radio quiet quasars as shown in Figure 2.1. The precise classification of Seyfert I,
Seyfert IT and the intermediate categories are discussed by Osterbrock (1981).

Recent intensive studies to unify AGNs can successfully impose some order on many
types of AGN classes (e.g., Antonucci & Miller 1985; Antonucci 1993). Figure 2.2 shows
a schematic picture of the unifying scheme of AGNs. The left panel summarizes the radio
loud objects with jets, while the right is for the case of radio quiet objects without jets.
The black hole, the accretion disk and the broad line region are surrounded by a molecular
torus. Narrow line region (NLR) is thought to be the place that emits optical lines with
narrow width. Broad line region (BLR) is believed to be inner part of the NLR. Due to the
high velocity of clouds, optical lines emitted from this region form broad line structure.

When the line of sight is between the jet axis and the torus plane, both the broad line
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region and the narrow line region are visible; for galaxies with radio emission, these would
be classified as broad line radio galaxies. When the broad line region is obscured by the
torus, an object is observed as a narrow line galaxy. In this context, the observational
differences between Seyfert I and I galaxies (and this holds independently of their radio

loudness) are interpreted by the difference of line of sight between the jet axis and torus

plane (e.g., Antonucci 1993).

Shock Wave

Narrow Line Region

Broad Line Region

Narrow Line Region

Broad Line Region

Molecular o~ Molecular
Torus O % O Torus
"""""""""""""""""""""""""""""""""""" B
o o o,\o
Accretion Disk / o o Accretion Disk

A Type Il Seyfert
Radio Galaxy
(Narrow Line) R R
Central Blackhole Central Blackhole
) &’ Relativistic Jet &/
Radio Galaxy Type | Seyfert

(Broad Line)

QSO

Blazar

AGNSs with Jet AGNSs without Jet

Figure 2.2: Unified scheme of all types of AGNs. left panel: AGNs having the jet, right panel: AGNs

in absence of the jet.

2.1.3 Blazars — Roles in All AGN Classes

As it was mentioned above, some galaxies show strong radio emission, and those are
called radio galaxies. We believe that most if not all radio galaxies have relativistic
jets. However, the emission from the relativistic jet, due to the effects of relativistic light
aberation (see, e.g., Rybicki and Lightman 1979), is only visible (and strongly amplified)
if it is pointing close to our line of sight, and could be invisible if viewed close to the line
of sight perpendicular to the direction of the jet. Blazars are the AGNs in which the line

of sight lies close to the jet axis (Figure 2.2). VLBI observations reveal that many blazars
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show superluminal motion of their jets; the apparent velocity of the blob sometimes well
exceeds the light velocity (v/c = 5 ~ 10; Vermeulen & Cohen 1994). The superluminal
motion can be explained by motion with speed close to ¢ of the blobs at a small angle
towards the observer (e.g., Blanford & Konigl 1979).

Blazars are thus very different from other types of AGNs in a sense that the emission
from the very inner part of the system (e.g., accretion disk, line emission region) is mostly
overwhelmed by the strong jet emission. In fact, thermal X-ray emission from the accretion
disk often observed in Seyfert galaxies and Galactic black holes (e.g., Dotani et al. 1997)
is not observed in blazars, suggesting that the non-thermal jet emission is dominant for
these sources. Polarization observed in the radio and optical band (Angel & Stockman
1980) further implies that most of the radiation in the radio - to UV band is non-thermal
synchrotron radiation of relativistic electrons in the magnetic field.

The synchrotron radiation from radio to UV and sometimes X-ray bands indicates
that the distribution of the relativistic electrons exists in the blazars’ jets; these electrons
cannot be mono-energetic. In some objects, an existence of extremely relativistic electrons
with Lorentz factor yymax ~ 10° (see below) is implied. Such high-energy electrons should
rapidly cool via synchrotron radiation, hence continuous acceleration must occur. These
acceleration/deceleration processes are very likely related to the large amplitude, rapid
time variability often observed in blazars (see, § 2.2.2). Therefore, blazars are the only

class of AGNs which provide information of dynamics operating in relativistic jets.

2.2 Observations of Blazars

2.2.1 Spectral Energy Distribution

Figure 2.3 shows the multi-frequency spectra of the well-studied TeV blazar Mrk 421
(Macomb et al. 1995; § 2.4.3). Open circles are data compiled from the archive, while
filled diamonds are the data from the multi-wavelengh campaign in 1994 May (Macomb
et al. 1995; see also below). Conveniently, the data points are plotted as Log(v) versus
Log(vL,), often used for multi-wavelength astronomy. This gives the source power per
logarithmic frequency interval and thereby directly shows the relative energy output in
each frequency band (Gehrels 1997). In this figure, the data taken within a week are
plotted as ‘simultaneous’.

One can find two important features from this figure. First, the multiband spectra
of blazars, when plotted as vL,, show two pronounced continuum components. This
is a common feature of all blazars detected with EGRET (von Montigny et al. 1995;
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Mukherjee et al. 1997). The low energy component (hereafter LE component) extends
from the radio to UV, and sometimes extends to the X-ray bands. It is generally belived
that the LE component is due to the synchrotron emission of relativistic electrons in
magnetic field. The higher component (hereafter HE component) covers from the hard
X-ray to TeV ~-ray energy bands, but its origin is less well understood. One promising
explanation is inverse-Compton scattering of ambient photons, either internal or external
to the jet. We will discuss various emission models which explain the HE component in
§2.3.

Blazars vary in all observable bands with large amplitude, and important clues to
their structure and radiative properties lie in the correlations of flux variability in various
spectral bands. For example, in the blazar Mrk 421, the keV X-ray and TeV ~y-ray
emission varied by an order of magnitude from their base values, while GeV ~-ray flux
observed by EGRET, as well as the radio and UV fluxes, showed less variability than the
keV or TeV bands. However, clear conclusions from the inter-band correlation could not
be drawn because the X-ray observation by ASCA in this campaign was conducted one
day after the TeV observation, and thus was not exactly simultaneous (Takahashi et al.
1996; 1999). In spite of the non-simultaneity of the observations, this campaign played
an important role to give a strong motivation for subsequent multi-frequency campaigns

of blazars.
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Figure 2.3: Spectral Energy Distribution of the TeV blazar Mrk 421 at multiple epochs including faint
to flare states. Open circles are data taken before 1994 May in the quiescent state, while filled diamonds
are data obtained in 1994 campaign (May 10—17) and plotted as ‘simultaneous’. Figure from Macomb
et al (1995).
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2.2.2 Time Variability

One of the main characteristics of blazars is their rapid time variability with large ampli-
tude. Flares have been observed in most wavelengths. Figure 2.4 shows time variation of
TeV ~-rays of Mrk 501 from Quinn et al (1999). One can see that the large flux variations
on time-scales from days to years. In particular, this source was in the historical high
state during 1997 observations (see § 2.4.3). The maximum flux reached to ~ 4 Crab,
which is about a factor 40 increase from the average flux of 1995 (Quinn et al. 1996).
Most rapid time variability were found for this source whose doubling time of a few hours
in 1997 data (Quinn et al. 1999).

Night by night rates for Mrk501 1995/96,/97/98 as fraction of Crab rate
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Figure 2.4: Average TeV v-ray rates on daily time-scales for Mrk 501 between 1995 and 1998. Figure
adapted from Quinn et al (1999).

Figure 2.5 show the X-ray light curves of PKS 2155—304 obtained with BeppoSAX
in 1997 (Maraschi et al. 1999a; Zhang et al. 1999). Well-defined flare is clearly seen in
the center, whose doubling time is about 3x10* sec (0.3 day). One can see the factor two
variation in the lower energy X-rays (0.1—1.5 keV), and a factor three variation for higher

energy X-rays (3.5—10 keV). The origin of the flare is completely unknown.
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Figure 2.5: Light curves obtained from Nov 1997 observation of PKS2155-304 with BeppoSax. Quasi-

symmetric flares are seen. Figure from Maraschi et al (1999).

2.2.3 X-ray Spectral Evolution

Another important discovery is the detection of the time lag between the soft X-ray
and the hard X-ray band variations. This behaviour was first pointed out by Tashiro
(1992) using the light curves from GINGA observations. He found that most of the X-
ray variations exihibit canonical ‘clockwise’ hysteresis when plotted in flux versus photon
index plane, which can be interpreted that the soft X-ray variation lags behind the hard
X-ray variations both in an increasing and decreasing phases of intensity. This behaviour
is expected for objects in which the X-ray emission is dominated by the synchrotron

radiation.

This idea was verified during the ASCA observation of Mrk 421 in 1994, which was
conducted as a part of the multi-frequency observations (Figure 2.3). The result indicated
that the soft X-ray (< 1 keV) flux variation lagged behind that in the hard X-ray band
(~ 2 keV) by 4 ksec. X-ray spectral evolution tracked a clearest ‘clockwise’ loop ever
observed in the X-ray energy bands (Figure 2.6). Takahashi et al. (1996) associated the
soft lag with the energy dependence of the synchrotron cooling time, deriving a magnetic
field strength B ~ 0.2 G for 6 = 5. Importantly, this was the first case where the magnetic

field was calculated only from the observed X-ray spectral variability.

The similar behavior was also detcted in other blazars (Kohmura et al. 1994; Tashiro
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et al. 1995), leading to the paradigm that soft X-rays always lag behind the hard X-
ray variations. However, the other types of the variations, e.g., anti-clockwise motion
(e.g., PKS 2155—304; Sembey et al. 1993) or very small time-lag (e.g., PKS 2155—304;
Edelson et al. 1995) have also been detected. Such an event was completely forgotten in

the theoretical field until very recently (Kirk, Rieger & Mastichiadis 1998; see also § 2.3).
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Figure 2.6: Hysteresis in a correlation between the flux and the photon index. A ‘clockwise loop’ is

clearly seen. Figure from Takahashi et al (1996).

2.2.4 Implications on the Relativistic Beaming

Relativistic beaming is also suggested to avoid the so called “7,_,” problem, related to
the excessive optical depth (7) to pair production for X-ray and 7-ray photons if one uses
the variability time scale observed in blazars as the indicator of their size. In particular,
several blazars detected by EGRET were extremely bright, whose isotropic luminosity
would amount to ~ 10* (erg/s) (e.g., Figure 1.1). For these ~-ray bright blazars, if we
assume that the radiation is isotropic and all photons are created in the same region of
the size implied by the variability time scale, the value of 7 well exceeds unity, hence
~v-ray would not be observed. In order for GeV ~-rays to escape, emission region should
be transparent to the v-rays. This can be satisfied when the radiation is anisotropic, i.e.,
strongly beamed in a certain direction. For example, Mattox et al (1993) derived the
lower limit of Doppler beaming factor as 6 > 7.6 for OVV quasar 1633+382.

Assume that there is an emission blob which radiates isotropically in the rest frame.

In the observer’s frame, the blob is moving with relativistic speed f=v/c (~1), and the
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radiation is strongly anisotropic (e.g., Rybicki & Lightman 1979). Three important effects
are expected (for more detail, see § 3.7). First, in the observer’s frame, photons emitted
from the moving source are concentrated in a narrow cone of half angle § ~ 1/T", where
I' is the Lorentz factor of emission blob in the observer’s frame. Second, because of the
difference in emission and arrival time intervals, the observed time scale is shortened
by factor ~ 1/I'. Third, since frequencies are the inverse of times, observed photon
frequencies is blue-shifted by I'.

Beaming factor 6 is related with T as § = [['(1—3cos#)]~! (see, § 3.7). If the observer
lies close to the angles # ~ 1/I" from the jet axis, we have the relation of 6 ~ I". Com-
bining these relations, the total observed luminosity is enhanced by é*. The origin of
this enhancement factor is easily understood as follows; factor 6% comes from the light
aberration in solid angle, factor 6 due to the blue shift of the frequency, and factor 6 from

the time dilation.

2.3 Jet Models for Blazar Emission

In this section, we summarize the emission models of blazars based on leptonic jet scenario.
In the leptonic jet scenario, the electrons and positrons (hereafter, the term “electrons”
refers to both electrons and positrons) are accelerated in the relativistic jets and produce
both low-energy (LE) and high-energy (HE) components. Most of the current models
agree in that the LE component is due to the synchrotron radiation of those high-energy
electrons, while the source of the ‘seed’ photons for the Compton process producing HE
component is a matter of debate. Various authors have considered various origin of the
seed photons. These models are briefly summarized in the following and Figure 2.7.
There are completely different scenario in which protons are the primarily accelerated
particles in the jet. This framework is called hadronic jet scenario. Even in the hadronic
jet scenario, LE component is thought to be the synchrotron radiation from the electrons
produced of hadronic cascade. Although the hadronic jet model is not considered in this

thesis, we will briefly describe this model in § 2.3.3.

2.3.1 Leptonic Jet Models
SSC (Synchrotron-Self~-Compton) Model

The first candidate for the ‘seed’ photons is the synchrotron radiation (i.e., LE compo-
nent) produced in the jet (Jones et al. 1974; Marscher 1980; Konigl 1981; Ghisellini &

Maraschi 1989; Marscher & Travis 1996). In a most simple scenario, a single homogeneous
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Figure 2.7: Tlustration of the model geometry and the relevant y-ray radiation mechanisms for leptonic

jet models

region (spherical or slab geometry) emits both the synchrotron and inverse-Compton ra-
diation (one-zone homogeneous model), as suggested by Gould (1979), Band & Grindlay
(1985), and Inoue & Takahara (1996). More sophisticated model takes into account the
inhomogeneity of the source, e.g., radial profile of the magnetic field and/or the prop-
agating disturbance in the plasma jet flow (Marscher 1980; Marscher & Travis 1996;
Georganopoulos & Marscher 1999).

Various authors have successfully interpreted the multi-frequency spectra of TeV emit-
ting blazars by a simple one-zone homogeneous SSC model (e.g., Mastichiadis & Kirk 1997;
Pian et al. 1998; Kataoka et al. 1999a). However, for the v-ray bright OVV quasars,
the ~-ray flux severely dominates the radiative output (e.g., PKS 0528+134; Figure 1.1),
and an extremely strong beaming (6 > 100) is necessary to account for the multiband
spectra. Considering the reasonable beaming factor suggested by the VLBI observations
(5 < 6 < 30), SSC scenario is thus highly unlikely for these bright OVV quasars (Kubo
et al. 1998).

In OVV quasars, both X-ray and the v-ray spectra are considered to be the Compton
radiation from relativistic electrons. However, their multi-frequency spectra often show

that the X-ray and the y-ray spectra are not connected smoothly (e.g.,Figure 1.1; see



2.3. JET MODELS FOR BLAZAR EMISSION 15

also Madejski et al. 1999 and Tanihata et al. 2000). This implies that both emissions
are produced by the Compton process, but their seed photons are different. One of the

candidates of the seed photons is the photons external to the jet, as discussed below.

ERC (External-Radiation-Compton) Model

The energy density of radiation produced externally to the emission blob may also be
important for Compton scattering, since it is enhanced by relativistic beaming effect in
the blob frame. In fact, the beaming pattern produced by radiation emitted isotropically
in the blob frame (e.g., SSC process) is o< 6%, while in the scattering of an external isotropic
radiation field goes as oc 6® (Dermer 1995).

Various contributions for the external seed photons has been proposed; the radiation
produced by an accretion disk (Dermer & Schlickeiser 1993), or reprocessed by the Broad
Line Region (BLR) and/or scattered by material surrounding the jet (Sikora, Begelman,
& Rees 1994; Blanford & Levinson 1995). Multi-frequency spectra of OVV quasars are
well explained as the combination of SSC process and ERC process, with a reasonable
beaming factor of 6 ~ 10 (Inoue & Takahara. 1996; Kubo et al. 1998; Takahashi et al.
1999).

MC (Mirror-Compton) Model

A portion of the broad line region (BLR; see § 2.7) could be illuminated by the beamed
jet radiation, provided that some broad line clouds (or scattering material) exist in the
vicinity of the jet (Ghisellini & Madau 1996). In different with other Compton scattering
scenarios, this model predicts the flare in the v-ray band (i.e., HE component) to lag the
synchrotron outburst by ~ L/c, where L is the distance from the blob to the BLR region.

It also predicts almost simultaneous variability at all -ray energies.

2.3.2 Time Dependent SSC Model

Theoretical models in previous sections have brought much success to understand the
multi-frequency spectra of blazars from radio to y-ray bands. However, we must note
that these models are basically constructed on the steady state assumption, while blazars
are highly variable in various energy bands (§ 2.2.2). Next step for the theoretical works is
to understand the rapid time variability of blazars. It is only recently that several authors
start to consider unified picture of blazars, taking both temporal and spectral evolutions
into account. Successful results have been obtained for the simplest one-zone SSC model,

but an application to the ERC and/or the MC models remains a future work.



16 CHAPTER 2. OBSERVATIONAL PROPERTIES OF BLAZARS

Mastichiadis & Kirk (1997) and Dermer (1998) considered time-dependent SSC models
where the variability is on time scales longer than R/c, R being the size of the emission
region. One example of such calculations is illustrated in Figure 2.8 (Mastichiadis & Kirk
1997). Observational data come from Macomb et al. (1995; Figure 2.3). Assuming that
electron injection spectrum is suddenly changed and then left constant, they calculated the
time evolution of the electron and photon spectra for an arbitrary time. Left panel shows
the time evolution of multi-frequency spectra, while right panel shows the changes in flux
in various energy bands. In this particular case, they assumed that maximum Lorentz
factor (Ymax) of the electron population changed by factor of 5 in the ‘new’ equilibrium
state.

Kirk, Rieger & Mastichiadis (1998) considered more sophisticated scenario where a
thin shock front propagates through the emission region with a finite velocity vy, supplying
freshly accelerated electrons only in the front’s vicinity. Most important discovery of their
model is that the balance of acceleration and cooling processes plays an important role
to determine blazar’s variability, in particular at 7 ~ ypax. They found that not only
the usual clockwise hysteresis (Figure 2.6), but also the anti-clockwise hysteresis could

be observed if the acceleration time is comparable with the cooling time scale.
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Figure 2.8: Time-dependent model for multi-wavelength spectrum and light curves of Mrk 421. Electron
injection spectrum is assumed to be suddenly changed and then left constant. In this figure, maximum
Lorentz factor of injected electron population are changed by factor of 5. left: Evolutions of multi-
wavelength spectrum. Solid line is an initial state, while dotted line is the ‘new’ equilibrium state. rtght:
Plot of the flux at various frequencies. The large dash line is 2—10 keV X-rays, while large dot-dash line
is > 500 GeV ~-rays. Figure from Mastichiadis & Kirk (1997).
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2.3.3 Comment on the Hadronic Jet Model

Finally, we must note that there exists an alternative (or additional) scenario that AGN
jets consists of normal hadronic matter (“proton jet” model; Mannheim & Biermann 1992;
Mannheim 1993; Dar & Laor 1997). In this scenario, relativistic electrons can be injected
by relativistic protons following nuclear interactions and/or photo-meson production pro-
cess. Since the column densities in the jet plasma are too low to provide target for nuclear
interactions, an external target has been proposed (Bednarek 1993). Such a model, how-
ever, may include several shortcomings as discussed in Sikora (1994) and Sikora et al.
(1997).

First, the extremely low magnetic field in the target are required to avoid isotropization
of accelerated protons before nuclear interactions. Second, in this scenario, it is only
the third generation of particles which produces synchrotron radiation in the observable
energy range. In this case, very fine tuning must be at work in order to obtain a third
generation radiation component in the radio to X-ray bands. Third, such a compact region
is expected to be opaque for GeV photons. Only for protons with energies above ~ 10°
GeV, the radiation fields become opaque for photo-meson production process (Mannheim
1993). Following photo-meson production triggered by such protons, the synchrotron pair
cascade develops. In this model, the break between X-rays and ~-rays is postulated to
correspond with the break in the pair injection function. This model predicts the ~-
ray energy index to be ., > 1, which cannot explain steep y-ray spectra observed with
EGRET.

Finally, we should note that the prediction from the leptonic scenario is quite consistent
with the observational data from radio to TeV ~-ray bands. Additional contribution from
the accelerated protons, even if it exists, seems not very important. For these reasons, we
do not consider the hadronic jet model in this thesis. Following discussion assumes the
jet includes only leptons (i.e., electrons and positrons), or at least, radiation originated

in hadronic interactions is assumed to be negligibly small.

2.4 TeV Blazars — Clue to the Jet Physics

2.4.1 Unifying Blazar Classes

As we see briefly in the previous section, blazars are classified into BL lac objects and OVV
quasars. BL lac objects that have low-energy peaks in the IR/optical bands are called
LBLs (low-energy peaked BL lacs), while BL lacs that have the peaks in the UV /X-ray
band are called HBLs (high-energy peaked BL lacs) (e.g., Padovani & Giommi. 1995).
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The first attempt to find regularities in the spectral energy distribution (SED) of blazars
including y-ray data, are performed by Kubo et al (1997; 1998) and Fossati et al (1998).

Kubo et al. (1997; 1998) fit the multi-frequency spectra of 18 blazars observed with
ASCA by a cubic, leading to a conclusion that the difference of three types of blazars
(HBLs, LBLs and OVV quasars) are primarily due to the different maximum Lorentz
factors (Ymax) Of electrons. ymax of OVV quasars were derived to be 10°—10%, while they
were 10°—10° for HBLs. They also found that the multiband spectra of HBLs are well
explained by a simple SSC process, while the ERC process must be dominant for OVV
quasars. Since BL lac objects is characterized with the lack of any emission lines in the
optical band (Figure 2.1), contribution from the external radiation field should be much
less than that in the OVV quasars. In such situation, they found that pure Synchrotron-
Self-Compton (SSC) process is expected to be dominant.

Fossati et al (1998) collect data from literature for more than 50 sources and construct
the SED of all these blazars. They divided the all sources in radio luminosity bins,
averaging the data of the sources belonging to the same luminosity bin. The result is shown
in Figure 2.9. Importantly, there seems a clear trend that as the total power decreases,
both LE and HE components shift to the higher frequencies, and at the same time the

~v-ray luminosity decreases its relative importance, reducing the bolometric output.
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Figure 2.9: Unified picture of spectral energy distribution for all types of blazars. Figure from Fossati
et al (1998).

Ghisellini et al. (1998) have collected a larger samples of 51 blazars and applied more
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stringent theoretical models for blazars. They also associated the difference of three blazar
classes with the difference in electron Lorentz factors. They found a tight correlation
between the Ypeak (~ Vmax) and the amount of energy density U (both magnetic and
radiative); Ypeax o U706 (Figure 2.10). Tmportantly, this means that the energy loss rate
of electrons (oc Y2U; see § 3) is, at Ypeak, nearly the same for all types of blazars. Since the
acceleration and cooling is expected to be balanced at Ypeax, this suggests the presence of

some universal acceleration mechanism in blazar jets.
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Figure 2.10: Correlation between ype.x and the total (magnetic plus radiative) energy density. A tight
correlation, Ypeax < U706 was found. In this figure, QSO hosted blazars (QHBs) are defined as LPQ
plus HPQ. Figure from Ghisellini et al (1998).

2.4.2 Extreme Particle Accelerators — TeV Blazars

As was suggested by Kubo et al. (1998) and Ghisellini et al. (1998), the typical values of
Ymax are ~ 103 for OVV quasars, ~ 10* for LBLs and ~ 10° for HBLs, respectively. The
unified picture of these blazar classes is illustrated in Figure 2.11. This figure represents
the relation between luminosity (in the source frame) versus maximum Lorentz factor of
electrons (Ghisellini et al. 1998). One can see that the HBLs are less luminous but have
large vmax, Which indicates that particle acceleration process is working most efficiently
in HBLs.

Four TeV blazars are classified into HBLs, because their LE component reaches to the
X-ray energy band. Detection of TeV ~-rays suggests a presence of electrons accelerated

to extremely high energies, up t0 Ymax > 10%. This can be easily understood as follows.
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Figure 2.11: Unified scheme of all types of blazars. Figure adapted from Ghisellini et al (1998).

The maximum energy of high energy electrons is given as Yyax Mmec?. From the argument
of energy conservation between an electron and photon, this must be larger than the
observed maximum photon energy measured in the source frame, i.e., hvpyay /6. Since we
have detected TeV ~-rays from these sources, the relation becomes Ymax® > 107. Assuming
6 ~ 10 for beaming factor, we expect that electrons are accelerated to more than .y ~
10% at least in these TeV sources.

Since the cooling time when an electron loses its half of energy by synchrotron radiation
is proportional to v~ (§ 3.3), most rapid variations can be observed for these TeV blazars.
Any changes, such as variations in acceleration rate and/or the magnetic field, will be most
sensitively observed at v,... Importantly, in the photon frequency space, this corresponds
to the X-ray band for LE component and TeV band for HE component, both of which
are known to show very steep spectra and large amplitude variability (§ 2.2.2). Thus the
study of variability patterns and the spectral evolutions in X-ray and TeV bands provides
direct information on dynamics operating in the jet (e.g., Kirk, Rieger,& Mastichiadis
1998).

A similar study could be also possible for QHBs and LBLs, but would probably be less
conclusive, as these sub-classes of blazars exhibit a greater variety of spectral behavior. In
particular, the X-ray and ~-ray bands (GeV regine in this case) corresponds to the lowest
and the highest part of HE component, respectively, and thus they sample dif ferent

ends of the electron population, which is in contrast to HBLs. In fact, X-ray variability
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of QHBs and LBLs is known to be slower and less variable on short time scales (e.g., Kubo
et al. 1998). TeV blazars promise to provide richest — but reasonably well measured —
variety of both temporal and spectral evolution which at the same time is reasonably well
understood in the context of the relatively simple SSC model, which points to diverse but
relatively well-determined physical conditions in the jet rather than including additional

effects due to geometry (e.g., beaming and orientation).

2.4.3 Individual Target
Mrk 421

Mrk 421 is very bright and highly variable in the X-ray band. Rapid variability in time
scales as short as < 1 day was repeatedly observed (e.g., Makino et al. 1987; George et
al. 1988). X-ray spectrum is very steep, such that the photon energy spectrum in the
X-ray band is well-described by a power law with the photon index ~ 2 — 3, although
the spectral shape changes significantly during individual observations (Giommi et al.
1990; Makino et al. 1992; Comastri et al. 1997). It was also shown that the energy
spectrum from radio to X-ray band connects smoothly, suggesting that the same emission
mechanism (i.e., synchrotron radiation) is responsible for the radiative output from the
entire radio - to X-ray regime (e.g., Urry 1984; Makino et al. 1987).

The advent of EGRET instrument and the observations by Whipple Cherenkov tele-
scope brought a dramatical progress in the multifrequency study of this object. The 7-ray
emission was first detected in the GeV band in 1991, but was very faint. The GeV flux
was comparable to that of EGRET detection limit (Lin et al. 1992). Importantly, the
spectral photon index in the GeV band was flat (< 2) and not connected smoothly to the
X-ray spectrum. This was the first case which suggested that the both emissions have
different origins, as predicted by the SSC scenario (see § 2.3).

After the EGRET detection, Mrk 421 was detected at TeV energies (Punch et al.
1992) by Whipple collaboration, being the first extragalactic TeV source detected at
that time. The initial detection indicated a 6 ¢ excess and the flux was approximately 30
% of the flux of the Crab Nebula above 500 GeV (Punch et al. 1992). TeV emission from
Mrk 421 has now been confirmed by several other collaborations (e.g., Petry et al. 1996
for the HEGRA detection). The TeV spectrum was measured to be very steep, indicating
the spectral photon index of ~ 3 (Petry et al. 1996; Aharonian et al. 1999). Many
authors associated the peculiarity of Mrk 421 with the distance to the source. In fact,
it is the closest BL lac objects whose redshift is 0.031, and thus least affected by DIRB
(extragalactic diffuse Infrared background) absorption (see § 2.5).
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The first multiwavelength campaign of Mrk 421, including ~-ray detectors, was con-
ducted in 1994 from radio to TeV bands (Macomb et al. 1995; 1996). This campaign
provided the best-sampled data ever known for Mrk 421. During this campaign, a TeV
flare was detected, but the ASCA observation was conducted one day after the TeV flare
(Kerrick et al. 1995; Takahashi et al. 1996). The EGRET also observed Mrk 421 for
a week, but no significant variation in flux was detected (Figure 2.3). Another Mrk 421
multiwavelength campaign performed in 1995 revealed another coincident keV/TeV flare
(Buckley et al. 1996; Takahashi et al. 1996b). Although the relative amplitudes of
variability are different, the UV and optical bands also showed correlation during the
flares. Unfortunately, the X-ray data were too sparsely sampled to resolve the rapid time

variability during the observation (see, e.g., Figure 7.2).

Mrk 501

Mrk 501 was known to be a fainter and less variable BL lac object than Mrk 421 in
the X-ray band. Except for an EXOSAT observation in 1986 (Giommi et al.1990), the
variation time scale was always longer than one day. X-ray spectrum was steep, such that
the photon energy spectrum was well-described by a power law with the photon index
of ~ 2.6 (Makino et al. 1992; Comastri et al. 1997). The energy spectrum from radio
to X-ray bands connected smoothly, again suggesting that same emission mechanism is
dominant for the radiation in both energy bands (e.g., Urry 1984).

From 1991 to 1992, EGRET observed Mrk 501 three times, but no significant y-ray
emission was detected (< 2 ¢). Thus only upper limit on flux was available in the 2nd
EGRET source catalogue (Fichtel et al. 1994). In parallel with EGRET observations,
Mrk 501 was also part of an active program of observing extragalactic sources by the
Whipple collaboration. Prior to the detection in the GeV band, in 1995, it was detected
as the second extragalactic source that emits TeV ~-rays (Quinn et al. 1996). The sum
of 1995 data indicated the marginal evidence for detection at 9 ¢ level and the flux was
approximately 10 % of the flux of the Crab Nebula above 350 GeV (Quinn et al. 1996).
The TeV spectrum was measured to be steep, but flatter than Mrk 421. The spectral
photon index was ~ 2.5 (Petry et al. 1997; Samuelson al. 1998). Notably, Mrk 501 is the
second closest TeV-emitting BL Lac object (z = 0.034).

The first multiwavelength observations of Mrk 501, which included ~-ray detectors,
were conducted in 1996 (Kataoka et al. 1999a). The observations were conducted with op-
tical, ASCA , EGRET, and Whipple telescopes, although the GeV ~-ray was not detected
at that time. The observations were well-scheduled and simultaneous from optical to TeV
bands. The X-ray flux observed with ASCA was five times higher than that obtained
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with GINGA (Makino et al. 1992) and the photon energy spectrum was harder. More
importantly, during this campaign, EGRET detected Mrk 501 with a significance of 3.5 ¢
above 100 MeV (Kataoka et al. 1999a). Follow up observations established more strongly
the detection of Mrk 501 by EGRET, with a marginal significance of 4.0 ¢ above 100
MeV but a significance of 5.2 ¢ above 500 MeV, indicating a hard GeV photon spectrum
of the photon index of 1.340.5.

The multiwavelength observations of Mrk 501 including TeV telescopes repeated after
the success in 1996. During 1997 April campaign, a dramatical flare was observed in both
X-ray and TeV bands (e.g., Catanese et al. 1997; Pian et al. 1998). Those results implied
that the keV and TeV variations are well correlated, and X-ray spectrum becomes hardest
among the HBLs (photon index at 2 — 10 keV was ~ 1.7; Pian et al. 1998). Pian et al
(1998) pointed out the shift of synchrotron peak (peak of LE component) by a factor of

100, which is the largest shift ever observed in blazars.

PKS 2155-304

PKS 2155-304 is a bright X-ray blazar, showing a rapid variability on time-scale of hours
(e.g. Treves et al. 1989; Tagliaferri et al. 1991; Chiapetti et al. 1999; Zhang et al. 1999).
It is also one of the brightest extragalactic EUV sources. A large number of intensive
multiwavelength campaigns have been conducted, but those observations did not include
v-ray detectors (e.g., Edelson et al. 1995; Urry et al. 1997). The energy spectrum from
radio to X-ray band connects very smoothly, suggesting that both emissions are due to
the same origin (e.g., Urry 1984; Treves et al. 1989). The photon energy spectrum is
well-described by a power law with the photon index ~ 2 — 3, but highly variable (e.g.,
Sembay et al. 1993)

EGRET observed PKS 2155—304 six times from 1991 to 1993, but no significant emis-
sion was detected. However, during 1994 observation, it was detected for the first time
at 6 o level (Vestrand, Stacy, & Sreekumar 1995). Furthermore, higher GeV flux was ob-
served during 1997 observation, implying a GeV flux increase by a factor of 3 (Sreekumar
& Vestrand. 1997). The spctral photon index in the GeV band was measured to be 1.7 +
0.2, more flatter than that of the X-ray spectrum (Vestrand, Stacy & Sreekumar. 1995).

The TeV emission from PKS 2155—304 was detected only recently, probably due to
its southern location (Chadwick et al. 1999). Durham Mark 6 Cherenkov telescope
repeatedly observed PKS 2155—304 from 1996 to 1997, and obtained an evidence for TeV
emission with marginal significance of 6.8 ¢. Although other telescopes located in the
Southern Hemisphere, e.g., CANGAROO collaboration, have not confirmed the detection,
PKS 2155—304 is now believed to be the fourth TeV emitting blazar. Tt should be noted
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that PKS 2155—304 is more distant (z = 0.117) than Mrk 421 and Mrk 501, and thus the
most crucial test on DIRB will be achieved for this source in the future work.

Since both GeV and TeV emission was detected only recently, no multiwavelength
campaign including ~-ray detectors was reported. The time variability was greatly differ-
ent in different epochs. During 1991 campaign, 10 % flux change was observed coherently
from optical to X-ray bands, with no significant time lags (Edelson et al. 1995). However
in 1994 campaign, the amplitude of variation was strongly frequency dependent — flare
of a factor 2 in the X-ray band, while smaller amplitude variations in UV bands were
observed with significant time lags (Urry et al.1997). Considering the latter campaign
has only short coverage between UV and X-ray observations, it seems speculative to put
emphasis on the time lag. However, these observations suggest the variety of flares which

are probably due to the different physical origin.

1ES 2344514

1ES 23444514 is one of the few known BL lac objects. It was first detected in the
FEinstein Slew Survey (Elvis et al. 1992). 1ES 2344+514 was only recently identified as a
BL lac object (Perlman et al. 1996), by the lack of optical emission lines whose equivalent
width greater than 5Aand its Ca II ‘break strength’ being smaller than 25 %. The former
eliminates the possibility of the source as a quasar, while the latter criteria is indicative of
the presence of a power law continuum. Perlman et al. (1996) determined the redshift of
this object (z = 0.044) based on absorption lines, since it had no evident emission lines.

1ES 23444-514 is identified as the third closest known BL Lac object, after Mrk 421
and Mrk 501. Perlman et al. (1996) derive a 2 keV X-ray flux as roughly 1/3 the flux
detected for Mrk 421 and Mrk 501. Measurements taken with the Very Large Array
radio interferometer indicate that its radio emission is ‘point-like,” with more than 80%
of its flux being from an unresolved point source (Patanik et al. 1992; Perlman et al.
1996). The 5 GHz radio flux is about 1/3 and 1/4 of the flux of Mrk 421 and Mrk 501,
respectively.

The EGRET observed 1ES 2344+514, but has not detected it. The preliminary upper
limit on the GeV flux, derived from the private communication with the EGRET team,
is presented in Catanese et al. (1998). 1ES 23444514 was, however, detected by Whipple
collaboration as the third extragalactic source succeeding to Mrk 501 (Catanese et al.
1998). The evidence for emission from 1ES 23444514 comes mostly from an apparent
flare on 1995, with a significance of 6 o excess. This corresponds to about the 60 % of
the Crab flux. However, follow up observations taken between 1995 and 1996 showed a

fainter flux, crresponding to 10 % of the Crab Nebula, and no significant flux was observed
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between 1996 to 1997, indicating the source is highly variable in the TeV energy band.

Although no simultaneous campaigns have been conducted so far, best quality data
in the X-ray band were obtained very recently by BeppoSAX observations (Giommi et
al. 1999). They detected a flux variation on a time scale as short as < 1 day. The X-ray
photon spectrum was well represented by a power law form, with photon index ranged
from 1.8 to 2.3.

2.5 Effects by the DIRB

There exist HBLs whose multiband properties are very similar to those of TeV blazars,
but which are not detected at TeV energies yet. It should be noted that four TeV blazars
detected at present are all low-redshift BL. Lac objects. In fact, Mrk 421 is the closest
BL lac objects ever known. This naturally suggests that the detectability at TeV en-
ergy band may be dependent on the distance to the source. Many authors pointed out
that TeV ~-rays from the high-redshift sources are probably absorbed by the interaction
with extragalactic diffuse infrared background (DIRB; e.g., Stecker et al. 1992). This
interpretation is very likely, however, main difficulty is that the flux of the DIRB has
not been determined experimentally due to large systematic errors driven by local effects
(Figure 2.12). Some authors suggest that the TeV energy spectrum of blazars can be
viable to derive the upper limit on DIRB, but this still involves large systematic errors in
the estimation (e.g., Funk et al. 1998; Figure 2.12).

Thus the effects of DIRB on the photon spectra of TeV emitting blazars is now still
under debate. We show one example presented by Stecker et al. (1998) in Figure 2.13.
According to their model, optical depth for TeV—IR absorption is less than unity below
10 TeV for Mrk 421 and Mrk 501, both at redshift of ~ 0.03. This indicates that no
significant curvature would be appearent in the TeV ~-ray spectra obtained with ground-
based Cherenkov telescopes. However, the intrinsic spectra of these sources should be
harder by amounts of ~ 0.25 to 0.45 in the spectral index (in the 1 to 10 TeV range),
with an intergalactic absorption cutoff above 20 TeV.

In this thesis, we proceed under the assumption that the effect of absorption by DIRB
is negligibly small for all TeV blazars. This approximation is probably valid for Whipple
observations of Mrk 421 and Mrk 501 (z ~ 0.03), because the energy threshold of the
detector is 0.35 TeV and most of the photons are detected below 1 TeV (Figure 2.13).
However, for the most distant TeV blazar PKS 2155—304 (z = 0.117), optical depth be-
comes ~ 1 at 1 TeV (Figure 2.13), which may lead to an underestimation of absolute TeV

flux by factor ~2, altough this is still consistent within the measurement error (Chadwick
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et al. 1999).

We also note that, even if absorption by DIRB is more important than the estimation
given by Stecker et al. (1998), relative amplitude of variation in the TeV flux is not
affected unless DIRB itself is variable in time. Thus the study of inter-band correlation

between X-ray and TeV ~-rays described in § 9 is not affected by the DIRB absorption.
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Figure 2.12: Energy density of the DIRB. Solid line and dashed line : theoretical models for DIRBs.
Dotted line : upper limit from the TeV energy spectra of Mrk 501. Figure from Funk et al (1998).

[| = LOW R

2 o
102 L - HIGHIR ]
E fb ]
E 1?0
2L saam e
L e oS
: "
L — _.‘/'._ 1“00
2 e

CPTICAL DEPTH

10 2 s i s e7 10 2 8 48
GAMMA RAY ENERGY (TeV)

Figure 2.13: Optical depth vs energy for ~-rays originating at various redshifts. Figure from Stecker
et al (1998).



Chapter 3

Emission Mechanism of Blazars

3.1 Energy Gain Processes

In this section, a simple theory for particle acceleration at a shock front is introduced as a
possible energy gain process of electrons in blazar jets. The following treatment of Fermi
acceleration is based on Gaisser (1990) and Protheroe (1996). More detailed and rigorous

treatments are given in the literature (e.g., Blanford & Eichler 1987).

3.1.1 2nd order Fermi Acceleration

Assume that there are magnetized clouds moving with speed V' (Figure 3.1). A charged
particle enters the cloud and scatters off irregularities in the magnetic field which is tied
to the cloud. In the frame comoving with cloud, there is no change in energy of the
particle because the scattering is collisionless, however, the direction of the particle is
randomized by the scattering with clouds in a random direction. We consider a charged
particle entering a cloud with energy F}, momentum p;, moving in a direction 6, related
to the cloud’s direction. After scattering has occured, it emerges with Fs, momentum
P2, in a direction #, relative to cloud’s direction. By applying Lorentz transformations
between the observer’s frame (unprimed) and the cloud frame (primed), we obtain the

fractional energy change in particle energy (Ey —FE,)/FE},

AE 11— fcost + [eosty’ — 3*cosb;cosby’
E 1— B2 ’

(3.1)

where 3 = V/c. Since particles and clouds move randomly in direction, average values of
cos#; and cos#;, are important. Inside the cloud, the direction of the charged particle will
be completely randomized by multiple scatterings, such that <cos#,> = 0. The average

value of cosf; depends on the rate of collision, which is proportional to the relative velocity

27
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between the cloud and particle. Thus probability per unit solid angle of having a collision

at angle 6, is proportional to v—Vcosf;, where v (~ ¢) is the velocity of particle. We

obtain
< costy >= /cos@ldﬂldQ //dQldQl g (3.2)
giving
<AE> 1+ p3%/3 4
= — 1~ -5~ 3.3
5 - 2P (3.3)

This result shows the particle gains energy from the cloud, but the average gain is small

because § < 1 in ordinary cases.

Figure 3.1: Schematic view of 2nd order Fermi Acceleration.

3.1.2 1st order Fermi Acceleration

More efficient acceleration (1st order in () can take place when a shock propagates through
the plasma, and charged particles cross the shock front iteratively from downstream to
upstream, and upstream to downstream. This situation is expected in many astrophysi-
cal situations, such as supernova explosion in the interstellar medium or relativistic jets
associated with extragalactic and/or galactic sources. A schematic view of acceleration
at shock front is given in Figure 3.2. In this case, the probability per unit solid angle of
having a collision at angle 6, is proportional to cosf;, while the probability is proportional
to cosf, after the scattering. Thus we obtain <cos#;> = —2/3 and <cost,> = 2/3. In

this case, one finds from equation (3.1)

<AE> 4R-1V,

E 3R ¢ 5, (3-4)

WO | W~

where V; is the shock velocity, R = u;/us is the compression ratio, u; = V; and u,y are the

upstream and downstream velocities in the rest frame of the shock. For a strong shock in
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a mono-atomic gas (e.g., fully ionized plasma), R. = 4 is expected from Rankine-Hugoniot

relation.

Shock Front

downstream upstream

E2 p2

(L-UR)Vg
—

k2/LI2 1 kllul

Figure 3.2: Schematic view of 1st order Fermi Acceleration.

3.1.3 Acceleration Rate

A net flow of the energetic particles, which are escaping from the shock front, is calculated

as
V.

Tloss = Neplla = Nep 5. (3.5)
where n, is the number density of particles at the shock. In the upstream of the shock,
a charged particle moving at speed v at angle 6 to the shock normal (in the observer’s
frame) approaches the shock with speed V;+wvcosé in the shock frame. To cross the shock,
cosf) > —V, /v is required. Thus the rate at which particles cross the shock from upstream
to downstream is calculated assuming isotropic distributions of particles

1 1 2w
Teross = Mep g — /_VS/U(VS + vcos@)d(cos@)/o dod = nep

v

- (3.6)

We obtain the probability of crossing the shock front once and then escaping from the

acceleration process as the ratio of these two rates,

0ss 4 -‘/S
Prob(escape) = Moss B (3.7)
TCI‘OSS v

By defining the time ¢,y for one complete cycle, i.e., from crossing the shock from

upstream to downstream, diffusing back towards the shock and crossing from downstream
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to upstream, with enegy gain <AF> we can define the acceleration rate and escape rate

per shock crossing as
1dE  <AE> 1

acc — = 4, — = ) 38
" E dt E tcycle ( )
= Prob(escape) - 4V 1 | (3.9)

tcycle R c tcycle

Combined this with equation (3.4), one obtains the relation

TCSC 3

~ — 3.10
Tace R-1 ( )

Note that for a strong shock case (R = 4), the two rates are equal.

3.1.4 Diffusion Coeflicient

The cycle time for the acceleration process depends on particle diffusion, as well as the
shock velocity. We first consider the diffusion in the downstream direction. The typical
distance of a particle diffusion in time ¢ is given as v/kot, where k; is the diffusion coefficient
in the downstream region. The distance advected in this time is simply ust. If /ot >
ust, it is very probable that the particle will return to the shock, but if v/kot < uot, the
particle will never come back. By setting v/kst = ust, we obtain the boundary distance
d = ko/ug from the shock front in the downstream direction, where inside of this, the
particle will effectively return to the shock front. There exist ne,ka/us particles per unit
area, between the shock front and this boundary. Dividing this by the ratio 7..ss, one
finds the average time spent downstream before returning to the shock
4 ko

tdown ~ )
C Uo

cycle —

(3.11)

Similary, the other half of the cycle after the particle has crossed the shock from
downstream to upstream is easily obtained. In this case, one can define a boundary at a

distance ki /u; upstream of the shock, leading to

tup ~ éﬁ

cycle —

. 3.12
- (3.12)

Thus the total cycle time t.yqe, the acceleration rate ra.., and the acceleration time

tace (= 1/Tacc) are respectively

4 ki ko
evele & (2L 4 2y 3.13
yel c(u1 + u2> ( )
(R — 1)U1 ]{?1 kg 1
acc ~ - - 9 314:
’ 3R (Ul * U9 ( )
3R k k
4= (3.15)

tace ™= ——— .
(R - 1)U1 U1 + U9
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3.1.5 Energy Spectrum

Assume that the diffusion coefficients upstream and downstream have the same power

law dependence £ on energy, i.e.,
Ey o< ky oc B, (3.16)

then the acceleration rate r,.. and the escape rate rq. also have a power law dependence
(see equation (3.10) and (3.14)),

Tace X Tese 0¢ % (3.17)

In the following, we consider the case of ignoring losses due to radiative cooling (e.g.,

synchrotron cooling) or any other processes. We define the acceleration/escape rate
Tace = a5 %, (3.18)

Fese = CE~%, (3.19)

where a and ¢ are constants. From equation (3.8), the particle energy at time ¢ is deter-

mined from a differential equation
dE/dt = aE'"¢, (3.20)
giving
E(t) = (E§ + cat)Y¢, (3.21)

where Fj is the particle energy at time ¢t=0. The number of particles remaining inside

the shock front at time ¢ after injection is calclulated by solving
AN/dt = —N(t)rese = —N(t)cE(t)~¢. (3.22)
The solution of this equation is
N(t) = No[E(t)/ Eo] /" (3.23)

Since Ny — N(t) particles have escaped from the shock front before time ¢, having energies
between Fy and E(t), the differential energy spectrum of particles which have escaped

from the shock front is given as
dN/dE = No(s — 1)E; "(E/Ey) *, (Ey < E < E(t)) (3.24)

where s = (1 + ¢/a) is the differential spectral index. It should be noted that for the
strong shock case (Tese = Tace), ONe obtains the standard result for shock acceleration, s
= 2.
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3.2 Enmnergy Loss Processes

While the electrons gain energy from the shock, they also suffer from many kind of energy-
loss processes. Because of the very wide energy distribution of electrons and the different
dependence on energy of each cooling process, it is important to discuss which process
cools electrons more effectively. We first consider four cooling processes — (1) synchrotron
cooling, (2) inverse Compton scattering, (3) Coulomb losses, and (4) bremsstrahlung. In
the following, we evaluate the energy losses b(7), for a single electron.

High-energy electrons in a magnetic field emit synchrotron radiation (e.g., Rybicki &
Lightman (1979); see also equation (3.34))

_ 4ory?Up

bsync -

T 1.29 x 10 ?°B*y? [s71], (3.25)

where Up is the energy density in the magnetic field and o is the Thomson cross section.

Similarly, the inverse Compton cooling rate byg is given by (e.g., Rybicki & Lightman
1979; see also equation (3.47))

bIC >~ — [Sil], (326)

where Uy, is the soft photon density to be up-scattered.

The relativistic electrons will also lose their energy by interactions with the thermal
plasma. The Coulomb losses due to collisions with charged particles give a loss rate which
is approximately (e.g., Rephaeli 1979),

1 e
boow = 1.2 x 107120 [1.0 + n(%n)] [s71], (3.27)

where n, is the thermal electron density in the plasma.
The same collisions between high energy electrons and thermal particles also pro-
duce radiation thorough bremsstrahlung. The loss rate due to bremsstrahlung is given

approximately (e.g., Blumental & Gould 1970)
bprems = 1.5 x 107%n,4[Iny + 0.36] [s7]. (3.28)

We assume B ~ 0.1 — 1.0 G for a blazar jet. Upy, is estimated roughly from the luminosity
in the source frame, L ~ 10 — 10*? erg/s (e.g., Kubo et al. 1998). Assuming the source
radius R ~ 10 cm, we obtain Uy, ~ 107* — 1072 erg/cm?. Although the thermal electron
density in the blazar jet is completly unknown, we choose n, ~ 107% — 1 cm™3, which is
appropriate for a typical intracluster medium and/or supernova remnants.

The results are summarized in Figure 3.3. One finds only two cooling processes,

synchrotron cooling and inverse Comton scattering, can effectively influence the cooling
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Figure 3.3: Energy loss rate b(vy) from a single electron.

of the high-energy electrons. It should be noted that the result is essentially the same
for any values of B, n. and Uy, which are appropriate for blazars. Also note that the
reduction of cross section in the Klein-Nishina regime would reduce the significance of
inverse Compton losses at the high energy end (y > 10°; see, Figure 3.8), but that it
is still more important than Coulomb and bremsstrahlung. Thus we conclude that the
synchrotron radiation and the inverse Compton scattering are the dominant energy loss

mechanisms to be further investigated.

3.3 Synchrotron Radiation

We first consider synchrotron radiation process. There exist numerous articles and re-
views which have treated this process in detail (e.g., Blumenthal & Gould 1970; Rybicki
& Lightman 1979). Here we merely collect the formulae which will be used in our cal-
culations. We also describe the details for the synchrotron emission from a homogeneous

self-absorbed (i.e., optically thick) source in § 11 and Appendix I.

3.3.1 Emission from a Single Electron

A relativistic electron in a magnetic field B will radiate fairly broad emission with a total

emitted power per frequency,

3e® Bsi
V3EBsa pow (3.29)

Plw,y) = 27N C2 We
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where e and m. are the charge and mass of an electron, respectively. 7 is the Lorentz
factor of the electron, and « is the angle between the magnetic field and the electron

velocity. F(x) is defined as
Fey=a [~ Kys(nydn, (3.30)

where K/3(x) is the modified Bessel functions of 5/3 order. w, is the critical frequency

given as

32eBsi
w, = Y e28na (3.31)
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Figure 3.4: Synchrotron spectrum from a single electron as a function of z = v/v..

We show the function F(x) in Figure 3.4. Since F(x) peaks at x ~ 0.29, the peak
frequency of the synchrotron emission by an electron with Lorentz factor ~ is expressed

as

v, =~ 1.2 x 10°B~*sina. (3.32)

Similary, the synchrotron frequency averaged over the spectral shape for an electron of

Lorentz factor ~ is

vy =~ 3.7 x 10° BA?sina. 3.33
Y

An integration of equation (3.29) over the frequencies gives the cooling rate of a single

electron by the synchrotron radiation

. 4O'T’}/2UB

sync ~

(3.34)

3mec

where Up is the magnetic field energy density and or is the Thomson cross section.
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3.3.2 Emission Coefficient : j,

Next we consider the synchrotron emission from electrons, whose number density per unit
volume per unit energy is characterized by N.(7). Electrons range from Ymin t0 Ymax . The
synchrotron emission coefficient j,(v) is derived straightforwardly from equation (3.29),

noting that w = 27rr. We find the total emitted power per unit volume,

“Ymax

Puv) = [ Py) N (335)

Ymin

For a distribution of randomly oriented emitters, we can write

o) = - Pasl). (3.36)
Thus we finally obtain
Ymax v
i) =B [ AN () (3.37)
where ¢; and ¢y are constants
o = oy = V3 (3.38)

drm.c’ drme.c?’

We show examples of j, in Figure 3.5, for the magnetic field strength of 0.01 — 1.0 G. We
assume a power law form for the electron population, N(v) = Ngy 2 (1<y<10®). Note
that, at most the frequencies, j, is distributed as a power law, j, o v P, where p = 0.5
(e.g., Rybicki & Lightman 1979).
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Figure 3.5: Emission coefficient j, of the synchrotron radiation for a power law electron popu-
lation; N(v) = Noy~2 (1<y<10%).
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3.3.3 Absorption Coefficient : «,

Synchrotron emission is accompanied by absorption, in which a photon interacts with
an electron, giving up its energy. In a classical scheme of electrodynamics, where the
absorbed photon energy is much smaller than that of the electrons, one finds a simple

formula for the self-absoption coefficient. We obtain

1 Ymax é? ]\fe(’y)

)= — JnP 29 . 3.39
() = g [ P G 1] (3.39)

By replacing P(v,~y) with equation (3.29), one finds

3B a0 N.(7v) v
()= -32 < F , 3.40
(v) V2 Jmin 87[ 2 ] (clez) (3.40)
where ¢3 1s a constant
V3e?

= . 3.41
= 8rm2c? (341)

Figure 3.6 shows examples of «,,, for the same population of electrons with Figure 3.5.

Note that o, is strongly dependent on energy, such that a, oc v=3.
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Figure 3.6: Absorption coefficient a, of the synchrotron radiation for a power law electron

population; N(v) = Noy 2 (1<y<10®).

3.4 Inverse Compton Radiation

In this section, we first consider the very simple case where a soft photon is scattered by a
relativistic electron. Next we calculate the inverse Compton spectrum for arbitrary type
of electron populations and photon spectra. We employ the formula derived by Jones
(1968), which deals with the inverse Compton process more sophisticatedly, including the

Klein-Nishina regime.
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3.4.1 Scattering From a Single Electron

We start from the scattering event for a single electron and a single photon, which takes
place in the Thomson regime. Geometries for inverse Compton scattering is given in
Figure 3.7. We denote the electron energy v, soft photon energy ¢, and scattered photon
energy ¢, and express them in units of m.c® (thus they are dimensionless values). We
define the parameters with prime in the rest frame of the electron, while the parameters
without prime are that in the observer’s frame. From the Lorentz transformation and

kinematics of Compton scattering, we have
€y = €0y(1 — SBeosby), (3.42)

e = €y(1+ Beosh), (3.43)

where 6, and € is the angles between the direction of motions of photons and electrons
before/after the scattering, respectively. The scattering is well approximated as being
elastic in the rest frame of electrons, such that €, ~ e. Thus the energies of the photon
before scattering, in the rest frame of the electron, and after scattering are in the ratios
of

€ieyex= iy (3.44)

which implies a low-energy photon will be scattered up to higher energy by a factor of

order +2.

Figure 3.7: Geometries for inverse Compton scattering in the electron rest frame K (left) and

the observer’s frame K’ (right).
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Next we derive formulae for the case of an isotropic distributions of photons scattering
off an isotropic distributions of electrons. This can be done by averaging equation (3.42)

and (3.43) over angles. The total power emitted (scattered) from the electrons is

dE 1
= canyQ/ < (1 — Beosh)? > egn(eg)deg = copy*(1 + gﬁz)Uph, (3.45)

where n(ey) is the number density of photons per energy interval and U, is the soft

photon energy density which is calculated from
Upn = meCQ/Eon(Eo)dEO. (3.46)

Thus the net power lost by an electron, subtracting the rate of decrease of the total initial

soft photon energy corUpy, is
o 4O_T/.Yzljph

Ne = (3~47)

3mec
By comparing this with equation (3.34), we obtain an well-known relation between the

energy loss rate of electrons and energy density of photons/magnetic field as

é nc U
Jome _ VB (3.48)
o Uph
Note, however, that this relation only holds when the scattering takes place in the Thom-

son regime, in which ey < 1.

3.4.2 Inverse Compton Spectrum

To derive the inverse Compton spectrum for arbitrary distributions of electrons and soft
photons, we introduce the formulae derived by Jones (1968). It is accurate in all soft
photon energy ranges for both Thomson and Klein-Nishina regimes, as long as the photon
and electron distributions are isotropic, and the electrons are ultra-relativistic (y > 1).

The differential photon production rate by inverse Compton scattering ¢(€) is

g(e) = / deon(co) / dyN(7)C(e, 7, o), (3.49)

where n(eg) is the number density of soft photons per energy interval, and C(e, 7, €) is
the Compton kernel of Jones (1968)

2mrc (4egyk)?
C = — 2kl 14 2k)(1 — ——(1 — 3.50
where
K ‘ (3.51)

dey(y—€)
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r. is the classical electron radius, r. = 2.82 x 107" cm. For a given ¢, and 7, the
integration (3.49) can be performed under the range for €

4e
0<e<n 07

—_ 3.52
- = 1—1—4607’ ( )

from the kinematics of electron-photon scattering.

This production rate q(€) is converted to emission coefficient jI¢ by the relation

he

i = a(o), (35
™

where hv = em.c? and h is the Planck constant.

The energy loss rate per single electron 7;. in the Klein-Nishina regime is quite un-
certain, because electrons do not lose their energy continuously, but only by a single
encounter with a soft photon. Even in this case, we can estimate the average cooling rate
of electrons by considering the energy conservation between electrons and up-scattered

photons. From equation (3.49), we find the relation,

i = [ ede [ degneo t)Cle, 7 0). (3.54)

This should coincide with equation (3.47) in the Thomson limit. Figure 3.8 shows the
change in the ratio, 9jc/Yyne, derived from equation (3.34) and (3.54) for various electron
Lorentz factors. We assumed the electron population N () oc 72, and changed the Ypax
from 10* to 10°%. Note that for ymax < 10%, this ratio is what is expected from the Thomson
limit (i.e., equation (3.48)), but i is strongly suppressed for larger values of Ymax (Ymax
> 10°).

