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Introduction

~ Active Galactic Nuclei (AGN) are extragalactic objects exhibiting an anoma-
lous energy output, compared to that expected from a “normal” mixture of
stars and gas. Their activity appears to be non-stellar in origin and con-
fined to the inner few parsec of an otherwise normal galaxy. A wide range
of phenomena are associated with non-stellar éctivity, including: broad-band
spectra, from radio frequencies to 4-rays; rapid variability, indicating an ex-
tremely compact source; luminosities that may exceed the stellar luminosity
of the host galaxy; strong broad emission lines, apparently due té photoion-
ization, and implying gas random motions velocities of even 2000 km s™*; and
relativistic jets, observed to emanate from regions less than a parsec across.
It is generally accepted that this activity results from the gravitational in-
teraction of matter with a central black hole of mass ~ 103 + 10*° M (Rees

1984; Shlosman et al. 1990).
La Blazars

AGN can be divided into two broad classes, where the emitted continuum
power is dominated either by thermal emission (likely due to the presence
of an accretion disk and/or of a dusty torus; radio-quiet AGN), or by non-
thermal emission (radio-loud quasars and blazars). The blazar continuum is
characterized by strong optical polarization (2 3%), rapid variability at all
frequencies, flat radio spectra (—0.5 < a < 0.5, where F, &< v™%), continuous
downward curvature which generally gives them a convex shape across the
overall electromagnetic spectrum.

According to whether strong optical emission lines (EW X 5 A) are
present or lacking, they are classified as Optically Violently Variable, or
Highly Polarized Quasars (OVV or HPQ), and BL Lacertae Objects (BL
Lacs) respectively. The identification of OVV with HPQ was established by
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Moore & Stockman (1981; 1984) on the basis of the optical variability and

radio properties.

The unreasonably high inferred radio brightness temperatures (T > 10'?
"K; Quirrenbach et al. 1989) suggest a coherent emission mechanism and the
flux polarization observed at radio (Gabuzda et al. 1992), infrared (IR, Jan-
nuzi 1994), optical (Angel & Stoékman 1980; Impey & Tapia 1988; 1990;
Impey et al. 1991; Takalo 1992; Cimatti et al. 1993) and recently investi-
gated also at ultraviolet (UV) wavelengths (Allen et al. 1993; Smith et al.
1993) is a strong signature of synchrotron radiation, which is believed to be
the dominant process responsible for low frequency (up to soft-X-rays) blazar
emission. The fadio-to-X—ra.y average blazar spectrum is of smoother appear-
ance than in radio-quiet or radio-loud quasars, which confirms the dominance

of a unique emission component (see Fig. L.1).
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At higher energies, the inverse Compton (IC) process is often invoked to
explain the appearance of a second emission component. Upscattering of
relativistic electrons off synchrotron photons or off external photons (accretion
disk) produces radiation by synchrotron self-Compton (SSC, Maraschi et al.
1992; Maraschi et al. 1994a, hereafter MCQ) or external Compton (Sikora et
al. 1993; 1994) respectively, and gives rise to a spectral component located
at very high energies (from 1 keV up to even 1 TeV).

The most exciting new development at high energies comes from the
EGRET instrument on the Compton Gamma-Ray Observatory (CGRO),
which can measure fluxes in the 30 MeV-20 GeV photon range (Kurfess 1994,
and references therein). So far, EGRET has detected 38 A‘GN, every one is a
radio-loud object (at least 0.5 Jy at 5 GHz) and many of them exhibit blazar
characteristics (one of these sources, Mkn 421, was detected in the TeV range
by the Whipple telescope; Punch et al. 1992); not a single radio-quiet object
is detected in the GeV range (Kurfess 1994; Thompson et al. 1994).

The power output of blazars in the 100-1000 MeV range is comparable to,
and in several cases exceeds, that in the rest of the electromagnetic spectrum
(see Sections 1.4 and 2.3). Thus, the discovery of y-ray emission represents a
fundamental advance in the observational knowledge about these objects and
its explanation is of key importance for a theoretical understanding of their

properties.
Lb  Variability

Blazars are characterized by remarkable emission variability at all wave-
lengths, which is generally of larger amplitude at higher energies (see e.g.
Impey & Neugebauer 1988, and Sections 2.2 and 2.3). Flux variations, which
are either recurrent or occasional (isolated flares), can occur over a variety
of timescales. Rapid fluctuations are the most likely to contain information
about the size of the source, while slower variations are likely to be domi-
nated by radiative cooling or heating, or slow changes in the structure of the
system. As reviewed by Bregman (1990, and references therein), the char-

acteristic timescale of flux variation decreases with wavelength, being of the
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order of months-years in the radio; weeks-months in the millimeter (mm);
days in the near-IR region (1-10 pm); hours-days in the optical and hours or
even minutes in the soft-X-rays (0.1-2 keV). The medium- and hard-X-ray
emnission is varying with high amplitude (factors of 2 to even 30, Giommi et al.
1990) and with typical timescale of hours or less (Treves et al. 1989; Ohashi
1989). The timescale of variability at v-ray energies is few days (Thompson
et al. 1994), although it would be impossible to detect very rapid variations

in this domain because of the extremely low count rates.

Spectral changes are usually smaller than flux variations in all bands,
as deduced from -observations in the radio-mm (Gear et al. 1994), near-
IR (Massaro et al. 1994), optical (Falomo et al. 1994b) and X-ray bands
(Sarﬁbruna et al. 1994; Brunner et al. 1994); moreover they are not obviously
correlated with flux (see to this regard Section 2.1).

UV variability, which is an important issue of Chapter 2 of this thesis,
was studied by Treves & Girardi (1990), Edelson (1992) and Paltani & Cour-
voisier (1994), who based their analyses on blazars with a substantial number
of IUE observations in both cameras. All of these authors find a significantly
larger variability at shorter UV wavelengths (~1500 A) than at longer ones
(~2500 A), which is in agreement with the overall variability-energy correla-
tion seen in broad-band blazar spectra. Unlike in Seyfert galaxies (Edelson
et al. 1990), weak and no clear anticorrelation is seen between UV flux and
spectral index, which is attributed by Edelson (1994) to the presence of a
unique emission component in blazars which causes flux variations without
colour changes; whereas in Seyferts a hard, more variable component and a
softer, more stable one produce large spectral shape flattening during flux
enhancement. Conflicting conclusions are reached by the above authors as
for the correlation of UV variability with UV luminosity. Particularly, Treves
& Girardi and Edelson find two opposite results, which however depend on
the difference in the selected samples. If only the common objects are con-
sidered, a general trend of correlation is found for both analyses, though the
statistical significance is poor (5 objects). Edelson finds that the shape of
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a typical burst may be a slow rise followed by a rapid decline (see however
the regular shape of the flares in UV and X-rays exhibited by PKS 2155-304,
Section 2.1 and Brinkmann et al. 1994). Finally, Edelson finds a significant
correlation of UV variability with optical polarization, which is considered a

strong evidence of synchrotron radiation.
I.c  Relativistic Beaming

The most puzzling aspect of AGN has always been their high power output
coupled with the small emission region inferred from rapid variability. The
high (and variable) polarization, the compact radio structure, the smooth con-
tinuum spectrum from radio through soft-X-ray wavelengths, and superlumi-
nal motion, may owe their origin to a relativistic jet (Blandford & Rees 1978).
The absence of the Compton catastrophe (Marscher et al. 1979), the high lu-
minosities (L2 10'2Ly) and flare quotients in excess of the Eddington-limited
value assuming accretion efficiency 7 (Fabian 1979), AL/At > 2 X 10%2 g
erg s~? (e.g., Feigelson et al. *1986; Morini et al. 1986), often exhibited by
blazars, can most easily be explained by relativistic effects.

The jet model is supported by direct radio and optical observations of
extended structures of kpc sizes (e.g. M87, PKS 0521-365), by radio obser-
vations of superluminal motion on parsec scales (e.g. Cohen & Unwin 1981;
Zensus 1989; Krichbaum et al. 1994), in which VLBI emission components
appear to separate at speeds well in excess of the speed of light, and by
the transparency to y-ray photons despite the high observed compactness
(Maraschi et al. 1992), which implies anisotropic, relativistically enhanced
radiation.

Due to the point-like appearance of blazars at radio frequencies also on
VLBI scales, there is general agreement that if their energy production takes
place in an elongated structure such as a jet, this should be aligned with the
observing direction.

The quantity AL/At is proportional to 8%, where § = (I'[1 — 3 cos 6])~! is
the kinematic Doppler factor describing relativistic motion with bulk Lorentz

factor I' (velocity 3) at an angle 6 to the line of sight, and measuring the
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relativistic modification of the intrinsic source parameters, such as luminosity
and variability timescale. The observed power is related to that emitted in
the rest frame of the jet by Lops = Lin¢6?, where p = 4 for a moving blob and

p = 3 for a continuous jet of plasma.
I.d  Inhomogeneous Jet Model

The jet-like geometry for blazars gave rise to several theoretical models for the
emission (see review of Bregman 1990). The simplest one, which postulates
a homogeneous region and a power-law energy spectrum for the electrons
(N(E) o< E~*), cannot explain the full spectral energy distributions of BL
Lac objects, which show an overall downward curvature when vF, is plot-
ted as a function of v. Either multiple components, an inhomogeneous or
non-axisymmetric region, or non-power-law particle spectra are required (e.g.
Konigl 1989).

Since the size of an emitting region can be directly inferred from the light
crossing time, the shorter flux variation timescales observed at shorter wave-
lengths (see § I.b) provide evidence for the inhomogeneity of the emission
within the jet: the energy output at higher frequencies comes from progres-
sively smaller regions, the X-rays being produced closest to the nucleus.

In the last decade, considerable progress has been made interpreting the
broad-band spectra of blazars in terms of models of inhomogeneous rela-
tivistic jets (Marscher 1980; Konigl 1981; Ghisellini et al. 1985, hereafter
GMT; Worrall et al. 1986; Hutter & Mufson 1986; George et al. 1988).
These models have been very successful in reproducing the radio through UV
spectral energy distributions, in the sense that with a minimal number of
parameters they usually fit the continuum spectrum over nearly 10 decades
in wavelength. Unfortunately, the parameters of the model are rarely well-
determined because a variety of assumptions can produce acceptable fits for a
large volume of parameter space. The degeneracy of multiple model solutions
vanishes or is greatly reduced when variability information is added because
the change in spectrum with intensity is a strong diagnostic of the emission

process (e.g. George et al. 1988; Mufson et al. 1990).
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One of the most accredited pictures is the inhomogeneous relativistic
jet model described in GMT, where 'the emitting region is made up of a
paraboloid ending up in a cone. The plasma flow, described by the bulk
motion Lorentz factor I', is relativistic and it accelerates outwards in the
parabolic part of the jet (Ghisellini & Maraschi 1989). The electron den-
sity, maximum electron energy, magnetic field within the jet and the bulk
acceleration are simple functions (power-laws) of the radial distance.

In this model the overall spectrum is the sum of the local contributions
which have different spectra. Energetically, the dominant emission region
is the outer part of the paraboloid, which radiates at 10'*-10'* Hz by syn-
chrotron and in «-rays by self-Compton, while the éonical Iegioh, smoothly
connected to the internal one, is necessary to account for the radio emission.
Although the model is rather simplified, it contains a large number of free
parameters, which often cannot be rigorously and uniquely determined by the
data (see applications of the model to broad-band data of blazars in Sections
1.4 and 2.1.3).

Finally, alternatives to the relativistic jet model have been advanced. For
instance, it has been proposed that gravitational micro-lensing of quasars by
intervening galaxies could explain the high apparent luminosities and lack of
line emission (Ostriker & Vietri 1985; 1990; Stickel et al. 1988; Schneider
& Weiss 1987); this picture is however affected by several problems and in-
consistencies (see Urry & Padovani 1993). It has also been suggested that

the optical-UV emission could be thermal radiation from an accretion flow

(Wandel & Urry 1991).
Le  The “Shock-in-jet” Model

Radio flux monitoring observations of the entire core/jet region have been
also interpreted in terms of a jet model (see Bregman 1990, and references
therein). These studies show flux density outbursts with corresponding vari-
ations in the angle and degree of polarization that can be understood in a
model where a shock propagates down a jet of plasma, compressing high

density parcels of plasma and altering their emission properties. The shock
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compresses the plasma, preferentially raising the component of the magnetic
filed parallel to the shock front, and imparts a velocity to the plasma that re-
sults in significant relativistic boosting. Since one expects the mean velocity
of the shock to be along the jet axis, the magnetic field will be oriented ap-
proximately perpendicular to the jet axis, a result seen directly in the VLBI
observations (e.g. Gabuzda et al. 1992). A shock wave passing through
an adiabatic, conical, relativistic jet not only reproduces this broad-band
variability, but also naturally leads to relatively flat radio spectra. Optical
polarization measurements further support this model. Although the position
angle of polarization can vary considerably, it often has a preferred value, a
mean or most frequently observed angle. This preferred position angle is well
correlated with the VLBI structural axis, again implying a magnetic field per-
pendicular to the jet axis for the much smaller optical region. Several lines
of evidence support a “shock-in-jet” model, which appears to be valid in the
whole radio through X-ray region (e.g. Celotti et al. 1991; Marscher et al.
1992).

Lf Unifying Schemes

The presence of an extended structure in AGN such as a jet determined
the formulation of a unifying scheme in which intrinsically similar objects
appear different mainly due to effects of orientation of the jet with respect to
the observer. Within this scenario, blazars could be radio galaxies with jets
directed at small angles with the line of sight, so that they are seen perfectly
face-on, their radio spectra are extremely flat and their radio luminosities
relativistically enhanced.

The absence of lines in BL Lacs was explained as due to a more intense
beaming than in OVV so that the boosted continuum swamps out the emis-
sion features. This would imply that BL Lacs are objects similar to oVvVv,
but their jets are seen at smaller angles. The observation of higher Doppler
factors and larger core-dominance parameters (Madau et al. 1987; Ghisellini
et al. 1993) and of higher luminosities in OVV (Section 1.1) rules out this

picture and leads to consider the two classes as distinct. Thus emission lines
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are intrinsically more luminous in OVV than in BL Lacs. Netzer et al. (1994)
suggest that a highly boosted ionizing continuum such as present in OVV can
affect the line radiation, enhancing its intensity as well. Nonetheless, it may
happen that some very distant objects have so largely boosted continua (oth-
erwise they would not be visible due to their great distance) that their lines
are washed out during the continuum outbursts, so that their classification
can be matter of controversy (e.g. 3C 279, 3C 446, Browne 1989; see also
Moore & Stockman 1981).

There is now definite agreement that BL Lacs and OVV constitute intrin-
sically different classes. Urry & Padovani (1993) conclude from comparison of
X-ray slopes, [O III] line luminosities and polarization structure that BL Lacs
and OVV are not compatible with a same parent population. For different
orientations of the nonthermal jet, relativistic Doppler boosting can produce
BL Lac objects or FR I radio galaxies, or at higher jet luminosities, flat-
spectrum high-polarization quasars or FR II radio galaxies (Bregman 1990;
Urry & Padovani 1993). Observations at radio, mm and sub-mm wavelengths
of Gear et al. (1994) support such distinction in terms of different orienta-
tions of the magnetic fields, particularly during the quiescent states of the

examined sources.

The distinction between radio-selected and X-ray-selected BL Lacs, which
received recently further observational support (Giommi et al. 1994), is based
on their discovery and is related to the jet orientation (see however Chapter
1 for a classification criterion independent from the source selection). The
plasma is moving at relativistic velocities within the jet (see above) with out-
wardly increasing bulk motion Lorentz factor (typically 2-+-10). This causes
a progressively decreasing opening angle and increasing collimation with dis-
tance along the jet. Since X-ray emission is likely produced close to the
nucleus, it is isotropic (i.e. not beamed), while lower frequencies radiation is
relativistically beamed. Radio-loud BL Lacs should be those with the beam
pointing toward the observer or misaligned by no more than ~ 15°, for which

the radio emission is enhanced and the high energy radiation consequently de-
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pressed. For larger viewing angles (up to < 30°), the radio frequency output
is less boosted toward the observer and then weakly affected by relativistic
beaming. This explanation is supported by the dominance of radio-weak BL
Lacs in terms of space density and by the wide range of radio luminosities
seen in blazars (more than two decades) compared with the more restricted
range of X-ray luminosities (Maraschi et al. 1986b; Padovani & Urry 1990;
Celotti et al. 1993; MCG).

L.g  Environment and Evolution

Blazars are known to generally reside in giant elliptical galaxies, the only ex-
ception being probably the object A 1415+25, which lies in a spiral. The host
galaxies of BL Lacs exhibit an average absolute magnitude of ~ —23, which
puts them at the bright end of the luminosity function of normal ellipticals
(Ulrich 1989).

The environments of BL Lacs have been poorly investigated with respect
to those of quasars, since in the former case the faintness of the spectral
lines with respect to the continuum hinders the derivation of the redshift and
thus the proof of the physical association with nearby galaxies. Imaging and
spectroscopy of blazar host galaxies are presented by Falomo et al. (1993b,c;
1994c), who found that BL Lacs may be often found in rich environments, i.e.
in galaxy clusters or groups. In some cases (see e.g. Falomo 1991; Falomo
et al. 1993b) the detection of absorption features in the spectrum of the
nebulosity which surrounds the BL Lac nucleus allows the determination of
the object redshift.

Studies of the host galaxies and environment of BL Lacs offered a powerful
diagnostic for AGN unification. For instance, the BL Lac H 04144009 is found
in an environment consistent with those in which FR I radio galaxies, the
proposed parent population of BL Lacs, are often found (Falomo et al. 1993c).
Based on the comparison of the absolute magnitudes of 15 low redshift BL
Lacs (25 0.2) with those of the B2 catalog of medium bright radio galaxies,
Ulrich (1989) concluded that the latter form the parent population of the BL

Lacs with nebulosity. BL Lacs are those radio galaxies whose jet is nearly
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along the line of sight. It is deduced that the cosmic evolution and other
properties such as cluster or group membership should be the same for the
nearby BL Lacs and for medium bright radio galaxies. Weak evolution in
number and luminosity with cosmic time is found in the B2 radio galaxies,
and the same is therefore expected also for BL Lacs. In fact, it has been

shown by Woltjer & Setti (1982) that the nearby BL Lac objects form a

population which does not evolve with cosmic time.
Ih  Qutline of the Present Work

The two main issues of the thesis work are the study of multi-frequency
spectral flux distributions and the analysis of flux and s'pectral variability
of blazars. To this regard, the far-UV band (1000-3000 A) covered by the
satellite International Ultraviolet Exzplorer (IUE, see Boggess et al. 1978 for
details about the spacecraft and scientific instrumentation) has in AGN the
important advantage, with respect to the optical and near-IR, of a lesser
contamination by the stellar light of the host galaxy. This enables a reliable
determination of the nonthermal continuum.

The thesis is divided as follows: Chapter 1is devoted to the first part of the
research program, consisting of the study of the near-IR, optical, UV spectral
properties of blazars. In Section 1.1 are reconsidered the IUE archives, with
the aim of determining the average UV spectral properties of a rather large
sample of blazars. In Section 1.2 are presented the near-IR, optical, UV spec-
tra of BL Lacs based on simultaneous observations. One of these sources is a
~-ray emitter, so its overall radio-to-y-ray energy distribution is constructed
and discussed in Section 1.4. The results of multi-frequency monitoring cam-
paigns on the three blazars PKS 2155-304 (Section 2.1), OJ 287 (Section 2.2)
and 3C 279 (Section 2.3) will be presented in Chapter 2. Particular enphasis
will be put on the UV light curves, which represent my direct contribution
to the wide international collaboration engaged for these multi-wavelength
observing projects. The correlation of light curves at different wavelengths
is also discussed in the case of PKS 9155304 (§ 2.1.2). In Appendix A are
reported the fit parameters for the 201 IUE spectra of PKS 2155-304. Ap-
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pendices B and C contain the IUE extracted spectra of 0J 287 and 3C 279
respectively.

The work presented in this thesis is partially published or in progress.
Part of the material included in Chapter 1 is presented in Pian & Treves
(1993); Pian, Falomo, Scarpa & Treves (1994a) and Pian, Falomo, Ghisellini,
Maraschi, Sambruna, Scarpa & Treves (1994c; Sections 1.1, 1.2 and 1.4 re-
spectively). In Chapter 2 are collected the results presented in the papers by
Urry et al. (1993), Edelson et al. (1994a), Pian et al. (1994b) and Maraschi
et al. (1994b), corresponding respectively to Sections 2.1.1, 2.1.2, 2.2, 2.3.
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Chapter 1

Spectral Properties of Blazars

The spectral properties of blazars are widely studied at all frequencies from

radio to y-rays (see reviews of Bregman 1990; 1994; Kollgaard 1994).

Single epoch multi-frequency observations allow to construct spectral flux
distributions of blazars over an extended energy range and to evaluate the
overall spectral slope. It is crucial that monochromatic fluxes, measured
by different instruments, are taken strictly close in time; otherwise, possible
temporal flux variations can result in unreal colour changes and then cause
spurious spectral breaks or features. The variability timescales in blazar AGN
range from few hours‘(X-ra.ys) to months or years (radio and IR wavelengths,
see Introduction, § I.b), thus the simultaneity requirement depends on the
observing energy band: time separations of < 1 day between observations
at different wavelengths are needed to avoid variability effects of unphysical

nature in the IR-to-UV spectral region.

If several repeated multi-frequency observations are available for a blazar,
the additional issue of variability can be investigated, which adds temporal
information to the spectral and flux characteristics. It is very important to
this regard to perform, at all the studied energies, a continuous and regular
monitoring (i.e. without time gaps in the total observing duration) with
frequent sampling still to avoid a “mismatch” between fluxes in different
bands due to short-term variations (< 1 day) and to resolve small flares due
to extremely short-term variability (microvariability). Repeated observations
moreover provide information on the correlation between the monochromatic

light curves and allow to test the models of energy production at different
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frequencies (see § 2.1.2). Single epoch multi-frequency observations will be
a crucial item in this Chapter (Sections 1.2 and 1.4), while multi-frequency

monitoring campaigns on blazars will be illustrated in Chapter 2.

As explained in the Introduction section, the UV data presented in this
thesis come from IUE observations. The IUE satellite did not perform a
systematic survey of the UV sky, but during its long life it detected many
extragalactic sources, allowing the compilation of many catalogs and lists of
UV bright AGN (Kinney et al. 1991a; Edelson et al. 1992, hereafter E92;
Lanzetta et al. 1993; Courvoisier & Paltani 1992) and statistical studies of
the UV properties of the blazar class.

From knowledge of the average spectral propertiés of blazars in the UV,
a typical UV blazar spectrum arises directly comparable with the fnodels
and with characteristic behaviours at other frequencies. The first part of
this Chapter (Section 1.1) contains a study of the UV spectral properties of
blazars. This work is based on IUE archival data analysed in a homogeneous

way and properly corrected for the galactic extinction.

Section 1.2 is devoted to the presentation of simultaneous near-IR-optical-
UV observations of a list of 11 BL Lacs included in the sample studied in the
previous Section. These selected objects belong to a 10 years research pro-
gram aimed at determining the physical processes responsible for the large
luminosities and smooth spectral continua of BL Lacs. The continuum emis-
sion in AGN is thought to arise closer to the center than the line emission,
and since BL Lacs are the AGN for which the continuum is most dominant,
their behavior may yield clues about the physical conditions nearest the cen-
ter. Unlike the less active AGN (normal quasars and Seyfert galaxies), BL
Lacs have highly polarized optical-IR continua, which are generally devoid of
strong, broad emission lines. This suggests that with BL Lacs, we may be
seeing as close as possible to the central engine, without complications such

as emission or obscuration from surrounding regions.

The spectral shape is analysed in the frequency range from 8-10'3 to 2-10°

Hz. This energy band is particularly important since, according to the inho-
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mogeneous jet model, it is far from the maximum emitted frequency within
the paraboloid region, occurring around ~ 3 - 10'® Hz, and, on the other
hand, the IC scattering in unlikely to take place at far-UV energies. Thus the
IR-to-UV radiation is likely produced via pure synchrotron process within
the paraboloid region. Therefore, the observation of active galaxies at those
‘frequencies carries information on an emitting zone which is supposedly very
close to the power house and dominated by the synchrotron mechanism.
Among the selected objects, PKS 0521-365 and PKS 2005-489 were de-
tected with marginal significance by the EGRET experiment (4.4 and 4.3¢
respectively, Fichtel et al. 1994). An overall spectrum of PKS 0521-365 ex-
hibiting clear nonthermal nature from radio to y-ray frequéncies is shown in
Section 1.4, where we particularly focus on IUE and EXOSAT simultaneous
observations for this object. Rosat and Einstein observations of the source at

different epochs are discussed as well.

1.1 The Ultraviolet Continua of Blazars

The UV region of the spectrum is of particular interest because, unlike the
optical and IR, it is practically unaffected by the contribution of the host
galaxy, and it is close to the region where the energy distribution v ¥, appar-
ently peaks (extreme-UV (EUV)/soft-X-ray band).

The potentiality of TUE archives for exploring the average properties of
the UV continuum of blazars were first appreciated by Ghisellini et al. (1986,
hereafter GMTT) who considered the IUE spectra up to 1984. Similar data
were examined also by Bregman et al. (1987). Since that time, IUE obser-
vations of blazars have expanded substantially, and the IUE archives have
been explored systematically. Kinney et al. (1991a) retrieved all the good
signal-to-noise ratio (S/N) IUE spectra of AGN archived before 1988 and pro-
duced an atlas of extracted spectra usiﬁg the rather advanced Slit-Weighted
Extraction Technique (SWET, Kinney et al. 1991b). Lanzetta et al. (1993)
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analysed those IUE archival spectra which did not satisfy the selection cri-
teria of Kinney et al. (1991a), in search of strong absorption features. E92
concentrated on the subsample of BL Lac objects, studying in particular their
variability (Edelson 1992). An independent analysis of the IUE archives of
AGN observed up to 1988 was performed by Courvoisier & Paltani (1992)
using the IUESIPS extraction procedure. Based on this systematic analysis,
these authors studied the variability properties of active galaxies, including

18 BL Lacs (Paltani & Courvoisier 1994).

Of importance is the extraction procedure of the spectrum, which implies a
number of steps like ﬁlfering, background correction, error evaluation, calibra-
tion and conversion into physical units. Several procedures have been adopted
to this goal. The current standard software is TUESIPS, which uses a boxcar
extraction. In the SWET procedure developed by Kinney et al. (1991b),
empirical spline fits are made to the cross-dispersion point spread function
(PSF) along the spectrum, which constrains the PSF to vary smoothly in the
dispersion direction. This imposition of information contributes to an im-
provement in the S/N of the extracted spectrum relative to IUESIPS, while
flux is still conserved. The flux at each wavelength is then determined by fit-
ting the empirically determined profile, sample by sample, weighted according
to a noise model determined from studies of hundreds of unrelated IUE im-
ages. Discrepant points are eliminated, which automatically removes most of
the cosmic rays, with the exception of those that fall exactly at the center
of the cross-dispersion profile. An uncertainty is associated with each flux
value based on the noise model. Extensive comparisons of SWET-extracted
and boxcar-extracted spectra show no systematic disagreement between the
two. Note that SWET-extracted spectra are the standard output for low-
dispersion images in the Final IUE Archive that is now being created jointly
by NASA, ESA, and SERC. There is another slit-weighted technique, the
Gaussian extraction or GEX method (Urry & Reichert 1988), which assumes
the cross-dispersion profile is a Gaussian. Because of this additional con-

straint, GEX gives a somewhat better S/N than SWET for very low S/N
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data, but for well-exposed spectra, systematic problems at the level of a few
percent can occur because the true PSF is not precisely Gaussian. GEX con-
sists of two passes on the line-by-line file, one coarse and one fine. The first
pass, GEX1, fits a linear background plus a Gaussian to a series of cross-
cuts (signal perpendicular to the dispersion direction). All fit parameters are
stored in a table. In an intermediate step, the Gaussian widths are fitted to
a quadratic, allowing for a smoothly changing focus along the spectrum. The
second pass, GEX2, uses the same Gaussian-plus-linear-background model,
but calculates only the height of the Gaussian for each cross-cut, taking the
appropriate linear background coeflicients and Gaussian centers from the ta-
ble and imposing Gaussian widths determined from the quadratic fit. The
width and height of the Gaussian determine its area and thus the flux at that
particular cross-cut. The automatic GEX algorithms currently available do
not produce an error vector.

Here we reconsider the UV spectral properties of the set of blazars defined
in the § 1.1.1. The sample (47 objects observed with IUE, see Table 1.1)
increased by ~ 50% with respect to that examined in GMTT, allowing a
more detailed comparison of the various subclasses of blazars (radio-strong,
radio-weak BL Lacs, OVV). A key consideration in this kind of study is
the reddening correction, which in this study is performed using the galactic
neutral hydrogen columns obtained from radio surveys at 21 cm.

