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ABSTRACT

We carried out two spectroscopic observations of the BL Lacertae object PKS 2155—304 with the Extreme
Ultraviolet Explorer during 1993 June (~111 ks) and July (~ 157 ks). The source was detected in the ~ 75—
110 A range during both epochs, but the two spectra differ in detail, and the flux has increased by ~ 60%
between the two observations. A power-law fit to the data yields an energy spectral index a ~ 3—4 for the
measured Galactic H 1 column density and likely choices of the He 1 and He 11 abundances: such values are
inconsistent with the soft X-ray spectral index of 1.65 measured by the ROSAT Position Sensitive Proportion-
al Counter, which approximately corresponds also to the observed flux ratio of EUV to X-ray. Fitting a

-power law with & = 1.65 to the EUV data implies strong absorption at the source between ~75 and ~85 A.
We argue that this absorption is not due to continuum opacity and demonstrate that it can be attributed,
instead, to a superposition of Doppler-smeared absorption lines originating in high-velocity (<0.1¢), radially
localized, broad emission line-type clouds of total column density ~5 x 102° cm~2 that are ionized by the
beamed continuum of the associated relativistic jet. We identify the lines as mostly L- and M-shell transitions
of Mg, Ne, and Fe. The same model also implies a pronounced O vii Ka X-ray absorption feature at roughly
the same energy as the feature detected in 1990 by BBXRT, which provides strong support for the apparent
association of this object with a galaxy at z =0.116. We suggest that the higher energy X-ray absorption
feature detected in 1980 by the Einstein Objective Grating Spectrometer and identified with a broadened
O v Lya line might have originated in outflowing clouds that had a higher abundance of O viu than of
O v, possibly because they crossed our line of sight closer to the continuum source.

Subject headings: BL Lacertae objects: individual (PKS 2155 —304) — galaxies: jets — ultraviolet: galaxies —

X-rays: galaxies

1. INTRODUCTION

BL Lacertae objects (BLOs) are highly variable active galac-
tic nuclei that are characterized by a featureless continuum
extending from radio to X-ray wavelengths (e.g., Maraschi,
Maccacaro, & Ulrich 1989). They have been interpreted as
relativistic jets whose beamed synchrotron and inverse-
Compton emission dominates the measured spectrum because
they are observed at small angles to the jet axis (Blandford &
Rees 1978). They often appear in association with low-redshift
(z £ 0.1) elliptical galaxies, but it has been suggested that at
least some of these objects correspond to gravitationally lensed
quasars located at higher redshifts (e.g., Ostriker & Vietri
1990). PKS 2155—304 is one of the brightest extragalactic
sources at all wavelengths and is considered to be representa-
tive of X-ray-selected BLOs. It has been the subject of several
monitoring campaigns, including one recently with the IUE
(Urry et al. 1993) and ROSAT (Brinkmann et al. 1994), which
established the presence of correlated, 220% X-ray and UV
intensity variations on timescales of hours.

One of the most puzzling aspects of X-ray—selected BLOs is
the nature of the 0.5 keV X-ray absorption feature indicated
in several of these objects (Madejski et al. 1991). Such a feature
was first detected in Einstein Objective Grating Spectrometer
(OGS) observations of PKS 2155—304 in 1980 May, which
revealed an edge or a trough starting at 0.6 keV and extending
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to higher energies by 50-100 eV (Canizares & Kruper 1984).
This feature has been interpreted as an O vit Lya line originat-
ing in a mildly relativistic (~0.1¢c) outflow at the redshift
(z = 0.116; Falomo, Pesce, & Treves 1993) of the apparent host
galaxy (Krolik et al. 1985). BBXRT observations in 1990
December (Madejski et al. 1994) have confirmed the existence
of a pronounced absorption feature but found that it started at
an energy (~ 510 eV) that was formally inconsistent with the
OGS measurement a decade earlier. Furthermore, the feature
appears to have weakened between the two observations, a
result indicated also by ROSAT Position Sensitive Pro-
portional Counter (PSPC) measurements in 1991 November
(Brinkmann et al. 1994).