3.5 Particle Escape and Adiabatic Expansion

We assume ‘fresh’ electrons are injected continuously in the radiating region, while they
can escape from this region after the typical time scale tes.(7y). After the escape, electrons
no longer radiate. Such a situation is also expected if the energy loss by the adiabatic
expansion limits the accumulation of relativistic electrons within the photon emitting
region. Since the low energy electrons do not cool effectively by both synchrotron and
inverse Compton losses, the steady state will be achieved by the balance of the escape and
the injection rates. For electrons with higher energies (v ~ vyax), however, the escape is
not important because the life time of electrons by radiative cooling may be much shorter
than te.(7). In general, electrons are randomly moving in the emitting region, so that
the typical time scale of .., as well as its energy dependence are completely unknown.

Although somewhat arbitrary, there is a good observational reason to believe that escape,
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Figure 3.8: Ratio of electron cooling rate by synchrotron/Inverse Compton radiation. We
assume N(7v) = Nov 2 (1<y< Ymax), Where we set the normalization, Ny = 10.0. The source
radius is assumed to be R = 10'% ¢cm and magnetic field is B = 0.1 G, typical values for blazar
emission. As Ymayx increased from 10% to 10%, inverse Compton cooling process becomes inefficient

due to the reduction of cross section in the Klein-Nishina regime.

or, equivalently, sudden energy loss by adiabatic expansion, should be important (e.g., §
10.2.6). In this thesis, we will assume the most simple case where t... has no dependence
on energy (a constant value). We see in § 10.6.1 that t.. can be estimated from the
turn-over frequency in the multi-wavelength spectra of blazars, where the cooling time

and escape time of electrons are expected to be balanced.

3.6 Electron Kinetic Equation

In this section, kinetic equation is introduced to study the characteristic variabilities in
the electron/photon spectra of blazars. This approach is well known as a leaky box model
of the propagation of high energy cosmic-ray electrons in the inter-stellar medium (e.g.,
Kardashev 1962).

The time evolution of the high-energy electrons in the magnetic field and the photon

field is described by the following kinetic equation:

ON.(v,t) 0 Ne(v, 1)

ot 5[9(%&]\[«1(%@] +Q(.t) - () (3.55)
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where ¢(~,t) represents the arbitrary types of energy loss and/or gain functions for a
single electron. Q(+,t) represents the injection rate of the ‘fresh’ electrons, and te..(7y) is
the escape time of the electrons.

For example, the loss function of synchrotron cooling process is given in equation
(3.34),

Geyne (V) = Yogne X 7 (3.56)

and the loss function for inverse Compton process is that in equation (3.54)

gic(7,t) = M- (3.57)

If the scattering takes place in the Thomson regime, the simpler equation (3.47) (oc v?)
would be applied.
The energy gain by the acceleration process is expressed by the acceleration rate

ace(7), Which is defined in equation (3.14)

gacc(’Y) = TaccY X ’Yl_g; (358)

where ¢ is the energy dependence of the diffusion coefficient on energy (see, equation
(3.16)).

The general solution of equation (3.55) for arbitrary function g(v) was first given by
Makino (1998), yielding

Ne= 8B e [Vt + [ ey [T o

9(7) tesc(K) 9(7) tesc(K") (3.59)
where
__ [
V= /9(7)’ (3.60)
7 =7(y), (3.61)
K=t - / g‘z)), (3.62)
K =~ 1 —/%), (3.63)
K" =t —t — " — / ;Z)). (3.64)

In general, because of the high non-linearity of the processes involved, the numerical
approach is necessary, in particular, when the inverse Compton scattering may occur in

the Klein-Nishina regime. We will discuss this more in § 11.
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3.7 Relativistic Beaming in Blazar Jets

Assume that there is an emission blob which radiates isotropically in the rest frame K.
In the observer’s frame K, the blob is moving with relativistic speed f=v/c (~1), and

the radiation is strongly anisotropic. Three important effects are expected as follows.

3.7.1 Aberration of Light

Simple Lorentz transformation shows that the directions of the velocities of light in the
two frames (K, K') are related by the formula,
sinf’

tanf = 3.65
an ['(cost +v/c)’ (3.65)

cost +v/c

1+ (v/c)cosh’’ (3.66)

cost =

where T is the Lorentz factor of the blob and given T' = [1 — 3?]7'/2. Considering the

spatial case of #' = 7 /2, we obtain

c , 1
tand = To sinf = T (3.67)

This means that in the frame /K, half of the photons are concentrated in a narrow cone
of half angle ~1/T.

3.7.2 Time Dilation

The emission and arrival time intervals are different. The difference of arrival time At,

is expressed by the difference of the emission time At, as

At, = At.(1 — Bcosb), (3.68)
while At is related with At,
At, = TAL, (3.69)
leading to
At, = T(1 — feosh) At = At /6. (3.70)

This is a convenient derivation of the beaming factor § (= [I'(1—Bcosf)]™!). As we see
in Figure 3.9, the beaming factor exceeds unity if viewing angles are small. Note that,
when the observer is located perpendicular to the moving direction (i.e., ' = 7/2) in the

source frame, 6 ~ I' because sinf ~ 1/T.
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3.7.3 Blue Shift of Frequencies and the Luminosity Enhance-

ment

Since frequencies are the inverse of times, we have a simple relation,
v=~o6v. (3.71)

The specific intensity I(v) divided by the cube of the frequency is Lorentz invariant
(e.g., Rybicki & Lightman 1979). Thus we have

I(v) =&8T'W) = 8T(v/6). (3.72)

Integration of I(v) over the frequencies yields
[= /[(y)dy - 64/1’(u’)du' e (3.73)
Assuming isotropy of the emission, the corresponding transformation for luminosity is

Lobs = 6*L! (3.74)

src’

Because of this factor 6%, blazars, whose jet emissions are pointing closely to the

observer, are strongly enhanced in brightness.
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Figure 3.9: Beaming (Doppler) boosting factor 6 as a function of viewing angle 6. Results for
Lorentz factor, I' = 5, 10, 20, 30 and 50 are shown respectively. Note that 6 = 2I" for 6 = 0,
and 6 =T for § = 1/T.






Chapter 4

Instruments on-board ASCA

4.1 ASCA Satellite

ASCA (Advanced Satellite for Cosmology and Astrophysics) satellite (Tanaka et al. 1994)
is the fifteenth scientific satellite of Institute of Space and Astronautical Science (ISAS).
ASCA is the fourth Japanese X-ray observatory succeeding HAKUCHOU, TEMMA, and
GING A satellites. It was launched by the M-3SII rocket on February 20, 1993 (JST) from
Kagoshima Space Center (KSC) in Kagoshima, Japan. ASCA orbits on a nearly circular
orbit with its height about 520 km at its perigee and about 620 km at its apogee. It
weighs about 420 kg and the length of an extensible optical bench (EOB) is about 4.7 m.

Figure 4.1 shows a schematic view of ASCA satellite in orbit.

Figure 4.1: Schematic drawing of ASCA satellite.

ASCA features imaging and spectroscopic capabilities with a large effective area and

the highest energy resolution ever achieved in a wide energy band, which ranges from
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0.5 keV to 10 keV. It carries four X-ray telescope (XRT), equipped with two X-ray CCD
cameras (Solid state Imaging Spectrometer; SIS) and two gas scintillation imaging propor-
tional counters (Gas Imaging Spectrometer; GIS) at their focal plane. The arrangement
of these instruments is shown in Figure 4.2. These two types of detectors have comple-
mentary properties; the SIS has finer position and better energy resolution than GIS,

while the GIS has faster time resolution and wider dynamic range in source intensity. We
briefly describe the XRT, SIS, and GIS in the following sections.

Figure 4.2: Arrangement of instruments on ASCA satellite.

4.2 XRT

The ASCA XRT(X-ray telescope) consists of a large number of conical thin-foil reflectors
to fill its aperture nested with their surface seen almost edge-on (Figure 4.2). It aims to
achieve a large effective area and high throughput over a broad energy band up to 10 keV.
Four XRT’s on-board ASCA satellite are placed at the top of EOB. They were produced
cooperatively by Nagoya University, NASA Goddard Space Flight Center (NASA /GSFC),
and Institute of Space and Astronautical Science (ISAS).

X-rays from celestial sources are reflected by XRT only when its incident angle is
smaller than the critical angle of 1°. To achieve a large effective area, over a hundred
nested thin foils are used for ASCA XRT. Since it is difficult to shape a thin foil into a
paraboloid and a hyperboloid, a conical surface is used as an approximation. Although this
approximation reduces the image quality, the roughness of the reflectors’ surface mainly
contributes to the point spread function, whose half power diameter of 3 arc-minutes.

Design parameters and performance of XRT are shown in Table 4.1.



4.3. SIS 47

Table 4.1: Design parameters and performance of ASCA XRT

Mirror substrate 127pm

Mirror surface Acrylic lacquer 10pm + Au (500 pA)

Mirror length 100mm

Number of mirrors 120 foils

Inner (outer) diameter 120 (345) mm

Focal length 3500 mm

Incident angle 0.24° ~ 0.7°

Total weight® ~ 40 kg

Geometrical area 558 cm? /telescope

Field of view 24 arcmin. (FWHM @ 1 keV)
16 arcmin. (FWHM @ 1 keV)

Energy range <10 keV

Effective area® (4 XRTs) ~ 1300cm? (1 keV)
~ 600cm? (7 keV)

Half power diameter ~ 3 arcmin.

4.3 SIS

The ASCA SIS is an X-ray sensitive CCD camera, and features high energy resolution
and fine positional resolution. The details of the design and In-orbit performance is given
in Burke et al. (1991) and Yamashita et al. (1997). Two SIS detectors (hereafter SISO
and SIS1) are placed in the focal planes of two of the four XRT’s. They were developed
by the Massachusetts Institute of Technology (MIT), Osaka University, and Institute of
Space and Astronautical Science (ISAS).

4.3.1 System Description

The SIS consists of four X-ray CCDs (Charge Coupled Device), analog electronics (SIS-
AE), and digital electronics (SIS-DE). As shown in Figure 4.3, the four CCD chips are
aligned in a square with narrow gaps. Each CCD chip has 422 x 420 pixels. The di-
mensions of the CCD chip are 11lmm x 11lmm which covers 11’ x 11’ in the sky. Design
parameters and performance of SIS are summarized in Table 4.2.

The SIS is a frame transfer type CCD, whose detection part is made of an Si p-n
junctions. An insulator layer made of SiO, is attached on the front surface of the n-type
Si. The electrodes are built on both the front and the back of the device. By supplying
specific patterns of voltages on the electrodes, charges in a pixel are transfered from one

pixel to the next. A depletion layer is developed in the device by supplying a bias voltage
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Figure 4.3: Alignment of the four CCD chips in SIS.

Table 4.2: Design parameters and performance of ASCA SIS

Irradiation Method Front irradiation

Charge Transfer Method Frame Transfer

Clock 3-phase drive

Number of pixels in Image Region 420 pixels x 422 lines per chip
Pixel Size 27 pm

Area 11x11 mm? per chip

Field of View 11x11 square arc minutes per chip
Thickness of Depletion Layer ~ 40pm

Drive temperature ~ —62°C

Energy Band 0.4-12 keV

Quantum Efficiency 80% at 6 keV

Energy Resolution 2% at 5.9 keV (FWHM)

between the electrodes on the front and on the back. The CCD chips are cooled down to

—62°C with a thermo-electric cooler (TEC) from the back to reduce the thermal noise.

Two SIS-AE’s are on-board corresponding to SISO and SIS1 respectively. Electric
signals from SIS are fed into SIS-AE and their pulse heights are converted into digital
signals with analog-to-digital converters (ADC). SIS-AE also generates driving clocks for
the CCD chips and monitors and controls the temperature of the CCD chips. SIS-DE
picks up X-ray events in the digital signals from SIS-AE with two digital signal processors
(DSP) and sends them to a data processor (DP).
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4.3.2 On-Board Data Processing

The observation modes are designed for scientific observations and consists of faint mode,
bright mode, and fast mode. In the observation modes, the data are processed every four
seconds independent of the bit rate (High/Medium/Low). The order of reading of the
CCD chips can be changed in accordance with the aim of observation (CCD mode). Three
CCD modes are designed for standard observations: 1-CCD mode, 2-CCD mode, and 4-
CCD mode. The number preceding “CCD” in mode name is the number of chips to be
read out.

In faint mode and bright mode X-ray images and spectra are simultaneously obtained
with poor time resolution of 4 sec at most. Information on detected X-rays is acquired
almost in the same way in both modes, except that the information is compressed in
bright mode. 1-, 2-, and 4-CCD modes are available in faint and bright modes.

In the bright mode DP classifies an event by assigning a “grade”. The grade ranges
from 0 to 7 depending on the pattern of the pixel levels of neighboring pixels whose pixel
levels exceed a split threshold. Definitions of grades are shown in Figure 4.4. DP also
sums pixel levels which exceed the split threshold and are not of detached corner pixels,
and compresses the summed pixel level with 12 bits length into 11 bit data.

In Table 4.3 operation mode of SIS are summarized. Most of the observations in
this thesis were performed in normal 1-CCD faint mode for bit-High and normal 1-CCD
bright mode for bit-Medium (§ 6.1). The telemetry limit is 64 cts/s/SIS for the former,
while 32 cts/s/SIS for the latter. During the observation of Mrk 421 in 1998, SIS count
rate exceeds this telemetry limit thus we perform careful data reduction to eliminate the

effect of telemetry saturation (see, § 7.1.1).

Table 4.3: Summary of observation modes in SIS

Faint Bright Fast
Time Resolution 4/8/16 sec  4/8/16 sec 16 ms

(1/2/4CCD mode) (1CCD mode)
Event Trans. Rate  128/16/4  512/64/16  1024/128/32

(cts/sec/2 sensors) (High/Medium/Low bit rate)
Data size per event 128 bits 32 bits 16 bits
CCD ID 2 bits — —
Pixel level 12 bits x9 11 bits 11 bits
Event position 9 bits x2 9 bits x2 1 bit
Time stamp — — 3 bits

Grade — 3 bits 1 bits




50

CHAPTER 4. INSTRUMENTS ON-BOARD ASCA

Figure 4.4: Definitions of grades of events.
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4.3.3 Reduction of the SIS data
Hot and Flickering Pixels

A pixel creating events but no incident particle is called a “hot pixel” or a “flickering
pixel”. These erroneous pixels are mainly due to a large dark current, caused by lattice
defects on the insulator layer under electrodes of the CCD. Assuming the Poisson distri-
bution, we regarded a pixel, whose number of events largely exceeds the average among
surrounding pixels, as a flickering pixel. In a standard analysis the average is calculated
from 5 x 5 pixels centering a pixel of interest. The threshold probability is set to 107525,
which corresponds to a probability that one out of all the pixels in a chip (422 x 420 pixels
in total) exceeds the threshold by chance, namely, 1/(420 x 422).

Echo

A pixel level suffers an artificial increase by an “echo” phenomenon, which originates from
a transitional property of SIS-AE. In SIS-AE an analog signal from the CCD leaves an
extra signal after the main signal as a result of a “ringing” effect. A significant pulse
height remains even at a time when the signal from a next pixel is processed.

In the analysis, the faint mode data can be corrected to remove the echo phenomenon
by subtracting pixel levels of the center pixel from that of right-hand pixels by the echo
fraction for an observation period. In bright mode data, however, only summed pixel
levels are obtained so that no correction to the data can be performed. In this case one
should use a better subtraction technique of the echo phenomenon thorough calculating

the response matrix.

Dark Frame Error (DFE)

A dark frame error (hereafter DFE) is a residual dark level causing pixel levels to be
shifted by a constant amount, depending on the SIS condition during the observation.
The DFE arises from incomplete estimation of dark levels in calculating pixel levels in
SIS-DE. The dark level is calculated as an average of raw PH data which distributes
asymmetrically around the true dark level.

The DFE is mainly due to light input in an optical band. The distribution of pixel
levels at corner pixels are accumulated for each short time interval, each 64 sec usually,
and compared with a template by cross-correlating them. This estimation is repeated
throughout an observation period, and the time history of DFE values are obtained. For
faint mode data the estimated DFE are subtracted from pixel levels of all the pixels sent

to the ground. Since no DFE correction can be made for bright and fast mode data,
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the effect of DFE on a spectral analysis are eliminated by using an appropriate response

matrix.

Charge Transfer Inefficiency (CTI)

Charge transfer inefficiency (CTT) is defined as the probability that an electron in a charge
cloud is not transfered from one pixel to the next. The CTI is caused by charge traps by
lattice defects in channels of electrons in the CCD chips. Since such lattice defects are
created by charged particles in orbit, CTI increases gradually.

CTTI can be corrected, except for fast mode data. The method of the correction is
straightforward — reading a CTI table to obtain CTI at an observation period, calculating
a reduction factor of energy scale for each event by multiplying CTI by the number of
transfers of electrons of the event, and dividing the pixel level of the event by the reduction

factor.

4.4 GIS

ASCA GIS is a gas scintillation imaging proportional counter. It features high time
resolution and high detection efficiency for hard X-ray photons. The detail description
on the detector design and pre-flight calibrations are given in Ohashi et al. (1996). Two
GISs (hereafter GIS2 and GIS3) are on-board the ASCA satellite and placed on focal
planes of another two of the four XRT’s. They were produced by University of Tokyo and
Institute of Space and Astronautical Science (ISAS).

4.4.1 System Description

GIS consists of a gas cell, a position sensitive photo-multiplier (Imaging Photo-Multiplier
Tube; IPMT), a high voltage unit, a housing, and electronics (GIS-E).

The gas cell has a cylindrical shape with ~ 60mm diameter and ~ 25mm height. A
schematic view of the cross section of a gas cell and a position sensitive photo-multiplier
tube of GIS are shown in Figure 4.5. The field of view of GIS is circular with 50" diameter
in the sky. Xe gas (96%) and He gas (4%) are filled in the gas cell. In front of the gas cell,
a plasma shield is placed to protect GIS from radiation damage. The gas cell is divided
into two regions: a drift region and a scintillation region. IPMT is attached below the gas
cell as shown in Figure 4.5. These cells are optically connected with each other through
a quartz window at the bottom of the gas cell and a bialkali photo-electrode at the top

of IPMT. Design parameters and performance of GIS are summarized in Table 4.4.
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Figure 4.5: Cross sectional view of a gas cell and a position sensitive photo-multiplier tube of GIS. The
voltage of each part of the detector supplied by a high voltage unit is shown at the right of the figure for

reference. A schematic drawing of an X-ray detection is also shown.

Table 4.4: Design parameters and performance of GIS

Energy Band 0.7-15 keV

Energy Resolution 8% at 5.9 keV (FWHM)

Effective Area 50 mm diameter

Positional Resolution 0.5 mm (FWHM)

Time Resolution ~ 61 psec (Minimum in PH mode)

1.95 ms (Minimum in M PC mode)

The high voltage unit supplies appropriate voltages to the gas cell and IPMT as shown
at the right in Figure 4.5. A bleeder is placed below IPMT and supplies voltages to a
dynode and to the anodes of IPMT by dividing a high voltage from the high voltage unit.
At the end of GIS2, a radiation belt monitor (RBM) is attached to monitor the flux of
charged particles.

One GIS-E is on-board the satellite and processes signals from GIS2 and GIS3. GIS-E

converts analog signals from two GIS’s into digital signals with two 12 bits ADC and
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four 8 bits flash ADC. The CPU in GIS-E collects and edits this information and sends
it through a FIFO (First-In First-Out logic) to the DP of the satellite, which commonly
edits SIS data and GIS data into a telemetry format. GIS-E also supplies power to two
GIS’s and RBM, controls the high voltage unit and the preamplifier to operate GIS, and
handles the RBM flag to prevent the detectors from radiation damage.

4.4.2 On-Board Data Processing

The observation modes are designed for scientific observations and consists of PH normal
mode (PH mode in short), PH PCAL mode (PCAL mode in short), and M PC mode.
In the PH mode, X-ray images and spectra are both obtained with high time resolution
up to 61us.

Arrival times of X-rays are measured with scalers, which count the system clock of the
satellite. The frequency of the system clock depends on the bit rate: it is 16384 Hz for
high bit rate, 2048 Hz for medium bit rate, and 512 Hz for low bit rate. Table 4.5 shows
the clock speed relating to time assignment of GIS(243) with maximum counting rates
observable with GIS. We find that for the high bit rate, telemetry limit is 128 cts/s/GIS
while 16 cts/s/GIS for the medium bit rate. For Mrk 421 observation in 1998, the source
was very bright and the telemetry was strongly saturated when the data was taken at
medium bit-rate (§ 7.1.1). For the data taken at bit-High rate, dead-time of the detector
is about 3 % for a bright source of 30 cts/s/GIS (Makishima et al. 1996).

Table 4.5: Clock speed relating to time assignment of GISs

Time stamp Telemetry output Maximum
Bit Rate Frequency Period Frequency  Period  Counting Rate
High 16384 Hz ~ 61 us 256 Hz ~ 4 ms 256 ¢/s
Med 2048 Hz ~ 488 s 32 Hz 31.25 ms 32 ¢/s
Low 512 Hz ~ 1.95 ms 4 Hz 125 ms 8 ¢/s

4.4.3 Reduction of the GIS data

Gain Correction

The gain of GIS mainly depends on the temperature of the gas cell and the position at
which an X-ray is detected. The temperature dependence is due to characteristics of Xe
gas in the gas cell. The positional dependence is caused by the positional dependence
of the sensitivity of IPMT. On the surfaces of both GIS2 and GIS3, radioactive isotopes
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%Fe are mounted near the rim of their apertures. **Fe emits fluorescent X-rays of energy
5.895 keV. This X-ray line is used to measure the instantaneous gain number of GIS. The
imaging capability of GIS enables us to extract only events from the isotopes and events
from the isotopes do not contaminate X-rays from celestial sources.

The gain correction for GIS events is divided into two steps. First, a pulse height of an
event is corrected taking the gain map into account. After this correction the corrected
gain number should be constant over the surface of the detector. Second, the resultant
pulse height is further corrected so that the X-rays from Fe has a constant value. This
cancels the temperature dependence of the gain number and the corrected pulse height is
independent of the observation conditions, called a pulse height invariant (PI). According

to pre-flight and in-flight calibrations, the uncertainty in the GIS gain is known to be 1%.

Background Rejection

Over 90% of background events can be rejected by means of evaluating a pulse height,
a rise time, and the spread of the event. Sources of GIS background events are divided
into two types.(a) X-rays absorbed at abnormal positions in the gas cell and (b) charged
particles or high energy 7-rays. Only events with rise times between 159 and 218 (rise
time window) are collected in the on-board data processing and are sent to the ground
station. 92% of background events are rejected by filtering events with a narrower rise
time window in the data analyses. Different rise time windows are set for events with
different pulse heights. A table of rise time windows for various pulse heights is called
an “RT mask”. The spread discrimination rejects 60% of background events not rejected
by the rise time discrimination. Only events in a certain range of spread patterns are

collected in the on-board data processing and are sent to the ground station.

4.5 Alignment of the Detectors

The optical axes of the four XRT’s point to slightly different positions on the sky. Also, the
centers of the two SIS’s and two GIS’s correspond to different positions on the sky. This
gives different effective areas to different detectors. The relations between these positions
are measured by the ASCA calibration team and are used to evaluate the detector’s
response in analyses. The alignment of each detector is shown in Figure 4.6. The positions
of the optical axes and detector centers in reference to the center of SISO are projected
on the focal plane in the figure. The figure also shows “nominal positions” for various
observation modes, where an image of the target of an observation is planned to be placed.

In 1-CCD mode, for example, the satellite’s attitude is controlled so that an image of the
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target centers on the 1-CCD nominal position on the detectors.

Figure 4.6: Alignment of the detectors. The optical axes and detector centers of SIS0, SIS1, GIS2, and

GIS3 are shown. Nominal positions for various observation modes are also plotted in the figure.



Chapter 5

Instruments on-board RXTFE

Since our main goal is to understand variability and spectral behaviour of all TeV blazars,
we need X-ray data taken at various states of source activity. For this purpose, we
conducted several RXTFE (Rossi X-ray Timing Explorer) observations as a guest observer.
We also analyzed the archival data taken from 1996 April to 1998 January, to have more
complete sample. We mainly analyze PCA data in 2.5—20 keV range where the detector

is well calibrated and the best noise-to-signal ratio is obtained.

5.1 RXTE Satellite

RXTE is a X-ray mission which was launched on December 30, 1995. The spacecraft
was designed and built by the Goddard Space Flight Center (GSFC). It was launched
by a Delta II rocket that put RXTFE into a low-earth circular orbit whose apogee and
perigee are 580 and 560 km, corresponding to an orbital period of about 90 minutes, at
an inclination of 23 degrees.

RXTE carries two pointed instruments, the Proportional Counter Array (PCA) devel-
oped by GSFC and the High Energy X-ray Timing Experiment (HEXTE) developed by
University of California at San Diego (UCSD). PCA covers the lower part of the energy
range (2 — 60 keV), while the HEXTE covers a higher energy range, from 20 keV to
more than 100 keV. These instruments are equipped with collimators yielding an angu-
lar resolution of 1 degree. In addition, RXTE carries an All-Sky monitor (ASM) from
Massachusetts Institute of Technology (MIT), that scans about 80 % of the sky on every
orbit. ASM allows constant monitoring of the sky at time scales of 90 minutes or longer.
Figure 5.1 shows a schematic view of RXTFE satellite in orbit.

RXTE is designed to facilitate the study of time variability in the emission of celes-

tial X-ray sources with moderate spectral resolution. Time scales from microseconds to
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Figure 5.1: Schematic drawing of RXTE satellite. Three kinds of instruments, PCA, HEXTE

and ASM are carried on the spacecraft.

months are covered in an instantaneous spectral range from 2 to 100 keV. It is designed

for a required lifetime of two years, with a goal of five years.

5.2 PCA

5.2.1 System Description

The RXTE PCA (Proportional Counter Array) consists of five large proportional coun-
ters (PCUs) with anti-coincidence (hereafter “veto”) features which provide a very low
background. A mechanical hexagonal collimator is carried on each proportional counter,
which provides an angular resolution of 1 degree (FWHM). Because of the large effective
area, sources as faint as 1 mCrab can be detected only in a few seconds. The detailed
description on the PCA design, as well as the orbit performances are given in Jahoda et
al. (1996; 1999).

The total area of 5 PCUs is 6250 cm? The schematic view of an assembly of five
units and each proportional counter are given in Figure 5.2. We summarize the design

parameters and performance of PCA in Table 5.1. The PCA is effective over the energy
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range 2 — 60 keV with 18 % energy resolution at 6 keV. PCA units are filled with Xe
gas and achieve low background through efficient veto schemes including side and rear
chambers and a propane top layer.

The 1 degree FOV (FWHM) of the tubular (hexagonal) collimations yields a source
confusion limit at ~ 0.1 mCrab. The Crab nebula will yield 8700 cts/s (2 — 10 keV) and
1200 cts/s (10 - 30 keV) in the PCA. The background in these two bands are 20 and 24
cts/s, respectively. With these backgrounds, an AGN source of intensity 1.3 mCrab and
energy index 0.7 will be detected at > 2 ¢ in only 1 sec at 2 — 10 keV and at 3 ¢ in 10
sec at 10 — 30 keV. Monitored veto rates will provide a measure of the background to at

least 10 % of its value.

PCA ASSEMBLY (5 units)

PROPORTIONAL COUNTER (1 unit)
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Figure 5.2: left : Assembly of 5 PCA counters with total area of 6250 cm?. right : Schematic view of
one PCA unit.

Table 5.1: Design parameters and performance of RXTE PCA

Energy Band 2 — 60 keV

Energy Resolution < 18% at 6 keV (FWHM)

Time Resolution 1 sec

Angular Resolution 1 degree (FWHM)

Detectors 5 proportional counters

Collecting Area 6500 cm?

Net Area 3000 cm? (at 3 keV) and 6000 cm? (at 10 keV)
Layers 1 Propane veto, 3 Xe, 1 Xe veto layer
Sensitivity 0.1 mCrab (2 — 10 keV in minutes)
Background 2 mCrab

Telemetry 18 kb/s
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5.2.2 On-Board Data Processing

The system will process count rates from the PCA up to 5x10° cts/s (only 6 % deadtime
for the Crab) and will be able to determine photon arrival time with an accuracy of
~ 1 psec. The PCA data stream can be binned and telemetered in 6 different modes
simultaneously by 6 independent Event Analyzers (EA) which operate in parallel, each
analyzing the total PCA data stream. Two other EAs will process the ASM data and
control its rotation.

Two of the 6 PCA EAs are intended to be reserved for two standard PCA modes with
timing and spectral parameters that will remain unchanged throughout the mission to
provide a uniform mission data bank. For the remaining 4 PCA EAs, however, processing
modes are flexibly selected by guest observers to accommodate the scientific requirements.
The standard modes consists of Standard-1 and Standard-2. Standard-1 contains 8 rates
sampled at 0.125 sec; the total good event rate from each individual counter, propane event
rates summed over the PCA, and the rate of oll other events. Standard-1 also contains
calibration spectra which are stored and telemeterd separately for each detector and each
layer once every 128 seconds. Standard-2 contains 129 channel pulse height spectra for
each signal layer of each detector, 33 channel propane layer spectra for each detector, and
29 rates of various combinations of combinations of coincidences for each detector read

out every 16 seconds.

5.2.3 Reduction of PCA data

Energy Response

As we have seen in Figure 5.2, each PCU detector, from the top, consists of a thermal
shield, a collimator, an aluminized mylar window, a propane volumes, and a detector
body. The low energy threshold of the PCA is determined by the transmission of the
mylar windows (1 mm each) and the propane volume. For generating the response matrix,
the important quantity is the photo-electric stopping power of each layer and all exterior
layers.

The gain of the counter is monitored continuously with an ‘! Am radioactive source for
which detection of the « particle identifies the calibration X-rays. Additional information
about the energy scale has been obtained from measurements of the iron line in the super
nova remnant Cassiopeia A, and the Xe-L escape peak which is collected in a special
mode that keeps all events with a calibration flag.

PCA response matrices map 900 energies from 0.023 to 100 keV to 256 PHA channels.
Half of the energy channels are equally spaced below 10 keV, except that the three channels
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which include one of the Xe-L edges are split into two channels with channel boundary
matching the atomic edge. The remaining channels are also equally divided except that

the channel including the Xe-K edge is again split into two channels.

Background

The detector background mainly consists of two components — the diffuse sky background
which enters through the collimator as X-rays, and the internal background which arises
from interactions between radiation or particles in orbital environment with the detector
or spacecraft. Since PCA does not produce continuous measurements of the background,
it relies on a model background.

Figure 5.3 shows the total background summed over all 5 PCU detectors during the
observation of Mrk 501 in 1998 May (§ 8). The upper line includes photon counts from
the source, for comparison. Line features are present due to Xe-L escape photons, copper
fluorescence (primarily from the backplane, and concentrated in the third layer), unflagged
calibration events, and a contribution which appears to come from residual activity in
the collimator. The background typically varies between 18—24 cts/s/PCU. In practice,
the most significant contributions to the background are dependent on the local particle
environment of the satellite and the recent history of passage through SAA ; the presence
of background components after passage through the SAA indicates that some of the

detector or spacecraft becomes activated.

Mrk 501 (1998 May)
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Figure 5.3: The PCA background versus source photon counts from Mrk 501 (from 1998 May

observation). The count rate of 5 PCUs are summed.
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To model the background, it is assumed that the internal background varies on a time
scale which is long compared to the natural time-scale of the PCA Standard-2 data (16
sec). The design is such that the model can be evaluated once every 16 seconds, and that
the equivalent of a Standard-2 data file can be created with separate information for each
detector and each anode chain.

The modeled background spectrum can be based on parameters measured at the time
of the observation, parameters describing the condition and position of the spacecraft,
and parameters describing the evolution of the spacecraft. PCA background models
based on these parameters have been constructed in two ways: using data from blank-sky
observations and using data from periods of Earth occultation. The models based on
the local particle parameters are constructed using data from only those spacecraft orbits
in which the SAA-induced activation is small. Some of these data are still significantly
contaminated by SAA-induced activation but this contamination can be later removed by

an appropriately constructed model of the activation component of the background.

Electron Contamination

The background models are parameterized in terms of particle rate. In addition to the
high energy protons and ions, low energy electrons may also lose their energy within the
detector. Electrons with several 10s of keV may come through the collimator and stop
in the first Xe layer. The rate of propane plus first layer coincidences measures such a
population, and while these events are vetoed, the rate can be used to screen periods when
there could be increased background, for instance due to the same electrons fluorescing
the collimator. For the reliable data reduction, we screen the data when the electron rate

is significantly high.

5.3 HEXTE

The HEXTE (High Energy X-ray Timing Experiment) features a large area and low
background with a 1 degree field of view coaligned with the PCA field of view. Eight
“Phoswich(Nal4CsI)” detectors are arranged in two clusters, each of which rocks on and
off the source. This and automatic gain control for each of the eight detectors together
yield a well determined background which permits the spectral measurements of a faint
source (1 mCrab) at 100 keV in about 1 day. We summarize the design parameters and
performance of HEXTE in Table 5.2.

In this thesis, however, we do not use HEXTE data for several reasons. Firstly, a lot of

calibration problems still remain and make the analysis results quite uncertain. Secondly,
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the typical exposure for RXTE observation (~ 1 ksec) was too short to yield the hard
X-ray spectrum at > 20 keV. Thirdly, X-ray spectra of TeV blazars evolve significantly
during the observation. Hence we cannot sum over the photons obtained in different
epochs. To see this more clearly, one example of the HEXTE spectrum derived from 60

ksec integration of data is given in Figure F.1.

Table 5.2: Design parameters and performance of RXTE HEXTE

Energy Band 20 - 200 keV

Energy Resolution < 18% at 60 keV (FWHM)

Time Resolution 10 p sec

Angular Resolution 1 degree (FWHM)

Detectors 2 clusters of NaI(T1) and CsI(Na) phoswich units (4)
Collecting Area 1600 cm?

Net Area 1200 ¢cm? (at 50 keV) and 300 ¢cm? (at 200 keV)
Sensitivity 1 mCrab (90-110 keV; 3 o for 10° sec pointing)
Background 100 mCrab

Telemetry 5 kb/s

5.4 ASM

The ASM (All Sky Monitor) is the watchdog that alerts XTE to flares and changes of
state in X-ray sources. It consists of three rotating Scanning Shadow Cameras (SSC) that
can scan about 80 % of the sky in 90 minutes. The camera is sensitive to 2 — 10 keV
X-rays and have three energy channels. The cameras provide measurements of intensities
of about 75 known celestial sources in a day and can measure the position of a previously

unknown source with a precision of about 3’.

5.4.1 System Description

The ASM consists of three Scanning Shadow Cameras (SSC) on one rotating boom with
a total net effective area of 90 ¢cm? (180 cm? without masks). Figure 5.4 shows schematic
view of the assembly of shadow cameras and their scan directions. The design parameters
and performance of ASM are summarized in Table 5.3.

Each SSC is a one-dimensional “Dicke camera” consisting of a 1-dimensional mask
and a 1-dimensional position-sensitive proportional counter (Figure 5.4). Because of the

mask (‘slit’) above the proportional counter, the X-rays coming from different directions
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should make different images on anodes, which is the principle of the Shadow Camera.
The gross field of view of a single SSC is 6° x 90° FWHM, and the angular resolution in

the narrow (imaging) direction is 0.2 degree.

A motorized drive will rotate the three SSCs from field to field in 6° steps. At each
resting position, a ~ 100 sec exposure of the X-ray sky will be made; a complete rotation
is thus completed in 90 minutes. Since the ‘crossed-field detectors’ are stepped by only
the 6° FWHM angle, each source is viewed twice. In this manner, each source gives rise to
the entire mask pattern in the accumulated data, thus minimizing aliasing and side bands
in the deconvolved results. During each rotation, ~ 80 % of the sky will be surveyed to
a depth of ~ 20 mCrab (about 50 sources). Frequent spacecraft maneuvers will make
it likely that 100 % of the sky is surveyed each day. In one day, the limiting sensitivity

becomes < 10 mCrab (~ 75 sources).

ALL-SKY MONITOR

ASSEMBLY
(3 Shadow Cameras)

SHADOW CAMERA (1 of 3)
6 cm Partition

Mask
1 dimensional
50%open)

12° toe out

127 toe out

Figure 5.4: left : All-Sky Monitor assembly of 3 Shadow Cameras. ASM scans 80 % of the sky every
90 minutes to monitor the intensity of the brightest 75 X-ray sources and to provide an alert if a source
changes state or brightness suddenly. This allows the spacecraft to be maneuvered to observe with more
powerful PCA/HEXTE systems. right : Shadow Camera (1 of 3) of All Sky Monitor. Each SSC is a
sealed proportional counter filled to 1.2 atm with Xe-COs,, and sensitive depth of 13 mm.
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Table 5.3: Design parameters and performance of RXTE ASM

Energy Band 2 — 10 keV
Energy Resolution ~20% in 2 — 10 keV (3 energy channels)
Scan Time 90 min: 80 % of the sky per orbit

Angular Resolution 0.2 degree

Positional Resolution 3’ x 15’

Detectors 3 Scanning Shadow Cameras

Collecting Area 180 ¢m? (without masks)

Net Area 90 cm? (3 detectors)

Sensitivity 20 mCrab in 90min; < 10 mCrab in a day
Telemetry 3 kb/s

5.4.2 Reduction of ASM data

The position histograms are analyzed in near-real time in the Science Operations Facil-
ity at GSFC. The data is first fit with the model responses of each SSC to the cata-
logued bright X-ray sources within the field of view. A linear least squares calculation
yields the strengths of each of these sources. Next, the fit residuals are examined via
a cross-correlation technique for evidence of previously unknown or unexpectedly bright
sources. When a new source is found, its coordinates are entered into the source cata-
logue. For quick-look analysis, the data will be performed on a dwell-by-dwell and SSC-
by-SSC basis. For the definitive analysis, the analysis will be performed simultaneously
on data from neighboring dwells and from multiple cameras. The resultant ASM light
curves are open to public and one can obtain the data via online service for 75 sources
(http://space.mit.edu/XTE/asmlc/ASM.html).






Chapter 6

Observation

6.1 X-ray Observations with ASCA

We analyzed data from 37 ASCA observations of four TeV blazars as listed in Table
6.1. The total net exposure amounts to 540 ksec for Mrk 421, 100 ksec for Mrk 501,
210 ksec for PKS 2155—304, and 60 ksec for 1ES 23444-514. The observational log for
ASCA observations are shown in Table 6.2—6.5. Observation epoch of four TeV blazars

are schematically shown in Figure 6.1.

The data we analyzed in this thesis consists of the data taken according to our proposal,
and the data taken during the Performance Verification (PV) phase. For all observations,
the SIS was operated in the faint mode for bit-High and bright mode for bit-Medium
(see also § 4). In all observations, except for those taken in the PV phase, source positions
were placed in the nominal position of 1-CCD mode at chip 1 and chip 3 of SISO and
SIS1, respectively (Figure 4.6). The GIS was operated in PH mode with standard bit
assignment for all observations. For the observations in the PV phase (1993), the SIS was
operated in 4-CCD mode, and the GIS was operated in PH mode.

Most of ASCA observations listed in Table 6.2—6.5 are conducted simultaneously
with the EGRET detector on-board the CGRO satellite and/or Whipple ground-based
Atmospheric Cherenkov Telescope. CGRO observations lasts typically two weeks and
the observations by Whipple lasts several hours per night. Observations with Cherenkov
Telescope were performed in clear nights without bright moon. To cover the same time
duration with y-ray detectors in the X-ray band, ASCA observations were usually divided
into several short time intervals (~ 10 ksec) during the multi-frequency observations,

except for the ‘big’ campaign of Mrk 421 conducted in 1998.

67
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Table 6.1: TeV blazars observed with ASCA & RXTE

Source Other Position (J2000) (Galactic Co-ord) z® NG e class @
Name RA DEC 1 b [dr]®
11014384 Mrk 421 166.1138 38.2088 179.832 65.032 0.031 1.45 HBL
[3.853]
16524398 Mrk 501  253.4676 39.7602 63.600 38.859 0.034 1.73 HBL
[4.229]
2155—-304 PKS 329.7169 —30.2256 17730 —52.246 0.117 1.77 HBL
[14.72]
23444514 1ES 356.7702 51.7050 112.891 —9.908 0.044 16.0 HBL
[5.487]

a

redshift of the source.

b luminosity distance in the units of 10%° ¢cm. The Hubble constant is assumed to be Hy = 75 km s~*
Mpc— 1.

¢ Galactic column density in the units of 10?® cm~2. Elvis et al. (1989) for Mrk 421 and Mrk 501, Stark
et al. (1992) for PKS 2155—304 and 1ES 23444-514.

¢ HBL: high-frequency-peaked BL Lac objects. For more detail, see § 2.
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Figure 6.1: Observations of four TeV blazars with ASCA & RXTE . black: ASCA observations.
gray: RXTE (PCA) observations. Arrows : RXTE (ASM) observations.
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Table 6.2: ASCA observation log of Mrk 421

69

Source Name  Start (UT) End (UT) Exp. (ksec) SIS mode?® CCD mode ®
SIS GIS bit-H/M
Mrk 421 1993.05.10 03:22  1993.05.11 03:17  38.8 42.8 F/B 0123/2301
1994.05.16 10:04 1994.05.17 08:06 29.5 38.9 F/B 1111/3333
1995.04.25 19:16  1995.04.26 03:01 9.3 11.1 F/B 1111/3333
1995.04.28 06:18 1995.04.28 13:51 8.4 9.3 F/B 1111/3333
1995.04.29 11:23  1995.04.29 18:36 11.6 12.1 F/B 1111/3333
1995.05.01 07:46  1995.05.01 15:32 9.9 10.3 F/B 1111/3333
1995.05.03 11:12  1995.05.03 18:45 114 11.5 F/B 1111/3333
1995.05.05 15:52  1995.05.05 23:51 11.2 11.5 F/B 1111/3333
1995.05.06 19:05 1995.05.07 03:01 11.4 13.0 F/B 1111/3333
1995.05.08 06:07 1995.05.08 13:27 11.5 124 F/B 1111/3333
1996.12.15 18:37  1996.12.16 00:51 10.2 11.5 F/B 1111/3333
1997.04.29 01:45 1997.04.29 08:00 10.1 12.3 F/B 1111/3333
1997.04.30 01:35 1997.04.30 07:51 9.7 11.7 F/B 1111/3333
1997.05.01 20:34  1997.05.02 04:06 11.6 13.3 F/B 1111/3333
1997.05.03 03:23  1997.05.03 10:36 9.5 10.4 F/B 1111/3333
1997.05.04 04:15 1997.05.04 11:56  10.3 10.9 F/B 1111/3333
1997.05.06 01:37 1997.05.06 08:32 10.5 11.6 F/B 1111/3333
1997.06.03 00:12  1997.06.03 06:51  10.2 11.1 F/B 1111/3333
1998.04.23 23:08  1998.04.30 19:32 2574 280.6 F/B 1111/3333
@ F: Faint mode, B: Bright mode.
b CCD chip ID for SIS0/1. 1111/3333’ represents nominal 1-CCD mode, while ‘0123/2301’ is nominal 4-CCD mode.
Table 6.3: ASCA observation log of Mrk 501
Source Name  Start (UT) End (UT) Exp. (ksec) SIS mode CCD mode
SIS GIS  bit-H/M
Mrk 501 1996.03.21 06:07 1996.03.21 12:01 10.6 11.5 F/B 1111/3333
1996.03.26 02:57 1996.03.26 10:01 10.8 12.0 F/B 1111/3333
1996.03.27 16:52  1996.03.27 22:41 10.6 11.5 F/B 1111/3333
1996.04.02 16:35 1996.04.02 22:21 11.5 12.3 F/B 1111/3333
1998.07.18 17:52  1998.07.19 04:11 16.1 17.9 F/B 1111/3333
1998.07.20 19:14 1998.07.21 04:40 15.4 17.0 F/B 1111/3333
1998.07.21 20:45 1998.07.22 05:21 134 15.6 F/B 1111/3333
1998.07.23 21:47 1998.07.24 06:43 14.6 17.0 F/B 1111/3333

6.2 X-ray Observations with RXTFE

We analyzed data from 287 RXTF observations of three TeV blazars as listed in Table
6.1 (no observation for 1ES 2344+514). The total net exposure was 185 ksec for Mrk
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Table 6.4: ASCA observation log of PKS 2155—304
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Source Name Start (UT) End (UT) Exp. (ksec) SIS mode CCD mode
SIS GIS bit-H/M

PKS 2155—-304 1993.05.03 20:56  1993.05.04 23:54 34.8 37.3 F/B 0123/2301
1994.05.19 04:38 1994.05.21 07:56 84.8 96.1 F/B 1111/3333
1996.05.22 03:14  1996.05.22 06:20 4.3 5.2 F/B 1111/3333
1996.05.24 04:15 1996.05.24 09:40 9.5 11.0 F/B 1111/3333
1996.05.26 16:31  1996.05.26 22:07 109 11.7 F/B 1111/3333
1996.11.14 08:46  1996.11.14 20:20 18.2  20.6 F/B 1111/3333
1996.11.15 09:23  1996.11.15 20:41 18.6  20.9 F/B 1111/3333

Table 6.5: ASCA observation log of 1ES 23444514

Source Name  Start (UT) End (UT) Exp. (ksec) SIS mode CCD mode
SIS GIS  bit-H/M

1ES 23444514 1997.01.10 15:31 1997.01.11 15:10 36.0  39.8 F/B 1111/3333

1997.01.23 05:09 1997.01.23 09:30 114 11.6 F/B 1111/3333

1997.12.20 23:22  1997.12.21 05:41 11.3  12.8 F/B 1111/3333

421, 231 ksec for Mrk 501, and 255 ksec for PKS 2155—304. The detail log of RXTFE
observations is given in Appendix A (Table A.1—A.3; Mrk 421, A.4—A.5; Mrk 501, and
A.6—A.8; PKS 2155—304). The large effective area of the PCA enables us to obtain high
quality spectrum with relatively short observation time (see § 5). Typical exposure for
one pointing is ~ 1 ksec, and 20 ksec at the longest. Thus the pointing direction can be
changed frequently even within a day.

In this thesis, we analyzed data taken according to our proposal and data sets from
the RXTE public archive. We carried out 11 observations of Mrk 501 in 1998 May (net
exposure time of 60 ksec). For the archival data, we used the data obtained from April
1996 to January 1998. We did not use the data before April 1996, because the reliable
background model has not been available for this period
(for more detail, see, http://heasarc.gsfc.nasa.gov/docs/xte/pca_news.html).

In addition to the data taken with the PCA and HEXTE, the ASM data are also used.
ASM scans 80 % of the sky in every 90 minutes to monitor the intensity of the brightest
75 X-ray sources. Four TeV blazars are included in the list and constantly monitored for
more than 3 years (only 2 years data are available for 1ES 2344+514). Although ASM
data is available with a time resolution of 90 minutes, we binned the data into one-day

because of the low photon statistics.
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All the PCA data analyzed in this thesis were taken by the combination of standard-1
mode, standard-2 mode, GoodXenonl-16s mode and GoodX enon2-16s mode. In this
combination, the data extracted from standard-2 mode, which has a time resolution of
16 sec, are sufficient for the temporal and spectral analysis presented in this thesis. We

also note that we do not use the HEXTE data for the analysis, as we mentioned in § 5.3.

6.3 Individual Targets

Mrk 421

Since the launch of ASCA in 1993, we have performed extensive observations of Mrk 421.
It spanned more than five years from 1993 to 1998 (Takahashi et al. 1994; 1995; 1998),
while observations spanned two years (1996—1997) for RXTE .

Our observations are based on two different strategies. First approach is the continuous
observations for more than 1 day, which enables us uninterrupted monitoring of time evolu-
tion of blazars (1993, 1994 and 1998 observations; Table 6.2). In particular, we conducted
intensive world-wide campaign in 1998 from radio to TeV. During this campaign, EGRET
instrument could not obtain the data due to the deterioration of the detector. Unprece-
dented continuous coverage in the X-ray band with ASCA started from 1998 April 23 to
April 30 UT, yielding a net exposure of 280 ksec.

Second approach is the short observations of 8 =10 ksec which are spaced between 1
to 3 days apart, such that it covered the GeV/TeV ~-ray observations. Main purpose of
this approach was to monitor long term stability, rather than the short term behaviour
(1995, 1997 observations with ASCA and all RXTE observations; Table A.1—A.3). With
this approach, we succeeded to have 11 simultaneous observations in keV X-ray and TeV
v-ray bands (see, Table 6.7).

Mrk 501

Observation in 1996 were divided into four short intervals of ~ 10 ksec. One of four
observations was done simultaneously with EGRET and Whipple (see below) and the
observation in 1998 was done simultaneously with the HEGRA Cherenkov telescope.

To investigate the rapid time variability for this source, we conducted 2-day continuous
observation in 1998 May by RXTFE . This is probably the longest continuous observation
for this source in the X-ray energy band (Table A.5). In order to increase data samples,
we extracted data sets from public archive for 1996—1998 observations. This includes the

RXTEF data during the historical highest state in 1997 April to July, as well as the quies-
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cent and the intermediate state before/after the flare. Most of the RXTE observations of
Mrk 501 have exposures of ~ 1 ksec. These observations were separated about one day.

19 observations were conducted truly simultaneously in keV X-ray and TeV ~v-ray bands.

PKS 2155-304

We analyzed the X-ray data of PKS 2155—304 from 1993 to 1998 observations. We
observed the source three times with ASCA . ASCA observation in 1994 was conducted as
a part of multi-frequency campaign (Urry et al. 1997). The ASCA observation continued
for 2 days (Table 6.4; Kataoka et al. 2000). The observation in 1993 was continuous
for one day, but the source was extremely bright that a part of the data is not available
because of the saturation of the detectors. In order to monitor the long term variability
of the source, the observation in 1996 was divided into 5 short intervals (~ 10 ksec).

For RXTE observations, we used archival data. The RXTFE observation conducted
in 1996 May was a part of multi-frequency campaign. During the campaign, RXTFE
continuously monitored the source for two weeks (Table A.6). 1997 observations were
short in time (~ 1 ksec), but recorded highest flux ever observed for this source. 1997
November observations are partly overlapped with the GeV (EGRET) and TeV (Durham

Mark 6 Cherenkov telescope) y-ray observations.

1ES 23444514

We conducted three ASCA observations of 1ES 23444-514 in 1997. One of which was the
observation lasted one day and the others are 10 ksec short observations (Table 6.5). No
RXTE observations have been conducted for this source so far, except for daily monitoring
by the All Sky Monitor.

6.4 Simultaneous Observations

6.4.1 X-ray and GeV y-ray (EGRET) observations

The log of multi-frequency campaigns with EGRET instrument is summarized in Table
6.6. Because of the relatively weak emission of HBLs in the GeV energy band, the sources
could not be detected with high significancies (> 4 o) in several observation periods.
However, Mrk 421, Mrk 501 and PKS 2155—304 were detected at least once, during the

multi-wavelength observations presented in this thesis.
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Table 6.6: List of simultaneous X-ray/GeV (EGRET) observations

EGRET ASCA RXTE
Source Viewing Start (UT) End (UT) Detection? *

Name Period (VP) [yymmdd] [yymmdd] [yymmdd] [yymmdd]
Mrk 421 326.0 940510 940517 YES 940516 —
418.0 950425 950509 NO 950425 —

~ 950508
Mrk 501 516.5 960321 960403 YES 960321 —

~ 960402
617.8 970409 970415 NO — 970409
~ 970415
PKS 2155 520.4 960521 960528 NO 960522 960521
—304 ~ 960526 ~ 960528
702.0 971118 971125 YES — 971120
~ 971122
709.1 980106 980113 NO — 980109
~ 980113

* YES: GeV ~-rays are detected at > 4 ¢ level. NO : GeV ~-rays are not detected during the observation.

6.4.2 X-ray and TeV ~y-ray (Whipple ) observations

The X-ray observations listed in Table 6.7 were conducted simultaneously with TeV ob-
servations with the Whipple Cherenkov telescope. For the big campaign, we conducted
in April 1998, we obtained additional data from other two TeV Cherenkov telescopes,
HEGRA and CAT. No simultaneous X-ray/TeV observation has been performed for
PKS 2155—304 and 1ES 2344+514.



74 CHAPTER 6. OBSERVATION

Table 6.7: List of simultaneous X-ray/TeV ( Whipple ) observations

TeV(Whipple ) observation ASCA RXTE
Source Start Time End Time significance | Start (UT)
Name [MJD] [MJD] o yymmdd yymmdd [OBS-ID]

Mrk 421 50567.15 50567.25 — 970429 970429 [P20341-01-04-00]
50568.15 50568.25 — 970430 970430 [P20341-01-04-01]
50570.15 50570.25 — 970502 970502 [P20341-01-05-00]
50571.15 50571.25 — 970503 970503 [P20341-01-05-01]
50574.15 50574.25 — 970506 970506 [P20341-01-05-05]
50927.13 50927.29 — 980424 (980424)1
50928.22 50930.24 — 980425 (980425)T
50930.14 50930.28 — 980427 (980427) T
50931.14 50931.28 — 980428 (980428) T
50932.19 50932.28 — 980429 (980429) T
50933.22 50932.27 — 980430 (980430)T

Mrk 501 50168.38 50168.48 0.94 960326 —
50545.36 50545.46 10.32 — 970407 [P20340-04-09/10-00]
50546.20 50545.30 11.85 — 970408 [P20340-04-11/12-00]
50547.37 50547.47 7.88 — 970409 [P20340-04-13/14-00]
50550.33 50550.43 16.32 — 970412 [P20340-04-19/20-00]
50551.35 50551.45 32.06 — 970413 [P20340-04-21/22-00]
50552.37 50551.47 22.46 — 970414 [P20340-04-23/24-00]
50553.37 50553.47 19.83 — 970415 [P20340-04-25/26-00]
50554.38 50554.48 27.24 — 970416 [P20340-04-27/28-00]
50570.29 50570.39 7.01 — 970502 [P20340-01-02/03-00]
50573.31 50573.41 17.80 — 970505 [P20340-01-07/08-00]
50574.34 50574.44 14.52 — 970506 [P20340-01-09/10-00]
50575.23 50575.33 12.01 — 970507 [P20340-01-11/12-00]
50576.30 50576.40 27.50 — 970508 [P20340-01-13/14-00]
50577.28 50577.38 40.54 — 970509 [P20340-01-15/16-00]
50582.27 50582.37 8.62 — 970514 [P20340-01-25/26-00]
50959.29 50959.39 2.86 — 980526 [P30249-01-01-04]
50960.29 50960.39 3.98 — 970527 [P30249-01-01-06]
51013.17 51013.27 3.11 980719 —

t. RXTE observations were conducted, but data are not in archive. These results are not shown in this

thesis.



Chapter 7

Analysis and Results of ASCA

Observations

7.1 Analysis

7.1.1 Data Reduction

We reduced the data using the analysis softwares supplied by the ASCA Guest Observer
Facility at the NASA Goddard Space Flight Center (GSFC) and the Institute of Space
and Astronautical Science (ISAS). We first selected the data by the orbital conditions of
the satellite. The minimum elevation angle from the Earth’s limb is 10 and 5 degrees for
the SIS and the GIS, respectively. The minimum cutoff rigidity is 6 GeV /c. We excluded
the data obtained during the passage through the South Atlantic Anomaly. For the SIS
data, we selected the data based on the criterion that the angle between the target and the
illuminated Earth’s limb is larger than 20 degree, to avoid the contamination by radiation
from the Earth’s atmosphere.

We next reduced the data by taking the detector performance and stability of satellite
attitude into account. Since the attitude of satellite is not stable just after changing the
pointing direction, we excluded the data obtained when the difference between the actual
Euler angle and scheduled angle is larger than ~ 1 arcmin. We reduced the background
in the GIS data by using the information of rise time discrimination (see § 4.4.3). We
excluded hot pixels and flickering pixels of the SIS (§ 4.3.3) and selected the normal SIS
events with grades 0, 2, 3 and 4 (see, Figure 4.4). The latter selection can effectively
reduce background events mainly by charged particles. These criteria for data reduction

are summarized in Table 7.1.

For the SIS data, we converted faint data to bright data and combined all data as

5
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bright data. Since the echo and dark frame errors (§ 4.3.3; 4.3.3) cannot be corrected in
bright format, we estimated the dark frame errors using faint data. The correction of
dark frame errors and echo were incorporated in the detector response of the SIS for the

spectral analysis.

Table 7.1: Screening criteria for ASCA analysis

Screening Item Screening  Criteria
SIS 0/1  GIS 2/3
Elevation * 10.0 5.0
Cutoff Rigidity ® 6.0 6.0
SAA Cut ¢ YES YES
Bright Earth ¢ 20.0 —
Maneuver ¢ YES YES
Grade (SIS only) ¥ 0,2,3,4 —
Hot Pixel (SIS only) ¢ YES —
Rise Time (GIS only) » — YES

¢ The minimum elevation angle above the Earth’s limb
b The minimum cutoff rigidity
¢ ‘YES’ if the data in SAA are excluded
4 The minimum angle between the target and the illuminated Earth’s limb
¢ ‘YES’ if the data when the attitude of satellite was unstable were eliminated
f SIS grade selection (see, Figure 4.4) used in the analysis
9 ‘YES’ if the hot pixels and flickering pixels are removed

h “YES’ if the rise time discriminator are used to reduce background

7.1.2 Background Subtraction

After the screening processes were done, we separated the source and background photons
using the images on the SIS and the GIS. We extracted the source counts from a circular
region centered on a target with a radius of 3 arcmin for the SIS (1-CCD mode). This
is because the half power diameter of the XRT is 3 arcmin (see, §4.2) and more than 50
% photons are included within a radius of 3 arcmin. For the SIS (4-CCD mode) and the
GIS, larger region were selected with a radius of 6 arcmin. The radius used to extract
source photons is given in Table 7.2 for each observation.