The present study is based on the atlases of reduced spectra mentioned
above. From such atlases we also retrieved the spectra of a substantial fraction
of Palomar Green bright quasars, which allows a direct comparison of the two

classes of AGN (§ 1.1.2).
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1.1.1 Blazars Observed with IUE
1.1.1.1  Selection Criteria

The IUE archives include a classification of different types of targets, ‘one
of which corresponds to BL Lac‘objects. This classification, which is re-
sponsibility of the observing team, is the starting point for the build up of
the list of blazars observed with IUE, but it is not free of ambiguities. We
therefore integrated and amended this list from a number of compilations of
blazars available in the literature and compared with the IUE log. For BL
Lac objects, we used in particular Veron-Cetty & Veron (1989), Hewitt &
Burbidge (1987; 1989), Impey & Tapia (1988), while for OVV we used Moore
& Stockman (1981; 1984), Ledden & O’Dell (1985), Ghisellini et al. (1993).
The distinction between radio-strong (RSBL) and radio-weak (RWBL)
BL Lacs (which essentially corresponds to the somewhat ambiguous denom-
ination “radio-selected” and “X-ray-selected”) follows the criteria proposed
by Ledden & O’Dell (1985). One object (Ton 396) is so far not revealed in
X-rays, so we have considered it as radio-strong emitter. Some uncertainty
remains. For instance, we did not consider 3C 273 and NGC 1275 as blazars.
The distinction between BL Lacs and OVV may also be ambiguous, especially
when large variations of the line equivalent widths are present (see § Lf).
Our list of blazars is given in Table 1.1, where we report the UV properties
of 24 RSBL, 15 RWBL, and 8 OVV. Obviously the list does not represent
in any sense a well defined sample, but only the result of retrieval from IUE

archives.
1.1.1.2  Analysis and Dereddening Procedure

For a large part of the sources contained in Table 1.1, spectral indices and
fluxes at fixed wavelengths (1400 A and 2800 A) have been derived by E92
separately fitting the spectral flux distributions obtained with the three cam-
eras of IUE, i.e. the Short Wavelength Primary (SWP, range: 1200-1950 .Z\)
and the Long Wavelength Primary and Redundant (LWP/R, range: 2000-
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3000 A) When more than one observation was available for an object, the

average spectral index was calculated as well as the mean flux.

For the few objects which do not appear in the E92 list, we reproduced an
analysis similar to that of E92 using the IUESIPS extracted spectra available
from the ULDA archive. In particular, for each spectrum, the average fluxes
were calculated in bands of 50 or 100 A and fitted to a single powér-la,w
(F, o< v=%). In order to evaluate the difference which may be introduced by
the use of the two extraction methods we examined a number of sources with
both procedures. We found that the monochromatic fluxes were in agreement
within 10% and the spectral indices within £ 0.2. This point is further
discussed in § 1.1.2. The quoted uncerfainties cover also the systematic errors
in the calibration of IUE cameras.

The correction for the galactic extinction is taken into account by first
obtaining the column density Ny in the direction of each source as mea-
sured with the 2° x 3°-beam 21-cm survey of Stark et al. (1992). Assuming
Ny/E(B — V) = 5.2 x10% (Shull & Van Steenberg 1985), Av/E(B — V)
= 3.1 (Rieke & Lebofsky 1985) the extinction Ay is deduced. The data are
dereddened using the average Galactic curve given by Seaton (1979). The
dereddening procedure acts on the power-law trasforming it into a spectral
flux distribution which we again best fitted to a power-law, eventually ob-

taining the dereddened indices and fluxes as fitting parameters.

For each source, the average dereddened flux and slope are given in Ta-
ble 1.1 together with the standard deviation with respect to the mean and
the numbers of used spectra. Values of Ay are given as well.

For the 29 objects for which IUE spectra are available in both bands
(SWP and LWP/R), an effective spectral index in the 1200-3000 A band was
calculated with the following formula (E92):

o = lOg(Fzsoo/F14oo)
- log2 '

(1.1)

One can also define an effective flux at ~ 1980 A:
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Fc = y/Fra00 X Fasoo (1.2)

where Fiy00 and Faggo are in units of erg s~! cm~2 Hz 1.

Due to the variability of blazars, computation of the composite spectral
index was made only between SWP and LWP /R observations not too far
separated in time (S 1 day).

1.1.1.8  Spectral Shape and Energy Distribution

In order to calculate the UV luminosities, the k-correction was performed on

the TUE fluxes for the objects with known redshift z (see GMTT),
F=F%14z)" . (1.3)

Distances are evaluated assuming Ho = 75 km s~! Mpc~! and go = 0.

The spectral indices and UV luminosities (in units of erg s~ Hz™') for
the short, long and total IUE wavelength ranges averaged over the whole set
of objects are given in Table 1.2 with associated standard deviations.

The sample is divided in RSBL, RWBL and OVV, and the relevant pa-
rameters for each subset are given in Table 1.2. Distributions are shown in
Figs. 1.1 and 1.2. Notice that the distribution of indices ac in the entire
band (1200-3000 A) is narrower than those in the single bands. In our opin-
ion this is because the combined indices a¢ derived through eq. (1.1) are less

uncertain than agwp and aryp/r-
1.1.2 Bright Quasars

In order to compare the UV properties of blazars with those of quasars, we
have considered the set of the Palomar Green Bright Quasars (BQS) observed
in both TUE bands. Out of the 114 objects which constitute the BQS sample
(Schmidt & Green 1983), 37 were retrieved from the ULDA IUE archives
(Courvoisier & Paltani 1992), exhibiting well exposed spectra and good signal
in both IUE energy ranges.
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TABLE 1.3
ARCHIVAL IUE DATA OF PALOMAR GREEN BRIGHT QUASARS

R.A. Dec. z Fis00 Fasoo ag F¢ Av

(mJy) (mJy) (mJy)  (mag)

(1) (2) 3 @ () 6 (7 (8)

00 07 10 41 0.090 1.23 3.61 1.5  2.11 0.35
00 26 12 59 0.142 1.62 2.13 0.40 1.86 0.28
00 44 03 03 0624 0.65 1.42 1.12  0.96 0.18
00 50 12 25 0.061 1.69 4.97 1.56  2.90 0.31
00 52 25 09 0.154 2.29 2.14 -0.09  2.22 0.28
01 57 00 09 0.163 1.20 1.67 0.48 141 0.14
08 04 76 11 0.100 3.11 5.45 0.81 4.12 0.19
10 48 -09 02 0.346 0.37 0.55 0.58 0.45 0.20
10 49 -00 35 0.357 0.47 0.99 1.08 0.68 0.24
11 03 -00 36 0.426  0.47 1.39 1.566  0.81 0.24
11 15 08 02 1.722 0.34 0.77 1.19  0.51 0.22
11 16 21 35 0.177 4.27 4.49 0.07 4.38 0.08
11 48 54 54 0.969 0.73 0.86 0.25 0.79 0.07
11 51 11 45 0.176 1.0 0.86 -0.30 0.95 0.16
12 02 28 10 0.165 0.68 0.79 0.21  0.73 0.11
12 11 14 19 0.085 2.93 6.97 1.25  4.52 0.17
12 16 06 55 0.33¢4 0.91 1.24 0.44 1.06 0.10
12 26 02 19 0.158 16.32 23.83 0.55 19.72 0.11
12 59 59 18 0.472 0.80 1.66 1.05 1.16 0.08
13 07 08 35 0.155 1.43 2.28 0.68 1.80 0.13
13 33 17 40 0.554  0.51 1.42 1.47  0.85 0.11
13 51 64 00 0.088 1.26 3.61 1.52  2.13 0.13
14 07 26 32 0.944 0.49 1.22 1.32  0.77 0.09
14 11 44 14 0.089 0.93 1.78 0.93 1.29 0.07
14 16 -12 56 0.129 1.08 1.27 0.24 117 0.38
14 25 26 45 0.366 0.29 0.41 0.51 0.34 0.10
14 26 01 30 0.086 4.06 7.03 0.79 5.34 0.17
14 40 35 38 0.0719 2.13 2.91 0.45 2.49 0.06
15 12 37 01 0.370 0.51 0.91 0.82 0.68 0.08
15 22 10 09 1.321 0.45 1.42 1.65 0.80 0.18
15 52 08 31 0.119 0.33 0.75 1.21  0.49 0.21
16 13 65 50 0.129 1.31 1.78 0.44 1.53 0.18
17 04 60 48 0.371 0.74 1.11 0.58 0.91 0.14
21 12 05 55. 0.457 0.66 1.57 1.25  1.02 0.40
21 30 09 56 0.063 3.25 5.13 0.66 4.08 0.28
22 14 13 59 0.067 1.10 2.22 1.01  1.57 0.31
23 02 02 55 1.044 0.46 1.37 1.568  0.79 0.32

@ Combined energy spectral index in the IUE-wide range (1200-3000 A)
b Effective flux at 1980 A



Fluxes at 1400 and 2800 A were derived from the average spectra by
fitting them to a single power-law, after rejecting the broad emission lines,
which strongly affect the continua. The spectra were then dereddened and
the combined spectral index was deduced as described in the previous section.

Results are summarized in Table 1.3 and Figs. 1.3 and 1.4.
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Fic. 1.3 — Distribution of UV spectral indices of Palomar Green Bright

Quasars.

The mean spectral index of BQS is < a, > = 0.84 + 0.52. We also used
the fluxes listed in Table 1.3 to derive the monochromatic luminosities, and
obtained the total mean value logL = 30.2 & 0.8. This is comparable with
the average UV luminosity of blazars.

In the Kinney et al. (1991a) atlas there are 11 BQS quasars with spectra
in both IUE energy ranges. The average dereddened spectral index is < &, >
= 0.85 £ 0.37, While‘ for the corresponding Courvoisier & Paltani objects we
find < &, > = 0.86 &+ 0.41, confirming the substantial equivalence of the two

extraction procedures of IUE spectra.
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Fic. 1.4 — Distribution of monochromatic UV luminosities of Palomar

Green Bright Quasars at 1980 A.

1.1.3 Discussion

As shown in the first column of Table 1.2, the spectral indices in the two
bands for the overall blazar sample are both close to 1, with a Kolmogorov-
Smirnov (KS) test probability of deriving from a same population of ~ 50%.
Considering only RSBL, the KS probability increases to ~ 75%. We inter-
pret that as an indication of the substantial correctness of the dereddening
procedure. There is some indication that for RWBL the average spectrum is
steeper at longer wavelengths, but the KS probability that the indices in the
two bands derive from the same distribution is still 50%. OVV are averagely
more luminous than the BL Lacs, and with regard to spectral indices, they
appear very close to RSBL.

The average values of the indices reported here correspond to a harder
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mean spectrum than those reported by GMTT (Ac ~ 0.4). We consider this
to be due mainly to the fact that GMTT used an unsystematic reddening
correction, a different analysis procedure, and a different sample than this
study.

A clear difference appears when comparing RSBL and RWBL. The KS
probability that the spectral indices derive from a same distribution is <
1%. RWBL are flatter than RSBL (Aac ~ 0.5). This point was already
noticed by GMTT.

In Fig. 1.5 we plot the composite UV index versus the radio-to-X-ray

inaex calculated as

_ lOQ(Fr/EX’)

Qry = 777N 9
Tog(vx /v7)

(1.4)

where F. and Fy are the radio and X-ray fluxes respectively, and v, and vy
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Fic. 1.5 — Combined UV spectral index versus the radio-to-X-ray spectral

index Q,z.
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As from Table 1.1, the typical errors on ayy are S 0.5. Following Ledden
& O’Dell (1985), the discriminant between RSBL and RWBL is a,, = 0.8.
From the figure it is apparent that the objects considered here cluster at a,;
= 0.60 and o, = 0.85, with no objects with 0.7 < a;, < 0.8. Even taking
into account the poor statistical properties of our sample, this confirms the
reality of the clustering (e.g. Stocke et al. 1990). On the same time, if radio-
weak and radio-strong sources are considered together there is an indication
of some positive correlation between the two indices consistent with a smooth

transition between the two classes of blazars.

The distribution of the Rosat spectral slopes of 6 BL Lacs (Maraschi et
al. 1994d) seems to confirm that the distinction between RSBL and RWBL is
not sharp. However, a harder UV spectrum for RWBL with respect to RSBL
is just the opposite of what is found in the X-ray band, where RWBL are
steeper than RSBL (Worrall & Wilkes 1990; Sambruna et al. 1994). While
the results in both bands are only indicative, because of the non statistical
properties of the considered samples, the different behaviour may be consid-
ered as an important constraint in emission models, like the ones based on
inhomogeneous jets (see Introduction, § I.d). Qualitatively, one can argue
that in RSBL, which are the objects beamed toward us, the synchrotron ra-
diation is depressed, which explains the softer UV, but at the same time the

Compton component starts to contribute, yielding a harder X-ray spectrum.

There is an indication that in the UV domain, blazars are somewhat
steeper than BQS quasars (Aa =~ 0.2). This was already noticed by GMTT,
who however used the optical indices of BQS, and may be due to some con-
tribution of the thermal component (blue bump) which is present in quasars
but not in BL Lac objects. The difference between the UV spectral shape of
BQS quasars and OVV and RSBL (Aa ~ 0.5) is more marked, with a KS
probability for the RSBL slopes of deriving from the same population as BQS
less than 4%. This may suggest a possible contribution of relativistic beam-
ing in softening the UV spectrum, consistently with the arguments reported

above.
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Considerations on the luminosity are strongly affected by the fact that
the distributions in redshift are different for the different subclasses. Still
two points seem noticeable. RSBL and RWBL have similar UV luminosities,
as apparent from Table 1.2. Instead, the BQS quasars are brighter than BL
Lacs (the probability that they derive from a population of same luminosity
objectsis P < 9%), which is possibly another manifestation of the UV bump.

The present data allow also to explore the correlation between slope and
luminosity. This is illustrated in the case of blazars in Fig. 1.6. It is apparent
that no strict correlation is present, but there is an indication of a steeper
spectrum in more luminous objects, although dividing the blazars in subsam-
ples the general trend becomes uncertain. The absence of a strong spectral
slope-luminosity correlation (see however Paltani & Courvoisier 1994) seems
consistent with the poor slope-intensity correlation found in the few single
BL Lacs intensively monitored (e.g. Maraschi et al. 1986a; Urry et al. 1988;
Edelson 1992, see also Section 2.1).
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Fi1G. 1.6 — Combined UV spectral index versus luminosities of blazars at
1980 A in units of erg s~' Hz™!. Filled dots: RSBL; crosses: RWBL; open
triangles: OVV.

25



1.2 The Near-IR-Optical-UV Emission
of BL Lacertae Objects

The spectral flux distribution of BL Lacs from the far-IR to X-ray range is
supposedly dominated by nonthermal emission due to synchrotron radiation
with possible contribution, at the higher frequencies, of the IC mechanism.
The existence of breaks or of spectral curvature is important for constructing
models for acceleration and radiation of electrons, and for constraining the
emitting region, in particular to ascertain if it has an anisotropic structure
where relativistic beaming possibly takes place.

The overall spectral flux disttibution is generally described either by bro-
ken power-laws or by continuous steepening (see e.g. Cruz- Gonzalez & Huchra
1984; Landau et al. 1986; GMTT; Brown et al. 1989; Ballard et al. 1990).
Many of the previous studies refer to non simultaneous observations, not sys-
tematically corrected for extinction due to dust inside our Galaxy and for the
thermal contribution produced by the host galaxy starlight. The stellar con-
tribution, if non negligible with respect to the nonthermal emission, produces
a steepening of the energy distribution in the optical and a flattening in the
near-IR, while reddening extinction introduces a steepening of the continuum
mainly at optical-UV frequencies. For instance, the spectral break observed
in some objects between near-IR and optical is completely removed when
proper reddening corrections are applied (see e.g. Falomo et al. 1993d).

We report here on quasi-simultaneous (At < 1 day) near-IR, optical and
UV (8 -10'3 — 2 . 10" Hz) observations of 11 BL Lacs (Table 1.4) obtained
in the course of a 10 years systematic multi-frequency study of blazars (see
Falomo et al. 1993a,d and references therein). Some of these objects have
been selected for being among the most optically bright sources of the catalog
of Impey & Tapia (1988; 1990), and therefore observable from IUE. The
catalog includes a complete sample of radio-selected objects for which optical
polarimetry is available. Within this program, half of the sources (0048-097,
0118-272, 0301-243, 04224004, and 1538+4-149) were observed by IUE for the

first time.
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BLAZARS OBSERVED IN NEAR-IR-OPTICAL-UV

TABLE 1.4

a

c

Object Date z A%, RS/RW o P; X <
(1) (2) (3) (4 (5) (6) (M @) (9
0048 — 097 87 Jan 8 022 RS  0.93+0.06 0.87
88 Aug 3 1.20 + 0.06 1.39
0118 — 272 89 Aug 10 0559 0.09 RS  1.2040.03 --- 040 ---
0301 — 243 89 Aug 9 (0.2) 011 RS  0.79+£0.06 11 0.90 -22.2
0323 +022 89 Aug 10 0.147 0.50 RW  0.2340.12 30 1.92 -22.2
0414 + 009 89 Feb 15 0.287 0.51 RW  0.5440.15 3 0.06 -21.3
0422 + 004 88 Jan 10 (0.1) 042 RS 1204015 10 1.88 -21.5
89 Feb 13 1.19+£0.15 15 0.70 -21.5
0521 — 365 87 Jan 8 0.055 0.21 RS  1.4340.09 51 1.39 -21.7
1538 +149 88 Aug 2 0.605 020 RS  1.34+0.06 --- 023 .-
1553 + 113/ 88 Aug 2 022 RW
2005 — 489 86 Sep/89 Aug 0. 071 033 RW  0.57+0.06 12 3.21 -22.2
2155 — 304 84 Nov/89 Aug 0.116 0.10 RW  0.47+0.06 3 0.94 -22.2

@ Values in parentheses are from the best fit optimization procedure

b Extinction value (in magnitudes)
¢ Errors correspond to 3o uncertainties

4 Percentage of host galaxy contribution at 5500 A (observer frame)

¢ Values are not k-corrected and computed assuming Hyo=50 km s™* Mpc™,

qo=0

! IR-optical region: a = 0.78 & 0.06 (x* = 0. 38), UV region:
o = 1.56 + 0.12 (x* = 0.21)

Col. 5 of Table 1.4 labels whether the source is radio-strong (RS) or radio-
weak (RW), following the criterion of Ledden & O’Dell (1985). RS objects
substantially correspond to radio-selected omes, and RW to X-ray-selected
ones.

The data are here reconsidered and analysed using a homogeneous pro-

cedure which takes into account the galactic extinction and the host galaxy
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contribution. Based on a relatively extended sample, though not complete
from the statistical point of view, the intrinsic shape of the nonthermal emis-
sion from near-IR to UV frequencies is derived. After a brief description of the
target sources, the modes of observation and of data analysis are illustrated.
Later on (§ 1.2.3), the general characteristics of the near-IR-optical-UV spec-
tral flux distributions are outlined and their extrapolations are compared with

non simultaneous far-IR (IRAS) and soft-X-ray (Einstein) data.
1.2.1 Target Objects
PKS 0048-097

This flat-spectrum radio-source is strongly variable at radio and bptical wave-
lengths (Stull 1972; Pica & Smith 1983) and it was confirmed as blazar by
Angel & Stockman (1980). Impey & Tapia (1990) report a maximum polar-
ization of 27%. The first IUE observations of PKS 0048-097 were obtained
on 1987 January 7 and 8 (Falomo et al. 1988), when the object was in a
moderately high optical state (my ~ 15.5).

PKS 0118-272

The optical magnitude ranges between my = 15.5 and my = 17.0 (Condon
et al. 1977; Thompson et al. 1990). The polarization has been measured
by Impey & Tapia (1988; 1990) who report the value of 17.4%. An absorp-
tion redshift z = 0.559 was recently determined by Falomo (1991) from an
intervening absorption feature attributed to the MgII doublet.

PKS 0301-243

The optical magnitude ranges between 16.0 and 17.0 (Condon et al. 1977;
Pica et al. 1980; 1988). Optical polarimetry by Impey & Tapia (1988; 1990)
gave an average polarization of 10.6%. The object has been recently detected

in the X-rays by Rosat (Figev = 0.26 pJy, Maraschi et al. 1994c).

H 0325+022
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The flaring X-ray source H 0323+022 was independently noted by Doxsey
et al. (1981) and Piccinotti et al. (1982) because of its dramatic variability
and is well studied at all frequencies (Feigelson et al. 1986, and references
therein). The redshift z = 0.147 has been measured by Filippenko et al.
(1986). The visual magnitude ranges from 15.5 to 17.5 (Doxsey et al. 1983;
Feigelson et al. 1986, and Pica et al. 1988) with short-term fluctuations.

CQINGA observations by Ohashi (1989) in the range 2-30 keV yielded a
dramatic variation of the flux in 5 hours from 1.1 pJy to 0.4 pdy.

H 0414-009

This BL Lac object was first detected bjf HEAO 1, and identified in Einstein
X-ray images. The polarization of Impey & Tapia (1988, ~ 3%) confirmed
the BL Lac classification. Halpern et al. (1991) report a redshift z = 0.287,
which makes H 0414-009 one of the most luminous X-ray emitters. The UV
flux is very weak (Halpern et al. 1991; George 1988).

PKS 0422+004

The strongly variable radio-source PKS 0422--004 was identified by Bolton
et al. (1968) with a starlike counterpart (my = 17), whose featureless optical
spectrum (Wills & Wills 1976) and variable optical polarization revealed its
BL Lac nature.

PKS 0521-365

This source was discovered in the NRL LASS HEAO 1 experiment and iden-
tified as a BL Lac object by Schwartz et al. (1979). The bright BL Lac
nucleus (my = 16) is hosted by a relatively isolated elliptical radio galaxy at
a redshift z = 0.055, characterized by a prominent radio and optical jet (e.g.
Macchetto et al. 1991). The first IUE observations of the object was made by
Danziger et al. (1983). The source, which shows broad and variable optical
and UV emission lines (Scarpa et al. 1994), is described in more detail in

Section 1.4, where the radio-to-y-ray continuum is studied.
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PKS 1538+149

The optical identification (my = 15.5) and the confirmation of this strong
and variable radio source as a BL Lac are due to Wills & Wills (1974). Optical
monitoring of the source by Kinman (1976) and Pica et al. (1988) evidenced
a variability in the visual band of almost 2 mag (17.2 < my < 19) and a
weaker one in the blue band (Kidger 1988). The maximum optical polariza-
tion measured by Impey & Tapia (1990) was of 20%. The redshift z = 0.605
is reported by Stickel et al. (1991).

PG 1558+113

This is a bright BL Lac object discovered by the PG survey (Green et al.
1986). The my =~ 15 source is pointlike and no redshift determination is yet
available (Falomo & Treves 1990). A range of variability of ~2 magnitudes
is seen in the optical band as reported by Miller et al. (1988).

PKS 2005-489
This is a bright X-ray BL Lac, originally classified as an N galaxy (Savage et
al. 1977). The source has been studied in detail by Wall et al. (1986). The

redshift derived from weak emission lines is 0.071 (Falomo et al. 1987).

PKS 2155-304

The brightest BL Lac object in the UV sky was discovered as a counterpart
of a HEAO 1 X-tay source (Griffiths et al. 1979). It is one of the few BL
Lacs detected by the OSSE instrument onboard CGRO (Kurfess 1994). More

details on this well studied source are given in Section 2.1.
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TABLE 1.5
JOURNAL OF OBSERVATIONS

Name MJDe® Fb  Att F:  Fiyp At Flyp At Refss
0048 — 097 46804.074 10.38 -0.016 2.31 1.23  0.986 0.59 -0.046 1
47377.336  6.98  0.012  1.51 0.25 1.092 2,3
0118 — 272 47748.289 6.71 0.078 1.25  0.50 -0.120 4
0301 — 243 47749.277 4.32 0.066 1.16 0.53 -1.985 0.31 -1.062 4
0323 + 022 47749.367 2.65 -0.012 0.67 026 -1.011 0.5 0.906 4
0414 + 009 47570.000 2.31 4.100 0.64 0.26 4917 0.19 3.856 5
0422 + 004 47171.078 16.41 -0.020 2.38 0.24 0.898 6
47571.031 12.79 0.012 1.66 0.33 1.899 0.19 0.827 23

0521 — 365 46803.152 18.20 0.043  2.38 0.17 1.754 2,3
1538 + 149 47377.035 2.93 -0.031 0.39 0.12  0.384 4
1553 + 113 47376.969 28.31 0.023 8.43  3.44 0.348 1.37 -0.552 T

2005 — 489  46683.102 8.93 411 0291 1.97 0171 238

47748.105 26.79 0.000  8.32 2,3,8

2155 — 304 46017.051 24.49 118 -0.047 0.98 0.107 2,38

47749.156 26.55 -0.008 12.33 2,3,8

a Modified Julian Day of the optical observation

b Flux at 2.19 pm in mJy

¢ Time lag with respect to the optical observation (days)

d Flux at ~ 5500 A in mJy
¢ Flux at ~ 2800 A in mJy
 Flux at ~ 1400 A in mJy
9 References to papers where some of the data have been presented:

(1) Falomo et al. 1988; (2) Falomo et al. 1993d; (3) this thesis;

(4) Falomo et al. 1993a; (5) Falomo & Tanzi 1991; (6) Falomo et al. 1989
(7) Falomo & Treves 1990; (8) Falomo et al. 1994b
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1.2.2 Observations and Data Analysis

A journal of observations is given in Table 1.5, where fluxes in selected bands
are reported. All observations were obtained with the same instrumentation
and analysed using a uniform procedure. For most objects, observations
in the near-IR, optical and UV bands were taken within ~1 day. In two
cases (2005-489 and 2155-304) we combined simultaneous IR-optical and
optical-UV observations taken at different epochs to study the IR-optical-UV
emission (see § 1.2.3). For two sources (0048-097 and 04224004), more than
one overall spectrum has been obtained, allowing a comparison of the spectral

shape at different states.
1.2.2.1 Near-IR Photometry

J,H,K and L photometry was obtained at the European Southern Observatory
(ESO) 2.2m telescope (+ InSb photometer). A 15 arcsec circular aperture
with chopper throw of 20 arcsec in the E-W direction was used. Statistical
lo errors are less than 0.1 mag in all bands. Conversion to flux units is made

according to the zero-magnitude fluxes given in Bersanelli et al. (1991).
1.2.2.2  Optical Spectrophotometry

Optical spectrophotometry of the sources was gathered at the ESO 1.5m tele-
scope equipped with a Boller and Chivens spectrograph and CCD detector.
Spectra were taken at a resolution of ~ 15 A (FWHM) through a long slit
of 8 arcsec width. Standard reduction procedures were applied to obtain flux
calibrated spectra. From repeated observations of standard stars (Stone 1977;
Baldwin & Stone 1984) during each night, we derived a photometric accuracy
better than 10%. To increase the S/N, we averaged the fluxes binning the
spectra over bands of 100 A.

1.2.2.3  Ultraviolet Spectra

UV spectra derive from the SWP and the LWP cameras onboard of IUE. The

sources were centered in the blind offset mode in the large aperture (10" x 20"
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oval) at coordinates measured on a blue POSS paper copy or on ESO plates.
IUE line-by-line images were flux calibrated using curves provided by Bohlin
& Holm (1980) and Bohlin et al. (1990) for the SWP camera and Cassatella
et al. (1988) for the LWP camera. Net spectra were extracted using the GEX
procedure locally implemented within the MIDAS interactive analysis system
(Chiappetti 1992).

For some very faint but still visible spectra (e.g. 15384149 and 0521-365)
the extraction criteria of GEX have been relaxed: the default procedure first
makes a fit of the background and computes the r.m.s. of the residuals around
this fit in the region where signal is expected, then proceeds to signal extrac-
tion only if the average signal is > r.m.s./2. In our case we have loosened
this constraints to be > r.m.s./3 to give evidence to the very faint signal.

For the purpose of fitting, the fluxes were binned in wavelength intervals
of 50 A or 100 A, after some spectral regions, heavily affected by camera
artifacts and cosmic rays hits, had been excluded. The associated errors
are the standard deviations in the considered wavelength intervals divided
by m, where N is the number of pixels contained in each wavelength
interval. This follows from the finding of a correlation length of ~ 3 pixels in
the cameras response (see Kinney et al. 1991b and E92). We added a 10%
photometric error to the statistical flux errors.

The UV spectra of 2005-489 and 2155-304 were retrieved from the ULDA
archive. We note that IUE spectra extracted with the IUESIPS procedure,
show systematic flux differences by 5-10% with respect to extraction with
the SWET method of Kinney et al. (1991b). In order to avoid such flux
distortion due to different extraction methods, we have applied correction on
TUESIPS extraction based on comparison with the UV data reported by E92.

The IR-to-UV data were corrected for galactic interstellar reddening us-
ing the extinction values listed in Table 1.4 (see § 1.1.1.2). The interstellar

extinction curve of Cardelli et al. (1989) was used.
1.2.3 Spectral Flux Distributions
A composite spectral flux distribution was constructed for each object from
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quasi-simultaneous IR, optical and UV observations. For many objects, we
have some additional optical observations, spaced by ~1 day from the one
presented here for a given epoch (see Falomo et al. 1994b). Because no
significant flux variations during day timescales are found, we do not expect
that intra-day variability substantially affects our results.