PKS 2155—304 was also found to be the brightest extra-
galactic EUV source in the all-sky surveys conducted by the
ROSAT Wide Field Camera (WFC) (Pounds et al. 1993) and
the EUVE (Bowyer et al. 1994). In each of these surveys, the
detection was significant only in the shortest wavelength
bandpass. EUVE observations carried out over ~30 ks in
1992 July as part of the deep survey (Marshall, Carone, &
Fruscione 1993) and the in-orbit spectrometer calibration
(Fruscione et al. 1994) have revealed that the source is variable
(at the ~10% level) on a timescale of hours but that its flux
level and spectral shape in the ~75-110 A wavelength range
are compatible with an extrapolation of the power-law soft
X-ray (~02-2 keV) spectrum (of energy spectral index
o &~ 1.65) measured by the ROSAT PSPC. Given the various
observational uncertainties, this value of « is also compatible
with the EUV measurements by the ROSAT WFC
(Brinkmann et al. 1994), and it thus appears that any break to
the flatter (o« < 1) spectrum recorded by the IUE (Urry et al.
1993) does not occur at wavelengths shorter than ~124 A.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...446..598K

No. 2, 1995

! These observations are consistent with the entire UV-soft
X-ray spectrum in PKS 2155—304 originating in a synchro-
tron emission component from a relativistic jet.

In this paper we report on two EUVE spectroscopic observ-
ations of PKS 2155—304 that have enabled us, for the first
time, to conduct a detailed EUV spectral analysis of an extra-
galactic object. Our observations have provided valuable clues
to the redshift of this BLO, the interpretation of its enigmatic
X-ray absorption feature, and the presence of broad emission
line region (BELR) gas in its nucleus. These results are particu-
larly significant in view of the fact that the beamed nonthermal
continuum in BLOs swamps any intrinsic optical line features
that might be present, leaving EUV and X-ray spectroscopy as
the main tools for probing the photoionized gas near the
central engine.

2. OBSERVATIONS AND DATA REDUCTION

Our spectroscopic measurements were carried out during
two observing runs: 1993 June 16-20 and 1993 July 5-11 (total
exposure times 132,836 s and 157,209 s, respectively). Whereas
the July data were very clean and could all be used in the
analysis, the June data were contaminated by atmospheric
noise (e.g., Lieu et al. 1993). To delete the noisy data, we first
plotted the time sequence and removed the most clearly identi-
fiable spurious points by hand. We then determined the
median and standard deviation of the remaining set and elimi-
nated all data points that deviated by more than 2 ¢ from the
median. This left 110,640 s of useful exposure time for the June
observation.

Background subtraction was carried out by utilizing data
from the sides of the spectrum in the two-dimensional detector
image. We have considered N background strips, each having
the same width as the spectrum, and binned the data in the
dispersion direction in cells of size 0.5 A (roughly the resolution
element). Assuming Poisson statistics, the mean background
at wavelength A is B(A) =Y, B(A)/N, where BJ) is the
number of counts in the cell centered on A in strip i, and the
count number S(4) of the background-subtracted spectrum has
a standard deviation ag(4) = [S(4) + B(A)1 + 1/N)]*2. [The
analogous expression for ag(4) in Fruscione et al. 1994 contains
a typographical error.] Although the spectrometer size is such
that four strips can be identified on each side of the spectrum,
we have included only the central four strips in calculating the
background because instrumental effects cause the back-
ground to be overestimated in the outer strips for A < 75 A.
Figure 1 shows the resulting spectra obtained by dividing the
background-subtracted counts by the effective area of the
spectrometer (derived from in-orbit calibration measurements;
Boyd et al. 1994) and by the useful observing time. Note that
the spectral regime 4 < 75 A, where the background is both
relatively high and uncertain, is excluded from the subsequent
analysis.

One striking aspect of the spectra displayed in Figure 1 is the
apparent presence of several absorption features, which indi-
cates that line opacity has an important effect-on the spectrum.
The most prominent features appear as residuals from a
power-law fit to the data that we made by using the Galactic
H 1 column density Ng(H 1) = 1.36 x 10?° cm ™2 derived from
the observed 21 cm emission in the direction of PKS
2155—304 (Albert et al. 1993). The best-fit spectral index is
sensitive to the assumed He 1/H 1 and He 1/H 1 ratios: for
values of 0.1 and 0.01, respectively (see Fruscione et al. 1994),
o = 4.0 + 0.3 for the June data and 4.3 4+ 0.2 for the July data,
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F1G. 1.—Background-subtracted spectrum (shown with 1 ¢ error bars) for
the 1993 June (top) and July (bottom) EUVE observations of PKS 2155—304.
The solid line in each case represents a best-fit (in the range 85-110 A) a =
1.65 power-law continuum with Galactic absorption characterized by
NgH1 =136 x 102°cm~2,Hey/H1 = 0.1,and Heu/H1 = 001.

whereas for He 1/H 1 = 0.07 and He 11/H 1 = 0.023 (the values
derived by Vennes et al. 1993 in the direction of GD 246), the
corresponding indices are « = 2.5 + 0.3 for June and 2.8 + 0.2
for July. The number of >3 ¢ absorption features between 75
and 110 A that one infers from these fits is two in June and five
in July.