Most of the TeV blazars analyzed in this thesis are bright, in the sense that the back-
ground becomes comparable with source photons only at > 8 keV. In this case, the Cosmic
X-ray Background and its fluctuations are negligible compared with the count rate from
the source (< 1%). However, to measure the flux and spectral form of the faint sources,

it is important to subtract both the internal and external background accurately (§ 4.3.3;
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4.4.3). In our observations, 1ES 23444514 is the faintest and needs background subtrac-
tion. We also subtracted the background for an observation of Mrk 421 in 1993, because
the source was relatively faint during the observation. We performed no background
subtraction for other observations (§ 6), to avoid any instrumental artifacts.

Since the background of the SIS detectors is flat on the chip, we estimate the back-
ground from the entire chip after subtracting the target region. For the GIS, we estimated
the background from the region at the same off-axis angle as the source position. This is
because the intrinsic (detector) background is dependent on the distance from the optical

axis (e.g., Makishima et al. 1996).

Table 7.2: ITmage region for source and background spectrum
Source Name Start Date (UT) | Source Background
radius (arcmin) | radius (arcmin) Local
S0/S1/G2/G3 | S0/S1/G2/G3 BGD
Mrk 421 1993.05.10 6/6/6/6 6/6/6/6 Lo
1994.05.16 3/3/6/6 — —b
1995.04.25 3/3/6/6 — —
~ 1995.05.08 3/3/6/6 — —
1996.12.15 3/3/6/6 — —
~ 1997.06.02 3/3/6/6 — —
1998.04.23 1/2.6/6/6 © — —
Mrk 501 1996.03.21 3/3/6/6 — —
~ 1996.04.02 3/3/6/6 — —
1998.07.18 3/3/6/6 — —
~ 1998.07.23 3/3/6/6 — —
PKS 2155 1993.05.03 6/6/6/6 ° — —
— 304 1994.05.19 3/3/6/6 — —
1996.05.22 3/3/6/6 — —
~ 1996.05.26 3/3/6/6 — —
1996.11.14 3/3/6/6 — —
~ 1996.11.15 3/3/6/6 — —
1ES 2344 1997.01.10 3/3/6/6 3/3/6/6 L
+514 1997.01.23 3/3/6/6 3/3/6/6 L
1997.12.20 3/3/6/6 3/3/6/6 L

¢ L: local background is subtracted.

b Background was not subtracted, because the source was very bright.

¢ Image region of the SIS is small to avoid the effects from the telemetry saturation (see § 7.1.3 for
more detail). The GIS light curves were approximately calculated from the count rate on the Lower
Discriminator (LD).

4 Data taken at medium bit rate were not used because the telemetry was strongly saturated.
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7.1.3 Treatment of the Telemetry Saturation

In two observations of PKS 2155—304 (1993) and Mrk 421 (1998) (Table 7.2), sources were
extremely bright and telemetry was partly saturated. When the telemetry is saturated,
the part of of the data are lost before transmitting to the ground station.

The saturation limit is 16 cts/s for the GIS data taken at the medium bit rate (§
4.4.2). For Mrk 421 observation in 1998, the GIS count rates exceed this limit, hence
we approximately estimate the count rate from the hit rate of the Lower Discriminator
(LD). We also extracted the data from the period in which effects of the saturation are
negligible. For PKS 2155—304 (1993), the GIS was not saturated through the observation.

The saturation limit for the SIS bright mode is 32 cts/s when the data are taken at a
medium bit rate (1-CCD mode; § 4.3.2). Since the nominal source position is close to the
readout gate on the CCD chip, the X-ray events closer to the center of image are read out
earlier. Saturated portion on the chip can be eliminated by selecting the narrower source
region than usual (3 arcmin). For the Mrk 421 observation in 1998, we found that the
effects of saturation is negligibly small when we choose the source radius at 1.0 arcmin
for the SISO, while 2.6 arcmin for the SIS1 (Figure 7.1).

We note that the calibration of the SIS is done assuming the source radius of 3 arcmin.
We thus verify that the analysis results do not change even if we choose narrower source
region (1 arcmin) than usual. For PKS 2155—304 observation in 1993, all regions on the
chips are heavily affected by telemetry saturation, thus we did not use the data taken at
medium bit rate (about 60 % in total) because it is very difficult to estimate the flux of

the source.

7.2 Results from Temporal Studies

7.2.1 Time Variability

As described in § 2, time variability is one of the marked features of blazars. Four TeV
blazars were observed repeatedly with ASCA since the launch in 1993 (§ 6). We investigate
both the long-term (weeks to years) and the short-term (hours to weeks) variability. We
used the GIS data to compare the source count rate, because the GIS has wider field of
view than the SIS (§ 4.4.1) and is less affected by the attitude of the satellite and position
of the source on the detector.

In the following analysis, the source counts are extracted from a circular region cen-
tered on a target with a radius of 6 arcmin for the GIS. The binning time is 1024 sec and
the count rate of the GIS2 and the GIS3 are summed in the energy band 0.7—7.5 keV.
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Figure 7.1: Relation of the normalized SISO count rate versus normalized SIS1 count rate, during Mrk
421 observation in 1998. left; the source radii are 3 arcmin for both the SISO and SIS1. Count rates are
normalized to their mean values; 20.5 cts/s for the SISO and 16.7 cts/s for the SIS1. The SISO light curve
is saturated when the source was in the brightest state and the data were taken at the medium bit-rate.
The effect is indicated by an arrow. right; the source radii are 1 arcmin for the SISO and 2.6 min for the
SIS1. Count rates are normalized to their mean values; 8.2 cts/s for the SISO and 15.5 cts/s for the SIS1.
The effect of telemetry saturation has disappeared.

Mrk 421

As we see in Figure 7.2, the source was the faintest in 1993 (2—5 cts/s for the GIS) and the
brightest in 1998 (10—40 cts/s for the GIS). In addition to this large-amplitude variability
on time scales from weeks to years, rapid variability is clearly seen during the observations
in 1993 and 1994. Count rate varied by a factor of 2 during a half day period. A small but
rapid variability on time-scales of hours to days is also seen in the 1995 and 1997 data.
The source intensity varied 40 % or less during 8 hours. In the 1998 observation, the
source was extremely bright and the occurrence of day-by-day flare was clearly detected.
The subsequent analysis revealed that Mrk 421 was in the historical high state during our
observation in 1998 (see, § 7.3).

Mrk 501

The light curves of Mrk 501 are shown in Figure 7.3. To carry out simultaneous monitoring
of the source with the v-ray detectors, we divided our observations into short time intervals
(~ 10 ksec). For the 1996 observations, the flux decreased gradually by a factor of 2 (6
— 3 cts/s for the GIS) on a time scale of two weeks. In 1998, the source was brighter (7
cts/s for the GIS) than 1996 observations. A small flux variation of 30 % was observed
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Figure 7.2: The GIS light curves of Mrk 421 from 1993 to 1998 ASCA observations. The source counts
are extracted from a circular region centered on the target with a radius of 6 arcmin for the GIS. The
binning time is 1024 sec. Energy band is 0.7—7.5 keV. The count rate of the GIS2 and the GIS3 are
summed. We estimate the GIS count rate from the LD hit rate for 1998 observation, because the source

was very bright and the telemetry was partly saturated.

during one-week observation. Contrary to Mrk 421, no significant variability as short as
hours is seen in the light curve; a constant fit of the data for each observation (~ 10 ksec)

does not indicate any rapid time variability in the sense that P(x?) < 1%.

PKS 2155-304

The light curves of PKS 2155—304 are shown in Figure 7.4. The source was brightest in
1993 (15—23 cts/s for the GIS) and the faintest in 1996 (3—4 cts/s for the GIS), which
indicates the changes of more than factor 5 in the flux. Similar to Mrk 421, PKS 2155—304
also shows time variability on time scales as short as hours. The 1993 observation caught
a brightening phase. The source varied by 60 % during one day. In 1994, PKS 2155—304

was continuously observed for two days. At the beginning of the 1994 observation, we
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Figure 7.3: The GIS light curves of Mrk 501 from 1996 to 1998 ASCA observations. The source counts
are extracted from a circular region centered on a target with a radius of 6 arcmin for the GIS. The
binning time is 1024 sec. Energy band is 0.7—7.5 keV. The count rate of the GIS2 and the GIS3 are

summed.

detected a large flare, where the source intensity varied by a factor of 2 in 8 hours. After
the flare, the flux became quite stable but fluctuated with the amplitude of 20 %. In 1996
May observations, the source intensity varied by about 50 % in 4 days, but only 10 %
fluctuation during each observation period (4 hours). Two observations in 1996 November

showed no significant variabilities or flares.

1ES 23444514

The light curves of 1ES 23444514 are shown in Figure 7.5. The source was brightest in
January 1997 (0.8 cts/s for the GIS) and faintest in December 1997 (0.5 cts/s for the
GIS), which indicates the changes by a factor of ~ 2 in flux. No time variability as rapid
as hours was detected during the observations (P(x?) > 1 % for a constant fit).
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Figure 7.4: The GIS light curves of PKS 2155—304 from 1993 to 1996 ASCA observations. The source
counts are extracted from a circular region centered on a target with a radius of 6 arcmin for the GIS.
The binning time is 1024 sec. Energy band is 0.7—7.5 keV. The count rate of the GIS2 and the GIS3 are

summed.

7.2.2 Energy Dependence of Variability
Variability Amplitude

In order to quantify the variability properties, we first introduce the general definition of
the fractional rms variability parameter (e.g., Rodriguez-Pascual et al. 1997; Zhang et
al. 1999). The rms variability characterizes the mean variability of the source during the
observation. The parameter is defined as follows.
We assume there are data series (a light curve) F;(t), where i is the ID of the data
number (1<i<N) and ¢ is the time. The standard deviation for this time series is
2 1 & 2
7= =g LU ~ P (7.1)
where Fle.n 1S the mean count rate. We define the random variance, due to random

errors o,(t) associated with F;(t) as

2 1 ol
Ap = ¥ ; (7.2)
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Figure 7.5: The GIS light curves of 1ES 23444514 in 1997 ASCA observations. The source counts are
extracted from a circular region centered on a target with a radius of 6 arcmin for the GIS. The binning
time is 1024 sec. Energy band is 0.7—7.5 keV. The count rate of the GIS2 and the GIS3 are summed.

The excess variance, oey, is then defined as the difference between the standard deviation
0% and the random variance A%.

0. =05 — A% (7.3)

exc

Finally, we define the fractional rms variability parameter as

Fvar = UeXC/Fmean- (74)

Long-Term Trend of Variability

We calculate the F, of four TeV blazars using the GIS light curves shown in Fig-
ure 7.2—7.5. To investigate the long-term trend of variability in various energy bands, we
divided the GIS light curves into five energy bands; 0.7—1.0 keV, 1.0—1.5 keV, 1.5—-2.0
keV, 2.0—3.0 keV and 3.0—7.5 keV.

The results are summarized in Figure 7.6. From the figure, one can find a clear trend
such that the amplitude of variability becomes larger as the photon energy increases for
all objects studied here. For Mrk 421 data, however, we do not include the 1998 data
because we cannot estimate the light curves separated by energy only from the LD count
rate. Fy,. was calculated using the data from 1993 to 1997. We calculate the Fy,, of Mrk

421 observation in 1998 using the SIS light curves in the next section.
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Figure 7.6: Energy dependence of variability of four TeV blazars. The variability parameter was
calculated in 0.7—1.0 keV, 1.0—1.5 keV, 1.5—2.0 keV, 2.0—3.0 keV and 3.0—7.5 keV, respectively. For
the light curves in total ASCA bandpass (0.7—7.5 keV), see Figure 7.2—7.5. top le ft: Mrk 421, top right:
Mrk 501, bottom left: PKS 2155—304, and bottom right: 1ES 2344+514. For Mrk 421, we do not include
the data in 1998.

Variability of Day-by-Day Flares (Mrk 421 1998)

In order to study the variability of Mrk 421 during the 1998 observation, we use the
SIS data binned at 1024 sec. Count rates from the SISO and the SIS1 are summed.
First, variability was calculated for the total exposure (7 days) in five energy bands,
corresponding to 0.5—1.0 keV, 1.0—1.5 keV, 1.5—2.0 keV, 2.0-3.0 keV and 3.0—7.5 keV,
respectively. As shown in Figure 7.7, the energy dependence of the variability for Mrk
421 in 1998 is similar to that obtained in 1993—1997 (Figure 7.6).

Since the observation in 1998 continued for 7 days and included ~10 day-by-day flares
(Figure 7.2), we also assess the variability behavior for each flare event. For this purpose,
we divided the total exposure into 10 segments as shown in Figure 7.8. Except for the

first (#1) and the last interval (#10), each segment typically involves one flare event.
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Figure 7.7: Energy dependence of variability of Mrk 421 in 1998. The variability parameter was
calculated for the total exposure in five energy bands (0.5—1.0 keV, 1.0—1.5 keV, 1.5—2.0 keV,2.0—3.0
keV and 3.0—7.5 keV). We used the SIS data binned at 1024 sec, because the GIS light curves are strongly

saturated.

We calculate the variability parameter Fy,. from time-segments #2 to 9. The energy

dependence of variability of individual flares are shown in Figure 7.9, respectively.
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Figure 7.8: The SIS light curve of Mrk 421 obtained in 1998 observation and the division of time

interval in 10 separate segments. Each point represents 6 ksec integration of the data.

Four flares exhibit a similar trend to Figure 7.7, such that the variability becomes
larger as the photon energy increases (segments # 2,5,7,9), while the energy dependence

of variability is flat and not as clear for the flares involved in segments # 3,4,6 and 8. These
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results indicate important features for the variability of TeV blazars; on a longer time-

scale, variability amplitude becomes larger as increasing photon energy, but for individual

flares (or shorter time-scale), the energy dependence of variability changes flare-by-flare.
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Figure 7.9: Energy dependence of variability of Mrk 421 in 1998 observations. Variability for individual

flares is separately shown. Time segments are defined in Figure 7.8. The combined SIS data were used.
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7.2.3 Structure Function

In 1998 observation of Mrk 421, we detected day-by-day flares as shown in Figure 7.2.
This naturally leads us to an idea that there exists some pre ferred time scale for the rapid
variability of blazars. Variability parameter, F,,., is a measure of the mean variability
of the source. Since it averages over all the variability during the observation, the more
detailed analysis of the time-scale and the time-profile of the variability requires a more
sophisticated technique than the F,, - type analysis. To quantify the characteristic time
scale of the variability and investigate its physical origin, we use a numerical technique
called the Structure Function (hereafter the SF).

The definition of the SF and their properties are given by Simonetti et al. (1985).
It provides a measure of the mean difference in the flux densities as a function of the

separation in the sampling interval. The first order SF is defined as

1

SF(r) = v Z[a(t) —alt +7)]%, (7.5)

where a(t) is a point of the time series {a} and summation is made over all pairs, whose
separation times are equal to 7. N is the number of such pairs.

The SF analysis gives information similar to power spectrum analysis, but the SF has
advantages when examining non-periodic data. In particular, the SF is free from the DC
component in the time series, whereas other methods such as Auto Correlation Function
(ACF) are not. Furthermore, Hughes et al. (1992) argue that the SF technique provides a
method of quantifying time variability without the problems of windowing, and aliasing,
which are encountered in the traditional power spectrum analysis techniques.

The SF is closely related to the power spectrum density distribution. If the SF(7) o
7 (3 > 0), then the power spectrum has the distribution P(f) oc f~(¥+V where f is
frequency (e.g., Paltani et al. 1997; Figure 7.11). Importantly, when the significant time
variability does not exist below 7, and a(t) is approximately linear in 7, the SF will be
o 72 in the range 7 < Tiin.

The SF for a typical measured process consists of three different parts, as schematically
shown in Figure 7.10; (i) for the shortest separation times, plateau appears with an
amplitude which is just the twice of the variance of the measurement noise (2 o2 ),

noise

(ii) for 7 longer than the longest variability time scale, there is a plateau (roll-over) with
2

an amplitude equal to twice the variance of the fluctuation (2 0Z,,,), (iii) these regions
are linked by a curve whose slope depends on the nature of the intrinsic variation of the
source (e.g., red noise, flickering noise, etc). Time scale at which plateau (roll-over; ty,,
in Figure 7.10) appears, is thought to be the characteristic time scale of the measured

time variability.
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Figure 7.10: Schematic drawing of the ‘typical” structure function for a measured time series.

In order to investigate possible systematic errors on the SF analysis, the 1st order
SF was calculated for the simulated light curves, whose power spectrum densities are
expressed as P(f) oc f~* We assumed o = 2.2 in the following analysis. The length of
simulated data was set to 6.7 day, which is similar to the actual observation of Mrk 421
in 1998 (Figure 7.2). To generate the time series, we simply superimposed sine functions
with random phases from 0 to 27, with the constraint that the power in each frequency bin
decreases as specified by the power spectrum density. We then extracted the light curve
from the simulated data with the actual window for Mrk 421 (1998) observation. The
SFs were calculated from thousand sets of simulated light curves prepared with different
seeds for the random number generator. Finally, we made the histograms of the SF(r)

for each 7 to estimate the systematic errors on the SF.

Simulated SFs are shown in Figure 7.11 with the range of the deviation. The solid
line is the ensemble averages of the simulated SFs, while the two dotted lines show the 1
o rms. One finds that the uncertainty of the calculated SF(7) becomes larger at larger
values of 7. It is less than 20 % for 7 < 0.1 day, while about a factor of 10 for 7 > 5 day.
An oscillation and large errors of the latter is due to insufficient sampling of the data at
long time-scale. We should note that in the time region 7 > 0.3 X [Maximum Sampling
Interval] (> 2 day for this particular data sets), the calculated SFs have an uncertainty

of more than factor 2.

We calculate the SFs for the observations whose net exposure times were longer than
40 ksec (§ 6). The results are summarized in Figure 7.12. We mark a time scale by an

arrow above which the calculated SF contains large uncertainty of more than factor 2.
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model: a = 2.2

Log: SF (simulated)

0.05 0.10 0.50 1.00 5.00
Log: time lag (day)

Figure 7.11: Simulated structure function for P(f) oc f=* (o = 2.2). Assumed data length is 6.7
day, which coincides with the Mrk 421 observation in 1998. Solid line is the ensemble average of the
SFs produced by the Monte Calro simulations described in the text. Dotted lines are 1 ¢ rms for the
simulated SFs. Large dash is a line corresponding to 8 = 1.2 (SF o 77), drawn to guide an eye. Arrow

plotted at 7 = 2 (day) indicates that the SF contains the uncertainty of factor 2 at this point.

Mrk 421

The 1st order SFs are separately shown for the 1993 observation (upper left), 1994
observation (upper right) and the 1998 observation (middle left). The SIS data, binned
at 1024 sec were used for the calculation. We fitted SF(7) by a power law oc 77 in the
time domain 0 < 7/day < 0.3. The best fit slopes were § = 1.5 £ 0.1 (1993), § = 1.7
+ 0.1, and § = 1.2 £ 0.1 (1998). For the 1998 data, we clearly detect a roll-over around
the time scale 7 ~ 0.5, which corresponds to the typical time scale for an individual flare
event. Both 1993 and 1994 observations are too short to identify the same roll-over due

to the large errors in the SF.

PKS 2155-304

The SFs of 1993 and 1994 observations are separately shown in Figure 7.12 (middle right
and lower left). Power law slopes of the SFs are § = 2.0 & 0.2 (1993) and f = 1.4 £ 0.1
(1994) in 0 < 7/day < 0.3, respectively. For the 1994 data, we see a roll-over around 0.3

day, which corresponds to the rise/decay-time of the large flare event (see, Figure 7.4).
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1ES 23444514 (1997)

The SF for 1ES 23444514 observation in 1997 are given in Figure 7.12 (lower right).
The best fit power law index is # = 2.3 + 1.1 for 0 < 7/day < 0.3.

Analysis of Time Asymmetry

It is very intriguing to characterize the shape of the flares seen in the light curves (e.g.,
§ 7.2). Structure function is also viable to test the asymmetry of the light curves. We
adopt a convenient approach suggested by Kawaguchi et al. (1998). We separate SF(r)
into two parts, SF, and SF_, depending on the sign of a(t)—a(t+7);

SF (1) = NLJF Yla(t) —alt+7))  (for a(t)—a(t+7) <0), (7.6)
SF (1) = i [a(t) —a(t+7)]*  (for a(t) —a(t+7)>0). (7.7)

The summation in SF; (or SF_) is made only for pairs that have plus (or minus) signs
of a(t)—a(t + 1), and Ny (or N_) are the numbers of such pairs.

The negative sign of a(t)—a(t+7) represents the increasing luminosity with time; thus
SF ., approximately indicates the structure function of brightening phases, and similarly,
SF_ represents the decaying phases. If the studied light curve is symmetric in time,
SF(7) and SF_(7) are expected to coincide with SF(7). On the other hand, if the light
curve is characterized with rapid rise and gradual decay, a relation becomes SF. (1) >
SF_(7).

We calculate SF (1) and SF_(7) for Mrk 421 data obtained in 1998. Since we con-
ducted simultaneous EUV (extreme ultraviolet; 60—90 A) observation with the EUVE
during this campaign (§ 9), we also plot the SF for the EUVE light curve (see, Fig-
ure 9.2). Results are separately shown in Figure 7.13 for EUV E, 0.5—2.0 keV, 2.0—4.0
keV and 4.0-7.5 keV data. Upper panels show SF,, SF_ and usual SF, respectively,
while lower panels are the differences between SF. and SF_, normalized by SF. We define
the symmetrical parameter Sy(T) as

Sy(r) = SF (TS)F—(TS)F (1)

(7.8)

Since we are interested in the symmetry of a single flare event, Sy(7) was calculated
in the time region 0 < 7 < 0.5 (day), where 0.5 day is the characteristic time scale of
Mrk 421 (Figure 7.12). We averaged over Sy(7) in the time domain 0 < 7 < 0.5 day, and
plot them against the photon energy. The results are shown in Figure 7.14. The figure

indicates two important results;
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(1) Sy(7) is always larger than zero, which indicates the time profile of day-by-day
flares of Mrk 421 favours ‘rise-time < decay-time’.

(2) Deviations of Sy(7) from zero become smaller as photon energy increases, which
indicates that the light curves are more symmetric at higher energies.

Since the light curve of Mrk 421 in 1998 includes many of the flare events and they
are superposed on each other, we also applied the same analysis for the light curves after
subtraction of the general trend in the light curves. We first fitted the light curves with a
quadratic function, then subtracted the best fit function as a ‘trend’. We confirmed that
the result presented in this section is not affected by the pileup of flares. Full details are

given in Appendix C.
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Figure 7.12: 1st order structure function of Mrk 421 (1993; 1994; 1998), PKS 2155—304 (1993; 1994)
and 1ES 2344+514. The SFs of various energy bands are shown separately. SF(7) was fitted by a power

law o< 77 in the time domain 0 < 7/day < 0.3. The best fit index is given in each panel. Arrows indicate

the points above which SF values contain uncertainties of more than factor 2. The SIS data were used,

except for the PKS 2155—304 observation in 1993.
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Figure 7.13: Symmetry of the light curves of Mrk 421 (1998) in various energy bands. top; 1st order

structure function. The data from rising phase (SF;) and decaying phase (SF_) are separately shown

(see, text). bottom; symmetry parameter which is defined as [SF, —SF_]/SF.
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Figure 7.14: Energy dependence of the averaged symmetry parameter Sy(7) = [SF, —SF_]/SF for Mrk
421 observation in 1998. Sy(7) was averaged over the time lags smaller than 0.5 day. Light curves are
almost symmetric, i.e., [SF;—SF_]/SF ~ 0 at higher energy band, but at lower energies, the symmetry

tends to break down. Corresponding structure functions are given in Figure 7.13.
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7.2.4 Spectral Evolutions

In the previous section § 7.2.2, we found that variability amplitude generally becomes
larger at increasing photon energy, but on shorter time scales, variety exists as shown in
Figure 7.9. Such flare-by-flare behavior may be associated with different spectral evolution
of each flare event. Actually, when the variability is larger in a higher energy band, the
photon spectra become harder during the flare.

To characterize the spectral evolution of TeV blazars, we investigate the correlation
between the count rates (0.7—7.5 keV) and the hardness ratio. We define the hardness
ratio as the photon counts in higher energy band (2—7.5 keV) to those in lower energy band
(0.7—2 keV). In this expression of the intensity versus hardness, we can also investigate
the presence of characteristic hysteresis associated with the ‘time-lags’ in various energy
bands (§ 2.2.3).

We concentrate on the spectral evolution during the continuous observations whose
net exposure times were longer than 40 ksec (§ 6). The GIS count rates are used except for
the Mrk 421 observation in 1998. In the subsequent analysis, in order to reduce errors and
present the time evolution of hardness ratios more clearly, we rebinned the light curves
at 6 ksec (12 ksec for 1ES 23444514 to reduce errors).

Mrk 421

The relations between brightness (count rate) and the hardness ratio for 1993 and 1994 ob-
servations are shown in Figure 7.15. In both cases, the general trend is that the spectrum
becomes steeper (i.e., relatively less photons in the high energy band) in the declining
phase and harder in the brightening phase. Mrk 421 observation in 1994 (§ 7.2) shows
the ‘clockwise’ hysteresis as reported by Takahashi et al. (1996; Figure 2.6). However,
the re-analysis of 1993 observation shows a hint of the reverse ‘anti-clockwise’ hysteresis,
which will be discussed later (§ 7.2.5).

For the 7-day observation in 1998, the spectral evolution in time-segments #2—9
(Figure 7.8) is shown in the separate panels of Figure 7.16. Note that the hardness ratio
increased significantly during four of the flares (segments #2, 5, 7, 9) while in others, it
did not (segments #3, 4, 6, 8). These results are consistent with what is expected from
the energy dependence of the variability amplitude (Figure 7.9).

Strikingly, the spectral evolutions show a complex mixture of the ‘clockwise’ motions
(segments #2, 4), ‘anti-clockwise’ motions (segments #3, 6, 8), and ‘no significant hys-
teresis’ (segments #5, 7, 9). This clearly indicates that not only the variability amplitudes

but also the time-lags may vary flare-by-flare.
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Figure 7.15: The GIS 2+3 count rate (0.7—7.5 keV) versus hardness ratio for Mrk 421 1993 (left) and
1994 observations (right). Each point represents 6 ksec integration. The large filled circle represents the

start point of the observation.

PKS 2155-304

The relation of brightness (count rate) and the hardness ratio for 1993 and 1994 observa-
tions of PKS 2155—304 is shown in Figure 7.17. In both cases, the general trend is that
the spectrum becomes steeper in the declining phase and harder in the brightening phase,
similar to the case for Mrk 421. The figure of 1994 observation shows a clear ‘clockwise’
hysteresis during the first large-flare (Kataoka et al. 2000), while 1993 observation shows
no significant hysteresis. For this particular source, Sembay et al. (1993) has reported

both ‘clockwise’” and the ‘anti-clockwise’ patterns using the GINGA data.

1ES 2344-514

The relation of brightness (count rate) and the hardness ratio for 1997 observation of 1ES
23444514 is shown in Figure 7.18. Unfortunately, variability trend is not clear because

the source was faint and less variable during the observation.

7.2.5 Search for Time Lags and Time Leads

In the previous section, we found a hint of energy dependent ‘time-lags’ via the analysis of
variability of energy-binned light curves, which causes the diversity in the observed spec-
tral evolution. Importantly, the clockwise hysteresis is expected when the time variations

in the low energy band lag behind those in the high energy band, while anti-clockwise
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Figure 7.16: Spectral Evolutions of Mrk 421 in 1998 observation. Evolutions in 8 time-segments
(#2-9), which were defined in Figure 7.8, are separately shown. Arrows indicates the direction of

evolution in the count rate versus hardness ratio plane.

motion is expected in the opposite case (Kirk, Rieger & Mastichiadis 1998; see also §
2.2.3). In this section, we evaluate the time lags more quantitatively in various energy
bands.

Discrete Correlation Function (DCF)

In order to study the time series in various energy bands quantitatively, we apply the
discrete correlation function given by Edelson & Krolik (1988). This technique was specif-

ically designed to analyze unevenly sampled data sets. The first step is to calculate the
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Figure 7.17: The GIS 2+3 count rate (0.7—7.5 keV) versus hardness ratio of PKS 2155-304. left:
1993 observation and right: 1994 observation. Each point represents 6 ksec integration. The large filled

circle is the start point of the observation.
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Figure 7.18: The GIS 243 count rate (0.7—7.5 keV) versus hardness ratio for 1ES 23444514 observation.

Each point represents 6 ksec integration. The large filled circle is the start point of the observation.

set of unbinned discrete correlation functions (UDCF) between each data point in the two

data streams. This is defined in the time domain as

ol 79)

where a; and b; are points of the data set {a} and {b}, @ and b are the means of the data

UDCF;; =

sets, and o, and o, are the standard deviation of each data set. The discrete correlation
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function (DCF) for each time lag 7 is defined as an average of the UDCF that have the
separation time of T—A7T/2 < At;; < 7+AT/2,

DCF(r) = ]\14 " UDCE,, (1), (7.10)

where M is the number of pairs in the bin.
The advantage of the DCF lies in the fact that it uses all the data points available,
does not introduce new errors through interpolation, and calculates a meaningful error

estimates. The standard error for each bin is calculated as

1
M—-1

(Y_[UDCF;; — DCF(7)]*)"/2. (7.11)

ODCF =

In the following, we calculated the time lags of flux variations in four energy bands
(0.5—1.0 keV, 1.0—1.5 keV, 1.5—-2.0 keV, and 2.0—3.0 keV) as compared to that in the
3.0—7.5 keV band, using the DCF technique. Both the SIS and the GIS light curves were
used for the analysis. The error on the lag was determined from the uncertainty (1 o
error) of the peak parameter obtained by the minimum y? fitting of the DCF distribution
to a Gaussian. We also evaluate the errors on the lag using the Monte Calro simulation
taking the uncertainties in fluxes into account. We found that both estimates of errors

are exactly consistent as described in Appendix C.

Mrk 421 (1993)

The result of Mrk 421 observation in 1993 is shown in Figure 7.19. As indicated from
the anti-clockwise motion shown in Figure 7.15, one finds that the soft X-ray variability
leads that in hard X-rays by 5 ksec.

Mrk 421 (1994)

For the Mrk 421 observation in 1994, we see a canonical ‘soft-lag” as shown in Figure 7.20.
We find that the soft X-ray variation lags behind that in the harder (3.0—7.5 keV) X-ray
band by 6 ksec, which is consistent with the results reported in Takahashi et al. (1996).

PKS 2155—304 (1993)

The DCF distributions for PKS 2155—304 observation in 1993 are shown in Figure 7.21.
As indicated from no significant hysteresis (Figure 7.17), no significant time lags are found

between the hard X-rays and the soft X-rays.
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Figure 7.20: left; Discrete correlation function of Mrk 421 in 1994. right; Time lags of Mrk 421 in
1994.

PKS 2155-304 (1994)

The results for PKS 2155—304 observation in 1994 are shown in Figure 7.22. Although
the rising portion of the flare has not been observed, this provides a well-defined and

well-sampled light curve for an isolated large flare (see also § 10.2). We found that the
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2155—304 in 1993.

soft X-ray variability lags behind that in harder X-rays by 4 ksec (Kataoka et al. 2000).
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Mrk 421 (1998)

CHAPTER 7. ANALYSIS AND RESULTS OF ASCA OBSERVATIONS

For the Mrk 421 data obtained in 1998, we separately calculated the DCFs for eight
time-segments (#2—9) defined in Figure 7.8. The DCF distributions for individual time

segments are given in Appendix B. Calculated time-lags in four energy bands as compared

to 3.0—7.5 keV band are summarized in Figure 7.23. For time segments #2 and 3, we

also calculate the time lags using the GIS data, because the source was in a relatively low

state and the telemetry was not saturated (§ 7.1.1). The GIS results are consistent with

the SIS data.
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Figure 7.23: Time lags of Mrk 421 in 1998. Time lags in eight time segments (#2-9) defined in

Figure 7.8 are separately shown. The DCF distributions for corresponding time segments are given in

Appendix B.
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We detected the complicated mixture of ‘soft lag’ (segments #2, 4) and ‘hard lag’ (seg-
ments #3, 6, 8), with several segments showing no apparent time-lag (segments #5, 7, 9).
These results are in agreement with the implications from loopwise patterns (Figure 7.16).

We also applied the same analysis for the light curves after subtraction of the general
trend in the light curves. We confirmed that the result presented in this section is not
affected by the pileup of flares. Full details are given in Appendix C.

Combining the above findings with the results shown in § 7.2.2, we notice that the
‘hard-lag’ flares (region #3, 6, 8) may be associated with the flares whose variabilities
have less dependence on energy (Figure 7.9). To see this more clearly, we plot the time-
lags versus variability ratio in two energy bands, Fi.,(3.0—7.5 keV)/F,..(0.5—1.0 keV) in
Figure 7.24. Interestingly, an apparent correlation can be seen (the correlation coefficient

is 0.7), but more data are necessary to deduce further conclusions.

Mrk 421 ASCA 1998
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Figure 7.24: Ratio of variabilities in low energy band and high energy band, Fi..(3.0-7.5 keV)/F,.,(0.5-
1.0 keV), versus time lags calculated from the DCF. Data from Mrk 421 observation in 1998.
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7.3 Results from Spectral Studies

We performed model fitting to evaluate the photon spectra of blazars. We made the source
spectra for the image regions shown in Table 7.2 for observations listed in Table 6.2—6.5.
The SIS and the GIS spectra after the background subtraction are shown in Appendix
D. All spectra were fitted with the XSPEC version 10.00 provided by NASA /GSFC. The
detector response of the SIS is generated from sisrmg version 4.2. We use the response
version 4.0 for the GIS and 2.10 for the XRT.

7.3.1 Fit with a Power Law Function plus Absorption

We first fitted the spectrum with a power law function plus absorption arising from neutral

material. The model function gives

AN
o5 = Nox exp(—Nu x o(E)) x B~ (7.12)

where Nj is the normalization in unit of photons/cm?/s/keV, I' is the photon spectral
index, and o(F) is the cross section for photo-electric absorption with solar abundances
taken from Morrison & McCammon (1983). The absorbing column was parameterized in
terms of the equivalent Hydrogen column density Ny (Table 6.1).

As the first step, we fixed the column density at the Galactic column density. The
results are listed in the Table 7.3. Formally, none of the fits are acceptable, meaning that
the probability P(y?) < 1%. One can imagine three reasons for this: (i) photon spectra
are not well expressed by a power law form; (ii) photon spectra evolve significantly during
the observation; and (iii) consistency between the SIS and the GIS detectors is not good
at the lowest energy band (E < 1 keV; see below).

In the second step, we fitted the spectrum with the column density Ny allowed to be
free. We are aware that this is an unphysical model in the sense that the Ny can vary with
the spectral form, which is unlikely. However, when the spectrum is gradually bending
at higher energy bands from a power law form, this can be a convenient expression of
the data. The results are also shown in Table 7.3. The fits are significantly improved
over those obtained for a fixed Ny. The best fit values of absorption much larger than
the Galactic means that the spectra are convex (i.e., gradually steepening toward higher
energy). In order to see the convex spectra of TeV blazar, we fit the data below 1 keV
with a power law function plus Galactic absorption (Figure 7.25). large residuals in the
ratio of the model to the data above 2 keV are clearly present (top and middle). The
data were taken from the Mrk 421 observation in 1998. We also show the residuals to

the power law function with free absorption, where the entire energy bandpass was used
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Table 7.3: Fit results of ASCA spectra with a power law function plus absorption
Source Start Date Ny Photon Flux (2-10keV) X2 Ny Photon X2
Name 1020 /cm? Index 10 ~1'2 erg/cm?/s (d.of) | 102°/cm? Index (d.o.f)
Mrk421 1993.05.10¢ | 9.3870-25 2971001 24.340.1  2.43(1203) L45fix 2797000 3.10(1204)
1994.05.16% | 9.91%0 12 2.37+000 256£0.5  2.70(1605) 145fix 2227000 4.81(1606)
1995.04.25¢ | 13.5570:30 2481001 221409 1.35(1369) L45fix 2267000 2.69(1370)
1995.04.28% | 11.4970:3% 2441001 19440.9  1.88(1268) 145fix 2257000 2.55(1269)
1995.04.29% | 12.13%552 258100 15240.7  1.47(1268) 145fix 2377900 2.42(1269)
1995.05.01% | 12217337 2587001 12440.7  1.36(1159) L4sfix 2427000 2.16(1160)
1995.05.03¢ | 11.65709% 2711001 63.2£0.7  1.19(1001) 145fix 2497001 1.71(1002)
1995.05.05% | 12.63703% 2774002 622404  1.19(998) 145fix 2547000 1.99(999)
1995.05.06% | 12251058 2831000 52.74£0.4  1.10(965) 145fix 2607001 1.68(966)
1995.05.08% | 9.8970-2%  2.671001 421403 1.20(916) 145fix 2507001 1.48(917)
1996.12.15¢ | 15.10170%%  3.0670:02 28.540.3  1.36(772) 1.45fix 2757000 2.05(773)
1997.04.29¢ | 17157058 272300 10840.6  1.58(1169) 145fix 2417900 3.20(1170)
1997.04.30% | 16.8373:3 277001 10240.6  1.61(1125) 145fix 2467000 3.12(1126)
1997.05.01F | 16.7773:30 2721001 15040.6  1.76(1283) 145fix 2427000 4.05(1284)
1997.05.03% | 15717035 2811001 76.5£0.5  1.47(1030) 145fix 2517007 2.58(1031)
1997.05.04 | 14.8475:2%1  3.0010:0} 43.2404  1.23(850) L45fix 2701000 2.02(851)
1997.05.068 | 15.33709%  2.867001 63.310.4  1.41(992) L45fix 2575000 2.45(993)
1997.06.02% | 18.21%02% 2537000 31740.9  2.86(1444) 1.45fix 2227000 6.67(1445)
1998.04.23¢ | 17.0370-%% 2531000 325403 18.5(1609) 145fix 2277000 64.8(1610)
Mrk501 1996.03.21 | 11.257049 2171501 98.241.0  1.25(1186) L73fix  2.007001  1.60(1187)
1996.03.26 | 11.77102%  2.2310-01 74.94£0.5  1.16(1106) L73fix 2067001 1.51(1107)
1996.03.27 | 12.161081  2.3610:0] 55.140.4  1.14(958) L73fix 2177000 1.47(959)
1996.04.02 | 13.0919:50  2.4510-0 46.0£0.4  1.11(948) L73fix 2237000 1.52(949)
1998.07.18% | 13.90%555  2.0030:0] 12940.7  1.33(1406) 173fix  1.827990  2.06(1407)
1998.07.20 | 13.28199%  2.027001 114+0.6  1.21(1360) 1.73fix  1.8479°00  1.79(1361)
1998.07.21 | 13777041 1.99%001 14440.8  1.21(1407) 1.73fix  1.80709%  2.01(1408)
1998.07.23 | 12.98704%  2.0815:01 110£0.7  1.24(1317) L73fix  1.907000  1.77(1318)
PKS2155 11993.05.03 | 7.18%03%  2.44%000 252408 1.95(1459) L77fix 2347000 2.34(1460)
—304 1994.05.19% | 9.4570-1%  2.6870-00 72.4£0.2  2.96(1560) L77fix 2537000 4.57(1561)
1996.05.22f | 17.56170:2% 2471000 15541.0  1.76(1063) L77fix 2187001 2.66(1064)
1996.05.241 | 16.9010-4%8  2.7210-04 99.440.6  1.78(1036) 1L77ix 2427090 2.86(1037)
1996.05.26f | 14.44703% 2487001 122405  2.11(1251) L77fix 2247000 3.12(1252)
1996.11.14% | 12571033 2791001 43.440.3  1.66(1023) L77fix 2567000 2.32(1024)
1996.11.15% | 10.057033  2.6710 01 41.240.3  1.45(1070) L77fix 2497007 1.81(1071)
1ES2344 1997.01.10 | 27.6510:5%  2.1310:0% 16.0£0.1  1.17(1038) 16.0fix  1.957001  1.37(1039)
+514 1997.01.23 | 30.4371:5%  2.4270-00 9.744£0.2  1.02(435) 16.0fix 2187590 1.17(436)
1997.12.20 | 26.0077%%  2.21%05% 9.464+0.2  1.08(441) 16.0fix  2.0570°0%  1.14(442)

t . Both the SIS and the GIS data were used, but the data taken at medium bit rate were not used

because of the strong telemetry saturation.

. The source was variable during the observation. Probability for constant fit of the light curve was

P(x?) <1 %.
All errors are 1 o.

(Figure 7.25 (bottom)).

However, we must note that most of the fit are still unacceptable. As suggested by the

rapid time variability and the changes in the hardness ratio (§ 7.2.4), the X-ray spectra
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Figure 7.25: ASCA SISO spectrum fitted to a power law function. top; The SISO data for Mrk 421
obtained from 1998 04/24 00:48:20 to 04/24 01:45:00, fitted to a power law function with Galactic
absorption. Only the data below 1.0 keV was used for the fit. center; residuals to a power law function
with Galactic absorption. bottom; residuals to a power law function with free absorption, where the entire

SISO bandpass was used.

of the TeV blazars evolve significantly during the observation. Thus in the third step,
we divided the observation into short time intervals not to be affected by variations of
photon spectra. We cut the exposure into 5 ksec segments for each and fitted the photon
spectra for individual time segments. In this case, acceptable fits were obtained (P(y?) >
1%) except for some of the data obtained in 1997/1998 observations (Mrk 421 and Mrk
501; see § 6).

For these recent observations, we have to consider effects caused by the degradation
of the on-board detectors more carefully, in particular the SIS. Lower energy region (E
< 1 keV) is reported to be affected by the SIS degradation. According to Yamashita et
al. (1999) and Dotani et al. (1999; private communication), the SIS data shows ‘flatter’
spectrum than the real spectrum. The discrepancy between the SIS and the GIS spectra
might be explained by this effect. In this case, we also test the case where only 1.0—7.5
keV photons are used for the fit. We obtained satisfactory fits in those cases.

The results of combined fit of the SIS/GIS spectra taken from 1998 observation of
Mrk 421 are listed in Table 7.4. We selected the time region from 1998 04/24 00:48:20
to 04/24 01:45:00, because these intervals are exactly overlapped with BeppoSAX ob-
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servation, hence the cross-check of the results is possible. We also note that during this
interval, the source counts are relatively low and we can use the GIS data as well (§ 7.1.3).
The best fit parameters determined respectively by fitting the SIS0, SIS1, GIS2 and GIS3
data are also shown in this Table 7.4. Confidence contour plots of spectral fits are given

in Figure 7.26, where contour levels of 1 o, 90 % and 99 % are shown.

Table 7.4: Results of spectral fitting of Mrk 421 with a power law function plus absorption.

Mission Detector Ng  Photon Flux (2-10keV) X2
10%° /cm? Index 10 2 erg/cm?/s (d.o.f)

ASCA SISO 13.80719%  2.66750: 145+4.4  1.18(98)
SIS1  19.057352%  2.7973-0 13244.7  1.10(111)

GIS2 5417507 2.627008 149+4.1  0.79(189)

GIS3 5617508 26575095 15543.8  0.94(205)

combine (0.7-7.5 keV) 16.137112  2.72+0-02 146+2.1  1.17(611)

combine (1.0-7.5 keV) 16.907232 272705 1464£2.1  1.08(544)

Data from 1998 04/24 00:48:20 to 04/24 01:45:00 were used for the fit, when ASCA and BeppoSAX
observed Mrk 421 contemporaneously. Fitting model is a power law function plus free absorption. the

ASCA energy band. All errors are 1 o.

Confidence contours
Confidence contours

180

160
T

Pholndex
norm

140

2.4

120

1 L 1 1 L 1 L 1 L 1 1 1
~o 0.05 0.1 0.15 0.2 0.25 0.3 2.3 2.4 25 2.6 2.7 2.8 2.9 3
nH 10°22 Pholndex

Figure 7.26: Confidence contour plots of spectral fitting for Mrk 421 observation in 1998. Data
from 1998 04/24 00:48:20 to 04/24 01:45:00 were used, when ASCA and BeppoSAX observed Mrk 421
contemporaneously. Three contour levels for 1 o, 90 % and 99 % errors are shown separately. The result

are summarized in Table 7.4.

Results of fitting of all photon spectra of TeV blazars with a power law function plus
free absorption, are summarized in Figure 7.27. This figure shows the distribution of

luminosity and photon indices, where luminosity is simply calculated from the 2—10 keV
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flux multiplied by 47wd? (see, Table 6.1). One finds two clear trends from this figure; (i)
the photon spectra are steeper for high luminosity sources, (ii) the spectra tend to be
harder when the source becomes brighter. The latter corresponds to the general trend
found in § 7.2.2 that the variability amplitude becomes larger at increasing photon energy.
However, broad distribution of fluxes versus photon indices implies that a variety exists for

individual flares, as was implied by the day-by-day flares observed in Mrk 421 (Figure 7.7).
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Figure 7.27: Distribution of luminosity and photon indices for all observations with ASCA . Mrk 421;
from 1993 to 1998 data, Mrk 501; from 1996 to 1998 data, PKS 2155—304; from 1993 to 1996 data, 1ES
2344+514; from 1997 data. Fluxes are simply converted to luminosities by multiplying 47d?, where dy,

is the luminosity distance.
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7.3.2 Fit with a Cutoff Power Law Function

Since the photon spectra of TeV blazars show convex shape, we use another model which

is expected to fit the spectrum

dN
-5 = Nox exp(—Ng* x 0(F)) x E7' x exp(~FE./E), (7.13)

where I' is the photon index and F is the cutoff energy, respectively. This model has two
advantages. First, one does not need the Hydrogen column density to vary, which is more
physical. Second, the function has a simpler form. One can differentiate the function
analytically.

An intrinsic photon spectrum (Galactic absorption corrected) in vF, space (e.g., § 2)

is expressed as

dN
EQE = Ny x E*F x exp(—FE,/E). (7.14)
The peak energy F, and an associated error on £, are given,
E 1 E?
B o= _ r'>?2 =, | ——0% + —¢ (2 7.15
P -2 ( )7 B, \l (F_2)20Ec+ (F_2)40F7 ( )

where o, and or are errors on E, and T, respectively. One cannot determine E, for I' <
2, because in such cases, the spectra are monotonously rising in the total energy band.

The results are listed in Table 7.5. As were done for the free absorption model in §
7.3.1, we divided the observations into 5 ksec exposure segments and fitted the photon
spectra for individual segments. In this case, statistically acceptable fit (P(x?) > 1%)
were obtained for all sources.

Figure 7.28 shows an example of the SISO spectrum fitted by the cutoft power law
function and its residuals. Data are same as Figure 7.25, but the fitting model is the
cutoff power law function. The result of combined fit of the SIS/GIS spectra taken from
1998 observation of Mrk 421 are listed in Table 7.6. Goodness of fit is almost equal to
that for the free absorption model (Table 7.4).

Results from fitting all the photon spectra of TeV blazars with cutoff power law func-
tion are summarized in Figure 7.29. The distribution of peak luminosity L, versus peak
energy E, is shown. The peak luminosity is simply calculated from the luminosity at £
= F,. Four TeV blazars observed with ASCA have their peaks in the X-ray energy band;
0.5—2 keV for Mrk 421, 1—4 keV for Mrk 501, 0.5—1.6 keV for PKS 2155—304 and 1.5—3
keV for 1ES 23444-514.

One finds a clear correlation between the E, and the L, for both Mrk 421 and Mrk
501, while the correlation is not clear for PKS 2155—304. Correlations found for Mrk

421 and Mrk 501 are quite different; a luminosity change of an order of magnitude would
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Table 7.5: Fit result of ASCA spectra with a cutoff power law function

Source Start Date Nu E. Photon Flux (2—10keV) X2
Name 1020 /cm? keV Index 10712 erg/cm?/s (d.o.f)
Mrk 421 1993.05.10° 145fix  0.65T00% 3197001 24.0+£0.2  2.36(1203)
1994.05.16 145fix - 0.627001 2561001 253+0.9  2.76(1605)
1995.04.25! L45fix  0.90700% 2761001 217£1.5  1.29(1369)
1995.04.28" L45fix  0.74700%  2.677000 192+1.6  1.87(1268)
1995.04.29" 1.45fix  0.80790%  2.8370-01 150£1.1  1.46(1268)
1995.05.01* L45fix  0.82100%  2.9019-02 122411 1.33(1159)
1995.05.03" 145fix  0.777007 2957007 62.4:£0.7  1.20(1001)
1995.05.05 145fix  0.86705%  3.0575:03 61.440.7  1.29(998)
1995.05.06# 1.45fix  0.8370:9%  3.0975-02 52.140.6  1.09(965)
1995.05.08! L45fix  0.63700%  2.871003 417405 1.20(916)
1996.12.15 145fix  1.05%000  3.407003 28.1£0.5  1.38(772)
1997.04.29" L45fix  1.18%00%  3.0970-02 106+£1.2  1.54(1169)
1997.04.30" 1.45fx  1.17790%  3.147507 100+1.1  1.55(1125)
1997.05.01 145fix 1167007 3.091001 14441.2  1.71(1283)
1997.05.03! 1.45fx  1.0879%% 3157002 75.34£0.9  1.46(1030)
1997.05.04 L45fix  1.02%0907  3.327093 42.7£0.7  1.24(850)
1997.05.06" 145fix 10617005 3.2010:02 62.410.8  1.40(992)
1997.06.02 145fix  1.247002 2917007 31021 2.79(1444)
1998.04.23 145fix  1.1070°%0  2.8570-90 320£0.6  19.5(1609)
Mrk 501 1996.03.21 L73fix - 0.67T005  2.371007 97.0+£0.9  1.26(1186)
1996.03.26 1L73fix  0.7T00% 2457002 74.0+£0.8  1.17(1106)
1996.03.27 L73fix 0757004 2597003 54.3£0.72  1.15(958)
1996.04.02 173fix  0.82%007 2707003 454106  1.12(948)
1998.07.18# 1.73fix  0.85790% 2257001 127411 1.32(1406)
1998.07.20 1.73fix  0.801005 2267007 112411 1.21(1360)
1998.07.21 1.73fix  0.827093  2.22700) 14141.2  1.35(1407)
1998.07.23 L73fix  0.777093 2307003 108£1.1  1.26(1317)
PKS 2155 11993.05.03¢ L77fix - 0437005 2581001 249412 1.88(1459)
—304 1994.05.19* L77fix 0577001 2.861001 71.8£0.3  2.99(1560)
1996.05.22¢ L77fix 1147007 2.827002 15242.0  1.77(1063)
1996.05.24" 177fix 1137307 3.087957 97.741.3  1.78(1036)
1996.05.26" L77fix 0.92F090% 2767002 120411 2.14(1251)
1996.11.14 177fix - 0.82F00%  3.0575-02 42,9405  1.66(1023)
1996.11.15¢ L77fix  0.61700%  2.8570-02 40.8+£0.4  1.47(1070)
GIS he 1ES 2344  1997.01.10 16.0fix  0.79700%  2.36715-03 15.74£0.3  1.17(1038)
1514 1997.01.23 16.0fix  1.047073  2.737097 9.5520.4  1.02(435)
1997.12.20 16.0fix  0.70707% 2427002 9.33£0.4  1.08(441)

f . Data from both SISs were used, but the data taken at medium bit rate were not used because of the
strong telemetry saturation.
. The source was variable during the observation. Probability for constant fit of the light curve was

P(x?) <1 %.
All errors are 1 o.

cause only factor 2 change in the peak position for Mrk 421, while it makes more than
factor 40 change for the case of Mrk 501.
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Figure 7.28: ASCA SIS0 spectrum fitted to a cutoff power law function. top; The SISO data for Mrk
421 obtained from 1998 04:24:00:48:20 to 04/24 01:45:00, fitted to a power law function with Galactic
absorption. Only the data below 1.0 keV were used for the fit. center; residuals to a power law function
with Galactic absorption. bottom; residuals to a cutoff power law function with Galactic absorption,

where the entire SISO bandpass were used.

Table 7.6: Results of spectral fitting of Mrk 421 with a cutoff power law function.

Mission Detector E. Photon Flux (2-10keV) Y2
(keV) Index 10 ~'2 erg/cm?/s (d.o.f)

ASCA SISO 1.00%512  3.001059 14247.3  1.14(98)
SIS1  1.40%51%  3.25T0-11 12949.3  1.07(111)

GIS2 031792 2.72t01 14848.5  0.79(189)

GIS3  0.311519  2.747319 154479  0.94(205)

combine (0.7-7.5 keV) 1.11150%  3.0770-52 143£2.1  1.16(611)

combine (1.0-7.5 keV)  0.99%51%  3.017957 144£7.4  1.06(544)

Data from 1998 04:24:00:48:20 to 04/24 01:45:00 were used for the fit, when ASCA and BeppoSAX
observed Mrk 421 contemporaneously. Fitting model is a power law function plus exponential cutoff.

The absorption is fixed to the Galactic value. the 4ASCA energy band. All errors are 1 0.

7.3.3 Shift of the Synchrotron Peak

As shown in Figure 7.29, the peaks of vF, spectra are found in the X-ray energy band
for the four TeV blazars studied by us. Considering the convex curvature of the X-ray

photon spectra, this is likely to be because the peak of the synchrotron (LE) component
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Figure 7.29: Distribution of peak luminosity L, versus peak energy energy E, as described in the text.

is located in the X-ray band (see § 2).

To see the time evolution of the photon spectra more clearly, we show the photon
spectra in v F), space (Figure 7.30). The SIS spectra were convolved from the cutoff power
law function. We divided the total ASCA bandpass (0.7—7.5 keV) into 22 logarithmic-
equal energy bands to reduce errors. Figure 7.30 shows the combined results from different

observations. The spectral evolutions during individual observations are summarized in
Appendix E (Figure E.1-E.2).

Mrk 421

Mrk 421 shows very modest shifts in the peak position. In 1993 observation, when the
source was the faintest, the peak was located below 0.7 keV. For 1994—1997 observations,
we detected the peak around 1 keV. When the source was the brightest in 1998, flux
increased more than a factor of 30 than that in 1993 and the peak was detected at ~ 2
keV. A correlation between peak energy F, and peak luminosity L, is expressed as E,
L)3 (see, Figure 7.29).

Mrk 501

In 1996 April observation when Mrk 501 was in the faintest state, the synchrotron peak
was detected at 1 keV. For 1998 observations, the peak was shifted to a significantly

higher energy (4 keV) although an increase in flux was relatively small (factor of 2). For
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this source, a clear correlation between the peak energy and the peak luminosity can be

expressed as £}, o< L) (see, Figure 7.29).

PKS 2155-304

PKS 2155—304 was brightest in 1993, while it was the faintest in 1996. Interestingly,
however, synchrotron peak exists below 0.7 keV during 1993 observation, but around 1
keV during 1996 observation. The spectra in the lowest state of 1994 observation are very
similar to that in the 1993 observation, but the flux is lower by a factor of 4. There seems

no clear correlation between £, and L,, as was suggested from Figure 7.29.

1ES 23444514

1ES 23444514 was brightest in January 10 (1997), while it was the faintest in December
20 (1997). Synchrotron peak seems to be shifted from 1 keV to 4 keV corresponding to
the factor 2 increase in the flux. This suggest that the spectral evolution of 1ES 23444514
is similar to that for Mrk 501, but not conclusive because of the low photon statistics,

and because there are relatively few ASCA observations. .
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Figure 7.30: Synchrotron peak shifts of four TeV blazars. top left: Mrk 421, top right: Mrk 501,
bottom left: PKS 2155—304 and bottom right: 1ES 23444-514.



Chapter 8

Analysis and Results of RXTE

Observations

8.1 Analysis

8.1.1 Data Reduction

To reduce the PCA data, we first selected the data by orbital conditions and pointing
stability. The minimum elevation angle from the Earth’s limb was set to be 10 degrees.
We excluded the data obtained during the passage through the South Atlantic Anomaly
(SAA). Since the PCA detector is activated during the SAA and the background increases
significantly just after the passage, we only use the data when the background goes back
to the quiescent level and becomes quite stable, which is typically 30 minutes after the
SAA passage. Since the attitude of satellite is not stable just after changing the pointing
direction, we excluded the data obtained when the difference between the actual pointing
direction and scheduled direction is larger than 1.2 arcmin.

Next we eliminated the data which includes significant electron contamination. Elec-
trons creates background components by interaction with spacecraft or detector body.
To analyze the faint sources, the PCA team recommends filtering out time when electron
rate is larger than 0.1, which is the criterion used in this thesis. Additional data selections
had been done from various operational reasons.