For all sources we attempted a decomposition of the spectral flux distri-
bution in terms of a power-law plus the contribution of a host galaxy through
a x? minimization procedure (see Fig. 1.7). As a model for the starlight con-
tribution we assumed the energy distribution of a standard giant elliptical
galaxy (Yee & Oke 1978) for the optical region, extended to the near-IR us-
ing the colors for ellipticals given by Arimoto & Yoshii (1987). To subtract
the host galaxy component, the redshift of the object is needed. This is not
available for 2 objects, therefore we assumed a rough estimate of z based on
fit optimization. Parameters of the decomposition are: the spectral index «
of the power-law component and the percentage P, of starlight contribution
at 5500 A. We performed a least squares fit of the spectral flux distributions
and report in Table 1.4 the best fit values. Col. 9 gives the estimated absolute
magnitude of the host galaxy. |

On the previous pages:

F1G. 1.7 — Spectral flux distributions of BL Lac objects observed simul-
taneously at near-IR, optical and UV frequencies. Data (filled squares) are
corrected for galactic interstellar extinction. The solid line is the best fit
model, which is either a single power law or the combination of a host galaxy
(dotted line) and a power law component (dashed line). Open squares repre-
sent the spectrum of the standard elliptical after rebinning in conformity to

the observed data points.
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For most sources, after proper correction for the galactic extinction and
subtraction of the starlight component, the IR-optical-UV nonthermal emis-
sion is adequately well fitted by a single power-law. In four objects (0048-097,
0118-272, 1538149, 1553-+113). the host galaxy is not detectable, thus no
decomposition of the spectral flux distribution was performed. The spec-
tral flux distributions of the first three objects are well described by a single
power-law (see Fig. 1.7 and Table 1.4). For 1553+113 a single power-law does
not account for the spectral flux distribution but a considerable discontinuity
is apparent (Aa ~ 0.8) at ~3000 A, which makes this source the only case
where a marked spectral change is observed (see also Falomo & Treves 1990).
For seven objects we observe a bending of the spectral flux distribution, which
we ascribe to the host galaxy. After decomposition of the thermal compo-
nent, the data are satisfactorily represented by a single power-law. In two

cases (03234022 and the high state of 0422-+004), however, the fit is poor
(x* ~2).

For two sources (0048-097 and 04224004) we obtained spectral flux distri-
butions at two different epochs. As for 0048-097, the two spectral flux distri-
butions differ by a factor 1.5 in the optical range and a slightly steeper spec-
trum (Aa ~ 0.3) is exhibited in the lower state (August 1988, see Fig. 1.7).
In the low state the UV data appear systematically below the power-law fit,
suggesting a possible further steepening of the spectral flux distribution in
the UV. However, due to the low flux level of this IUE spectrum, its steep-
ening must be regarded with caution. The higher state (January 1987), was
previously analyzed also by Falomo et al. (1988), who found an IR-to-UV
spectral slope larger than, though consistent with, that reported here, proba-
bly due to the absence of reddening correction. Similarly, 0422+004 shows an
optical flux variability of a factor ~1.5. After subtraction of the host galaxy,
the nonthermal component is described at both epochs by a single power-law.
No significant changes of spectral index are found here (see Table 1.4). The
source had been observed also in a previous occasion (January/August 1987,

Falomo et al. 1989), but the lack of a correction for reddening and for the host
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galaxy contribution led to the interpretation of the 1987 and 1988 spectral

flux distributions in terms of broken power-laws or of logarithmic parabolas.

For 2005-489 and 2155-304 we do not have IR, optical and UV simultane-
ous observations, therefore we combined simultaneous IR-optical observations
~ (Falomo et al. 1993d) with simultaneous optical-UV observations obtained
at different epochs. Optical-UV observations were scaled to match near-IR-
optical data in the optical range. This is justified by the property that the
optical spectral index remains rather constant, even if the flux level changes
sizeably with time (Falomo et al. 1994b). The combined spectral flux distri-
bution of 2005-489 (see Table 1.4 and Fig. 1.7) exhibits a clear bending in
the near-IR due to the host galaxy. The decomposition of the spectral flux
distribution in terms of power-law plus host galaxy is not very satisfactory
(x* ~ 3), because far-UV data appear to be systematically below the fit. A
similar situation occurs in the case of 2155-304, although the bending is here
less evident. Also in this case, far-UV fluxes lie systematically below the over-
all fit. This, similarly to the case of 1553113, might be due to an intrinsic
spectral break of the power-law component at log(v) ~ 15.1. Although an
intrinsic spectral steepening in the UV band of these two sources appears an
acceptable explanation, we believe that other causes as IUE flux extraction
and calibration, proper reddening correction and the lack of a single epoch
observation may build up a similar effect. Based only on these data, we

cannot draw a firm conclusion on this point.

In order to extend our spectral flux distributions to adjacent bands (far-IR
and X-rays) we collected from the literature IRAS data (Impey & Neugebauer
1988) and soft-X-ray fluxes gathered by the Einstein Observatory (Owen et
al. 1981; Madejski & Schwartz 1983; Ulmer et al. 1983; Ledden & O’Dell
1985; Worrall & Wilkes 1990; Elvis et al. 1992) and, in one case (0301-243),
by the Rosat satellite (Maraschi et al. 1994c). The IRAS fluxes represent in
four cases only upper limit values. The overall (non simultaneous) spectral
flux distributions from far-IR to X-rays of our target objects are reported in

Fig. 1.8. We note that the extrapolation of our IR-to-UV power-law fit to
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far-IR is consistent with IRAS fluxes (and upper limits) taking into account
the variability regime of the objects. On the other hand, in all cases but

0521-365 the observed X-ray flux lies on or below our extrapolations.
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observations are also reported (filled squares).
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1.2.4 Discussion

The main result of this study is that in all of the examined objects but
15534113 the spectral flux distribution in the IR-optical-UV band is properly
represented by a unique power-law, when corrections for reddening and host
galaxy are taken into account. This is at variance with previous results,
which found a turnover in blazar spectra between IR and UV wavelengths (e.g.
Cruz-Conzalez & Huchra 1984; GMTT) or a smooth curvature from the radio
to the UV domain (e.g. Landau et al. 1986; Brown et al. 1989). We believe
that most of the difference is due to the use of simultaneous observations
and proper corrections for extinction and for the stellar contribution. This is
illustrated by the case of 0422+004, for which the proper account of the severe
galactic extinction and of the host galaxy contribution, determines a radical
change in the description of the emission components. Due to the higher, and
more reliable, value of the extinction coefficient adopted here for 03234022,
the fit decomposition parameters for this object are slightly different from
those previously obtained (Falomo et al. 1993a).

Our decomposition of the spectral flux distribution allows to estimate also
the starlight contribution of program objects. The derived absolute magni-
tudes correspond to an 8 x 8 arcsec” effective aperture. They are in general
good agreement with those obtained from direct imaging studies, considering
the aperture correction, which is crucial for low redshift objects (see e.g. the
cases of 0323022 studied by Filippenko et al. 1986; 0521-365, Keel 1986;
0414+009, Falomo & Tanzi 1991; 2155-304, Falomo et al. 1993b). Further-
more, recent optical imaging of 0301-243 confirmed the presence of a diffuse
nebulosity surrounding the object (Falomo 1994).

The average spectral index of the power-law component in our sample is
< a> = 0.88 + 0.42 (standard deviation), with a marked tendency for RW
objects to be flatter than RS ones at the ~ 30 confidence level; the average
spectral slopes are in fact, respectively, < a > = 0.45 + 0.15 (s.d.) and
< a> =117 £ 0.22 (s.d.). Such difference is related to a different beaming

angle in the two classes (see Introduction, § I.f, and Section 1.3).
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The absence of breaks or curvature in the spectral shape in the 8- 10%3 to 2-
10'5 Hz frequency interval suggests that a single mechanism is responsible for
the radiation in the whole range. The obvious candidate is thin synchrotron

radiation.

1.3 Remarks

The analysis and interpretation of near-IR-optical-UV observations of 11 BL
Lacs showed that their dereddened spectral flux distributions in the 8-10'3—2-
10' Hz frequency range can be described in almost all cases by a single power-
law with average spectral index < o >= 0.88 + 0.42 plus, where relevant, the
contribution of the host galaxy.

We have compared this finding, based on observations of a limited number
of objects, with the average spectral properties of BL Lacs in the separate
IR-optical and UV bands. On one hand we considered the 24 BL Lacs simul-
taneously observed in the two IUE bands belongmg to the sample examined
in Section 1.1, on the other we referred to a list of 33 objects (Falomo et
al. 1993d), whose simultaneous IR-optical data were properly corrected for
reddening and host galaxy contribution. In Table 1.6, which summarizes the
results of the comparison, we report the average spectral indices of the dif-
ferent samples, which appear very similar and support our claim that the
average spectral slope in the IR-optical-UV band has no discontinuities. It is
noticeable that also in the broader samples RW objects have average harder
spectra than RS ones, regardless of luminosity, which is interpreted in terms
of the inhomogeneous jet scenario as due to a different viewing angle and
therefore to a different beaming. We tested this subdivision for the sample
studied in the UV with the K5 method at the 99% significance level.

Although the unique slope & ~ 1 refers to the overall population of blazars,
it may be indicative that vF, is essentially constant, which may point to a

homogeneous model of emission in the given energy interval. At the same time
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one should take into account that the inhomogeneous jet model in its simplest
form requires that the dimension of the emitting region should increase with

the considered wavelength.

TABLE 1.6
AVERAGE SPECTRAL INDICES®

< ajrop > < ayy > < QrropPUV >
Falomo et al. 1993d Section 1.1 Section 1.2
All 1.08 + 0.34 (33) 0.97 £ 0.41 (24) 0.88 £ 0.42 (10)

Radio-weak 0.68 + 0.28 (8)  0.66 & 0.30 (10) 0.45 =+ 0.15 (4)
Radio-strong ~ 1.20 & 0.30 (25)  1.20 & 0.33 (14) 1.17 £ 0.22 (6)

@ The quoted errors represent the standard deviations from the mean
quantities and values in parentheses refer to the number of objects

The average slope (o, = 1) found for the 11 BL Lacs observed from IR
to UV may be compared with the average UV to X-ray slope reported by
GMTT, ayx = 1.1. The indication is therefore that if a steepening is present
above UV frequencies, it could be rather modest. In fact, in most cases the
non simultaneous soft-X-ray fluxes obtained by Finstein lie on or below the
extrapolation of the power-law (Fig. 1.8). Although the X-ray data were
not taken simultaneously, this is indicative that no component in addition
to the synchrotron one is present in the soft-X-rays, and in particular the
SSC process is probably negligible. Instead, the data suggest a steepening
of the spectrum toward soft-X-ray frequencies. This means that the electron
acceleration mechanism at the higher energies has a typical timescale longer
than the electron lifetimes, so that injection of high energy particles is less

efficient than radiative losses.
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The only exception to this steepening behaviour toward soft-X-rays is rep-
resented by PKS 0521-365, for which flux at 1 keV exceeds that extrapolated
from the IR-to-UV power-law (Fig. 1.8). Simultaneous UV and X-ray obser-
vations at a previous epoch (1983) display an. appreciable difference between
the UV and X-ray slopes (Aa =~ 0.5) indicating that the energy distribution
hardens at the higher frequencies, as suggested by the detection of the source
at > 100 MeV.

In Section 1.4 we will construct the radio-to-y-ray flux distribution of this
object, including the simultaneous UV and X-ray data, and will show that
the SSC mechanism is dominant in this source.

Finally, we note that both IR-optical and UV observations of BL Lacs
indicate that the spectral slope changes only modestly with the flux level
(Falomo et al. 1993d; Falomo et al. 1994b; Edelson 1992; Urry et al. 1993
and Section 2.1). This fact, together with our results, suggests that the whole
IR-optical-UV slope is unique and constant even when the intensity varies by
large factors, which is likely to happen if the flux is dominated by a unique
component (Edelson 1994). Such lack of spectral variability however does not
arise in a natural way in any of the proposed models for BL Lacs, apart from
those implying gravitational lensing (see Introduction, § I.d). The constant
shape of the continuum spectral energy suggests that only the number of
clectrons whose emission is beamed towards the observer changes, rather than
the arrival of fresh electrons that are being accelerated (Blecha et al. 1994).
This very constancy seems to us a key constraint in a theoretical progress of

our understanding of BL Lac emission.
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1.4 The Broad-Band Energy Distribution of
the Gamma-Ray Blazar PKS 0521-365

The flat spectrum radio source PKS 0521365 is strongly polarized (6%, Angel
& Stockman 1980), variable (Eggen 1970; Shen et al. 1972; Ulrich et al. 1984;
Edelson 1992; Falomo et al. 1994b) and exhibits strong emission lines (Scarpa
et al. 1994, and references therein). Its proximity (z = 0.055) allows the
detection of the host galaxy and of a bright optical jet (Danziger et al. 1979;
Cayatte & Sol 1987; Macchetto et al. 1991). Thus it cannot be classified
neither as a BL Lac object nor as a HPQ. The term blazar, intended to
include essentially all flat spectrum radio sources, is particularly useful for
this source.

During the 1992 May 14-June 4 viewing period, the EGRET instrument
onboard CGRO detected the source in 4-rays at a significance level of 4.40
(Fichtel et al. 1994).

Here we study the broad-band energy distribution of the source using si-
multaneous UV and X-ray observations taken on 1983 November and combin-
ing them with radio, mm and simultaneous near-IR-optical data at different
epochs and with the recently measured v-ray flux. Part of these data have
been already published separately (see § 1.4.1 for references), but the UV and
X-ray observations were never jointly studied, while the circumstance of their
simultaneity is crucial in modelling the spectral energy distribution.

Several arguments indicate that the emitting jet in this source is not
closely aligned with the line of sight and therefore the continuum cannot
be strongly boosted by relativistic bulk motion. This fact, together with
the direct observation of broad emission lines, allows to discuss the relative
importance of synchrotron and external photons for the production of y-rays
via the IC process. The physical and geometrical parameters of the jet are
estimated applying an inhomogeneous relativistic jet model which radiates

through the SSC process.
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1.4.1 Observations and Data Analysis

Simultaneous observations of the object with TUE (1200-3000 A) and EX-
OSAT (0.2-7 keV) were performed on 1983 November 2 and 30 (see Table 1.7).
During the first IUE observation only the SWP camera was exposed, whereas
on November 30 both SWP and LWP spectra were recorded. The UV spec-
tra were extracted with the GEX procedure, flux calibrated after Bohlin et
al. (1990) and Cassatella et al. (1988). The spectral fluxes were binned and
averaged in intervals of ~100 A. These data, dereddened with Ay = 0.2, were
best-fitted with a power-law model. The results are reported in Table 1.7.

The X-ray data obtained at both epochs with the LE and ME instruments
onboard of EXOSAT were analysed by Sambruna et al. (1994). No significant
flux variations are present between the two epochs. The results of a power-
law fit with absorption fixed at the Galactic value, Ny = 3.37 - 10%° ¢m™?
(Elvis et al. 1989), are reported in Table 1.7.

X-ray data obtained with Einstein (1979) and Rosat (1992) were retrieved
from the archives and analysed again under the hypothesis of a simple power-
law with a fixed column density. The results are also reported in Table 1.7.

Near-IR-optical spectrophotometry was obtained in January 1988 at ESO
(see Falomo et al. 1993d). Simultaneously with our IR-optical observation,
we recorded an IUE spectrum, at the same flux level of those of 1983. On
the basis of this agreement, we combined the 1983 November 30 and 1988
January data to obtain the spectral flux distribution from the near-IR to the
X-ray range shown in Fig. 1.9, together with archival IRAS data (Impey &
Neugebauer 1988). The near-IR and optical data were dereddened and the
stellar contribution of the host galaxy, which is rather strong in this object
(~ 50%, Pian et al. 1994a), was subtracted.

It is clear from Fig. 1.9 that the spectral flux distribution steepens around
10 Hz. Above this frequency, the data are consistent with a single power-law.
A best fit to the combined near-IR, optical and UV data yields o = 1.4+0.1
(x* ~ 1.3). An extrapolation of the optical-UV continuum to the X-ray band
falls below the simultaneously observed 1 keV flux by almost a factor 10 and
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the X-ray slope (ay = 0.68 £ 0.12), is definitely flatter than that in the IR-
optical-UV range, suggesting that a different emission mechanism operates in

the X-ray band.
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Fig. 1.9 — Spectral flux distribution of PKS 0521-365 from far-IR to X-
rays. Equal symbols are used for simultaneous data. UV and X-ray data
(open dots) refer to 1983 November 30. Near-IR-optical data (open diamonds)
refer to January 1988. Far-IR data (filled squares) are taken from the IRAS
archive. Error bars represent lo uncertainties. The overimposed solid lines
represent the power law best fit curves to the near-IR-to-UV and to the X-ray
data.

1.4.2 The Broad-Band Energy Distribution

To the near-IR-to-X-ray spectral flux distribution we added the VLBI radio
flux measured by Preston et al. (1989); fluxes at mm wavelengths (Knapp

& Patten 1991); far-IR data from the IRAS satellite (Impey & Neugebauer

45



1988), and the y-ray flux measured by EGRET (Fichtel et al. 1994), thus
obtaining an overall spectral flux distribution extending over 14.5 decades in
frequency. We do not expect that non simultaneity of the far-IR and radio
data can largely affect the overall spectral flux distribution, since at long
wavelengths the variability amplitude is usually not large (see e.g. Edelson &
Malkan 1987; Valtaoja 1994). On the other hand, as apparent from observa-
tions of other blazars, the y-ray emission can undergo significant variability
(see e.g. Thompson et al. 1994; Maraschi et al. 1994b). The flux used here
((2.0 £0.5) - 1077 ph s~ cm™? at energy > 100 MeV) is the only one reported

thus far for this source.

The overall spectral energy distribution is shown in Fig. 1.10 in the vF,
representation. The X-ray data obtained with Finstein and Rosat are also
shown in the form of best fit power-laws (absorption was fixed at the Galactic
value; see Table 1.7 for our best fit parameters). The source intensity at 1 keV
varied by a factor 2. The spectral indices derived from EXOSAT are consistent
with that from Einstein (which has rather large errors). The Rosat spectrum
is softer than measured either with EXOSAT or Finstein. This could be due
to spectral variability of the source, (Aa ~ 0.3 is not uncommon for blazars;
see e.g. Sambruna et al. 1994), but it may also be related to the softer range
of the Rosat instrument (Table 1.7). In fact an extension of the steep UV
component to the soft-X-ray band is not unlikely. A similar situation was

found in the case of the BL Lac object PKS 0537441 (Treves et al. 1993).

The broad-band energy distribution clearly shows two spectral regions
where the observed energy output is maximum (see Fig. 1.10). One compo-
nent peaks in the far-IR (~ 10'3-10"* Hz), the other component shows up
between 1 keV and 100 MeV; due to the lack of data at higher or interme-
diate frequencies the peak of the power of the second component cannot be
further constrained. To this end, a determination of the spectral shape in
the y-ray band would be extremely valuable. In any case, we note that the
power in the observed v-ray band is already comparable to the bolometric

power at all other frequencies. The two components apparently join in the
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energy distribution is similar

EUV-soft-X-ray range. This “double humped”
to that of other blazars (see e.g. MCG)..
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Fic. 1.10 — Spectral energy distribution of PKS 0521-365. IUE and EX-
OSAT data refer to 1983 November 30. The EXOSAT power law spectral
fit is reported along with the 1.6c (90%) confidence range. For comparison,
the power laws representing the Rosat spectrum best fit (solid line) and the
Einstein best fit (dashed line) are reported. The dashed-dotted line repre-

sents the synchrotron and self-Compton contributions within the adopted jet

model. Error bars on the data points are omitted.

1.4.3 Theoretical Considerations

1.4.8.1  General Remarks

Within the jet model scenario, the case of PKS 0521-365 is of special interest

in that there is evidence that relativistic boosting is not large in this source:

47




1) PKS 0521-365 is not a core dominated radio source: the ratio of the
core to extended radio emission at 1.4 GHz is ~ 0.3 (Antonucci & Ulvestad
1985);

2) a well defined optical jet is visible with an angular size of 6”.5 (7 kpc,
Keel 1986; Macchetto et al. 1991; Sparks et al. 1994) and well aligned with
the nucleus, suggesting that the jet is not closely aligned with the line of
sight;

3) the luminosity of the [O III] emission line (5007 A) is low compared
to the distribution for BL Lac objects and Flat Spectrum Radio Quasars
obtained by Stickel et al. (1991), yet the equivalent width is rather large (~3
A, Scarpa et al. 1994) implying a low continuum-to-line ratio;

4) applying the SSC model to the VLBI core of this source (requiring
that the radio core does not overproduce the X-ray emission) Ghisellini et al.

(1993) found § ~ 1 for the radio emission;

5) requiring the source to be transparent to 1 GeV ~v-rays, estimating the
size from variability and assuming that the X-rays (which are targéts of the
~-rays for the photon-photon process) are cospatial with the v-rays, Dondi
& Ghisellini (1994) found § ~ 1.3 for the high energy emission. Note that a
Doppler boosting factor § ~ 1 means that we are measuring the “ntrinsic”

continuum of this source.

It is natural to interpret the double humped energy distribution of blazars
as due to synchrotron and IC emission (see Introduction, § I.a). The first
mechanism can account for the self-absorbed radio emission and for the mm,
far- and near-IR, optical and UV continuum of PKS 0521-365, assuming a
suitably curved spectral shape of the relativistic electrons or an inhomoge-
neous jet.

The high energy emission (X- and 7-rays) can then be produced via IC
scattering of the relativistic (synchrotron emitting) electrons off photons pro-
duced in the same region (SSC, e.g. Maraschi et al. 1992); or alternatively
off photons emitted by an accretion disk (e.g. Dermer & Schlickeiser 1993)

or the broad-line region, and/or scattered by some surrounding material (e.g.
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Sikora et al. 1993; 1994).

We can estimate the relative importance of different sources of photons for
IC scattering by relativistic electrons in the jet. Approximating the emission
region within the jet as a sphere of radius Reiob moving with bulk Lorentz
factor I' at an angle 8 with the line of sight and defining the Doppler factor
§=[T—(I'*- 1)Y/2 cos §]7*, the intrinsic (primed) energy density of the

internally produced radiation is

U/ — Lsyn - 2.6 Lsyn,44

wnt 2 4 - ‘——.1-_—2—*—-_
47erlob65 6 Rblob,le

since the observed synchrotron luminosity Lsyn corresponds to an intrinsically

erg cm™’ (1.5)

emitted luminosity L’syn = 6§ *Lyyn. Here Lgynas and Rpop16 are in units of
10* erg s~! and 10'® cm, respectively.

From the luminosity in the broad lines Lprr (which is of the order of
6 x 102 erg 51, Scarpa et al. 1994) we can evaluate the energy density of the
external radiation, in the rest frame of the blob, where it is enhanced by a

factor I'?. Assuming a spherical broad-line region with radius RpLr, we have

Lprrl? (L +8)° 71 % 107 Lprraol?

-3
erg cm (1.6
ArRprpe 3P RyiRra7 )

UbLr ~
where Lprra2 and Rprra7 are in units of 10%? erg s~! and 10'7 cm, respec-
tively. |

‘Another contribution to the radiation energy density may come from pho-
tons emitted directly by a disk (see far-UV points in Fig. 1.10). This con-
tribution is very important close to the disk, but decreases rapidly for larger
distance. Assuming that a luminosity Ld is emitted by the inner accretion

disk, within a radius Rg, we have

2 -1
e s -0

L ,I‘Z _ 3
~ 3.5 X 102—%—23——— {[l -pB (1 + Rﬁ/Ri) 1/2] —-[1- ,8]3} erg cm ™
d,15
(1.7)
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where R, is the distance of the emitting blob to the accretion disk.

We can see that if § is of order unity and I' ~ 10, the external radiation
density is unlikely to dominate. In this case, assuming a blob radius Ryos =
10'® cm, and deriving from the overall energy distribution (Fig. 1.10) Lgyn =
10% erg 57! and Lg < 7 x 103 erg s™*, we have that the internal radiation
energy density always dominates the contribution from the broad-line region,
and dominates the radiation energy density produced directly by the accretion
disk if R, > 3 x 10" cm.

As a consequence, equations 1.5-1.7 suggest that the main mechanism for
the production of 4-rays is SSC, unless T' is uncommonly large or the size
of the blob is of the same order of the size of the broad-line region. In this
respect, note that in the case of a relativistic jet, Ryiop should correspond to

the cross-sectional radius of the jet.
1.4.8.2 Inhomogeneous Jet Model

In order to be more quantitative, we apply specifically the inhomogeneous
jet model of GMT and Ghisellini & Maraschi (1989, see Introduction, § 1.d).
Although the model is rather simplified, it contains a large number of free
parameters. We therefore searched for a solution which appears consistent
with the data rather than for a best fit to the data. The result is shown in
Fig. 1.10 and the corresponding parameters are given in Table 1.8.

The bulk Lorentz factor of the plasma in the paraboloid is constant, I' >~ 4
(see Table 1.8), and the viewing angle is § ~ 30°, implying a Doppler beaming
factor § ~ 1.5 and a Bapp =~ 3 for the superluminal motioh. The small value
of the beaming factor is in agreement with the other independent estimates
discussed in § 1.4.3.1. The presence of only marginally relativistic conditions
and of modest beaming is consistent with the observation of the radio and
optical jet, which would not be visible if it were strictly aligned with the line
of sight, and with the modest value of the core dominance parameter.

The model reproduces rather well the data from radio to y-rays. In partic-
ular, it fits well to the slope of the EXOSAT and the Einstein X-ray data, and

accounts for the X- and v-ray fluxes within the uncertainties. Note that in the
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soft-X-ray band the synchrotron and the self-Compton contributions, which
have very different spectra, overlap. Therefore a relatively small relative flux
variation may yield a significant spectral variation, which may account for
the softer Rosat spectrum. A similar behaviour was found in the case of the

radio bright BL Lac object PKS 0537441 (Treves et al. 1993).

TABLE 1.8
INPUT PARAMETERS FOR AN INHOMOGENEOTUS JET MODEL®

Paraboloid Cone

Synchrotron Spectral Index ao 0.5 0.5

Magnetic Field Power Law Index m 1 1
Flectron Density Power Law Index n 0.5 1.5
Emission Region Profile € 0.5 1
Inner Radius Ry (cm) 101° 10%Rg
Outer Radius 10 R, 10° R,
Initial Magnetic Field By (Gauss) 20 0.02
Initial Electron Density Ko (cm™2) 7.5-10* 2.4.103
Initial Maximum Synch. Frequency vg,,.(Ro) (Hz) 6-10'° 6-10'3
Bulk Lorentz Factor T' 4 4

@ Symbols for the relevant parameters are those adopted in GMT

In this model, X-rays are coming from SSC scattering of relativistic electrons
off the radio and mm photons, while the GeV y-ray emission is produced by
SSC off optical-UV photons.

This allows to predict for PKS 0521-365 a y-tay spectral slope of ~ 1.3,
slightly harder than the near-IR-optical-UV one (o = 1.4). The observed peak
at ~ 3-10'3 Hz corresponds to the thin synchrotron emission of the interme-
diate region of the jet (outer paraboloid). The same region is responsible for

the self-Compton peak in the MeV band.
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1.4.4 Discussion

PKS 0521-365 is one of the three relatively nearby sources detected by
EGRET (the other two objects with z < 0.1 are Mkn 421 and PKS 2005~
489). The proximity of these objects allows their detection above 100 MeV
even if their y-ray luminosity does not largely dominate their power output,
and even if the entire radiation is not greatly Doppler boosted. It may be that
the dominance of the y-ray luminosity in other blazars observed by EGRET
so far is the result of a selection effect, due to the limited EGRET sensitivity
which prevents detection of far away objects unless they are in “exceptional”
flaring state in v-rays. ,

The proximity of PKS 0521-365 allows in principle its detectability at TeV
energies, like Mkn 421 (Punch et al. 1992), since photon-photon interactions
with the IR background radiation should be modest (Stecker et al. 1992;
De Jager et al. 1994). However, in our model, the IC component at TeV
energies falls much below the threshold sensitivity of present detectors, so
that the actual detection is not expected, unless the object undergoes an
extraordinarily large y-ray outburst.

We have shown that the origin of the high energy emission in PKS 0521~
365 is likely SSC process, rather than IC on externally produced radiation.
This result is based on the small value of the beaming factor, resulting in a
large intrinsic (and internally produced) synchrotron energy density.

The similar output in synchrotron and self-Compton luminosities thus
indicates an approximate equipartition between the magnetic and synchrotron
energy density in the relativistic jet. This of course does not exclude the
possibility that in other sources the dominant cooling mechanism is IC on
external radiation, as proposed by Sikora et al. (1994).

If SSC is the dominant cooling mechanism in PKS 0521-365, then we
can predict a general pattern of variability at different frequencies (see also
MCG; Maraschi et al. 1994b). Assume in fact that the variation in flux is
produced by a variation in the density of the relativistic electrons N. Then

the synchrotron luminosity varies linearly with N, while the self-Compton flux
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should be proportional to N?. If, instead, external radiation is important for
the IC mechanism, then both the synchrotron and the Compton components

are proportional to N, and should thus vary with similar amplitudes.
1.4.5 Conclusion

Emission at IR, optical and UV frequencies in this object is ascribed to syn-
chrotron radiation from the inner part of a jet misaligned with respect to
the line of sight (6 ~ 30°), implying a weakly beamed energy outflow. The
higher energy emission is due to IC of relativistic particles on the synchrotron
photons themselves.

The interpretation of the broad-band energy distribution through an in-
homogeneous jet model for blazar radiation is proposed (§ 1.4.3.2) which
satisfactorily reproduces the two observed emission maxima at IR and GeV
energies as due to synchrotron and SSC processes respectively. According to
that view, a good correlation might generally be expected between the scat-
tered X-rays and the seed IR-mm photons, which is seen (see e.g. Owen et al.
1981); moreover, variability has been seen at y-ray energies in 3C 279 (Knif-
fen et al. 1993), and the timescale of variation (a few days) is characteristic
of the optical-UV region.

The comparison of the EXOSAT spectrum with data from other X-ray
experiments shows that the slope of the former is significantly harder, and
the application of the inhomogeneous mbdel suggests that this is related to
the presence of a remarkable y-ray emission (a factor of ~100 larger than the
radio luminosity at 1 GHz).