The total measured flux in the 75-110 A range was
4.6+ 1.0 x 1072 ergs cm ™2 s~ ! during the first observation
and 7.4 + 0.9 x 1072 ergs cm ™2 s~ ! during the second. For
comparison, the flux measured by Fruscione et al. (1994) over
the same wavelength interval was 2.3 + 1.0 x 1072 ergs cm ~2
s~1 during the 1992 July calibration observation. Evidently,
the spectrum varies on timescales of weeks and months in both
shape and flux level.

3. INTERPRETATION

The spectral indices (« 2 3) of the best power-law fits to the
EUVE data are much steeper than the values measured in both
the soft X-ray and the UV regimes, which suggests that the
EUYV spectrum cannot be represented by a simple power law.
Based on the discussion in § 1, a plausible guess for the actual
spectral index is the ROSAT PSPC value o = 1.65. Fitting
such a power-law continuum to the data implies strong
absorption in the ~75-85 A range, particularly for the July
observation (see Fig. 1). To test whether this apparent flux
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deficit could be attributed to continuum absorption at the
source, we have employed the XSTAR photoionization code
(kindly provided to us by T. Kallman) and calculated the
expected spectra for different values of the ionization param-
eter ¢ = Ly, /nyr? (where ny is the hydrogen density, r is the
distance to the continuum source, and L, is the ionizing lumi-
nosity [estimated to be ~10*¢ h~2 ergs s~ ! using the mea-
sured EUYV flux, z = 0.116, and a Hubble constant H, = 100 h
km s~* Mpc~1]). We found that strong continuum absorption
at these wavelengths requires a total column density N, 2 5

x 10%° cm~2 and occurs only for & < 0.5, but that, in that
ccase, an even larger continuum opacity at longer wavelengths
and very strong line-absorption features are predicted, both of
‘which are inconsistent with the data.*

An alternative interpretation of the EUV data is that the
observed spectrum arises in large part from a superposition of
Doppler-smeared absorption lines that originate in a high-
velocity, clumped outflow from the nucleus of PKS 2155—304.
We have tested this scenario using the XSTAR code in con-
junction with the hydromagnetic disk-driven wind model dis-
cussed in Konigl & Kartje (1994). We have found that the gross
features of the spectrum can be adequately reproduced by an
outflow spanning a narrow range of ionization parameters and
velocities around ¢ 2 10 and v < 0.1c, respectively. Figure 2
presents an example of such a model fit, which demonstrates
that both the overall ~75-85 A flux deficit and the appearance
of distinct absorption features can be accounted for with this
scenario. The dominant contributors to this moderate-¢ spec-
trum are L-shell transitions of intermediate-Z elements
(notably Mg and Ne) as well as M-shell transitions of Fe.

For outflows observed at small (~5°) angles to the sym-
metry axis, the hydromagnetic wind models considered by
Konigl & Kartje (1994) indicate that a velocity ~0.1c is typi-
cally attained on a scale r ~ 5 x 10'7(M/10® M) cm (where
M is the mass of the central object). Using this length scale in
the expression for the ionization parameter and adopting
¢~ 15 and L, ~ 10* ergs s~! yield a density ny ~ 3 x 10°
cm 3 for the absorbing gas. The inferred values of r and n are
characteristic of BELR clouds (see, e.g., Netzer 1990). By
rescaling our continuous wind model to represent a clumped
outflow (which we have done by assuming the invariance of &
and N,,; see Krolik et al. 1985), we have deduced a cloud
volume filling factor f, ~ 107 % (r/5 x 10'7 cm)~! (where
f4 S 1is the cloud covering factor). Although it is conceivable
that the clouds are entrained by the relativistic jet that propa-
gates along the symmetry axis, their inferred subrelativistic
speeds suggest that they are not located in the jet. The clouds
must, however, cross our line of sight within the beamed emis-
sion cone of the relativistic outflow if they are to give rise to the
observed absorption. One possibility is that the clouds are
accelerated by a hydromagnetically driven wind that originates
in the nuclear accretion disk, as in the BELR cloud model of
Emmering, Blandford, & Shlosman (1992). However, the
inferred value of N,, (~5 x 102° cm™~2), which is a factor
=102 lower than that of a standard BELR cloud, indicates
that the clouds in this object are much smaller than typical
BELR clouds in QSOs. This is consistent with the apparent
dearth of BELR gas in PKS 2155—304 and in BLOs in general
(e.g., Guilbert, Fabian, & McCray 1983), as well as with the

