THE ASTROPHYSICAL JOURNAL, 449:567-575, 1995 August 20
© 1995. The American Astronomical Society. All rights reserved. Printed in U.S.A.

SPECTRAL VARIABILITY OF THE X-RAY-BRIGHT BL LACERTAE OBJECT PKS 2005—489
RitA M. SAMBRUNA
Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218; sambruna@stsci.edu

C. MEGAN URRY
Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218

GABRIELE GHISELLINI
Osservatorio Astronomico di Torino, Strada Osservatorio 20, 10025 Pino Torinese, Italy

LAURA MARASCHI
Dipartimento di Fisica, via Dodecaneso 33, 16146 Genova, Italy
Received 1994 November 3; accepted 1995 March 3

ABSTRACT

Two deep ROSAT PSPC observations of the X-ray-bright BL Lac object PKS 2005—489 have yielded
high signal-to-noise spectra with a total of 18,900 and 31,000 counts. The 0.2-2.0 keV spectrum is rather steep,
with a photon index around 3.0 at both epochs. The X-ray flux decreased by a factor of ~2 in 6 months,
accompanied by a steepening of the spectrum. Analysis of the broadband energy distribution shows that the
continuum emission of PKS 2005 —489 peaks at ~10'® Hz and that spectral variability is greater above the
peak. The application of synchrotron self-Compton models indicates that large magnetic energy densities
dominate the emission region in PKS 2005—489 and that the observed variability may be the result of a
variable electron energy and density. The models predict the largest variability in the y-ray band, where the
source was recently detected by the Gamma Ray Observatory (GRO).

Subject headings: BL Lacertae objects: individual (PKS 2005 —489) — gamma rays: theory —
radiation mechanisms: nonthermal — X-rays: galaxies

1. INTRODUCTION

PKS 2005—489 is a BL Lac object in the complete sample
drawn from the 1 Jy radio catalog (Stickel et al. 1991; Kiihr et
al. 1981). It was discovered in the Parkes 2.7 GHz survey (Wall,
Shimmins, & Bolton 1975), classified first as an N galaxy
(Savage, Bolton, & Wright 1977), and subsequently identified
as a BL Lac object on the basis of the bright star-like nucleus,
flat radio spectrum, and featureless optical continuum (Wall et
al. 1986, and references therein). It is one of the brightest BL
Lac objects at all observed frequencies. The maximum record-
ed value of the polarization of its optical light is 2%, while
most BL Lac objects of the 1 Jy sample exhibit higher values
(Stickel, Fried, & Kiihr 1993). Weak narrow emission lines
were detected during a low state of the optical continuum
allowing the determination of the redshift, z = 0.071 (Falomo
et al. 1987). Together with several other BL Lac objects, PKS
2005—489 is one of the few extragalactic sources detected
in the EUV band (Marshall, Fruscione, & Carone 1995;
Fruscione 1995). The object belongs to a cluster of galaxies
(Pesce et al. 1994).

PKS 2005—489 is by definition a radio-selected BL Lac
object (RBL). However, on the basis of its X-ray-to-radio flux
ratio, it would be classified as an “X-ray-strong” or “radio-
weak” or “XBL-like” object (Ledden & O’Dell 1985;
Maraschi et al. 1986; Giommi & Padovani 1994), the latter
term meaning that its radio-to-X-ray energy distribution is
similar to those of X-ray selected BL Lac objects (XBLs).
Together with several RBLs of the 1 Jy sample, PKS
2005 — 489 was recently detected at ~1 GeV by the EGRET
experiment of the Compton Gamma Ray Observatory (CGRO),
with a significance of 4.3 ¢ (CGRO electronic database).

In X-rays, PKS 2005 —489 was observed five times with the

EXOSAT satellite, showing large flux variations and corre-
lated changes in spectral shape (Wall et al. 1986; Giommi et al.
1990); the 0.1-10 keV spectrum steepens with fading intensity,
a behavior often displayed by other XBLs (Sambruna et al.
1994a, b). Two long exposures were obtained with the ROSAT
Position Sensitive Proportional Counter (PSPC) in 0.1-2.4
keV, allowing the study of the soft X-ray spectrum and its
variability.

Here we present a detailed analysis of the two archival
ROSAT PSPC observations of PKS 2005 —489, as part of an
ongoing study of the soft X-ray properties of the 1 Jy RBLs
observed with ROSAT (Urry et al. 1995). The X-ray spectral
variability is interpreted in the context of inhomogeneous rela-
tivistic jet models.