If the direction of the jet had a much smaller angular distance with re-
spect to the Earth (~ 5°) the object’s Juminosity would appear relativistically
enhanced. Simulating such behaviour (with the remaining parameters un-
changed) we note that the broad-band energy distribution of another blazar,
PKS 0735+178, is moderately well reproduced (Fig. 1.11). There is firm in-
dependent evidence that this object (at z > 0.424) is strongly beamed (6 -
7.3). This yields an indication that the parent population of the objects could
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be the same, the differences being due only to orientation effects and to the
presence of beaming.
Our study enphasizes the importance of multi-frequency observations of

blazars particularly stressing the need of very high energy observing cam-

paigns.
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FiG. 1.11 — Emitted power per unit frequency of PKS 0735+178. Overim-
posed is the theoretical curve derived for PKS 0521-365 in a beamed scenario.

Error bars on the data points are omitted.
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Chapter 2

Variability of Blazars

Because they emit copiously over almost 15 decades in frequency, AGN can-
not be understood without the help of multi-wavelength observations. On the
other hand, variability monitoring has also proven to be invaluable in under-
standing the continuum and line emission processes as well as the geometry of
the innermost regions in these objects. Although sizes can be determined di-
rectly from VLBI observations in the radio region, the central engine is much
too small to image from Earth, thus the only tool for probing the source
structure is temporal evolution of its spectrum. The equivalent resolution
which can be achieved in this way is of the order of 1 microarcsec (at z =~ 0.1
and with a typical variability timescale of ~1 day), far beyond the capability
of any UV or optical telescope.

Correlated variability strongly suggests, and is often taken as a proof, of
a causal link between the components. For example, Compton upscattering
of synchrotron photons off relativistic electrons in the same region could not
vary more rapidly than or lead the direct synchrotron emission (e.g. Maraschi
1992). Likewise, in an accretion disk model, the lower temperature (lower
frequency) radiation comes from farther out in the disk, so the UV variations

should be much stronger and lead those at optical wavelengths.

Inhomogeneous jet models are strongly supported by radio and optical ob-
servations of blazars, but the situation at higher frequencies is less clear. Al-
ternatives include a two-temperature accretion disk model and gravitational
micro-lensing of background quasars (see Introduction, § I.d). The disk and

jet models differ most at UV through X-ray wavelengths, where the spectral
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curvature is greatest; among jet models there are differences in how the UV
and X-ray emission are related (e.g. GMT). Since the amplitude and rapid-
ity of variability in most blazars increases with decreasing wavelength, the
chances of successfully observing significant variations at UV and soft-X-ray

wavelengths are high.

Moulti-frequency observing campaigns on AGN of non-blazar type (mostly
Seyferts, see review in Clavel 1994, and radio-quiet quasars, Ulrich 1990;
Treves et al. 1994) were organized in the last few years with the simulta-
neous scheduling of space- and ground-based instruments. These monitoring
programs have demonstrated that the IUE observatory is very well suited to
regular monitoring of AGN because of its ease of scheduling, efficient geosyn-
chronous orbit, precise photometric calibration and stability, and broad wave-

length coverage.

Simultaneous, frequently and regularly sampled multi-wavelength light
curves are particularly important for blazars, since the variability timescales,
at least at high energies are very short. Previous multi-wavelength studies
on blazars have tried to investigate if the broad-band spectral energy dis-
tributions evolve in a consistent and reasonable fashion (e.g. George et al.
1988; Treves et al. 1989; Mufson et al. 1990). Unfortunately, their tem-
poral sampling and multi-wavelength coordination were insuflicient to allow

determination of the temporal correlations and lags between the bands.

Recently, the IUE satellite has been employed for intensive blazar mon-
itoring campaigns with nearly complete time coverage, often in conjunction
with other satellites such as EXOSAT, Rosat, EUVE and ASCA, as well as
with ground-based optical and radio telescopes. Monitoring programs for

three well known blazars (PKS 2155-304, OJ 287 and 3C 279) were designed

and realized by a large consortium of observers.

The BL Lac object PKS 2155-304 was intensively monitored during the
month of November 1991 at radio through soft-X-ray energies. In 1993 March,
the radio-strong BL Lac OJ 287 was observed simultaneously at radio, optical
and UV wavelengths. Radio through -ray observations were obtained in 1992
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December/1993 January for the OVV 3C 279 and are here compared to those
of 1991: an additional constraint on very high energy variability is present

for this source, which is not available for the other two.

Various models have been proposed to explain the «-ray emission, the
majority favoring the IC mechanism for 4-ray production (see Section 1.4
and, for reviews, Sikora 1994; MCG; Marscher & Bloom 1994). In fact,
if the spectrum from radio to UV frequencies is interpreted as synchrotron
radiation from high energy electrons in a jet with relativistic bulk flow, the
same electrons can produce y-rays by upscattering either the synchrotron
photons (see case of PKS 0521-365, Section 1.4) or other photons external to
the jet. In both cases a strong correlationv between the synchrotron and IC
emission is predicted, since they derive from the same relativistic electrons.
The exact quantitative relation depends on the specific model, and the study
of the simultaneous variations of the synchrotron (mm, UV, soft-X-rays) and
IC (hard-X- and ~-rays) components offers a unique opportunity to test and

constrain the models.

The results of the observations of the three selected blazars are described
in this Chapter, devoting particular attention to the UV data. In Section 2.1.1
are reported in shortened form the results, presented by Urry et al. (1993),
of the IUE campaign on PKS 2155-304; the multi-wavelength analysis based
on the simultaneous multi-frequency data of the source was coordinated by
Edelson (Edelson et al. 1994a) and is summarized in Section 2.1.2. The
results of the 1993 March radio-to-UV campaign on OJ 287 were collected
in Pian et al. (1994b) and are reported in Section 2.2. The radio-to-vy-ray
energy distribution from the multi-wavelength observing campaign on 3C 279
was teported and discussed by Maraschi et al. (1994b). A summary of those
results is given in Section 2.3, where also some unpublished UV data are

presented.
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2.1 Multi-Wavelength Monitoring
of the BL Lac PKS 2155-304

PKS 2155-304 was chosen for an intensive multi-wavelength monitoring cam-
paign because it is one of the brightest BL Lacs in the sky at X-ray through
optical wavelengths, and has a history of strong, rapid multi-wavelength vari-
ability. Like most BL Lac objects, PKS 2155-304 has no strong emission fea-
tures; overimposed on the UV spectrum are several absorption lines (Maraschi
et al. 1988; Bruhweiler et al. 1993). A redshift z = 0.116 can be inferred from
optical spectroscopy of the surrounding nebulosity (Falomo et al. 1993b).
The object has previously been observed to be highly variable at both UV
(Maraschi et al. 1986a; Urry et al. 1988; Tagliaferri et al. 1991; Edelson et al.
1991) and X-ray (Snyder et al. 1980; Sembay et al. 1992) wavelengths, with
some evidence of quasi-simultaneous variability in those bands, albeit with
smaller amplitudes and longer timescales at the longer wavelengths (Treves et
al. 1989). The soft-X-ray spectrum is steep, and can be connected smoothly
to the UV spectrum, implying that the UV and X-ray emission mechanisms
may be related. This motivated the first application of relativistic jet (Urry
& Mushotzky 1982) and accretion disk (Wandel & Urry 1991) models to the
continuum emission from PKS 2155-304.

A monitoring program was designed with the aim of producing high-
quality light curves in several bands, including unprecedented spectral cover-
age in the UV, EUV and soft-X-ray from the combination of IUE, the Rosat
Wide Field Camera (WFC), and the Rosat Position Sensitive Proportional
Counter (PSPC).

Observations were made in 1991 November at X-ray, UV, optical, near-
IR, and radio wavelengths. Typically, each available instrument observed
'PKS 2155-304 about once per day during the period 1991 November 1-30.
Furthermore, an intensive campaign of observations once every 96 min was
undertaken with IUE during the period November 10.7-15.2, and with Rosat
during the period November 12.2-15.3 (excluding time lost to Earth occulta-

tions and scheduling problems).
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The result was the largest and most comprehensive database of multi-
wavelength observations ever gathered on an AGN in such a short time period.
A data set containing over 200 IUE spectra, 108 Rosat PSPC photons, and 500A
ground-based photometric observations were obtained in this period. The X-
ray data and the ground-based optical and radio data are presented in three
papers that discuss the data collection and reduction and the single-band
analyses. The 24 A soft-X-ray light curve resulting from the quasi-continuous
four-day Rosat monitoring was presented by Brinkmann et al. (1994), and
all of the month-long ground-based optical, IR, and radio data by Smith et
al. (1992) and Courvoisier et al. (1994). The 1400 A TUE-SWP, 2800 A TUE-
LWP and 5000 A Fine Error Sensor (FES) data were taken directly from Urry
et al. (1993, see Section 2.1.1).

In Section 2.1.1 the IUE data set, which is of unprecedented quality, is
described. There will be presented the auto- and cross-correlations of the IUE
light curves as well as the correlation between UV flux and spectral index.
Multi-wavelength cross-correlations among the light curves at radio through
X-ray frequencies are studied by the application of four different methods
and discussed in Section 2.1.2. The implications of the results for models of

variability are discussed in Section 2.1.3.

2.1.1 THE IUE CAMPAIGN
2.1.1.1 Observations and Data Analysis
2.1.1.1.a  Observing Strategy

PKS 2155-304 is bright enough to be observed easily in a half IUE shift (four
hours) or once per Rosat orbit (roughly 2000 seconds). The Rosat spacecraft
constraints restricted observing to a 32-day period from 27 October 1991 to
28 November 1991, so the monitoring campaign was plazined for that time (in
the end, Rosat monitored the source only for a few days in the middle of the

month; Brinkmann et al. 1994.) The variability timescales of BL Lac objects
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in general, and even this best-studied source in particular, were not well
measured previously, so the observing plan bracketed a range of timescales. In
order to measure moderate timescale variations (days to a week) we scheduled
at least one half IUE shift daily from 1 to 29 November (except on November
8, due to a scheduling conflict). In order to study short-term variability, 4.6
days in the middle of the campaign (10.7-15.3 November) were devoted to
nearly continuous coverage using ~3 shifts per day. The journal of the 201
IUE observations is given in Appendix A (Table A.1).

The SWP and LWP IUE cameras were exposed alternately, with nom-
inal integration times of 55 and 25 minutes, respectively. This allowed us
to get two pairs of spectra during each half TUE shift, in the absence of
any operational problems. Just before each SWP or LWP exposure, counts
from the FES, the optical monitor on IUE, were mea.surea on target and on
background. During the continuous observing period, the SWP/LWP/FES
observing cycle was slaved to the 95.8-minute Rosat orbital period so that the
IUE and Rosat observations would be locked in phase, thus greatly simplify-
ing the cross-correlation between UV and X-ray light curves. As a result of
this rigid schedule, some IUE exposures had to be longer or shorter than the
nominal exposure times, typically by a few minutes. Only four SWP spectra
(see Table A.1) are definitely underexposed (Zin: < 30 min), and have been
excluded from the correlation analysis, since short IUE exposures have been
shown to give systematically low fluxes (Walter & Courvoisier 1991). The er-
rors on quantities measured from these SWP exposures are almost certainly

underestimated.
2.1.1.1.b  Optical Calbration

The FES counts were converted to optical magnitudes using the algorithm
of Perez & Loomis (1991), which takes into account the background due to
scattered light. PKS 2155-304 was assumed to have color B —V = 0.26 mag
throughout the month, which is the mean value measured contemporaneously
with ground-based optical telescopes (it did not change much during the

monitoring period; Smith et al. 1992). In any case, the conversion from FES

60



counts to V magnitude is not terribly sensitive to the color; for example,
using B — V = 0.5 mag would increase V by about 0.06 mag. Reddening
corrections are minimal at these wavelengths (well within the FES accuracy),

and so were ignored. The optical light curve is discussed in § 2.1.1.2.a.
92.1.1.1.c  Ultraviolet Spectral Extraction

Spectra were extracted from each of the 201 IUE images using the SWET
technique of Kinney et al. (1991b). These spectra are generally well-exposed,
so that the SWET method is slightly preferred with respect to the GEX pro-
cedure (see Section 1.1). Nonetheless, we have also extracted all the spectra
using GEX (the completé analysis is reported in Pian 1992), and compared
this to the SWET results. Although there are small systematic differences
between spectra extracted with the two methods, the results (which depend
on fitted fluxes; see § 2.1.1.1.e) are not affected significantly.

2.1.1.1.d  Ultraviolet Spectral Corrections

The extracted net fluxes were converted to absolute flux using the IUE cali-
bration of Bohlin et al. (1990). A correction was made for degradation in the
SWP sensitivity (Bohlin & Grillmair 1988, as updated through 1989.36 by
Bohlin, private communication). The extrapolation to 1992 introduces some
noise on the 5 A scale but should not cause absolute flux errors of more than
1% in broad bands. No sensitivity correction was made to the LWP net flux.

The TUE spectra were dereddened using Ay = 0.1 mag (see Sections 1.1
and 1.2) and the average Galactic curve from Seaton (1979). The dereddening
correction has often been ignored by previous IUE observers of PKS 2155-
304, but it makes a significant difference. The dereddened flux is 31% greater
at 1400 A and 21% greater at 2800 A than the observed flux, and the fitted
energy spectral index is typically 0.07 flatter in the SWP and 0.32 flatter in
the LTWP. The soft-X-ray spectrum of PKS 2155-304 is consistent with the
adopted column density of absorbing cool gas (e.g. Canizares & Kruper 1984;
Madejski 1985), as are results from the Hopkins Ultraviolet Telescope, which
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is sensitive down to 912 A (J. Kruk, private communication). These results

all indicate there is little or no internal reddening in PKS 2155-304.
2.1.1.1.e  Ultraviolet Spectral Fitting

Using an iterative, chi-squared minimization fitting routine, the dereddened
IUE spectra were fitted to a simple power-law model of the form F) =
Fo(A/Ao)™@*. The results are given here in terms of the energy index a,,
which is related to ay by a, = 2 — a,, but the fitting was done in wavelength
space, with no resampling to frequency space.

Two sample fits to the data, chosen to be representative of the median
intensities and the mean x2-values for the SWP and LWP samples as a whole,
are shown in Fig. 2.1; the SWET error vectors are plotted below each spec-
trum (in order to show the raw extracted spectra, the data and fits in Fig. 2.1
are not dereddened). The wavelength ranges over which the data were fit-
ted were 1230-1950 A for the SWP camera (which excludes the geocoronal
Lyman-a region) and 2100-3100 for the LWP camera.

On the nect page:

F1G. 2.1 — Representative spectra from among the 201 spectra in the data
set. In both cases the source intensities are approximately the median values
for the month-long monitoring campaign, and the exposure times are typical.
Regions excluded from the power-law fitting are shown as dotted lines. Best-
fit power law models, weighted according to the SWET error vector plotted
in the panel at bottom, are shown as smooth curves; the spectra have not
been de-reddened, so the fits shown differ from those presented in Table A.1.
(a) An SWP spectrum obtained on 14 November 1991, with x2 = 3.44 for the
best-fit power-law model. (b) An LWP spectrum obtained on 10 November
1991, with x% = 2.25 for the best-fit power law.
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Wavelength regions affected by SWP camera artifacts (Crenshaw et al.
1990), at 1277-1281 A, 1286-1290 A, and 1660-1666 A, were excluded, as
was the region 1470-1540 A, in which unusual features were apparent in
many of the spectra. These excluded regions are shown as light dotted lines
in Fig. 2.1a. Since the artifacts in the LWP camera are of low contrast, no
spectral regions were excluded in those fits. The power-law fit is clearly good,

as is generally true for all the spectra.

Results of the fits to dereddened spectra are given in Table A.1. The
normalization is at 1400 A for SWP spectra and 2800 A for LWP spectra.
These wavelengths are close to the flux-weighted means of each band (~ 1560
A and ~ 2568 A, respectively, for a = 1), so that the uncertainty in the
derived flux is small; they are in regions of the cameras where the S/N is good;
and they were chosen to be relatively far away from one another, increasing
the independence of the SWP and LWP flux measurements. The reduced
chi-squared values in Table A.1 were calculated using the raw SWET errors,

prior to the correction procedure described in § 2.1.1.1.f.

We also fitted combined spectra, i.e. pairs of SWP and LWP spectra
taken close together in time, spliced together at 1978 A. Power-laws were
fitted to the wavelength range 1230-3100 A, excluding the same regions as
in the SWP analysis above, as well as 1900-2150 A (which has relatively
large errors anyway). The results are given in Table A.2. The advantage of
fitting combined SWP-LWP spectra is that the longer baseline in wavelength
gives smaller uncertainties on the fitted flux and spectral index; however, the
mismatch between SWP and LWP spectra seen in previous work (e.g. Urry
et al. 1988; George et al. 1988) and again here (see § 2.1.1.2.c) illustrates how
the absolute values of fitted flux and spectral index depend on the uncertain
intercalibration of the two cameras. Therefore, for absolute values of the
flux and spectral index, the estimates from fits to the individual spectra
(F1400, Fagoo, aswp, and apwp, in Table A.1) are better than those from the
combined fits (ac and F¢, in Table A.2). We consider the latter quantities

when evaluating changes in spectral shape and intensity because of the larger
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bandwidth for the power-law fits (the combined spectral index is an effective

hardness ratio between the SWP and LWP cameras).
2.1.1.1.f FError Analysis

Estimating the error bars reliably is the key to the detection and evaluation
of variability. IUE spectra are dominated by systematic noise, including well-
known features at the wavelengths mentioned above. The flux calculated from
a fitted power-law gives a much smaller error bar than direct measurement
because information from the full band is used.

The initial estimate of the uncertainty in the flux measurement comes di-
rectly from propagated uncertainties on fit parameters. The latter are derived
from the error matrix calculated in the least-squares fitting procedure (e.g.
Bevington 1969), which in turn depends linearly on the SWET errors used
to weight the input data points. Thus, the estimated uncertainty in the flux
measurement scales linearly with any modification to the SWET error.

While the relative sizes of the SWET errors make sense, the chi-squared
distribution for the 201 spectral fits is far from acceptable. The mean reduced
chi-squared values for the SWP and LWP fits are (x2) = 3.76 and (x7) = 2.42,
respectively, where the number of degrees of freedom is taken as the number
of points fitted in the spectrum (539 and 535, respectively) minus the number
of fit parameters (2). The probability of exceeding either of these values given
the number of degrees of freedom is vanishingly small. The power-law model
appears to be a good fit to the data, and there are no systematic trends in the
residuals that would indicate a different model mightv be preferred, so either
the SWET errors are underestimated or the number of degrees of freedom
(the number of independent points in each spectrum) is overestimated.

Previous authors (e.g. Clavel et al. 1991) have suggested normalizing
the error vector for a given spectrum by the square-root of the reduced chi-
squared value for that fit. In our view this is not the best approach, as it
makes the x?2-distribution for all the fits look like a delta-function when in
fact the x2 values should be distributed as chi-squared (it might be the best

approach in the case of a single measurement.) Here we have a large number
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of measurements (201), so we imposed the condition that the mean of the
reduced-chi-squared distribution be 1, as is expected for this many degrees of
freedom (the 102 SWP spectra and 99 LWP spectra were handled separately;
characteristics of the cameras such as graininess and fixed-pattern noise are
quite different, so there is no reason to expect the corrections to the error

vectors to be the same in the two cases.)

Scaling the SWET errors by 1.94 for the SWP spectra and 1.56 for the
LWP spectra gave normal chi-squared distributions. Not only were the mean
values 1, by definition, but a KS test showed no difference between the ob-
served distributions and the expected P(x2). The uncertainties in the fitted
fluxes were thus increased by those factors. A similar procedure was followed
for the combined fits, where the mean reduced chi-squared value using the
uncorrected sigmas was (x2) = 3.42. In this case, however, although the
mean of the corrected distribution was adjusted to be 1, a KS test gave a
low probability (4.7 x 107*) that the observed distribution was drawn from a
normal chi-squared distribution. Thinking this might be related to the differ-
ent camera characteristics, we re-fit the combined spectra normalizing SWP
errors by 1.94 and LWP errors by 1.56. The resulting reduced-chi-squared dis-
tribution had a mean of 1.11, so we renormalized the errors by 1.05 = V1.11.
The final x2-distribution, with mean equal to 1, was still incompatible with
the expected distribution (P < 3.9 x 107° according to a KS test), probably
because of the mismatch between SWP and LWP spectra. This reinforces
our belief that the individual fits are better for measuring fluxes or spectral
indices, while the combined fits may be more sensitive (due to the broader

bandwidth) to trends in either flux or spectral index.

There can still be residual errors in measured quantities, such as spectral
index or normalization, associated with the reproducibility from one spec-
trum to the next. These must be included when evaluating light curves. IUE
fluxes of standard stars are reproducible at the ~ 1.25 % level (Bohlin 1988),‘
so errors of this magnitude were added in quadrature to the internal flux

errors estimated above (as in Edelson et al. 1991). In general, the internal
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photometric error is considerably smaller than 1.25%, unless the exposure
time is unusually short. Estimating the repeatability of the spectral index
measurements was more complicated. In their study, Clavel et al. (1991)
estimated residual errors in measured quantities by comparing close pairs of
spectra and assuming no variability on short timescales. If the estimated
errors were really 1o errors, the difference in measured values divided by the
estimated error (the quadrature sum of the two individual error estimates)
should be normally distributed, i.e., 2 Gaussian with zero mean and unit
dispersion. A variance larger than one, Clavel et al. argued, meant the un-
certainties on that measured quantity should be increased by just that factor.
Since PKS 2155-304 is much more rapidly variable than their target, the
Seyfert galaxy NGC 5548, this procedure was not appropriate for our flux
measurement, hence the 1.25% photometric correction adopted as described
above. However, it was the best alternative for evaluating the uncertainty
on spectral index, particularly as the spectral index is certainly less variable
than the flux (see § 9.1.1.2.b). Adjacent spectra taken closer in time than 5.
hours were compared; this included 75 pairs of SWP and 69 pairs of LWP
spectra. The variances in the distributions of normalized errors for short- and
long-wavelength spectral indices were 1.94 and 2.41, respectively, so the error
estimates in aswp and arywp were increased by those factors. The distribu-
tions of normalized, scaled errors were then consistent ( 2 50% probability
according to a KS test) with the normal Gaussian distribution expected. This
procedure was repeated for combined spectra, comparing 78 pairs of adjacent,
combined SWP-LWP spectra, taken within 5 hours of one another. Here, the
scale factor for the combined spectral index was 2.18, and the final distribu-
tion was consistent with a CGaussian (~ 59% probability, according to a KS

test).

The estimation of errors in the flux and spectral inaex, in summary, in-
volves several steps. First, the SWET error vector is propagated through
the fitting procedure to get initial uncertainties for the parameters of the

power-law fit. Next, uncertainties in both F, and o) are increased by a factor
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equal to the square root of the mean of the reduced chi-squared distribution,

(x2), where (x2) = 3.76 for the SWP and (x7) = 2.42 for the LWP. This is
effectively scaling up the SWET error vector so that (x2) = 1 in both cases.
The final error estimate on the flux at Ao is equal to the quadrature sum
of the scaled error on Fy and 1.25% of F,. The final error estimate on the
spectral index was derived by increasing the scaled error on ay by 1.94 for the
SWP, 2.41 for the LWP, and 2.18 for the combined SWP-LWP fits, so that
it represents the 1o error for the observed differences between adjacent mea-
surements of ay. Since this assumes no intrinsic variation between adjacent
measurements, it is if anything an overestimate of the error on the spectral

index.

As a check, we did look at the distribution of normalized errors in the
fluxes, using the uncertainties calculated as described above. In all three
cases (SWP, LWP, and combined SWP-LWP values), the distributions were
consistent with the expected Gaussian distributions (62%, 13%, and 38%
probability, respectively, according to a KS test), indicating that our error

estimate for the flux is at worst an overestimate.

A procedure similar to that used for determining the uncertainty in spec-
tral indices was used to estimate the global mean uncertainty in the FES-
derived magnitude. Using a trial value for the uncertainty, we generated the
normalized error distribution for pairs of adjacent measurements separated
by less than 5 hours, looking for a value that would give a variance equal to
1. The normalized error distribution for AV = 0.08 mag had variance equal
to one and was consistent (97% probability according to a KS test) with a
Gaussian distribution centered on zero. It is also commensurate with previ-
ous estimates (AV ~ 0.07 mag) of the accuracy of the FES (Holm & Crabb
1979; Barylak et al. 1984). However, the few large, apparently non-Gaussian
excursions, could seriously compromise the value of the data, thus an unbi-
ased method was devised to improve the data quality so they could be used

in time-series analysis.

First, the 5000 A data were paired up, with phases locked to the 96 min
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sampling at shorter wavelengths (to aid in correlation analysis). Next, the flux
differences (AF;) and averages ((F);) were computed for each (:**) pair. While
the data for most pairs were within a few percent, five had AF;/(F); > 10%.
These five pairs were excluded on the basis of their large internal dispersions.
The fractional errors on the remaining 75 points were reduced from 8% to
< 3% (measured from the internal dispersions AF;), at the cost of reducing
the sampling by a factor of two. However, this is not an important loss, since
the original 5000 A sampling was at least twice as frequent as that in any
other band.

2.1.1.2 Results
2.1.1.2.a  Ultraviolet and Optical Light Curves

During the monitoring campaign PKS 2155-304 increased in intensity by a
factor of 2 over the month to roughly its historical maximum brightness.
The light curves for the full month and for the central period are shown in
Fig. 2.2. During the intensive monitoring, the UV flux varied by ~30% in
several distinct flares that are well-sampled apart from a possible dip during
the 7-hour gap on 11 November. The width of these rapid flares is roughly half
a day; if we define an exponential variability timescale as tye, = (d In F// dt)™*,
then values for these flares are less than 2 days. Such fast UV variations
have been detected previously in PKS 2155-304 itself and in Mkn 421, while
slightly longer and/or lower amplitude flares have been seen in another three
(3C 279, OI 158, and OD 26; Edelson 1992). Flux doubling in time intervals of
days or even hours was found during the recent IUE campaigns on 3C 279 and
OJ 287 (Sections 2.2 and 2.3); the flux errors are however rather large. The
UV flares of PKS 2155-304 show no discernible asymmetry in time according
to a dI/I test (Wagner & Witzel 1992). The depth of the dip during 12
November is unclear. The low SWP point comes from a very short exposure
of only 13 minutes and no corresponding dip is seen in the LWP light curve,
so the SWP point should be considered uncertain.

Based on the rapid flaring seen during the intensive monitoring, it appears
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we probably failed to sample the fastest-timescale flares during the rest of
the month, although the overall doubling of the flux is well-sampled. The
fractional variability is comparable for the SWP and LWP bands: both light
curves show a doubling of flux, and in both bands the variance is about 15%
of the mean flux. This is in contrast to the historical trends in other blazars,
where long-term TUE monitoring indicates the SWP flux is more variable than
the LWP flux (Edelson 1992).

The FES light curve, shown in Fig. 2.3, shows the same trends as the
UV light curves, on both long and short timescales, although the larger error
bars mean the variations are less well defined. Although the light curve is
given as V-magnitude (from the algorithm used to convert FES counts to
optical magnitudes; Perez & Loomis 1991), the FES sensitivity is slightly
bluer than the V-band. To test the correlation of the SWP, LWP, and FES
fluxes we resorted here to the Discrete Correlation Function method (DCF;
Edelson & Krolik 1988). The DCF is analogous to the classical correlation
function (which requires evenly sampled data), except that it can work with
unevenly sampled data. It works as follows: first, the two unevenly sampled

light curves, z(t;) and y(t;), are normalized to zero mean and unit dispersion:

z; = M)—, (2.1a)
and .
yi = M, (2.1b)

Oy
where (z) and o, are the mean and standard deviation measured for the light
curve z(t;). Then, for each pair of points, z;' and y;', the time lag At;; and

unbinned DCF (UDCF) are computed:
At,'j == t,' - tj, (22@)

and
UDCF,']' = :c," X yj’. (2.26)

The UDC Fs are then binned in bins of width 7, such that for all pairs with
Tlag - 7-/2 < Atl] < Tlag + T/2, (230.)
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the following is computed:
.
DCF(Tiag) = v > UDCF;;. (2.3b)

The result is the autocorrelation function when the input light curves are the
same (z; = v;), and the cross-correlation function when they are different. As
a final step, the best estimate of the lag is made with a three-point parabolic
fit to the point with maximum correlation and the two adjacent points.

The SWP, LWP, and FES light curves are all highly correlated, as shown
in the DCFs for SWP versus LWP and SWP versus FES (Fig. 2.4). The
peaks of both DCFs are at zero lag, with an upper limit of < 0.1 days, but
both cross-correlation functions are asymmetric, in the sense of the short-
wavelength emission leading the longer wavelength emission. These are not

necessarily contradictory; see interpretation in § 2.1.1.3.
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Fig. 2.4 — Discrete cross-correlations between SWP flux and longer-

wavelength flux for the intensive monitoring period. (filled circles) SWP flux
at 1400 A versus LWP flux at 2300 A; (open circles) SWP versus FES flux.
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The autocorrelation functions of the SWP, LWP, and FES light curves are
shown in Fig. 2.5. B '

Autocorrelation Amplitude
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Fic. 2.5 — Discrete auto-correlation functions for SWP flux at 1400 A filled
circles), LWP flux at 2800 A(open squares), and FES flux (open circles). (a)
Calculated for the full 30-day data set, which is probably undersampled. (b)
Calculated for the 4.6-day intensive monitoring period only.
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The SWP and LWP give similar results, while the FES amplitude is generally
smaller because the relative errors are larger (for the SWP and LWP, the
behavior of the autocorrelation functions suggests the estimates of flux errors
were about right). On long timescales, the autocorrelation functions suggest
smooth “red” power spectra, with relatively more power on longer timescales.
However, on shorter timescales (using the data from the well-sampled, 4.6-day
intensive monitoring) they are modulated with a period of ~0.7 days. This
quasi-periodic behavior, which will be discussed in detail in Section 2.1.2, can
be seen going through five cycles in the light curves (Fig. 2.2b), despite the
gap at 11.5 November.