In March 1996, PCU3 and PCU4 began to experience occasional breakdowns. Since
then, these two PCUs, individually or together, are occasionally turned off to prevent
further damage. We thus used the data only from 3 PCUs (PCU0/1/2) whose exposure
times are much larger and uninterrupted than those for PCU3 and PCU4. The PCUs have
three xenon layers (X1, X2, X3) each consisting of two anodes chains (Left, Right). The

115
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top layer detects roughly 90 % of the cosmic photons and 50 % of the internal instrumental
background. Thus the best signal-to-noise for weak sources are achieved by selecting only
events from the top layer (X1) and excluding events from the mid and bottom layers (X2

and X3). These criteria for data reduction are summarized in Table 8.1.

Table 8.1: Screening criteria for RXTFE analysis

Screening [tem Screening Criteria
Elevation ¢ < 10.0

Att. Stability® < 1.2 arcmin

Time since SAA® > 30 min

Electron Rate? < 0.1

PCU_ON* PCU.0, 1, 2 (PCU_3, 4 were not used)
Layer/ X1 only (X2, X3 were not used)

® The minimum elevation angle above the Earth’s limb
b The maximum fluctuation in the pointing direction
¢ The minimum time since the SAA passage
¢ The maximum rate for electron background
¢ ID of PCUs used in the analysis

FID of PCU layers used in the analysis

8.1.2 Background Subtraction

After the screening processes were done, we estimated the PCA background for each
observation. Since the PCA is not an imaging detector, the modeled background has to
be subtracted from the source data. The PCA background consists of two components
(see, § 5.2.3). One is the diffuse sky background which enters through the collimator as
X-rays, and the other is the internal background which arises from interactions between
radiation or particles in orbital environment with the detector or spacecraft. While the
sky background is assumed to be constant at any one pointing position, the internal
background may vary as the detectors move through different ambient conditions. The
estimation of background is based on the detailed modeling of activation, especially during
the SAA passage and instantaneous particle flux coming into the detector.

To estimate the background, we use the latest version of pcabackest (Version 2.1b)
supplied from RXTE Observer Facility at the NASA GSFC. It is assumed that the in-
ternal background varies on a time scale long compared to 16 seconds, the natural time

scale of the PCA Standard-2 data (see § 5). The background model was evaluated once
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every 16 seconds, and the equivalent of a Standard-2 data file was created with separate
information for each detector and each anode chain. We applied all of the good time

intervals to the output files from pcabackest exactly as we did to the Standard-2 data.

8.2 Results from Temporal Studies

8.2.1 Time Variability

We first study the time variability for each source, by means of PCA count rates during
the observations. Count rates are extracted from the sum of the PCU 0, 1 and 2 data.
To obtain the best signal-to-noise ratio, only the data for the PHA channels from 6 (2.5
keV) to 53 (20 keV) were used in the following analysis.

Mrk 421

The light curves of Mrk 421 from 1996 to 1997 observations are shown in Figure 8.1. The
source was the faintest in 1996 December (4—5 cts/s for PCA) and the brightest in 1996
May (20—152 cts/s for PCA), which was the change of more than factor of 30. Note
that the amplitude of variation is larger than that observed with ASCA in lower X-ray
energy bands (Figure 7.2). In addition to this large-amplitude, long term variability, the
data reveal very rapid variability, on time scales as short as hours to days. In particular,
flux variations in 1996 May (Figure 8.1 (b)) are remarkable, where the flux increased and
decreased by a factor of 6 within a day. The occurrence of day-by-day flares is implied from

the figure, as was clearly detected during the 1998 observation with ASCA (Figure 7.2).

Mrk 501

The light curves of Mrk 501 are summarized in Figure 8.2. The source was the faintest in
1998 May (26—34 cts/s for PCA) and the brightest in 1997 Apr—July (68—201 cts/s for
PCA), which was a change of a factor ~10. Subsequent analysis revealed that the fluxes
observed in 1997 Apr/July are the historical record for this source (Figure 8.2 (d)(f)). In
1998 May, we monitored the source almost continuously for two days to search for the
rapid time variability (fig 8.2 (g)). About 30 % fluctuation in the flux was detected, but

the source did not show any significant variations as short as hours.

PKS 2155-304

The light curves of PKS 2155—304 from 1996 to 1998 observations are shown in Figure 8.3.
The source was the faintest in 1998 January (4—13 cts/s for PCA; (e)) and the brightest
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Figure 8.1: PCA light curves of Mrk 421 from 1996 to 1997 RXTE observations. The source counts are
extracted from PCU 0, 1 and 2. The binning time is 1024 sec. Energy band is 2.5—20 keV. Each panel
corresponds to the data: (a) 96/4/19 — 4/23, (b)96/5/3 — 5/21, (c) 96/12/10, (d) 97/4/2 — 4/12, (e) :
97/4/29 — 5/6, () : 97/6/3.

in 1997 November (41—-56 cts/s for PCA; (d)), which was the change of a factor ~10.
Observations in 1996 May was conducted almost continuously (Figure 8.3 (a)), providing
the longest uninterrupted X-ray data of the source for 12 days. During the May 1996
campaign, the source was highly variable and occurrence of ~ 10 day-by-day flares is

clearly seen.

All Sky Monitor

Figure 8.4 shows the variation of the ASM count rates from 1996 to 1999 for four TeV
blazars. In the figure, we binned the data into 10-day to reduce the errors on fluxes.
Mrk 421 showed the flux variation of a more than factor 10, and the highest flux was
observed in April 1998. This was the epoch when the ASCA satellite also observed Mrk
421 for 7 days and found that the source was in the historical high state (Takahashi et
al. 1998; Figure 7.2). Mrk 501 also showed large amplitude variability. The highest state
was observed in 1997 April to July (see, Figure 8.2). PKS 2155—304 and 1ES 2344-+514

seem less variable on time scales of longer than 10 days, but the changes in flux by an
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Figure 8.2: PCA light curves of Mrk 501 from 1996 to 1998 RXTFE observations

119

. The source counts are

extracted from PCU 0, 1 and 2. The binning time is 1024 sec. Energy band is 2.5—20 keV. Each panel
corresponds to the data: (a) 96/8/1, (b)96/10/22, (c) 97/3/18, (d) 97/4/3 — 4/16, (e) : 97/5/2 — 5/15,

(f) : 97/7/11 = 7/16, (g) : 98/5/25 — 5/21.

order of magnitude are seen in the figure.
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Figure 8.3: PCA light curves of PKS 2155—304 from 1996 to 1998 RXTF observations. The source
counts are extracted from PCU 0, 1 and 2. The binning time is 1024 sec. Energy band is 2.5—20 keV.
Each panel corresponds to the data: (a) 96/5/16 — 5/28, (b)96/7/23 — 7/27, (c) 96/11/14 — 11/24, (d)
97/11/20 — 11/22, () : 98/1/9 — 1/13.
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Figure 8.4: RXTE ASM Light Curve for TeV blazars. top: Mrk 421, second: Mrk 501, third: PKS
2155—304, and bottom: 1ES 23444-514. To reduce errors, the count rates are binned at 10 days.
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8.2.2 Energy Dependence of Variability
Long-Term Trend of Variability

We calculate the fractional rms variability parameter F,, using the PCA light curves
shown in Figure 8.1-8.3. To investigate the long-term trend of variability in various
energy bands, we divided the PCA light curves into four energy bands; 2.5—5 keV, 5—7.5
keV, 7.5—10 keV and 10—20 keV. The results are summarized in Figure 7.6. From the
figure, one can find a clear trend that the amplitude of variability becomes larger as photon
energy increases for Mrk 421, Mrk 501 and PKS 2155—304. The energy dependence of
variability is similar to that obtained from ASCA data for three TeV blazars (§ 7.6). This
clearly indicates that the variability amplitude becomes larger for higher energy photons,

in the very wide energy range from soft X-rays (0.5 keV) to hard X-rays (20 keV).
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Figure 8.5: Energy dependence of variability of three TeV blazars. The variability parameter was
calculated in 2.5—5 keV, 5—7.5 keV, 7.5—10 keV and 10—20 keV, respectively. For the light curves in
total RXTE bandpass (2.5—20 keV), see Figure 8.1— 8.3. top left: Mrk 421, top right: Mrk 501, and
bottom: PKS 2155—304.
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Variability of Day-by-Day Flares (PKS 2155-304 1996 May)

In order to study the short-term variability of PKS 2155—304 during the 1996 May ob-
servation, we use the PCA data binned at 1024 sec. Variability was calculated for the
total exposure (12-days) in four energy bands 2.5—5 keV, 5—7.5 keV, 7.5—10 keV and
10—20 keV, respectively. As shown in Figure 8.6, variability amplitude becomes larger as

the photon energy increases (see also Figure 8.5).
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Figure 8.6: Energy dependence of variability of PKS 2155—304 in 1996 May. The variability parameter
was calculated for the total 12-day observation in four energy bands (2.5—5 keV, 5—7.5 keV, 7.5—10 keV
and 10—20 keV). We used the PCA data binned at 1024 sec.

In order to study the variability behavior for each flare event, we divided the total
exposure into 9 segments as shown in Figure 8.7. Each segment typically contains one
flare. We calculate the variability parameter F,, from time-segment #1 to #9. The
energy dependencies of variability for individual flares are shown in Figure 8.8.

In five of the flares (# 1, 2, 6, 8, 9), the variability amplitudes becomes larger in higher
energy bands, while the trend is not clear for the reminder. Such behavior is very similar
to what has been observed for Mrk 421 with ASCA (Figure 7.9). These results support
the fact that on longer time scales, the variability amplitude becomes larger at increasing
photon energy, but for individual flares (or in shorter time-scale), energy dependence of

variability changes flare-by-flare.
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Figure 8.7: PCA light curve of PKS 2155—304 obtained in 1996 May and the division of time interval

into 9 separate segments. Data points are joined to guide the eye. Each point represents 1 ksec integration

of the PCA data.
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Figure 8.8: Energy dependence of variability of PKS 2155—304 in 1996 May RXTE observations.

Variabilities for individual flare events are separately shown. Time segments are defined in Figure 8.7.

The PCA data were used.
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8.2.3 Structure Function
PCA and ASM Data

In this section, we calculate the Structure Function (SF) using the PCA and ASM data.
The results are summarized in Figure 8.9.

For Mrk 421 (top), we use the PCA data obtained in 1996 May (Figure 8.1(b)).
Although data were sampled rather sparsely, we see a hint of a roll-over at ~ 0.5 day,
which is consistent with the ASCA results (§ 7.2.3). On longer time scales (of 7 > 1 day),
both the PCA and the ASM data show a flat slope of § ~ 0.3.

We plot the SFs of Mrk 501 (middle) for 1997 April and 1998 May (Figure 8.2 (d)(g)).
For 1998 May data, we divided the total exposure into three parts according to the gaps
in the pointing (see Figure 8.2), and calculate the average SF of the three parts. Slope of
the SF is steep, such that g ~ 2.0 for the PCA data. A roll-over is marginally detected
at ~ 1 day. On time scale longer than 1 day, the ASM data shows flatter slope of § ~
0.5 than the slope below the roll-over.

For PKS 2155—304 (bottom), we calculate the SF for the 12-day observation in 1996
May (Figure 8.3 (a)). The SF gradually rolls around 7 ~ 0.3 day, which is consistent with
the ASCA results (§ 7.2.3). In shorter time scale than 0.3 day, slope of the SF is § ~ 1.5,
while in longer time scale (7 > 1 day), both the PCA and the ASM data shows flatter
slopes of 3 ~ 0.7. Close look at the ASM data indicates a sign of appearance of another
plateau at ~ 100 day. Such a second roll-over cannot be seen both for Mrk 421 and Mrk
501.

Analysis of Time Asymmetry

We calculate the asymmetry of the light curve for PKS 2155—304 based on 12-day uninter-
rupted data. We measure the time asymmetry of the light curves by the same procedure
discussed in § 7.2.3. We first calculate the SF, and SF_ using the light curves in the en-
ergy range 2.5—5 keV, 5—=7.5 keV, 7.5—-10 keV, 10—15 keV and 15—20 keV, respectively.
Next, symmetrical parameter Sy(r) was calculated as the difference of SF, and SF_
normalized by an original structure function. We calculate the ensemble average of Sy(r)
in time region 0 < 7 <1 (day).

Results are summarized in Figure 8.10. This result is consistent with what was found
for Mrk 421 data in 1998 (Figure 7.13). We find that the light curves of PKS 2155—304
favors ‘rise-time < decay-time’ and that the light curves become more symmetric at higher

energies. In fact, Sy(7) is consistent with zero at the highest energy bands.



8.2. RESULTS FROM TEMPORAL STUDIES 127

Combined RXTE and ASCA Data

When the ASCA and RXTE results are combined, we can obtain the variability informa-
tion of four TeV blazars in the very wide time-domain from 103 to 107 sec. To compare
the light curves from four different detectors (ASCA SIS/GIS, RXTE PCA and ASM),
we normalized the light curves by their average values. The results are summarized in
Figure 8.11. In these figures, we do not plot the data above the point where the SF values
are affected by insufficient long sampling (see § 7.2.3).

As seen in the figure, the SFs of four TeV blazars are well represented by a broken
power-law form. We find a break (roll-over) at 7 = 0.5 day for Mrk 421, ~ 1 day for Mrk
501, 0.3 day for PKS 2155—304 and 1—10 day for 1ES 2344+514. Importantly, below
the break, the SFs have very steep slopes; 5 ~ 1.2 for Mrk 421, 2.0 for Mrk 501, 1.5 for
PKS 2155—304 and 2.3 for 1ES 2344+514. This indicates that the rapid time variability
of TeV blazars has a strong red-noise character and/or is well approximated by a simple
linear trend (see, § 7.2.3). Above the break, the SF slopes flatten to 0 < # < 1 and similar

to flickering noise.
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Figure 8.9: 1st order structure function (SF) of three TeV blazars observed with RXTE . top left:
Mrk 421 (1996 May; Figure 8.1(b)), top right: Mrk 421 (ASM; Figure 8.4), middle left: Mrk 501 (1997
April and 1998 May ; Figure 8.2(d)(g)), middle right: Mrk 501 (ASM; Figure 8.4), bottom left: PKS
2155—304 (1996 May; Figure 8.3(a)), and bottom right: PKS 2155—304 (ASM; Figure 8.4). The PCA

light curves from 2.5 keV to 10 keV were used and count rates are normalized to the PCA values.
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Figure 8.10: Energy dependence of the symmetry parameter Sy(7) = [SF+—SF_]/SF for PKS 2155—304
observed in 1996 May. Sy(7) was averaged over the time lags smaller than one day. Light curves are
almost symmetric, i.e., [SF; —SF_]/SF ~ 0 at higher energy band, but at lower energies, the symmetry

tends to break down.
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Figure 8.11: Structure functions of TeV blazars (ASCA and RXTE combined). top left: the combined
SF of Mrk 421 using the ASCA (1998) and the RXTE ASM data. top right: the combined SF of Mrk
501 using the RXTE PCA (1997 April; 1998 May) and the ASM data. bottom left: the combined SF of
PKS 2155—304 using the ASCA (1994), the RXTE PCA (1996 May) and the ASM data. bottom right:
the combined SF of 1ES 2344+514 using the ASCA (1997) and the RXTFE ASM data. Dotted lines are
the best fit power-laws.
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8.2.4 Spectral Evolutions

We investigate the correlation between the count rate (2.5—20 keV) and the hardness
ratio as we did for the ASCA data (§ 7.2.4). For the RXTFE data, we define the hardness
ratio as the photon counts in 7.5—20 keV to those in 2.5—7.5 keV. We concentrate on
the spectral evolution of PKS 2155—304 during the 12-day observation, because it is best

suited to study the time evolution of the spectrum.

PKS 2155-304

We divided data into nine time segments as described in § 8.7. The spectral evolution is
shown in the correlation between the intensity versus hardness (Figure 8.12). The general
trend of the spectral evolution is that hardness increases when the intensity increases, as
is also indicated from the changes in amplitude of variability (Figure 8.8).

In time segments #2 and 3, we can see ‘clockwise’ hysteresis, as seen in the data
obtained with ASCA (§ 7.2.4). Reverse motion (anti-clockwise) is also detected for region
#4 and 8. In other time segments (# 1, 5, 6, 7, 9), loopwise motion is not clear. This
complicated ‘flare-by-flare’ behavior is very similar to that observed for Mrk 421 in 1998
(Figure 7.16).

We do not calculate the time-lags for the PCA data, because in most cases, observa-

tions are separated by more than 5 ksec and too sparse to calculate the time-lags.
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Figure 8.12: Variability patterns for 9 separated segments which are defined in Figure 8.7. Arrows

indicate the direction of spectral evolution. The filled circle is the start point of each time segment.
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8.3 Results from Spectral Studies

We extracted the energy spectra of PCA for all observations listed in Table A.1—A.8. We
use the same analysis procedure as that for the ASCA data (§ 7.3). All spectra were fitted
with the XSPEC version 10.00. The detector response of PCA are generated from pcarsp
version 2.37. Although PCA has sensitivity in the 2.5—60 keV (§ 5.2), we only used data
from 2.5 keV to 20 keV because each observation was too short to yield enough photon

statistics above 20 keV.

8.3.1 Fit with a Power Law Function

We fitted the spectrum with a power law function plus Galactic absorption arising from
neutral materials (§ 7.3.1). Since the TeV blazars are highly variable and their spectra
evolve on a time scale of hours, we separated the observations into ~ 1 ksec intervals if the
exposure is longer than 1 ksec. We found that the simple power law function gives a good
representation for most of the PCA data. When a power law function is not adequate,
we introduce an additional exponential cutoff to the power law function as described in §
7.3.2. The gradual steepening of spectra found in ASCA data (Figure 7.25), is also seen
in the energy band covered by RXTE .

As an example, we show the spectrum of Mrk 501 taken in 1997 July in Figure 8.13.
The best-fit parameters for the model are summarized in Table 8.2. In this case, photon
spectrum is gradually steepening to higher energies, thus the fit with a power law function
is statistically unacceptable. However, one can see that the fit is improved by using a
cutoff power law function.

The results of spectral fitting for all RXTFE observations of TeV blazars are summarized
in Appendix G (Table G.1 — G.10). Examples of RXTE spectra for each TeV blazar are
given in Figure H.1 (Mrk 421), Figure H.2 (Mrk 501), Figure H.3 and Figure H.4 (PKS
2155—304).

Table 8.2: An example of spectral fitting of Mrk 501

Mission  Detector Ny E.  Photon Flux (2-10 keV) X2

(102 /cm?) (keV) Index (10 ~'2 erg/cm?/s) (d.o.f)
I. RXTE PCA  1.73 (fix) —  1.95750 618+1.6 2.65(45)
II. 1.73 (fix) 1117503 2157007 610£19  1.10(44)

Mrk 501 data from 1997 07/12 03:36:51 to 07/12 03:58:27 were used for the fit. Fitting functions are [I]
a power law function plus free absorption, [II] a cutoff power law function. The data in the energy band

2.5—20 keV were used. All errors are 1 o.
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Figure 8.13: The RXTE PCA spectra and the best fit power law function. top; PCA data for Mrk
501 obtained from 1997 07/12:03:36:51 to 07/12 03:58:27, fitted to a power law function with Galactic
absorption. center; residuals to a power law function with Galactic absorption. bottom; residuals to a

cutoff power law function.

Correlations between the isotropic luminosities and photon indices 421, Mrk 501 and
PKS 2155—-304 are summarized in Figure 8.14. Corresponding figure for ASCA obser-
vations is Figure 7.27. Photon spectral indices distributed in a wide range from —3.2
to —2.2 for Mrk 421, —2.5 to —1.7 for Mrk 501 and —3.3 to —2.3 for PKS 2155—304.
One finds that the spectra tend to be harder when the source becomes brighter, as was
indicated in § 8.2.2

8.3.2 Comparison between ASCA and RXTFE

Observations listed in Table 8.3 were conducted simultaneously with RXTFE and ASCA .
Therefore, these data enable us to test the consistency between the instruments on-board
ASCA and RXTE . In order to use the energy range covered by two satellites, we selected
the data from 2.5 keV to 7.5 keV. Results of the fit with a power law function plus Galactic
absorption are shown in Figure 8.15. One can see that the fluxes determined by RXTFE
observations are systematically higher than those determined by ASCA by about 15 %.
Also note that the photon indices of RXTFE spectra are systematically stepper than that
for ASCA results about 0.1. This trend is not improved even if we use the all energy
bands, 0.7—7.5 keV for ASCA and 2.5—20 keV for RXTE .

There are several reasons which may account for these discrepancies. Most serious
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Figure 8.14: Distribution of luminosities and photon indices for all observations with RXTFE . Mrk
421; from 1996 to 1997 data, Mrk 501; from 1996 to 1998 data, PKS 2155—304; from 1996 to 1998 data.
Fluxes are simply converted to the isotropic luminosities by multiplying 47d3, where dj, is the luminosity

distance.

issue would be imprecise cross-calibration between ASCA and RXTF . Response matrix
of ASCA is made, based on both the pre-flight data and in-flight calibration against the
Crab. The standard value of the Crab spectrum in literature is used for the in-flight
calibration (2.1; e.g., Toor & Seward. 1974). On the other hand, the response matrix
of RXTFE PCA is mainly based on the pre-flight calibration. Their observational results
for the Crab are slightly different than the value mentioned above. The difference in the
spectrum of the Crab (A T' ~ 0.1) is consistent with the difference seen in Figure 8.15.
Also note that the systematic differences of the background subtraction methods between
imaging (ASCA ) and collimating (RXTFE ) instruments would produce the difference in

the estimated fluxes.
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Table 8.3: List of simultaneous X-ray observations by ASCA and RXTE
ASCA RXTE
Source Start End Photon Flux (2-10keV) Photon Flux (2-10keV)
Name [MJD] [MJD] Index 10712 erg/cm? /s Index 10712 erg/cm? /s
Mrk 421  50567.21 50567.27 | 2.73+0.04 102.0£1.1 2.97£0.03 129.541.2
50568.21  50568.27 | 2.7540.04 98.4%1.1 2.854+0.04 122.84+1.2
50569.89  50569.94 | 2.73+0.05 161.4+1.9 2.851+0.04 193.7£2.1
50571.15 50571.21 | 2.7240.06 88.1£1.3 2.8710.04 110.241.3
50571.21  50571.27 | 2.7740.06 85.0£1.4 2.94+0.04 96.1£1.0
50572.21 50572.27 | 3.03£0.09 44.8+1.0 3.2540.07 56.0£1.0
50574.08 50574.14 | 2.9140.05 65.5£0.9 2.93£0.06 80.8£1.3
50574.14 50574.19 | 2.8640.06 63.7£1.0 2.9840.05 76.2+1.1
50574.19 50574.25 | 2.83£0.07 61.0x£1.1 3.00£0.06 76.0£1.2
50602.24 50602.26 | 2.484+0.03 340.6+2.6 2.61£0.02 402.0£1.8
PKS 2155 50225.18 50225.24 | 2.4240.04 156.5£1.6 2.50£0.02 186.5%1.0
—-304 50227.24 50227.29 | 2.584+0.05 91.7£1.2 2.68+0.07 114.042.2
50227.29  50227.35 | 2.684+0.04 97.5%1.1 2.70£0.03 119.3+0.9
50227.35 50227.40 | 2.63£0.05 105.5£1.4 2.69£0.04 126.0+1.4
50401.41 50401.47 | 2.85+0.07 36.1£0.7 2.9010.07 46.1+0.8
50401.47 50401.53 | 2.7440.07 40.5%0.8 2.93£0.06 52.9£0.8
50401.53 50401.59 | 2.6340.07 44.0£0.9 2.78+£0.05 56.941.1
50401.59 50401.65 | 2.83+0.07 45.5%£0.8 2.89£0.05 61.2+0.8
50402.64 50402.69 | 2.64+0.07 37.1£0.7 2.731£0.08 44.8+0.9

List of simultaneous X-ray observations by ASCA and RXTFE . Fitting model is Galactic absorption plus

a power law function. Data from 2.5 keV to 7.5 keV were used for the fit.
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Figure 8.15: Comparison between ASCA and RXTE . Data from simultaneous observation of Mrk
421 and PKS 2155—304 are used. In order to use the energy range covered by different instruments, we
selected the data from 2.5 keV to 7.5 keV. left : distribution of ASCA flux (2—10 keV) versus RXTE
flux (2—10keV). right : distribution of ASCA photon index versus RXTE photon index.
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8.3.3 Shift of the Synchrotron Peak

To study the time evolution of photon spectra in various states of the source activity, we
describe the photon spectra for each TeV blazar in vF, space. The PCA spectra were
convolved with the best-fit functions (either a power law function or a cutoff power law
function). We binned the total PCA bandpass (2.5—20 keV) into 20 energy bands to
reduce errors.

The evolution of photon spectra of four TeV blazars are shown in Figure 8.16—8.18.

We can clearly see different characteristics of each source.

Mrk 421

Evolution of vF, spectra of Mrk 421 in different observations is summarized in Figure 8.16.
Contrary to the ASCA result, one cannot identify the synchrotron peak in the PCA
energy band (2.5—20 keV). However, when the source was in the brightest state (#1), the
spectrum is very flat, which indicates that the synchrotron peak is present close to 2.5
keV. This result is consistent with what expected from the ASCA data, where synchrotron

peak is around 2 keV, when the source was in the brightest state.
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Figure 8.16: Synchrotron peak shifts of Mrk 421 observed with RXTE . Data are from #1: MJD
50208.56, #2: MJD 50207.90, #3: MJD 50208.43, #4: MJD 50215.25, #5: MJD 50208.17, #6: MJD
50213.64, #7: MJD 50571.23 #8: MJD 50222.25,#9: MJD 50572.23, #10: MJD 50427.89. For more
detail, see Table G.1 — G.3.
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Mrk 501

The changes of vF, spectra of Mrk 501 are shown in Figure 8.17. When the source was
the faintest (#8), energy spectrum was steepest (photon index 2.5) and the synchrotron
peak was well below 2.5 keV. However, during the flare, the spectrum largely flattened
(photon index 1.7) and the synchrotron peak moved to above 20 keV (#1) — the largest
shift ever observed in blazars (Pian et al. 1998; Kataoka et al. 1999a,b). Extrapolating
the relation between the peak luminosity L, and the peak energy £, found in the ASCA
results (E, Lll)'ﬁ), we expect that the synchrotron peak reaches to ~ 100 keV in the
highest state. Note that the amplitude of flux variation is much smaller than that of Mrk

421, but showed dramatical change in the synchrotron peak position.
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Figure 8.17: Synchrotron peak shifts of Mrk 501 observed with RXTE . Data are from #1: MJD
50554.17, #2: MJD 50551.46, #3: MJD 50550.45, #4: MJD 50544.31, #5: MJD 50545.44, #6: MJD
50546.25, #7: MJD 50378.51 #8: MJD 50296.57. For more detail, see Table G.4 — G.6.
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PKS 2155-304

We show the changes of v F), spectra of PKS 2155—304 in Figure 8.18. There seems to be
no clear trend between the flux and spectral shape — in fact, when the source was in the
brightest state (#1), spectrum was very steep, indicating that synchrotron peak exists at

an energy much lower than 2.5 keV. On the other hand, some observations showed very
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flat spectra, although luminosity was relatively low (#3, #4). Such a lack of a clear trend
has also been implied from the ASCA data (Figure 7.30).
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Figure 8.18: Synchrotron peak shifts of PKS 2155—304 observed with RXTFE . Data are from #1:
MID 50772.96, #2: MJID 50824.40, #3: 50220.23, #4: MJID 50221.90, #5: MJD 50409.13, #6: MJD
50224.91, #7: MJD 50223.95 #8: MJD 50287.38. For more detail, see Table G.7 — G.10.

Combined ASCA and RXTE Results

By combining with the ASCA and RXTFE results, we can study the X-ray spectral evo-
lution of TeV blazars in different phases of source activity, using more complete data
samples.

Figure 8.19 shows the distribution of peak luminosity L, versus peak energy L,
compiled from Figure 7.30 from the ASCA and Figure 8.16—8.18 from the RXTF results.
For Mrk 421 and PKS 2155—304, we have seen that all RXTFE spectra are located above
the synchrotron peak energy, and thus we only plot the ASCA results. For Mrk 501,
some RXTE observations revealed relatively flat energy spectra whose photon indices
were close to I' ~ 2.0. This means that the synchrotron peak exists in the RXTFE energy
band. When the source was in a brighter phase, the photon spectra are harder (~ 1.7)
and the peak is thought to be shifted to higher energy than the PCA bandpass.

In Figure 8.19, we added the RXTE results of Mrk 501 as a ‘box’ region and a lower

limit to compare the ASCA results. In this, we took the systematic differences between
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ASCA and RXTE into account (§ 8.3.2); when the photon index of a cutoff power law
function (§ 7.3.2) gives I' < 2.1, the spectra is monotonously rising in PCA bandpass,
hence E, is located above 20 keV (equation (7.15)). When I' is larger than 2.1 and E,
is measured to be in the PCA bandpass, the peak is likely existing in the energy range
of the PCA. One can see that the RXTF results are exactly on a line which is expected
from the ASCA results.

ASCA+RXTE
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10.0

5.0

Syncrotron Peak (keV)

0.5

PKS2155-304

0.1 = . . . - .
i03 5 104 5 10° 5 108
Synchrotron Peak Luminosity (10*°erg/s)

Figure 8.19: Distribution of peak luminosity L, versus peak energy energy F, from combined ASCA
and RXTE results.






Chapter 9

Multi-wavelength Properties of TeV

Blazars

In previous sections, we have investigated the rapid variability and spectral evolution of
TeV blazars, highlighting the X-ray observations by ASCA and RXTE . However, the
overall spectral energy distribution of blazars generally ranges over a very wide range —
from radio to TeV v-ray bands — and such spectra are one of the most important features
allowing us to understand these sources. To reveal the multi-frequency properties of TeV
blazars, we have to carry out multi-frequency monitoring campaigns of the source in

various states of activity.

Results from previous campaigns strongly suggest correlated variations in X-ray and
TeV ~-ray fluxes, while variability is much less pronounced in other energy bands (e.g.,
Macomb et al. 1995; Buckley et al. 1996). However, a problem remains that most of
the data are taken either non-simultaneously (but contemporaneous within a week; e.g.,

Macomb et al. 1995) or are very sparsely sampled (e.g., Buckley et al. 1996).

From the X-ray studies of rapid variability, we now know that the characteristic vari-
ability time scale of TeV blazars are very short, ranging from 0.3 day to ~ 1 day (§ 8.2.3).
TeV flux variations are sometimes faster — rapid variability as short as an hour had been
reported (Gaidos et al. 1996). Thus the discussion based on those quasi-simultaneous
data may be incomplete. We need exactly simultaneous monitoring, especially in the
X-ray and TeV energy bands, to correctly understand the sources. In the following, we
summarize the results from ¢ruly simultaneous campaigns of TeV blazars conducted from

1996 to 1998. Observations logs are given in § 6.4.

143
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9.1 Mrk 421

X-ray/TeV ~-ray correlation

Figure 9.1 shows the long term variability of Mrk 421 in X-ray and TeV ~v-ray energy
bands. Two remarkable flares were observed in TeV energy band in 1996 May, where flux
reached up to ~ 10 Crab and rapidly decreased to the quiescent level on time scale as short
as an hour (Gaidos et al. 1996; indicated by an arrow in Figure 9.1). Importantly, RXTFE
observations also revealed that Mrk 421 was very bright and extremely active during 1996

May observations (e.g., § 8.1).
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Figure 9.1: X-ray and TeV ~v-ray flux variation from 1995 to 1998. top and middle : X-ray flux (2—10
keV; this work), bottom : TeV 7-ray flux above 350 GeV (roughly estimated from McEnery et al. 1997
and private communication with M.Catanese). TeV ~-ray flux are given in unit of Crab flux. TeV data

from May 7, 1996 (6.2 Crab) is suppressed and represented here by an arrow.

During 1998 April observation, ASCA recorded a higher flux than that observed in
1996 May — to our knowledge, this is the record high flux ever observed for this source in
the X-ray band. The campaign started from a pronounced high amplitude flare recorded
by BeppoSAX and Whipple (Maraschi et al. 1999b), and high activity of the source
continues during the whole campaign both in X-ray and TeV v-ray.

Simultaneous observations by TeV telescopes revealed that the TeV flux was also in

a high state, although extremely rapid variability as short as an hour was not observed
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during this campaign. Such a correlation is more clearly seen in multiband light curves
taken at April 1998 (Figure 9.2). This figure combines the results from TeV telescopes
(Whipple , HEGRA and C AT), X-ray observations (ASCA , BeppoSAX and RXTE ) and
EUVE. Light curves are normalized by their average values. It should be noted that the
rapid flares observed in the X-ray energy band were also detected at TeV energies (e.g.,
flares at MJD 50924.5 and 50928.0). During this campaign, the X-ray flux was gradually
increasing on a time scale of ~ 10 days, which is the same trend as that observed in TeV

flux variation.
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Figure 9.2: Multiband flux variations of Mrk 421 during 1998 campaign. TeV data: Whipple , HEGRA
, and CAT. X-ray data: ASCA, RXTE , and BeppoSAX. UV data : FUVE. All light curves are

normalized by their average values. Figure adopted from Takahashi et al (1999; in preparation).

In Figure 9.3, we plot the keV X-ray flux (2—10 keV) versus TeV 7-ray flux (in Crab
units) obtained from observations in 1997 and 1998. In the plot, each point is calculated
from the period when both ASCA and Whipple observed the source simultaneously. A
clear correlation was found for the first time, where [TeV ~-ray flux| oc [X-ray flux|%-92+0-12,
We also plot in Figure 9.4 the flux correlation between UV and TeV data. Since the UV
flux variation is small compared to the X-ray variation, correlation slope is steeper, where

[TeV y-ray flux] o< [UV flux|?71+067,
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Figure 9.3: Correlation between X-ray flux (2—10 keV) and TeV ~-ray flux (> 350 GeV). X-ray flux
measurements come from ASCA data, while TeV fluxes are Whipple data. TeV fluxes are given in unit
of Crab flux. Dashed line shows the best-fit line of [TeV flux] o [keV flux]?-92.
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Figure 9.4: Correlation between EUVE count rate and TeV ~-ray flux (> 350 GeV). TeV fluxes are
given in unit of Crab flux. Dashed line shows the best-fit line of [TeV flux] o [keV flux]>7.

Evolution of Multi-frequency Spectrum

Evolution of multi-frequency spectrum of Mrk 421 is given in Figure 9.5. Open circles
come from Macomb et al (1995), while other symbols (#1—4) represent our new results

taken exactly simultaneously in X-ray (also EUV E) and TeV 5-ray bands.

Several important features are seen in the figure. First, the slope of X-ray photon
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spectra (I'x_pay ~ 3; see § 7.3) are steep, and very similar to those in the TeV energy
band (I'rey ~ 3; Aharonian et al.1999b). Second, the amplitude of TeV flux variation
is less or almost comparable with that in the X-ray energy bands (see also Figure 9.3).
Third, although X-ray flux changed dramatically in various seasons, only small changes

are implied in the synchrotron peak position, as we have quantitatively discussed in §
7.3.3.
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Figure 9.5: Multi-frequency spectra of Mrk 421 in various source activities. Truly simultaneous data
for EUVE, X-ray and TeV ~-ray bands were plotted with non-simultaneous archival data. #1 : data
from MJD 50571.15 to MJD 50571.20 (May 3, 1997; this work), #2 : data from MJD 50927.13 to MJD
50927.29 (Apr 24, 1998; this work), #3 : data from MJD 50927.84 to MJD 50927.90 (Apr 24, 1998; this
work), #4 : data from MJD 50933.22 to MJD 50933.27 (Apr 30, 1998; this work). Open circles are
published data from Macomb et al (1995). For #1—4, TeV data are provided by Whipple Cherenkov
observatory (private communication with M.Catanese), while TeV data (HEGRA ) for #4 come from
Aharonian et al (1999b).
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9.2 Mrk 501

X-ray/TeV ~-ray correlation

Figure 9.6 shows a long term variability of Mrk 501 comparing the X-ray and TeV ~-ray
energy bands. One finds that the source was in a historically high state during the 1997
pointings. This clearly suggests that the flux variation in both X-ray and TeV ~v-ray
energy bands is well correlated on time scales of months to years. During the flare in
1997 April/May, flux reached ~ 4 Crab in the TeV energy bands (Catanese et al. 1997),
which was the factor 40 increase of flux compared to that reported in the quiescent state
(Quinn et al. 1995; 1999).
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Figure 9.6: X-ray and TeV ~-ray flux variation from 1995 to 1998. top and middle : X-ray flux (2—10
keV; this work), bottom : TeV ~-ray flux above 350 GeV (Quinn et al .1999) and Aharonian et al (1999a;
above 1 TeV). TeV ~-ray flux are given in unit of Crab flux.

The light curves during the first multi-wavelength campaign conducted in 1996, which
included vy-ray detectors, are shown in Figure 9.7. These observations have two important
results. Firstly, EGRET detected GeV ~-ray emission for the first time at 3.5 o level,
which was also confirmed by the follow up observations in 1996 April/May (Table 9.1;
Kataoka et al. 1999). Secondly, since the observations were conducted when the source
was relatively low emission state, this establish the ‘baseline’ spectral energy distribution

of Mrk 501 compared to the high state emission in 1997.
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Figure 9.7: Time history of Mrk 501 during the March 1996 campaign. (a): X-ray (ASCA: 0.7 — 10
keV), (b): GeV (EGRET: 100 MeV — 10 GeV), (c): TeV (Whipple: above 350 GeV) and (d): Optical
(R — band: 650 nm). The ASCA count rates are from the summed SISO and SIS1 data, extracted from a
circular region centered on the target with a radius of 3 arcmin. The time interval marked with arrows
is when EGRET detected Mrk 501 at 3.5 o significance for the first time. All errors are 1 0. Figure from
Kataoka et al (1999).

Multi-wavelength observations of Mrk 501 during the high state in 1997 demonstrated
a clear correlation of fluxes in the X-ray band and TeV ~-ray bands (Catanese et al.
1997). Large amplitude flux change as well as spectral evolution were reported in the
X-ray energy band by BeppoSAX observations (Pian et al. 1998). Based on three ToO
observations conducted in Apr 7, 11 and 16 with BeppoSAX , they presented that (1)
2—10 keV flux increased to more than 5x107'% (erg/cm?/s) and (2) synchrotron peak
shifted to higher energies ~ 100 keV, both of which are consistent with our results (§
8.3.3).

ASCA and RXTE observations reported in this thesis were based on much larger
samples, which were taken at various phases of source activity. Figure 9.8 shows the flux
variations of X-ray and TeV ~-ray bands taken at April/May 1997, when the source was
in a very high state. One finds a clear correlation in both energy bands on a time scale

of a day, as well as on longer time scales.

X-ray and TeV ~-ray fluxes are plotted in Figure 9.9, based on truly simultaneous
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Table 9.1: EGRET results for Mrk 501

EGRET VP ¢ Interval Aspect ®  Exposure ¢ Significance (o) Flux ¢
9.5 12-Sep-1991 — 19-Sep-1991 3.3° 2.28 0.5 <11
201.0 17-Nov-1992 — 24-Nov-1992 2.5° 1.12 1.7 9+6
202.0 24-Nov-1992 — 01-Dec-1992 5.8° 1.06 1.1 8+£7
516.5 21-Mar-1996 — 03-Apr-1996 3.1° 1.47 2.1 10£5
(25-Mar-1996 — 28-Mar-1996) 0.46 3.5 32+13
519.0 23-Apr-1996 — 07-May-1996 1.2° 2.10 4.0 184+5
(E>500 MeV) 2.97 5.2 €62
617.8 04-Apr-1997 — 15-Apr-1997 3.0° 0.82 1.5 9+7

a: EGRET Viewing Period

b: Angle between the source and the EGRET instrument
: Exposure in unit of 108 cm? s

d: Flux (E>100 MeV) in units of 1078 cm~2s7!

e: Flux (E>500 MeV) in units of 1078 ecm™2s~1!

o

The error is 1 o.
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Figure 9.8: X-ray and TeV ~-ray flux variation in 1997. left : April 1997, right : May 1997. top and
middle : X-ray flux (2—10 keV; this work), bottom : TeV ~-ray flux above 350 GeV (Quinn et al .1999).

TeV v-ray fluxes are given in unit of Crab flux.

data. One finds a clear correlation, but different from that found in Mrk 421. For Mrk

501, we obtained a quadratic relation, where [TeV ~-ray flux] o< [X-ray flux|!-96+0-07,
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Figure 9.9: Correlation between X-ray flux (2—10 keV) and TeV ~-ray flux (> 350 GeV). X-ray fluxes
come from ASCA and RXTE data, while TeV fluxes are Whipple data. TeV fluxes are given in unit of
Crab flux. Dashed line shows the best-fit line of [TeV flux] oc [keV flux]!-%S,

Evolution of Multi-frequency Spectrum

Evolution of the multi-frequency spectrum of Mrk 501 is shown in Figure 9.10. Open
circles are data from public archive (taken from Kataoka et al. 1999), while other symbols
represent our new results derived from simultaneous monitoring in the X-ray and TeV
~v-ray bands. For the data obtained in March 1996, we also plot the EGRET and optical
data.

Compared to the results for Mrk 421, some significant differences are implied in the
multiband specta. First, the changes in X-ray flux are accompanied by large shift in the
position of the synchrotron peak, as shown in § 7.3.3 and 8.3.3. Second, the slope of X-ray
spectra varies widely, ranging from I'x_,,, ~ 1.7 to 2.5 (see § 7.3, 8.3), while the photon
index in the TeV energy band is almost unchanged and steeper; I'rey ~ 2.5 (e.g, Petry et
al. 1997; Aharonian et al. 1999a). Third, amplitude of TeV flux variation is much larger
than that in the X-ray energy band (see also Figure 9.9).
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Figure 9.10: Multi-frequency spectra for Mrk 501 in various source activities. Truly simultaneous data
in optical, X-ray, GeV ~-ray and TeV ~-ray bands were plotted with non-simultaneous archival data. #1 :
data from MJD 50166.96 to MJD 50170.17 (Mar 25-28, 1996; Kataoka et al. 1999a), #2 : data from MJD
50960.29 to MJD 50960.39 (May 27, 1998; this work), #3 : data from MJD 50545.36 to MJD 50545.46
(Apr 7, 1997; this work), #4 : data from MJD 50550.33 to MJD 50550.43 (Apr 12, 1997; this work),
#5 : data from MJD 50554.38 to MJD 50554.48 (Apr 16, 1997; this work). Open circles : NASA /TPAC
Extragalactic data base (NED). Solid figure : ROSAT (Comastri et al. 1997), GINGA (Makino et al.
1991), HEGRA (Aharonian et al. 1997). Dashed figure : HEGRA (Bradbury et al. 1997).
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9.3 PKS 2155-304

Flux Variation

Figure 9.11 shows the long term variability of PKS 2155—304 in X-ray and TeV ~y-ray
energy bands. The detection of the TeV ~-ray emission was reported only recently by
Chadwick et al (1999). When the highest TeV emission was detected in 1997 November,
RXTE observation also recorded the highest X-ray flux ever observed (§ 8.3). At the
same epoch, the EGRET observed the source and found that GeV ~-ray flux increased
by factor 3 compared to that in the 1996 observation (Sreekumar & Vestrand 1997). This
probably implies the correlation of emission in various energy bands, but needs further

study.
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Figure 9.11: X-ray and TeV ~-ray flux variation from 1995 to 1998. top and middle : X-ray flux (2—10
keV; this work), bottom : TeV ~-ray flux above 300 GeV (roughly estimated from Chadwick et al. 1999).
Note that the TeV ~y-ray emission was detected only recently. TeV ~-ray flux are given in unit of Crab

flux.

Evolution of Multi-frequency Spectrum

Evolution of multi-frequency spectra of PKS 2155—304 is given in Figure 9.12. Open

circles are data from archive. In this figure, TeV flux is given as an averaged flux from all
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observations, including 1997 November (Chadwick et al. 1999). We also plot the EGRET
spectrum estimated from the flux in Sreekumar & Vestrand (1997), assuming a spectral
form reported in Vestrand et al (1995).

In contrast to the sparse sampling of y-ray observations, lower energy band data are
even better sampled than other TeV blazars. Filled circles are simultaneous data from
optical to X-ray obtained in 1994 May campaign (Urry et al. 1997; Kataoka et al. 2000).
Compared to Mrk 421 and Mrk 501, X-ray flux variation seems to be rather chaotic; when
the source was in the brightest state (1997 November; #2), the spectrum was very steep,
suggesting that synchrotron peak exists at much lower energies than X-ray energy band.

However, for 1994 May data when the source was rather fainter, synchrotron peak existed
at ~ 1 keV (§ 7.3.3, 8.3.3).
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Figure 9.12: Multi-frequency spectra for PKS 2155—304 in various states of source activity. Truly
simultaneous data in IUE, FUV E, X-ray bands were plotted with non-simultaneous archival data. #1 :
data from MJD 49491.23 to MJD 49493.33 (Mar 19-21, 1994; Urry et al. 1997; Kataoka et al. 2000), #2
: data from MJD 50772.96 to MJD 50772.97 (Nov 20, 1997; this work), #3 : data from MJD 50291.66
to MJD 50291.68 (July 27, 1996; this work). Open circles : NED data base. Lower EGRET data are
from Vestrand, Stacy & Sreekumar (1995), while upper EGRET data are estimated from Sreekumar &
Vestrand (1997). TeV ~-ray data come from Chadwick et al. (1999). #2 is when the source was the
brightest, while #3 is when the source was the faintest in the X-ray energy band.
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9.4 1ES 23444514

Flux Variation

Figure 9.13 shows the long term variability of 1ES 2344+514 in X-ray and TeV ~y-ray
energy bands. Only a very few observations had been conducted before the detection
of TeV ~-rays as the third TeV blazar (Catanese et al. 1998). Unfortunately, no X-ray
observations had been conducted when the Whipple telescope detected TeV ~-rays (1995
December 20); no RXTE ASM data are available on this source before 1997. More data

are required to test a correlated variability in various energy bands.
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Figure 9.13: X-ray and TeV ~-ray flux variation from 1995 to 1998. top and middle : X-ray flux (2—10
keV; this work), bottom : TeV ~-ray flux above 350 GeV, from Catanese et al. 1998. Note that, TeV

~-rays were not detected above 2 ¢ level for 1996/97 observational seasons.

Evolution of Multi-frequency Spectrum

Evolution of multi-frequency spectrum of 1ES 23444514 is given in Figure 9.14. Open
circles are data from the public archive. Three TeV points are from Dec. 20 1995 (highest
flux), averaged flux from 1995 to 1996, and upper limit from 1996 and 1997 observations.
No EGRET detection has been reported for this source.

1ES 23444514 is also the faintest TeV blazar in the X-ray energy band. However,
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spectral evolution correlated with a flux change, similar to that for Mrk 501, is suggested
as shown in Figure 9.14. When the source was in a quiescent state, it showed a steep
spectrum with photon index of I'x_,ay ~ 2.3. It hardened to ~ 1.8 when the source
becomes brighter (Giommi et al. 1999; § 8.3). This supports an idea that the synchrotron
peak largely moves with the flux change as that were observed in Mrk 501 (§ 7.3.3).

Further observations are necessary for confirmation.
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Figure 9.14: Multi-frequency spectra for 1ES 2344+514 in various source activities. No simultaneous
data with X-ray observations has been available. #1 : data from MJD 50458.68 to MJD 50458.84 (Jan
10, 1997; this work), #2 : data from MJD 50471.23 to MJD 50471.40 (Jan 23, 1997; this work), #3 :
TeV data on 1995 Dec 20 (TeV flare; Catanese et al. 1998), #4 : TeV average flux from 1995 to 1996
(Catanese et al. 1998). Open circles : Perlman et al. 1996; Patnaik et al. 1992; Gregory & Condon 1991.
Solid figure: BeppoSAX (Giommi et al. 1999). Upper limit for TeV emission was derived from 1996,/1997

observations (Catanese et al. 1998).



Chapter 10

Discussion

10.1 Summary of Results

We have observed 4 TeV blazars with X-ray satellites ASCA and RXTE . These observa-
tions provide the highest quality spectral and timing information over a very wide energy
range of 0.7—20 keV. It is noted that 30 X-ray observations were conducted simultaneously
with Whipple Cherenkov telescopes (TeV), and 7 observations are also contemporaneous
with EGRET on-board CGRO (GeV). To our knowledge, our current work is based on
the largest sample of X-ray/GeV/TeV ~-ray data for TeV blazars, obtained in various
states of source activities. In the following, we briefly summarize major results contained

in this thesis.

X-ray Time Variability

Unprecedented big campaigns for Mrk 421 (1998; 7days) and PKS 2155—304 (1996; 12
days) revealed more than 10 flares with time scales of about a day which occured during
the observations, indicating that variabilities in TeV blazars are more dynamic and com-
plicated than we had imagined. Successive occurrence of flare events had heen proposed
by previous observations (e.g., Buckley et al. 1996), but data were too short and/or too
undersampled to study in detail the time profile. We thus confirmed for the first time
that rapid flares repeat day-by-day in those TeV blazars.

This naturally leads us to an idea that there exists some prefered time scale for
variability of blazars. Structure function of TeV blazar variability showed a roll-over
around 1 day, which we interpret as the characteristic time scale of rapid variability in
blazars. Time scale was ~ 0.5 day for Mrk 421, 0.3 day for PKS 2155—304 and ~ 1 day
for Mrk 501. Notably, these time scales reflect the typical rise/decay time of individual

flare events.
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Figure 10.1: Comparison of PSD slopes for various black hole systems. Open cicle : Hayashida et al
(1998). Filled cicle : Estimated from Structure Function analysis (this work). The power law indices for
PSD (« for f~%) are simply estimated from SF index (§) as « = 8 + 1.

On a shorter time scale (< 0.3 day), slopes of SFs (3) are quite steep, ranging from
1.2 to 2.3 for all TeV blazars (this corresponds to the PSD index where f~* of a = 2
~ 3). This clearly indicates that the physical processes operating in TeV blazars are
strong red-noise type (3 ~ 1) or actually no significant process exits (5 ~ 2) up to the
characteristic time scale described above (~ 1 day). As we can see in Figure 10.1, this is
very different from other types of mass-accreting black hole systems, whose variabilities

are well characterized by a fractal, flickering noise (0 < § < 1).

It is also remarked that the most of the flare events were characterized by nearly equal
rise-time and decay-time, thus forming a quasi-symmetric time profile. To evaluate the
time asymmetry of the light curves in various energy bands, we used an applied technique
introduced by Kawaguchi et al. (1998). We discovered that the symmetry of the time
profile tends to break down at lower X-ray energies both for Mrk 421 (Figure 7.14) and
PKS 2155—304 (Figure 8.10).

Another important discovery is the detection of ‘hard-lag’ flares. Such an unusual
behaviour was first implied for PKS 2155—304 (Sembay et al. 1993), but was not con-
firmed due to limited photon statistics and short coverage of previous observations. We
confirmed that the paradigm that the soft X-ray variations always lag behind the hard

X-ray variations (‘soft lag’) was not generally true — in fact, we detected complicated
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mixture of ‘soft lag’ and ‘hard lag’ during the 7-day observation of Mrk 421 in 1998. As
many authors have suggested, variability amplitude tends to become larger as photon

energy increases, but some clear exceptions were found, which may possibly related to
the hard-lag behaviours (Figure 7.24).

X-ray Spectral Evolution

In the X-ray band, photon spectra of those TeV blazars are well represented by a power law
form, but smoothly steepening to higher energies. Using 5-year complete samples of ASCA
and RXTFE data, we confirmed a general trend that the spectra tend to steepen when the
sources become fainter (e.g., Giommi et al. 1990). It is also noted that low luminosity
TeV blazars tend to have flatter spectrum (Figure 7.27), possibly indicating a smooth
connection to other types of blazar classes, such as LBLs and QHBs (see Figure 2.11;
Ghisellini et al. 1998; Kubo et al. 1998).

The peak of the synchrotron component (LE component) was detected with ASCA (in
conjunction with the data in other wavelengths) for all TeV blazars. More remarkably,
we found that the position of the peak shifts from lower to higher energy when the source
becomes brighter. We showed that the spectral evolution of Mrk 421 indicates very little
change in the peak position (0.5 — 2 keV), while Mrk 501 records largest shift ever
observed (1 — 100 keV; Catanese et al. 1997 and Pian et al. 1998). For the first time,
we succeeded to quantify the correlation between the peak luminosity (L,) and the peak
energy (E,) (Figure 8.19). We found E, o L* for Mrk 421 and E,, o L for Mrk 501.
This naturally indicates that the origin of the flare may be quite different in those two

objects.

Inter-band Variability

The results from several previous campaigns had suggested that the variability in blazars
correlates in multi-frequency bands (e.g., Macomb et al. 1995; Buckley et al. 1996).
However, non-simultaneity of observations and/or rather sparse sampling prevented us
from concluding the inter-band variability. In the present work, Mrk 421 and Mrk 501 were
intensively monitored in both X-ray and TeV v-ray bands, providing ezxactly simultaneous
X-ray and TeV flux information in various phases of source activity. We found that
variations in keV and TeV bands are well correlated on time scale of a day to years. We
found that the amplitude of variation is comparable in both energy bands for Mrk 421
([X-ray flux] o< [TeV flux]; see, Figure 9.3), while quadratic for Mrk 501 ([X-ray flux]? o
[TeV flux]; see, Figure 9.9).
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10.2 Dynamics of Rapid Variability

In the following, we discuss dynamical time scales which characterize the rapid variabil-
ity in blazars. For simplicity, we will consider the synchrotron process as the dominant
cooling process for high energy electrons, ignoring the inverse Compton cooling. This
approximation is valid for TeV blazars because (1) the synchrotron luminosity is gener-
ally greater than the Compton luminosity, and (2) the reduction of the cross section in
the Klein-Nishina regime significantly decreases the Compton scattering efficiency. More

detailed discussion will be given in § 10.6.

10.2.1 Synchrotron Cooling

The non-thermal emission of the low energy (LE) component is most likely produced by
synchrotron emission from high energy electrons (see, § 2, § 3). X-ray energy band is
considered to be the highest part of LE component for TeV blazars. Cooling rate of a
single electron by synchrotron radiation is given in equation (3.34). Thus the time fco0

when an an electron loses half of its energy would roughly be (in the observer’s frame)
teool(7) = 5 x 108 B2y~ 16 (sec), (10.1)

where v is the electron Lorentz factor. Since the peak observed frequency of the syn-

chrotron emission is related to v by equation (3.32), we found a simple relation,
teool(Brev) =~ 1.2 x 10 B~¥2E /257 1/%(sec), (10.2)

where Fyey is the observed photon energy in keV and ¢ is a beaming factor (Takahashi
et al. 1996). Since the cooling time is proportional to v, higher energy electrons cool
much faster than lower energy electrons, which may account for the ‘soft-lag’ behaviour
often observed in TeV blazars.

By calculating the Discrete Correlation Function (DCF) in various photon energies,
Takahashi et al. (1996) found that the soft X-ray (F < 1 keV) variability lagged behind
that for hard X-ray band (£ > 2 keV) by 4 x 10? sec, consistent with our present analysis
(Figure 7.20). They associated the soft-lag with the difference of cooling time with respect
to the energy and derived a magnetic field B ~ 0.2 (6/5)~'/3 (G). Importantly, this was the
first case where the magnetic field was calculated only from the observed X-ray variability.

Similar approach was adopted by Kataoka et al. (2000) for the PKS 2155—304 flare
in 1994 (§ 7.2.5). Since the X-ray light curve during the flare was very symmetric, they
evaluated the time lags in various energy bands with more direct method than the DCF,

and compared the results with those obtained from DCF. They fitted the light curves to
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a Gaussian and searched for the time shift of the peak of the flare. In this model, the
photon count rate at an arbitrary time ¢ is expressed as: f(t) = Cy + C; X exp [—(t —
tp)?/20?%), where Cy is a constant offset, C is the amplitude of the flare component, ¢, is
the peaking time, and o is the duration of the flare, respectively. The light curves were
divided into 10 logarithmic-equal energy bands from 0.5 keV to 7.5 keV (for the SIS data)
and 0.7 keV to 7.5 keV (for the GIS data; 9 bands). A Gaussian provides a sufficient fit
of the resultant energy-binned light curves; the y? probability of the fit was P(x?) > 0.1
for 12 of 19 light curves. Note here that there was not any systematic (preferential) trend
for the data whose probability P(y?) are less than 0.1. In Figure 10.2, we show examples

of the Gaussian fit, which turned out to be a good representation of the data.
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Figure 10.2: A Gaussian fit to the time profile of PKS 2155—304 during the flare in 1994. The count
rates of both SIS detectors are summed. The solid line corresponds to the best fit with a Gaussian
function given in the text. Upper Panel: Light curve in the 0.5 — 1.0 keV band; x2,, = 1.5 for 49 dof.
Lower Panel: Light curve in the 2.0 — 3.0 keV band; x2 4 = 1.1 for 49 dof (figure from Kataoka et al.
2000).

Figure 10.3 (a) shows the dependence on energy of the flare duration derived from
fitting the energy-binned light curves. This result is consistent with a constant fit of o
= 1.5 x 10* sec. Figure 10.3 (b) shows the energy dependence of the flare amplitude,
defined as the ratio of the normalization of the flare to the constant offset: Ap = C,/C.
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The flare amplitude becomes larger as the photon energy increases. This is mostly due to
the decrease in the constant offset (Cy) at higher energies. In other words, the spectrum
during the flare is harder than that in the quiescent state. Figure 10.3 (c) is the lag of
the peak time, calculated from the difference of ¢, of the Gaussian, as compared to that
measured in the 3.0—7.5 keV band. As shown in the figure, the hard X-ray (3.0-7.5
keV) variability leads the soft X-rays (0.5—1.0 keV) by ~ 4 ksec. Finally, Figure 10.3
(d) shows the time lag measured from DCF technique, as was the case for the Mrk 421
(Takahashi et al. 1996). Lag is consistent with that estimated from the Gaussian fitting.