2. ROSAT OBSERVATIONS

2.1. Analysis Procedure

PKS 2005—489 was observed in pointed mode with the
ROSAT PSPC on two occasions in 1992. On both dates the
exposures were rather long (> 10,000 s), yielding a total of
~31,000 and 18,900 counts, respectively, in the 0.1-2.4 keV
energy range. In both images, the object was positioned in the
center of the field, and the ROSAT coordinates are consistent
with the optical-radio position. The source image appears
blurred as an effect of the scattering of the softest (<0.15 keV)
photons, which is known as the “ghost-image” problem (see
“The ROSAT Users’ Handbook ” [Briel et al. 1994]). The
observed radial profiles are in good agreement with the model
point spread function, indicating that no extended emission is
present.

The source photons were collected in a circle of radius 2.5
centered on the source position. This radius is large enough to
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TABLE 1
LoG oF THE ROSAT OBSERVATIONS OF PKS 2005 —489

Exposure Image Counts per

Date (s) Number Second®
1992 Apr 27-29 .......... 10,487° WP700488 2.56 + 0.02
1992 Oct 28-Nov 1...... 11,462 WP701057 1.40 + 0.01

® In the 0.2-2.0 keV energy range.
® Effective exposure after 1000 s were cut for variable background.

collect also the ghost-image photons. The background was
evaluated in an annulus around the source with inner and
outer radii 3’ and 7'. A source located ~6’ from the BL Lac
object, coinciding with an F8 star, was excluded from the back-
ground region. As listed in the WGA catalog (White, Giommi,
& Angelini 1994), the other sources present in the field of PKS
2005—489 are either too faint (<0.002 counts s™!) or too
distant (> 7') to affect the analysis. During the April observa-
tion the background light curve showed anomalous trends and
several flares; these times were cut in the further analysis, yield-
ing an effective exposure time of 10,487 s.

The net count rates of PKS 2005—489 in the 0.2-2.0 keV
energy range are reported in Table 1. During the November
observation the source was fainter than in April, with a drop of
the count rate of a factor ~ 1.8 in ~6 months. PKS 2005 —489
was detected during the ROSAT All-Sky Survey (RASS) with
an intensity of 2.61 + 0.09 counts s~ ! on the 0.1-2.4 keV range
(R. Petre, private communication), comparable to the brighter
April observation.

Time variability of the X-ray emission within each of the
two observations was studied using the Kolmogorov-Smirnov
(K-S) and x? tests. We applied both tests to the full light curves
and to data accumulated on individual orbits. Because of the
wobble of the satellite, the light curves were binned at 2400 s.
No variability was detected, according to both the y? and K-S
tests.

The spectra were extracted on the full 256 channel range. In
order to have Gaussian errors, the spectra were rebinned so
that each bin contained at least 50 photons and the channel
range was restricted to where the spectral response is best
known (0.2-2.0 keV). Spectral fits were performed using
XSPEC, with the matrix recommended for data taken in low-
gain mode (appropriate to observations after 1991 October 14),
ie., the pspcb93janl12 matrix. Some residual uncertainties
remain, so in order not to overestimate possible narrow fea-
tures, a systematic 2% error was added to the data.

2.2. Fitstothe ROSAT Spectrum of PKS 2005 — 489

The spectra were fitted with a single power-law model,
modified at low energies by absorption due to cold gas. The fits
were performed both allowing the absorbing column density
Ny to vary and fixing Ny to the Galactic value 4.6 x 102°

cm ™2, The latter value was obtained from an interpolation of
the distribution of the Galactic Ny from the Stark et al. (1992)
survey as a function of the Galactic latitude, following Giommi
et al. (1990; P. Giommi, private communication), and the rms
uncertainty is 3 x 102° cm~2 (Urry et al. 1995). The recent
detection of PKS 2005—489 in the EUV range suggests that
the Galactic Ny is probably ~3 x 102° cm~2 and should not
exceed 6 x 10?° cm ™~ 2 (H. Marshall, private communication).

The results of the power-law fits are reported in Table 2. We
quote the photon index (I') in columns (3) and (6), the fitted
column densities (Ny) in column (5), and the reduced y? values
per degrees of freedom (x?/dof) in columns (4) and (7). Also
reported in the Table are the flux densities at 1 keV (col. [2]),
from the fits with fixed Ny. The spectral parameters are deter-
mined at 90% confidence for two interesting parameters
(Ax? = 4.6). For the fits with fixed Ny, the normalization was
considered an interesting parameter because it determines the
quoted 1 keV flux density.