2.1.1.2.b  Ultraviolet Spectral Variability
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FIG. 2.6 — Variability of the combined spectral index (a) over the full month

and (b) during the intensive monitoring period.

A key point in the interpretation of the continuum emission from PKS 2155-

304 is the relationship between variability in intensity and spectral shape.
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Previous monitoring has suggested that the spectral index varies lttle during
flares in intensity, but this observation was always restricted to grossly un-
dersampled light curves. The present campaign, with its improved sampling,
should be more sensitive to related variations in flux and spectral index. The
variation of spectral index throughout the run is shown in Fig. 2.6. Accord-
ing to the chi-squared statistics, the model of constant spectral shape can be
ruled out: x2 = 4.68 for the combined spectral index. This is also seen in the
SWP camera alone, where x2 = 1.94 (P(x2) = 5.9%x107") for a constant fit to
aswp (the variation in the LWP spectral index is not significant, x% = 0.98,
because of the larger errors due to the low S/N below 2400 A).

Plausible physical processes causing intensity variability, such as acceler-
ation of radiating particles near a shock, predict accompanying changes in
the spectrum of the emitted radiation. For example, electron acceleration
would cause spectral hardening with increasing intensity. Thus one might
expect flux and spectral index to be inversely correlated. Such correlations
have been found previously for Mkn 421 (Ulrich et al. 1984) and OJ 287
(Maraschi et al. 1986a), although these studies referred to data taken over
much longer time intervals. In the present case, a non-parametric Spearman
Rank-Order Correlation test suggests an inverse correlation between Fiigo
and aswp (P = 9.2 x 1073 of occurring by chance for the full data set;
P = 0.07 for the intensive monitoring period only), but not between Fog00
and arwp (P = 0.87 and P = 0.76 for full and intensive periods, respec-
tively) or Fypo and ac (P = 0.41 and P = 0.19 for full and intensive periods,
respectively). Fig. 2.7a shows the scatter plot of the last of these, with filled

circles indicating data from the intensive monitoring period.
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Previous authors found no correlation between flux and spectral index for
PKS 2155-304, but did find a correlation between AF and Ac, where the
change is measured between pairs of spectra taken close in time (Maraschi et
al. 1986a; Urry et al. 1988; Edelson 1992). In the present instance, in con-
trast, change in spectral index and change in flux are not strongly correlated;
Fig. 2.7b shows the change in spectral index versus the change in flux for the
combined SWP-LWP spectral fits. The probability of correlation between Ac
and AF for the intensive monitoring period (measured from adjacent data
points) is significant only for the lower-quality LWP data (P > 99.9%). For
the full data stream, using the differences between daily averages, Ac and AF
are marginally anti-correlated for the SWP data (~ 96.7%). In neither case
are the combined SWP-LWP data correlated or anti-correlated. We conclude
that there is no significant direct correlation between instantaneous spectral

shape and intensity, or changes thereof, in the IUE data.
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Fic. 2.8 — Discrete cross-correlation of spectral index versus intensity for
the intensive monitoring period. (filled circles) Fiuoo vs. aswp; (open squares)

Fogoo vs. apwp.
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Given the importance of understanding spectral variability, we applied the
DCF, usually used to investigate flux-flux correlations, to the cross-correlation
between flux and spectral index for the intensive monitoring period, ;ivhere the
light curve is well-sampled. The results are shown in Fig. 2.8 for the SWP and
LWP fits (which track each other well). Thereis clearly structure in this DCF.
The negative lag means that changes in the spectral index precede changes
in the intensity, and the negative correlation amplitude means that spectral
hardening (decreasing o) is associated with increasing intensity. Thus, there
appears to be some kind of inverse correlation between spectral index and

intensity, but with a lag of one to two days.
2.1.1.2.c  Ultraviolet Spectral Shape

The spectral shape in the UV band depends critically on the dereddening
correction. When no correction is applied, the LWP spectral indices are
systematically higher than the SWP spectral indices (e.g. Edelson 1992).
This implies flattening of the spectrum toward shorter wavelengths; that is,
a “concave-up” shape in v-F, space, in contrast to the overall “concave-
down” shape of the radio through soft-X-ray spectrum. The excess at long
wavelengths due to inclusion of starlight is not strong (< 3%, see Section
1.2), as the host galaxy for PKS 2155-304 is too faint (V ~ 16.5, Falomo
et al. 1991; Falomo et al. 1993b) relative to the nuclear point source. The
spectral curvature goes away, however, when a dereddening correction with
E(B — V) = 0.034 mag is applied (if we fit the entire ensemble of combined
SWP-LWP spectra to a power-law model leaving the dereddening correction
as a free parameter, chi-squared is minimized for this value). Fig. 2.9 shows
the distributions of SWP and LWP spectral indices for three assumed values
of E(B — V): 0.0 mag, 0.034 mag, and 0.05 mag. With no correction, the
LWP spectra are steeper; with E(B — V) = 0.05 mag, the SWP spectra
are steeper; and E(B — V) = 0.034 mag is roughly the value at which the
SWP and LWP spectral indices agree best. Thus, although the amount of
reddening is generally uncertain, depending on the assumed gas-to-dust ratio,

which has a large uncertainty, the assumption that the UV spectrum is either
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a flat power-law or concave-down would indicate a minimum reddening of

E(B —V) ~ 0.03 mag.
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Fic. 2.9 — Histograms of spectral index distributions for SWP (solid line)
and LWP (dotted-dashed line). (a) Fits presented in Table A.1, corrected
for reddening using E(B — V) = 0.034 mag; (b) raw data, not corrected for
reddening; (c) fits after correction with E(B — V) = 0.05 mag.

Taking the reddening into account, then, there is no evidence for spectral
curvature in the UV band. The flatness of the UV spectral index (a < 1)
means that peak of the luminosity emitted from this BL Lac object is in
the far-UV, as noted by previous authors. PKS 2155-304 is one of the few
extragalactic objects detected in the Rosat WFC survey (Pounds et al. 1993),
and by the Extreme Ultraviolet Explorer (EUVE; Malina & Bowyer 1992),
indicating that its EUV luminosity must be considerable.

2.1.1.3 Discussion_

Throughout our month-long observing campaign the UV and optical flux of
PKS 2155-304 increased by a factor of two. The light curves are far from
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smooth, however, with rapid lower-amplitude events superimposed. During
the intensive monitoring period in the middle of the month, there are a num-
ber of well-sampled, large-amplitude (~ 30%) variations which appear to have
a quasi-periodic timescale of ~ 0.7 days. Whether this periodicity is real re-
quires a longer data train with equal or better sampling. The exponential
timescales associated with the most rapid events are a few days or less; the
actual time in which flux was seen to double was approximately 10 days. Sim-
ilar fast, intraday variability, including the appearance of quasi-periodicity,
has been seen in optical observations of BL Lac objects (Quirrenbach et al.
1991). Such short timescales are consistent with the predictions of the stan-

dard relativistic jet models for BL Lac objects (see Section 2.1.3).

The spectral variability observed is intriguing, and not easily interpreted.
The fluxes within both TUE bands and the optical flux deduced from the FES
are all well correlated with no discernible lags on timescales 2, 3 hours. The
cross-correlation functions are asymmetric, however, in the sense that short-
wavelength emission leads the long. This may indicate that the emitting
volumes are not significantly different across the UV band, but that radiative
losses are sufficiently energy dependent that the short‘-wavelength flux decays

faster than the long-wavelength flux.

The overall amplitude of variability is roughly the same in the short- and
long-wavelength TUE bands, but the UV spectral shape does vary significantly
during the campaign. Comparing Figs. 2.6 and 2.7, we can see that the
relation between intensity and spectral shape is not simple. While the source
flux doubled in the first ten days, the spectral index increased briefly and then
returned to roughly its initial level. In the latter half of the month, while the
source intensity remained high, the spectral index steepened. During the
intensive monitoring period, the flux-spectral index relationship is similarly

complicated.

Spectral variability is a strong diagnostic of any emission process. The
general sense of the variation in PKS 2155-304 is that the spectrum hard-

ens with increasing intensity, as expected for nonthermal processes where
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increases (decreases) result from acceleration (radiative losses) of the non-
thermal electron population. The apparent temporal lag (~1 day) between
change in spectral shape and change in intensity (Fig. 2.8) is more difficult
to interpret.

Specifically, Celotti et al. (1991) consider the variability characteristics of
a range of jet models, assuming that an increase in emissivity is triggered by
a signal traveling along the jet, without affecting the local particle spectra.
In this case it is possible to produce UV variability with very small spectral
changes. Correlated variability the different energies is deeply discussed in

Section 2.1.3.

2.1.2 MULTI-WAVELENGTH ANALYSIS

The simultaneous X-ray, UV, optical, IR, and radio monitoring data from
the multi-wavelength 1991 November campaign are used here to test and
constrain models of continuum emission from the BL Lac object PKS 2155-
304. The frequent and regularly spaced sampling of the high energy data
gives an unprecedented opportunity of rigorously apply correlation methods
and to determine lags among the light curves and possible periodicities.

The multi-wavelength variability data are shown altogether in Fig. 2.10.
Light curves covering the entire 30-day time span for seven UV-optical-IR
bands and four radio bands are given in Fig. 2.10a. Data from the intensive
satellite monitoring period (November 10.7-15.3), covering observing bands
centered on 24 A (PSPC), 1400 A (SWP), 2800 A (LWP) and 5000 A (FES),
are given in Fig. 2.10b.

Normalized variability amplitudes (NV A) are computed by taking all of
the N data points in a given waveband and time span, and taking the ratio of
the standard deviation over the mean. A crude measure of the error on each
estimate is given by NV A/+/N — 1. These data are tabulated in Table 2.1,

for a number of different observing bands and time spans.
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FIG. 2.10 — Multi-wavelength light curves. The data for the entire 30-
day observing period in seven UV, optical, IR bands and four radio bands are
given in Figure 2.10a. The dotted lines mark the intensive satellite monitoring
period (1991 Nov 10.7-15.2). Light curves from this period, covering four
observing bands centered on 24 A, 1400 A, 2800 A and 5000 A, are given in

‘Figure 2.10b.
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NORMALIZED VARIABILITY AMPLITUDES
IN DIFFERENT WAVEBANDS AND TIME SPANS

TABLE 2.1

Waveband Total Intensive non-Intensive  Second Half
(A) NVA (%) N NVA(%) N NVA(%) N NVA(%) N
24 7.34+13 33 T73+13 33

1400 13.6+14 98 54+09 36 18.4+28 45 T75+14 28
2800 143+1.4 99 57+09 39 200+£3.0 45 T7.0x1.5 23
3600 19.14+26 54 9.0x£4.5 5 198+3.0 46 8.1k£19 19
4400 178+22 68 6.0+27 6 18.2+24 60 56+1.3 20
5000 179+2.0 84 60+1.0 34 207+35 36 69x1.6 19
5500 1824+21 78 7.1+25 9 191+24 64 59+13 23
6400 18.14+292 66 6.0+22 8 19.1+26 54 58+£13 20
7900 185+23 64 6.6+25 8 20.1+28 52 54+13 19
12500 8.14+23 13 72+24 10
16500 6.5+1.9 13 6.14+2.0 10
22000 7.24+21 13 6.44+2.1 10

1.3 x 108 148+56 8 13.6+55 7

2.0 x 108 12.14+43 9 11.7+44 8

3.5 x 108 89+32 9 9.0+34 8

6.1 x 108 714+27 8 7T2+30 7

2.0 x 10° 4.74+18 8 45+18 T

Perhaps the most striking point in Table 2.1 is that the variability amplitudes

appear to stay constant from X-ray through IR wavelengths, and then decline

markedly to longer radio wavelengths. While this analysis is somewhat com-

plicated by the fact that the different bands were observed over different

timescales, a quantitative comparison can be made by restricting the analysis

to bands and time spans in which the coverage is similar. For instance, during
the period when both IUE and Rosat were observing PKS 2155-304 (Novem-
ber 12.2-15.1), all of the X-ray through optical bands showed a similar level

of variability (~6.5%). During the second half of the campaign (November
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16-31, the only period with good IR coverage), the entire UV through IR
variability was again consistent with ‘a single value of NVA =~ 6.5%. Fi-
nally, restricting the analysis to those wavebands that spanned the entire
month-long campaign and excluding data from the intensively sampled pe-
riod (which could bias the amplitude of a well-sampled band relative to a
poorly sampled one), the UV-optical data are again consistent with a sin-
gle value (NV A ~ 19%), but in the radio, the level of variability decreases
monotonically with wavelength, from 13.6% at 1.3 cm to 4.5% at 20 cm over

the entire month.
2.1.2.1 Time-Series Analysis

The first observational result of this campaign is that the variations in the dif-
ferent bands (except the radio) were all clearly correlated. The variations were
sufficiently rapid that only the quasi-continuous data from the intensive mon-
itoring period were sampled fast enough to allow a detailed measurement of
the correlation properties. For that reason, the correlation between the Rosat
24 A and TUE 1400 A variations is examined in detail in § 2.1.2.1.a,b,c,d. The
rest of the intensively sampled data are analysed in § 2.1.2.1.f, and the opti-
cal through radio variations are discussed in § 2.1.2.1.g. Finally, the issue of
possible periodicities in the data is discussed in § 2.1.2.1.h.

In order to make quantitative estimates of the degree of correlation and
the lag between variations at different wavelengths, four methods are applied
to the relatively well-sampled 24 A and 1400 A data: the Discrete Correlation
Function (already described in § 2.1.1.2.a), a modification of the mean vari-
ance technique (§ 2.1.2.1.b), the x* minimization technique (§ 2.1.2.1.c), and
the maximum entropy method (§ 2.1.2.1.d). The results are summarized and
compared in § 2.1.2.1.e. In the following, a maximum (or, for the MMD and
x* method, a minimum) at positive lags means that the shorter wavelength

variations lead those at longer wavelengths.

2.1.2.1.a Discrete Correlation Function

83



Correlation

: 0 : :
T T T | T T T T l T T T T I T T T T ] T T T T

This method is described in Section 2.1 (§ 2.1.1.2.a). The 24 A-1400 A cross-
correlation function is shown in Fig. 2.11. The highest point in the cross-
correlation is at —1.80 hr, but it also shows a clear, double-peaked structure,
with the other peak of almost equal strength at +3.88 hr. This type of prob-
lem is often seen in the DCF, and it appears to be related to the fact that the
measured function is a convolution of the lag with an autocorrelation function
of non-zero width. PKS 2155-304 (like most AGN) appears to have a steep
fluctuation power density spectrum (Tagliaferri et al. 1991), with significant
power on time scales longer than the few days probed in the intensive sam-
pling. This leads to a wide autocorrelation function, so the cross-correlation
function is also very wide with a broad, flat peak, and thus is relatively insen-
sitive to the exact value of the lag. To be conservative, we adopt the mean

of the two peak values (+1.04 hr) as the best estimate of the lag.
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Fic. 2.11 — Discrete correlation function between 24 A and 1400 A.
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At zero lag, the DCF is equivalent to the standard correlation coeflicient (i.e.
DCF(Tiy = 0) = ), for which the significance can be simply calculated.
These data can then be used to determine directly the probability that the
data are in fact truly correlated. The values of 7 at zero lag and the associated

false-alarm probabi]ity (po) are given in Table 2.2

TABLE 2.2
CORRELATIONS AND LAGS

Wavebands \2 Min. Lag  MMD Lag MEM Lag  DCF Lag
(&) rsl0) N©)  pl0) (hr) (hr) (hr) (br)

24 -1400 079 22 <107 4228TE tasatiT 2.4 ~1.80 78

1400 - 2800 0.93 51 <107t —048T0S: 02015 0.0 +0.487192

2800 - 5000 0.84 48 <107* —0.967130 —0.311 QY ~2.76 7589

This provides quantitative confirmation of what is probably obvious from
examination of Fig. 2.10, namely, that the UV-X-ray correlation is highly
significant (po < 107*).

However, this prescription cannot be used for non-zero lags, and system-
atic effects do not allow the DCF to measure meaningful errors across the
entire function directly from the data, as was originally suggested by Edelson
& Krolik (1988). Their error bars were measured by assuming that the UDCF
points are independent, while in fact they are dominated by systematic ef-
fects introduced by the particular sampling pattern. In the case of evenly
sampled observations, such as the UV monitoring of NGC 5548 (Clavel et al.
1991), the errors are overestimated, while for unevenly sampled light curves
(e.g. Edelson et al. 1990), the errors are clearly underestimated. Because the
errors on the points are not reliable, and in any event, the goal of correlation

analysis is generally to measure the errors on the lag, not on the value of the
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correlation function at a given lag (which the DCF does not directly provide),
another method must be used to estimate the errors.

Therefore, Monte Carlo simulations are used to estimate the error on the
lag and determine if it is significantly different from zero, as follows: first,
identical synthetic 24 A and 1400 A light curves are produced with the same
statistical characteristics as the observed ones. A fluctuation power density
spectrum with a power-law slope of P(f) o< f~? (where P(f)is the fluctuation
power at temporal frequency f) is assumed. Although the interruptions make
this data set unsuitable for measuring the slope of the power density spectrum,
previous X-ray measurements by Tagliaferri et al. (1991) indicate a slope of
about —2. Next, the variability amplitudes are normalized to those observed
(7.3% for the 24 A data and 5.4% for the 1400 A data). Then, the synthetic
data are sampled at the same times as the observed data, and Gaussian noise
added at the measured noise level (1% for the 24 A data and 1.5% for the
1400 A data). The cross-correlation is then derived, and the best estimate of
the lag is measured, in the same fashion as the observed data. This process
is repeated to produce 10,000 independent tests, and the confidence range is
taken to be that containing 90% of the test lags.

These simulations yielded a 90% confidence interval of -6.66 hr to
13.74 hr. Only about half the test runs yielded lags outside of the range
+1.04, indicating that the lag measured by the DCF was not significantly

different from zero.
2.1.2.1.b  Modified Mean Deviation Technique

The second method used in this study is a modification of the mean variance
method introduced by Hufnagel & Bregman (1992). It assumes that the two
light curves are actually realizations of the same process, but shifted in time
and flux level. Thus, it cannot be used to estimate the significance of the
correlation between wavelengths.

This Modified Mean Deviation (MMD) method works as follows: First,
the two unevenly sampled light curves, z(¢;) and y(t;), are normalized to zero

mean and unit dispersion, to yield z;/ and y;', as above. Then, for each pair,
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Mean Deviation

the lag At¢;; and flux difference AF;; are computed:
Ati]‘ = tic—— tj, (24&)

and

AF;; = —yj. (2.4b)

The AF};’s are then grouped into ranges of At;; such that for all of the NV

pairs with
Trag — 7/2 < Aty < Thag + 7/2, (2.5a)
the following are computed:
(AF) = %Z AFyj, (2.5b)
and
MMD(Tiag) = car = \/‘]lg > (AF;— (AF))? . (2.5¢)

Finally, as with the DCF, the best estimate of the lag is made with a parabolic
fit. The results are shown in Fig. 2.12.
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FiG. 2.12 — MMD analysis between 24 A and 1400 A.
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There is no “double-peak” seen with the MMD method. Errors on the lag
are estimated in the same fashion as with the DCF. The best estimate of
the lag is +2.84 hr, and the 90% confidence interval is —6.22 hr to +6.21 hr.
Thus, the simulations show that the lag measured by the MMD method is

not significantly different than zero.
2.1.2.1.c  x* Minimization Technique

The third method is an adaptation of a technique developed for the analysis
of time delays in the light curves of the gravitational lens 0957+561. Like the
MMD technique, this method assumes that the light curves have the same
underlying correlation properties, so it cannot be used to test the strength or
significance of the correlation. In principle, it allows analytic estimation of
the errors on the lag. Details are given in Press et al. (1992).

As before, the data are normalized to zero mean and unit variance. Then,

the one point estimate of the structure function, vij, is calculated for all pairs

of points,
At;; = lt,' — tjl ; (2.60,)
and
1 1 1
Vi = 5(:1),', - :Ej’)z - 5612 - 565, (26b)

where ¢; is the fractional error on the measurement, z;'. The structure func-
tion, of the form, V(7) = b|r|", is fitted after binning the vj;s into equal size
bins. Since the analysis assumes that the structure functions are identical
for all light curves, the parameters used in the time delay analysis are the
average of the fitted parameters. These structure function fit parameters for
the different light curves are in fact very similar, and in any event, the time
delay measurement is insensitive to the values assumed.

The two light curves are combined to form a single light curve, assuming
a flux ratio and time delay. The statistical properties of this joint light curve
are compared with those of the individual light curves by calculating the
generalized x? statistic, defined as

x* = Dz A(Atij)z (2.7)
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where A(At;;) is the inverse of the total covariance matrix,

A(bt) = [ = V(B - S0 -G + )] (2.8)

‘and where ¢? is the unknown population variance of z(¢). By taking the limit,
0? — o, the dependence on the population variance is removed. When the
generalized x? is minimized, the assumed time delay and flux ratio yield
maximum likelihood estimates of the true time delay and flux ratio. In other
words, when the assumed time delay and flux ratio approximate the true delay
and ratio, the joint light curve should exhibit the same correlation properties
‘as the individual light curves, provided that the original assumption, that the

two light curves are drawn from the same parent light curve, is correct.
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FiGc. 2.13 — x? analysis between 24 A and 1400 A (top panel), 1400 A and
2800 A (bottom left panel), 2800 A and 5000 A (bottom right panel).
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Since this statistic is not a true x? statistic (Press et al. 1992), the confidence
intervals are determined by Monte Carlo simulation, as before. The resulting
plot of x? as a function of delay is presented in Fig. 2.13. The best estimate of
the lag is +2.28 hr, and the 90% confidence interval is +1.68 hr to +3.53 hr,
in the sense that the X-rays lead the UV. The simulations show that the lag
measured with the x? method is significantly different from zero at the ~ 5o
level. Thus, for this problem, the x* method is more powerful than the DCF
or MMD methods. No significant lag can be measured between the other
bands.

2.1.2.1.d Mazimum Entropy Technique

The final method used to estimate the lag was the maximum entropy method
(MEM). MEM tries to find both a “smooth” X-ray light curve that fits the
24 A data points and “smooth” transfer functions that, when convolved with
the X-ray light curve, gives a light curve that fits the 1400 A points. In
this approach, the 1400 A light curve is modeled as a linear convolution of
the X-ray light curve with a transfer function. The transfer function then
gives the time delay distribution of the UV variations with respect to the
X-ray variations. Details of the method, used previously to measure transfer
functions between line and continuum variations of Seyfert 1 galaxies, may
be found in Horne et al. (1991) and Krolik et al. (1991).

The MEM reconstructions were performed of transfer functions obtained
for the 1400 A, 2800 A and 5000 A light curves measured with respect to the
24 A light curve (unlike the previous methods, MEM permits simultaneous
analysis of more than two light curves). A two-parameter family of satisfac-
tory solutions is examined to fit the data with reduced x? values of 1.0 to 0.5.
In all of these solutions, the peak of the 1400 A transfer function occurs at
a delay of ~2.5 hr. The transfer function has a full width at half maximum
of 2.5-7.5 hr. This range indicates that the width of the transfer function is
not tightly constrained by these data. No attempt is made to quantitatively
estimate the errors on the MEM results with Monte Carlo simulations.
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2.1.2.1.e  Summary, Comparisons and Caveats

The results of the 24 A-1400 A correlation analyses are summarized in the
first line of Table 2.2. Note that the errors refer to 90% confidence intervals.
The DCF (the only method tested that is sensitive to the strength of the
correlation) confirms that all of the light curves are strongly correlated. The
x? method found that the lag of ~2-3 hr is significant at the ~ 5o level.
The other three methods yield similar values for the lag, but the significance
is lower (~ 1.5¢). Thus, for this experiment, the x* method proved to be
the most powerful. However, no one method is best in all cases, and another
approach may prove more useful under different circumstances.

An unfortunate defect of this data set is the presence of gaps in the oth-
erwise even sampling. In particular,- gaps occur in the 24 A coverage around
November 12.8 and 14.8, just prior to two of the three local maxima in the
1400 A light curve (although the minima in both light curves are well de-
fined). The MEM fit introduces unobserved X-ray flares in the 24 A data
gaps in order to produce the observed maxima in the 1400 A light curve
while retaining rather broad transfer functions. The other methods must also
effectively do this as well.

The data near the end of the experiment appear to diverge, with the
1400 A fluxes declining from a maximum while the 24 A flux is rising. MEM
makes a rather strained fit to this difficult section by means of a flare in
the data gap around November 14.8 and a dip between the two 24 A mea-
surements around November 15.05. This suggests that the true relationship
between the X-ray and UV variations could be more complicated than a sim-
ple linear convolution, and that while the light curves are strongly correlated
on short timescales, they may diverge when timescales longer than the ~3
days sampled in the intensive period are probed.

Such behavior may indicate that there is a hierarchy of size and time scales,
in which case the measured lag could depend on the length of the monitoring
campaign. For instance, consider what would happen if the same process

operates in two regions of different size, with the larger region having larger
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amplitude variations, longer lags and longer variability timescales. Then,
if one monitored for only a short time, one would only be sensitive to the
small, rapid variations from the smaller region, and the shorter lag would be
measured. However, if one monitored for long times, the larger amplitude
variations would dominate, and the larger lag would be found. In both cases
the direction of the lag is the same if both regions emit by the same process.
Thus, this experiment gives greater confidence in the sign of the lag (which
indicates whether the X-rays or UV lead) than its magnitude.

This is the first measurement of the temporal correlation between X-ray
and lower-energy variations from any BL Lac object, and the first indication
that X-ray variations precede those at lower-energies. This has very important

implications for emission models, as discussed in Section 2.1.3.
2.1.2.1.f Correlations Measured with the Intensively Sampled IUE Data

The intensively sampled 1400 2-2800 A and 2800 A-5000 A correlations were
analysed in a fashion identical to the 24 A-1400 A correlations. These results
are presented in lines 2 and 3 of Table 2.1 and in Figs. 2.4 (DCF, § 2.1.1.2.a)
and 2.14 (MMD). For the correlations involving only IUE data (1400 A-
92800 A and 2800 A-5000 A), slightly longer timescales are covered, and the
Monte Carlo simulations assumed errors of 1.5% at 1400 A and 2800 A and
3% at 5000 A, and NVA of 6.2%, 5.7% and 6.0% at 1400 A, 2800 A and
5000 A, respectively.

Again, the DCF confirms that all of the light curves are strongly correlated
(see also Section 2.1.1). For both the 1400 A-2800 A and 2800 A-5000 A
correlations, all the methods yield results consistént with no lag, within limits

of < 12 hr in the most constraining analysis (the x? technique).
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Fle. 2.14 — MMD analysis of UV-optical correlations in the intensively
sampled data. The 1400-2800 A correlation is on the top and the 2800-

5000 A correlation is on the bottom.
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2.1.2.1.g  Lower-Frequency Correlations

Extending these results to lower frequencies and longer timescales is more
difficult. This is not because there are not enough data. With N ~ 65 in
a number of optical bands, there are actually more data vthan the N = 35
to 50 points used in the UV-X-ray analyses. Rather, the problem is that
the lower frequency data lack the homogeneity and relatively even sampling
of the intensive satellite monitoring. The ground-based data in any given
band consist of observations made with many different telescopes, detectors,
calibration sources and reduction techniques (see Courvoisier et al. 1994 for a
detailed discussion of these data). Although each of the data sets contributing
to this large database may be internally consistent, systematic differences
between different observer’s data could greatly affect the result. Since there
is no obvious, reliable way to weight these data or estimate errors by Monte
Carlo simulation, only qualitative analyses are given.

Visual inspection of the month-long light curves (Fig. 2.10) suggests a
correlation throughout the UV-optical-IR regime. All of the UV-optical data
appear strongly correlated, with no significant evidence for a lag greater than
the typical sampling limit of ~1 day. The IR data have even poorer sampling,
with only 8-13 points, but again appear to closely follow the trend in the
high-frequency data.

The sparsely sampled radio data do not show this correlation at zero lag,
however. The radio data can crudely be described as staying roughly constant
for the first half of the campaign and then rising somewhat in the second half.
The rise appears to occur later and become progressively weaker as one goes
from 1.3 cm to longer wavelengths, with very weak variability and no obvious
trend at the longest wavelength band sampled, 20 cm. The long-term optical-
UV light curve rises in the first 10 days of the campaign and remains at a
high level for the last 20 days. It does appear that the radio variations could
be related to but lagging the optical-UV by ~5-10 days, with shorter delays
and stronger correlations at the shorter fadio wavelengths. Unfortunately,

the lack of mm/sub-mm data make it impossible to track the lag and tell
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with certainty if this behavior is connected to the variations seen at higher

energies.
2.1.2.1.h  Periodicity Analysis

Detection of a periodic component to the variations would be of great im-
portance, arguing against beaming and for a more isotropic emission source,
such as an orbiting source or a hot spot on a disk. The autocorrelation
functions derived from the IUE observations by means of the DCF method
appear to have shoulders at ~0.7-0.8 days (Section 2.1.1, Fig. 2.5). However,
as mentioned previously, errors generated by the DCF are not meaningful, so
the significance of any potential periodicity cannot be accessed by examina-
tion of the autocorrelation function alone. Therefore, a procedure designed
specifically to detect periodicity in the presence of noise 1s here employed.