—_ 3.0e4 T T T T 3.0 T T T T
5t @ | ] (v) ]
o ]
g - i 8 =20} .
:s —
= ) *
% 1.5e4 5 - % 1
A 0 2
2 - {1 8 10} 55 .
o &=
=] . L ot ]
8 X GIS2+3
0
0 1 1 1 1 O 1 1 1 1
05 10 2.0 5.0 10.0 0.5 1.0 2.0 5.0 10.0

S 1.0e4 1 S 1.0es| (d) |
[] [}
& X
= 1 = ]
0] Q
4 A
0 4 0 -
7 T
® 1.0e3 E ™ 1.0e3 E
= g
5 . o .
& o
2 1 2 .
- |

1.0e2 L L L L 1.0e2 L

0.5 1.0 2.0 5.0 10.0 0.5 1.0 2.0 5.0 10.0
Energy (keV) Energy (keV)

Figure 10.3: Measurement of the parameters describing the 1994 May flare of PKS 2155—304. The
circles are combined SIS data, while the crosses are combined GIS data. (a): The flare duration, estimated
by the standard deviation, o, of the Gaussian fits at various X-ray energies. The solid line is a constant
fit (¢ = 1.5 x 10* sec). (b): The flare amplitude (Ap = C;/Cy) at various X-ray energies, determined by
a Gaussian fit. (c¢): Time lag of photons of various X-ray energies versus the 3.0—7.5 keV band photons,
calculated from the peaking time determined by a Gaussian fit. The solid line is the best fit with a
function (10.2). The best fit parameter is B = 0.11 G for § = 25. (d): Time lag of photons of various
X-ray energies versus the 3.0—7.5 keV band photons, calculated using the discrete correlation function
(DCF). The solid line is the best fit with a function (10.2). The best fit parameter is B = 0.13 G for §
= 25 (figure from Kataoka et al. 2000).

Importantly, two methods mentioned above yielded consistent values for B. They
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found the magnetic field for PKS 2155—304 to be B = (0.12 4 0.02)(6/25)~/3 (G).

10.2.2 Smoothing by Light Travel Time

From results of Mrk 421 and PKS 2155—304, one can approximate the typical values
of the magnetic field B of Mrk 421 and PKS 2155—304 as B ~ 0.1 — 0.2 (G), when a
beaming factor is 6 ~ 10. In order to derive the magnetic field from the time lag, we need a
complete sample of flares. Unfortunately, we do not have any samples of ‘complete flares’
for Mrk 501 and 1ES2344+514. With the magnetic field of B ~ 0.1 (G), we can estimate
the cooling times of electrons which emit photons of various energies from equation (10.2);
teool(0.1 keV; UV) =~ 4 x 10 (sec), teool(1 keV; soft X-ray) ~ 1 x 10? (sec) and tep01(10
keV: hard X-ray) ~ 4 x 103 (sec). In the X-ray band, cooling time is much shorter than
the decay time of an each flare event. As is clearly seen in the light curves of Mrk 421
(e.g., Figure 7.2; see also Figure 10.4) and PKS 2155—304 (Figure 10.2), typical time scale
of the decay in a flare is 0.3—0.5 day for these sources. It should be also noted that the
time scale of the rise in a flare is also 0.3—0.5 day (see also, § 7.2.3; 8.2.3).

This clearly indicates that a mechanism other than synchrotron cooling, actually de-
termines the decay-time of each flare. The most natural interpretation is the smoothing of
rapid variabilities by source light travel time (e.g., Chiaberge & Ghisellini. 1999; Kataoka,
et al. 2000). Rapid variability on time scale shorter than R/c, where R is the emission
region size, cannot be observed, because of the relaxation (smoothing) by the light travel
effects over the source on a light-crossing time scale. The observational fact that rise and
decay time-scales of the short term flares are nearly comparable, bears important con-
sequences (Figure 10.2). In fact, it is highly unlikely that these time scales are directly
associated with the particle acceleration and cooling time scales, since a priori there is no
reason for them to be equal, and observed equality would be accidental (Ghisellini et al.
1997).

This simple idea was confirmed by a detection of energy-dependence of time-asymmetry
of the light curves (Figure 7.14, 8.10). We found two important properties in the light
curves ; (i) time profiles of TeV blazars are almost symmetric, but in the strict sense,
they are characterized by the ‘rapid rise and gradual decay’, and (ii) the symmetry of
the time profile more strongly breaks down at lower energies (§ 7.2.3; 8.2.3). It should
be noted that both of these are most naturally interpreted by the balance of cooling time
(teoor) and light travel time (¢.s = R/c). Since cooling time becomes comparable with the
source light travel time only at lower energy bands, smoothing of rapid time variability
should be more important at high energy X-ray band, forming a symmetric time profile.

We show an example of time profile of a flare in Figure 10.4 (Mrk 421 in 1998; time-region
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#2) which clearly demonstrates the fact that the hard X-rays decayed more rapidly than
the soft X-rays and UV photons.
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Figure 10.4: Time profiles of a flare of Mrk 421 observed in 1998 (time-region # 2). top (a): EUVE
(~0.1 keV), middle (b): ASCA SIS (0.5—1.0 keV), bottom(c): ASCA SIS 3.0-7.5 keV. Note that time
profile of the flare becomes more symmetric at higher energy bands and amplitude of variability is larger

as increasing photon energy.

We also note that the importance of light travel time (¢..) is implied from another
reason. In Figure 10.5, we show the time profiles of different types of flares observed for
Mrk 421 in 1998. For the flare in time-region #2 (see, Figure 7.8), we can see a symmetric
triangular shape whose rise-time and decay-time are nearly equal. However, for the flare
in time-region #9, we can see a plateau in the light curve. For this particular flare (#9),
after the flux reached the maximum, it remained almost constant for 0.4 day (Figure 10.5).
This indicates that, for the flare in time-region #9, the electron and photon distributions
would have enough time to reach a ‘new’ equilibrium state, and form a plateau in the
light curve (e.g., Mastichiadis & Kirk 1997; Chiaberge & Ghisellini 1999; see also § 11).

Assume that the flares are explained by a shock front propagating through the emission
region, supplying freshly accelerated electrons only in the front’s vicinity (Kirk, Rieger
& Mastichiadis 1998). A plateau in the light curve appears only when the duration of
a change in electron injection (t;) is larger than t... This corresponds to a physical
condition in which shock velocity is much slower than the speed of light, because the

injection process take R/Vj to influence the whole region, where V; is the shock velocity.
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In this case, newly accelerated electrons are injected to the emission region for #,; >
tas- On the other hand, a symmetric triangular shape of the light curve corresponds to a
highly relativistic shock, V; ~ ¢. In any case, present observational data indicate that the
balance of duration of an injection event ¢;,; and source light travel time ., is important

to describe the rapid variability in blazars.
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Figure 10.5: Time profiles of two different flares of Mrk 421 observed in 1998. SIS light curves of energy
band 1.0—1.5 keV are plotted. left : time-region #2, right : time-region #9 (see, § Figure 7.8). Note
that a plateau appears in the light curve of #9, whose duration of flare is longer than that of #2.

10.2.3 Acceleration of Electrons

As we have seen in previous sections, electrons with higher energy cool faster than elec-
trons with lower energy (fcoo1 o 7~ !). Thus if the nature of rapid variability of the system
(flare) is controlled by instantaneous injection of electrons up to Jmax and energy loss
by radiative cooling, soft X-ray variations should always lag behind those in the hard
X-ray band. However, we are aware that there were observations in which no time-lags or
opposite sign of lags were reported (e.g., Sembay et al. 1993; Figure 7.19; Figure 7.21).
Curiously, such observations were only little studied or forgotten in previous works, prob-
ably because it cannot be understood by a simple synchrotron cooling scenario. Another
reason might be that observations were too short to cover the whole flare duration, thus
reducing a motivation for strongly arguing the presence of such unusual behaviour.
Uninterrupted observation of Mrk 421 in 1998 revealed that the actual situation is
much complex than we had expected. Sign of lags had changed flare by flare (Figure 7.23).

In some flares, we actually detected completely opposite behaviour, where the soft X-ray
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variations preceded that in the hard X-rays (‘hard lag’; see, Figure 10.6). It is clearly
shown that the time variation in lower energy band lags behind that in the higher energy
band. Mechanism other than the synchrotron cooling is necessary to account for the

slower response for higher energy electrons.
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Figure 10.6: Time profiles of a flare of Mrk 421 observed in 1998 (time-region # 8). top (a): EUVE
(~0.1 keV), middle (b): ASCA SIS (0.5—1.0 keV), bottom(c): ASCA SIS 3.0—7.5 keV. Note that the
time variation in higher energy band lags behind that in the lower energy band (hard lag), and variability
amplitude is almost equal through FUVE to ASCA .

Since the cooling time of electrons is a function of B and é (equation (10.1)), it might be
expected that the magnetic filed and/or beaming factor changed flare by flare. However,
this is not plausible for two reasons. First, even if the magnetic field is variable, one
cannot account for the hard lag (‘zero-lag’ at most; see equation 10.2). Second, since the
synchrotron emissivity is proportional to B? (e.g., equation (3.34)), changes in magnetic
field inevitably would cause a large-amplitude variations also in the lowest energy bands
(e.g., radio/optical) as well as X-ray bands. This has not been observed. Optical flux
(R band) for Mrk 421 during the 1998 ASCA observation (24—30 April) showed only
small fluctuation within 12.6+0.1 (fag) (Mattox 1999, private communication). Changes
of beaming factor, e.g., due to the bending of jet (Wagner et al. 1993) might explain the
changes of cooling time. However, it is not plausible because the fluctuation of beaming
factor produce completely coherent variations in energy (see, also § 11.7). Such coherent

variability have never been observed for Mrk 421, although this might had been the case
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for a particular flare of 2155—304 observed in 1991 (see, Edelson et al. 1995).

In TeV blazars, we believe that most natural interpretation of ‘hard lag’ behaviour
is based on the acceleration of electrons at shock front postulated to exist in blazar jets.
Such a shock is expected to be produced by several different ways, for examples, by a
collision of emission blob with surrounding materials in the vicinity of the jet (e.g., BLR;
see, § 2) and/or by a collision of blobs moving with different bulk Lorentz factors (internal
shock scenario; e.g., Ghisellini 1999; see also the discussion below). As we described in §
3.1, when the low energy electrons are injected into the shock front, they are gradually
accelerated to higher energies up to the maximum Lorentz factor vm,.x, where radiative
loss and energy gain are equally balanced. The efficiency of acceleration is expressed
by the acceleration time scale, t,.. (see, § 3.1.4). In practice, t,.. would be dependent
on the electron energy in accordance with shock acceleration process. For example, t...
(7) o v for diffusive acceleration with a ‘gyro-Bohm’ process (e.g., Inoue & Takahara.
1996) and o v/3 for fully developed Kolmogorov turbulence. Although we assume ...
to be constant for simplicity, the following discussion can be applied for the case that the

acceleration time has some dependences on energy (see, § 3.1.3).

10.2.4 Application of Acceleration/Cooling Model to Data

Let’s assume a simple case where electrons with mono-energetic Lorentz factor vy (< Ymax)
are picked up (injected) into the acceleration process at a shock front, and subsequently
drift away from into the downstream flow. Drifted electrons will be cooled by synchrotron
process in a homogeneous magnetic field B, in which electrons emit most of the radiation
(emission region). We define the magnetic field strength around the shock front By (#
B in general) and the shock velocity V;. We note that t,.. and ~y.x would be a function
of By and V;, but a detailed description is beyond the scope of this thesis (e.g., tace
B2 and Yax < BS 12y for diffusive acceleration with a ‘eyro-Bohm’ process; Inoue
& Takahara. 1996).

From the equation (3.21), we obtain an upper limit on the electron energy which can

be accelerated at time £,

1 1
+[— -

“Vmax Yo “Vmax

() = ( Jexp(—t/tacc)) ™. (10.3)

What is important is that the higher energy electrons require longer time to be accelerated,
which produces opposite sign of time-lag expected from the synchrotron cooling process.
‘Hard lag’ thus appears as a delay in the start time of the flare for higher X-rays. When

the variation at observed photon energy F is found to be lagged behind the variation at
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energy Fy (Ey < Ep) for A t (sec), one finds a simple relation,

t Eq
At~ 2 (1), .
58 () (10.4)

The combination of ‘soft-lag’ by radiative cooling in the emission region, and ‘hard-lag’
by acceleration process (equation (10.2) and (10.4)) can be applied for the explanation
of the observed behaviour of flare-by-flare changes in sign of the time-lag. If we take the

acceleration process into account, the time lag can be expressed as,

— - 7facc — E
AH(Ey, Ey) ~ 1.2 x 10°B=3/25=1/2(g V% — pri/?y 5o 1m(ﬁl) (sec),  (10.5)
0

where At(Fy, Ey) is the time lag of the light curves at observed photon energy Ej from
that at the energy F4 (in unit of keV; Ey < Ey).

We applied this simple model to Mrk 421 data obtained in 1998. We fixed the magnetic
field in the emission region and beaming factor to B = 0.2 (G) and 6 = 10, as calculated
from the time-lag for 1994 data (Takahashi et al. 1996). Regarding this point, we note
that the time-lag for Mrk 421 in 1994 is well represented by synchrotron cooling term
only, because the energy dependence of the cooling time derived from the time lag is
consistent with the synchrotron cooling process. We do not need to introduce an additional
acceleration term. This corresponds the physical case in which the electron populations
are rapidly (f,.. =~ 0) accelerated from 7y t0 Ymax-

Since flare-by-flare changes of B are unlikely (see above), we fixed the magnetic field
to 0.2 G and fit the 1998 data with only one free parameter, t,... Figure 10.7 shows the
model fit to the time-lag for time-region #2—9 (see, Figure 7.8). Best fit models are given
as a solid line. Upper panel shows the case where the magnetic field was larger/smaller
by factor of 2 than the assumed value (0.2 G), but ¢, is fixed at the best fit value. The
lower panel corresponds to the case when the acceleration time changed by factor of 2,
but B is fixed to 0.2 G.

One finds that all the data are consistent with this simple model (P(x?) > 0.1) and
that parameters (B and t,.) are well constrained within a factor of 2. The calculated
acceleration time ranges from 1 x 10% sec to 6 x 103 sec in observer’s frame. Since the
cooling time of electrons which emit X-ray photons at 1 keV is t.oo = 5 X 103 (sec) for B
= 0.2 (G) and 6 = 10, the derived acceleration time is nearly equal to the cooling time.
We should note that if By ~ B, the acceleration time (t,..) and cooling time (fco01) are
expected to be balanced for electrons that emit photons in the X-ray energy bands. The
steep X-ray photon spectra of TeV blazars (I'x_,ay > 2; Figure 7.27 and 8.14) imply that
the X-ray band corresponds to the highest part of the LE component, thus reflecting the

electron population close to the v,... However, if the magnetic field is compressed around
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the shock, i.e. B; > B, acceleration time can be much shorter than the cooling time,
even in the X-ray energy bands.

Variability or flaring behaviour can arise from a number of reasons. When the shock
front overruns a region of the jet in which the local electron density is enhanced, the
number of electrons picked up and injected into the acceleration process is expected to
increase (Kirk, Rieger & Mastichiadis 1998). In this case, we do not expect any changes
in acceleration time, thus variations of observed time-lags for each flare event cannot
be explained. On the other hand, if the density change is associated with a change
in the magnetic field in the shocked region (Bj) or changes in the shock velocity (V;),
acceleration time can also vary. In such situation, time-lags may also vary, corresponding
to the balance of the acceleration time and the cooling time, as was the case for Mrk 421
flares in 1998.

Although the full description of the shock process is necessary to deepen the current
discussion, a simple model in which electrons are accelerated in the ‘accelerated region’
and injected to a ‘emitting region’ for the radiation can qualitatively explain properties
of the complicated time profiles observed in Mrk 421. Present results, which indicate
teool(X-ray) > tace, might indicate the tangled magnetic field around the shock (By) is
enhanced as compared to that in the emitting region (B).

As a summary, our current discussions assumed a single emitting region associated
with a single shock front (one-zone homogeneous model). The structure of jet is assumed
to be globally smooth, but locally the jet may include tangled regions, e.g., with enhanced
plasma density. Various types of flares can be produced when the shock overruns such
a tangled region. We found that this picture qualitatively accounts for the observed

properties of TeV blazars.

10.2.5 Comment on Multiple Emission Models

Instead of assuming a single emission region, one might expect multiple emission regions
and shock fronts in the jet, all of which are characterized by different physical quantities
(e.g., region size and magnetic field density). These quantity may vary independently.
Complex features observed from Mrk 421 in 1998 could be generated by the superpositions
of flares originating in different emitting regions. When a flare arises in a blob with strong
magnetic field, the observed lag becomes small, while larger lag would be observed when
the magnetic field is relatively small.

Such a situation seems to be realistic in some sense, however, we prefer one-zone model
for several reasons; (1) rapid variability in TeV blazars is well correlated in the X-ray and

TeV ~-ray bands, suggesting that same spatial region and same population of relativistic
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electrons dominated the emission (Figure 9.3; 9.6). (2) clear correlation between the flux
and the photon index, as well as shift of the synchrotron peak (e.g., Figure 8.19) rules
out superpositions of photon spectra which are produced in different emission region
characterized by different physical parameters. (3) spectral energy distribution of TeV
blazars is well represented by one-zone homogeneous model (see also, § 11)

Also note that our discussion based on one-zone model is not affected as long as
individual emitting region is concerned. Balance of 4 time scales, tooo1, tace; ters and tin;

must be held even when we assume a complicated multiple emission region model.

10.2.6 Cooling Time vs Escape Time

In the previous sections, we considered four timescales which characterize the rapid vari-
ability in blazars. We would like to comment here on another dynamical time scale; feqc.
Many authors have assumed that the relativistic electrons are injected into the emission
region with a specified distribution and escape on a timescale tq. (e.g., Inoue & Taka-
hara. 1996). After particles escape from the emission region, these particles no longer
radiate. For low-energy electrons whose cooling time is longer than t.., they cannot cool
completely before leaving the source, thus the spectral form becomes similar to that of
the injection. However, for the high energy electrons of t ., < tes, they lose most of the
energy before leaving the source. If the electron injection spectrum is a power law form
of oc 47*, it breaks by one power in the index (x y7*7!) for v > 43, where 7, is the
electron Lorentz factor which satisfies teoo1(Vpr) = tese.

There is a good observational reason to believe that escape, or equivalently, sudden
energy loss by adiabatic expansion is important. In fact, the photon spectral index starts
to deviate from that in the radio (millimeter) band by ~ 0.5 around IR /optical band for
TeV blazars (e.g., § 9). Thus the electron loss by escape, rather than cooling, is more
important for low energy electrons which emit photons from radio to optical band. In the
X-ray energy band, cooling time is expected to be much shorter than t.... Since we are
dealing with the rapid variability observed in the X-ray energy band, t.. is not crucial.

But e could be important when the cooling time is longer than .. (see also, § 10.6).



10.2. DYNAMICS OF RAPID VARIABILITY

Mrk 421 (1998 #2,
4000 2izk 421 (1998 #2)

B=02G

Tacc =
2000 - 1.2e3 sec
—2000 9

—4000
4000

2000

Lag from 3.0-7.5 keV (sec)

—2000 1

—4000 9
0.3 0.5 0.7 1.0 2.0 3.0 5.0
Energy (keV)

1000 Mrk 421 (1998 #4)

B=02G

Tacc =
2000 2.1e3 sec
—2000 9

—4000 1
4000

2000 [

Lag from 3.0-7.5 keV (sec)

—2000 1

—4000} 9
0.3 05 0.7 1.0 2.0 3.0 5.0
Energy (keV)

4000

(a) Tacc tixed | B = 0.2 C

Tace =
2000 4.2e3 sec

-2000 [ ¢ 1

—4000 " 9
4000 et + + '

Lag from 3.0-7.5 keV (sec)

—2000 1

-4000 [ - 1

0.3 0.5 0.7 1.0 2.0 3.0 5.0
Energy (keV)

4000

B=02G

acc
2000 5.9e3 sec
—2000

—4000
4000

2000 |

Lag from 3.0-7.5 keV (sec)

—2000

—4000

Lag from 3.0-7.5 keV (sec) Lag from 3.0—7.5 keV (sec) Lag from 3.0-7.5 keV (sec)

Lag from 3.0—7.5 keV (sec)

Mrk 421 (1998 #3)

4000 r T .
058 (a) Tace fixed
2000
[
~2000
28 o:sIS
—4000 [ x:GIS A
4000 et + + +
(b) B fixed
2000 F 9

—2000

—4000

4000

2000

—2000

—4000 [
4000 [+

—2000 [

—4000 [

0.5Tacc (b) B fixed

0.3

Mrk 421
4000 T

05 0% 1.0 2.0 3.0
Energy (keV)
(1998 #7)

2000

~2000 ]
-l o : SIS
—4000 ]
4000 ot } } }
. (b) B fixed

—4000 .

4000

05 07 1.0 2.0 3.0
Energy (keV)

2000

—2000

—4000
4000

2000

—2000

—4000 [

0.3

05 07 1.0 2.0 3.0
Energy (keV)

B=02G

Tacc =
3.8e3 sec

B=02G
Tacc =
2.4e3 sec

B=02G

Tace =
3.6e3 sec

171

Figure 10.7: Fit with acceleration plus cooling model. Data from 1998 observation of 421. Acceleration

time is given in observer’s frame (assuming § = 10).
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10.3 Properties of Short-Time Variability in Blazars

As we have seen in Figure 10.1, rapid time variability of TeV blazars is clearly different
from that of Galactic black holes and galaxies. This is most probably due to different
physical origins and/or locations where the X-ray photons are produced, and hence, dif-
ferent time variability is observed. In fact, X-ray photons are considered to be emitted
almost isotropically from the most inner part of the accretion disk for Galactic black holes
and Seyfert galaxies (see, e.g., Tanaka et al. 1995; Dotani et al. 1997), while non-thermal
emission from relativistic electrons in the relativistic jet is thought to be the origin of

X-ray photons for blazars (see, § 2).

For TeV blazars, we showed that time variability shows strong red-noise type be-
haviour, and variability shorter than characteristic time scale is strongly suppressed.
This is more clearly seen in Figure 10.8, in which variability of different time scales are
separately shown. For the case of Cyg X—1 (left), similar time variability is seen in
various time scales. Fxistence of time variability in the shortest time scale well explains
an observed flat PSD index of Cyg X—1 (1.7—1.8; Figure 10.1). For the case of Mrk
421 (right), however, time variability changes dramatically in various time scales. On
the shortest time scales (< 0.2 day), time variability seems to be absent and the light
curve is almost constant. On longer time scales (< 2.0 day), variability which is often
called a ‘flare’ appears. Rise-time and decay-time of a flare are what we have derived
as the characteristic time scale using SF analysis. Although the last panel is somewhat
undersampled, large amplitude variations are clearly seen, which are similar to that in

the middle panel.

Despite the long history of X-ray astronomy, the physical processes which may account
for the canonical (quasi-fractal) time variability of Galactic black holes and Seyfert galax-
ies are still under debate. The situation is more severe for blazars, where only few studies
have been performed to investigate the nature of rapid variability in blazars. In the X-ray
band, Tagliaferri et al. (1991) have studied EXOSAT observations of PKS 2155—304
(exposure of about 1 day), and found that the power spectrum follows a power-law with
an index —2.5+0.2, which is exactly consistent with our SF analysis. Hayashida et al.
(1998) also found very steep power spectra for both PKS 2155—304 and 3C 273 as were
given in Figure 10.1. In the optical band, Paltani et al. (1997) studied the time vari-
ability based on 15 nights data. They also reported that the PSD is well described by a
power-law with an index —2.4, comparable with the index found in the X-ray domain. No
PSD studies had been reported for variabilities in Mrk 421, Mrk 501 and 1ES 2344+514

prior to this thesis.
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Figure 10.8: Self-similarity of rapid variabilities in Cyg X—1 and Mrk 421. Variabilities of different time
scales are separately shown. left : time variability in Cyg X—1. Data come from Hayashida et al (1998).
top; 0—0.17 (sec), middle; 0—1.7 (sec), and bottom; 0—17 (sec). Start time is MJD 48020.06736122
(1990/05/09). right : time variability in Mrk 421. top; 0—0.2 (day), middle; 0—2 (day), and bottom;
0—20 day. Start time is MJD 50927.0 (1998/04/23).

The absence or suppression of rapid time variability (< 1 day) in blazars implies that
there exists a prefered location in which X-ray photons are produced. Characteristic
time scale of each flare event, ¢, ~ 1 day, indicates that the size of the emission region
is ~ 10'® ¢m in the source frame, if the emitting blob is moving with the Lorentz factor
of I' ~ 10. Since the jet is collimated within a narrow cone with angle # ~ 1/T") one finds
that the X-ray emission site is D ~ 107 cm from the base of the jet. Absence of rapid
variability shorter than ~ 1 day rules out the X-ray emission inside of this. Similarly,
more distant region, as expected from radio emitting region (which is > 1 pc; see also §
10.4), is also ruled out because it cannot explain the rapid time variability as short as 1
day.

There are several reasons which may account for this ‘critical’ distance D ~ 10'7 ¢cm
First, even if the X-rays are actually produced at the base of the jet, and hence close to
the accretion disk, the produced X-rays should be inevitably absorbed by photon-photon
interactions, with associated pair production. A simple calculation reveals that the optical
depth to pair production for X-ray and +-ray photons well exceeds unity at the base of
the jet (7,—, > 100), thus we cannot observe both emissions in this region. Second, the
shock fronts themselves may be absent at the base of the jet, and high energy electrons

which are fully accelerated to emit X-rays, would be absent for distance closer than D ~
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1017 cm. In the following, we suggest a possible interpretation which may account for this
preferred location of the shock fronts. This is called internal shock scenario and first
introduced in the field of modeling v-ray bursts. Very recently, Ghisellini (1999) pointed
that this idea successfully explains some of observed characteristics in blazars.

Let’s assume a central engine is not working continuously, but produces different blobs
of material moving with different bulk Lorentz factors. For simplicity, we consider two
relativistic blobs. blob-1: Lorentz factor is [y and emitted at ¢ = 0, blob-2: Lorentz factor
is 'y (T'y = al'y; @ > 1) and emitted at t = 7. Assuming that blobs are initially separated
by a few Schwarzschild radii (~ 3R,), blob-2 cathes up the blob-1 at a distance of

2

2
D= crrf(ra_l) ~ 10R,I2. (10.6)

Despite the uncertainties in parameters a and 7, a distance at which two blobs collide is
roughly estimated as ~ 10 R, I'?.
A radial distance of the jet at D is

R = Dsinf ~ DO ~ D/T}. (10.7)

Observed time scale is shortened by ~ 1/T', because of the beaming effect (§ 3.7). Thus

we obtain the observed time scale for blazars,
tobs ~ D/(cI'F) ~ 10R,/c. (10.8)

In this scenario, we expect that no significant time variabitility would be observed for
distance closer than D, because blobs are smoothly moving in the jets and shock fronts
are absent in this region. Thus it is natural that rapid time variability shorter than D/(c
I'?) is strongly suppressed, as was indicated from temporal studies of X-ray light curves
of TeV blazars.

Based on the discussion above, it is intriguing to estimate the mass of central black

holes in TeV blazars. Since the Schwarzschild radius is expressed as

M
R,/c~1.1x 10—10(ﬁ) (day), (10.9)
©

we obtain M ~ 5x10% Mg for ta,s = 0.5 (day). Interestingly, this result is also consistent
with the typical mass of central black holes postulated to exist in active galactic nuclei
(e.g., Hayashida et al. 1998).
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10.4 X-ray Flares and Implications on the Jet Struc-

ture

In § 7.3.3 and 8.3.3, we found that the position of the synchrotron peak shifts from lower
to higher energy when the source becomes brighter. The correlation was most clear for
Mrk 421 (E, o< L)*) and Mrk 501 (E, o< L};®), where Ly, is the peak luminosity and E,
is the peak energy (§ 7.3.3; 8.3.3). The difference of spectral evolution in both objects
implies that quite different mechanisms were at work when the sources went into the
flaring states.

Since the peak luminosity is proportional to the number of photons at peak (ny,(Ep))

multiplied by the peak energy, a simple relation can be found:
Ly o< Epnpn(Ep) o 7§ne(7p>a (10.10)

where 7, is the Lorentz factor of electron which emits photon of energy E, and n(v,) is

the number of electrons at v,. We thus find the relations,
ne(p) < 3¢ (Mrk421), (10.11)

ne(yp) ox 7, "% (Mrk501). (10.12)

This implies that for the case of Mrk 421, increase of v, by a factor of 2 requires more
than factor 10 increase in number of electrons at peak energy. On the other hand, the
same amount of increase of v, requires decreases in number of electrons by a factor of 2
for the case of Mrk 501. Such variations in spectral behaviors may be associated with the
difference of physical conditions in relativistic jets, which is discussed below.

Assume that a substantial amount of gas (e.g., in a form of clouds) is distributed in the
jet. In these clouds, density of low-energy electrons is enhanced as compared to the am-
bient, but other physical quantities such as magnetic field strength are unchanged. Those
clouds essentially provide a plentiful source of low-energy electrons for the shock front.
When a shock front overruns one of such clouds, fresh electrons are successively injected
and assumed to undergo continuous acceleration by repeatedly crossing and recrossing
the shock front, as well as simultaneously cooling by synchrotron radiation (e.g., Kirk,
Rieger & Mastichiadis 1998). In this scenario, number of electrons increases significantly,
but only small changes are implied for the maximum Lorentz factor as were observed in
Mrk 421.

On the other hand, when clouds are absent or very sparsely distributed in the jet,
flares may be produced in several diffent manners. For an example, if the shock overruns

the enhanced tangled-magnetic field region, this may cause changes in acceleration time
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of electrons, and hence increase the maximum Lorentz factor (see also, § 10.2.4). Impor-
tantly, regardless of detailed models for flaring behaviour, total number of electrons is
conserved in this case. During the flare, acceleration can be assumed to be more efficient
than radiative cooling, thus the present electron population as a whole will be accelerated

to higher energies, but no additional electrons are supplied into the shock.

In latter case, numbers of electrons at the peak (n.(v,)) will decrease, reflecting the
power-law shape of an electron population. If the differential number density of electrons
is expressed as N, oc 72 (standard shock; § 3.1.5), electron number decreases as n.(7,)
X YpNe(Yp) X 7;1. Importantly, this relation is very close to the case we have obhserved
in Mrk 501 (equation (10.12)).

Present discussion based on the X-ray spectral evolution suggests very important im-
plications for internal jet structures of Mrk 421 and Mrk 501. Only a small shift of
synchrotron peak observed in Mrk 421 may be associated with electron clouds filling
the jet, while the jet of Mrk 501 seems to be relatively empty. During the flare of Mrk
421, kinetic power of the shock is equally distributed to large number of low-energy elec-
trons newly injected into the shock, thus increasing the number of high energy electrons.
Large shifts of synchrotron peak observed in Mrk 501, on the other hand, is possible only
when the internal jet is rather sparse and transparent to the shock propagation. Kinetic
power of the shock is spent to increase the energies of individual electrons and hence

number-conservative.

It may thus be worthwhile to compare our X-ray implications to the VLBI results.
Accurate measurements of changes in the parsec-scale jet structure imaged with VLBI
provide constraints on the jet kinematics and geometry. When combined with estimates
of the Doppler beaming factor (determined, for example, from the X-ray time variability),
the apparent motion of the jet components can be used to constrain the Lorentz factor of
the jet and the angle of the jet to the line-of-sight. Although VLBI observations do not
yet have an enough resolution to image the region production of the X-ray/v-rays (~ 0.01
pc), they provide the highest resolution structual information available, and can image

the region immediately downstream.

VLBI maps of Mrk 421 and Mrk 501 at 18 cm are separately shown in Figure 10.9.
Both objects are observed in a space VLBI project using the HALC A satellite and 12
ground stations (Giovannini et al. 1998). Tt is interesting that the subparsec- and parsec-
scale jets of Mrk 421 and Mrk 501 appear to be weak relative to those of other blazars
(Marscher et al. 1999). Most importantly, superluminal motions have been detected only
for Mrk 501 (v = 6.7 ¢; Giovannini et al. 1998), while subluminal motions were implied
for Mrk 421 (v ~ 0.3 ¢; Piner et al. 1999). An apparent velocity of Mrk 501 implies that
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Figure 10.9: Global Space VLBI map of Mrk 421 (left) and Mrk 501 (right). In these figures, 1 mas
corresponds to 0.9 pc. Superluminal motions were detected only for Mrk 501 (v ~ 6.7 ¢). Figures from
Giovannini et al (1998).

the real jet velocity has to be > 0.989 ¢ and the jet has to be oriented at an angle smaller
than 17 deg (Giovannini et al. 1998). By assuming that the bulk and pattern jet velocity
are comparable, Giovannini et al (1998) derive that the beaming factor of Mrk 501 as 6

~ 1.3—5.6. For the case of Mrk 421, the results are consistent with no-beaming.

In any case, the estimated beaming factors for both sources are relatively low compared
with the lower limits derived from time variabilities in other wavebands; for examples,
Takahashi et al. (1996) derived 6 > 5 for Mrk 421 and Kataoka et al. (1999) derived &
> 6 for Mrk 501 using the X-ray/TeV ~-ray time variability (see also, § 10.6). Marscher
(1999) disscussed that rather low superluminal apparent speeds and lackluster variability
properties of the radio jets evidences that the bulk flow of the jets decelerates from
X-ray/TeV ~-ray emitting section (~ 0.01 pc) to the radio emitting region (~ 1 pc).
The weak subparsec- and parsec-scale jets of those objects are readily understood as the
consequence of heavy energy and monmentum loss in the upstream of the jet where most
of the energy and momtentum of the relativistic electrons are transfered to the radiation

in the X-ray and TeV ~-rays.
Remarkably, very different manners of X-ray spectral evolutions of Mrk 421 and Mrk

501 presented in this thesis is exactly consistent with those VLBI observations. Our X-ray
observations predict that relativisitc outflows of Mrk 421 will be decelerated faster than

that for Mrk 501, because the jet of Mrk 421 is filled with low-energy materials and kinetic
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energy of outflows are more efficiently dissipated during the propagation. The absence
of superluminal motion of Mrk 421 in radio bands thus indicates that the high energy

outflow has been sufficiently decelerated when it reaches to more distant, radio emitting

region.
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10.5 Implications from Inter-band Correlation

From the truly simultaneous observations of Mrk 421 and Mrk 501, we found that the flux
variations in the X-ray and TeV ~-ray bands are well correlated on time scale of hours
to years. These results imply that the same spatial region and the same population
of relativistic electrons are responsible for the emission, as is predicted from the simple
synchrotron self-Compton (SSC) scenario. The amplitude of variation was comparable in
both enengy bands for Mrk 421 ([TeV flux] oc [X-ray flux]?92%%12) while quadratic for
Mrk 501 ([TeV flux] o< [X-ray flux]*%6+%07) Tn this section, we briefly discuss inter-band
correlations expected from the simple SSC model and interpret the difference of Mrk 421
and Mrk 501.

Consider the electron population whose number density is given by N.. Since energy
loss rate of a single electron is proportional to the magnetic field density Up (equation
(3.34)), one finds a simple relation between the observed synchrotron luminosity and
physical quantities as

Leyne x 6*N.B?, (10.13)

where ¢ is the beaming factor of emission blob. If the emission is taking place in the

Thomson regime (vhv < mec?6), similar relation for the SSC flux is simply given by
Lssc X NeLgyne < 6*N2B?. (10.14)

When the scattering takes place in the Klein-Nishina regime (yhy > m.c?8), the
situation is more complicated because the cross-section for the inverse Compton process
reduces significantly. Corresponding relation for SSC luminosity in the Klein-Nishina
regime is

LEL o< NoLEE oc 6* N N B2 (10.15)

sync

where LT and N respectively, are the synchrotron luminosity and electron energy
density ef fectively involved in the inverse Compton process.
In previous sections, we concluded that the variability of Mrk 421 is most probably

due to the changes in number of electrons (N, ), rather than changes in ¢ or B. Above
2

sync

relations thus predict Lgge o< L for Thomson scattering, while Lgge oc N Lyne for
Klein-Nishina regime. Observational results imply that the X-ray spectrum and TeV ~-ray
spectrum have similar slopes, whose differential photon indices are ~ 3.0. This indicates
that the both emissions come from the same, high energy end of the electron distribution.
Thus the above prediction can be directly compared with the observed relation of Mrk 421.

From simultaneous observations in X-ray and TeV ~-ray bands, we found a relation [TeV
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flux] o [X-ray flux|. This suggests that the SSC process are operating in the Klein-Nishina
regime, keeping NI almost constant.

This prediction is plausible because the seed photons that are Comptonized to produce
TeV flux are not X-ray photons (Takahashi et al. 1996; Ghisellini & Maraschi 1996).
Assuming a typical value for B of 0.1—0.2 G and ¢ of 10, we expect that the Lorentz factor
of electrons which emit X-ray photons is 7 ~ 10° (equation (3.32)). We thus expect v
hvx oy ~ 10 mec?8, which implies the scattering takes place in the Klein-Nishina regime.

Seed photons for TeV ~-ray production are more likely to be optical/UV photons:
Vgeed = MeC>8/hry ~ 10" 19(Hz), (10.16)

where h is the Planck constant. In this energy band, variability is small compared to that
in the X-ray band (e.g., Buckley et al. 1996; Figure 9.2) and we can approximate N to
be constant. Thus X-ray and TeV ~-ray correlation of Mrk 421, [TeV flux] o [X-ray flux],
is accurately consistent with the SSC scenario operating in the Klein-Nishina regime.

For the case of Mrk 501, however, quadratic relation of [TeV flux] o< [X-ray flux]? does
not simply mean that the SSC process is operating in the Thomson regime. There are
two reasons to explain this relation; (1) spectral evolution of Mrk 501 implies that large
changes in Ymax (§ 10.4), (2) X-ray spectrum of Mrk 501 is flatter (1.7—2.5 in photon
index) than that in the TeV ~-rays (~ 2.5 in photon index), suggesting that electrons
responsible for emission in both bands are different in energy. For the latter point, we
should note that the correlation of fluxes between UV (not X-ray) and TeV energy bands
for Mrk421 is [TeV flux] oc [UV flux]*>7#%7 which is similar to the relation found for Mrk
501 (Figure 9.4).

When the 7. varies significantly during the flare, evolution of synchrotron/self-
Compton luminosity cannot be simply written as equation (10.13)—(10.15), because the
observed energy range is only limited in X-ray and TeV ~-ray bands. To evaluate the
effects of the reduction of cross section in the Klein-Nishina regime, we approximate the
spectral energy distribution (SED) of Mrk 501 as two broken power-laws (Figure 10.10).
Lower component is synchrotron radiation, while upper is SSC radiation. For simplicity,
we assume both components are sel f-similar and spectral index (in vF), space) is a (>
0) below the break and (< 0) above the break, respectively.

We assume a flare in which vy., increased by factor £ (> 1). We denote initial X-
ray/TeV ~-ray fluxes as F, and F,, respectively. Initial break (peaks) in the synchrotron
component is v, while it is v, for the SSC component. Since the synchrotron frequency
is o¢ 72, vy increases by factor €2 during the flare. In the Thomson regime, we expect

V. to increase by factor &*) because v. o< v v, (equation (3.44)). Thus for the case of



10.5. IMPLICATIONS FROM INTER-BAND CORRELATION 181

(@) (b)
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Figure 10.10: Schematic view of spectral evolution of Mrk 501. (a) : spectral evolution in Thomson
regime, (b) : spectral evolution in Klein-Nishina regime. For Mrk 501, appropriate values for o and

are 0.2 and —0.5, respectively.

Mrk 501, the X-ray flux during the flare is roughly be F, £2* and TeV ~-ray flux is F.
¢4 (Figure 10.10), compared with the initial values of F, and F,. £**. Thus the index of
correlation kry between X-ray and TeV ~y-ray flux is ([TeV flux] « [X-ray flux]km™)

Ao — )

10.17
o (10.17)

kTM ~

Selecting the appropriate values of @ and § (« ~ 0.2 and § ~ —0.5 for Mrk 501), we
finally obtain kry(Mrk 501) ~ 7. This is much larger than the observed relation.

In the Klein-Nishina regime, we expect v, increased by factor &, because the maximum
energy of Comtpon scattered photon is limited t0 Ymax Mec?. The X-ray flux during the
flare is roughly be F, £2* while TeV ~-ray flux is F, £%, compared with the initial values
of Fy and F. £#. Thus the index of correlation kxn between X-ray and TeV 7-ray flux is

([TeV flux] oc [X-ray flux]*xy)

a—p
200

Selecting the appropriate values of @ and 8 (o ~ 0.2 and § ~ —0.5 for Mrk 501), we

obtain kxn(Mrk 501) ~ 2. This value is exactly consistent with the observed relation.
In summary, different correlations between X-ray/TeV 7-ray fluxes found in Mrk 421
and Mrk 501 are due to the different origins of the spectral evolution — number of electrons
increased for Mrk 421, while maximum Lorentz factor increased for Mrk 501. Importantly,
both observed relations are consistent if the Synchrotron self-Compton scattering takes

place in the Klein-Nishina regime.
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10.6 Constraints on the Physical Parameters

In § 10.2, we derived the magnetic field strength B by comparing observed time lags in
various X-ray energy bands. The magnetic field of Mrk 421 and PKS 2155—304 were
successfully determined to be B ~ 0.1-0.2 G, assuming the beaming factor 6 of 10.
However, we should note that these constraints had been obtained only from the time-
variability. Several important physical quantities are still unknown. Even in the one-zone
SSC scenario, we need 7 parameters to specify the model, which cannot be determined only
from the time variability constraints. In the following, we consider the constraints that
can be derived from the multi-frequency spectra and compared with the limit obtained
from ‘time-lags’ in the X-ray light curves.

One can find similar discussions in Bednarek & Protheroe (1997; 1999), Tavecchio,
Maraschi & Ghisellini (1998) and Kataoka et al (1999). Following approach has two
advanteges compared to the previous works — (1) multi-frequency spectra taken at various
states of activities are evaluated by polynomial fits for each TeV blazar, and (2) our

discussion is more flexible and less affected by the uncertainties in the observational data.

10.6.1 Allowed Parameter Region

To specify the spectral energy distribution, we need the magnetic field B, region size R,
beaming factor ¢, escape time ..., and the electron injection spectrum as input parameters
(§ 3; see, also § 11). We adopt a specific form for the injected electron spectrum, Q(vy) =
Go 7V ° exXp(—7/Ymax), Where Ypax is the maximum Lorentz factor of electrons. Seven free
parameters listed here are required to specify the model.

Importantly, all these parameters can be calculated from seven observables: syn-

chrotron maximum frequency, v**; Compton maximum frequency, v#**; synchrotron

s )
break frequency, v

s

variability time scale, t,.; synchrotron luminosity, L*; Compton
luminosity, L{&*'; and radio (millimeter) spectral index, . The slope of injected electrons
is simply related with a as s = 2ac + 1 (e.g., Blumenthal & Gould. 1970; § 3.3.2). Since
the radio (millimeter) band is thought to be the uncooled portion of the electron distri-
bution (§ 10.2.6, see also below), v* is the frequncy where the spectral index starts to
deviate from that in the radio (millimeter) band.

Despite the equal numbers of observables and parameters (7 observables for 7 param-
eters), the model cannot be specified uniquely. The reasons are; (1) the region size is
described by an inequality R < ¢ty (2) most of the present data are not well sampled
and not obtained simultaneously, (3) multi-frequency spectra of blazars track smooth

curves, hence we cannot clearly define the accurate positions of ‘maximum frequency’



10.6. CONSTRAINTS ON THE PHYSICAL PARAMETERS 183

or ‘break frequncy’, (4) Klein-Nishina effects probably reduce the Compton flux signifi-
cantly at TeV energy band, which may cause the underestimate of the seed photon (i.e.,

synchrotron photon) density.

log Luminosity
Vi)

v PcLPev Po)

05V PLPsv Py y.....

..........................................................................

Vbrs v Py max

S S

log frequency

Figure 10.11: Definition of parameters from polynomial (cubic) fit. Spectral energy distribution of
a TeV blazar is schematically shown. Horizontal axis is ‘log frequency’, while vertical axis is ‘log v L,

luminosity’.

To constrain the physical paramters, we first need to determine 7 observables. For
this purpose, the multi-frequency spectrum of each TeV blazar was fitted with polynomial
function of a form; log(vL,) = a + blogr + ¢ (logr)? + d (logv)?, where a, b, ¢, d are the
constants (Comastri et al. 1995). Since there are at least two components in the multi-
frequency spectrum, we fitted the lower component (LE component; radio to X-rays) and
the higher component (HE component; y-rays) with separate polynomial functions. We
determined ‘observables’ from the best fit cubic functions, which are schematically shown
in Figure 10.11.

A relation R < cty,,6 gives only an upper limit on the dimension of the source. But if
we choose very small number for R, extremely high Doppler factor is required from the
transparency condition (see below). Following Tavecchio, Maraschi & Ghisellini (1998),
we limit ourselves in the range, R = £ctya6 (1/3 < € < 1). The escape time of electrons,
lesc, 18 also quite uncertain, but it needs to be longer than light travel time over the source
(R/c). Tt is, however, not plausible that ... is much larger than R/c. If so, no break (v*)
would be observed in the spectral energy distribution up to v.***, which contradicts the
obserations. We thus adopt a limit to tes. as tee = 1 R/c (1< n < 10).

First constraint on parameters is derived as follows. The maximum Lorentz factor of
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electrons is approximately related to the observable ™

s )

max
v

~ s 1/2
Ymax = (5= T06 58] (10.19)

where the electron pitch angle with respect to the magnetic field was set to be 7/2

(equation 3.33). Since the Compton-scattered spectrum extends up to v&**, the maximum

max

electron energy must be larger hvd® in the source frame. We thus obtain the first
constraint,

max
14

R <y g2 o [—— V2 2612, 10.20
VO™ S e d = [ g omec (10.20)

The second relation can be derived using the ratio of total luminosities of the syn-
chrotron radiation and the total luminosity of the self-Compton radiation. As we have
seen in equation (3.48), this ratio is directly related to the ratio between the radiation

and the magnetic field densities inside the source as,

Ltot Usavail
Lg)t = (10.21)

where U2l indicates the synchrotron photons which can effectively involved in the

inverse-Compton scattering, below the Klein-Nishina limit. We conveniently express U2Vl

as U2l = (1/k) U,, where Uy is the total soft photon density and x > 1. If the scattering

takes place purely in the Thomson regime, & is equal to 1. Since Uy is related to L' as
Ltot

U, =25 10.22

41 R?cH* ( )

we find a relation )
1 Ltot 1 Ltot
Up=-U,-2- = (==

K LEY AnR%cdk LKt

Considering the reduction of cross section in the Klein-Nishina regime, we assume 1 < &

). (10.23)

< 10 in the following. This range of « is valid as long as Y.y 18 not too large (e.g., Vmax

< 10%; Figure 3.8). Thus we finally obtain the second constraint

1 Ltot?  q 1  tot?
=) m) < U ).
et L 10) < VP < Grmeest L)

(10.24)

The third constraint is derived from the balance between cooling and electron-escape
time scale (e.g., Sikora, Begelman & Rees 1994; Inoue & Takahara 1996). An injection of a
power-law energy distribution of electrons up to a certain maximum energy (as expected
from shock acceleration) into the radiating region should yield a steady-state electron
distribution with a break in its index at a characteristic energy .. Y. is estimated from
a similar relation with equation (10.19),

br

Vs 1/2
o~ s /2 10.25
T [3.7 % 1063(5] ( )
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By equating the cooling time of electrons at v, with electron escape time, we obtain

3m.c?
Up + U)o y.c

tcool(Vbr) = 4( = tesca (1026)

where o is the Thomson cross section (see, equation (3.34), (3.47)). Combining with

equation (10.21) and tee = 17 R/c (1< 1 < 10), we finally obtain the third constraint,

1 wot 3m.c?
< 1< — 10.27
) LEOt + 4UBO'T’yer ( )

3m.c?
4UBO'T’yer 10

An additional constraint is derived from the condition of transparency of 7-rays to
pair production absorption. Importantly, the transparency condition does not depend
on the specific emission mechanisms, therefore it can place a strong and independent
constraint on the minimum value of the Doppler factor in the SSC model. Following
Dondi & Ghisellini (1995) and Tavecchio, Maraschi & Ghisellini (1998), conditions can

be written

UTd% F(vigt)
She? tya
where 144 is the frequency of target photons for pair production, related with ~-ray

5> |75 | (10.28)

photons v, as 1.6 x 10*/v,. [ is the spectral energy index of target photons, F(vig)
is the flux density of target photons per frequency, and dj, is the luminosity distance,
respectively.

All of above four conditions (equation (10.20), (10.24), (10.27) and (10.28)) are written
in terms of two physical parameters: the magnetic field and the beaming factor. Each
constraint then corresponds to an allowed region in the (6,B) plane. On the other hand,
the X-ray observation of ‘time-lags’ strongly limit B and 6§ along a narrow line B o 6~ /3
(e.g., equation (10.2)). Thus this provides a crucial test to examine whether the limits
from spectral energy distribution and time-variability are mutually consistent. In the next

section, we evaluate the allowed parameter space (6, B) for each TeV blazar.

10.6.2 Individual Target

To evaluate the SED for each TeV blazar, we collected the non-simultaneous data from
the literature and combined with our simultaneous X-ray/TeV ~-ray data (see § 9). Since
the constraints described above basically assume a steady state emission, lowest fluxes in
the literature were plotted as an approximate quiescent state. Balance of cooling time
and escape time (tcool(7br) = fesc) 18 only expected when the electron population has
enough time to reach an equilibrium state. Similarly, the ratio between the radiation and
the magnetic field densities (equation 10.21) holds when the photon distribution is in an

equipartition (e.g., § 11). In the following, however, we also use simultaneous data in
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various flaring states to check the consistency of parameters derived from the spectra in
the quiescent state.

The results of polynomial fit are summarized in Table 10.1. We define v as the
frequency where synchrotron luminosity reaches a half of its peak value (vPL,(vF)), while

max

v is the frequency where the synchrotron luminosity decreased to a half of the peak
(Figure 10.11). Since 1ES 2344+514 has not been detected by EGRET (Figure 9.14), we
conveniently assume a best-fit polynominal function of Mrk 501 for the Compton radiation
of 1ES 2344+514.

It should be noted that for Mrk 421 and PKS 2155—304, the total synchrotron lu-
minotisy L' is larger than the total Compton luminosity LE* by a factor of 2—3, while
nearly equal for the case of Mrk 501. Also note that the maximum synchrotron frequency

becomes larger for fainter sources (see, also Figure 7.27).

Table 10.1: Results of polynonimal (cubic) fit

source a | ubr vP o opmax o yPL(vP) Ll ve vE* vLe(vh) LY
(Ho) (H) (H) (ergs) (ergfs) | (o) (o)  (ergfs)  (erg/s)

Mrk 421 0.3 | 144 158 17.2 44.3 45.2 242 25.7 44.0 44.8
Mrk 501 04 | 13.8 157 17.6 44.0 44.9 23.0 24.8 44.1 45.0
PKS 2155 | 0.2 | 146 16.0 17.3 45.7 46.5 242 25.7 45.3 46.2
—-304

1ES 2344 | 0.5 | 141 16.0 179 43.3 44.2 23.0 2438 43.4 44.3
+514

Frequencies and luminosities are all given in log.

radio (millimeter) spectral index, « ; synchrotron break frequency, l/;)r ; synchrotron peak frequency, v¥ ; synchrotron

max

maximum frequency, v ; synchrotron peak luminosity, v3 Ls(¢}); total synchrotron luminosity, L°% ; SSC peak frequency,

Vg ; SSC maximum frequency, v3?* ; SSC peak luminosity, V%LC(Vg) ; total SSC luminosity, ngt ;

The 7 input observables for the allowed parameter space are summarized in Table
10.2. t,. was determined from the characteristic time scale of the X-ray time variability
found in this thesis (§ 8.2.3). We assume t,,, = 1 day for 1ES 23444514, because its
variability time scale is completely unknown, but longer than ~ 0.5 day (Figure 8.11).
Other input quantities are same as Table 10.1, except for additional errors in the values
of v&* and L¥*. We add systematic errors of factor 3 and factor 2 in the values of
v&** and LE* respectively. This is because the Compton component is evaluated only

from GeV/TeV ~-ray data, thus quite uncertain. On the other hand, the quality of the
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synchrotron spectrum is much better than the Compton specturm, so we can neglect the

errors on v™** and L',

Table 10.2: Input observables for individual TeV blazars

source o pbr pymax Lot Vg“‘XT Ltcf’”L tvar
(Hz) (Hz) (erg/s)  (Hz) (erg/s) (sec)
Mrk 421 0.3 144 172 452 257105 44.8t03  4.3x10*
Mrk 501 0.4 138 176 449  24873% 450%03  1.0x10°
PKS 2155 02 146 173 465 257102 46.2%53  3.0x10*
-304
1ES 2344 05 141 179 442 24893 443753 1.0x10%!
+514

Frequencies and luminosities are all given in log.

radio (millimeter) spectral index, o ; synchrotron break frequency, V;)r ; synchrotron maximum frequency, v#* ; total

s

max

synchrotron luminosity, Lt ; SSC maximum frequency, v&** 5 total SSC luminosity, Ltcc’t ; variability time scale, tvar ;

T Uncertainties of factor 3 in the value of vJ** and factor 2 in the value of Lgt are taken into account.

i : assumed to be equal to Mrk 501, because EGRET detection has not been reported.

Mrk 421

In Figure 10.12, we show the parameter space for Mrk 421 (right). Thin region is the
allowed space derived from the quiescent SED of Mrk 421 (Table 10.2 and Figure 10.12

(left))-

of Compton flux in the Klein-Nishina regime (up to factor 10) are considered. We also

Uncertainties of factor 3 in the value of R, factor 10 in f.. and the reduction

investigate the allowed parameter space for various flaring states plotted in Figure 9.5.
Filled area is the overlapped region. The solid vertical line is the lower limit from the
transparency condition derived from TeV ~-ray/optical correlation in time variability
(Buckley et al. 1996; equation (10.28)).

We also plot the equipartition condition for the magnetic field density and synchrotron
photon density, Ugp = U2l Dashed line with a label “TM’ is the case when all the
scattering takes place in the Thomson regime, although this is unlikely for the TeV blazars
(see the discussion in § 10.5). A line with a label ‘KN’ is the case when the scattering
takes place in the Klein-Nishina regime, reducing the effective seed photon density by a
factor of kK = 10. Both lines assume R = c¢ t,,, ¢ for simplicity.

Importantly, this equipartition line divides the synchrotron cooling dominant region
and Compton cooling dominant region in the 6—B plane. Synchrotron cooling approx-

imation (see, § 10.2.1) is only valid in the right of this line, while in the left, Compton
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cooling is more effective. Thus current allowed region for Mrk 421 indicates that the syn-
chrotron cooling is more dominant than Compton cooling process, even in the Thomson
scattering limit. This is consistent with the fact that L°* is larger by factor ~ 3 than L¥*
(Figure 9.5).

Finally, we superpose a constraint from the observed time-lags in various X-ray energy
band (Takahashi et al. 1996). Synchrotron cooling is assumed to be dominant cooling
process. The line is appeared as a flat solid line (B 6~1/3) with measurement errors
on the lag (dotted lines). It is extremely important that this line, which is completely
independent of the spectral constraints, is nicely in agreement with the parameter region

allowed by those constraints.
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Figure 10.12: left: polynomial (cubic) fit of vF, spectrum of Mrk 421. Hatched region is the uncer-
tainty associated with the estimates of v& (factor 3) and Lg (factor 2). right : the parameter space (6,
B) allowed by the one-zone SSC model for Mrk 421 data. Thin region is the allowed space using only
SED data for quiescent state (left), while thick region is the overlapped region for various source activ-
ities (Figure 9.5). Solid line put in dashed lines is a limit derived from X-ray observation of ‘time-lags’,
assuming the synchrotron cooling process. Vertical line is the limit from TeV ~y-ray/optical transparency
condition. Dashed lines show the equipartition between Ug and US“V“”, which divides the dominance of
synchrotron/Compton cooling processes. Lines for Thomson limit and Klein-Nishina limit are separately

shown.

Mrk 501

Figure 10.13 shows the parameter space for Mrk 501 (right). Thin region is the allowed
space derived from the quiescent SED of Mrk 501 (Table 10.2 and Figure 10.13 (left)).

Uncertainties in parameters are same as that for Mrk 421. Filled area is the overlapped

100
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region with those derived for various flaring states (Figure 9.10). The solid vertical line is
the lower limit from the transparency condition derived from TeV 7-ray/optical correlation
in time variability (Catanese et al. 1997; equation (10.28)).