The x? values reported in Table 2 show that the fits with a
single power law and fixed absorption are clearly unacceptable
in both observations. Leaving Ny free to vary yields acceptable
fits, with quite steep photon indices (~3.0) in both cases.
Figure 1 shows the x2 confidence contours for the latter fits.
Both observations are consistent with the same value of the
photon index; in effect, the spectrum steepens in a way that can
be described by decreasing Ny and normalization. A steeper
spectrum (" = 3.46 + 0.28), with higher Ny = (5.0 + 1.3)
x 102° cm ™2, was derived by Brinkmann & Siebert (1994)
from the RASS data. '

The residuals of the fixed- and free—-N; models are plotted in
Figures 2a-2b for the April data and in Figures 2¢-2d for the
November spectrum. In both fits with fixed absorption (panels
[a] and [c]), the most prominent feature is a deficiency of
photons centered at ~0.5 keV, significant at greater than 99%
confidence, according to an F-test (Table 3). However, the
feature significance depends strongly on the value of the fixed
absorption. For Ny > 4.6 x 102° c¢m~2, the feature is deep-
ened, while for lower Galactic absorption its significance
becomes negligible. In fact, if the absorption is left free to vary
(panels [b], and [d]), the significance of the feature drops to a
negligible value in both observations (Table 3).

One of the pending problems concerning the calibration of
the PSPC spectral response is represented by the temporal
gain shifts, which can create spurious features in the observed
spectra. In § 2.3 we describe our simulations of the effects of the
PSPC gain shifts. Here we note that the matrix used to analyze
the data of PKS 2005 —489, pspcb93janl2, was obtained by
fudging the “high-gain” response (pspcb92marll) with the
data of Mrk 421, observed by ROSAT in a long exposure in
1992 May, ie., between the two observations of PKS
2005 —489 but closer to the first one. If the gain temporal
variations are small on a timescale of a few months, the

TABLE 2
SINGLE POWER-LAW SPECTRAL FiTs

Ny Fixep Ny Free
Fl keV NH
ErocH (uJy) r x?/dof (x10%° cm™?) r xZ/dof
(0] @ ©) @ 4 ©) ™
1992 Apr............. 505+£0.10  3.08+0.02  2.00/35 4.07 £ 0.21 292 +0.07 1.21/34
1992 Oct-Nowv...... 270 £ 0.08  3.25+0.03 3.36/35 347+ 026 2.88 + 0.09 1.08/34
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FiG. 1.—The y? confidence contours for the power-law fits to the ROSAT observations of PK'S 2005 —489. The abscissa is the absorption column density in 10?2
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FiG. 2—Residuals of the fit with the single power law plus low-energy absorption model to the ROSAT data of PKS 2005 —489. Residuals of the fits with
Ny = 4.6 x 10%° cm ™2 for (a) April and (c) November data. An absorption feature, significant at greater than 99% according to an F-test, is present at 0.5 keV in
both observations. Fits with free Ny, to (b) April and (d) November data. The residuals of both data sets appear featureless.
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TABLE 3
Power-LAaw PLus EDGE SPECTRAL FiTs
Ny =46x10*°cm™2 Ny FREE
EpPocH r E(keV) T x2/dof Ny(10%° cm™2) r E(keV) T xZ/dof
1) () A3) 4) () (6) (7 @®) ) (10)
1992 Apr ........... 3.06 + 0.03 0.455%3:974 0.309*3:242 0.85/33 4851562 3.0019:32 0.45119:9¢° 0.393+9-74¢ 1.10/32
1992 Oct-Nowv...... 3.19%9:%; 0.48619:93¢ 0.565+9:128 0.87/33 3.90%9:2 . ~30 ~0.5 0.3(<0.7) 1.04/32

93jan12 matrix should be appropriate to fit the ROSAT data
of PKS 2005—489 and gain shifts should not introduce
absorption features.

We did explore the effect of fitting the spectra of PKS
2005 —489 with the inappropriate 92mar11 matrix, which cor-
responds to a different gain setting than the 93jan12 matrix.
This changes considerably the energy and depth of the fitted
absorption feature when the Galactic Ny is fixed (as expected).
In the fits with the 92mar11 matrix, E; is determined around
0.28 keV, the energy of the carbon edge, one of the primary
constituents of the instrument window, and the feature is deep-
ened (t ~ 2-3). The simulations described in § 2.3 show that
gain shifts even smaller than those appropriate to the 93jan12
matrix can create residuals similar to those observed in PKS
2005 —489.