There are two general types of statistical methods which have been used
to search for periodicities. The first and most widespread uses Fourier tech-
niques to measure the power spectrum (e.g. Bracewell 1986), and as such
is not directly applicable to these unevenly sampled data (for example, di-
rectly transforming the DCF autocorrelation function would yield a highly
corrupted power spectrum). The second method, folding the data on test
periods, can be applied to unevenly sampled data, and is also more sensitive
to non-sinusoidal pulse shapes that might be seen in AGN.

The epoch-folding Q?-statistic of Daves et al. (1989) is used. This method,
which has already been used to test for periodicities in AGN (e.g. Done et
al. 1992), is well suited foi: detecting periodic modulation in the presence of
both erratic variability and measurement noise. It tests the hypothesis that
there is no periodic signal with a given period: first, the N data points are
folded on a trial period and binned by phase. For the it of M phase bins,
the mean z; and sample variance o;? are computed, as is the overall mean,
(z). Then, the Q? statistic is computed,

a3

Q= ﬁ_[:(-”?—lﬁ—@—)—z (2.9)
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—log(FAP) —log(FAP) -—log(FAP)

—log(FAP)

Q?is distributed similarly to the x? statistic. The false-alarm probability (the
confidence with which one can reject the null hypothesis) can be determined

from

_ (VN — M)Q?
(M -1)(N-1)- Q¥

where I has an F distribution with (M — 1) and (IV — 1) degrees of freedom.
The intensively sampled 24 A, 1400 A, 2800 A and 5000 A light curves

L (2.10)

are sampled fairly regularly (but with interruptions totaling about 1/3 of the
time) for 2.3 to 4.5 days. This test has been done for these four data sets and
the results are plotted in Fig. 2.15 (the sampling frequency and homogeneity

of the ground-based data are insufficient for meaningful periodicity analysis).
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Fig. 2.15 — Results of the epoch-folding tests for the 24 A, 1400 A and
2800 A data. The ordinate is the log of the inverse of the false-alarm proba-
bility (the confidence level).
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For the three UV-X-ray light curves, the confidence level at which one can
reject the hypothesis that the source is periodic is po = 30% to 50%, while for
the most significant case, the 5000 A data, the confidence level is po = 13%.

These are not statistically significant.

An alternate, non-statistical approach is to time the maxima and minima
in the light curves. Application of this technique to the 1400 A light curve,
for instance, shows four clear maxima (at November 11.97-12.10, 12.90-12.97,
13.57-13.70 and 14.83-14.96) and three clear minima (at November 12.23-
12.57, 13.30-13.37, and 14.23-14.56; the large gap at November 11.37-11.83
makes it impossible to determine if and when any earlier changes of direction
occurred). Because the data have such high S/N, the times of these minima
and maxima are fairly well defined. There is no single periodic function
consistent with all these times. For instance, a 0.8 day periodicity is consistent
with the first three maxima, but would predict a peak at ~November 14.50,

when the source is actually in a minimum.

There are two possible reasons why the IUE autocorrelation functions
showed features which are not confirmed by more rigorous analyses. First, the
IUE data were subjected to ~0.2-0.3 day interruptions by Earth occultation
at the same time each day. The average span of uninterrupted observations
was 0.7-0.8 day, resulting in a window function with a spike at this timescale.
Since AGN show strong variability over many timescales, the poor window

function can irretrievably alias variability power to this particular time scale.

Second, signals with red power spectra frequently show spurious period-
icities on timescales that are an appreciable fraction (~1/3) of the length of
the data stream because there are too few large-amplitude components at
low frequencies to achieve the Gaussian behavior of the central limit theo-
rem. During the intensive IUE monitoring period of 10.7-15.2 November, the
source was actually observed only about 2/3 of the time, with other sources
being observed during the remaining time, so the effective period was 4.5 days
x 2/3 = 3 days. Thus, timescales of order ~1 day are suspect. There is no

compelling evidence for periodic behavior in these data. A more firm conclu-

97



sion could be achieved only if there were 10 or 20 periods (so that the central
limit theorem would indeed apply).

These results do not support the hypothesis that the variations in
PKS 2155-304 have a “quasi-periodic oscillator” (or QPO) character simi-
lar to that seen in X-ray binaries (e.g. van der Klis 1989). In QPOs, the
fundamental temporal frequency of the periodicity is not fixed at a single,
constant value. Instead, it wanders slowly around a mean value. However,
for these sources, the apparent temporal frequency of the periodicity does
remain approximately stationary over a small number (< 10) of cycles. This
would produce an apparently sharp and detectable periodicity, which was
not seen. Of course, the possibility of QPO cannot be completely eliminated,
since one could always posit changes in the peak temporal frequency which
would be too rapid to detect, or a fundamental temporal frequency that is too
low to detect in this finite data train. However, these data give no positive
evidence of such QPO behavior.

Furthermore, this period is not present in extensive, well-sampled optical
data taken in 1988 (Carini & Miller 1992), which means, since we now know
the optical and UV are closely related, that any periodicity, if real, is transi-
tory. Only a longer run of intensive monitoring can clearly confirm or refute

 the stability of this periodicity.

2.1.3 MODELS FOR VARIABILITY
2.1.3.1 Synchrotron Emission within an Inhomogeneous Jet

The time-averaged radio through X-ray spectral energy distribution of
PKS 2155-304 is shown in Fig. 2.16. The IR through X-ray data were taken
on November 14.75-15.30, and the radio data were taken at November 16.1.

The spectral energy distribution is very smooth, at least over the wave-
bands observed in this experiment, rising monotonically in vF, from 20 cm

(where the mean spectral index is (@) = 4+0.01;S5, o v*) to 1400 A (where
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(a) = —0.79). The X-rays (with (@) = —1.65) show no sign of the flattening
that would be expected from Compton scattering. The y-ray upper limit (1.3

. 1077 ph s7! cm~? at energy > 100 MeV) determined non-simultaneously
(October 1992) by EGRET is also reported.
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Fic. 2.16 — Spectral energy distribution of PKS 2155-304. The synchrotron
model of GMT is overimposed on the data (dotted line).

The 30% change in intensity occurring over a day (for example, around 13-14
November 1991) at optical, UV and X-ray frequencies corresponds to a total
variation AL/At ~ 4x 10" ergs s72 (for z = 0.116, assuming Ho = 50 km s7!
Mpc~! and isotropic emission), which is a factor of 2 above the fiducial limit
for Eddington-limited accretion with efficiency 7 = 0.1 (Fabian 1979; see also
§ 1.d). Thus the flaring would in fact have exceeded the limit, suggesting

relativistic beaming is present.
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This strongly favors the interpretation of the emission in PKS 2155-304
through a radiating jet. In the jet models, the low-frequency spectrum (up to
the optical-UV band) is attributed to synchrotron radiation from relativistic
electrons, while, depending on the specific assumptions about the physical
quantities in the jet, either synchrotron emission or Compton scattering could

produce the X-rays.

The first issue that can be clearly addressed with these data is whether
the soft-X-ray emission seen with Rosat can be produced by the Compton
upscattering of lower-energy photons. If a single homogeneous source of rela-
tivistic electrons provides the lower-energy seed photons (via the synchrotron
process) which are then upscattered (i.e. the SSC process), then the X-ray
variations should occur either after or at the same time as lower-energy vari-
ations. Thus, the simplest SSC model cannot account for the soft-X-ray

emission (in the 0.2-2 keV band) since it leads the lower energy variations.

Consider further if the seed photons derived from some independent
source. If the relativistic electrons responsible for upscattering these photons
to soft-X-ray energies were the same as those which produce the radio through
UV synchrotron spectrum, the Compton radiation should have roughly the
same spectral slope as the longer wavelengths (a = +0.01 to —0.79). However,
it is much steeper in the X-rays (a = —1.65) than in any lower frequency band

(see Fig. 2.16 and Brinkmann et al. 1994), arguing against this hypothesis.

However, these data do not address the importance of Compton scatter-
ing at energies higher than those probed by Rosat (>1 keV). In particular,
Compton scattering is often invoked to explain the high-energy v-rays from
blazars (see Section 2.3), a conclusion that is not contradicted by these re-
sults, and suggested by the EGRET upper limit. Finally, it should also be
kept in mind that PKS 2155-304 is an X-ray-selected BL Lac, the class for

which synchrotron emission is thought to be most dominant.

The spectral continuity (Fig. 2.16) and synchronous variations (within
a few hours) at IR through UV frequencies are easily interpreted as a con-

sequence of the synchrotron process, acting at those energies. The strong
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X-ray-UV correlation, when combined with the fact that the X-rays lead the
UV, argues that the X-rays would also be produced by direct synchrotron
emission. This would require that the electron energy distribution extend to
higher energies than would be necessary to produce only the radio through
UV spectral energy distribution. This means that the maximum electron en-

ergy would have to increase by an order of magnitude, for a fixed magnetic

field strength.

Another general constraint derives from the absence of strong X-ray spec-
tral variability (e.g. Brinkmann et al. 1994). Reasonable estimates of the
lifetimes for the X-ray emitting electrons are very short (e.g. ~0.01 sec).
Since the UV and X-ray light curves are so similar, the témpora,l behavior
must be dominated by the energy input mechanism in essentially one region,
with frequency-dependent geometry playing a secondary role. That is, the
electrons would need to be continually re-accelerated in situ, because any
electron distribution derived from a single injection would quickly steepen,

producing significant spectral changes.

Finally, the 2-3 hr lead of the X-rays with respect to the lower frequencies
is much shorter than the fastest variations seen in any band. If the variability
timescales are related to size of the emitting regions, the short lag could be
caused by Doppler foreshortening and phase effects in the direction of motion
of the plasma or perturbation and/or to a flattened geometry (e.g. a shock

front in a jet oriented towards us, see § 2.1.3.2.).

In the context of the inhomogeneous jet model (Marscher 1980; GMT, see
§ 1.d), an increase in the flow of energy down the jet would lead to a flare
seen first at higher and later at lower frequencies. The observation that the
X-rays lead the longer wavelengths suggests that the innermost synchrotron-
producing region is radiating at X-ray or higher energies, and qualitatively

conforms with expectations.

However, this model has difficulties explaining both the magnitude of the
UV-X-ray lag and the lack of spectral variability. To estimate the range of
physical conditions required by this model, the broad-band spectral energy
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distribution of PKS 2155-304 (Fig. 2.16), was fitted with the relativistic jet
model described in GMT (see also Section 1.4). A bulk relativistic velocity of
I' ~ 5 was assumed. In this model, the jet starts with a dimension of 3 x 103
. cm and extends with parabolic shape to 3 x 10'®cm, which is the dominant
region for emission above 10 Hz. At lower frequencies, the emission is
self-absorbed and the jet structure is assumed to change to a conical shape
(not included in the fit shown). The magnetic field at the core of the jet is
B = 3000 G, corresponding to a maximum electron energy of v =~ 5000.

This implies that the high energy electrons emitting in the X-rays will
have very short radiative lifetimes (¢;/; ~ 0.01 sec). As mentioned earlier,
the electrons responsible for the X-ray variations cannot also produce the UV
variations unless they are re-accelerated. Likewise, if a shock traveling down
- the jet is responsible for the variations, it would have to travel ~ 10'® cm
to reach the UV emitting region. This corresponds to a light travel time of
~4 days. Extremely large relativistic corrections would be needed to make
this compatible with the observed lag of 2-3 hr.

Furthermore, Celotti et al. (1991) computed simulated light curves that
would be expected in such a model, approximating the propagation of a shock
wave in the jet by a schematic perturbation of given size and amplitude
moving at constant speed (but without making relativistic corrections to the
timescales). They predicted strong spectral variability, with the X-ray varia-
tions being much stronger than those at lower energies. The observed lack of
spectral variability in the X-rays and similarity between the different wave-
band light curves argue further against the specific model described above.

However, it should be kept in mind that this argument is valid only above
the spectral break, while for this object, the break falls close to the Rosat
band. Indeed, GINGA observations of PKS 2155-304 show that the spectrum
continues smoothly to higher energies, and there is evidence for spectral vari-

ability at these higher energies (Sembay et al. 1992).
2.1.8.2 Emission from a Shock Front
As mentioned in 2.1.3.1, the short UV-X-ray lag argues for flattened geometry.
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As shown by Marscher & Gear (1985), a shock front in a relativistic jet would
produce both a flattened geometry as well as the particle acceleration and
magnetic field amplification required to produce synchrotron flares. Such
shock waves would presumably be caused by the non-stationary energy input
responsible for the variations.

Since the distance traveled behind the shock front by a relativistic electron
before suffering radiative losses would depend on energy, the thickness of
the emission region would decrease with increasing frequency. This would
naturally produce the X-ray-UV lag, and account for its being shorter than
the variability timescales. Furthermore, simulated light curves published by
Marscher et al. (1992) bear some qualitative resemblance to the observed light
curves, with similar shapes at high frequencies and a small but significant time
delay toward lower frequencies, although this is difficult to quantify. Finally,
the radio data show a spectral flattening throughout the flux rise, which is
qualitatively consistent with the Compton loss stage of the shock (Marscher
& Gear 1985). However, shock fronts alone cannot solve all the problems with
the relativistic jet model, since spectral variability would still inevitably be
expected, and invokiﬁg a shock front introduces even more free parameters

for these already poorly constrained data. -
2.1.8.8 The Accretion Disk Model

Wandel & Urry (1991) proposed that the UV continuum of PKS 2155-304
could be thermal emission from an accretion disk. There is evidence that
emission from an accretion flow contributes to the UV spectra of Seyfert 1s.
This includes the success of disk models in reproducing their spectra (e.g.
Malkan & Sargent 1982) and the observed anticorrelation between the degree
of variability and luminosity (e.g. Edelson et al. 1990).

However, the observation that BL Lacs vary much more rapidly than even
the lowest luminosity Seyfert 1s (Edelson et al. 1991), and as a group show
a positive correlation between luminosity and variability amplitude (Edelson
1992), pose severe problems for the model of thermal UV emission from BL

Lacs. Also, the linear polarization of PKS 2155-304 has been observed to
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increase toward shorter wavelengths in previous optical observations (Smith
& Sitko 1991), this campaign (Smith et al. 1992; Courvoisier et al. 1994), and
UV observations with HST (Allen et al. 1993). Emission from an accretion
disk would be expected to show the opposite behavior.

Furthermore, one would expect the shape of the IR through UV spec-
tral energy distribution to vary with time, since the UV emission would be
dominated by the accretion disk, while another component (presumably with
different variability behavior) would have to produce the optical-IR emission.
Such a predicted hardening of the optical-UV spectral energy distribution as
the flux level increases has been observed in Seyfert 1 galaxies and quasars
(Cutri et al. 1985; Edelson et al. 1990). Contrarily, the shape of the spectral
energy distribution of PKS 2155-304 remained very stable as the flux var-
ied, with multi-wavelength flux ratios such as Fiy00/ Fs000 remaining fixed to
~10% while the overall flux level changed by a factor of two. This argues that
the optical-UV spectral energy distribution is a single emission component,
not the combination of components called for in the accretion disk model (see
also Introduction, § Lb).

Finally, one would expect a measurable lag between the UV and optical
bands, because the higher energy emission would be produced at smaller
radii. In the model of Wandel & Urry (1991), the 1400 A flux is produced
at a radius of ~ 2 x 10'% cm (20 lt-hr), while the 5000 A flux comes from a
distance of ~ 7 x 10' cm (70 lt-hr). However, the 1400 A-5000 A correlation
analyses show no evidence for a lag, with an upper limit of a few hours.
Thus, the accretion disk model would require the disturbance to, propagate
at > 10c. This discrepancy is too large to be accounted for by relatively
minor effects such as possible non-axisymmetry and inhomogeneities in the
disk. While monitoring of the Seyfert galaxy NGC 5548 has also failed to
measure a 1400 A-2800 A rla,g, that experiment had much lower temporal
resolution (4 days), and the propagation speed was limited to only 2 0.1c.
The above arguments rule out the accretion disk model for PKS 2155-304.

2.1.8.4  Gravitational Micro-Lensing
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Specific candidates for micro-lensing (see § I.d) have been suggested for some
of the radio-selected BL Lac objects on the basis of their variability charac-
teristics (Stickel et al. 1991).

If the size of the emitting region is independent of wavelength, the vari-
ability will be achromatic, as is approximately the case with the IUE data for
PKS 2155-304. It is required that a foreground galaxy be closely aligned with
PKS 2155-304, so that the line of sight intersects a large number of densely
packed stars. Rapid (£,,, < 1 year) variations could be caused by the relative
motion of the background quasar and a foreground star cluster (Stickel et al.
1988; Schneider & Weiss 1987) but require the relative source/lens velocities
to be extrerﬁely high, such as the superluminal motion that results from an
aligned relativistic jet.

If the size of the emission volume is independent of wavelength, then the
variability timescales would also be independent of wavelength. The result
that the X-rays lead the UV by 2-3 hr can be understood if the X-rays arise
in a smaller region. Then, one would expect that the UV light curve should
be smoother than the X-ray light curve (because the lensing star will have a
longer crossing time and possibly weaker amplification). This means that the
autocorrelation function of the UV light curve would be wider than the X-ray
autocorrelation function. Unfortunately, given the gaps and the short length
of the data train, as well as the differences in the sampling patterns, the UV
and X-ray light curves cannot be used to quantitatively test this prediction.

Calculations of the amplification pattern due to micro-lensing that include
the macro-lensing shear can even produce a quasi-periodic signal (Wambs-
ganss et al. 1990). Minor spectral changes could be explained by intrinsic

effects in the jet, while the bulk of the variations could be due to micro-lensing.

2.1.8.5  Periodicity

The possible periodicity at ~ 15 — 20 hours is one of the most intriguing
yet ultimately frustrating results of the present campaign. We lack enough
data to be confident of its reality. During our observations, PKS 2155-304
was in a particularly bright state, as was the BL Lac object OJ 287 when
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a possible periodicity was detected in its optical light curve (Carrasco et al.
1985). Tt is clearly important to obtain longer, high-quality light curves of
PKS 2155-304 in a bright state.

Meanwhile, keeping in mind the uncertainties, we explored what such a
period, if real, might mean. Ome possible origin of a periodicity is orbital
‘motion. The nearest stable orbit around a black hole is at a few (n 2 3)
Schwarzschild radii, where Rs = 2GMpg/c*. Using Kepler’s law and ignoring
relativistic effects, the central black hole mass is related to the orbital period,
T, by Mgy = Tc*/(4v/2mn®/*G). If the UV emission is not relativistically
beamed, then Mpy < 1.3 x 108 M. Relativistic beaming would shorten the
observed timescale relative to the true timescale, and so would allow higher
masses in this simple limit.

In the context of a relativistic jet picture, the periodicity can be explained
if the production of the jet is closely coupled to the orbital dynamics. For
example, Camenzind & Krockenberger (1992) considered jets that are mag-
netically collimated winds emanating from the inner edge of an accretion disk.
In this model, spiraling motion of plasma bubbles moving along magnetic field
lines in the jet causes quasi-Periodjc fluctuations in observed intensity simply
as a result of a smooth variation in the Doppler factor. The rotation period
of the escaping plasma bubbles is initially the Keplerian period of the inner
disk, increasing beyond the Alfven point, R4, as (R/Ra)?, where R is the
perpendicular distance of the bubble from the jet axis. The bubbles become
collimated and are observed at R > R4. The observed period will be shorter
by the factor (1 — Bcosf), where § is the inclination of the jet, due to a
relativistic projection effect.

The estimate of the Lorentz factor and of the viewing angle for PKS 2155-
304 based on the GMT model (§ 2.1.3.1) give ' ~ 5 and 6 < 1/T ~ 10° so
that the observed period of 0.7 days corresponds to a true period of 1.7 X 108
seconds. For R/R4 ~ 10 (Camenzind & Krockenberger 1992), the Keplerian
period at 5Rg is then 1.7 x 10* seconds, and the black hole mass is 1.8 x
107 Mg.
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2.2 Simultaneous UV, Optical and Radio
Monitoring of the BL Lac OJ 287

OJ 287 (z = 0.306) is one of the best studied flat-spectrum radio sources
across the whole electromagnetic‘ spectrum. Recent observations are reported
at radio (Gabuzda & Sitko 1994), mm and sub-mm (Gear et al. 1994), near-
IR-optical (Falomo et al. 1993d; Takalo et al. 1994) and X-ray (Rosat,
Boller et al. 1992) wavelengths. An upper limit of 1.9 - 1077 ph s~1 cm™2
(E>100 MeV) for the y-ray emission was determined by EGRET (Fichtel
et al. 1994). The object was observed previously in the X-rays both by
EXOSAT (Sambruna et al. 1994) and Einstein (Madejski & Schwartz 1988).

The presence of strong beaming of the energy outflow along the observing
direction is suggested by the large core-to-extended radio emission ratio and
by the detection of superluminal motions (R>3.5 and Bayp = 6.4 respectively,
Ghisellini et al. 1993, and references therein).

Large optical magnitude variations (Amy =~ 3) were reported by Carini
et al. (1992), who monitored the source between 1979 and 1989, finding a
microvariability of ~0.03 mag/hr. A peak in the optical flux (my = 12.92)
was found by Haarala et al. in January 1983 (IAUC 3764).

At the UV frequencies, OJ 287 is the most variable blazar after 3C 446
(Edelson 1992). Its activity peaked in April 1983 when a big flare was detected
at optical and UV wavelengths (Maraschi et al. 1986a; Carini et al. 1992;
Moles et al. 1984). The historical optical light curve suggests that outbursts
may occur with a 11.6 period (Sillanpaa et al. 1988; Kidger et al. 1992; Takalo
1994). Since the last remarkable flare was detected in 1983, observations
during 1994 are of crucial importance. We present here simultaneous UV,
optical and radio observations performed in several places during one of the

faintest ever recorded states of the source.
2.2.1 Observations and Data Analysis

IUE observed OJ 287 on 1993 March 15-20 (4.3 days) within a broad—band‘

microvariability intensive monitoring program. No simultaneous Rosat ob-
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servations were organized since the objects is too faint for X-ray time-series
analysis.

The target was in an extremely weak state (in some cases below the limit
of detectability), then only the LWP camera was exposed. Each line-by-line
image file was displayed and carefully examined. All of the 23 images exhibit
underexposed spectra, however some signal is visible in a large fraction of

them (see in Table 2.3 the journal of observations).

TABLE 2.3
JourNAL oF IUE OBSERVATIONS OF OJ 287

IUE Image Exp. Time“ Date F?

(1) (2) (3) (4)
LWP 25099 50 1993 Mar 16.03 0.127 £ 0.023°
LWP 25106 45 16.66 0.099 £ 0.021
LWP 25108 44 16.79 0.191 £ 0.049
LWP 25112 50 17.04 0.164 + 0.023
LWP 25114 50 17.21 0.106 + 0.021
LWP 25119 50 17.65 0.132 +0.021
LWP 25126 50 18.07 0.121 £ 0.018
LWP 25140 50 19.06 0.162 £ 0.025
LWP 25149 50 19.65 0.129 £ 0.043
LWP 25151 50 19.79 0.129 + 0.034

LWP 25156 50 20.06 0.132 £0.018

¢ In minutes
b Integrated and averaged GEX extracted spectral flux at 2650 A

(units are 107'* erg s™* em~2A7")
¢ Errors represent 1o statistical uncertainties

The IUE spectra have been extracted with the GEX procedure (modifying
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the threshold of signal extraction from r.m.s./2 to r.m.s./3 in order to recover
very low signal, see Section 1.2, § 1.2.2.3) and with the Optimal Extraction.
Calibration to flux units has been performed after Cassatella et al. (1988).
The resulting GEX extracted spectra are given in Appendix B. For both sets
of extracted spectra the signal was integrated and averaged in the wavelength
region 2600-2700 A, where the instrumental sensitivity is maximal and the
scattered light due to the IUE baffle anomaly is minor (Rodriguez Pascual
& Fernley 1993). The associated uncertainty was evaluated as described
in § 1.2.2.3. Comparing the results of the two extractions (Fig. 2.17), no
systematic difference is seen between them and an agreement within ~20%

is found, which is comparable to the intrinsic flux uncertainties.
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We generally noted a fair correspondence between image luminosity and level
of GEX extracted signal, whereas the Optimal method in two cases fails in
extracting flux from well exposed images. Thus we tend to confirm that GEX
is slightly more reliable than Optimal for faint IUE spectra. Due to the low
quality of the data and to the large flux errors no spectral fit was attempted
to the data. In Fig. 2.18a the GEX light curve normalized to the average
<F(2650 A)> = (0.32 % 0.06) mJy is reported.
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Fic. 2.18 — Light curves of OJ 287 normalised to the average: (a) UV
(2650 A); (b) optical R band. The variability indices and x? values calculated
as in Edelson (1992) are also reported. '
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Relative photometry with the R filter was obtained nearly simultaneously to
IUE at the Landessternwarte Heidelberg (see Fig. 2.18b). Radio data at 37
Ghz were obtained in March 1993 at the Metsdhovi Radio Research Station
(Finland; see Fig. 2.19). Optical and radio observations have been already
shortly described and discussed in Sillanpdi et al. (1994).
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F1c. 2.19 — Radio light ¢urve at 37 GHz (March 1993).

2.2.2 Discussion

In the UV band it is difficult to detect variability, since the errors are large
(x* = 1). The indication of a flux variation of 2 90% in ~3 hours is present
in the light curve at MJD = 9063.3 with a 20 significance. Variability is much
more significant in the optical range; but the variability index o (which does
not depend on errors, see Edelson 1992) is approximately equal or lower than
that found in the UV. The radio flux at 37 GHz decreases by 30 % in ~ 2
weeks, but it appears to be constant (~2.2 Jy) during the UV monitoring
time.

Although the time coverage of optical and UV data is not regular and not

strictly simultaneous, the light curves present a similar trend in the temporal
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fractions of common observation and appear correlated without any apparent
lag. The data are however too scarce and unevenly sampled to attempt a
rigorous correlation analysis.

- The object has been observed several times with the LWP and LWR cam-
eras of IUE before our 1993 exposures. The historical light curve at 2650 A,
based on ITUESIPS extracted archival spectra, is shown in Fig. 2.20 together
with the average flux obtained in March 1993. A general decrease seems to
characterize the UV emission of OJ 287 in the IUE life period, with occasional
flares of even a factor of 20 larger than the flux detected during the present
monitoring.

Based on the periodical 11.6 yr variability, an outburst is predicted for
next July/August 1994. Recently, observations at mm, submm and optical
wavelengths showed indeed an increasing trend with respect to March 1993
(IAUC 5909, 5913, 5944, 5971). Therefore, UV observations in the second
half of 1994 would be of vital importance.
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Fic. 2.20 — Historical IUE light curve of OJ 287.
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2.3  The 1992/1993 Multi-Wavelength Campaign
on 3C 279. The Radio-to-Gamma-Ray
Energy Distribution in Low State

In 1992/1993, a large observational campaign was organized to obtain simul-
taneous data at all available wavelengths, from radio to ~y-rays, on 3C 279,
which at the time was the brightest extragalactic 4-ray source observed. The
observing dates (December 1992-January 1993) were chosen to allow simul-
taneous observation by three spacecrafts — IUE, Rosat and CGRO — and
from ground-based observatories.

Since 4-ray variability on timescale of days had been detected previously
in 3C 279 (Kniffen et al. 1993), the program aimed at studying the correla-
tion of variability in different frequency bands within a 20 day time interval.
However, the source was found to be in a quiescent or “low” state in «-ray
emission: COMPTEL obtained an upper limit while the sensitivity of the
EGRET instrument was barely sufficient to derive an average flux value over
the entire period. Nevertheless, due to the excellent wavelength coverage re-
sulting from the contributions of the numerous observers, we could derive a
good multi-frequency spectrum for the quiescent state (Fig. 2.22). The full
data set will be presented in separate papers devoted respectively to the co-
ordinated VLBI (Wehrle et al. 1994), radio-to-optical (Grandi et al. 1994),
and UV-to-X-ray observations (Urry et al. 1994a). In § 2.3.2 the 1993 energy
distribution is compared with that observed in June 1991, the epoch of the

highest measured «-ray flux, and the results are discussed in Section § 2.3.3.
2.3.1 Observations
2.3.1.1 ~-rays

The EGRET instrument onboard CGRO observed 3C 279 with good sensi-
tivity (7 degrees off-axis) from 1992 December 22 to 1993 January 12. The
summed data for the entire 3-week observation were analysed, as were 3

separate 1-week intervals. 3C 279 was not detected at the > 4o level (the
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minimum used by the EGRET Team) in any of the 4 analyses. However,
in each of them, a weak source (3.50 for the summed data, ~ 3o for the
separate weeks) appeared to be present at a positibn consistent with that
of 3C 279. The integral flux for a source at the true position of 3C 279 is
(1.2 £ 0.4) x 1077 ph 57! cm™? above 100 MeV, averaged over the entire 3-
week observation. This value, reported in Table 2.4, was converted to the
appropriate units assuming a photon index of I' = 2. It should be kept in
mind that the detection is marginal.