4 Potentially observable, but hitherto undetected, X-ray features are
another problematic prediction of this interpretation.
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FiG. 2—Model fit to the EUVE data for PKS 2155—304. The model
represents a clumped outflow of total column density N,,, = 4.8 x 102° cm~2
that extends between r;, and r,,, = 1.5r;,, with nyocr™!, vocr™t, vry,) =
2 x 10° cm s~ and &(r,,;,) = 15. The top panel presents the EUV line opac-
ities, calculated by assuming cosmic abundance for all the elements and a
source redshift of 0.116. The bottom panel shows the fit to the 1993 July data,
normalized by minimizing the x? statistic. The model spectrum was calculated
by incorporating the effect of the outflow line and continuum opacity on an
o = 1.65 power-law continuum (represented by the solid curve) and using the
Galactic absorption parameters listed in the legend to Fig. 1. The reduced x2 of
this fit over the range 75-110 A is 4.7 (71 d.o.f), declining to 3.9 if the Galactic
column is characterized instead by He 1/H 1 = 0.07 and He 1i/H 1 = 0.023. The
corresponding fit of this model to the 1993 June data has y2, = 2.7 and 2.6,
respectively, for these two sets of Galactic parameters.

order-of-magnitude higher velocities that we have deduced for
the BLO clouds (since smaller clouds would be accelerated
more efficiently).

Figure 3 exhibits the X-ray line opacity predicted by the
clumped outflow model that was used to derive the EUV spec-
trum in Figure 2. The X-ray line spectrum is dominated by an
O vi1 Ka feature that is broadened and blueshifted (relative to
the cosmologically redshifted rest energy) by the motion of the
absorbing gas. The overall shape of this feature appears to
correspond roughly to that of the absorption feature detected
in 1990 December by BBXRT (Madejski et al. 1994; see § 1).
The maximum optical depth of the model feature is about an
order of magnitude greater than that measured by BBXRT,
although in making the comparison one should bear in mind
that the BBXRT and the EUVE observations were not simul-
taneous. For a given combination of N, and of the Mg, Ne,
and Fe abundances that reproduces the EUV data, the predict-
ed optical depth of the X-ray feature can be adjusted by
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FiG. 3.—The predicted X-ray line opacities for the outflow model described
in the legend to Fig. 2.

varying the relative abundance of oxygen (which, for £ 2 10,
does not affect the EUV spectrum below ~110 A). We have
verified that the alternative interpretation of the BBXRT
observations in terms of an oxygen K-edge at a redshift in the
range 0.18-0.42 (Madejski et al. 1994) is inconsistent with the
EUVE observations, basically because of the large values of
Ny (25 x 10?2t cm™2) that it involves. The EUV and X-ray
data together thus reinforce the identification of this BLO with
a galaxy at z = 0.116.

Our model of the EUV and X-ray spectra suggests that the
absorbing gas is composed of high-velocity clouds that occupy
a relatively narrow range of distances from the central object.
Such a distribution could be associated with a nonsteady ejec-
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tion episode that led to clouds with possibly different & and v
distributions crossing our line of sight to the beamed contin-
uum source at different times. This interpretation is consistent
with the EUV spectral variability indicated by our obser-
vations (see Fig. 1) and also offers a possible explanation of the
apparent X-ray spectral variability discussed in § 1. In particu-
lar, the Einstein OGS data could in principle be reconciled with
the BBXRT observations if they represented a separate outflow
component characterized by a higher value of ¢ (due, e.g., to
the absorbing clouds crossing our line of sight closer to the
continuum source). For ¢ 2 10%, the abundance of O v
would exceed that of O v, and the X-ray absorption could be
dominated by a Doppler-smeared O viir Ly« line (see Konigl &
Kartje 1994, Figs. 11 and 12). Although these two inferred
outflow components were observed a decade apart, they could
be associated with a single outburst event: for example, they
might be related to a disk instability wherein a propagating
front induces an outflow at progressively larger radii (a situ-
ation that may resemble FU Orionis outbursts in pre-main-
sequence stars; see, e.g., Calvet, Hartmann, & Kenyon 1993
and Bell & Lin 1994). Coordinated future EUV and X-ray
observations could test whether the long-term X-ray spectral
variability is correlated with changes in the EUV spectrum, as
would be predicted by this picture, and whether such varia-
tions indeed exhibit a systematic trend in the underlying ion-
ization and velocity structures.
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