We conclude that, at the present level of knowledge of the
Galactic absorption and of the instrumental uncertainties, the
ROSAT spectrum of PKS 2005 —489 appears well described
by a single power-law model with steep photon index (I' ~ 3.0)

and a column density ~3-4 x 102° cm ™2,

2.2.1. Upper Limits for Other Features

Absorption features from highly ionized gas have been seen
in other BL Lac objects. An absorption feature was seen at 0.6
keV in the X-ray spectrum of the bright BL Lac object PKS
2155 —304 taken with the Einstein Objective Grating Spectro-
meter (Canizares & Kruper 1984). The redshift of the source
favored an interpretation as the resonant Ly« line of O v
(E et = 0.654 keV; Canizares & Kruper 1984; Krolik et al.
1985). A feature at 0.55 keV was detected in the BBXRT spec-
trum of PKS 2155 — 304 and best-fitted by a broken power law
plus edge model, with the energy of the edge at ~0.506 keV
and t© ~ 1.1 (Madejski et al. 1995).

We can set upper limits on the strength of absorption fea-
tures of the same kind as in the OGS and BBXRT spectra of
PKS 2155—304 in the ROSAT data of PKS 2005—489. We
modeled the oxygen resonant line with a notch model, with
fixed energy 0.61 keV and covering fraction 1; the fit to the
data with this model yielded a negligible value of the line
width, AE < 0.02 keV, in both spectra, or, fixing the width at
0.1 keV, negligible covering fraction, <0.2. For the BBXRT
feature, a power law plus edge model yielded = = 0.15-0.25.

2.2.2. Upper Limits for the X-Ray Luminosity of the Associated Cluster

The softness of the spectra derived in both April and
November observations implies that any contribution to the
soft X-ray emission by the hot gas of the cluster associated with
PKS 2005—489 (Pesce, Falomo, & Treves 1994) should be
negligible; in fact, fitting the data with a two-component model
(power law plus thermal bremsstrahlung) does not yield an
improved fit.

We can estimate an upper limit to the X-ray luminosity of
the cluster. Assuming a power law with I = 3 for the BL Lac
object, a thermal bremsstrahlung with temperature kT =5

keV for the cluster (an average value derived from EXOSAT
measurements; Edge & Stewart 1991), and Ny = 4.6 x 102°
cm~2, the maximum luminosity a cluster could have and not
be detected in our data is L,(0.2-2.0 keV) ~ 8 x 10*3 ergs s ?,
a factor of 4 fainter than the BL Lac object and typical of poor
clusters (e.g., Price et al. 1991).

2.3. Simulations of the Effects of the PSPC Gain Shifts

The temporal variations of the PSPC gain are among the
pending problems concerning the calibration of the spectral
response. A gain shift assigns systematically different channels
to incoming photons of a given energy, with the net result that
the spectrum is shifted forward or backward in the detector
sensitivity range. When not compensated for in the detector
response matrix, this may lead to the presence of localized zero
or low-counts channels, which appear as spurious features.

A proper test of this effect would be to simulate data with a
response matrix appropriate to one gain setting, and then
analyze it with the matrix appropriate to another gain (test A).
An artificial but qualitatively equivalent procedure (test B),
which explores more than two gain settings, is to simulate data
with one matrix, shift it artificially by a fixed number of chan-
nels (this ignores effects of nonlinearity and so on), and
compare the simulated spectrum with the real data. Both tests
are described below in turn. The simulations are normalized to
the count rate of the April observation of PKS 2005 —489 and
were created with a power-law model with I' = 3.0 and N =
4.6 x 102°cm™2,

a) Inappropriate instrumental response matrix (test A).—We
have at our disposal the two matrices corresponding to the
setting obtained in “low-gain” mode (pspcb93janl2) and in
“high-gain” mode (pspcb92marll). Single—power-law 256
channel spectra were simulated with the command FAKEIT
within XSPEC using the two matrices in turn and rebinned in
the way described above for the observed data. The spectrum
faked with the 92marll matrix was then analyzed with the
93jan12 matrix and vice versa. The residuals of the single
power law plus Galactic Ny model are shown in Figure 3 for
the two cases, respectively.

From Figure 3 it can be seen that, in the case of the spectrum
created with the “high-gain” matrix (panel a) an absorption
feature is created at E; ~ 0.6 keV, with a small optical depth,
7 ~ 0.13, and emission at lower energies. In the spectrum simu-
lated with the “low-gain” response (panel b), a deeper feature
(t ~ 1.5) appears at ~0.26 keV, close to the instrumental
carbon edge. In other words, if the gain decreased substantially
from the 93jan12 level during the PKS 2005—489 observa-
tions, our use of the high-gain matrix to analyze the data could
create a spurious absorption feature but at a lower energy than
observed.