The COMPTEL instrument did not detect the source but provided 2o
upper limits of 4.7, 7.6, 3.4, and 1.2 x107° ph s™' cm™? in the energy bands
of 0.75-1, 1-3, 3-10, and 10-30 MeV respectively. Only the most stringent
limit, adjacent to the EGRET sensitivity range, is reported in Table 2.4;

conversion to flux assumed a photon spectral index of ' = 2.
2.8.1.2 X-rays

Rosat PSPC observations were arranged to cover the whole period (1992 De-
cember 27-1993 January 15) with one observation per day plus more intensive
coverage (24 observations) between January 2-5, 1993. Throughout the ob-
servations, the spectra are well fitted by a simple absorbed power-law model,
with a column density in close agreement with the galactic Ny measured by
Elvis et al. (1989). We use here the average spectrum obtained during the
latter period. The derived photon spectral index and column density are re-
spectively 'y = 1.91 4+ 0.07 and Ny = 2.35 £ 0.18 x 10%° cm~?%. The 1 keV
flux is reported in Table 2.4. No large amplitude (> 15 % r.m.s.) variability
is seen in the Rosat data neither within the intensive nor within the extended

monitoring periods.
2.3.1.8  Ultraviolet

Fourteen spectra were obtained with IUE between 25 December and 12 Jan-

uary 1993: ten exposures in the LWP camera and four exposures in the SWP

camera (see Table 2.5). All of them had poor S/N. Both the GEX (“relaxed”
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TABLE 2.4
3C 279 MULTIFREQUENCY DATA

Observers Instrument Date n® log v flux(Jy) o
Hartman GRO/EGRET (0.1-5‘ GeV) 92 Dec 22-93 Jan 12 1 22.38  8.12x107  2.7x107M
Collmar GRO/COMPTEL (10-30 MeV) 92 Dec 22-93 Jan 12 1  21.62 6.96x107°  upp. lim
Fink & Thomas  ROSAT/PSPC (0.1-2.4 keV) 93 Jan 2-5 1 17.38 1.02x10™%  0.02x107°
Maraschi & Urry IUE/SWP (1600-1650 A) 93 Jan 2-5 2 15.27 0.99x10™*  0.34x107*
IUE/LWP (2600-2700 A) 93 Jan 2-5 4 1505 2.92x107™*  0.31x107*
Bailyn & Méndez CTIO (0.9 m) ‘ 93 Jan 3-6 4 14.83 5.02x107* jgf;;i}g:j
(B,V,R,]) 93 Jan 3-6 4 1473 T.59x107  F090x107Y
93 Jan 3-6 4  14.67 1.05x107° fg:iiiigi
93 Jan 3-6 4 1458 1.58x107°  F230x107Y
Wagner & Bock  LSW Heidelberg Tel. (R) 93 Jan 1-6 5 14.67 1.04x107%  F0-20x107C
Glass 1.9-m Sutherland Tel. 93 Jan 12 1 14.40 2.61x10732 0.22%x107°
(JHK) 93 Jan 12 1 1425 4.72x107°  017x107°
93 Jan 12 1 1415 7.98x10™°  0.22x107°
Mc Hardy et al. JCMT 93 Jan 14 1 11.57 5.20 0.30
(0.8,1.1,2.0 mm) 92 Dec 30-93 Jan 14 2 11.43 7.75 0.63
92 Dec 29-93 Jan 14 2 11.18 8.50 0.5
Steppe & Reuter IRAM 93 Jan 1-7 4 11.36  6.85 0.35
(90,230 GHz) 93 Jan 1-8 6  10.95 15.80 0.33
Terasranta Metsahovi Radio Stat. 93 Jan 4-9 3 10.57 17.92 f‘_(l)%.g
(22,37 GHz) 93 Jan 2-9 6  10.34 15.56 0.18
Aller & Aller Michigan Radio Tel. 93 Jan 1 1 10.16  13.87 0.12
(4.8,8.0,14.5 GHz) 93 Jan 1-7 2 9.90 12.25 0.13
93 Jan 3 1 9.68 10.42 0.27

¢ Number of observations used to compute the average flux
® 1o uncertainty. In case of suspected variability, the reported values correspond to the difference
between the maximum and minimum observed flux



JoURNAL oF IUE OBSERVATIONS OF 3C 279

TABLE 2.5

IUE Image Exp. Time® Date F F}
(x107™ erg s™* cm”zA‘l)
(1) (2) (3) (4) (5)
LWP 24540¢ 180 1992 Dec 19.75 - 0.068 + 0.011¢
LWP 24597 130 26.60 0.055 +0.015 0.091 £ 0.021
LWP 24607 115 27.61 0.147 £0.022 0.175 £ 0.021
LWP 24616 156 29.43 0.065 +0.007 0.114 +0.012
LWP 24640¢ 150 31.74 0.115+0.018 0.139 +0.014
LWP 24652 360 1993 Jan 02.66 0.088 4 0.006 0.143 + 0.009
SWP 46649/ 220 02.91 - -
SWP 46653 600- 03.34 0.065 & 0.036 0.177 +0.045
LWP 24656 360 03.76 0.127 +0.010 0.130 £ 0.008
SWP 46657 660 04.32 0.070 £ 0.027 0.104 + 0.042
LWP 24661 360 04.79 0.152 +£0.014 0.171 4 0.010
SWP 466629 820 05.33 - 0.087 + 0.056
LWP 24665 315 05.82 0.078 +0.010 0.108 £0.016
LWP 24699" 150 10.07 0.185 +0.021 -

¢ In minutes

b Integrated and averaged GEX (Col. 4) and Optimal (Col. 5) extracted
spectral fluxes at 1625 A (SWP) or at 2650 A (LWP)

¢ The CEX extracted flux is consistent with zero in the selected interval

4 Errors represent 1o statistical uncertainties

¢ A narrow luminous feature at ~2655 A was discarded during the analysis
¥ Underexposed spectrum
9 In the selected interval no signal is present in the GEX spectrum
h The Optimal extraction is not available for this image



version, see § 1.2.2.3) and Optimal extractions were applied; among the GEX
extracted spectra, only SWP 46649 seems to be definitely underexposed and
unusable. The flux distributions have been calibrated with the curves pro-
vided by Bohlin et al. (1990, SWP) and Cassatella et al. (1988, LWP). To
the SWP spectra a correction of 2% per year during 6 years was applied to
take into account the yearly sensitivity degradation of the SWP camera. No
sensitivity degradation correction has been applied to the LWP spectra. The
GEX extracted spectra are given in Appendix C.

To optimise the S/N, the flux was integrated and averaged on both se-
ries of GEX and Optimal spectra in the interval 1600-1650 A for SWP and
2600-2700 A for LWP. In Table 2.5 are reported the integral fluxes in the
selected regions divided by the wavelength interval. The flux uncertainties
are calculated as in § 1.2.2.3.

A systematic difference between the two IUE spectra extraction methods
was found of ~65% for SWP spectra and of ~30% for LWP ones. Such differ-
ence cannot be completely accounted for by the calibration and photometric
errors (note however that the intrinsic errors are rather large). Therefore, we
used in the construction of the overall radio-to-y-ray spectrum the average
values between the results of GEX and Optimal. In Fig. 2.21 both resulting
light curves at 2650 A are shown, which exhibit a similar increasing trend,
apart from the systematic flux offset.

A more detailed and complete description and discussion of the IUE cam-
paign data will be given by Urry et al. (1994a), and some preliminary results
are discussed in § 2.3.3.1. Here we use average fluxes in short- and long-
wavelength bands derived from the spectra obtained in the period between
January 2-5 (4 LWP and 2 SWP, see Table 2.5), simultaneous to the intensive
coverage with Rosat. The fluxes reported in Table 2.4 have been dereddened
with E(B — V) = 0.015.
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Fic. 2.21 — Light curves at 2650 A derived from (a) GEX extracted spectra;
(b) Optimal extracted spectra.
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2.3.1.4  Ground-Based Observations

The ground-based observations invol\;ed many telescopes and observers at
various dates; they will be described extensively elsewhere (Grandi et al.
1994). The best temporal sampling occurred at the beginning of January
when all the space-based instruments and most of the ground-based telescopes
could simultaneously (within less than a day) observe the source. Bad weather
prevented only the JCMT mm and near-IR wavelengths from being strictly
simultaneous with the spacecraft observations (see Table 2.4). In order to
construct the broad-band energy distribution of 3C 279, we therefore used in
each waveband average flux values of the observations performed in the time

intervals specified in Table 2.4.

2.3.2 Comparison of the 1992/1993 and 1991
Energy Distributions

The energy distribution of 3C 279 derived from this campaign is shown in
Fig. 2.22, together with that measured in June 1991 when the maximum ~-
ray flux was observed (from references listed below and in Hartman et al.
1993).

Data for the bright state of June 1991 were obtained by M. Aller (4.8,
8.0, 14.5 GHz), H. Terdsranta (22, 37 GHz) and I. McHardy (mm, sub-mm
and IR wavelengths). Optical, UV, X-ray and ~v-ray fluxes were taken from
the literature (Takalo et al. 1992; Bonnell et al. 1994; Makino et al. 1992;
Hermsen et al. 1993; Kniffen et al. 1993). With the exception of the opti-
cal data, all the observations were conducted while the CGRO satellite was
pointing at the source (16-28 June 1991) or close to that period (the radio
(22 GHz) and UV observations were obtained respectively before (June 7)
and after (July 29) the y-ray measurements). The nearest published BVRI
magnitudes (used in Fig. 2.22) date from 6 February 1991.

Comparing the December 1992/January 1993 and June 1991 energy distri-
butions, it is striking that in 1993 the source was much fainter than in 1991

at all frequencies above 10'* Hz, while at lower frequencies there are only
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small differences between the two states. Data taken when 3C 279 was be-
tween flaring and quiescent states indicate that the emission from 10™ to 10%

Hz probably varies in a correlated fashion, at least on timescales of months

(Grandi et al. 1994).
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Fic. 2.22 — The radio-to-y-ray energy distribution of 3C 279 as derived
from the quasi simultaneous observations in Dec 1992-Jan 1993 (filled dots).
Data referring to June 1991, mostly taken from the literature, are shown

for comparison (open dots). The Comptel upper limit refers to the 1991

observation.

In the near-IR through UV wavelength region, the spectral shape varies, being
softer in the fainter state. This result was derived also within the UV band
alone (see § 2.3.3.2). The ratios between the high state and low state fluxes |
are 6.5 at 3 x 10** Hz and 11 at 10%° Hz.
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At X- and «-ray frequencies, the 1991:1992-93 flux ratios are 3 at 4.8 10%7
Hz (2 keV) and 20 at 2.4 x 10*2 Hz (100 MeV). The Rosat spectrum is sig-
nificantly softer than the GINGA spectrum, consistently with the spectral
softening seen at other wavelengths, but because the energy bands overlap
only marginally, we cannot exclude that the change in spectral shape depends
on wavelength rather than time. Unfortunately, no information on the spec-
tral shape in the y-ray band can be derived for the quiescent state, since the
detection was marginal for EGRET, and COMPTEL provided only an upper
limit.

Finally, the ratio between the integrated v-ray flux and the integrated flux
in all the other observation bands varied substantially bétween the two epochs,
the luminosity in 7-rays being comparable to that in other frequency bands
in the low state, while in the brightest state the 7—1‘&57 luminosity exceeded

that in other bands by a factor of 10.
2.3.3 Discussion
2.8.8.1 UV Continuum and Lyman-o Emission Line

An general brightening is seen in the UV along the monitoring time with varia-
tions of a factor ~2 in a weak. Short-term variability determines several flares
overimposed on such long-term increase (Fig. 2.21). The short-wavelength
signal is too poor and undersampled to allow independent conclusions.

At the three epochs when both SWP and LWP spectra were available,
we fitted the 1200-3000 A spectral flux distributions to a power-law using a
standard x? procedure (Fy o< A~**). The results are given in Table 2.6 in
terms of the energy index o, (see § 2.1.1.1.e). Our fitting procedure yields
confidence intervals at the 90% probability level for the fitted parameters, so
that the error bars on the right and on the left of each best fit value can be
different. Here is listed the highest one.
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The Optimal spectra appear slightly harder than the corresponding combined
GEX spectra, which is related to the larger difference of the two extractions

at higher far-UV energies.

On the SWP spectra a feature is visible at ~1870 A ascribable to the
redshifted Lyman-a emission line near the nucleus (z = 0.538). In the coadded
spectrum resulting from the weighted mean of the 3 GEX spectra (Fig. 2.23a)
the line intensity is 2.3 -107'* erg s™! cm™?, whereas in the coadded Optimal
spectrum it is ~50% brighter. The equivalent width is Wy ~ 50 A in the first

case and 24 A in the second.
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Fic. 2.23 — (a) Coadded SWP spectrum; (b) archival coadded SWP spec-

trum. The boxes circumscribe the Lyman-o emission line at ~1870 A.
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2.9.9.2 Comparison with Previous IUE Observations

The object has been observed several times with IUE before our 1992/3 expo-
sures. In Table 2.7 are reported the results of archival observations of 3C 279
collected from the literature. Using these data and including the fluxes of the
present monitoring (Table 2.6), we obtained light and spectral index curves
spanning ~6 years (Fig. 2.24). The archival fluxes are averagely about a fac-
tor of 17 higher than those of the present campaign, indicating that during
the last monitoring the source was in a very low emission state. There is indi-
cation of a softening spectrum with fading emission. A statistically marginal
evidence for a long-term monotonic anticorrelation between UV flux and spec-
tral slope is also found by Bonnell et al. (1994) based on data spanning from
1988 to 1991; and by Schrader et al. (1994) in the optical-UV domain.

TABLE 2.7
HisToricAaL LicgaT CUrVE oF 3C 279

Image Numbers Date al Fb®  Refs.*
(mJy)

SWP33864 + LWP13566 1988 Jul 06 1.68  2.67
SWP33865 + LWP13567 1988 Jul 06 1.39  2.80
SWP35443 + LWP14933 1989 Jan 29 1.53 1.25
SWP36420 + LWP15677 1989 Jun 09 1.81  1.57
SWP40489 + LWP19492 1990 Dec 30 1.81  1.69
SWP42132 + LWP20891 1991 Jul 27 - 1.12
SWP44806 + LWP23207 1992 May 29 1.77 2.24

O DN = ped e

@ Energy index over the range 1200-3000 A

b Fitted flux at 2000 A

¢ REFERENCES: (1) E92. (2) Bonnell et al. (1994).
(3) Schrader et al. (1994)

Two IUESIPS extracted SWP spectra (33864 and 33865) available on the IUE
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ULDA archive have been coadded in order to improve their S/N (Fig. 2.23b).
A broad feature (W, ~ 3.5 A) centered at ~ 1870 A is visible, which we
ascribe to Lyman-a emission near the nucleus. The intensity of the line is
6.75 - 107'* erg s~! cm™?, which is only a factor ~2 higher than found from
our observations. This implies that the line emission varies in a correlated

way with the continuum, but with smaller amplitude.
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FIG. 2.24 — Fit parameters for archival and recent UV spectral observations:
(a) energy index; (b) flux at 2000 A.
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2.9.8.8 The Broad-Band Energy Distribution

At both epochs the broad-band energy distribution of 3C 279 in the vF,
represention (Fig. 2.22) is rising in the radio through mm band, falling in the
IR through UV band, and rising again in the X-ray band. From the available,
admittedly incomplete, wavelength coverage, the spectral energy distribution
of 3C 279 appears to consist of two broad components, with peaks in the
mm-IR range (where there is an unfortunate gap in our current observing
éapabﬂjties) and in the 10 MeV-1 GeV range. The y-ray spectrum for the
brightest state is flat in vF),, while there is no spectral information for the
low state; however, since in all bands above 10'* Hz the energy distribution
for the low state is softer than for the high state, this is likely to be true also
in the y-ray band. '

The first broad spectral component is commonly interpreted as syn-
chrotron radiation by high energy electrons in a relativistic jet, which is self-
absorbed at centimeter wavelengths. The second, shorter-wavelength compo-
nent has been interpreted as IC-scattered radiation by the same population
of relativistic electrons responsible for the synchrotron emission.

The seed photons to be upscattered could be the synchrotron photons
themselves, as in the SSC model (Maraschi et al. 1992; Bloom & Marscher
1993), or photons external to the jet. These may derive from an accretion
disk (Dermer et al. 1992; Dermer & Schlickeiser 1993) and could possibly be
isotropized by scattering in a hot intercloud medium and/or may be emitted
by the broad-line region itself (Blandford 1993; Sikora et al. 1994). The
relative importance of the two types of seed photons (synchrotron or external),
estimated on the basis of observed quantities, depends on a high power of
the beaming factor (~ &% Sikora et al. 1994). However in neither case
is it easy to reproduce accurately the observed energy distributions with a
simple homogeneous model; multiple components or an inhomogeneous jet
are required.

In the case of the simplest SSC model, the most important photons for up-

scattering are those at the peak of the synchrotron emission (i.e., 101>~ Hz).
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The similarity of the spectral shape of the synchrotron and IC components
suggests that these photons are upscattered to the y-ray band (10%2~%® Hz),
which requires a relatively high electron Lorentz factor, v ~ 10*, and a rather

low magnetic field B = 0.3(:%;) 26~ Gauss.

107
External seed photons, even if isotropic in the rest frame of the AGN,
would appear blue-shifted and therefore enhanced in the jet frame. The
typical frequency of accretion disk or broad-line photons as seen from the jet
would be in the EUV-soft-X-ray band, thus providing an IC y-ray component
peaking at higher energies than in the case of the SSC mechanism (for the
same mean electron Lorentz factor) and/or allowing for higher values of the

magnetic field (e;g. MGC).

With regard to variability, a general property of the SSC model is that,
when the electron distribution decreases in number and/or average square
energy, the synchrotron luminosity decreases proportionally, while the IC (-
ray) luminosity decreases quadratically (e.g. MGC).

If instead the photon energy density as seen in the jet frame is dominated .
by external photons, when the electron spectrum varies, the synchrotron and
IC emission components will both scale proportionally, unless the external
photon field varies at the same time and in the same sense as the electron

spectrum.

The energy distributions of 3C 279 in high and low state are qualitatively
consistent with the SSC model, since the y-ray luminosity, assumed to be rep-
resentative of the IC luminosity, varies more than the synchrotron luminosity,
peaking presumably in the far-IR range. However one can still salvage the
external photon models fairly naturally by postulating that the synchrotron
decrease is caused by a change in the bulk Lorentz factor of the radiating
electrons. In that case, the external photon field as seen by the relativistic
electrons also decreases, and if at the same time the spectrum of relativis-
tic electrons in the jet decreases, the resulting variation of the v-ray flux is
larger than that of the synchrotron one. A decrease of § by a factor of 2 would

account for the observed variation in the broad-band energy distribution of
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3C 279.

Tt is interesting to recall that a steepening of the electron distribution is a
natural consequence of a diminishing strength of a shock, while a flattening
of the electron spectrum is expected if a shock gets stronger or a new shock
forms (Schneider & Kirk 1989). Moreover the evolution of a relativistic shock
may offer a physical framework, whereby the relativistic amplification factor
for the observed flux (more complicated than a simple Doppler correction,
Lind & Blandford 1985, Celotti et al. 1991) could be related to the shock
strength. Thus shocks in a jet can qualitatively explain the observed varia-
tion in L./Lyy. If external photons dominate the IC mechanism the shock
front should accelerate or slow down substantially when getting respectively

stronger or weaker.
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2.4 Remarks

We have presented the results of simultaneous multi-frequency observations
of three blazar sources, which are representative examples of the radio-weak
BL Lacs (PKS 2155-304), radio-strong BL lacs (OJ 287) and OVV (3C 279).

Similarly to the case of 3C 279, also for PKS 0521-365 (Section 1.4) it was
concluded that the spectral energy distribution should be produced by the
SSC mechanism. A comparison, indicates that the overall energy distribution
of PKS 0521-365 above the self-absorbed part of the synchrotron spectrum,
resembles that of 3C 279 in low state, i.e., the radio, IR, optical, UV, X-ray
and -ray fluxes have similar ratios in the two objects. Since the beaming
factor in PKS 0521-365 is nearly frequency independent, and assuming that
the intrinsic flux ratios are the same in every blazar, we deduce the indication
that also for 3C 279 the Doppler beaming factor could be constant along
the jet, though all beaming indicators suggest that, contrary to the case
of PKS 0521-365, its viewing angle is small and the Doppler boosting is
large. An analogous indication can be seen comparing the spectral energy
distributions of PKS 0537-441 and 3C 279 (see Maraschi et al. 1993).

This similarity in spectral shape, despite the difference in viewing angle,
suggests that for some objects, the entire spectrum, from radio to y-rays,
could be produced by plasma moving with nearly constant Lorentz factor,
i.e., independent of distance from the nucleus.

Both for PKS 2155-304 and 3C 279 we find that the synchrotron pro-
cess from a relativistic jet is likely responsible for the emission, though the
location of the synchrotron component peak is different: it is seen in the IR
(~ 10" Hz) region in 3C 279 (Fig. 2.22) and “blue-shifted” to the EUV (un-
observable) band in PKS 2155-304 (see Fig. 2.16). This different behaviour
typically distinguishes RW and RS sources as already noted in this thesis (see
Introduction and Chapter 1).

The spectral rise seen in the X-rays for 3C 279 indicates the appearance of
a second component, formed through the IC process, which accounts also for

the large y-ray output. Our 1991 spectral energy distribution for PKS 2155
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304 does not extend thus far in energy, since EGRET observations are lacking.
A subsequent EGRET determination of an upper limit for the GeV emission
indicates that it should be much more modest than in 3C 279. Our theo-
retical prediction (see Fig. 2.16) shows that its contribution should be more

important, though still not dominant, at TeV energies.
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FIG. 2.25 — Spectral energy distribution of OJ 287. Simultaneous data are
represented by equal symbols: open squares, Gear et al. (1994); filled dots,
1993 March campaign (§ 2.2); stars, Impey & Neugebauer (1983, IRAS);
open triangle, Bersanelli et al. (1992). The X-ray data (represented by the
90% confidence ranges for the spectral fits) are from Sambruna et al. (1994,
EXOSAT, solid line); Madejski & Schwartz (1988, Einstein, dashed-dotied
line); Boller et al. (1994, Rosat, dashed line). Two upper limits are also
added at hard-X- and -ray energies, from GINGA (Ohashi 1989) and from
EGRET (Fichtel et al. 1994) respectively.
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For OJ 287 we do not have high energy data and constructed an overall en-
ergy distribution (Fig. 2.25) with non simultaneous data derived from the
literature. The radio-to-UV data suggest the presence of a synchrotron com-
ponent peaking in the far-IR. A rising toward higher frequencies is suggested
by the slope of the Einstein spectrum, but the EXOSAT one, which also cov-
ers a medium energy range, is quite steep. The high energy upper limits do
not exclude a second hard component, but the rather large errors affecting
the X-ray data and the lack of simultaneity with fluxes at lower frequencies
prevent a description of the continuum in terms of the models (note that the
EXOSAT flux at 1 keV is about a factor 10 above the extrapolation from the
optical-UV data). The radio-to-UV spectral energy distribution of OJ 287 is
similar to that of 3C 279, which is a diagnostic of a similar degree of beaming
in the two objects.

In the UV range, small but significant spectral variability is detected both
for PKS 2155-304 and 3C 279, though not ‘clea,rly correlated with the flux
variations. For PKS 2155-304 such weak flux-spectral shape correlation has
been already noted in previous occasions (Maraschi et al. 1986a; Urry et
al. 1988), whereas the long-term behaviour of 3C 279 indicates that there
is a clear anticorrelation (Fig. 2.24) in the sense that the spectrum flattens
when the source brightens. No comparison can be made with the present
observations of OJ 287 due to the lack of spectral information. This an-
ticorrelation, though consistent with the nonthermal acceleration processes

expected in relativistic plasmas, is hardly seen in blazars and much better

observed in Seyferts (see § 2.1.3.3).
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Summary and Future Work

The issue of explaining the broad-band spectral properties of blazars and their
relation with the source geometry and with the continuum emission processes
have been addressed through the analysis of both single-epoch and repeated
multi-wavelength observations. The former yielded information on the overall
spectral shape and then on the implied emission mechanism (Sections 1.2,
1.4), the latter allowed to study correlated variability at different frequencies,
and correlated flux and spectral variability (Chapter 2). In Section 1.1 we
particularly concentrated on the UV continua of IUE observed blazars, whose
spectral properties were studied from a statistical point of view. The most
important findings of this work are:

1) The average UV spectral index of blazars is ~1, which implies that
the energy emitted per unit frequency is nearly constant over the examined
wavelength range (1200-3000 A); a segregation seems to be present within the
blazar class according to the radio properties: OVV objects have significantly
steeper spectra than radio-weak BL Lacs. The radio-strong BL Lacs represent
a “transition” group, being characterized by an intermediate average spectral
index.

2) The dominant emission mechanism in blazars is SSC within a relativis-
tic jet, which gives rise to a double peaked radio-to-y-ray energy spectrum:
the first peak is located at IR frequencies in radio-strong objects and optical-
UV frequencies in radio-weak ones and is ascribed to synchrotron radiation.
The second peak is formed through IC upscattering of relativistic electrons
off synchrotron photons and is generally situated at GeV or TeV frequencies
in radio-strong and radio-weak objects respectively.

3) In the best monitored BL Lac, PKS 2155-304, the optical, UV and
soft-X-ray light curves are well correlated with no measurable lag between

the optical and UV, and a lag of 2-3 hr between the X-ray and UV emission.
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This indicates on one hand that the optical-UV emission cannot be produced
by an accretion disk and, on the other hand, since the UV-X-ray lag is much
less than the variability timescale, a progressive shock along the jet is respon-
sible for flux variations at high energies. Moreover, the X-rays lead the UV
emission, thus they can not be produced through IC, but presumably by the

same process (synchrotron radiation) which produces the UV.

Some open problems concerning the structure and emission of blazars will
be the matter of further research. Particularly, observational programs on
some of the targets presented and studied in this thesis were devised, and

partially realized, including IUE scheduling.

An intensive IUE monitoring of PKS 2155-304 was conducted in May
15-25, 1994. Simultaneous CGRO, ASCA, Rosat (HRI and WFC), EUVE,
optical, IR and radio observations were organized with the aim of studying
multi-frequency variability. The IUE campaign should improve the previous
1991 monitoring (see Section 2.1) by reducing temporal gaps and extending
the sampling period in order to: a) investigate the stability of the UV-X-
ray correlation over longer timescales and better measure the lag; b ) obtain
well-sampled UV light curves long enough to study the power spectrum in the
frequency interval around the suggested period of ~0.7 days; the confirmation
at a reliable confidence level of the presence of a period would be unprece-
dented for an AGN, after the rejection of the reality of the 12,000 seconds
period in the Seyfert galaxy NGC 6814 (Madejski et al. 1994); c) investigate
possible radio-UV correlations on short timescales. The UV brightness of the
object was possibly higher than found in 1991 November, but the complete
and detailed results of the campaign are not yet available (Urry et al. 1994b).

IUE observations of 3C 279 coordinated with the CGRO pointing to the
source field were made in 1993 December. Due to the IUE baffle anomaly,
which causes contamination in LWP exposures from solar scattered light,
only SWP spectra were taken, which will help in studying the Lyman-a line
emission, in addiﬁon to the 1200-2000 A continuum, which was in a some

brighter state than detected in 1992 December/1993 January.
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The object is indeed brightening in the optical band. Harvanek & Stocke
(IAUC 5978) reported an average magnitude my = 14.6 in April 1994, to
compare with my = 15.5 in December 1993 and my = 16.1 in December

1992.

Two recent observing proposals have been submitted to IUE, coordinated
with other instruments. The first one (ESA), coordinated with CGRO, is
aimed to the study of UV-vy-ray correlation in seven vy-ray emitters including
3C 279 and PKS 0521-365. The second (NASA) is a project of year-long
IUE observation of 3C 279 for correlation with studies at other wavelengths.
Extensive monitoring is foreseen during a complete year (2 observations per
month) and intensive observing is requested during the CGRO pointing pe-
riod, which will be on 1994 December. In this way, variability timescales from
few hours to one year will be probed. The observed variations in L, /Lyy and
Lyman-a will determine the origin of the seed UV photons that are Compton-
scattered to 7-ray energies. This proposal includes also the quasar 3C 273,
which should be observed by IUE in conjunction with an intensive Rosat
campaign. Both sources will be observed also by ASCA and ground-based
coverage at optical through radio wavelengths will be organised. Together
with ongoing VLBI observations, these data allow determination of bulk ve-

locity, viewing angle and physical parameters of the relativistic jet.

The BL Lac OJ 287 was selected for a broad-band microvariability study
program, due to its known large optical and UV flares (see results of the radio,
optical and IUE campaign in Section 2.2). The possible periodic nature of the
optical-UV variability, which is ascribed to a binary supermassive black hole
system (Sillanp&d et al. 1988; Kidger et al. 1992), leads to the prediction of an
imminent outburst. The recent optical, mm and sub-mm observations (IAUC
5909, 5913, 5944, 5971, 5990) show that the object steadily brightened from
1993 December to 1994 April, which can suggest that the rise to maximum has
initiated. The source will be therefore proposed as a Target of Opportunity for
IUE observations next autumn, as soon as optical observations will confirm

the flux increase. Furthermore, the object will be included in a Target of
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F, (107" erg stem AT

Opportunity program for the soon flying Infrared Space Observatory (1IS0).