The equipartition condition for magnetic field density Up and synchrotron density
Uil is shown as dashed lines. A line for pure Thomson limit and Klein-Nishina limit (&
= 10) are separately shown. One finds that synchrotron cooling is dominant as long as
scattering takes place in the Klein-Nishina regime. Unfortunately, no X-ray observation

of ‘time-lags’ are reported, hence only spectral constraints are shown in the figure.
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Figure 10.13: left: polynomial (cubic) fit of vF), spectrum of Mrk 501. Hatched region is the uncer-
tainty associated with the estimates of v (factor 3) and LZ (factor 2). right : the parameter space (¢,
B) allowed by the one-zone SSC model for Mrk 501 data. Thin region is the allowed space using only
SED data for quiescent state (left), while thick region is the overlapped region for various source activi-
ties (Figure 9.10). Vertical line is the limit from TeV ~-ray/optical transparency condition. Dashed line
shows the equipartition between Ug and U:"aﬂ, which divides the dominance of synchrotron/Compton

cooling processes. Lines for Thomson limit and Klein-Nishina limit are separately shown.

PKS 2155-304

Figure 10.14 shows the parameter space for PKS 2155—304 (right). Thin region is the
allowed space derived from the quiescent SED of PKS 2155—304 (Table 10.2 and Fig-
ure 10.14 (left)). Uncertainties in parameters are assumed to be same as that for Mrk
421. Filled area is the overlapped region for those derived from non-simultaneous EGRET
observations (see Figure 9.12). Transparency conditions cannot be calculated because no
correlation of variability have been reported between synchrotron and Compton compo-

nents.

100
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Equipartition condition for Up and U are given as dashed lines, both for Thomson
and Klein-Nishina case (x = 10). Synchrotron cooling approximation is valid as long as
scattering takes place in the Klein-Nishina regime. Also note that L is larger by factor ~
2 than L{*, which implies that synchrotron cooling dominates in this source (Figure 9.12).
Another constraint from the observed time-lags in various X-ray energy bands (Kataoka,
et al. 2000) is given in narrow solid-dotted lines (B oc §~'/3). Similar to the case of Mrk
421, this line is exactly consistent with the parameter region independently determined

from the spectral constraints.
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Figure 10.14: left: polynomial (cubic) fit of vF, spectrum of PKS 2155—304. Hatched region is the
uncertainty associated with the estimates of v, (factor 3) and Ly, (factor 2). right : the parameter space
(6, B) allowed by the one-zone SSC model for PKS 2155—304 data. Thin region is the allowed space
using only SED data for quiescent state (left), while thick region is the overlapped region with a higher
state (Figure 9.12). Solid line put in dashed lines is a limit derived from X-ray observation of ‘time-lags’,
assuming the synchrotron cooling process. Dashed lines show the equipartition between Up and U4
which divides the dominance of synchrotron/Compton cooling processes. Lines for Thomson limit and

Klein-Nishina limit are separately shown.

1ES 23444514

Figure 10.15 shows the parameter space for 1ES 23444514 (right). Thin region is the

allowed parameter space derived from the quiescent SED of 1ES 23444514 (Table 10.2

and Figure 10.15 (left). Since the data are too sparse especially in the y-ray (EGRET)

range, we conveniently assumed a polynomial function of Mrk 501, just by changing the
tot

normalization. Luminosity ratio, L¥"/LE* is assumed to be equal in these two sources.

Thus following ‘allowed region” may be fault if the Compton spectrum of 1ES 23444514

100
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is completely different from the Mrk 501. Transparency conditions cannot be calculated
because any correlations of time variability has not been reported.

The equipartition condition for magnetic field density Up and synchrotron density
Uil is shown as dashed lines. Line for pure Thomson limit and Klein-Nishina limit (s
= 10) are separately shown. One finds that synchrotron cooling is dominant as long as
scattering takes place in the Klein-Nishina regime. More observations in various energy

bands are awaited for this source.
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Figure 10.15: left: polynomial (cubic) fit of vF, spectrum of 1 2344+514. Hatched region is the
uncertainty associated with the estimates of v/§ (factor 3) and LY, (factor 2). right : the parameter space
(6, B) allowed by the one-zone SSC model for 1ES 23444514 data. Thin region is the allowed space using
only SED data for quiescent state (left), while thick region is the overlapped region for various source
activities (Figure 9.14). Dashed line shows the equipartition between Uy and U3¥! which divides the
dominance of synchrotron/Compton cooling processes. Lines for Thomson limit and Klein-Nishina limit

are separately shown.

Summary

In summary, the calculated physical quantities for TeV blazars are shown in Table 10.3
(5 of 7 parameters). We assumed parameters in the overlapped region of (8, B) space,
although these might be over-constraints if the photon distributions are far from equipar-
tition in the flaring states. The limits listed here are only from the spectral constraints
and additional constraints from observed ‘time-lags’ are not taken into account. Allowed
space would be more tightly constrained for Mrk 421 and PKS 2155—304, if those limits
are combined (B ~ 0.1—0.2 G). Remaining two physical quantities are easily derived from

these 5 parameters. The range of ¢ is just R/c—10R/c. Normalization of input electrons
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¢. can be determined uniquely to agree with observed L' but it is difficult to express it
in an analytical form.

Importantly, our derived parameter (Table 10.3) indicates that the magnetic field
strength B and the maximum Lorentz factor v,.x of TeV blazars are very similar in the
quiescent state. Since we assumed parameters in the overlapped region of (6, B) space,
these two parameters are not changed even in the flaring states. On the other hand, Yyax
and ¢. can vary in various states of source activity, as suggested from the different way
of spectral evolution observed in Mrk 421 and Mrk 501 (§ 9). For an example, we expect
that the Yn.e of Mrk 501 increased to ~ 5x10°% when the source was in the high state,
while B and ¢ stayed constant (see, § 11.7).

Table 10.3: Output physical quantities for individual TeV blazars

source s 6 B Rt Ymax

(G) (pc)
Mrk 421 1.6 12—18 0.1-0.3 (1.6-7.4)x10~% (0.9—1.8)x10°
Mrk 501 1.8 7-11 0.1-04 (1.9-10)x10~% (1.9-3.8)x10°

PKS 2155 1.4 10-36 0.08-1.2 (1.0-10)x10~* (0.5—1.6)x10°
—304
1ES 2344 1.9 3-10 0.06-2.5 (0.8—-8.4)x107% (1.3—7.1)x10°
+514

Resultant allowed parameter regions determined from the quiescent spectral energy distributions. Limits from observed
‘time-lags’ are not taken into account. Allowed space would be more tightly constrained for Mrk 421 and 2155—304, if
‘time-lags’ are considered (B ~ 0.1—0.2 G). electron injection spectral index, s; beaming factor, §; magnetic field strength,
B; emission region size, R; maximum Lorentz factor of electron, ymax-

t: Uncertainties of factor 3 in the value of R is taken into account.

10.7 Motivation to develop a ‘NEW?’ theoretical model

From detailed discussion in this chapter, we found that the spectral and temporal be-
haviour of TeV blazars is well explained by a simple one-zone SSC scenario. One of the
most important discoveries is that the rapid X-ray time variability in blazars are prob-
ably characterized by 4 dynamical time scales; acceleration time t,.., cooling time %.q|
and source light travel time ., and injection time #;,;. It is, however, unfortunate that
the most of the previous models consider steady state emission only, in spite of rapid
variability which is often seen in blazars.

Very recently, several authors have started to develop time-dependent SSC model to
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interpret the rapid variabilities and spectral evolutions of blazars. Mastichiadis & Kirk
(1997) and Dermer (1998) considered time-dependent SSC models where the variability
is on time scales longer than R/c (see, also § 2.3.2). However, our current results strongly
predicts that the cooling time of the highest electrons is much shorter than t.,, thus
rapid variability could be relaxed (smoothed) by light travel time effects over the source.
Chiaberge & Ghisellini (1999) and Kataoka et al. (2000) took this relaxation effect into
account, but their models neglected the time scale for electrons to be accelerated (,.).

Kirk & Mastichiadis (1998) considered more sophisticated scenario where a thin shock
front propagates through the emission region with a finite velocity Vj, supplying freshly
accelerated electrons only in the front’s vicinity. They argued that the balance of accel-
eration and cooling processes plays an important role to characterize blazar’s variability,
in particular at v ~ ... However, their model neglects the effects of smoothing of rapid
variability by light-crossing time scale.

As a consequence, a time-dependent model which considers 4 dynamical time scales
properly, has not been developed so far. To confirm many ideas discussed in this thesis
and investigate the relative importance of those dynamical time scales, we developed a
new time-dependent SSC code. This model is an improved version of a model presented
in Kataoka et al. (2000). We introduced an acceleration term in the time dependent
particle kinetic equation in the model. Thus all the relevant time scales, tacc, tcool, ters
and t;,;, are accurately considered in the code.

Since our code follows the full time evolution of electrons and photons in the source, we
can study both the spectral evolution and temporal variability in blazars. For example,
clockwise and anti-clockwise loop pattern can be simulated for various types of flares.
Those results will be directly compared with the observational data (e.g., Figure 7.16).
Our SSC code is also viable to predict possible variability patterns which may be observed
in future, with a variety of balances of 4 dynamical time scales.

In § 10.6, we have investigated the allowed regions and successfully put constraints in
the parameter space. In the next chapter, we will apply these sel f-consistent solutions
to the observational data. We will also discuss the effects of cross section reduction in
the Klein-Nishina regime, as well as relative importance of synchrotron/Compton cooling

process in the next chapter.






Chapter 11

Time-Dependent SSC Model

11.1 One-zone Homogeneous SSC Model

We derive the standard solution for the one-zone homogeneous SSC model, assuming a
spherical geometry of radius R.
For a general source at a distance dy, from the observer, the spectral energy flux F(v)

is determined by the photon emission coefficient j, and the absorption coefficient «, by

F(v) = 473 d% [t (Pexp(= [ au(7)as)] (11.1)
This is an integral over the volume of the source with an exponential absorption factor
involving a line integral from the source point (7) through to the exterior of the source in
the direction of the observer. For the synchrotron case, j, and «, are respectively given
in equation (3.37) and (3.40).
Gould (1979) applied the solution for the synchrotron emission from a homogeneous
sphere for which j, and «, are constants over the volume. The integration is trivial (see,

Appendix 1), yielding the synchrotron luminosity Leyn.(v) (= 47dE Figne(v))

v 2
Logne(v) = 47 R*2(1 = =[1 = e (7, + 1)), (11.2)

where 7, is the optical depth in the blob along the line of sight and expressed as 7, =
2a, R. The electron pitch angle with respect to the magnetic field is set to a = 7/2.

We calculate the inverse Compton emission incorporating the effects of cross section
reduction in the Klein-Nishina regime. The differential photon production rate, ¢(€), is
calculated from equation (3.49). Note that for the SSC model, n(ep) is the number density
of synchrotron photons produced by the same electrons, per energy interval. To be exact,

n(eg) varies depending on the position in the emission blob and we have to take this effect

195
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into account (Gould 1979). Approximately, we calculated n(eg) at the center of the blob
with the correction factor Cor = 0.75 (see Appendix I). Thus we have
47 Ju

= Ceorr—(1 — —olt : 11.3
66) = o Coa 21— 7o) (113

The Compton luminosity is obtained from the integration of equation (11.1) for the
case of the SSC radiation

L t) =4 2sz§SC L= 2O sse 11.4
SSC(U7 )_ ™ ( TSSC2[ € (Tl/ _I_ )])7 ( . )

aESC

where j55¢ is the emission coefficient of the Compton emission given in equation (3.53)

S5C

v

is the absorption coefficient of the Compton emission, respectively. Since the

optical depth for the self absorption, 75°¢, is negligibly small for the Compton emission,

v

and «

we approximated it as zero;

16 .
Lssc(v,t) ~ ?WQR?’]SSC. (11.5)

11.2 Application to the Time-Dependent Model

11.2.1 Assumptions

Our kinetic code was developed as an application of a homogeneous SSC model for the
steady state, which represents spectra of TeV blazars in the quiescent state. In the
code, we assume a model in which electrons are accelerated at a shock front and cool by
synchrotron and inverse Compton radiation in the homogeneous magnetic field behind
it. Similar to Kirk, Rieger & Mastichiadis (1998), we treat two spatial zones; one around
the shock front, in which the particles are continuously accelerated (acceleration region),
and one downstream of the shock front, in which the electrons emit most of the radiation
(emission region). The emission region has a spherical volume of radius R. We assume
both regions are connected closely in space. The electrons in the shock’s vicinity will
escape from the acceleration region at a constant rate re., and are uniformly injected
into the emission region. Thus the injection rate of electrons into the emission region is
exactly the same as the escape rate from the acceleration region. The shematic view of
our modeling is given in Figure 11.1.

Thus we need two kinetic equations of electrons corresponding to each region. For the

acceleration region, we have

IN,(7, 1)
ot

_ 9 2
- %[(ﬁsry -
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blob front TS "
)
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Figure 11.1: Schematic view of the model adopted in this thesis. The electrons are accelerated
only in the shock’s vicinity and escape at a constant rate. All of them are injected into the

emission blob where they radiate.

and for the emission region,

ON(7,1) 0 Ne(v,t)

ot = gy Oame T30 V(1 ] Q1) —

, (11.7)

tesc

where Ng and N, is the number density of electrons per unit energy (see, § 3.6). The suffix
s indicates the quantities in the acceleration region, while others are those in the emitting
region. For simplicity, we approximate s as a constant value. For acceleration region,
we assume low energy electrons are injected only at vy (=~ 1), and gradually accelerated
to higer energies in a time scale characterized by faccs. The maximum energy to which

the electrons can be accelerated is determined by the balance of cooling and acceralation

efficiency; 872 .. = Ymax/taccs

11.2.2 Connection between Acceleration Region and Emission
Region

The kinetic equation for the shock region (11.6) can be solved analytically, if we assume
Bs and t..cs has no dependence on energy. This corresponds to the case of & = 0 for
equation (3.16). The solution is expressed as (see, § 3.1.5 or Kirk, Rieger, & Mastichiadis

1998)
Al 1 | taccs—tescys
feses (70 <7 <m(t), (11.8)
"}/ f}/max

where
A — qstacqsfy(t)acc,s/tesc,s (1 _ l > _tacc,s/tesc’s , (1 1 9)

7111 ax

Ymax = (Bstaces) s (11.10)



198 CHAPTER 11. TIME-DEPENDENT SSC MODEL

€xp —t 2':acc,s 717 11.11
“Vmax Yo ﬁ/max] ( / )) ( )

As a result, the spectrum of accelerated electrons is well approximated by a power law

up to a cut-off at the energy at which radiative losses balance energy gains:

tacc,s
( tesc:s )

No(7,t) > qotacesy (11.12)

Assume that the electron injection function Q(~,t) for the emission region is charac-

terized by a power law in the same energy range (7 < v < Ymax),

Q(v,t) =~ qy~°. (11.13)

Since the electrons escape from the acceleration region in a time scale fess, and are
injected into the emitting region, we have relations which connect the quantities in these

two regions,

taccs
Qe = Qs (11.14)
taccs
s~1+—=, (11.15)
Ymax = (Bstaces) (11.16)

11.2.3 Numerical Approach

In order to follow the time evolution of the radiation from the emission region, we have
to solve a differential equation (11.7). Since we do not have analytical solution for this
equation, due to the high non-linearity of the process involved, we have to solve the
equation numerically.

Consider a well-defined electron population in the emission region, characterized by
Ne(v,t). Given the electron population, the synchrotron emission including the self-
absorption can be calculated using the spherical solution for the radiative transfer equation
(11.2). The inverse Compton emission incorporating the effects of cross section reduction
in the Klein-Nishina regime is calculated by equation (11.4).

The right-hand side of the equation (11.7) is now described by the quantities at time
t, and solved numerically to obtain the electron population at time t+A¢. We adopted an
implicit difference scheme by Chang & Cooper (1970), with some modifications for our
purposes, since we are dealing with a kinetic equation with injection/escape terms and
no diffusion term. This scheme is suitable for finding non-negative and particle number

conserving solutions. Details of the techniques in calculations are given in Appendix J.
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11.2.4 Light Travel Time Effects

In order to incorporate the light-travel time effects properly in the calculation, we divide
the source into (2t..s/At) slices of AR thickness for each, where t.,s (= R/c) is the source
light-crossing time and Af is a time-step of the calculation. The interval A¢ must be
shorter than the shortest relevant time scale, e.g., radiative cooling times or acceleration
time scale. We define AR = cAt. The schematic view of this division of the emission

blob into slices is given in Figure 11.2.

Blob

Cedt

DR
i Emission r

Observer

@ Observer

K' K

Figure 11.2: The schematic view of the division of the emission blob into ‘slices’. Left Panel:
Source frame (K’). Right Panel: Observer’s frame (K'). The emission blob is first cut into slices
in the source frame and contributions from each shell are summed. In the observer’s frame, the

radiation is concentrated in a narrow cone with a half angle § ~ 1/T.

We first consider the slices in the source frame K', with line of sight placed at 90°
with respect to the surface of the slices. In the observer’s frame K, emission will be
concentrated in the forward direction within a narrow cone of half-angle 1/T" (§ 3), if the
blob moves with a Lorentz factor I' (=~ § for our case). Volume of each slice is expressed

AV (k) = (R — k)(R + k)AR, (11.17)

where k is the distance of the slice from the center of the sphere. Thus the ‘weight’

function normalized to the spherical volume Vy =47 R?/3 is

w%%:aR—k£i+MAR7 (11.18)

This function is illustrated in Figure 11.3. The observer will see, at any given time,

photons produced in different parts of the source, characterized by an electron distribution
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Figure 11.3: Weight funcition of ‘slices’ for spherical geometry. An integration of w(zx) from 0
to 2R/c is normlized to 1.

of a different age. This is expressed as
Lioa(t) = L(t) x w(R) + L(t — At) x w(R — cAt)....+ L(t — 2R/c) x w(R). (11.19)

where L(t) is the total luminosity emitted from the blob at time ¢ and Lyeq(t) is the
observed luminosity at time . Thus the observed spectra is a sum of different spectra,

emitted from different slices at different times.

11.3 Acceleration of Electrons

11.3.1 Electron Injection at

We discuss the time evolution of electron spectrum in the acceleration region, based on
the discussion in the previous section. The analytic solution (11.8) predicts a very sharp
cut-off in the electron distribution at v = 71(¢), which is reflected to the sharp cut-off
in the synchrotron spectrum. However, observed photon spectra of blazars show very
smooth curvature even in the X-ray band (e.g., § 9). This indicates that, in reality the
broad cut-off in the electron spectrum. Such a smooth cut-off might be explained if we
incorporate more realistic geometry and/or inhomogeneousness of the source. To mimic
the observational photon spectra with ‘broad’ cut-off, we approximate the solution (11.8)
in a simpler form with an exponential cut-off at v = ~;(¢). We thus obtain the approximate
expressions for equations (11.8) — (11.11), holding the relations (11.14) — (11.16).

( tacc,s )

tesc,s

No(7,t) ~ qtacesy exp(y/m(t)), (11.20)
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€xp —t 2(:acc,s 717 11.21
“Vmax Yo ﬁ/max] ( / )) ( )

Ymax = (Bstaces) - (11.22)

In Figure 11.4, we show the time evolution of Ny(7,t) at t = 0, tacc, 4tace, Stace and 14
tacc. We assume here toe. o = 10° s€C, teges = 2.5 taces and Ymax = 10°. For time ¢ >> t,.,
the electron population does not change because v;(t) >~ Ymax. We divided N (v,00) by

the escape time f. s to obtain the injection function Q(v) for the emitting region at the
steady state (see, § 11.2.2).

106 T

10—9

10—12

10—15

Electron Number density :N(y)

10—13

t = 14 tace

109 10° 104 108

Figure 11.4: Evolution of the electron distribution which are constantly accelerated at rate

(tace)~!. Mono-energetic electrons (y = 79 ~ 1) are assumed to be injected into the acceleration
region.

11.3.2 Evolution of Electron Distribution after Stopping the In-
jection
Assume that the ‘fresh’ electrons are injected only for 0 < ¢ < %, and injection stops

after that (¢ > ¢;,;). This may be one of the simplest models of flares in blazars. From

the general solution of kinetic equation (3.59) with Q(v,t) = 0, one finds

K’ tacc,s - ﬁs-[(Q
Nty = Bboes = DT
V/taces — By

exXP(—t /teses) Noo (1), (11.23)

where

K= [1tacc7sez><p(t/tacgs)(L — Bs) + B (11.24)

tacc,s
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N is the electron population at ¢ = ;.
Note that the electron population N;o(K') has low-energy cut-off at K = 7y, and high-
energy cut-off at ' = ~(tiy;). From equation (11.24), we can calculate the shift of those

cut-offs in time,
1/tacc7s - ﬁsﬁ/O

7(l)<t> = [taCC,S(ﬁS + t—tinj )]71’ (1125)
’yOeXp( tacc,s )
1 tacc,s - ﬁsﬁ/l tin' _
() = el B+ L plnilya gy, (11.26)
M (tingJexp(7%)
The electron population at time #(> #;,;) is well approximated by a simple function
Ne(7,1) 2 gstaces7 ™" [exp(=7/71(t)) — exp(v/70(1))]- (11.27)
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Figure 11.5: Evolution of the electron distribution after the injection has been stopped. In this
particular case, the number of electrons reduces significantly at low energy, while highest energy

electrons still be accelerated (71 (tinj) < Vmax)-

In Figure 11.5, we show an example of time evolution of electrons after the injection
is stopped. We set taees = 10° sec, tinj = 10taccs, G« = 10719 and 79 = 1. One finds that
the maximum energy of electrons increases even after the stop of the injection, because in
this particular case, ¥ (finj) < Vmax- Also note that the electron number density decreases

significantly from low energy to higher energy.

11.4 Examples [I] — Steady State Emission

To verify the SSC code developed in this thesis, we show examples of the calculation.

Further detailed modeling will be shown in the last part of this chapter, with application
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to the observational data.

11.4.1 SSC Spectrum and Higher Order Comptonization

In order to follow the time evolution of the SSC spectrum, we start from the steady state
solution of the Synchrotron self-Compton (SSC) model.

In Figure 11.6, we compute a SSC spectrum using our numerical code, with the same
parameter set of Figure 5a in Band & Grindlay (1985). In the calculation, the electron
population has a power law form N,(y) = 4x10° 472 in a range 1 < v < 10°. Source
radius is R = 2 x 10! cm. Our result agrees perfectly with their result. We also calculate
the second order Comptonization spectrum for comparison, using the same formula (3.49).
In the calculation, the incident photon density is now the photons from the first order
inverse Compton scattering. Note, however, that these Componized spectra have slightly
different slopes than those in Band & Grindlay (1985), especially in the lowest energy
band (<10'! Hz). This is because we have neglected the self-absorption of Comptonized
spectrum for simplicity. Strictly speaking, self-Compton photons are also absorbed by
the electrons, although this effect is negligiblly small because the Compton flux is much

lower than the synchrotron flux in this energy band.

8
}bo,} All parameters are same as
1024 botbo Band & Grindlay (1985 : Fig.5a) |
2 N(y)dy = 4x10° y~2 dy
.......... (1 <y <109
"""""""""""" R = 2x10™" em
20/ S T .
= 10 A S'@o p
= 1&(
> A e N.N_sz-qe
N w6 L/ N
@ 10 -
K X
3 Ssp e ™
g 1012 Qo 1
er) ",
108 ‘ |
104 . . X . i :
10° 101% 1018 1018 10?1 10°4

log Frequency (Hz)

Figure 11.6: An example of synchrotron self-Compton spectrum calculated with our numerical
code. All parameters are same as Figure 5¢ in Band & Grindlay (1985). We assume power
law electron distribution of N.(v)dy = 4x10%y~3dy for 1<y<10% in a spherical source of R =

2% 10 cm.
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11.4.2 Effects of the Changes in Parameters

In order to study the variety of spectral behavious observed from TeV blazars, it is
important to investigate how the physical quantities in the emission region or parameters
for the injected electron spectrum effects the photon spectrum. To highlight the effects
caused by the changes of individual parameters, we have changed only one parameter
with other parameters fixed. As a baseline of the spectral energy distribution, we choose
magnetic field B = 0.1 G, region size R = 1.0x10'% cm, beaming factor § = 10, and the
redshift z = 0.1, which are suggested from the observation (e.g., § 10). We adopt a specific
form for the electron distribution from Yyin t0 Ymax, N(7) = Nov™* exp(—7/Vmax), where
Ymin and Ymax is the minimum/maximum Lorentz factor of electrons, respectively. We
ch008e Ymin = 1, Ymax = 105, Ny = 100.0 (/cm?) and s = 2 as a baseline.

Figure 11.7(a) shows the changes in SSC spectrum by varying the magnetic field B
from 0.01 G to 1.0 G. Since the synchortron emission from a single electron is proportional
to B? (e.g., equation (3.34)), flux becomes higher when B increases, while the ratio of
synchrotron and Compton components does not vary. Also note that the peak frequency
of synchrotron component increases as & B (see, equation (3.32)).

Figure 11.7(b) is the change caused by the region size R. The flux increases as o
R3, because the total number of electrons is proportional to the volume of the emission
region.

Figure 11.7(c) is the case of the change in beaming factor ¢ from 10 to 50. The change
in the flux in a manner o §* and the blue shift of the frequency o ¢ are clearly seen (see,
equation (3.71) and (3.74) )

Figure 11.7(d) shows the changes in the redshift z of the source from 0.01 to 1.0.
Because of the di? dependence of the flux, where d, is the distance from the source, the
flux changes roughly in a manner o z2 if the source redshift is changed (valid for z <
1).

Figure 11.7(e) is the changes due to the normalization of electrons Ny and the flux
changes just as o< Nj.

Figure 11.7(f) shows the changes in the maximum electron Lorentz factor 7., from
10* to 105. The synchrotron peak shifts as oc 2, (see, equation (3.32)), while the shift
of the Compton peak at Ymax = 10 is rather small. This is because the scattering takes
place in the Klein-Nishina regime (see, § 3.4.2).

Figure 11.7(g) is the change due to the minimum electron Lorentz factor ~u,. This
does not affect the photon spectrum very much if 1 < ~,;, < 100, while makes sharp
cut-off in low-energy photon spectrum if v, > 100.

Finally, Figure 11.7(h) shows the changes in the spectral index of electrons s from 1.5
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to 2.5. This is reflected to the photon spectral index p as p o< (s — 1)/2 (e.g., Rybicki &
Lightman. 1979), but the spectral shape is not changed for the low-energy photons for

which self-absoption is dominant.
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Figure 11.7: Synchortron self-Compton spectra for various parameter changes; (a) magnetic
field B, (b) region size R, (c¢) beaming factor §, (d) redshift z, (e) electron normalization Ny,
(f) electron maximum Lorentz factor yyax, (g) electron minimum Lorentz factor v, and (h)

electron spectral index s.



11.5. EXAMPLES [II] - TIME EVOLUTION 207

11.5 Examples [II] — Time Evolution

11.5.1 Synchrotron Cooling Model

We compare the time evolution of the electron spectrum derived from our code with the
analytic solutions given by Kardashev (1962) and Makino (1998) for verification. In the
calculation, we assume that electrons lose their energy only by synchrotron radiation, but
not by the inverse Compon process. We also assume electron number is conserved, such

that the injection rate Q(7y) = 0 and the escape rate N(7)/tese = 0. In this simplest case,
the kinetic equation is given by

ON(v,1) d
9
ORIl — AL PN ), (11.28)
ot vy
where A is a constant
40'T UB
A= . (11.29)
3m.c
T T T
104 .
2 T\\? :~ A}
o 10f N SN 7
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' |
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Figure 11.8: Time evolution of the electron spectrum by the synchrotron cooling process. We
assume power law electron distribution of N,(v) = Ngy~2 (1<y<10%). The magnetic field is 0.2
G and inverse Compton losses are not taken into account. Electron spectra with sharp edges

represent analytical solutions given by Kardashev (1962), while others (dull edge) are from the

numerical calculation.

For the initial condition of N.(,0) = Ngy~* at time ¢ = 0, the analytic solution of
equation (11.28) is given by

No(v,t) = Noy *(1 — Aty)* 2, (At < 1) (11.30)
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and N.(v,t) = 0 otherwise (e.g., Kardashev 1962). In Figure 11.8, we show the time
evolution of electron energy spectrum for s = 2 and B = 0.2 G calculated from our
numerical code. The results obtained from analytical solutions are also given shown
in the figure. Note that for all -, analytic solution shows a sharp cut-off at 7. = 1/At.
Numerical calculation also shows cut-off at 7. = 1/At, but rather smooth than the analytic

solution.

11.5.2 Time Evolution of the SSC Spectrum and Light Curves

Once we have a numerical code that computes time evolution of the spectrum, we can
simulate spectral evolution during a flare observed from TeV blazars. At the same time,
we extract light curves by taking the light travel time effects into account.

It is very interesting to know the response to the flare-like injection of electrons in the
emission region. We concentrate on a specific case defined as follows. First, no electron
population exists at time ¢t = 0, i.e. N.(, 0) = 0. The mono-energetic electrons (v = y,)
are injected for 0 < t < R/c and injection goes back to zero after R/c. For simplicity,
we consider neither escape nor the acceleration of electrons. In this case, the electron
population injected into the emission region is expressed by the delta-function, Q(v) =
Qo6 (y—"in), where @ is a constant. Here we choose v, = 10°. The physical quantities
in the emission region are assumed to be; B = 0.1 G, R = 1.0x10% cm, § = 10 and 2 =

0.1.
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Figure 11.9: The spectral evolution of electrons at different times. We assume the mono-
energetic electrons (75, = 10%) are injected only for 0<t<R/c (= t.;s). The electron spectra at

t =0, 0.5, ters, 2ters and 10%..s are shown respectively.
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Figure 11.10: Light curves of the flux at different energy bands from 0.001 keV to 1.0 keV, in
observer’s frame. The upper panel (a) shows the case of ignoring the light travel time effects,

while the lower panel (b) taking into account.

The time evolution of electrons is shown in Figure 11.9. For 0 < t < R/c, accumulation
of fresh electrons and the energy loss by synchrotron radiation occur at the same time,
enhancing low-energy population in the number density distribution of electrons. It should
be noted that the high energy end of electron distribution reaches the equilibrium state
in a very short time (< 0.5 ) and does not vary for the rest of the injection time. After
t > R/c, total number of electrons becomes constant, but the peak of the distribution

moves to lower energy, by the radiative cooling.

Figure 11.10 shows the corresponding light curves of synchrotron fluxes at various
energy bands. The upper panel shows the light curves when the light travel time effects
are not taken into account. Since we assume an instantaneous and uniform injection
throughout the source, the rise time of the flux is much shorter than R/e¢, especially at
Y~%. The plateau-like structure can be seen in the light curve, especially energy above
0.1 keV. Although the rise time varies in different energy bands, peaking time is roughly
~ R/c for all energy bands. The lower panel shows the light curves, when the light travel
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Figure 11.11: Evolution of synchrotron self-Compton spectra at different times. The dashes
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are same as Figure 11.9.

time effects are properly taken into account. In this case, the light curve at high energy
band (1.0 keV) has symmetric shape and very similar to the weight function w(z), in
Figure 11.3. This symmetry is broken for lower-energy light curves, which have longer
decay times than R/c. In the low-energy band, time constant for the decay is dominated
by the cooling effect. It should be noted that the peaking time in Figure 11.10(b) is energy
dependent, such that the lower energy peaks lag behind the high energy peaks (see also,
Chiaberge & Ghisellini 1999).

Finally, we show the time evolution of both the synchrotron spectra and the self-
Compton spectra in Figure 11.11. The upper panel (a) shows the evolution ignoring light
travel time effects, while the lower panel (b) considers smoothing by the source light-
crossing time scale. It is clearly seen that the multi-frequency spectra evolves more slowly

if the light travel time effect is taken into account.
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11.6 Comments on the Time-Dependent Model

11.6.1 Emission from the Acceleration Region

In the previous sections, we have considered two spatial zones which are closely connected
in space. One is around the shock front, in which particles are continuously accelerated,
and the other is the downstream of it in which electrons emit most of the radiation
(see, Figure 11.1). In our current modeling, we considered the radiation only from the
latter, however, one may consider it inappropriate, because the acceleration region also
has the magnetic field B, thus can radiate. In the following, we will roughly estimate
the synchrotron emission from the accelerating region (L), as compared to the radiation
from the emitting region (L).

Let’s denote the acceleration region size R and emitting region size R. Physically,
R, may corresponds to the boundary distance where inside of it, the particle effectively
return to the shock front (see, § 3.1.4). Escape times from both regions are quite uncertain,
however, one can envision that those values are order of region size divided by the light

velocity (e.g., equation (3.14)). We then have approximate relations
teses ~ BsfC, tese ~ Rfc. (11.31)

The ratio of both region sizes is given

tescs
Y (11.32)

tesc

=[P

Since the maximum Lorentz factor vn,. is determined by the balance between the accel-
eration and cooling around the shock front (equation (11.16)), the magnetic field strength

B, can be written

Bs — (Csfymaxtacc,s>_1/27 (1133)
where C, is a constant
4 1
= (11.34)
3 MeC 87

From the equation (11.12), the ratio of number density of electrons in both regions is

given
Ny Ns(’Ymin) _ QStaCC,s _ tesc,s
Ne - Ne(ﬂ/min) B Qetesc B zl:esc
where we use the relations (11.12) and (11.14).

Since the synchrotron luminosity is proportional to B?R3n, the ratio of synchrotron

: (11.35)

luminosities in both regions is calculated to be

LS - BSQRSHS 1 (tesc,s )4

Ls _ _ 11.36
Le BQR?)ne BQCS'Ymaxtacc,s Lesc ’ ( )
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where we use the equation (11.32), (11.33) and (11.35). From the equation (11.15), we

finally obtain,
LS 1 1 tacc,s )4

Z-J_e - BQOsfymaxtacc,s(S -1 tesc

. (11.37)

For example, if B = 0.1 G, Ymax = 10°, teee = 10° 8, toees = 10° s and s = 2, which are
typical for blazars (e.g., Table 10.3), one finds that L,/L, ~ 10~2. This value is probably
the upper limit which corresponds to the case of By ~ B. Note that for more shorter
acceleration time f,. s and stronger magnetic field B, this ratio becomes much smaller
than 1072, We thus conclude that the radiation from the acceleration region is negligible

compared to that in the emission region.

11.6.2 Scope for Improvement

We proceed under the assumption that electrons are injected uniformly throughout a
homogeneous emission region. Such a description may be adequate as long as the injection
time-scale is longer than R/c (Dermer 1998), but is unphysical for shorter time-scales
since the particle injection process itself should take (at least) ~ R/c to influence the
whole region. In a more realistic picture, a thin shock front may propagate through
the emission region with a finite velocity v, supplying freshly accelerated electrons only
in the front’s vicinity (Kirk, Rieger & Mastichiadis 1998). However, such a detailed
calculation necessarily involves some additional, uncertain parameters, not to mention
the assumption of a particular geometry. Instead, we will choose the injection to be
uniform and instantaneous over the emission volume. Such a choice, albeit unrealistic,
will allow us to clarify the role of light travel time effects on blazar variability (Below,
however, we will also consider the duration of the injection to be comparable to R/c).
In our current assumption, synchrotron cooling process occurs uniformly and instan-
taneously over the emission region because (1) electrons are injected uniformly over the
emission region and (2) the magnetic field strength is uniform throughout the blob. For
the Compton scattering process, however, each electron should experience the changes
in the photon field with some ‘delay’, which depends on the position in the emission
blob. In other words, the synchrotron photons require the time ~ R/c to fill up the blob
to be scattered. This will cause additional delay for the response of Compton photon
spectrum. However, for TeV blazars dealt in this thesis, the synchrotron cooling process
must be dominant and the effects caused by Compton cooling process is small because
(1) the synchrotron luminosity is greater or nearly equal to the Compton luminosity, and
(2) the reduction of the cross section in the Klein-Nishina regime will significantly af-

fect the Compton scattering efficiency. For these reasons, we approximate here that the
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synchrotron radiation (i.e., the soft photons for the inverse Compton scattering) instanta-
neously fills the whole of the emission region, just to reduce the computational time (see
also Chiaberge & Ghisellini 1999).

11.7 Application to the Observational Data

11.7.1 Steady State Emission

In § 10.6.1, we successfully constrained the allowed regions for physical quantities of
TeV blazars, assuming the relations expected by the homogeneous SSC scenario. In the
following, we practically fit the multi-frequency spectra of TeV blazars using the one-
zone SSC solution for a spherical geometry. 7 parameters for the model were determined
to be consistent with the parameter regions we have constrained. For Mrk 421 and PKS
2155—304, the tightest constraint from the X-ray observations of ‘time-lags’ are considered
as well as the spectral constraints. We summarize the 7 parameters for the SSC model
in Table 11.1. Although there still remains flexibility in selected values of parameters,
we note that our derived parameters are not affected by more than a factor of 2 even if

taking the uncertainty of the observables into account (see, Table 10.3).

Table 11.1: Input model parameters for TeV blazars

source S ) B R Ymax tesc Qe

(G) (pc) (in R/c) (cm™%s7h)
Mrk 421 1.6 14 0.13 59x1073% 1.6x10° 8 7.4%x1076
Mrk 501 1.8 9 0.13 9.6x107% 3.1x10° 8 3.8x107°
PKS 2155 1.4 28 0.14 7.7x1073% 8.3x10* 10 6.1x10~7
—304
1ES 2344 1.9 7 018 3.2x107% 4.4x10° 6 3.2x1073
+514

electron injection spectral index, s; beaming factor, §; magnetic field strength, B; emission region size, R; maximum Lorentz
factor of electron, ymax; electron escape time, {csc; electron normalization, g.. We adopted a cutoff power law for the injected
electron population : Q(v) = ge v~ ° exp(—7/Vmax). We set the minimum Lorentz factor of the electrons, ymin = 1, for

simplicity.

The input parameters for our SSC model are determined almost at the center of the
allowed parameter region for different constraints discussed in § 10.6. To obtain the steady

state solution for electron and photon spectra based on the parameters listed in Table 11.1,



214 CHAPTER 11. TIME-DEPENDENT SSC MODEL

we start from the initial condition N.(,0) = Q() and calculate the time evolution of
the spectra to more than ¢t > 30 t.., assuming constant injection and escape. We adopted

a cutoff power law for the injected electron population: Q(v) = ¢. v™° exp(—7/Vmax)-

In Figure 11.12—11.15 (left panel), we show the synchrotron self-Compton model
spectra at the steady state, superposed on the multi-frequency spectra for Mrk 421, Mrk
501, PKS 2155—304 and 1ES 2344+514. One can see that our SSC model lines are nicely
consistent with the observational data, except for the discrepancy in the radio band. The
discrepancy in the radio band can be an effect of the emission arising from larger distances
than the location of the X-ray/~-ray emitting region (e.g., Marscher 1980). In fact, VLBI
observations of these objects have reveled that the radio emission comes from a very large
region than that expected from the rapid X-ray/y-ray time variability (> 10 pc; see,
Figure 10.9).

Right panel of each figure (Figure 11.12— 11.15) shows the ratio of electron cooling
rate by synchrotron/inverse Compton radiation for the steady state. Horizontal line shows
the electron Lorentz factor, while the vertical line shows the energy loss rate of an electron
(Vayne.sso; €quation (3.34), equation (3.54)) multiplied by 42, Those values are constant
for synchrotron loss (7. o 7*), hence normalized to a unity. Corresponding ASCA
energy band is shown as dashed lines (0.7—10 keV; equation (3.33)). Importantly the
ratio Y5sc/Veyne €Xactly coincides with Uy /Up for low-energy electrons, while Compton
scattering efficiency reduces significantly for the high energy electrons due to the cross
section reduction in the Klein-Nishina regime. One finds that synchrotron cooling is more
dominant in the X-ray band, which is in fact consistent with our previous assumption (§
10.6).

Table 11.2 shows the energy densities of photons, magnetic field and electrons derived
from the SSC fit of each source. Ef fective synchrotron photon density, UZ2!, was cal-
culated simply from equation (10.21). One finds that for these TeV blazars, there exists
an approximate equality between Up and Ugyy,e, however, Klein-Nishina effect reduces the
soft photon density which are effectively involved in the self-Compton scattering process
(Usayvr?cﬂ) by a factor of several. This also confirms our previous assumption of 1 < k < 10
to be valid (§ 10.6).

More importantly, electron energy density U, is larger than Up and Ugn. by a factor
of ~ 10. This indicates that the relativistic jets are particle dominated. Even when we
take ambiguities in selected input parameters into account, this conclusion does not be
affected. An implication that the particle energy dominates over magnetic energy density
may pose an interesting issue on the jet formation mechanism. Most of the models of

bulk acceleration of jets relied on some roles of magnetic field dominated situation. The
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Figure 11.12: left: One-zone SSC model fit for the steady state emission of Mrk 421. Model parameters
are given in Table 11.1. right : Ratio of electron cooling rate by synchrotron/inverse Compton radiation
for the steady state of Mrk 421.
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Figure 11.13: left: One-zone SSC model fit for the steady state emission of Mrk 501. Model parameters
are given in Table 11.1. right : Ratio of electron cooling rate by synchrotron/inverse Compton radiation
for the steady state of Mrk 501.

present results seems to argue against such ‘magnetic driven jet’ formation. An alternative

mechanism for jet formation is necessary to account for this.
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Figure 11.14: left : One-zone SSC model fit for the steady state emission of PKS 2155—304. Model

parameters are given in Table 11.1. right : Ratio of electron cooling rate by synchrotron/inverse Compton

radiation for the steady state of PKS 2155—304.
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Figure 11.15: left : One-zone SSC model fit for the steady state emission of 1ES 2344+4514. Model

parameters are given in Table 11.1. right : Ratio of electron cooling rate by synchrotron/inverse Compton

radiation for the steady state of 1ES 2344+4-514.

11.7.2 Modeling PKS 2155—-304 Flare in 1994

Based on the physical parameters selected above, and the resultant ‘steady state’ spectrum
as an initial condition, we model the X-ray flare of PKS 2155—304 in 1994 May. This

particular flare was selected because (1) the flare was isolated, excluding the effects caused

by the superposition of many flare events, (2) amplitude of flare was large, and (3) ‘time-

lags’ are observed in the various X-ray energy bands (Figure 10.2; 10.3). Since PKS
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Table 11.2: Energy density of photons, magnetic field and electrons

source Ug Usyne Uaval Ussc Ne U, U./Up
(erg/cm®) (erg/cm®) (erg/cm®) (erg/cm®) (/em®)  (erg/cm®)

Mrk 421 71x107%  5.7x107%* 24x107% 2.0x10~%* 7.0x10' 3.3x10°3 4.6

Mrk 501 6.6x107%  8.0x10~* 3.7x10™% 4.4x10~* 4.8x10>2 6.2x1073 9.3

PKS 2155 8.2x107%  6.6x107* 3.5x107%* 2.8x107* 1.6x10' 2.9x107? 3.5
—304
1ES 2344 1.3x1073  4.9x107%  2.0x1073  7.6x107% 9.4x10® 7.3x1072 56
+514

Energy density of photons, magnetic field and electrons derived from the steady state SSC model fit. Parameters are given

Uavail

sync

in Table 11.1. magnetic field; Up, total synchrotron photon density; Usync, ef fective synchrotron photon density;
self-Compton photon density; Ussc, number density of electrons; ne, energy density of electrons; Ue, ratio of electron energy

density and magnetic field density; Ue/Up. Minimum Lorentz factor of electrons is assumed to be ymyin = 1.

2155—304 did not show any clear trends between the peak synchrotron luminosity and
peak energy (Figure 8.19), an origin of the flare is not as clear as that for Mrk 421 and
Mrk 501 (§ 10.4). Various types of flaring behavior were thus investigated by changing
the parameters for the injected electron spectrum and/or the physical quantities in the
emission region.

In the following, we simulated the light curves, as well as the time evolution of spectra,
when v,.« increased by a factor of 1.6 during one ¢, interval from the start of the flare. For
this particular case, a model fit of the time-lags (§ 10.2.4) revealed that ¢,.. is consistent
with zero, which corresponds to the rapid electron injection up to Yy.x. We thus assume
tace = 0 and ymax changed instantaneously during the flare for the present case.

We varied the injected electron spectrum as Q.(7v) = ¢ 7~° exp(—7/1.69max) for 0 <
t < tes and Qo(7) = e 7 ° exp(—7/Vmax) otherwise. After the calculation was performed
in the source frame, it was transformed into the observer’s frame for comparison with
the observational data. We take the time-step to be At = 2000 sec throughout the
calculation. This corresponds to At < 100 sec in the observer’s frame, much shorter than
the variability time scales, such as the synchrotron cooling time.

In Figure 11.16, we show the calculated light curves from EUVE to ASCA energies.
The flux was normalized to that for the steady state (¢ = 0), and the time axis was nor-
malized to the source light-crossing time-scale (R/c). The symmetric light curve during
the flare is reproduced quite well. Notably, the peaking time of the flare at lower energies

lags behind that for higher energies, and the amplitude of the flare becomes larger as
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the photon energy increases,which agree qualitatively with the observational data (Fig-
ure 10.2).
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Figure 11.16: Upper Panel: Simulated light curves at different UV /X-ray energies, reproducing
the rapid flare of PKS 2155—304 in 1994 May. We plotted the time evolution of the fluxes at
different frequencies, normalized to the initial (¢ = 0) value. The quasi-symmetric shape of the
high energy light curves and the increasing time lag of the peak with decreasing energy is clearly
seen. Lower Panel: Assumed change of yp.x during the flare. The vy is assumed to increase
by a factor of 1.6 from the initial value for 0 < ¢ < t.s. Time-axes of both panels are in units of
the source light-crossing time (fc,s). In the observer’s frame, .. corresponds to 0.3 day. Figure
from Kataoka et al (2000).

Importantly, the position of the peak time is determined by the balance of slices in
which the emitted flux is increasing and slices in which the decaying phase has already
started. For example, at the highest X—ray energy band which corresponds to v ~ Ymax,
the peak of the light curve will occur at a time ¢, where ¢, < t < 2t.. This is because
these electrons in the slices cool much faster than ¢..s and the volume which contains the
flare information is maximum at the center of the sphere, which can be observed after t..
from the start of the flare (see Figure 11.2). The whole emission region requires 2 t.., to be
completely visible to the observer. This will cause a decaying of the flux (foreside slices)
and an increasing of the flux (backside slices) at the same time. However, in the lower
energy band where t.,o > t.s, the electrons do not cool effectively. The emitted flux will
continue to increase even after 2 ¢..,. This combination of the increasing/decreasing phase

of slices can cause a time lag in the position of the peak as can be seen in Figure 11.16.
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The dashed lines in Figure 11.17 (a) and (b) show the spectral evolution calculated
from the adopted model. The 2 — 10 keV flux was obtained by integration of the calculated
spectrum in the 2 — 10 keV band, so it can be readily compared with the observational
data. The photon spectral index was simply determined from the ratio of the fluxes at 0.7
keV to 7.5 keV. Since the ASCA observation started after the onset of the flare, we shifted
our simulated light curves in the time-axis for comparison. The fact that the peaking time
of the photon index leads that for the flux is quite well reproduced. This can be also seen
in Figure 11.18, where the ‘clockwise’ hysteresis in the flux (2 — 10 keV) versus photon
index (0.7 — 7.5 keV) plane can be clearly seen.
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Figure 11.17: Detailed time history of PKS 2155—304 during the 1994 May campaign. Each
data point corresponds to an equal 5 ksec interval and all SIS/GIS data are combined for the

fit. The model is a power law with free absorption. (a): Variation of the differential photon

index in the 0.7— 7.5 keV band. The dashed line is a model prediction as described in § 3. (b):
Variation of the 2 - 10 keV flux in units of 107'° erg cm™2 s~!'. The dashed line is a model

prediction using our time-dependent code. Figure from Kataoka et al (2000).

To make a quantitative comparison of the observed and modeled light curves in dif-
ferent energy bands, we analyzed the light curves in the same way as that for the obser-
vational data (for comparison, see Figure 10.3). The dashed lines in Figure 11.19 (a)—(c)
were calculated from a Gaussian fit of the simulated light curves, and converted to the
observer’s frame. Figure 11.19 (a) shows the duration of the flare, determined from the
standard deviation (o) of the Gaussian. This stays nearly constant at ~ 1.5 x 10* sec,

but the model shows a sign of increase at lower X-ray energies — o for 0.5 keV is 8 %
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Figure 11.18: Evolution of the X-ray spectrum of PKS 2155—304, in the flux versus photon
index plane. The solid line connects the observational data, while the dashed line is the model

prediction from our time-dependent code. Figure from Kataoka et al (2000).

longer than that for 5.0 keV. Although we do not detect any such increase (broadening) in
the observed X-ray light curves, flares observed by FUVE and IUF showed considerably
longer time scales than that in the ASCA band (Urry et al. 1997). This may suggest
that the duration of the flare actually increases at lower energies, if both flares have the
same origin. Also note that the Gaussian fit of the simulated light curves could make
systematic errors on o, if the symmetry of the light curves is broken only in the lowest
X-ray energy bands.

The amplitude of the flare (Ap = C,/Cy) was calculated to be 0.5 for 0.5 keV and 1.6
for 5 keV — precisely in agreement with the observational data (Figure 11.19 (b)). We
compared the light curves at 5 keV to those for the lower energies, and found a ‘soft-lag’
where the 0.5 — 1 keV photons lag behind 5 keV photons about 4 ksec, quantitatively in
agreement with the observational data (Figure 11.19 (¢)). Importantly, this result implies
that the observed time lag is well represented by the difference of the synchrotron cooling
time scales.

We also computed the discrete correlation function for the model light curves. The
result is given in Figure 11.19 (d). Again, we obtained a similar result as with Gaussian
fits, and verified a ‘soft-lag’ where the 0.5 — 1 keV photons lag behind 5 keV photons
about ~ 4 ksec.

Finally, in Figure 11.20 we show the time evolution of the multi-wavelength syn-

chrotron self-Compton spectra after the start of the flare, at ¢/t = 1.0, 1.6 and 2.4 (for
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Figure 11.19: Measurement of the parameters describing the 1994 May flare of PKS 2155—304.
Observational data are same as Figure 10.3, but model lines (dotted lines) are calculated using

our time-dependent code.

comparison, see also Figure 11.16). The X-ray spectrum clearly becomes harder when the
flux increases. Also note that the flux variation of the Compton spectrum is smaller than
that for synchrotron spectrum. This is because the reduction of Compton cross section
in the Klein-Nishina regime strongly suppresses the increase of the flux at the highest
photon energies (~ hy2*).

We also investigated other scenarios for the flare, such as increasing the normalization
of the injected electrons (¢.) or the magnetic field strength (B), but these did not give
good representations of the data. In a more realistic situation, all of these parameters
probably vary simultaneously, but our modeling implies that the most essential parameter

during this particular flare is Y .-

11.7.3 Modeling Mrk 421 Flare

Next we consider variability patterns and spectral evolutions of Mrk 421. In the following,
we will discuss general behaviours which are expected in various types of flares, rather
than focusing on some particular flares which have been observed. In the subsequent

analysis, we will consider a single, isolated, large amplitude variability for various changes
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Figure 11.20: Multi-band spectrum of PKS 2155—304. The filled circles are the nearly simulta-
neous IUFE and FUVE data reported in Urry et al. (1997). The filled squares are the X-ray data
obtained with ASCA (this work). The solid line and dashed lines represent the time evolution
of the photon spectra calculated from the time-dependent SSC model. The multi-frequency
spectra at t/tes = 0, 1.0, 1.6 and 2.4 are shown respectively. Figure from Kataoka et al (2000).

in physical parameters. More complicated situation (e.g., Figure 7.8), however, could be
easily understood as a superposition of variety of such flare events. We assume that the
duration of the change is impulsive, and continues At = ¢, for simplicity. One can find a
similar discussion, although including less variety, in Mastichiadis & Kirk (1997) in which
variability is assumed to continue until both electron/photon distributions reach to the

‘new’ equilibrium state.

Flares due to Changes in 6

We first consider the case where the beaming factor ¢ changes impulsively by a factor
of 2 (Figure 11.21). The symmetric time profile of the flare, whose rise-time and decay-
time are characterized with t..s, are clearly seen. Since the beaming factor is defined as
§ = [T(1 — B)cos 8]7' (§ 3.7.2), such situation is physically possible if the trajectory
of the emitting blob is curved (e.g., local spatial bending of the jet; e.g., Wagner et al.
1993) or Lorentz factor I' itself has been changed. In any case, Figure 11.21 shows that
the resultant variability should be coherent in energy, which strongly contradicts to the

observation. No time lags will be observed for time variability in various energy bands.
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Figure 11.21: left : Evolution of the multi-frequency spectra of Mrk 421 in the case where the beaming
factor (6) changes impulsively by a factor of 2. Duration of the change is assumed to be t.s. 7ight : Plot
of the flux at various frequencies (normalized to its queiscent value) for the flare that corresponds to a

change in 6 by a factor of 2.

Flares due to Changes in B

Next case is a flare due to the impulsive change in magnetic field strength B by factor of
5 (Figure 11.22). In this case, the whole synchrotron spectrum is blue-shifted (v « B)
and boosted in intensity (Lgn. < B?) although the observed amplitude becomes smaller
because (1) flare duration is too short to reach a new equilibrium state and (2) strong
cooling reduces the variability amplitude for the high energy electrons. Light travel time
effect also reduces the amplitude because slices of increasing B and decreasing B are
summed up at the same time.

It is reamarkable that the self-Compton flux, on the other hand, reduces significantly
from its original value. This result is consistent with that discussed in Mastichiadis & Kirk
(1997) and apparently contradicts the case we have shown in Figure 11.7 (a), in which
the total electron distribution was held to be constant. Although such curious behaviour
during a flare have never been observed, this case is interesting from the standpoint of
the energetics in the jet.

In current case, we keep the electron injection rate Q(7) to be constant. Thus the
electron kinetic energy input to the emission region per unit time per unit volume is

P. = mec? /oo (v — D)Qud. (11.38)

“Ymin
For the high energy electrons, the sum of the synchrotron and inverse Compton energy
loss (equation (3.34); 3.54) would be balanced with P,, to reach a ‘new’ equilibrium state.

In the situation where P, is constant during the flare, increasing synchrotron luminosity
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thus inevitably will cause the decrease in self-Compton luminosity.
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Figure 11.22: left : Evolution of the multi-frequency spectra of Mrk 421 in the case where the magnetic
field strength B changes impulsively by a factor of 5. Duration of the change is assumed to be ¢..s. right
: Plot of the flux at various frequencies (normalized to its queiscent value) for the flare that corresponds

to a change in B by a factor of 5.

Flares due to Changes in 7.

The third case is a flare due to changes in the maximum Lorentz factor of electrons v,,.«
(Figure 11.23). ~max was assumed to be changed instantaneously by factor of 5 for t..
This case of flare was good representation of the data for a particular flare observed for
PKS 2155—304 (see § 11.7.2).

The result seems to describe adequately the variability of the self-Compton flux, how-
ever, X-ray spectrum becomes too flat compared to its relatively small changes in peak
luminosity (Figure 11.23). Also note that the variability amplitude in the X-ray band is
a factor 2 larger than that in the TeV energy band (right panel), which does not agree
with the observational results where [X-ray flux] o« [TeV ~-ray flux] (see, Figure 9.3).

In this thesis, we found that the peak energy of the synchrotron component for Mrk
421 did shift during the flare, but the change was very small (~ 0.5 — 2 keV) compared
to the large amplitude variations in flux. We thus expect that the factor of ~ 2 changes
practically expected in vmax, but the main cause of the flux variation must be other than
the changes in vax.

In this case, time lags will be observed in various energy bands. Observed lag will
be consistent with that expected from the synchrotron cooling time scale in the X-ray

energy band, because the synchrotron cooling is more dominant than Compton cooling
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process (Figure 11.12). Amplitude becomes larger as the photon energy increases, which

qualitatively agrees with the observational data (§ 7.2.2).
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Figure 11.23: left : Evolution of the multi-frequency spectra of Mrk 421 in the case where the maximum
Lorentz factor of electron (ymax) changes impulsively by a factor of 5. Duration of the change is assumed
to be ters. right @ Plot of the flux at various frequencies (normalized to its queiscent value) for the flare

that corresponds to a change in .« by a factor of 5.

Flares due to Changes in ¢,

Finally, we simulate a flare due to the impulsive change in electron injection normalization
g. by a factor of 10. In this case, the model fit seems to be better than all of the previous
cases from radio to v-ray bands. Amplitude of variability becomes larger as the photon
energy increases, but energy dependence is smaller than a case of the flare due to Yyax.
Only discrepancy is the fact that the amplitude of variability in TeV band is larger than
that in the X-ray band. The relation of variability amplitude in both energy bands is
somewhat between the Thomson limit ([X-ray] o< [TeV ~-ray]?) and the Klein-Nishina
limit ([X-ray] o< [TeV 7-ray]) (see, § 10.5).

Time lags will be observed in various energy bands. Observed lag will be consistent
with that expected from the synchrotron cooling time scale in the X-ray energy band,
because the synchrotron cooling is more dominant than Compton cooling process (Fig-
ure 11.12). The symmetric time profile of the flare are only seen for high energy light
curves (X-ray and TeV 4-ray). For radio—optical and GeV band, light curves are assym-
metric whose rise time is characterized with ?..s, while decay-time is more longer cooling
time (feoo1) OF escape time (fese ).