b) Artificial gain shifts (test B).—A single power-law spec-
trum with no absoption features was simulated using the
93jan12 matrix, and the 256 channel spectrum was rebinned as
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FiG. 3.—Results from the simulations of the PSPC gain shifts (test A; see
text). (@) Residuals of the fit with the single power law plus Galactic absorption
model to the spectrum simulated with the 92mar11 matrix and analyzed with
the 93jan12 matrix. A negligible (r ~ 0.13) feature is created at 0.6 keV, while a
prominent emission structure appears at 0.4 keV. (b) Same as (a), but for the
spectrum simulated with the 93jan12 matrix and analyzed with the 92jan11
matrix. A deep (t ~ 1.5) absorption feature shows up at 0.26 keV, close to the
instrumental carbon edge.

in the case of the real data. The simulated spectrum was artifi-
cially shifted forward and backward, toward higher and lower
gains, respectively, by adding zero channels on the top or the
bottom of the ASCII file. Panels a and b of Figure 4 show the
residuals of the power-law model fit to the spectra shifted
forward by six channels and backward by two channels, res-
pectively, they represent cases analogous to those in Figure 3.
Panel ¢ of Figure 4 shows the difference between the
observed data and the simulated (unshifted) power law; an
absorption feature is effectively present in the real data at 0.5
keV, together with an excess at lower energies. However, both
the feature and the excess can be reproduced with a small (1
channel) shift forward, as shown in panel d of Figure 4.

3. THE BROADBAND ENERGY DISTRIBUTION
OF PKS 2005—489

3.1. The Data

In the following we discuss the high-energy emission of PKS
2005—489 in relation to its overall broadband energy dis-
tribution (BBED). Unfortunately, no data simultaneous to
either the ROSAT or the y-ray observations are available at
other frequencies. A representative BBED from radio to X-rays
was therefore derived from published flux densities (a literature
search in the period 1900-1994 made use of the electronic

SPECTRAL VARIABILITY OF PKS 2005—489 571

database NED). With the exception of the radio measure-
ments, all the fluxes were actually obtained in the last 15 years.
Radio flux densities at 0.41, 2.7, and 5.0 GHz were obtained by
Large et al. (1981), Wall et al. (1975), and Kiihr et al. (1981).
JHKL and V photometry was performed by Bersanelli et al.
(1992), Falomo et al. (1993), and Wall et al. (1986, and refer-
ences therein). PKS 2005 —489 was detected by IRAS at 12, 25,
60, and 100 um (Impey & Neugebauer 1988). Data in the UV
band are reported in the compilation of Edelson et al. (1992).

X-ray observations prior to those from ROSAT ones were
obtained with the EXOSAT satellite in the 0.1-10 keV range,
at five different epochs in the period 1984-1985 (Sambruna et
al. 1994b). The spectral index was observed to vary from
I' =2.62 + 0.02 in the highest state to I’ = 3.20%3-29 in the
lowest state. The highest intensity state measured with
EXOSAT is the brightest state observed so far in X-rays for
this source, with F,,.y ~ 40 uJy. The lowest EXOSAT state is
very close in both slope and normalization to the 1992 Novem-
ber ROSAT observation.

Figure 5 shows the BBEDs obtained by plotting at each
frequency the maximum (filled circles) and minimum (open
circles) “historical” flux density. In X-rays, spectra corre-
sponding to the brightest EXOSAT state and to the faintest
state measured with both ROSAT and EXOSAT are plotted.
This procedure yields two BBEDs which may be taken to
represent the continuum energy distribution in a “high” and
“low ™ state, respectively. The y-ray flux corresponding to the
marginal (4.3 o) detection, ~3.0 x 107 !! Jy, is also shown
together with the highest 2 ¢ upper limit obtained on a differ-
ent occasion (CGRO electronic database).

Despite the nonsimultaneity of the data plotted in Figure 5,
the BBED of PKS 2005—489 shows some clear trends. The
power per decade rises continuously from the radio to the
IR-optical-UV bands, reaching a peak in the soft X-ray band.
This is typical of XBL-like BL Lac objects (Giommi, Ansari, &
Micol 1995). Following the peak, the power per decade
decreases in the medium X-ray range, but the y-ray data imply
a second rise and a second peak.

Note that the flux variations are largest at frequencies higher
than 10 Hz, which corresponds to the peak of the power per
decade, while at lower energies the flux variability is less dra-
matic (Fig. 5). In the X-ray band there seems to be a regular
trend in the spectral variability, with a softer spectrum in the
fainter state, as seen in other BL Lac objects (Giommi et al.
1990; Sembay et al. 1993; George, Warwick, & Bromage 1988).
This was previously noted within the EXOSAT data
(Sambruna et al. 1994a) and is supported by the ROSAT data
(see above).