Great interest has been recently raised by the X-ray-selected BL Lac
Mkn 421 due to its y-ray behaviour. This is the only X-ray-selected blazar
seen at y-ray energies by EGRET, and the unique blazar detected at TeV
energies (due to its proximity, see § 1.4.4). The object underwent an extraor-
dinarily strong and rapid outburst in 1994 May 15, when it was observed by
Whipple, reaching a flux of (1.87 & 0.34)-107'° ph s7! cm™? at the energy
threshold of 250 GeV, which is comparable to the flux from the Crab Nebula
at this energy (IAUC 5996). A simultaneous ASCA observation yielded a
very high X-ray flux as well in the 2-10 keV energy range. An IUE SWP
spectrum taken on 1994 June 1 (Fig. S.1) is at the same flux level of the
previous March 1993 observations. It exhibits an unusual absorption feature

at ~1525 A, whose nature is not clear.
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Fic. S.1 — IUE spectrum of Mkn 421 taken on June 1,1994 (SWP 50964).
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The feature appears transitory from comparison with the spectra of the March
1993 campaign, when the source was monitored alternately with OJ 287. The
analysis and interpretation of the data from this IUE intensive monitoring are
still in progress (Edelson et al. 1994b); preliminary results of simultaneous
CCD optical observations taken at La Palma and Heidelberg, radio observa-
tions at Metsihovi and UBVRI photopolarimetry at Crimea were presented
by Sillanpai et al. (1994). Here is presented the UV light curve at 1650
A (Fig. S.2), resulting from the analysis of the IUE spectra extracted with
the SWET procedure. An intense short-term variability is seen, though the
overall variation along the monitoring time is modest. The dip visible at ~
17.5 March is quite remarkable: it is unlikely to be spurious since it is seen
also on the GEX extracted spectrum; moreover, it was detected by both IUE
cameras. This sudden UV flux drop, together with the variability behaviour
noted in the y-rays makes Mkn 421 a representative source among BL Lacs,
and an extremely interesting object both for observational and theoretical

programs on rapid, large amplitude blazar variability.

I l | I ] ‘ I | ] I |

T i i
o 6 — —
1 [}
- § —
% a s . ? E% 8 _
w4 % s s B —
[ | _
Q
:ﬁl i |
o
2 —
[ B . h
=, L _
0 | | | 1 | | ] | l |
16 18 20
March 1993

Fic. S.2 — IUE light curve at 1650 A of Mkn 421.
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This research has made use of the graphics package Super Mongo by R. Lup-
ton and P. Monger and of the NASA /IPAC Extragalactic Database (NED)
which is operated by the Jet Propulsion Laboratory, Caltech, under contract

with the National Aeronautics and Space Administration.
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Appendix A

Fit Parameters for PKS 2155-304

In this Appendix are reported the tables with the fit parameters of the dered-
dened spectra of PKS 2155-304 from the 1991 November IUE campaign (see
Section 2.1). Table A.1 contains the power-law fit results on the single SWP

and LWP spectra; in Table A.2 are given the fit parameters for the pairs of
merged SWP-LWP spectra.
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TABLE A.1

PowER-LAw FITs To DEREDDENED SPECTRA

Observation Fla00 TF, 100

IUE Midpoint (UT) Spectral Index

Image (Day of Nov 91) (x107' erg cm™? 57} AY) aswp Gaswr Xo
SWP 42969 1.87912 11.68 0.16 0.88 0.06 3.92
SWP 42970 1.94888 11.82 0.16 0.86 0.06 3.40
SWP 42971 2.01254 12.09 0.17 0.78 0.06 3.71
SWP 42972 2.07773 12.06 0.17 0.96 0.06 3.71
SWP 42979 2.86603 13.78 0.19 0.86 0.05 2.99
SWP 42980 2.93207 14.23 0.19 0.74 0.05 4.75
SWP 42995 3.87643 14.09 0.19 0.76 0.05 3.72
SWP 42996 3.94092 14.00 0.20 0.88 0.06 3.21
SWP 43008 4.86099 15.89 0.21 0.77 0.05  3.57
SWP 43009 4.93195 15.94 0.21 0.77 0.05 3.78
SWP 43017 5.87164 16.24 0.22 0.85 0.05 3.53
SWP 43018 5.94727 16.58 0.22 0.74 0.05 3.84
SWP 43025 7.00403 1491 0.20 0.79 0.06 5.20
SWP 43026 7.07547 14.70 0.20 0.89 0.05 3.95
SWP 43040 9.19641 18.02 0.24 0.73 0.05 3.85
SWP 43041 9.27063 18.50 0.25 0.71 0.05 3.33
SWP 43047 9.71866 18.99 0.25 0.77 0.06 3.7
SWP 43048 0.77417 18.71 0.26 0.89 0.06 3.83
SWP 43054 10.70386 20.71 0.27 0.69 0.04 4.01
SWP 43055 10.77008 20.86 0.28 0.68 0.05 4.11
SWP 43056 10.83871 20.85 0.28 0.76 0.05 3.36
SWP 43057 10.90527 21.13 0.28 0.75 0.05 3.78
SWP 43058 10.97137 20.95 0.28 0.74 0.05 3.59
SWP 43059 11.03726 21.12 0.28 0.72 0.04 4.20
SWP 43060 11.10294 21.21 0.28 0.76 0.05 3.13




TABLE A.1 (continued)

Observation Fi400 OF} 100

IUE Midpoint (UT) Spectral Index

Image (Day of Nov 91) (x107'* erg cm™? sUAY) aswp  Gaswr X2
SWP 43061 11.16980 21.75 0.29 0.71 0.04 3.69
SWP 43062 11.23703 22.26 0.30 0.75 0.05 3.44
SWP 43063 11.30371 22.11 0.30 0.68 0.06 4.10
SWP 43064 11.37048 22.65 0.30 0.75 0.05 4.23
SWP 43065 11.83447 22.09 0.29 0.73 0.04 4.02
SWP 43066 11.90454 22.34 0.30 0.73 0.05 3.85
SWP 43067 11.96689 22.30 0.29 0.78 0.04 2.89
SWP 43068 12.03357 23.00 0.30 0.72 0.04 4.57
SWP 43069 12.10080 22.35 0.30 0.77 0.04 4.02
SWP 43070 12.16840 21.78 0.29 0.82 0.05 3.38
SWP 43071 12.23428 21.12 0.28 0.81 0.06  3.67
SWP 43073¢ 12.51471 18.89 0.29 1.02 0.09 2.95
SWP 43074 12.56787 20.67 0.27 0.76 0.05 3.88
SWP 43075 12.63367 20.78 0.28 0.78 0.05 4.20
SWP 43076 12.70255 21.07 0.28 0.78 0.05 3.84
SWP 43077 12.76688 21.39 0.28 0.78 0.04 3.62
SWP 43078 12.83356 21.31 0.28 0.80 0.04 3.68
SWP 43079 12.89929 21.88 0.29 0.80 0.04 3.14
SWP 43080 12.96588 21.86 0.29 0.82 0.04 3.90
SWP 43081 13.03345 21.49 0.29 0.86 0.06  4.17
SWP 43082 13.10092 20.91 0.28 0.81 0.05 3.70
SWP 43083 13.16806 20.42 0.27 0.84 0.05 3.69
SWP 43084 13.23126 19.97 0.27 0.76 0.056 4.00
SWP 43085 13.29907 19.63 0.26 0.84 0.05  3.67
SWP 43086 13.36594 19.64 0.26 0.76 0.04 4.39
SWP 43088* 13.50720 19.18 0.27 0.94 0.06 3.50




TABLE A.1 (continued)

Observation Flio0 OF, 100

IUE Midpoint (UT) Spectral Index

Image (Day of Nov 91) (x1071 erg cm™? st A7) aswp  Gagwr X2
SWP 43089 13.56894 20.02 0.27 0.77 0.05 3.65
SWP 43090 13.63153 20.30 0.27 0.72 0.05 4.34
SWP 43091 13.69809 20.01 0.27 0.83 0.06 4.35
SWP 43092 13.76599 19.65 0.26 0.81 0.06  3.70
SWP 43093 13.83084 19.30 0.26 0.76 0.05 3.08
SWP 43094 13.89709 18.96 0.25 0.74 0.05 3.21
SWP 43095 13.96570 18.38 0.25 0.74 0.05 3.86
SWP 43096 14.03030 18.40 0.25 0.76 0.05  3.68
SWP 43097 14.09653 18.06 0.24 0.78 0.05  3.57
SWP 43098 14.16336 17.92 0.24 0.80 0.05  3.76
SWP 43099 14.23135 17.78 0.24 0.83 0.05 3.51
SWP 43101 14.56296 18.70 0.25 0.77 0.05  4.20
SWP 43102 14.62903 19.07 0.25 0.80 0.056 4.06
SWP 43103 14.69815 19.52 0.26 0.85 0.05  3.62
SWP 43104 14.76279 19.99 0.27 0.85 0.05 3.59
SWP 43105 14.82904 20.43 0.27 0.82 0.05 3.72
SWP 43106 14.89505 20.65 0.27 0.77 0.04 3.70
SWP 43107 14.96176 20.25 0.27 0.82 0.06  3.43
SWP 43108 15.02841 20.42 0.27 0.73 0.04  3.59
SWP 43109 15.09451 20.17 0.27 0.73 0.04 3.99
SWP 43110 15.16229 19.53 0.26 0.79 0.05  3.82
SWP 43111 15.22717 19.79 0.26 0.81 0.05 4.81
SWP 43114 16.20871 21.42 0.28 0.81 0.04 3.96
SWP 43115 16.26831 21.46 0.29 0.83 0.05 4.10
SWP 43121 16.86020 22.14 0.29 0.73 0.04 3.61
SWP 43122 16.92563 22.82 0.30 0.67 0.04 3.81




TABLE A.1 (continued)

Observation Fla00 TF100

IUE Midpoint (UT) Spectral Index

Image (Day of Nov 91) (x107'* erg cm™2 s™* A aswp Caswr X2
SWP 43135 17.86005 21.37 0.28 0.78 0.06 3.73
SWP 43136 17.92896 21.36 0.28 0.74 0.04 3.60
SWP 43145 18.83432 19.35 0.26 0.85 0.05 3.27
SWP 43146 18.90332 18.77 0.25 0.92 0.05  4.07
SWP 43157 20.05450 18.63 0.25 0.85 0.056 3.30
SWP 43158 20.11401 18.00 0.25 0.94 0.06 2.80
SWP 43164 20.71451 20.13 0.27 0.87 0.05 3.65
SWP 43165¢ 20.77444 19.46 0.27 0.96 0.06 4.01
SWP 43174 21.69171 18.56 0.25 0.94 0.05 3.91
SWP 43175 21.76627 18.74 0.25 0.93 0.06 3.58
SWP 43184 22.68073 19.48 0.26 0.81 0.05 3.75
SWP 43185 22.74625 19.40 0.26 0.83 0.05 3.76
SWP 43192 23.70206 21.34 0.28 0.82 0.04 4.28
SWP 43193 23.76813 21.03 0.28 0.90 0.05 3.51
SWP 43211° 24.70337 20.04 0.27 0.78 0.05 3.76
SWP 43220 25.69824 19.64 0.26 0.82 0.05 3.39
SWP 43221 25.76685 19.65 0.26 0.80  0.05 3.58
SWP 43230 26.69736 22.84 0.30 0.79 0.04 3.96
SWP 43231 26.76675 23.40 0.31 0.84 0.06 3.38
SWP 43236 27.69647 20.94 0.28 0.81 0.04 3.94
SWP 43237 27.76450 20.83 0.28 0.89 0.05 3.16
SWP 43246 28.87381 21.91 0.29 0.91 0.06 4.23
SWP 43247 28.93491 22.14 0.29 0.87  0.05 3.70
SWP 43260 29.84335 22.93 0.30 0.73 0.04 4.27
SWP 43261 29.90997 22.70 0.30 0.83 0.06 4.12




TABLE A.1 (continued)

Observation Fosoo T Fosoo

IUE Midpoint (UT) Spectral Index

Image (Day of Nov 91) (x107** erg cm™? s™* AYY arwp Garwe Xb
LWP 21607 1.84244 4.62 0.07 0.70 0.14 1.78
LWP 21608 1.91510 4.72 0.07 0.93 0.14 2.38
LWP 21609 1.97968 . 4.7 0.07 0.97 0.16  2.20
LWP 21610 2.04449 4.80 0.07 0.94 0.16 2.15
LWP 21611 2.10934 4.82 0.07 0.74 0.15 1.95
LWP 21616 2.83383 5.28 0.08 0.59 0.15 2.26
LWP 21617 2.89771 5.30 0.08 0.93 0.15  2.07
LWP 21625 3.84235 5.24 0.08 0.49 0.15 2.40
LWP 21626 3.91318 5.41 0.08 0.69 0.14 2.56
LWP 21636 4.82599 6.15 0.09 0.99 0.13 2.04
LWP 21637 4.89694 6.18 0.09 0.96 0.14 237
LWP 21644 5.83676 6.24 0.09 0.76 0.13 2.36
LWP 21645 5.91180 6.35 0.09 0.74 0.13 2.05
LWP 21652 6.82202 6.19 0.09 0.78 0.13 2.39
LWP 21653 7.03946 5.87 0.08 0.68 0.13 2.12
LWP 21654 7.11139 5.93 0.08 0.88 0.14 2.02
LWP 21667 9.04929 6.92 0.10 0.85 0.12 2.40
LWP 21668 9.23254 7.10 0.10 1.16 0.12 2.54
LWP 21673 9.68405 7.31 0.10 0.85 0.12 2.38
LWP 21674 9.75076 7.33 0.10 0.89 0.12  2.52
LWP 21683 10.67126 7.85 0.11 0.90 0.12 281
LWP 21684 10.73682 7.85 0.11 0.75 0.11  1.75
LWP 21685 10.80591 7.92 0.11 0.85 0.12  2.29
LWP 21686 10.87241 7.98 0.11 0.91 0.11 231
LWP 21687 10.93814 7.87 0.11 0.65 0.12  1.98




TABLE A.1 (continued)

Observation Fys00 T Fasoo

IUE Midpoint (UT) Spectral Index

Image (Day of Nov 91) (x107'* erg cm™? s™* A Y arwp Gapwr Xo
LWP 21688 11.00476 7.98 0.11 0.82 0.11 2.49
LWP 21689 11.07086 8.01 0.11 0.77 0.11  2.56
LWP 21690 11.13641 8.12 0.11 0.72 0.11  2.38
LWP 21691 11.20306 8.39 0.12 0.90 0.12 2.41
LWP 21692 11.26898 8.53 0.12 0.75 0.14 2.29
LWP 21693 11.33670 8.56 0.12 0.69 0.13 2.50
LWP 21696 11.87045 8.53 0.12 0.71 0.11 2.73
LWP 21697 11.93353 8.57 0.12 0.64 0.11 1.94
LWP 21698 12.00150 8.72 0.12 0.77 0.11 2.50
LWP 21699 12.06717 8.75 0.12 0.66 0.10 3.07
LWP 21700 12.13443 8.61 0.12 0.80 0.11  2.69
LWP 21701 12.20102 8.51 0.12 0.97 0.11  2.69
LWP 21702 12.26740 8.23 0.11 0.77 0.11 2,51
LWP 21704 12.53397 8.16 0.11 0.66 0.11  3.05
LWP 21705 12.60086 8.21 0.11 0.88 0.11 2.26
LWP 21706 12.66708 8.19 0.11 0.75 0.11  2.37
LWP 21707 12.73361 8.29 0.11 0.84 0.11  2.66
LWP 21708 12.79990 8.67 0.11 1.24 0.11 4.10
LWP 21709 12.86646 8.32 0.11 0.79 0.11 2.43
LWP 21710 12.93216 8.51 0.12 0.84 0.10 2.32
LWP 21711 13.00006 8.48 0.12 0.96 0.11  2.39
LWP 21712 13.06924 8.27 0.11 0.93 0.11  2.50
LWP 21713 13.13214 8.06 0.11 0.78 0.11  2.39
LWP 21714 13.19809 7.92 0.11 0.90 0.11 2.44
LWP 21715 13.26642 7.66 0.11 0.68 0.12 2.44




TABLE A.1 (continued)

Observation Fagoo O Fysoo

IUE Midpoint (UT) Spectral Index

Image (Day of Nov 91) (107 erg cm™? sTPAYY arwp  Gapwe x2
LWP 21716 13.33105 7.59 0.11 0.79 0.12 2.56
LWP 21717 13.53159 7.7 0.11 0.88 0.12 2.65
LWP 21718 13.59872 7.83 0.11 0.69 0.11 2.26
LWP 21719 13.66470 7.91 0.11 0.86 0.12 2.38
LWP 21720 13.73138 7.64 0.11 0.77 0.12 2.53
LWP 21721 13.79739 7.65 0.11 0.89 0.11 2.57
LWP 21722 13.86356 7.32 0.10 0.69 0.11 2.37
LWP 21723 13.93060 7.27 0.10 0.90 0.12 2.95
LWP 21724 13.99689 7.11 0.10 0.71 0.11 2.38
ILWP 21725 14.06299 7.15 0.10 0.93 0.12 2.98
LWP 21726 14.12988 7.09 0.10 0.92 0.12 2.14
LWP 21727 14.19751 7.02 0.10 0.78 0.12 2.16
LWP 21728 14.26501 7.03 0.10 0.70 0.11 2.42
LWP 21730 14.52951 7.28 0.10 0.90 0.12  2.40
LWP 21731 14.59549 7.51 0.10 0.78 0.12 2.83
LWP 21732 14.66269 7.67 0.11 0.90 0.12 2.43
LWP 21733 14.72964 7.80 0.11 0.83 0.12 2.12
LWP 21734 14.79572 8.02 0.11 0.91 0.11 2.76
LWP 21735 14.86139 8.03 0.11 0.76 0.11 2.44
LWP 21736 14.92819 7.99 0.11 0.91 0.11 2.46
LWP 21737 14.99469 8.01 0.11 0.94 0.11 2.58
LWP 21738 15.06076 7.98 0.11 0.80 0.11 2.58
LWP 21739 15.12793 7.81 0.11 0.77 0.11 2.40
LWP 21740 15.19437 7.80 0.11 0.86 0.11 2.46
LWP 21741 15.26242 8.01 0.11 1.00 0.10 2.72




TABLE A.1 (continued)

Observation Fosoo T Fysoo
IUE Midpoint (UT) ' Spectral Index
Image (Day of Nov 91) (x107* erg cm™ s7* AY arwp Goapwr X5
LWP 21744 15.82483 7.63 0.11 0.88 0.12 2.40
LWP 21747 16.17667 8.35 0.11 0.91 0.11  2.56
LWP 21748 16.24106 8.46 0.12 0.82 0.11 240
LWP 21755 16.82968 8.45 0.12 A 0.77 0.11  2.65
LWP 21756 16.89108 8.76 0.12 0.96 0.11 211
LWP 21768 17.82776 8.11 0.11 0.80 0.11  2.28
LWP 21769 17.89197 8.31 0.11 0.77 0.11 1.92
LWP 21777 18.86792 7.83 0.11 0.90 0.11 231
LWP 21778 18.93918 7.81 0.10 0.72 0.07 2.64
LWP 21786 20.02225 7.41 0.10 1.07 0.12 2.14
LWP 21787 20.08722 7.41 0.10 0.83 0.11 2.24-
LWP 21793 20.74850 8.33 0.11 0.85 0.11 2.54
LWP 21799 21.72665 7.69 0.11 0.95 0.12 1.76
LWP 21810 22.71548 7.95 0.11 0.91 0.11 2.11
LWP 21811 22.77560 7.87 0.11 0.84 0.12 2.27
LWP 21828 23.73749 8.75 0.12 0.91 0.11  2.28
LWP 21837° 24.76144 8.10 0.11 0.93 0.10 2.70
LWP 21847 25.73145 7.83 0.11 0.88 0.12 2.64
LWP 21856 26.73236 9.33 0.13 0.84 0.11  2.80
LWP 21864 27.73346 8.45 0.12 0.94 0.11  2.22
LWP 21877 28.84067 9.06 0.12 0.92 0.11 2.54
LWP 21878 28.90332 9.18 0.12 0.92 0.11  2.25
LWP 21888 29.87552 9.22 0.13 0.67 0.11  2.62
LWP 21889 29.94113 9.18 0.13 0.86 0.11 2.43

@ Unusually short exposure time
® Interrupted exposure



TABLE A.2
PowER-LAW FI1Ts To MERGED SWP-LWP SPECTRA

Spectral Pair Observation Fao00 T Faooo
Image Numbers Midpoint (UT) Spectral Index
SWP LWP (Day of Nov 91) (x107 ergs cm~2s VAT ac Ouc X2

42969 21607 1.86078 5.99 0.08 0.62 0.02 0.83
42970 21608 1.93201 6.06 0.08 0.65 0.02 0.88
42971 21609 1.99609 6.11 0.08 0.62 0.02 0.82
42972 21610 2.06110 6.25 0.08 0.63 0.02 1.00
42972 21611 2.09354 6.27 0.08 0.63 0.02 0.94
42979 21616 2.84991 6.89 0.09 0.58 0.02 0.83
42980 21617 2.91489 6.96 0.09 0.55 0.02 1.04
42995 21625 3.85938 6.90 0.09 0.54 0.02 0.91
42996 21626 3.92706 . 7.05 0.09 0.58 0.02 0.92
43008 21636 4.84351 7.95 0.10 0.61 0.02 0.88
43009 21637 4.91443 - 8.02 0.10 0.61 0.02 0.95
43017 21644 5.85419 8.10 0.10 0.58 0.02 1.90
43018 21645 5.92953 8.26 0.11 0.59 0.02 0.87
43025 21652 6.91302 7.84 0.10 0.72 0.02 1.07
43026 21653 7.05746 7.34 0.09 0.63 0.02 3.95
43026 21654 7.09344 7.62 0.10 0.66 0.02 0.90
43040 21667 9.12286 8.98 0.12 0.60 0.02 0.96
43041 21668 9.25159 9.17 0.12 0.61 0.02 0.99
43047 21673 9.70135 9.48 0.12 0.60 0.02 0.93
43048 21674 9.76245 9.49 0.12 0.61 0.02 1.01
43054 21633 10.68756 10.19 0.13 0.59 0.02 1.09
43055 21684 10.75345 10.20 0.13 0.58 0.02 0.83
43056 21685 10.82233 10.32 0.13 0.58 0.02 0.90
43057 21686 10.88885 10.41 0.13 0.57 0.02 0.98
43058 21687 10.95477 10.29 0.13 0.56 0.02 0.86

43059 21688 11.02100 10.40 0.13 0.58 0.02 0.96




TABLE A.2 (continued)

Spectral Pair Observation Fao00 T Fao00
Image Numbers Midpoint (UT) Spectral Index
SWP LWP (Day of Nov 91) (x107'* ergs cm™?s™! A ac Cac x2

43060 21689 11.08691 10.47 0.13 0.57 0.02 0.90
43061 21690 11.15311 10.65 0.14 0.55 0.02 0.94
43062 21691 11.22003 10.97 0.14 0.57 0.02 0.97
43063 21692 11.28635 10.96 0.14 0.62 0.02 0.90
43064 21693 11.35358 11.15 0.14 0.58 0.02 0.95
43065 21696 11.85248 11.03 0.14 0.61 0.02 1.01
43066 21697 11.91904 11.12 0.14 0.60 0.02 0.85
43067 21698 11.98419 11.26 0.14 0.62 0.02 0.86
43068 21699 12.05035 11.37 0.15 0.59 0.02 1.17
43069 21700 12.11761 11.19 0.14 0.60 0.02 1.06
43070 21701 12.18469 11.02 0.14 0.62 0.02 1.02
43071 21702 12.25085 10.64 0.14 0.61 0.02 0.96
43073 21704 12.52435 10.32 0.14 0.72 0.03 0.93
43074 21705 12.58435 10.53 0.14 0.65 0.02 0.89
43075 21706 12.65039 10.56 0.14 0.64 0.02 0.96
43076 21707 12.71811 10.69 0.14 0.64 0.02 1.00
43077 21708 12.78345 11.05 0.14 0.69 0.02 1.33
43078 21709 12.85004 10.77 0.14 0.62 0.02 0.96
43079 21710 12.91574 11.03 0.14 0.61 0.02 0.90
43080 21711 12.98297 11.00 0.14 0.61 0.02 1.03
43081 21712 13.05136 10.77 0.14 0.59 0.02 1.06
43082 21713 13.11655 10.49 0.13 0.60 0.02 0.96
43083 21714 13.18307 10.29 0.13 0.60 0.02 0.98
43084 21715 13.24884 9.95 0.13 0.59 0.02 0.98
43085 21715 13.28275 9.92 0.13 0.61 0.02 0.95

43086 21716 13.34851 9.84 0.13 0.61 0.02 1.05




TABLE A.2 (continued)

Spectral Pair Observation Fyo00 T Fyo00
Image Numbers Midpoint (UT)

Spectral Index

2

SWP ILWP (Day of Nov 91) (x107 ergs cm~2 s AT ac Ouc X2
43088 21717 13.51941 10.00 0.13 0.65 0.02 1.00
43089 21718 13.58383 10.11 0.13 0.62 0.02 0.88
43090 21719 13.64813 10.18 - 0.13 0.63 0.02 1.01
43091 21720 13.71472 10.00 0.13 0.57 0.02 1.14
43092 21721 13.78168 9.88 - 0.13 0.62 0.02 0.95
43093 21722 13.84720 9.54 0.12 0.58 0.02 0.86
43094 21723 13.91385 9.43 0.12 0.60 0.02 1.00
43095 21724 13.98129 9.20 0.12 0.61 - 0.02 0.94
43096 21725 14.04663 9.23 0.12 0.62 0.02 1.05
43097 21726 14.11322 9.16 0.12 0.63 0.02 0.88
43098 21727 14.18042 9.09 0.12 0.62 0.02 0.92
43099 21728 14.24817 9.08 0.12 0.63 0.02 0.94
43101 21730 14.54623 9.42 0.12 0.62 0.02 1.01
43102 21731 14.61224 9.68 0.12 0.63 0.02 1.00
43103 21732 14.68042 9.95 0.13 0.62 0.02 0.98
43104 21733 14.74622 10.16 0.13 0.61  0.02  0.97
43105 21734 14.81238 10.37 0.13 0.62 0.02 1.07
43106 21735 14.87823 10.39 0.13 0.62 0.02 0.94
43107 21736 14.94498 10.32 0.13 0.63 0.02 0.96
43108 21737 15.01154 10.30 0.13 0.64 0.02 0.95
43109 21738 15.07764 10.23 0.13 0.65 0.02 0.97
43110 21739 15.14511 10.01 0.13 0.66 0.02  0.92
43111 21740 15.21075 10.07 0.13 0.63 0.02 1.12
43111 21741 15.24481 10.24 0.13 0.68 0.02 1.18
43114 21747 16.19269 10.84 0.14 0.62 0.02 1.08
43115 21748 16.25470 10.95 0.14 0.62 0.02 1.02




TABLE A.2 (continued)

Spectral Pair Observation Fao00 T Fao0o

Image Numbers Midpoint (UT)

Spectral Index

2

SWP LWP (Day of Nov91) (x107'* ergs cm™ s™* AY)  ac Toc x2
43121 21755 16.84494 10.98 0.14 0.59 0.02 0.97
43122 21756 16.90836 11.32 0.14 0.61 0.02 0.92
43135 21768 17.84390 10.56 0.14 0.58 0.02 0.91
43136 21769 17.91046 10.72 0.14 0.62 0.02 0.80
43145 21777 18.85114 10.03 0.13 0.67 0.02 0.91
43146 21778 18.92126 9.93 0.13 0.70 0.02 1.03
43157 21786 20.03839 9.55 0.12 0.65 0.02 0.90
43158 21787 20.10062 9.48 0.12 0.68 0.02 0.82
43164 21793 20.73151 10.60 0.14 0.70 0.02 0.94
43165 21793 20.76147 10.54 ‘ 0.14 0.74 0.02 0.96
43174 21799 21.70917 9.84 0.13 0.70 0.02 0.89
43175 21799 21.74646 9.88 0.13 0.68 0.02 0.92
43184 21810 22.69812 10.14 0.13 0.69 0.02 0.90
43185 21811 22.76093 10.07 0.13 0.67 0.02 0.93
43192 21828 23.71979 11.13 0.14 0.70 0.02 0.98
43193 21828 23.75281 11.13 0.14 0.71 0.02 0.91
43211 21837 24.73242 10.36 0.13 0.68 0.02 1.01
43220 21847 25.71484 10.08 0.13 0.65 0.02 0.98
43221 21847 25.74915 10.07 0.13 0.65 0.02 1.00
43230 21856 26.71484 11.86 0.15 0.70 0.02 1.00
43231 21856 26.74957 12.03 0.15 0.64 0.02 1.03
43236 21864 27.71497 10.82 0.14 0.67 0.02 0.95
43237 21864 27.74896 10.85 0.14 0.67 0.02 0.89
43246 21877 28.85724 11.58 0.15 0.69 0.02 1.02
43247 21878 28.91913 11.67 0.15 0.71 0.02 0.92
43260 21888 29.85944 11.74 0.15 0.68 0.02 1.00
43261 21889 29.92554 11.74 0.15 0.67 0.02 1.00




Appendix B

IUE Spectra of OJ 287

In this Appendix are presented the GEX extracted spectra from the IUE
observing campaign of 1993 March 15-20 on the BL Lac object OJ 287 (see

Section 2.2 for data analysis and discussion). Flux units are 107'* erg™" s™*

cm™? A“l.
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Appendix C

IUE Spectra of 3C 279

In this Appendix are presented the GEX extracted spectra from the IUE
observing campaign of 1992 December/1993 January on the OVV 3C 279

(see Section 2.3 for data analysis and discussion). Flux units are 107" erg™!

s~ cm~2? A1,
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