In summary, in the practical situation, we expect that both v,,.x and ¢, can vary during

the flare of Mrk 421. However, large amplitude variations in flux are mostly due to the
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increasing number of injected electrons (g.). Linear correlation between the X-ray and
TeV v-ray flux can be also explained by the combination of these two types of variations.
Time lags in various X-ray energy bands as well as the symmetric time profile are well

represented by these simple models of the flare.
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Figure 11.24: left: Evolution of the multi-frequency spectra of Mrk 421 in the case where the amplitude
of electron injection (g.) changes impulsively by a factor of 10. Duration of the change is assumed to be
ters- Tight © Plot of the flux at various frequencies (normalized to its queiscent value) for the flare that

corresponds to a change in ¢, by a factor of 10.

11.7.4 Spectral Evolutions

In the previous section, we found that the flare of Mrk 421 is well explained by the changes
in g, and ymax. Since for this particular source, the former is more important, we study

the spectral behaviour during the flare in which ¢. changes factor of 10 for ¢.

Rapid Electron Injection up to vy«

We first consider that fresh electrons are instantaneously injected into the emission region
up to Ymax. Thus for all electron energy bands, the relation ... < t.,q holds. Although
this situation may seem to be somewhat unphysical, this may occur when the tangled
magnetic field in the acceleration region By is much stronger than that in the emitting
region (see § 10 for more detail).

Figure 11.25 (left) shows the light curves of synchrotron component in various energy
bands (the same situation as with Figure 11.24). One finds that (1) peak time of the flare

lags in lower photon energy, and (2) light curves are symmetric for high energy band (.0l
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& tes), while the symmetry breaks down in the lower energy (fcool > ters), both of which
are exactly consistent with the observational data (Figure 10.2, § 7.2.3; 8.2.3).

Spectral evolutions during the flare is most conveniently expressed as a track pattern
in the flux versus photon index plane. This expression is equivalent to the patterns of
the brightness versus hardness, which was introduced in § 7.2.4. Figure 11.25 (right)
shows variability patterns in various X-ray energy bands. One can see the canonical

clockwise-loop in all energy-bands.
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Figure 11.25: Simulation of a flare in which electron injection normalization changed by a factor of
10 for t.;s. Electrons are assumed to be injected instantaneously up to ymax. left : Light curves of
synchrotron component in various energy bands. right : Variability patterns in the flux versus photon
index plane, which represents the spectral evolutions in various energy bands. One can see the canonical

clockwise-loop in all energy-bands.

Acceleration of Electrons up to V.«

We next consider the case in which fresh electrons are mono-enegetically injected at yuin
for 0 < t < t.s, and subsequently accelerated up to Vmax. Acceleration time of the electrons
are assumed to be t,.. = 8.0x10% (sec) in the source frame. For the SSC parameters of
Mrk 421 assumed here (Table 11.1), current value of ¢, is roughly equal with the cooling
time at ~ 1 keV. Thus this exmaple may correspond to the case in which the magnetic
field in the accelerating region is almost eqaual to that in the emission region.

Figure 11.26 (left) shows the light curves of synchrotron component in various energy
bands. Clear differences can be seen from the previous case; (1) start time of the flare is
different in various energy bands, and (2) very little time-lags are observed in the X-ray

energy bands. More precisely speaking, the peak time of the flare is fastest in the ASCA
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energy band (0.5—7 keV), while in other wavelengths, peak-time will be lagged behind
that in the ASCA band. Remarkably, hard X-ray (100 keV) variation also lags, showing
the ‘hard-lag’ behaviour.

This is more cleary seen in the flux versus photon index plane (Figure 11.26; right).
In the hard X-ray energy bands, variability patterns track a loop in opposite direction,
characterized with anti-clockwise motion. The possible patterns in ‘clockwise’ hysterisis
were first discussed by Kirk, Rieger & Mastichiadis (1998). They argued that for the
lower energy band where t.,0 > t.., variability pattern is always a canonical clockwise
loop, while around the maximum energy of electrons, anti-clockwise pattern could be
observed because f.oo =~ faee. Thus our simulation is consistent with their results. The
balance of soft-lag due to the radiative cooling and hard-lag from the acceleration process

determines whether clockwise or anti-clockwise loop is mainly observed.
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Figure 11.26: Simulation of a flare in which electron injection normalization changed by a factor of
10 for t..s. Electrons are assumed to be injected at vmin, and accelerated up to Ymax with a constant
rate of f,cc = 8.0x10* sec in the source flame. left : Light curves of synchrotron component in various
energy bands. right : Variability patterns in the flux versus photon index plane, which represents the
spectral evolutions in various energy bands. Ome can see the canonical clockwise-loop in low energy
bands (0.1-0.5 keV and 0.5—2.5 keV), while unusual anti-clockwise loop can be seen in the highest
X-ray energy bands (12.5—62.5 keV).

Electron Injection Longer than ¢

Final example is where the fresh electrons are instantaneously injected into the emission
region Up t0 Ymax for 3 tes. Only difference from the first case of Figure 11.25 is the

duration of the flare, which was set to be t. in the previous case. Figure 11.27 (left)
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shows the light curves of synchrotron component in various energy bands. One can see a
plateau in the high energy light curves. In the low energy band (UV and optical), such
structure in time profile is ambiguous, beause the rise-time of a flare itself is larger than
3 tes- Interestingly, such a plateau, although not as common, has been observed for Mrk
421 during 1998 campaign (see, § 10.2; Figure 10.5). A plateau appears only when the
duration of a change in electron injection (tiy;) is larger than s, thus enough time is
allowed for electrons/photons to reach a new equilibrium state.

Spectral evolution during the flare is most conveniently expressed as a track pattern
in the flux versus photon index plane (Figure 11.27). As was the previous case of t;,; =

tas, canonical clockwise-loops can be seen in all energy-bands.
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Figure 11.27: Simulation of a flare in which electron injection normalization changed by a factor of 10
for 3 t.;s. Electrons are instantaneously injected at ypi,. left : Light curves of synchrotron component in
various energy bands. right : Variability patterns in the flux versus photon index plane, which represents
the spectral evolution in various energy bands. One can see the canonical clockwise-loop in all energy
bands (0.1-0.5 keV and 0.5—2.5 keV).

11.7.5 Modeling Mrk 501 Flare

Next we model the flaring behaviours in Mrk 501. In similarity to the case of Mrk 421,
we considered various types of flares, rather than focusing on some particular flares which
have been observed. Our previous discussion suggest that the flare of Mrk 501 is mostly
due to the changes in Y.y as well as the spectral hardening during the flare (see, § 10.4).

In Figure 11.28 (left), we show the time evolution of Mrk 501 multi-frequncy spectrum
during a single flare event. We assume .. changed by factor 20 (Ymax = 6x10°) from

the quiescent state and the electron injection spectrum hardens from s = 1.8 to 1.2. The



230 CHAPTER 11. TIME-DEPENDENT SSC MODEL

amplitudes of variation in various energy bands are qualitatively in agreement with the

observation.
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Figure 11.28: left: Evolution of the multi-frequency spectra of Mrk 501 in the flaring states. right:
Plot of the flux at various frequencies (normalized to its quiescent value) for the Mrk 501 flare. During
the flare, hard electron population (s = 1.2) with the maximum Lorentz factror of vy.x = 6x10° are

injected for tin; = tcrs.

11.7.6 Unified Picture of Rapid Variability in TeV Blazars

From the X-ray observations of TeV blazars, we have suggested in § 10 that the rapid
variability events observed in blazars are well characterized by 4 dynamical scales; accel-
eration time: f,.., cooling time: t..o, source light travel time: ¢, and electron injection
time: ti,j. In this chapter, we have confirmed this scenario based on a newly developed
time-dependent SSC model. Although the real situation may be much more complicated
than we have imagined, those dynamical time scales should play important roles to specify
time vaiability in blazars. We assumed here that the electron escape time (f.s.) is always
longer than f.,,. Note, however, that if this relation is not correct, i.e., teool > fese, W€
have to replace f.,0 t0 tesc because escape is more efficient than cooling process.

As a summary, we give a unified picture of rapid variability considering the balance
of 4 dynamical time scales. Possible 24 (4!) patterns are reduced to 12 patterns by two
physical constraints; (i) t... must be shorter than ¢.,, because magnetic field strength in
the shocked region would be stronger or equal to that in the emitting region (B < By),
(ii) t;,; must be longer than source light travel time because the particle injection process
itself should take (at least) ~ R/c to influence the whole emission region.

In Figure 11.29 and 11.30, we illustrate the allowed time profiles which can be observed
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in blazars. For simplicity, we assume a ‘box-shaped’ (step-function like) injection profile
which lasts #i,;. Of course, the injection profile itself may vary in time; however, this
approximation is correct as long as t,; = fes, since more rapid changes in injection (<
tes) are unplausible from causality. Thus results presented here will be affected only when
tinj is much larger than ¢ and variable on longer time scale.

For examples, ‘soft lag’ flares observed for PKS 2155—304 in 1994 May (§ Figure 10.2)
correspond to the case (7), because the flare was very symmetric and peak time of the
flare shows the ‘soft-lag’ behaviour. A plateau-like flare observed for Mrk 421 in 1998
(Figure 10.5) is the case (12), while hard lag flare corresponds to (6). Variability patterns
which are listed here but have not been observed, remaines as a ‘homework’ in the future
observations. Interestingly, we predict all types of the flares are characterized by rapid-rise
and gradual-decay, or nearly equal rise and decay. Flares in opposite sense, i.e., gradual
rise and rapid decay, will be possible only when the duration of the flare is much larger

than . and injection event itself has such peculiar time profile.
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Figure 11.30: Unified picture of rapid variability in blazars. All the variability patterns are well
explained by the combination of 4 dynamical time scales. These are; acceleration time : {,.., cooling
time : fco01, source light travel time : t.., and electron injection time : #;,;. For simplicity, we assumed
here that the electron escape time (fos) is always longer than t..o. Note however that, if the relation is
not correct, i.e., tcool > tesc, We have to replace feo01 in the figure to t.s because escape is more efficient

than cooling process.






Chapter 12
Conclusion

We studied the rapid variability and spectral evolution of four TeV blazars observed with
the ASCA and RXTF satellites. These observations provide the highest quality spectral
information as well as light curves in the X-ray energy range of 0.7—20 keV. Since the
spectral energy distribution spanning over a very wide energy range and large-amplitude
time variability are marked features of blazars, these sources were contemporaneously
observed in various energies, including UV, X-ray, GeV and TeV ~-ray bands. We con-
ducted a number of multi-frequency campaigns for the TeV blazars. In particular, our
observations of Mrk 421 and Mrk 501 in both X-ray and TeV ~-ray bands provide the
first truly simultaneous data in various phases of source activity. From the study of the
time-dependent spectral evolution based on the largest samples of X-ray/GeV /TeV y-ray

data, we discovered following major results:

(1) The overall spectra of all TeV blazars form two distinct peaks in the vL(v) rep-
resentation. We detected and determined the position of the peak of the lower energy
synchrotron component in the X-ray energy band for all TeV blazars: this position is
clearly time-variable. Clear correlations were found between peak energy (E,) and peak
luminosity (L,) for both Mrk 421 and Mrk 501. The relations are E, Lg"1 for Mrk 421
and E, oc L;® for Mrk 501. Mrk 421 showed very small changes in the peak position,
while Mrk 501 showed the largest shift ever observed in blazars.

(2) From the truly simultaneous data, we found that variability in the X-ray and TeV
~-ray bands is well correlated on time scale of a day to years, indicating that the same
spatial region and the same population of relativistic electrons are responsible for the
emission in both bands. The amplitude of flux variability was comparable in X-ray and
TeV ~-ray bands for Mrk 421 ([X-ray flux] o< [TeV flux|), while quadratic for Mrk 501
([X-ray flux]? o [TeV flux]).

235
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Clear correlation of F, with L, found in Mrk 421 and Mrk 501, suggests that general
characteristics of the flaring behavior are repeatable in these objects. We argue that the
different properties of spectral evolution observed in Mrk 421 and Mrk 501 are due to a
variety of changes in physical quantities during the flare. Data for Mrk 421 indicate that
the flux variability is associated with an increase in the number of electrons, while only
small changes are implied in maximum Lorentz factor of electrons (ypyax). On the other
hand, the flare of Mrk 501 is mostly due to the large changes in ~y,., While keeping the
electron number almost conservative. Although different origins of flares produce quite
diffent spectral behavior, in both cases, the data are consistent with the synchrotron

self-Compton (SSC) scenario operating close to the Klein-Nishina regime.

Our analysis, based on the X-ray spectral evolution suggests very important implica-
tions for internal jet structure of Mrk 421 and Mrk 501. According to the recent VLBI
observations, superluminal motions have been detected only for Mrk 501, while sublu-
minal motions were implied for Mrk 421. Only a small shift of the synchrotron peak
observed in Mrk 421 indicates that electron clouds fill the jet, while the filling factor of
the clouds in the jet of Mrk 501 appears to be much lower. During the flare of Mrk 421,
kinetic power of the shock (which is presumably responsible for the acceleration of the
radiating particles) causes roughly equal distribution of energy to large number of low-
energy electrons newly injected into the shock: this increases the number of high energy
electrons. Large shifts of the synchrotron peak observed in Mrk 501, on the other hand,
are possible only when the internal jet encounters a medium that is rather sparse and
transparent to the shock propagation. Kinetic power of the shock is spent to increase
the energies of individual electrons and hence number-conservative. The absence of su-
perluminal motion of Mrk 421 in the radio band indicates that the high energy outflow

has been sufficiently decelerated when it reaches to more distant, radio emitting region.

From the study of time variability in the X-ray band, we found following major results:

(3) Unprecedented long observations of Mrk 421 and PKS 2155—304 revealed day-
by-day flares from UV to hard X-rays, and TeV ~-ray bands. Structure function of the
X-ray time series in TeV blazars showed a roll-over at ~ 1 day, which is interpreted as a
characteristic time scale of a single flare event. On a shorter time scales, rapid variability
is strongly suppressed, implying ‘strong red-noise’ power spectrum density (o< f~2 ~ f73).
This is clearly different from the results obtained in Seyfert galaxies or Galactic Black
Hole systems whose rapid time variability is well represented by a fractal, flickering noise
(oc f7H~ f72).

(4) 7-day uniterrupted observation of Mrk 421 revealed that the lags of time variability
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in various X-ray energy bands were relatively small compared to those found in previous
observations. Detailed temporal analysis showed that time-lags changed flare by flare.
Importantly, we found a signature of ‘hard-lag’ behavior, where soft X-ray variations

preceded those in the hard X-ray band.
(5) We detected a general trend that the amplitude of variability became larger at

increasing photon energy. However in some flares, variability in lower energy band was
larger or comparable to that in the higher energy band.

(6) Time profiles of individual flare events were almost symmetric, which is character-
ized by a nearly equal rise-time and decay-time. Importantly, this time-scale was longer
than the synchrotron cooling time for X-ray emitting electrons. From the detailed anal-
ysis, we discovered that the symmetry of the time profile tends to break down at lower
energies.

The absence of rapid variability on time scales shorter than < 1 day implies that
the X-ray emission site is located ~ 10178 ¢m (~ 100 R,) from the base of the jet.
In this region, high energy electrons lose their energy by radiative (synchrotron/inverse
Compton) cooling processes, but the current paradigm is insufficient to understand all
observational properties obtained in this thesis. Our results on different sign of lags in the
light curve of Mrk 421 can be explained if we take the effect of electron acceleration into
account. We confirmed that usual ‘soft-lag’ pattern is observed when the acceleration
time of electrons is much shorter than the cooling time, while ‘hard-lag’ can be detected
when the acceleration time of electrons is almost equal to their cooling time. Such opposite
sense of lag is expected only if the electron energy is close to Ymax, Which corresponds to

the X-ray energy band in the photon space.

Symmetry of the time profiles tends to break down in the lower energy bands because
cooling time becomes longer than the light travel time across the source. This results in
an asymmetrical time profile where the decay-time is longer than the rise-time. We argue
that 4 dynamical time scales must be considered properly. These are (i) acceleration time
(tace), (i) cooling time (t.001), (iil) source light travel time (.. ), and (iv) electron injection
time (t,;). We suggest that all the variability patterns currently known for blazars are

well understood by the balance of these dynamical time scales.

By considering both the spectral energy distribution and the limits from X-ray time
variability, we successfully place constraints on the physical quantities relevant for the
overall electromagnetic emission from TeV blazars. Based on the synchrotron self-Compton
(SSC) scenario, we found that the physical parameters are similar among those objects,

where the magnetic field strength B = 0.1—0.4 Gauss, beaming factor 6 = 10—40, region
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size R = 107*—1072 pc, and maximum Lorentz factor of electrons Ymax = 5x101—4x10°
for the quiescent state.

To confirm our knowledge of spectral evolution and rapid variability in blazars more
quantitatively, we have developed a new time-dependent SSC model, incorporating the
radiative cooling and acceleration process, as well as light travel time effects properly. We
successully modeled rapid variability and spectral evolution of TeV blazars assuming the
physical parameters derived above.

Our present work places a number of new observational constraints on the rapid
time variability, internal jet structure, and origin of the flare mechanism for TeV ~-ray
emitting blazars. However, physical links to other blazar classes, such as LBLs and OVV
quasars, still remain unsolved. We need better quality, contemporaneous data over a
wide range of observational baands, especially in the hard X-ray and v-ray regimes, to
better understand dynamics operating in all blazar classes. Observations with the next
generation of satellites, featuring improved sensitivity at hard X—ray/~-ray energies, are

expected to bring valuable information.
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240 APPENDIX A. RXTE OBSERVATION LOG OF TEV BLAZARS
Table A.1: RXTE observation log of Mrk 421 (1)

Source  OBS-ID Start (UT) End (UT) Exp.  Data Mode ®

Name (ksec)

Mrk 421 P10345-01-35-00 1996.04.19 02:00 1996.04.19 02:11 0.608  S1/52/GX1/GX2
P10345-01-36-00 1996.04.19 07:27 1996.04.19 08:06 2.304  S1/S2/GX1/GX2
P10345-01-37-00  1996.04.19 12:24  1996.04.19 12:56 1.904 S1/S2/GX1/GX2
P10345-01-38-00  1996.04.19 16:35 1996.04.19 16:46 0.624  S1/S2/GX1/GX2
P10345-01-39-00  1996.04.19 19:51  1996.04.19 20:01 0.544  S1/S2/GX1/GX2
P10345-01-40-00  1996.04.21 01:16  1996.04.21 01:43 1.568 S1/S2/GX1/GX2
P10345-01-41-00  1996.04.21 05:16 1996.04.21 05:28 0.672  S1/S2/GX1/GX2
P10345-01-42-00  1996.04.21 09:06 1996.04.21 09:45 2.304  S1/S2/GX1/GX2
P10345-01-43-00  1996.04.21 14:58 1996.04.21 15:08 0.56 S1/S2/GX1/GX2
P10345-01-44-00 1996.04.21 21:25 1996.04.21 21:35 0.576  S1/S2/GX1/GX2
P10345-01-46-00  1996.04.22 14:02 1996.04.22 14:48 2.736  S1/S2/GX1/GX2
P10345-01-47-00 1996.04.22 18:13  1996.04.22 18:24 0.64 S1/82/GX1/GX2
P10345-01-48-00  1996.04.23 00:27 1996.04.23 00:38 0.624  S1/S2/GX1/GX2
P10345-01-49-00 1996.05.03 04:13  1996.05.03 04:37 1.408  S1/S2/GX1/GX2
P10345-01-50-00  1996.05.03 10:06 1996.05.03 10:17 0.656  S1/S2/GX1/GX2
P10345-01-51-00  1996.05.03 13:19  1996.05.03 13:29 0.576  S1/S2/GX1/GX2
P10345-01-52-00  1996.05.04 00:50 1996.05.04 01:16 1.536  S1/S2/GX1/GX2
P10345-01-53-00 1996.05.04 05:58 1996.05.04 06:31 1.984  S1/S2/GX1/GX2
P10345-01-54-00 1996.05.04 08:32 1996.05.04 08:42 0.576  S1/S2/GX1/GX2
P10345-01-55-00 1996.05.04 18:32 1996.05.04 18:42 0.56 S1/82/GX1/GX2
P10345-01-56-00 1996.05.04 21:38  1996.05.04 21:48 0.576  S1/S2/GX1/GX2
P10345-01-57-00  1996.05.05 04:03  1996.05.05 04:40 2.192  S1/S2/GX1/GX2
P10345-01-58-00  1996.05.05 10:08  1996.05.05 10:18 0.544  S1/S2/GX1/GX2
P10345-01-59-00 1996.05.05 13:21  1996.05.05 13:41 1.2 S1/82/GX1/GX2
P10345-01-60-00  1996.05.05 21:33  1996.05.05 21:53 1.2 S1/S82/GX1/GX2
P10345-01-61-00 1996.05.06 05:21  1996.05.06 05:30 0.544  S1/S2/GX1/GX2
P10345-01-62-00 1996.05.06 10:08 1996.05.06 10:19 0.64 S1/S2/GX1/GX2
P10345-01-63-00  1996.05.06 14:57  1996.05.06 15:07 0.608 S1/S2/GX1/GX2
P10345-01-64-00  1996.05.06 23:13  1996.05.06 23:34 1.264 S1/S2/GX1/GX2
P10345-01-65-00 1996.05.07 05:20 1996.05.07 05:31 0.672  S1/S2/GX1/GX2
P10345-01-66-00 1996.05.07 10:03  1996.05.07 10:23 1.184  S1/S2/GX1/GX2
P10345-01-67-00  1996.05.07 15:00 1996.05.07 15:09 0.528  S1/S2/GX1/GX2
P10345-01-68-00  1996.05.07 21:33  1996.05.07 21:54 1.232  S1/S2/GX1/GX2
P10345-01-69-00  1996.05.08 06:56 1996.05.08 07:07 0.64 S1/82/GX1/GX2
P10345-01-70-00  1996.05.08 13:31 1996.05.08 13:43 0.672  S1/S2/GX1/GX2
P10345-01-71-00  1996.05.08 18:10  1996.05.08 18:23 0.752  S1/S2/GX1/GX2
P10345-01-72-00  1996.05.08 23:09  1996.05.08 23:37 1.664  S1/S2/GX1/GX2
P10345-01-73-00 1996.05.09 05:54 1996.05.09 06:20 1.552  S1/S2/GX1/GX2
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Source  OBS-ID Start (UT) End (UT) Exp.  Data Mode ®

Name (ksec)

Mrk 421 P10345-01-74-00 1996.05.09 11:50 1996.05.09 12:01 0.608  S1/52/GX1/GX2
P10345-01-75-00  1996.05.09 15:16 1996.05.09 15:28 0.688  S1/52/GX1/GX2
P10345-01-77-00  1996.05.10 06:00 1996.05.10 06:10 0.544  S1/S2/GX1/GX2
P10345-01-78-00  1996.05.10 08:34  1996.05.10 08:44 0.544  S1/S2/GX1/GX2
P10345-01-79-00 1996.05.10 15:20 1996.05.10 15:38 1.04 S1/S2/GX1/GX2
P10345-01-80-00  1996.05.10 21:12  1996.05.10 21:55 2.528  S1/S2/GX1/GX2
P10345-01-81-00 1996.05.11 06:59  1996.05.11 07:09  0.56 S1/52/GX1/GX2
P10345-01-82-00  1996.05.11 12:24  1996.05.11 12:34 0.544  S1/S2/GX1/GX2
P10345-01-83-00 1996.05.11 18:20 1996.05.11 18:31 0.64 S1/S2/GX1/GX2
P10345-01-84-00 1996.05.11 21:32  1996.05.11 22:01 1.696  S1/S2/GX1/GX2
P10345-01-85-00  1996.05.12 06:00 1996.05.12 06:13 0.736  S1/S2/GX1/GX2
P10345-01-86-00  1996.05.12 11:57 1996.05.12 12:07 0.592  S1/S2/GX1/GX2
P10345-01-87-00  1996.05.12 18:19  1996.05.12 18:31 0.704  S1/S2/GX1/GX2
P10345-01-88-00 1996.05.12 19:58 1996.05.12 20:18 1.168  S1/S2/GX1/GX2
P10345-01-89-00 1996.05.13 02:21  1996.05.13 02:31 0.56 S1/S82/GX1/GX2
P10345-01-90-00  1996.05.13 08:36  1996.05.13 08:46 0.608  S1/S2/GX1/GX2
P10345-01-91-00 1996.05.13 13:40 1996.05.13 13:50 0.56 S1/82/GX1/GX2
P10345-01-92-00 1996.05.13 18:19 1996.05.13 18:35 0.944  S1/S2/GX1/GX2
P10345-01-93-00 1996.05.14 05:25 1996.05.14 05:35  0.56 S1/52/GX1/GX2
P10345-01-94-00  1996.05.14 08:38  1996.05.14 08:48 0.576  S1/S2/GX1/GX2
P10345-01-95-00 1996.05.14 15:16 1996.05.14 15:25 0.528  S1/S2/GX1/GX2
P10345-01-96-00  1996.05.14 23:21  1996.05.14 23:43 1.312  S1/S2/GX1/GX2
P10345-01-97-00 1996.05.15 06:03  1996.05.15 06:13  0.56 S1/82/GX1/GX2
P10345-01-98-00 1996.05.15 11:55 1996.05.15 12:09 0.8 S1/82/GX1/GX2
P10345-01-01-10  1996.05.15 15:34  1996.05.15 15:43 0.544  S1/S2/GX1/GX2
P10345-01-02-10  1996.05.15 22:24  1996.05.15 22:34  0.56 S1/S2/GX1/GX2
P10345-01-03-10  1996.05.16 08:54 1996.05.16 09:04 0.576  S1/S2/GX1/GX2
P10345-01-04-10  1996.05.16 12:00 1996.05.16 12:10 0.56 S1/82/GX1/GX2
P10345-01-05-10  1996.05.16 18:17 1996.05.16 18:35 1.04 S1/82/GX1/GX2
P10345-01-06-10  1996.05.16 21:28 1996.05.16 21:57 1.712  S1/S2/GX1/GX2
P10345-01-07-10  1996.05.17 01:03  1996.05.17 01:17 0.816  S1/S2/GX1/GX2
P10345-01-08-10  1996.05.17 07:47  1996.05.17 07:57 0.544  S1/S2/GX1/GX2
P10345-01-09-10  1996.05.17 13:55 1996.05.17 14:04 0.512  S1/S2/GX1/GX2
P10345-01-10-10  1996.05.17 22:26  1996.05.17 22:36  0.544  S1/S2/GX1/GX2
P10345-01-11-10  1996.05.18 05:39  1996.05.18 05:49 0.544  S1/S2/GX1/GX2
P10345-01-12-10  1996.05.18 14:04  1996.05.18 14:14 0.544  S1/S2/GX1/GX2
P10345-01-13-10  1996.05.18 19:05 1996.05.18 19:26 1.216  S1/S2/GX1/GX2
P10345-01-15-10  1996.05.19 01:03  1996.05.19 01:17 0.8 S1/52/GX1/GX2
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Table A.3: RXTE observation log of Mrk 421 (3) continued

Source OBS-ID ¢ Start (UT) End (UT) Exp. Data Mode ®

Name (ksec)

Mrk 421 P10345-01-16-10 1996.05.19 05:52  1996.05.19 06:08 0.912 S1/82/GX1/GX2
P10345-01-17-10  1996.05.19 17:24  1996.05.19 17:34 0.544 S1/52/GX1/GX2
P10345-01-18-10  1996.05.19 21:49  1996.05.19 21:57 0.432 S1/S82/GX1/GX2
P10345-01-19-10  1996.05.20 06:16  1996.05.20 06:27  0.608 S1/S2/GX1/GX2
P10345-01-20-10  1996.05.20 12:05 1996.05.20 12:15 0.576 S1/S2/GX1/GX2
P10345-01-21-10  1996.05.20 19:02 1996.05.20 19:15 0.752 S1/S82/GX1/GX2
P10345-01-14-10  1996.05.21 01:08 1996.05.21 01:27 1.088 S1/52/GX1/GX2
P10341-02-02-00 1996.12.10 21:05 1996.12.10 21:44 2.336 S1/S2/GX1/GX2
P20341-01-02-01  1997.04.02 03:30  1997.04.02 09:03 19.968 S1/S2/GX1/GX2
P20341-01-02-00  1997.04.03 05:08 1997.04.03 09:04 14.144 S1/S2/GX1/GX2
P20341-01-01-00  1997.04.04 05:15 1997.04.04 07:26  7.808 S1/S2/GX1/GX2
P20341-01-01-01  1997.04.05 05:12 1997.04.05 06:19 4.0 S1/S2/GX1/GX2
P20341-01-01-02  1997.04.05 06:48 1997.04.05 07:45  3.376 S1/52/GX1/GX2
P20341-01-01-03  1997.04.10 05:31  1997.04.10 06:13  2.512 S1/52/GX1/GX2
P20341-01-01-04  1997.04.10 06:55 1997.04.10 07:29  2.032 S1/S2/GX1/GX2
P20341-01-03-00  1997.04.11 05:20 1997.04.11 07:46 8.752 S1/S2/GX1/GX2
P20341-01-03-01  1997.04.12 05:21  1997.04.12 08:58 12.976 S1/S2/GX1/GX2
P20341-01-04-00 1997.04.29 05:29 1997.04.29 05:51 1.28 S1/S2/GX1/GX2
P20341-01-04-01  1997.04.30 05:29 1997.04.30 06:36  3.984 S1/52/GX1/GX2
P20341-01-04-02  1997.05.01 21:27 1997.05.01 22:06 2.336 S1/S2/GX1/GX2
P20341-01-05-00  1997.05.02 05:30  1997.05.02 06:21  3.024 S1/S2/GX1/GX2
P20341-01-05-01  1997.05.03 03:55 1997.05.03 04:10  0.896 S1/S2/GX1/GX2
P20341-01-05-02  1997.05.03 05:29 1997.05.03 06:34  3.856 S1/S82/GX1/GX2
P20341-01-05-03  1997.05.04 03:54 1997.05.04 04:12 1.024 S1/52/GX1/GX2
P20341-01-05-04  1997.05.04 05:30  1997.05.04 05:51 1.216 S1/52/GX1/GX2
P20341-01-05-05 1997.05.06 02:21  1997.05.06 05:15 10.416 S1/S2/GX1/GX2
P20341-01-05-06  1997.05.06 05:39 1997.05.06 05:56  0.976 S1/S2/GX1/GX2
P20341-01-06-00  1997.06.03 05:59 1997.06.03 06:34  2.096 S1/S2/GX1/GX2
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Source OBS-ID Start (UT) End (UT) Exp.  Data Mode

Name (ksec)

Mrk 501 P10341-03-01-00 1996.08.01 13:26  1996.08.01 14:01 2.064  S1/S2/GX1/GX2
P10341-03-02-00 1996.10.22 11:52  1996.10.22 12:26 2.032  S1/S2/GX1/GX2
P20340-01-01-00  1997.03.18 02:03  1997.03.18 02:54 3.056  S1/S2/GX1/GX2
P20340-04-01-00  1997.04.03 04:27 1997.04.03 04:55 1.632  S1/S2/GX1/GX2
P20340-04-02-00  1997.04.03 09:17  1997.04.03 09:33 0.944  S1/S2/GX1/GX2
P20340-04-03-00 1997.04.04 04:28 1997.04.04 04:44 0.944  S1/S2/GX1/GX2
P20340-04-04-00  1997.04.04 11:09 1997.04.04 11:34 1.488 S1/S2/GX1/GX2
P20340-04-05-00  1997.04.05 04:27 1997.04.05 04:59 1.872  S1/S2/GX1/GX2
P20340-04-06-00  1997.04.05 07:58 1997.04.05 08:19 1.248  S1/S2/GX1/GX2
P20340-04-07-00 1997.04.06 07:15 1997.04.06 07:31 0.928  S1/S2/GX1/GX2
P20340-04-08-00 1997.04.06 10:27 1997.04.06 10:42 0.864  S1/S2/GX1/GX2
P20340-04-09-00  1997.04.07 07:15  1997.04.07 07:30 0.864  S1/S2/GX1/GX2
P20340-04-10-00  1997.04.07 10:36  1997.04.07 10:52 0.912  S1/S2/GX1/GX2
P20340-04-11-00  1997.04.08 05:40 1997.04.08 06:08 1.648 S1/S2/GX1/GX2
P20340-04-12-00  1997.04.08 10:37 1997.04.08 10:53 0.912  S1/S2/GX1/GX2
P20340-04-13-00  1997.04.09 05:40 1997.04.09 06:08 1.648 S1/S2/GX1/GX2
P20340-04-14-00  1997.04.09 10:28 1997.04.09 10:43 0.864  S1/S2/GX1/GX2
P20340-04-15-00 1997.04.10 06:26  1997.04.10 06:42 0.944  S1/S2/GX1/GX2
P20340-04-16-00 1997.04.10 07:42 1997.04.10 07:57 0.88 S1/S2/GX1/GX2
P20340-04-17-00  1997.04.11 04:51  1997.04.11 05:07 0.912  S1/S2/GX1/GX2
P20340-04-18-00 1997.04.11 07:59 1997.04.11 08:38 2.32 S1/82/GX1/GX2
P20340-04-19-00 1997.04.12 04:24 1997.04.12 04:39 0.88 S1/52/GX1/GX2
P20340-04-20-00  1997.04.12 10:45 1997.04.12 11:03 1.056  S1/S2/GX1/GX2
P20340-04-21-00  1997.04.13 06:24  1997.04.13 06:53 1.728  S1/S2/GX1/GX2
P20340-04-22-00  1997.04.13 11:01  1997.04.13 11:54 3.168  S1/S2/GX1/GX2
P20340-04-23-00 1997.04.14 08:00 1997.04.14 08:16 0.912  S1/S2/GX1/GX2
P20340-04-24-00 1997.04.14 10:58 1997.04.14 11:40 2.512  S1/S2/GX1/GX2
P20340-04-25-00  1997.04.15 06:20 1997.04.15 06:41 1.216  S1/S2/GX1/GX2
P20340-04-26-00 1997.04.15 08:56  1997.04.15 09:12 0.944  S1/S2/GX1/GX2
P20340-04-27-00  1997.04.16 04:07 1997.04.16 04:25 1.056 S1/S2/GX1/GX2
P20340-04-28-00 1997.04.16 10:39 1997.04.16 10:51 0.72 S1/82/GX1/GX2
P20340-01-02-00  1997.05.02 04:19  1997.05.02 05:18 3.536  S1/S2/GX1/GX2
P20340-01-03-00  1997.05.02 09:24  1997.05.02 10:11 2.768  S1/S2/GX1/GX2
P20340-01-04-00 1997.05.03 04:22  1997.05.03 05:17 3.264  S1/S2/GX1/GX2
P20340-01-05-00 1997.05.04 04:24 1997.05.04 05:18 3.2 S1/S82/GX1/GX2
P20340-01-06-00  1997.05.04 06:03 1997.05.04 06:25 1.28 S1/82/GX1/GX2
P20340-01-07-00  1997.05.05 04:15 1997.05.05 04:42 1.584  S1/S2/GX1/GX2
P20340-01-08-00 1997.05.05 09:26  1997.05.05 10:12 2.736  S1/S2/GX1/GX2
P20340-01-09-00 1997.05.06 06:08 1997.05.06 06:45 2.176  S1/S2/GX1/GX2
P20340-01-10-00  1997.05.06 07:35 1997.05.06 08:36 3.616  S1/S2/GX1/GX2
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Table A.5: RXTE observation log of Mrk 501 (2) continued

Source OBS-ID Start (UT) End (UT) Exp. Data Mode

Name (ksec)

Mrk 501 P20340-01-11-00 1997.05.07 05:49 1997.05.07 07:00 4.224  S1/S2/GX1/GX2
P20340-01-12-00  1997.05.07 09:28  1997.05.07 09:50 1.28 S1/S2/GX1/GX2
P20340-01-13-00  1997.05.08 06:53  1997.05.08 07:01  0.48 S1/S2/GX1/GX2
P20340-01-14-00  1997.05.08 09:25 1997.05.08 10:17 3.104  S1/S2/GX1/GX2
P20340-01-15-00  1997.05.09 06:53 1997.05.09 07:04 0.608  S1/S2/GX1/GX2
P20340-01-16-00  1997.05.09 07:58 1997.05.09 08:40 2.528 S1/S2/GX1/GX2
P20340-01-17-00  1997.05.10 05:14 1997.05.10 05:30 0.912 S1/S2/GX1/GX2
P20340-01-18-00 1997.05.10 09:29  1997.05.10 09:59 1.744 S1/S82/GX1/GX2
P20340-01-19-00  1997.05.11 05:13  1997.05.11 05:29 0.912 S1/52/GX1/GX2
P20340-01-20-00 1997.05.11 09:26  1997.05.11 09:42 0.912 S1/52/GX1/GX2
P20340-01-21-00  1997.05.12 04:22  1997.05.12 04:44  1.296 S1/S2/GX1/GX2
P20340-01-22-00  1997.05.12 08:35 1997.05.12 08:45 0.608  S1/S2/GX1/GX2
P20340-01-23-00 1997.05.13 04:32 1997.05.13 04:46 0.8 S1/S2/GX1/GX2
P20340-01-24-00  1997.05.13 08:34  1997.05.13 08:46  0.72 S1/S2/GX1/GX2
P20340-01-25-00 1997.05.14 08:32  1997.05.14 08:47 0.896 S1/52/GX1/GX2
P20340-01-26-00  1997.05.14 09:34  1997.05.14 09:51 0.976  S1/S2/GX1/GX2
P20340-01-27-00  1997.05.15 04:26  1997.05.15 05:08  2.512 S1/S2/GX1/GX2
P20340-01-28-00 1997.05.15 06:13  1997.05.15 06:49 2.128  S1/S2/GX1/GX2
P20421-01-01-01  1997.07.11 23:23 1997.07.11 23:51 1.68 S1/S2/GX1/GX2
P20421-01-01-00 1997.07.12 03:36  1997.07.12 05:09 5.536 S1/82/GX1/GX2
P20421-01-02-01  1997.07.12 23:22 1997.07.12 23:51 1.728 S1/52/GX1/GX2
P20421-01-02-00 1997.07.13 03:37 1997.07.13 05:09 5.472 S1/S2/GX1/GX2
P20421-01-03-01  1997.07.13 23:21  1997.07.13 23:49  1.664 S1/S2/GX1/GX2
P20421-01-03-00 1997.07.14 03:38 1997.07.14 04:48 4.16 S1/S2/GX1/GX2
P20421-01-04-01  1997.07.14 22:50 1997.07.15 00:07 4.608 S1/S2/GX1/GX2
P20421-01-04-00 1997.07.15 03:38  1997.07.15 04:55 4.624 S1/52/GX1/GX2
P20421-01-05-01  1997.07.15 22:51 1997.07.15 23:51 3.584 S1/52/GX1/GX2
P20421-01-05-00  1997.07.16 03:40 1997.07.16 04:55 4.512 S1/S2/GX1/GX2
P30249-01-01-08 1998.05.25 03:46  1998.05.25 04:22 2.16 S1/S2/GX1/GX2
P30249-01-01-00  1998.05.25 06:58 1998.05.25 11:08 14.992 S1/S2/GX1/GX2
P30249-01-01-01  1998.05.25 12:44  1998.05.25 17:42 17.872 S1/S2/GX1/GX2
P30249-01-01-02  1998.05.25 19:24  1998.05.25 20:11  2.816 S1/52/GX1/GX2
P30249-01-01-03  1998.05.25 21:04 1998.05.25 22:20 4.512 S1/S2/GX1/GX2
P30249-01-01-04 1998.05.26 06:57 1998.05.26 11:08 15.056 S1/S2/GX1/GX2
P30249-01-01-05 1998.05.26 14:23  1998.05.26 17:42 11.936 S1/S2/GX1/GX2
P30249-01-01-09  1998.05.27 02:06 1998.05.27 02:36  1.808 S1/S82/GX1/GX2
P30249-01-01-10  1998.05.27 03:45 1998.05.27 04:12 1.6 S1/S2/GX1/GX2
P30249-01-01-06  1998.05.27 06:55 1998.05.27 11:08 15.168 S1/S2/GX1/GX2
P30249-01-01-07 1998.05.27 12:44  1998.05.27 15:59 11.696 S1/S2/GX1/GX2
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Table A.6: RXTE observation log of PKS 2155—304 (1)

Source OBS-ID Start (UT) End (UT) Exp. Data Mode

Name (ksec)

PKS 2155 P10356-01-01-00  1996.05.16 00:40  1996.05.16 00:50  0.592 S1/52/GX1/GX2

—304 P10356-01-02-00 1996.05.16 03:24  1996.05.16 03:47 1.36 S1/S2/GX1/GX2
P10356-01-03-00  1996.05.16 06:15 1996.05.16 06:40 1.472 S1/S2/GX1/GX2
P10356-01-04-00  1996.05.16 09:32  1996.05.16 09:42  0.544 S1/S2/GX1/GX2
P10356-01-05-00 1996.05.16 12:38 1996.05.16 12:48 0.544 S1/S2/GX1/GX2
P10356-01-06-00 1996.05.16 16:39 1996.05.16 17:09 1.76 S1/S2/GX1/GX2
P10356-01-07-00 1996.05.16 19:03 1996.05.16 19:14 0.608 S1/52/GX1/GX2
P10356-01-08-00  1996.05.16 22:25 1996.05.16 22:41  0.912 S1/S2/GX1/GX2
P10356-01-09-00 1996.05.17 01:45 1996.05.17 02:16  1.808 S1/S2/GX1/GX2
P10356-01-10-00  1996.05.17 05:27 1996.05.17 05:49  1.296 S1/52/GX1/GX2
P10356-01-11-00  1996.05.17 07:09  1996.05.17 07:19  0.592 S1/S2/GX1/GX2
P10356-01-12-00  1996.05.17 11:57 1996.05.17 12:14  0.976 S1/S2/GX1/GX2
P10356-01-13-00  1996.05.17 15:51 1996.05.17 16:01  0.544 S1/S2/GX1/GX2
P10356-01-14-00 1996.05.17 21:33  1996.05.17 21:58 1.472 S1/52/GX1/GX2
P10356-01-15-00 1996.05.18 02:16  1996.05.18 02:25 0.512 S1/S2/GX1/GX2
P10356-01-16-00  1996.05.18 05:02 1996.05.18 05:11  0.528 S1/S2/GX1/GX2
P10356-01-17-00  1996.05.18 07:10  1996.05.18 07:20  0.592 S1/S2/GX1/GX2
P10356-01-18-00 1996.05.18 09:35 1996.05.18 09:45 0.56 S1/52/GX1/GX2
P10356-01-45-00 1996.05.18 13:28 1996.05.18 13:36  0.432 S1/52/GX1/GX2
P10356-01-20-00 1996.05.18 18:14 1996.05.18 18:37 1.344 S1/S2/GX1/GX2
P10356-01-21-00  1996.05.18 21:33  1996.05.18 22:15 2.496 S1/52/GX1/GX2
P10356-01-19-00  1996.05.18 23:09 1996.05.18 23:55 2.736 S1/S2/GX1/GX2
P10356-02-01-01  1996.05.19 01:45 1996.05.19 04:11 8.704 S1/82/GX1/GX2
P10356-02-01-00 1996.05.19 06:36  1996.05.19 07:31  3.248 S1/S2/GX1/GX2
P10356-02-01-02  1996.05.19 14:30 1996.05.19 16:56  8.736 S1/S2/GX1/GX2
P10356-02-01-03  1996.05.19 18:02 1996.05.19 20:34 9.072 S1/S2/GX1/GX2
P10356-02-01-04  1996.05.19 22:26  1996.05.19 05:48 26.528 S1/S2/GX1/GX2
P10356-02-01-07 1996.05.20 12:43 1996.05.20 13:45 3.664 S1/S82/GX1/GX2
P10356-02-01-05  1996.05.20 19:55 1996.05.20 00:40 17.104 S1/S2/GX1/GX2
P10356-01-23-00 1996.05.21 04:59 1996.05.21 05:07 0.48 S1/52/GX1/GX2
P10356-01-24-00 1996.05.21 07:15 1996.05.21 07:39  1.392 S1/S2/GX1/GX2
P10356-01-25-00  1996.05.21 11:30 1996.05.21 11:44 0.8 S1/S2/GX1/GX2
P10356-01-26-00  1996.05.21 14:59 1996.05.21 15:34  2.096 S1/S2/GX1/GX2
P10356-01-27-00  1996.05.21 18:18 1996.05.21 18:55 2.176 S1/S2/GX1/GX2
P10356-01-28-00 1996.05.21 21:37 1996.05.21 22:01 1.392 S1/52/GX1/GX2
P10356-01-29-00  1996.05.22 01:45 1996.05.22 01:55 0.56 S1/S2/GX1/GX2
P10356-01-31-00  1996.05.22 04:58 1996.05.22 05:23  1.504 S1/S2/GX1/GX2
P10356-01-30-00 1996.05.22 08:38 1996.05.22 08:48  0.576 S1/S2/GX1/GX2
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Table A.7: RXTE observation log of PKS 2155—304 (2) continued

Source OBS-ID Start (UT) End (UT) Exp.  Data Mode

Name (ksec)

PKS 2155 P10356-01-33-00 1996.05.22 11:50 1996.05.22 12:29  2.32 S1/52/GX1/GX2

—-304 P10356-01-34-00  1996.05.22 17:35 1996.05.22 17:45 0.592 S1/S2/GX1/GX2
P10356-01-35-00  1996.05.22 20:02 1996.05.22 20:25 1.376  S1/S2/GX1/GX2
P10356-01-32-00  1996.05.22 23:15  1996.05.22 23:56 2.448  S51/S2/GX1/GX2
P10356-01-36-00  1996.05.23 00:51  1996.05.23 01:33 2.512  S1/S2/GX1/GX2
P10356-01-39-00 1996.05.23 04:56 1996.05.23 05:06 0.592  S1/S2/GX1/GX2
P10356-01-38-00  1996.05.23 07:19  1996.05.23 07:42 1.344  S1/S2/GX1/GX2
P10356-01-40-00  1996.05.23 10:31  1996.05.23 10:54 1.328  S1/S2/GX1/GX2
P10356-01-41-00  1996.05.23 13:21  1996.05.23 13:37 0.928  S1/S2/GX1/GX2
P10356-01-42-00 1996.05.23 18:21 1996.05.23 18:40 1.136  S1/S2/GX1/GX2
P10356-01-43-00 1996.05.23 21:44 1996.05.23 22:05 1.216  S1/S2/GX1/GX2
P10356-01-46-00  1996.05.24 03:32 1996.05.24 03:42 0.592  S1/S2/GX1/GX2
P10356-01-47-00 1996.05.24 06:26  1996.05.24 06:36  0.56 S1/S2/GX1/GX2
P10357-01-01-00  1996.05.24 08:02 1996.05.24 08:27 1.456 S1/S2/GX1/GX2
P10356-01-48-00 1996.05.24 08:27 1996.05.24 08:39 0.72 S1/52/GX1/GX2
P10356-01-49-00  1996.05.24 11:44 1996.05.24 11:55 0.624  S1/S2/GX1/GX2
P10356-01-50-00  1996.05.24 14:27 1996.05.24 14:37 0.544  S1/S2/GX1/GX2
P10356-01-52-00 1996.05.24 17:39 1996.05.24 17:49 0.56 S1/52/GX1/GX2
P10356-01-51-00  1996.05.24 20:05 1996.05.24 20:29 1.408 S1/S2/GX1/GX2
P10356-01-53-00  1996.05.24 23:18 1996.05.24 23:48 1.792  S1/S2/GX1/GX2
P10356-01-54-00  1996.05.25 03:23  1996.05.25 03:47 1.424  S1/S2/GX1/GX2
P10356-01-56-00 1996.05.25 08:55 1996.05.25 09:07 0.704  S1/S2/GX1/GX2
P10356-01-57-00 1996.05.25 13:17  1996.05.25 13:56  2.32 S1/S82/GX1/GX2
P10356-01-58-00 1996.05.25 16:41 1996.05.25 17:08 1.6 S1/S82/GX1/GX2
P10356-01-59-00  1996.05.25 20:06 1996.05.25 20:28 1.312  S1/S2/GX1/GX2
P10356-01-60-00 1996.05.25 23:20 1996.05.25 23:45 1.504  S1/S2/GX1/GX2
P10356-01-61-00 1996.05.26 02:30  1996.05.26 02:42  0.72 S1/52/GX1/GX2
P10356-01-62-00  1996.05.26 05:43  1996.05.26 05:56 0.784  S1/S2/GX1/GX2
P10356-01-63-00 1996.05.26 10:04 1996.05.26 10:16 0.704  S1/S2/GX1/GX2
P10356-01-64-00  1996.05.26 13:16  1996.05.26 13:53 2.192  S1/S2/GX1/GX2
P10356-01-66-00  1996.05.26 16:15 1996.05.26 16:23 0.464  S1/S2/GX1/GX2
P10357-01-02-00  1996.05.26 16:23  1996.05.26 17:01 2.272  S1/S2/GX1/GX2
P10356-01-68-00  1996.05.26 23:20 1996.05.26 23:43 1.376  S1/S2/GX1/GX2
P10356-01-73-00 1996.05.27 02:33  1996.05.27 02:45  0.72 S1/S2/GX1/GX2
P10356-01-69-00  1996.05.27 08:59  1996.05.27 09:09 0.592  S1/S2/GX1/GX2
P10356-01-70-00 1996.05.27 11:38  1996.05.27 11:52 0.8 S1/82/GX1/GX2
P10356-01-71-00  1996.05.27 15:00 1996.05.27 15:19 1.104  S1/S2/GX1/GX2
P10356-01-72-00 1996.05.27 20:09 1996.05.27 20:22 0.752  S1/S2/GX1/GX2
P10356-01-74-00 1996.05.27 23:22  1996.05.27 23:41 1.136  S1/S2/GX1/GX2
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Table A.8: RXTFE observation log of PKS 2155—304 (3) continued

Source OBS-ID Start (UT) End (UT) Exp. Data Mode

Name (ksec)

PKS 2155 P10356-01-75-00 1996.05.28 03:54 1996.05.28 04:06 0.704  S1/S2/GX1/GX2

—304 P10357-01-03-00  1996.05.28 14:43 1996.05.28 15:26 2.544 S1/S2/GX1/GX2
P10357-01-04-00  1996.07.23 09:02 1996.07.23 09:34 1.904  S1/S2/GX1/GX2
P10357-01-05-00  1996.07.25 15:55 1996.07.25 16:27 1.888  S1/S2/GX1/GX2
P10357-01-06-00 1996.07.27 15:57 1996.07.27 16:23  1.504  S1/S2/GX1/GX2
P10357-01-07-00  1996.11.14 07:39  1996.11.14 14:56  26.176  S1/S2/GX1/GX2
P10357-01-07-01  1996.11.15 15:44 1996.11.15 16:02 1.088 S1/52/GX1/GX2
P10356-02-03-00  1996.11.20 09:33  1996.11.20 09:58 1.456  S1/S2/GX1/GX2
P10356-02-04-00 1996.11.20 17:39 1996.11.20 17:58 1.104 S1/S2/GX1/GX2
P10356-02-05-00 1996.11.21 07:37 1996.11.21 08:02 1.456  S1/S2/GX1/GX2
P10356-02-06-00 1996.11.22 03:00 1996.11.22 03:16 0.912 S1/S2/GX1/GX2
P10356-02-07-00  1996.11.22 14:17 1996.11.22 14:32  0.912 S1/S2/GX1/GX2
P10356-02-02-00 1996.11.23 10:38  1996.11.23 16:24 20.768 S1/S2/GX1/GX2
P10356-02-02-01 1996.11.24 07:38  1996.11.24 13:12 20.032 S1/S2/GX1/GX2
P30253-01-42-00  1997.11.20 22:54 1997.11.20 23:25 1.808 S1/S2/GX1/GX2
P30253-01-41-00  1997.11.21 15:21  1997.11.21 15:37 0.944  S1/S2/GX1/GX2
P30253-01-40-00 1997.11.22 17:09 1997.11.22 17:24 0.88 S1/S2/GX1/GX2
P30253-01-01-00 1998.01.09 03:07 1998.01.09 03:29 1.296 S1/52/GX1/GX2
P30253-01-02-00 1998.01.09 12:49 1998.01.09 13:05 0.912 S1/52/GX1/GX2
P30253-01-03-00 1998.01.10 03:09 1998.01.10 03:30 1.216  S1/S2/GX1/GX2
P30253-01-04-00 1998.01.10 12:54 1998.01.10 13:09 0.88 S1/S2/GX1/GX2
P30253-01-05-00 1998.01.11 07:24  1998.01.11 07:39 0.896  S1/S2/GX1/GX2
P30253-01-06-00 1998.01.11 12:12 1998.01.11 12:24 0.72 S1/S2/GX1/GX2
P30253-01-07-00  1998.01.12 05:51  1998.01.12 06:04 0.736  S1/S2/GX1/GX2
P30253-01-08-00 1998.01.12 14:22  1998.01.12 14:46  1.408 S1/S2/GX1/GX2
P30253-01-09-00 1998.01.13 03:12 1998.01.13 03:33 1.216 S1/S2/GX1/GX2
P30253-01-10-00 1998.01.13 14:24 1998.01.13 14:46 1.28 S1/S2/GX1/GX2

@ proposal ID and observation plan number.
b RXTE PCA data mode. S1: standard-1 mode, S2:
GX2: GoodXenon2-16s mode.

standard-2 mode, GX1: Good X enonl-16s mode,
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Figure B.1: DCF of time segment 2 for Mrk 421 in 1998.
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Figure B.2: DCF of time segment 3 for Mrk 421 in 1998.
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Figure B.3: DCF of time segment 4 for Mrk 421 in 1998.
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Figure B.4: DCF of time segment 5 for Mrk 421 in 1998.
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Figure B.5: DCF of time segment 6 for Mrk 421 in 1998.



255

425 F il
- 12 E ‘.‘ "; 4 M %
r 425 | 1 11 - o 375 i
5 * E # 11 E ! 1 £ g i
75 ¢ W *N 4F A 105 F ! i 35 [ it ‘[
7 " - { 10 * Ml e -~ *
b i t 35 E J ! i E | o 3 E il I
£ I E 4 i 95 ¢ ‘U " | £, t
65 | \ | \ 325 Foy] . 9 Eophyefy 275 H
Eo] * l\t S | 85 Fot 25 Ff =
6 F iyt 275 | o it D el
Eit \* } b 25 ftvv SEL 16509318 50032 50931-450931-650‘2:1WO,N:Q
55 H? [f 5 S D 50981.450031.650931.8 5092 LC(HighE 3.0-kev 7)
; * DT ‘8‘5‘0932225 ‘5(‘)933{-450931'65983}'1%’52?232 LC(LowE 1.0-kev 7) .
50931-450931;?298;;90%:42 LC(HighE3.0-kev 7) 2 ¢ | 1 % ‘ } i
LC(LowEO05- E F |
— S SHe e e iy
25 | s |l o et I
2 ¢ © ok i i el e 04 Eetpfh
g 06 i SEC Y painl |
15 E bl | M | " 0. | L,
E it 04 F HH\ H\ 0 1 [ M ‘ F H
L TATERY 28 Rl 1 | I § m‘ I W o I
" PN ez I u CEWOW e .
: ” ‘N‘ N W ’W o EM‘ ‘H t ;‘ NiLuu— “““05‘ - 02 01 0 \DS.W:LZ)O,NS.Z%
05 mMuW“ “H‘M ! ol 3 DU PR DR o s 0 0 DCF _fit2(7)
* JE TR ‘0‘5‘ : 02 010 \Dg}lso,N:'zs DCF_fit (7)
s 0 0 DCF fit2(7) -
DCF fit (7) 425 | I
5 E t P "r W
F i 475 | L d
- L 425 {"r il 45 " 375 ¢ “l -
65 [ i 4t | 425 = | B HH
i 375 i - 4t . tiy M‘ 325 ¢ g
6F ,} l » 35 ¢ | it * \[ 375 ¢ 1 ! | 3 oy Wt I
55 t I w m 325 E ‘H " { 35 ; FWA P 1| 275 ‘T
£ i H 3 E W it | 325 n 4 25 e i
S 2715 3 L6 R Saen1 4003t torear & B
3 { £ S e 50931.45 —110.N=42
45 [ | 25 b T 21 50931.450931.650031.8 50932 LC(High E 3.0 “kev™?)
’ ET’ PN SRR S 22'25 ‘5693141‘5(‘)931-5509?}-1% 583232 LC(Low E 2.0-kev 7)
7‘56931_450931.65983}6%58495’ LC(High E 30 el 9 i l'i ; } i
LC(LowE 1.5-kev 7) _ 2t E |
e 12 I, 15 F 08 ILRERANN
‘| IS Ll : i 06 £ il
L5 : || 08 F ] 'l g Iy 04 £ 11l
1k \HMH\ 06 ¢ il I 05 ¢ ww‘ \W” “HL m 02 -] Il
5 E-lf FY ] oa EO | AL EE | of I
S T ] o i B W |
o ‘M ] Wl | ot {‘ Il i3 nm”w}”’ ”W‘ Pyl .00 N s
05 | “‘mw 1”\1 “HMWW 02 | Nl Bl S A 95 02 01 0 oL 02
1 £ W ™ 04 ‘02‘ -05 0_ ID=120,N=96 DCF_fit2(7)
S o o5 02 01 0 \Dg'wlzo,N:'ZS DCF_fit (7)
-05 ID=120.N=96 DCF_fit2 (7)
DCF _fit (7)

in 1998.
) t 7 for Mrk 421 in
. : DCF of time segmen
Figure B.6: D



256 APPENDIX B. DCF DISTRIBUTIONS OF MRK 421 DURING 1998 CAMPAIGN

pli 875 F ;

575 | o E E Ll
55 L) #W ‘SH‘*‘T 2:2 Il 85 ¢ v ”w 2:2 AN
52 || il | i 27 £yt H | 825 F o flpfif 27 £ ! H |
g | 26 =L W 8 = 26 =L !
5 E ! o byl 775 = *‘ﬁ | e Byl
475 | 5 F : 5 F
£ H1 4 E } | 75 E | 24 F } }
45 | it 2s £ L 725 4] g3 b L
e ‘T 20 b r‘rw S Wil 22 b W‘T
L5 I LA S 3 SN NS | S 3 IS I LA 1 Y 1 SN NN AL
50932 509322 509324 509326 50932 50932.2 50932.4 50932.6 65 50032 ‘500322 50032.4 500326 50032 509322 50932.4 50032.6
ID=100,N=33 N ID=110,N=33 ID=100,N=33 . ID=110,N=33
LC(LowE 05-kev §) LC(High E 30-kev 8) LC(LowE 1.0-kev §) LC(High E 30-kev 8)
25 [ Lk ‘ 2 [ 125
2 ¢ E H\L | | E 1 ; | |
ol L ) NI v
: “WHM Ll 0'23 \ 1 M 0s | ”WH{‘“}‘ [ 0-%2 “ “w
os El T o 1 o o 7
o T AR i
> Ll 075 | ol | i 5 ¢ i
1 1k \ -1 075 ¢ \
T E— T 02 01 0 01 02 S50 s P el 0 01 o2
.. ID=120,N=80 ) ID=130,N=28 . ID=120,N=80 ) ID=130,N=28
DCF_fit (8) DCF_fit2 (8) DCF_fit (8) DCF_fit2 (8)
) | 29 Eyg 34 | 20 f -
48 | ﬁ \ 28 | f ‘“ fh s b Mﬂ h 28 [ f ‘T} H‘
46 ot fy 27 E b W‘ g *H} b 27 E - W
44k H‘H w\‘ 26 | %‘\\ 3 ‘L | 26 | ‘HH
i 5 C g 25 £
42 “p * gj;& o 2.87“1\ L e bl .
4 F " 23 B ‘JH 26 [ + 23 B ‘JH
e i 2 iy | e y
50932 50932.2 509324 50032.6 50932 50932.2 500324 50932.6 50932 50932.2 500324 50032.6 50932 50932.2 50032.4 50932.6
ID=100,N=33 . ID=110,N=33 ID=100,N=33 . ID=110,N=33
LC(LOWE 15-kev 8) LC(High E 3.0- kev 8) LC(LowE 2.0-kev 8) LC(High E 3.0-kev 8)
2 E 125 ¢ 2k 125
E 1k Ly E E iy
15 | | o7 b ot 5 B S o w1
YELT (7] os bl i) 05 £l
05 ‘“ ‘i‘ || 05 E H{ | ‘ 025 - | |
02 3 W\} | HMM 02 im ‘{ 0 || A W
) Lk ‘WW MH ‘ -05 H “ -05 H | “
1 “ 075 | ‘ ; 075
By 0 o5 o2l To ol 02 05 0 05 02 01 o0 01 02
. ID=120,N=80 ) ID=130,N=28 . ID=120,N=80 ) ID=130,N=28
DCF_fit ( 8) DCF _fit2 (8) DCF _fit ( 8) DCF _fit2 (8)

Figure B.7: DCF of time segment 8 for Mrk 421 in 1998.
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Figure B.8: DCF of time segment 9 for Mrk 421 in 1998.