3.2. Interpretation

There is general consensus that the multifrequency contin-
uum from blazars at least up to the UV band is due to synchro-
tron radiation from high-energy electrons within a relativistic
jet (e.g., Konigl 1989). The “curved ” shape of the continuum
may be due to the superposition of different emission regions
with different particle spectra (inhomogeneous models), or to
curvature of the particle spectrum of a single emission region,
or both. Inhomogeneity is probably responsible for the flat
radio spectra, where individual components are optically thick
(Ghisellini, Maraschi, & Treves 1985).

In the case of PKS 2005—489, the steepness of the X-ray
spectrum and its variability behavior (steepening of the spec-
trum with decreasing intensity, but always smoothly connect-
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FiG. 4—Results from the simulations of the PSPC gain shifts (test B; see text). A single power-law was simulated and shifted both forward, toward higher gains,
and backward (lower gains). Residuals of the single power-law model for the simulated spectrum shifted by (a) six channels toward higher gains and by (b) two
channels toward lower gains. These shifts create situations similar to those in panels a and b of Figure 3 respectively. (c) The simulated unshifted power law is
subtracted from the true April data. A feature in the true data is visible at 0.5 keV, together with excess emission at lower energies. (d) Difference between the April
data and the simulated spectrum shifted forward by one channel. A small gain shift can produce the residuals observed in the true data.

ing with the optical-UV) suggest that the X-ray emission may
also have a synchrotron origin. The observed spectral variabil-
ity can be interpreted within homogeneous or inhomogeneous
models as discussed below.

The y-rays may be produced via the inverse Compton
process by the same high-energy electrons responsible for the
synchrotron continuum. Suggested origins for the seed
photons include the synchrotron photons themselves
(synchrotron self-Compton, SSC; e.g., Maraschi, Ghisellini, &
Celotti 1992), UV photons coming from a nearby accretion
disk (Dermer, Schlickeiser, & Mastichiadis 1992), or from the
broad-line region (Sikora, Begelman, & Rees 1994). Here we
discuss the SSC model (see also Ghisellini & Maraschi 1994),
considering first the homogeneous case and then a more realis-
tic inhomogeneous jet model.

3.3. Homogeneous Synchrotron Self-Compton Model

We can derive order of magnitude estimates of the magnetic
field and the size of the y-ray-emitting region of PKS
2005—489 from a simple homogeneous SSC model. We
assume that the synchrotron component is responsible of the
UV peak in the BBED (at v, ~ 10'® Hz), and that the corre-
sponding peak due to the self-Compton process is approx-
imately at the observed y-ray energies (at v, ~ 1023 Hz). The
ratio of these two energies is approximately equal to the square
of the Lorentz factor of the emitting electrons, so y ~ 3 x 103,

To produce synchrotron photons of observed frequency v, =
10'°v, ;¢ Hz with this electron Lorentz factor, the magnetic
field must be B ~ 360v2,/(0v, ,3) G, where § is the beaming
factor and v, = 10*3y, ,; Hz.

From Figure 5 one finds that the IR-optical UV flux
(integrated over frequency) of the “high” state is approx-
imately 10 times the observed flux above 100 MeV. If the
former is due to the synchrotron process, and the latter to
self-Compton scattering, one finds Uz ~ 10U ,4. Therefore we
have

2
_LEL = B_ , (1)
4nR%cé*  8n

where L, = 10*6L,,, ,, ergs s~ ' is the observed synchrotron
luminosity. Equation (1) implies
R ~72 x 1015 Lomas Yezs oy
. 2,

)

The corresponding minimum variability timescale t,,, =
R/(c8) ~ 2.8Lyy 46 Ve,23/(0Vs,16)* days. We note that rapid
variations have indeed been observed in the X-rays, with t,,, ~
2 hr (Giommi et al. 1990), thus suggesting 5 ~ 6. This is consis-
tent with a lower limit on the beaming factor, 6 > 3.4, derived
by requiring the source to be transparent to y-rays (Dondi &

Ghisellini 1995).
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F1G. 5—Broadband energy distribution of PKS 2005 —489. Data are taken
from the literature and are not simultaneous. Maximum (filled circles) and
minimum (open circles) historical fluxes are plotted from radio to UV. In
X-rays the high state measured with EXOSAT and the low states measured
with ROSAT and EXOSAT are plotted. In y-rays, the marginal (4.3 o) detec-
tion and the higher 2 o upper limit measured with CGRO on separate
occasions are plotted. Dotted and dashed lines represent the fits with the
inhomogeneous relativistic jet models of Ghisellini et al. (1985) to the high and
low states, respectively.