Appendix C

Estimation of Errors in the

Temporal Analysis

C.1 Errors on Lags Estimated from the Monte Calro

Simulations

In § 7.2.5, the errors on the lags were simply determined from the uncertainty (1 o error)
of the peak parameter obtained by the minimum ? fitting of the distribution DCF to a
Gaussian. More accurately, errors on the lags should be determined by taking the flux
uncertainties due to photon statistics into account. The statistical significance of the
detection of a lag may not be assessed just by a cross-correlation analysis. In order to
test the dependence of our DCF results on photon statistics and estimate the errors on
the lags more properly, we apply Monte Calro simulation method which considers the flux

randomization (e.g., Zhang et al. 1999).

We assumed that errors on fluxes resulting from the total photon number in a bin
(more than a thousand in our case) are normally distributed. We modified each real flux
at a certain time (F'(f)) by adding a random Gaussian deviation based on the quoted
error op(t) for each data point of the light curves. The modification of each data point
is randomly determined from Monte Calro simulations, thus statistically independent of
each other. We apply the DCF to each ‘randomized’ light curves and investigate the
distribution of the ‘time-lag’. This process was repeated for 2000 times to build up a
cross-correlation peak distribution. We defined the errors on the ‘lag’ as the 68 % (i.e., 1

o) of the time-lags are included in the range.

In Figure C.1, we show the results of Monte Calro simulation for two time segments

of Mrk 421 observation in 1998. Time-region #2 is where the maximum ‘soft-lag’ was

259
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observed and time-region #8 is the region of an opposite sense (‘hard-lag’; Figure 7.23).
One finds that errors on the lags determined from Monte Calro simulation are exactly
consistent with the that determined from the uncertainties of the peak parameter in
DCF distribution fitted to a Gaussian function. Thus we conclude that the statistical
significance of detection of time-lags is not affected even if we take uncertainty in observed

fluxes into account.

Hard Lag <— —= Soft Lag
0.20

Gauss fit err

Gauss ifit err
et -

MC gerr

0.15 -

0.10

Normalized Probability

0.05

REG 4 8

0.00 — - i
~6000 —4000 —2000 0 2000 4000

Time Lag (sec)

Figure C.1: Errors on time-lags determined from the Monte Calro Simulation (solid arrows). Two
examples for Mrk 421 observation in 1998 are shown in the figure. Time-region #2, where the maximum
‘soft-lag’ was observed and time-region #8, where the maximum ‘hard-lag’ was observed (see, Figure 7.8,
C.2). Lags are calculated for the light curve of 0.5-1.0 keV band as compared to that in 3.0-7.5 keV. Errors
are exactly consistent with the previous estimation in which the error was determined from uncertainty
of the peak parameter obtained by the minimum y?2 fitting of the distribution of DCF to a Gaussian
(dotted arrows).

C.2 Analysis of De-Trended Light Curves

During 7-day observation of Mrk 421 in 1998, successive occurrence of flares has been
observed. These day-by-day flares are superposed on each other, forming an ‘offset” in the
light curves. Such an offset, or long-term trend, seems to become larger as photon energy
increases (Figure 9.2). This is because the amplitude of a flare is larger at increasing
photon energy (e.g., § 7.2.2). Thus it is important to verify that these energy-dependent
‘offset’ do not affect our analysis results. To evaluate the effect quantitatively, we fitted
the light curves of Mrk 421 (1998) with a quadratic function, then subtracted the best fit

function as a ‘trend’ (see, Figure C.2 (left)). Fittings were performed in various energy
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bands from 0.5 keV to 7.5 keV.

Time Lags

Upper right panel of Figure C.2 shows a de-trended light curves in total ASCA band
(0.5—7.5 keV). Bottom panel shows the time-lags for de-trended light curves in 0.5—1
keV band as compared to that in 3—7.5 keV. Corresponding figure for the original light
curve (with ‘offset’) is Figure C.2 (left). One finds that results from de-trended light

curves are exactly consistent with that calculated for the original light curves.
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Figure C.2: Time lags of Mrk 421 during 1998 observation. left (upper); the SIS light curve for total
ASCA bandpass (0.5—7.5 keV). The best fit quadratic function is shown as a solid line. left (bottom);
time lags of 0.5-1.0 keV band as compared to that in 3.0—7.5 keV. right (upper); the SIS light curve
after subtracting a quadratic trend. right (bottom); time lags of 0.5-1.0 keV band as compared to that
in 3.0—7.5 keV. Results are exactly consistent with that in the left panel.

Time Asymmetry

We next calculate the structure function for these ‘de-trended’ light curves. For the struc-
ture function analysis, however, it is not evident that ‘trend (offset)’ should be removed or
not. Some authors do this, while others argue strong objections (e.g., Smith et al. 1993).
Remaining trend in the light curve may suppress the very features one is searching for, in
particular, source has periodicity in short time scale. On the other hand, removal of the

trend prevents us from investing time scales exceeding the length of the data run (Smith
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et al. 1993). This should be carefully determined according to a purpose of the temporal
study as well as the nature of time variability in the source.

In any case, we calculate the structure function using de-trended light curves in various
energy bands. An example for SF is given in Figure C.3 (left). One can see that the
slope of SF is unchanged in shorter time scale (7 < 1 day; a 1.1—1.2).

We next measured time asymmetry of the light curve (Figure C.3 right). One can see
a similar energy depencence with Figure 7.14, even if a quadratic trend is subtracted. We
thus conclude that (1) rapid variability in TeV blazars is strong red noise type, and (2)
time profile becomes more symmetric at higher energy bands regardless of ‘trend’” in the

light curve.
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Figure C.3: left: Symmetry of the light curves for Mrk 421 in 2.0—4.0 keV. SF from rising phase and
decaying phase are separately shown. Dotted line is SF(7) o 7 to guide eyes. bottom panel shows the
symmetry parameter. right: Energy dependence of the averaged symmetry parameter [SF, — SF_]/SF,
which was calculated for the time lags smaller than 0.5 day. We subtracted the best-fit quadratic function
as a ‘trend’ from the original light curves. One can see that our results are not affected even if the ‘trend’

is subtracted (for comparison, see, Figure 7.14).
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Figure D.1: Energy spectra of Mrk 421 (1).
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Figure D.2: Energy spectra of Mrk 421 (2).
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Figure D.3: Energy spectra of Mrk 421 (3).
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Figure D.4: ASCA energy spectra of Mrk 421 (4).
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Figure D.5: ASCA energy spectra of Mrk 501 (1).
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Figure D.6: ASCA energy spectra of Mrk 501 (2).
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Figure D.7: ASCA energy spectra of PKS 2155—304 (1).
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Figure D.8: ASCA energy spectra of PKS 2155—304 (2).
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Figure E.2: Synchrotron peak shifts of Mrk 421, Mrk 501, PKS 2155—304 and 1ES 2344+514. Results

from different observational seasons are separately shown. ‘ST’ is the start time of each observation as

listed in § 6.1.






Appendix F

HEXTE spectra of Mrk 501 in 1998
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Figure F.1: RXTE HEXTE spectra for Mrk 501 obtained in 1998 May, fitted by a power law function.
Data for total exposure (net 60 ksec) are summed. left: energy spectra for cluster-0, right: energy

spectra for cluster-1.

Table F.1: Results of spectral fitting of HEXTE data

Detector cluster ~ Photon  Flux (20-50keV) 2

Index 10 '?erg/cm?/s  (d.o.f)
HEXTE 0 2.1779% 23.67%7  1.95(16)
HEXTE 1 1.93%5:36 229172 0.67(11)

Data from 1998 05/25 to 05/27 were used for the fit (60 ksec in total). Fitting model is just a power law,

because the Galactic absorption is negligibly small in this energy band. All errors are 1 o.
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280 APPENDIX G. SPECTRAL FIT RESULTS OF RXTE OBSERVATIONS

Table G.1: Fit results of RXTE spectra of Mrk 421 (1)

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x2 (dof)
time (ksec)  1020/cm? Index 10 ~'2 erg/cm?/s
Mrk 421  50192.084  50192.090 0.56 145fix  3.087903 73.38T12T  0.73(45)
50192.315  50192.318 0.26 145fix 2957000 88.2171:0%  0.58(45)
50192.516  50192.522 0.50 145fix 2927907 92.037147  0.75(45)
50194.053  50194.056 0.27 1.45fix  2.9070:54 129.30129%  0.88(45)
50194.219  50194.227 0.66 145fix  2.8719 08 120.30713%  1.29(45)
50194.381  50194.385 0.37 1.45fix  2.661002 145507155 0.82(45)
50194.892  50194.899 0.54 145fix 2651007 187.00712%  0.68(45)
50195.584  50195.590 0.48 145fix 2771903 159.8071:5¢  0.85(45)
50196.019  50196.026 0.59 145fix  2.747902 173.707155  0.56(45)
50206.176  50206.182 0.53 145fix 2111900 445701315 1.62(45)
50206.425  50206.428 0.21 1.45fix 2417053 215.607252  0.65(45)
50207.248  50207.254 0.50 145fix 2761008 119.107127  0.71(45)
50207.356  50207.362 0.53 1456 2.79700 97.01% 140 0.61(45)
50207.772  50207.778 0.53 1.45fx  2.6370°97 216.40771 75 0.86(45)
50207.901  50207.907 0.53 1.45fix  2.317061 458107222 1.96(45)
50208.169  50208.184 1.30 L45fix 2521901 206.90T7° 08 1.27(45)
50208.426  50208.428 0.21 145fix 2361007 375.0073-95  1.35(45)
50208.556  50208.569 1.14 1.45fix 2277051 556407155 3.44(45)t
50209.223  50209.228 0.46 145fix 2561002 258.7017:95  0.78(45)
50209.426  50209.429 0.24 145fix  2.657503 247.3075°85  0.78(45)
50209.623  50209.629 0.51 L45fix 2521901 350.8073:99  1.09(45)
50210223  50210.229 0.50 145fix - 2311901 377.207319  1.34(45)
50210.427  50210.432 0.42 1.456x  2.527092 246307205 0.96(45)
50210.625  50210.630 0.50 1.45fix  2.7670 53 164.30T171  0.84(45)
50210.902  50210.906 0.32 1.45fx  2.7770%3 198507222 0.53(45)
50211.290  50211.296 0.46 1.45fix 2851008 176.607 18 0.72(45)
50211.563 50211571 0.64 145fix 2767902 172.601132  1.06(45)
50211.757  50211.765 0.69 145fix  2.667592 173.10%1733  0.91(45)
50211.964  50211.972 0.64 145fix  2.7570:92 199.001125 0.99(45)
50212.245  50212.258 1.09 1.45fix 2977052 193.107128  1.09(45)
50212.493  50212.500 0.56 145fix  2.867907 192.3071:5  0.65(45)




Table G.2: Fit results of Mrk 421 (2) — continued

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x2 (dof)
time (ksec)  10%29/cm? Index 10 ~'2 erg/cm?/s
Mrk 421  50212.636  50212.644 0.64 1.45fx  2.907903 186.4071°32  0.65(45)
50213.250  50213.256 0.50 1.45fix  2.84700% 169.00T17%  0.75(45)
50213.358  50213.363 0.42 1.45fix  2.8370:9% 171.207151  0.66(45)
50213.639  50213.651 1.01 l45fix  2.8370°02 149.10711%  0.71(45)
50213.892  50213.904 1.06 l45fix  2.887000 114.107558  0.57(45)
50214.292  50214.297 0.43 1.45fix  2.7870°% 153.707150  0.65(45)
50214.517  50214.522 0.50 145fix  2.8170°03 193.8071%9  0.92(45)
50214.764  50214.770 0.53 L4sfix 2777052 195.407175  0.70(45)
50214.897  50214.903 0.50 1.45fix  2.837003 184.20T1 71 0.99(45)
50215.250  50215.258 0.67 1.45fix  2.567061 282807172 1.29(45)
50215.498  50215.504 0.53 1.456fx 2537092 256.9071-85  0.96(45)
50215.763  50215.769 0.54 l45fix  2.6270°07 222.8071°72  0.79(45)
50215.832  50215.836 0.34 1.45fix 2647007 225507555 0.81(45)
50216.098  50216.104 0.54 l45fix 2747008 166.4071°0)  0.55(45)
50216.360  50216.364 0.38 145fix 2647053 160.10718%  0.81(45)
50216.569  50216.576 0.54 L45fix  2.6970°52 172207188 0.85(45)
50216.763  50216.768 0.48 Ld45fix 2577008 171.2071°00 0.68(45)
50217.227  50217.232 0.42 1.456fix  2.7270:9% 175107185 0.72(45)
50217.361  50217.366 0.46 L45fix  2.6270°07 193.00718%  1.13(45)
50217.972  50217.977 0.43 1.45fix  2.83700% 125807109 0.65(45)
50218.252  50218.258 0.53 1.45fix  2.69700% 140.7071°32  0.66(45)
50218.497  50218.505 0.77 1.45fix  2.9970:9% 96.96711%  1.35(45)
50218.648  50218.654 0.51 1.45fx  3.0970:92 86.68713%  0.62(45)
50219.371  50219.377 0.56 1.45fix 3127008 85.987130  1.02(45)
50219.500  50219.506 0.53 1.45fix  3.1070°0% 89.69713%  1.02(45)
50219.763  50219.766 0.27 145fix  3.037008 91.511 195 0.71(45)
50219.897  50219.907 0.94 L45fix  2.987052 85.59T1°0%  0.57(45)
50220.044  50220.050 0.58 1.45fix  3.1479°93 76.407152  0.84(45)
50220.324  50220.330 0.51 1.45fix  3.1470:98 65.0771-30  0.97(45)
50220.580  50220.585 0.48 1.45fx  3.0070:92 80.027132  0.48(45)
50221.236  50221.241 0.50 1.45fix 292700 118.50T157  0.83(45)
50221.586  50221.592 0.53 1.45fix  2.89700 102.90T137  0.77(45)
50221.800  50221.809 0.74 1.45fix  3.0470°0% 79.83711%  0.69(45)
50222.044  50222.052 0.70 145fix  3.1070°0% 80.067115  0.78(45)
50222.244  50222.255 0.90 L45fix  3.07705 77.83T10%  0.76(45)
50223.261  50223.267 0.50 145fix 3117008 81.07T1'30  0.61(45)
50223.503  50223.510 0.54 1.45fx 3137094 101.707142  0.91(45)
50224.047  50224.053 0.50 l45fix  2.6270°53 165.6071%%  0.61(45)
50427.884  50427.905 1.81 L45fix  3.04705% 20737038 0.70(45)
50540.147  50540.164 1.47 1.45fix  2.79700% 96.4670°9%  0.50(45)
50540214  50540.236 1.89 145fix 2747002 96.2270-87  0.71(45)
50540.281  50540.294 1.14 l45fix 2717008 97.67T1:0%  0.61(45)
50540.294  50540.307 1.15 1.45fix  2.71700% 95.90719%  0.47(45)
50540.348  50540.362 1.25 1.45fix 2587003 117.2077°9% 0.69(45)
50540.362  50540.376 1.23 l45fix 2527052 125.40795%  0.68(45)
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Table G.3: Fit results of Mrk 421 (3) — continued

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV) x2 (dof)
time (ksec) 1029 /cm? Index 10 ~12 erg/cm?/s
Mrk 421 50541.215  50541.236 1.79 1.45fix  2.677052 124.70108%  0.87(45)
50541.349  50541.363 1.22 1.45fix  2.6470°53 100.901551  0.73(45)
50541.363  50541.377 1.22 145fix 2627005 105.0075°0%  0.58(45)
50542.219  50542.237 1.58 145fix  2.747903 92.0273-85  0.59(45)
50542.219  50542.237 1.58 1.45fx  2.7470°92 92.02108%  0.59(45)
50542.284  50342.296 1.09 1456 2.7750:94 76.83715%7  0.45(45)
50542.296  50542.309 1.09 1.45fix  2.7170:9% 81.431150  0.61(45)
50543.218  50543.238 1.7 1.45fix  2.997002 88.3170-87  0.58(45)
50543.284  50543.297 1.06 1.45fix  2.9170%2 87.75110S  0.61(45)
50543.297  50543.309 1.07 145fix  2.96100% 86.621 108 0.57(45)
50543.318  50543.322 0.32 1.45fix 2987999 86.55T700  0.52(45)
50548.229  50548.242 1.09 145fix  3.007952 141.607127  1.05(45)
50548.248  50548.258 0.85 145fix 2981003 140.90%1°35  0.63(45)
50548.289  50548.311 1.92 1.45fix 2977052 140.007058  0.78(45)
50549.223  50549.236 1.14 1.45fix  2.98%05] 451.507195  2.13(45)t
50549.236  50549.249 1.15 145fix 2967007 450.707 7159 2.00(45)t
50549.249  50549.262 1.15 145fix 2971007 443.50T7°5%  2.27(45)t
50549.289  50549.312 1.97 145fix 2921501 410.907733  2.53(45)t
50549.318  50549.323 0.45 1.45fix  2.9270:02 406407138 0.69(45)
50550.223  50550.245 1.89 1.45fix  2.921057 180.00%8%  0.97(45)
50550.247  50550.263 1.38 1.45fix 2947092 181.501125 0.87(45)
50550.290  50550.302 1.04 1.45fix  2.947902 185.1071'30  1.03(45)
50550.302  50550.314 1.07 145fix  2.957902 182.7071:31  0.80(45)
50550.318  50550.329 0.99 145fix  2.91%5:02 184.40%1743  0.94(45)
50550.357  50550.373 1.41 1.45fx  2.8870:02 200207128 1.03(45)
50567.229  50567.243 1.25 1.45fix  3.0270:92 130.101115 0.74(45)
50568.229  50568.242 1.15 1.45fix  2.907097 123.30%11%  0.99(45)
50568.242  50568.257 1.25 1.45fix 2921008 125.0071:3%  0.55(45)
50569.896  50569.901 0.46 1.45fix  2.9370:03 194.60F21%  0.77(45)
50569.905  50569.920 1.26 145fix 2957902 194.10712%  0.65(45)
50570.229  50570.243 1.20 145fix  2.967592 176.90%133  1.21(45)
50570.243  50570.258 1.30 1.45fix  2.9570:92 1741017152 0.79(45)
50571.163  50571.173 0.86 1.45fix 2917053 11050113 0.64(45)
50571.229  50571.244 1.30 145fix  2.997903 101.1071:0%  0.54(45)
50571.244  50571.259 1.31 1.45fx  3.0070 53 96.3371°5%  0.78(45)
50572.163  50572.174 0.99 1.45fx  3.2070:9¢ 54.73719%  0.63(45)
50572.229  50572.243 1.17 1.45fix  3.2370:9¢ 55.971192  0.57(45)
50574.098  50574.106 0.69 145fix  2.997908 81.04T13%  0.46(45)
50574.163  50574.177 1.15 1.45fix  3.0470%% 76.2171°0%  0.42(45)
50574.177  50574.190 1.15 1.45fix  3.03705% 76.6811°9%  0.60(45)
50574.235  50574.247 0.96 145fix  3.02790% 76.147112  0.58(45)
50602.249  50602.261 1.02 L45fix  2.6975:0] 403.50718)  1.53(45)
50602.261  50602.273 1.02 145fix  2.73%002 403.1073-32  2.05(45)t

t : Phton spectrum is not well represented by a power law function, however, the cutoff power law
function is statistically acceptable as we see in Table G.11.



Table G.4: Fit results of RXTE spectra of Mrk 501 (1)

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x2 (dof)
time (ksec)  10%29/cm? Index 10 ~'2 erg/cm?/s
Mrk 501  50296.571  50296.583 1.07 L73fix - 2457007 111507055 0.81(45)
50378.501  50378.517 1.42 1.73fix 217709 154.10799%  0.86(45)
50525.087  50525.089 0.19 1.73fix  2.0070°52 299.007%-35  0.78(45)
50525.119  50525.120 0.13 L73fix 1977053 302.707395  0.66(45)
50541.194  50541.204 0.85 L73fix - 2.071001 328.707157  0.74(45)
50541.387  50541.397 0.91 1.73fix 2107061 296407118 0.88(45)
50542.195  50542.197 0.16 L73fix  1.9970°0% 299.1073-2%  0.56(45)
50542.464  50542.474 0.82 1.73fix  2.0370°9) 318107137 0.84(45)
50543.195  50543.207 1.04 1.73fix  2.0670°%] 319207155 1.00(45)
50543.332  50543.341 0.77 1.73fix  2.057061 315.9071-8%  1.13(45)
50544.302  50544.311 0.75 1.73fix  1.887001 373.50T172  1.10(45)
50544.435  50544.445 0.83 1.73fix  1.9070°9] 366207155 0.98(45)
50545.302  50545.311 0.78 1.73fix  2.0270°%% 291907138 0.86(45)
50545.442  50545.452 0.86 L73fix 2011001 283.407159  0.71(45)
50546.236  50546.240 0.38 1.73fix  2.0470°57 248.4073° 05 0.64(45)
50546.250  50546.255 0.45 L73fix  2.027597 245.407155  0.62(45)
50546.442  50546.452 0.86 L73fix - 2021001 244.707735  0.82(45)
50547.236  50547.241 0.45 1.73fix 1957092 255507197 0.66(45)
50547.249  50547.255 0.51 1.73fix 19879003 254507189 0.70(45)
50547.436  50547.446 0.82 1.73fix  1.9370°%) 2645071758 0.62(45)
50548.268  50548.275 0.62 1.73fix  1.87709] 312907177 1.27(45)
50548.321  50548.330 0.85 1.73fix  1.881901 321.2077°3%  0.81(45)
50549.202  50549.208 0.54 L73fix 1907901 319.1071°90  0.78(45)
50549.332  50549.342 0.82 1.73fix  1.9075:01 302807137 0.77(45)
50550.183  50550.193 0.85 1.73fix  1.897051 386.8071-52  0.92(45)
50550.448  50550.451 0.26 1.73fix  1.8570°03 427507210 1.47(45)
50550.453  50550.460 0.54 1.73fix  1.8570°%) 428.907552  1.00(45)
50551.266  50551.276 0.82 L73fix 1811001 531.80779%  1.11(45)
50551.459  50551.469 0.90 1.73fix  1.77706% 535207183 1.13(45)
50552.333  50552.342 0.78 1.73fix  1.827061 436.9071-82 1.18(45)
50552.457  50552.469 1.02 1.73fix  1.8170°9] 421707139 0.81(45)
50553.264  50553.276 1.06 1.73fix  1.8470°%] 435407138 0.91(45)
50553.372  50553.382 0.88 1.73fix 1937058 414.20112:%7  1.08(45)
50554.171  50554.183 1.02 L73fix 1711901 603.1077°78  1.25(45)
50554.443  50554.451 0.66 L73fix 1727500 659.2075%1  1.15(45)
50570.179  50570.182 0.27 1.73fix  1.9670:92 263.3072:22  0.89(45)
50570.392  50570.402 0.85 1.73fix  2.037061 265.007142  0.57(45)
50571.182  50571.188 0.50 1.73fix  1.9070°%) 304.60759%  0.83(45)
50572.183  50572.188 0.40 1.73fix  1.7870°%) 383207532 0.90(45)
50572.252  50572.260 0.67 1.73fix  1.80706% 381.9071-8%  0.86(45)

—0.01
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Table G.5: Fit results of Mrk 501 (2) — continued

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV) x2 (dof)
time (ksec)  1029/cm? Index 10 ~!'2 erg/cm?/s
Mrk 501 50573.177  50573.189 1.01 1.73fix  1.91%08) 293707135 0.80(45)
50573.393  50573.403 0.86 1.73fix  1.89708] 292.1077:%7 0.95(45)
50574.256  50574.262 0.51 1.73fix 1921592 276.60T7°55  0.64(45)
50574.316  50574.333 1.46 1.73fix  1.881501 291.807118  0.57(45)
50575.244  50575.262 1.55 L73fix 17700 415307738 0.81(45)
50575.394  50575.404 0.85 1.73fix  1.727951 480.7071T5  1.06(45)
50576.392  50576.405 1.14 L.73fix  1.801901 465.9071-2%  0.88(45)
50577.332  50577.335 0.30 1.73fix  1.82%0%] 422507598 0.91(45)
50578.395  50578.406 0.96 1.73fix  1.82%0°8] 433.007132  1.16(45)
50579.393  50579.403 0.88 1.73fix  1.83F001 459.307178 0.85(45)
50580.183  50580.194 0.93 1.73fix  1.837081 495107178 1.45(45)
50581.189  50581.194 0.50 1.73fix  1.8670°%] 503.507553  1.13(45)
50582.399  50582.409 0.91 1.73fix  1.847051 393707122 0.60(45)
50583.187  50583.196 0.77 1.73fix 1791001 397.5071%5  0.97(45)
50583.259  50583.267 0.67 1.73fix  1.801991 399.3077°92  1.12(45)
50640.982  50640.991 0.80 173fix 1981901 628507222 1.66(45)
50641.151  50641.166 1.30 173fix - 1.961501 619.9077°%5  2.57(45)t
50641.176  50641.191 1.28 1.73fix  1.967051 614.1071-56 2.44(45)t
50641.982  50641.991 0.78 1.73fix  1.90%08] 596.70751%  1.49(45)
50642.151  50642.166 1.30 1.73fix  1.88108] 581.60T1°57  1.46(45)
50642.175  50642.191 1.36 1.73fix  1.8610°9] 597107150 1.71(45)
50642.982  50642.991 0.78 1.73fix  1.851901 569.607305  1.32(45)
50643.152  50643.168 1.39 L73fix  1.851501 521.707732  1.69(45)
50643.175  50643.191 1.42 L73fix 1.851001 521.107735  1.84(45)
50643.982 50643991 0.77 1.73fix  1.897051 582.807285  1.08(45)
50644.152  50644.169 1.42 1.73fix  1.90%0 8] 611.80T1:25  2.07(45)t
50644.172  50644.192 1.66 1.73fix  1.90%0 59 611.907150  1.56(45)
50644.983  50644.992 0.75 1.73fix  1.947091 689.5075°3%  1.51(45)
50645.152  50645.171 1.60 1.73fix  1.95%06% 700.70115%  3.53(45)1
50645.173  50645.192 1.63 1.73fix  1.967051 686.0071-2%  3.45(45)t
50958.166  50958.173 0.58 1.73fix 2117092 106.20%7130 0.63(45)
50958.332  50958.351 1.62 1.73fix  2.087097 100.507978  0.69(45)
50958.358  50958.372 1.25 1.73fix 2117902 100.50738%  0.77(45)
50958.399  50958.411 1.02 1.73fix  2.097952 100.0075°92  0.49(45)
50958.411  50958.423 1.01 173fix 2117592 99.2070°55  0.54(45)
50958.427  50958.439 1.07 1.73fix 2117092 99.6710-9¢  0.57(45)
50958.532  50958.545 1.09 1.73fix  2.0570:92 99.2810-9%  0.99(45)
50958.545  50958.558 1.10 1.73fix 2117097 102.10705%  0.66(45)
50958.569  50958.573 0.29 1.73fix  2.047] 52 97.01%18%  0.70(45)
50958.599  50958.612 1.15 1.73fix  2.0670:52 103.30109%  0.90(45)
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Table G.6: Fit results of Mrk 501 (3) — continued

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x2 (dof)
time (ksec)  10%29/cm? Index 10 ~'2 erg/cm?/s
Mrk 501  50958.612  50958.626 1.18 1.73fix  2.087003 103.807090  0.71(45)
50958.675  50958.696 1.81 1.73fix  2.067005 108.1075:72  0.64(45)
50958.704  50958.706 0.21 L73fix 2117008 105.70752%  0.52(45)
50958.815  50958.827 1.04 1.73fix  2.0870°52 107807099 0.63(45)
50958.827  50958.839 1.06 L73fix  2.077992 122307995 0.94(45)
50958.885  50958.906 1.79 1.73fix  2.0770°92 112,507 58 0.68(45)
50959.291  50959.306 1.31 1.73fix 21179092 113.307990  0.47(45)
50959.333  50959.354 1.81 1.73fix 21179003 111307079 0.93(45)
50959.356  50959.373 1.42 1L73fix - 2137007 111207052 0.61(45)
50959.400  50959.423 1.97 L73fix 2117007 110.1079°76 0.71(45)
50959.427  50959.439 1.04 173fix 2127002 108.1079:58  0.64(45)
50959.599  50959.613 1.18 1.73fix  2.1470:92 105.7075-59%  0.75(45)
50959.613  50959.627 1.20 1.73fix 2157007 105.2079°31  0.93(45)
50959.637  50959.639 0.21 1.73fix 2157008 103.40722%  0.64(45)
50959.675  50959.696 1.84 1.73fix 2167052 108.70T070  0.87(45)
50959.704  50959.706 0.14 L73fix 2197058 108.00735%  0.68(45)
50960.096  50960.106 0.86 L73fix 2177092 120.50T110 0.95(45)
50960.166  50960.172 0.58 L73fix - 2167008 113507131 0.72(45)
50960.289  50960.306 1.44 1.73fix  2.2270:92 103.307585  0.54(45)
50960.333  50960.353 1.78 1.73fix 2187003 104.50T07%  0.55(45)
50960.356  50960.372 1.41 1.73fix 2197003 103.4079%3  0.60(45)
50960.400  50960.422 1.87 1.73fix 2167092 103.2075°73 1.23(45)
50960.427  50960.439 1.01 L73fix 2197002 104.30795%  0.68(45)
50960.533  50960.546 1.12 L73fix 2197092 100.90T050  0.79(45)
50960.546  50960.559 1.14 L73fix - 2197002 102.1070:55  0.62(45)
50960.569  50960.572 0.27 1.73fix 2167092 97.147192  0.86(45)
50960.599  50960.613 1.15 L73fix 2147052 100.10709%  0.69(45)
50960.613  50960.627 1.18 1.73fix 2197003 103.50709%  0.80(45)
50960.636  50960.639 0.24 1.73fix 2117092 96.44729%  0.65(45)

t : Phton spectrum is not well represented by a power law function, however, the cutoff power law
function is statistically acceptable as we see in Table G.11.
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Table G.7: Fit results of RXTE spectra of PKS 2155-304 (1)

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x2 (dof)
time (ksec)  10%29/cm? Index 10 ~!2 erg/cm?/s
PKS 2155  50219.027  50219.034 0.56 L77ix 2687004 79.96T15T  0.66(45)
—304 50219.150  50219.157 0.56 1.77fix 250700 91.32712%  0.48(45)
50219.260  50219.264 0.29 L77fix - 2527088 85.06T1° 71 0.67(45)
50219.397  50219.403 0.50 L77fix 2567057 88.86T137  0.68(45)
50219.527  50219.533 0.48 1L.77fix 2567094 85.71713%  0.84(45)
50219.694  50219.700 0.53 1.77fix 2447098 108.50713%  0.43(45)
50219.940  50219.944 0.37 L77fix  2.8370%) 118.6075°50  0.92(45)
50220.080  50220.094 1.15 1L.77fix 2467003 110507195 0.85(45)
50220.227  50220.235 0.74 1.77fix  2.3570°03 129.907105  0.91(45)
50220.298  50220.302 0.40 1.77fix  2.3970:9% 134.70715%  0.74(45)
50220.498  50220.502 0.38 1L.77hix  2.3870:9% 148.407172 0.92(45)
50220.661  50220.667 0.45 L77fix 2317007 176.1071:89  0.74(45)
50220.898  50220.903 0.43 1.77fix 2507098 116.907130  0.83(45)
50221.094  50221.100 0.48 L77fix 2397008 120.60713%  0.95(45)
50221.298  50221.303 0.43 L77fix 2547052 107.307 155 0.78(45)
50221.399  50221.405 0.53 L77fix 2557008 107.207139  0.55(45)
50221.561  50221.566 0.40 L77fix 25717008 94.03713%  0.51(45)
50221.760  50221.766 0.53 1L.776x  2.5470°9% 96.197130  0.61(45)
50221.898  50221.904 0.54 1L.77fix 2547008 105.307137  0.78(45)
50221.964  50221.971 0.54 1.77fix  2.48700% 107407133 0.73(45)
50222.081  50222.104 1.98 1.77ix 2517909 114.00705%  0.78(45)
50222.151  50222.171 1.70 L77fix 2487002 115.00707%  0.67(45)
50222.275  50222.290 1.26 L77fix 2477597 112207053 0.44(45)
50222.290  50222.305 1.28 1.77fix 2487092 113.50708%  1.15(45)
50222.604  50222.618 1.20 1.77fix 2557092 121.4070:9%  0.89(45)
50222.618  50222.632 1.18 1L.77fix 2557003 123.2075°50  0.56(45)
50222.663  50222.681 1.49 1.77fix 2547003 126.30708%  0.78(45)
50222.681  50222.698 1.52 1.77fix 2497900 128.40708%  0.69(45)
50222752  50222.767 1.33 1.77fix  2.4970:92 131.00729%  0.96(45)
50222.801  50222.813 1.07 1L77hix  2.4370:92 148.80715%  0.64(45)
50222.813  50222.826 1.09 L77fix 2437007 156.50713%  1.10(45)
50222.826  50222.839 1.09 1.77fix 2437007 161.50719¢  1.07(45)
50222.941  50222.959 1.57 L77fix 2487052 173.707 118 1.12(45)
50222.959  50222.972 1.07 L77fix 2527057 174207115 0.79(45)
50223.012  50223.026 1.22 1.77fix - 2.5375:02 174.70773%  0.96(45)
50223.026  50223.039 1.14 1.77fix 2527092 173.307132  1.29(45)
50223.082  50223.094 1.02 1L.776x 2557092 167.6071 1 0.95(45)
50223.004  50223.105 1.02 1L.77ix 2587002 169.30T 110 1.01(45)
50223.152  50223.172 1.76 L77fix - 2551001 162.50T0°52  1.11(45)
50223.222  50223.239 1.46 1L77fix  2.54706% 177.00729%  1.03(45)




Table G.8: Fit results of PKS 2155—-304 (2) — continued

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x2 (dof)
time (ksec)  10%29/cm? Index 10 ~!2 erg/cm?/s
PKS 2155 50223.531  50223.548 1.42 Lrrfix 2511000 209.5077°00  1.41(45)
—304 50223.548  50223.564 1.44 177fix 249709 206.8071°07  0.75(45)
50223.829  50223.839 0.85 L77fix 2487052 210107752 0.86(45)
50223.872  50223.890 1.60 L77fix 2497901 193.107 150 0.78(45)
50223.890  50223.907 1.41 L77fix 2481501 188.407 100 0.98(45)
50223.942  50223.959 1.44 1L77fix 2457092 179.20719%  0.98(45)
50223.959  50223.973 1.26 L77fix 2457001 183.9071°0%  1.21(45)
50224.012  50224.027 1.30 1L.77fix 2467003 192507128 1.00(45)
50224.207  50224.212 0.45 1.77fix 2597003 178.2071°7  0.83(45)
50224.302  50224.307 0.40 1L77fix - 2.6170°08 155.807 178 0.84(45)
50224.479  50224.488 0.77 L77hix 2537092 192.60713%  0.86(45)
50224.624  50224.630 0.54 L77fix 2437007 207.407 185 0.74(45)
50224.763  50224.769 0.51 1.77fix 2527092 213.307 179 0.87(45)
50224.901  50224.908 0.59 L77fix - 2507003 214.30771°8)  0.77(45)
50225.207  50225.224 1.47 L77fix 2567901 186.4079-97  1.51(45)
50225.359  50225.366 0.56 L77fix 2567052 179.2071:3%  1.13(45)
50225.493  50225.496 0.29 L77fix 2497008 213.607351  0.71(45)
50225.734  50225.739 0.42 1L77x  2.4470°92 211507193 0.90(45)
50225.834  50225.841 0.61 1L.77fix 2467003 194.407155  0.92(45)
50225.968  50225.975 0.59 1.77ix 2527007 203.4071'52  1.02(45)
50226.035  50226.042 0.61 1.77ix 2547097 215707155 1.06(45)
50226.205  50226.212 0.54 L77fix  2.6670°02 205.1077°85  0.92(45)
50226.305  50226.309 0.37 L77fix 2567052 205.1073:91  1.05(45)
50226.438  50226.442 0.35 L77fix  2.6175:93 182.70T385  0.79(45)
50226.556  50226.562 0.51 1.77fix 2547092 162.607135  0.78(45)
50226.764  50226.771 0.54 1.77fix  2.69700% 132.80713%  0.66(45)
50226.906  50226.910 0.35 1.77fix  2.667008 130.107 157 0.59(45)
50227.147  50227.153 0.56 L77fix 2787008 137.107 730 0.52(45)
50227.269  50227.271 0.22 1.77fix  2.6770°92 113.907221  0.65(45)
50227.336  50227.351 1.36 1L77hix  2.7070:92 119.30705%  0.67(45)
50227.353  50227.360 0.58 L77ix  2.727008 125.907132  0.67(45)
50227.489  50227.495 0.51 1.77fix 2637003 141.30713%  0.74(45)
50227.603  50227.608 0.48 L77fix  2.6570°53 145.5071:%%  0.66(45)
50227.736  50227.742 0.46 L77fix 2577058 134.10712%  0.77(45)
50227.837  50227.843 0.51 L77fix  2.6370°03 139.10713%  0.74(45)
50227.974  50227.977 0.30 1L77ix 2717094 134.107355  0.68(45)
50228.141  50228.157 1.38 1L776x 2717092 130.40708%  0.89(45)
50228.371  50228.377 0.54 1L77fix  2.73700% 136.70715  0.55(45)
50228.553  50228.561 0.66 L77fix - 2.6270°03 142107135 0.62(45)
50228.695  50228.701 0.53 1.77fix  2.6770:9% 146.70715  0.59(45)
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Table G.9: Fit results of PKS 2155—304 (3) — continued

Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x? (dof)
time (ksec)  10%29/cm? Index 10 12 erg/cm?/s
PKS 2155 50228.837  50228.843 0.54 L77fix 2647008 140.407 158 1.20(45)
—304 50228.972  50228.978 0.53 L77fix  2.6275:0% 155507130 0.63(45)
50229.104  50229.111 0.66 1.77fix 2547092 194.307132  0.84(45)
50229.238  50229.245 0.61 L77fix  2.6070°03 174.107 125 0.56(45)
50229.419  50229.427 0.66 L77fix - 2507052 164.407137  0.70(45)
50229.553  50229.560 0.64 1L.77fix 2517003 163.90712%  0.66(45)
50229.677  50229.682 0.45 1.77fix 2507098 158.807128  0.71(45)
50229.684  50229.702 1.57 L77fix 2487067 158.60708%  0.50(45)
50229.972  50229.979 0.59 L77fix 2477007 142.00T13L  0.67(45)
50230.106  50230.112 0.53 1.77fix  2.48700% 152107157 0.57(45)
50230.375  50230.379 0.34 L77fix 2347008 152.207 155 0.91(45)
50230.485  50230.493 0.70 L77fix 2337052 159.407137  0.50(45)
50230.625  50230.631 0.50 L77fix 2387052 158.307139  0.79(45)
50230.839  50230.845 0.45 1L.77fix 2267092 194.507 172 0.47(45)
50230.973  50230.979 0.51 1.77fix  2.3870:9% 140.80713  0.52(45)
50231.162  50231.170 0.66 L77fix 2297007 131.007127  0.75(45)
50231.613  50231.632 1.58 1L.77fix  2.3370°9) 146.60708%  0.66(45)
50287.376  50287.393 1.42 L77fix 2.887007 43.8270-09  0.61(45)
50289.663  50289.680 1.49 1.77fix  3.0870:07 29.40726¢  0.45(45)
50291.665  50201.681 1.42 L77fix - 3137073 21.017097  0.45(45)
50401.319  50401.332 1.10 L77fix 2997008 43.68T081  0.50(45)
50401.338  50401.343 0.40 1.77fix  2.8470°08 47327133 0.37(45)
50401.372  50401.385 1.09 L77fix - 3.0270°02 46.4710°%2  0.51(45)
50401.385  50401.398 1.10 L77fix 2917058 44.6875°50  0.58(45)
50401.398  50401.411 1.12 L77fix  2.9470°93 45.687050  0.52(45)
50401.439  50401.452 1.10 L77fix - 3.0170°08 46.18T0°51  0.69(45)
50401.452  50401.464 1.10 1.776ix  2.8870:92 46.017085  0.48(45)
50401.464  50401.477 1.10 1.77fix  3.037008 46.9970-82  0.60(45)
50401.506  50401.520 1.22 L77fix 2,970 52.92T078  0.48(45)
50401.520  50401.534 1.22 1L77fix 2.88700% 53.117079  0.71(45)
50401.537  50401.544 0.62 L77fix 2917008 56.987113  0.60(45)
50401.572  50401.587 1.28 L77fix  2.8370°9% 64.66T075  0.70(45)
50401.587  50401.602 1.28 1.77fix  2.8370°94 61.1970-78  0.76(45)
50401.606  50401.611 0.40 L77fix 2977097 61.177131  0.59(45)
50402.657  50402.667 0.86 L77fix 2557058 44.9475-89 0.93(45)
50407.398  50407.413 1.30 1L77fix 2917004 54.67T0T8 0.56(45)
50407.741  50407.746 0.50 L7fix 2717008 64.80772%  0.82(45)
50408.317  50408.334 1.42 1.77fix  2.8170:9% 79.857080  0.78(45)
50409.125  50409.135 0.88 L77fix  2.8970 0 65.19T097  0.55(45)




Table G.10: Fit results of PKS 2155—304 (4) — continued
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Target Start MJD  Stop MJD Int. Ny Photon Flux (2-10keV)  x? (dof)
time (ksec)  10%29/cm? Index 10 12 erg/cm?/s
PKS 2155  50409.601  50409.605 0.34 L77fix 2777008 92.78T1-5%  0.47(45)
—304 50410.443  50410.448 0.50 1L77fix  2.887008 87.17713%  0.64(45)
50410452  50410.467 1.23 177ix 2777008 86.01705%  0.54(45)
50410.467  50410.481 1.23 L77fix 2847008 88.7370-85  0.39(45)
50410.531  50410.548 1.42 L77fix  2.807592 89.0470°50  0.66(45)
50410.601  50410.614 1.12 L77fix  2.8570°0% 98.98T0-9%  0.70(45)
50410.672  50410.681 0.82 L77fix 2847008 106.80T 105 0.74(45)
50411.318  50411.333 1.30 L77fix 2787008 79.4270-8%  0.81(45)
50411.333  50411.348 1.31 1.77fix  2.82700% 82.02708%  0.44(45)
50411.376  50411.389 1.10 L77fix 2817008 89.27T00%  0.61(45)
50411.389  50411.402 1.09 1.77fix  2.7770:9% 88.75709%  0.58(45)
50411.402  50411.414 1.10 1L77ix  2.82709% 89.727292  0.76(45)
50411.454  50411.467 1.20 L77fix 2777008 92.74T090 0.59(45)
50411.467  50411.481 1.20 1L.77fix  2.8570°0% 95.0670°90  0.87(45)
50411.532  50411.548 1.42 L77fix 2767002 96.35T0-%3  0.90(45)
50772.955  50772.969 1.25 L77fix - 3.0270°5) 247.0071°3%  1.09(45)
50773.639  50773.650 0.91 L77fix  3.0170°53 241.1077°70 0.56(45)
50774721 50774.724 0.30 1L.77fix 296709 183.907252  0.79(45)
50822.130  50822.133 0.32 1L.776ix  3.027013 47287180 0.36(45)
50822.137  50822.141 0.29 L77fix  3.067073 48.0671°9L  0.66(45)
50822.534  50822.544 0.88 1.77fix  2.837008 35.4570°9%  0.63(45)
50823.131  50823.142 0.88 L77fix 3157070 32.22110%  0.42(45)
50823.537  50823.546 0.74 1.77fix  2.907039 33.68715%  0.56(45)
50824.308  50824.318 0.86 L77fix  3.55701% 21.38T1°08  0.61(45)
50824.508  50824.514 0.50 L77fix 3227030 2048120 0.41(45)
50825.244  50825.252 0.70 1.77fix  2.8770°%8 52.8471'15  0.83(45)
50825.608  50825.613 0.40 L77fix 3171008 62.3371 T8 0.69(45)
50826.133  50826.144 0.88 L77fix  3.1970°57 50467112 0.86(45)
50826.609  50826.613 0.40 1.77fix  3.267010 54.50T1° 75 0.62(45)

Table G.11: Fit results of TeV blazars

with a cutoff power law function

Target Start MJD  Stop MJD Int. Ny E. Photon Flux (2-10keV)  x2 (dof)
time (ksec)  1029/cm? (keV) Index 10 ~'2 erg/ecm?2/s
Mrk 421  50208.556  50208.569 1.14 l45fix 1867017 2.6270:03 541.8072%8  0.63(44)
50549.223  50549.236 1.14 1.45fix  2.23703%  3.4275:0¢ 428.8072%8  0.76(44)
50549.236  50549.249 1.15 L4sfix 2117039 3.3770-00 429.23%371  0.74(44)
50549.249  50549.262 1.15 Ld4sfix 2257039 3.4270-00 421.07F378  0.87(44)
50549.289  50349.312 1.97 1.45fix  2.06702%  3.3370:08 392.057379  0.65(44)
50602.261  50602.273 1.02 1.45fx 2207030 3157008 384.607338  0.78(44)
Mrk 501 50641.151  50641.166 1.30 L73fix 1207018 2187003 607.387233  1.01(44)
50641.176  50641.191 1.28 1.73fix  1.20701%8 2167503 602.3512%1  1.10(44)
50644.152  50644.169 1.42 1.73fix  0.94701%  2.0675 53 602.70750 % 1.11(44)
50645.152  50645.171 1.60 L73fix 1207073 2177008 686.617305  1.26(44)
50645.173  50645.192 1.63 173fix  1.327073 2187007 671.817202  1.02(44)
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Appendix 1

Homogeneous SSC model

I.1 Solution for a Spherical Geometry

We start from the equation (11.1)

1

F(y) =
() 4ed}

/ &7 [4mj, (Fexp(— / a, (7)ds"], (L1)

where j, and «, are emission and absorption coefficients respectively. For the synchrotron
case, they are given in (3.37) and (3.40). We consider here the spherical source of radius
R. The sphere can be divided into the sum of cylindrical shells, whose center-lines are
aligned to the z axis. Each shell is very thin, having equal thickness dz. Those shells can
be further cut into rings, which are aligned in parallel to xy-plane. Each ring has an equal
width in height (dl) in the z direction. We first consider the emission from the each ‘ring’,
summing up to a single ‘cylinder’ next, and finally all the contribution from cylindrical
shells are added to calculate the emission from the entire sphere. The schematic view of
the cross section of the homogeneous sphere is given in Figure I.1.

We start from the relations

r(a)sina = Rsind, (1.2)
dl = r(a)cosa — r(a + da)cos(a + da). (1.3)
Both equations yield, .
dl = ]:;zl;fdoz. (L.4)
Similarly, dz is simply given by
dr = Rsin(f + df) — Rsinf = Rcosfdb. (1.5)
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<V

@/

observer

Figure 1.1: Schematic view of the cross section of a homogeneous sphere. The shaded part

represent a ‘ring’.

We obtain the ring volume dV'

da

1n2

dV = 27 Rsinfdzdl = 27 R3sin®6cosbdh .
sin“ov

(.6)

The photon flux emitted from this ring will be absorbed by a factor exp(—a,!l) before
escaping from the sphere. Assuming that only photons emitted in the solid angle Q ~
2 + dS) can be observed, we can calculate the luminosity from the ring in df2

da

s—exp|—a, K ()], (L.7)

dS,(«, 6,dQY) = j,dQhvdVexp(—a,l) = G(0)—
sin“a

where

G(0) = j,dQhv27 R*sin*fcosfdfexp[—a, Reosd), (1.8)
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COS«y

K = Rsinf. 1.9
() <ing, S0 (1.9)
Note that, there is a relation

d inf

fexp(—a, K (a))] = aVRSSi%aexp[—%K(a)]. (L10)

Next we consider the emission from a single cylindrical shell. Integral of dS,(«, 6, d))

over « yields the solution

[ GO) d . B
45, (8, dS2) _/0 o o da PP (K (@)]da = C.I(6), (L11)
where
1
C = 7 7, A2 R, (1.12)
J(8) = sinfcosfdf|1 — exp(—2a, Rcosh)]. (1.13)

Finally, contributions from each cylindrical shell are summed up, and integrated over

the solid angle. We have the total luminosity from the sphere S,

&%), hvR?

ay

S, = dr /O " is,0) /O 11— exp(—2a, RO dt (1.14)

This yields straightforwardly the observed flux at distance dy,

Sy
Liv) = Amd?

= 47r232j—”(1 — %[1 —e (1, +1)]), (I1.15)

aV TI/
where 7, is the optical depth in the blob along the line of sight and expressed as 7, =
20, .

I.2 Correction Factor; C,,,;

We calculate the correction factor in equation (11.3), based on the formulae given in Gould
(1979). In a homogeneous model, the electron population is assumed to be homogeneous
over the source. This results in the synchrotron emissivity j, is also homogeneous, how-
ever, the number density of photons n(e) should vary depending on the position in the
source.

Gould (1979) showed that in a homogeneous source, the number density changes with
the radial distance from the center £ (£ = r/R) as

n(§) x &(¢), (1.16)
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Figure 1.2: Function ®(&), which represents the density of synchrotron photon distribution in
a homogeneous source (n(§) o ®(£)). £ is defined as £ = r/R, and r is the radial distance from

the center.

where
1

T«

14+¢ 1
(1- 52)1n|q| +3 (1.17)

o(¢)
and illustrated in Figure 1.2.
The total number of synchrotron self-Compton (SSC) photons produced per unit time
per interval of de is proportional to integral I, such that
dN.,
dtde
(see, equation (20) and (22) in Gould 1979).

We approximate n(£) at the center of the source, which corresponds to

= 4/01 dec2d(¢) = 1 (L18)

(&) ~ 0(0) = 1. (L19)

In this case, the integral I,,,.0x is replaced by

Fopeox =4 [ deg?0(0) =4 [ deg? =, (1.20)

which makes misreading of absolute SSC flux by a factor of 4/3 from the accurate solution.
The invert of this factor, i.e., 0.75, should be multiplied to correct the soft photon density
for inverse Compton scattering. We thus correct n(eg) by a factor C.op, (= 0.75), yielding

47 Ju o
n(EO) = Heoccorroéi(l — € VR)~ (121)



Appendix J

Numerical Approach to the Kinetic

Equation

In general, the kinetic equations of electrons, given in equation (3.55), can not be solved
analytically except for very simple cases which do not involve the non-linear processes
(e.g., Kardashev 1962). In §4, we derived the approximate solution for time evolution of
electrons in the accelerating region, while numerical approach was necessary for emitting
region, because of the high non-linearity of inverse Compton process in the Klein-Nishina
regime (equation (3.54)).

We solved the equation (11.7) adopting a fully implicit difference scheme proposed
by Chang & Cooper (1970). This method was developed in the study of Fokker-Planck
equations which describes an infinite, isotropic, fully ionized plasma. This equation have

the form

1
Ou_ L 9 p st e )"

ot = A(x) ox e (.1)

in the domain 0 <t<ty, 0<x<oo, with A, B, and C are all positive functions. The quan-
tity « usually represents a velocity variable and w(z,t) is the single particle distribution
function. The merits of their method are as follows;

(1) particle number is always conserved,

(2) solution is always positive, and never fall in negative values,

(3) significantly reduces the number of mesh points in calculation, with no loss of accu-

racy.

However, for our purposes, some modifications are required because we are including

the additional injection/escape terms, while no diffusion term (C(z,t)[0u/0x]).
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We first define the energy mesh points of electrons with equal logarithmic resolution;

Yinf \ L . .
Vi = ’Ymin(—)]n‘ax (O <J< ]maX)v (J2)

where jnax 18 the number of the mesh and ~;,¢ is the maximum Lorentz factor of electrons
to be used in the calculation. Since we are assuming exponential cut-off at v = 7., for
the injection function Q(7,t) (see, e.g., equation (11.20)), ~iur is taken to be much larger
than Ymax. As a default, we used jpax = 50 for Jine = 107108,

The kinetic equation in the emission region is given by equation (11.7)

W) — N ] + Q) - S, 13)
where
V= Ysyne T Vssc- (J.4)
For the numerical calculation, this can be written as
A I AV VAL D (15)
At Vit1j2 — Vi-1/2 T ese
where
N} = N(v;,nAt), (J.6)

and quantities with the subscript j+1/2 are calculated at half grid points. At is the time-
step of the calculation. We can rewrite this equation conveniently in the form (Chaiberge
& Ghisellini. 1999)

V3; N+ VN + VN = 7 (1 < < jmax), (1.7)
where
V1, =0, (J.8)
At At
V2, =1+ Vit1e + —, J.9
! Vi+1/2 — Vi-1/2 =1/ tesc ( )
At "
V3= Vjt1/20 (J.10)

_“/j+1/2 — Vi-1/2
S]’?:N}L—FQ?At. (J.ll)

This can be written in a tridiagonal matrix and can be solved numerically (e.g., Press et
al. 1989)
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V2 V3, 0 - - 0 Nyt Sy
V1 V2, V3 0 : : Nyt S
O V]‘jnlax_l szmax_l ngmax_l N;jy:)l(—l S‘;fnax—l
O O Vljﬂlax VQ.]HI&X ;Lmtzlc S;?;llax

(J.12)
To obtain a number conserving solution, we have to set the boundary condition in the
absence of sources (injection term) or sinks (escape term) for each trial. This can be

written

jmax ‘n n+1 _ ‘n n+1
’Yj+1/2Nj+1 ’Vj—l/QNj

Il
I

J.13
j=1 Yi+1/2 = Vj-1/2 ( )

Summarizing our numerical approach, we first define the electron population N]O =
N(7;,0) as an initial condition. Next we calculate for this electron population, synchrotron
loss Yyn. and inverse Compton loss 7jq by using equation (3.34) and (3.54). We then
obtain 7; ,y and 7;, », which can be used to produce V1;, V2; and V3; (equation (J.9)
and (J.10)). The tridiagonal matrix (equation (J.12)) is solved numerically to obtain the
electron population at time At; le = N(v;, At). The iteration of above prescription gives

the electron population at an arbitrary time ¢.
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