In the framework of the homogeneous SSC model, the IR to
X-ray emission must be produced by a broken power-law dis-
tribution of relativistic electrons, with a break at the electron
Lorentz factor y,. Radiation losses are severe (unless J is
unrealistically large) and are more rapid than the light crossing
time, implying a continuous injection of particles. In such cases
the equilibrium particle distribution, derived by a continuity
equation, is found by balancing injection and losses. A broken
power law can be obtained by injecting a power law of rela-
tivistic electrons of slope s above the break energy y,. The
steady particle distribution N(y), will be a power law of slope 2
below y,, and slope (s + 1) above. The observed spectral varia-
bility can then be due to a change in the injection index s,
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resulting in a spectral change above the break energy, but in
the same slope below.

3.4. Inhomogeneous Relativistic Jet Model

A simple homogeneous SSC model has difficulties in
accounting for the overall spectrum of PKS 2005 —489 from
the far-IR to the y-rays. Furthermore, it is widely believed that
in blazars most of the emission is produced in a relativistic jet
pointing at the observer. We have therefore considered the
inhomogeneous jet model of Ghisellini et al. (1985, hereafter
GMT), where the relevant quantities (magnetic field, electron
density, maximum emitted synchrotron frequency) are simple
power-law functions of the distance from the apex of the jet.

The BBEDs of PKS 2005 —489 in high and low states can be
reproduced, as shown in Figure 5, with the parameters listed in
Table 4. Because of the large number of free parameters, we did
not attempt to constrain parameters individually but simply
tried to obtain a reasonable fit to both BBEDs. A constant
bulk Lorentz factor I'y = 5, a viewing angle v = 10°, an initial
value of the magnetic field close to the estimates of the preced-
ing section, B, = 130 or 110 G, and maximum synchrotron
frequency v,,, = 1.7 x 10*° or 4 x 107 Hz, produce the fits to
the high and low states, respectively (dotted and dashed lines in
Fig. 5). In the GMT model, most of the IR to y-ray emission is
produced in the inner, parabolic zone of the jet (R < 10'7 cm).
In this region the magnetic field decreases from 130 to 4 G,
while the particle density stays approximately constant. The
larger conical zone is responsible for the radio emission. The
magnetic energy density is larger than either the particle
energy density or the radiation energy density throughout the
entire jet.

The slope of the soft X-rays in this model is due to the
convolution of the spectra produced in each slice of the inner
jet rather than to a steep electron distribution. The high and
low states of the source have been reproduced decreasing the
maximum energy of the electrons (via v,,,), and to a lesser
extent increasing the electron density, while maintaining
(approximately) constant the magnetic field and the other
parameters of the source. This suggests that the variable slope
and flux of the X-rays is due to a change in the electron dis-
tribution function in the inner part of the jet. As can be seen in
Figure 5, variations in the IR-optical bands should be accom-
panied by corresponding simultaneous larger variations in
y-rays. The variability of X-rays emitted via synchrotron radi-
ation might have a correspondence at ultra-high (TeV) y-ray

TABLE 4
INHOMOGENEOUS JET MODELS FOR PKS 2005 —489*

Parameter High State Low State Notes
Ry.ooviinnnen 1 x 10'* cm 1 x 10" ¢ Initial radius of parabola
Ropaxpar -+ 1 x 10'7 cm 1x10'7¢ Maximum length of parabola
Riax.conc -+ - 3 x 10*° cm 3x102%¢ Maximum length of cone
By ooooinnnnn. 130G 110G Magnetic field at R,

Tg enernenaennns 2.8 x 107¢ 45 x 1076 Optical depth at R,

Vinax e eereene 1.7 x 10'° Hz 4 x 10'" Hz Maximum synchrotron frequency at R,
m.....o..... 1.0 1.0 Magnetic field power-law index
Mo, 0.20 0.50 Electron density power-law index

| I TR 5.0 5.0 Bulk Lorentz factor (constant)
Dovriiiiniinns 10° 10° Viewing angle

Kooeoeraannnnn 42 x10*cm™3 6.8 x 10*cm™3  e- density at R,

O iiiiiians 5.7 5.7 Doppler factor

U/Ug........ 092 0.25 Photon/magnetic densities at R,
Boveiiiaans 48 4.8 Predicted superluminal speed

# Symbols for the parameters as in Ghisellini et al. 1985.
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energies where, however, the Compton scattering cross section
is reduced by the Klein-Nishina limit. The models shown in
Figure § illustrate the importance of coordinated observations
in the optical-UV, X-ray, and y-ray bands.

4. DISCUSSION

It is interesting to compare the spectral properties of PKS
2005 —489 to those of other blazars. The radio to X-ray energy
distribution resembles that of XBL-like BL Lac objects. In
particular, PKS 2005—489 shows close similarities to Mrk
421, a prototype X-ray bright BL Lac object. In addition to the
shape of the overall energy distribution, properties in common
to both sources include the steepness of the X-ray spectrum,
the trend of harder X-ray spectrum with higher intensity, and
the detection at y-ray energies. In fact, applying the same jet
model to Mrk 421 yields physical parameters similar to those
derived here for PKS 2005 —489 (Maraschi, Ghisellini, & Boc-
casile 1994). Mrk 421 is the first (and only) extragalactic source
detected at TeV energies. Note that in Figure 5 the Compton
component in the spectrum of PKS 2005 —489 peaks at 10%°
Hz. Because of its proximity (z = 0.071), PKS 2005 — 489 could
likely be detected at TeV energies with current sensitivities.
Unfortunately this is not currently feasible, since the object is
located in the southern hemisphere.

It is also interesting to compare PKS 2005 — 489 and 3C 279,
the best-studied y-ray—loud blazar, because for both sources we
have information about high and low states. Like PKS
2005—489, the BBED of 3C 279 showed a softening of the
continuum with fading intensity from IR to UV frequencies; in
addition, the y-ray power of 3C 279 was largely dominant in
the high state, while it was less prominent in the low state
(Maraschi et al. 1994). The two objects have different classi-
fications, PKS 2005 — 489 being a BL Lac object while 3C 279
is a more luminous, superluminal quasar. For the latter object,
as for many radio-selected BL Lac objects, the peak in the
broadband energy distribution is between 1012-10!'* Hz
(Maraschi et al. 1994; Giommi et al. 1995), much lower than in
the case of PKS 2005 —489. Another clear difference is that in
3C 279 the X-ray emission has a flat spectrum extrapolating
smoothly to the y-rays. Therefore, in the latter object the
X-rays do not derive from the synchrotron mechanism but
most likely from inverse Compton scattering.

It is interesting to note that in both 3C 279 and PKS
2005 —489, the largest variations and the softening of the con-
tinuum with decreasing intensity occur beyond the peak in the
broadband energy distribution. The two BBEDs and the spec-
tral behaviors can be thought of as similar if one allows for a
shift of ~3 orders of magnitude in the frequency axis of the
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multifrequency spectrum. Such a shift may result from similar
emission mechanisms operating in the whole blazar class but
on different physical scales. The different position of the spec-
tral break in the two BBEDs, vg ~ 10! Hz in 3C 279 and
~10'® Hz in PKS 2005 — 489, indicates a higher magnetic ficld
and/or a higher particle energy in the latter source for compa-
rable J factors. Application of the same inhomogeneous jet
model to 3C 279 (Maraschi et al. 1992, 1994) does yield a lower
magnetic field, larger size, and lower particle energies. It is also
interesting to note that the different magnetic field value may
account for the different dominance of the y-ray emission in the
two sources if the y-rays are produced through the SSC mecha-
nism. The lower magnetic field value in 3C 279 may mean that
Compton energy losses exceed synchrotron losses, with conse-
quent copious production of y-rays. A systematic analysis of
the BBEDs of complete samples of blazars, for the purpose of a
physical characterization of their emission properties, is in
progress (Sambruna et al. 1995).

5. SUMMARY AND CONCLUSION

Two ROSAT PSPC pointed observations of the X-ray
bright BL Lac object PKS 2005 — 489 show interesting spectral
characterics. The 0.2-2.0 keV continuum of PKS 2005 — 489 is
steep (I' ~ 3.0) and extrapolates well to the faintest spectrum
measured with EXOSAT in a harder range. The ROSAT data
show that for the soft X-ray band, as previously found for hard
X-rays, the X-ray spectrum hardens with increasing intensity.

The smooth connection of the X-ray spectrum to the optical
UV continuum suggests a common synchrotron origin, while
synchrotron self-Compton scattering can explain the observed
y-rays. Applying the inhomogeneous relativistic jet model, the
derived value of the magnetic field is similar to the X-ray bright
BL Lac object Mrk 421 and higher than for the OVV quasar
3C 279. The spectral hardening with increasing intensity in
PKS 2005—489 can be accounted for by a small gradient in
the density of relativistic electrons and by a substantial
increase of their maximum energy. We suggest that magnetic
field strengths and particle energies may be the main physical
quantities governing the shape of the multifrequency contin-
uum emission in blazars.
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