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Abstract

The BL Lacertae object PKS2155—304 was observed with Ginga for
two days in May 1987. The 2-35keV intensity showed a significant
variability, the most rapid change being a 30% increase in 3 hr. The X-ray
spectrum was described by a single power-law model with photon spectral
index ranging between 2.7 and 2.9, but the power-law slope showed no clear
correlation with the intensity level and stayed at a similar value for each
day. No significant iron emission line (EW <50¢V) nor iron K absorption
edge (Ng,<2x10'7cm™2) was observed. The high-quality spectrum ob-
served with Ginga up to 35keV has revealed no significant hard tail. The
90% upper limit on the flux of the flat hard tail is 0.3 uJy at 20keV, less
than half of the previously reported level. The present spectral results
combined with the previously observed fast variability constrain the
emission mechanism of PKS 2155 —304; a simple homogeneous synchrotron
self-Compton model is difficult to explain the whole emission spectrum,
suggesting an inhomogeneous geometry in the emission region.

Key words: Active galactic nuclei; BL Lacertae objects; Spectra of
X-ray sources.

1. Introduction

The spectra of BL Lac objects are generally characterized by a featureless
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continuum extending from the radio to the X-ray region (Stein et al. 1976). Significant
polarization has been observed in the radio and optical bands, indicating that
synchrotron emission is probably the dominant process at least at these wavelengths.
However, in the X-ray region where polarization measurements are not available, the
emission mechanism (direct synchrotron or Compton scattering) and the cause of
variability is uncertain. The rapid variability often observed in BL Lac objects suggests
that, at least in some sources, the emission may be strongly beamed towards the
observer.

PKS2155—304 is one of the brightest and the most variable BL Lac objects in
the X-ray band with a redshift of 0.117 (Bowyer et al. 1984). The X-ray variability of
the source has been observed from various satellites (Snyder et al. 1980; Morini et al.
1986; Agrawal et al. 1987). In particular, recent observations from EXOSAT have shown
that the intensity in 1-6 keV band varied by a factor of 4 in 4 hr (Morini et al. 1986). If
the X-ray emission is isotropic, such a fast variability violates the theoretical efficiency
limit for known emission processes (e.g., Cavallo and Rees 1978; Fabian 1979).

In the X-ray band the spectrum of PKS2155—304 is well approximated by a
power-law model with photon spectral index of 2.5-3 (see Urry 1986). However,
various features have been detected in the previous spectral measurements. First, a flat
hard tail was observed above 10keV with HEAO-1 in 1978 (Urry and Mushotzky 1982)
with an intensity of about 0.8 uJy at 20keV, which has been interpreted as a Compton
upscattered component in the synchrotron self-Compton (SSC) model. Urry and
Mushotzky (1982) discuss the overall spectrum from radio to X-rays in terms of an SSC
model with relativistic beaming of the X-ray emission. [But see also Ghisellini et al.
(1985), who show that relativistic beaming is not necessary for inhomogeneous SSC
emission from a jet.] Second, a sharp absorption trough in the low energy spectrum
was observed with the grating spectrometer (OGS) on the Einstein Observatory
(Canizares and Kruper 1984). This feature occurred between 600 and 700¢V, and has
been interpreted as O viit Lya absorption by a hot outflowing gas (Canizares and Kruper
1984; Krolik et al. 1985). The solid state spectrometer on the Einstein Observatory
revealed an apparent low-energy absorption corresponding to Ny=1.3x10%!cm™~2,
which exceeds both the column density within our galaxy (Ny =25 x 102°cm~2) and the
IPC-measured Ny (Madejski 1985) and may therefore be due to “warm’ matter intrinsic
to the source (Urry et al. 1986).

Observations of the UV spectrum of PKS 2155 — 304 by IUE over many years have
shown that the UV power-law energy index changes between 0.6-1.3, and there is no
correlation between the intensity and spectral index (Maraschi et al. 1986; Urry et al.
1988).

In order to understand the emission mechanism and the geometry of emitting
regions in BL Lac objects, it is highly desirable to observe the spectrum and its
variability with improved sensitivity. The LAC instrument on board the third Japanese
X-ray astronomy satellite Ginga (Makino and the ASTRO-C team 1987) has a very
large (4000 cm?) effective area and a wide spectral response (2-37keV) with superior
background rejection efficiency (Turner et al. 1989). We observed PKS 2155—304 for
two days in May 1987 during the test period of Ginga. In this paper we report on the
properties of the X-ray spectrum of PKS2155—304 based on the high-quality data
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obtained with Ginga.

2. Observations

Observations of PKS 2155 —304 were carried out on 26 and 27 of May, 1987. On
each day, the source was observed for typically 20 min per satellite orbit, the orbital
period being 96 min, and for ten orbits per day. These ten orbits correspond to those
when the satellite loses ground contact (remote orbits), during which the LAC
background count rate is generally low and stable (Hayashida et al. 1989). The
observing window in each orbit is chosen where the background is lowest.

The background was observed on May 25 with the detector f.0.v. pointing towards
a “blank™ sky near the Small Magellanic Cloud. Both PKS2155—304 and the
background position have galactic latitude greater than 40°, and therefore the effect of
galactic emission (Koyama et al. 1986) is negligible. In fact, we have confirmed that
the observed X-ray intensity in this background position agrees with the average sky
background discussed by Hayashida et al. (1989). So there is no 51gn1ﬁcant contamination
from discrete X-ray sources in the background data.

MPC-1 mode was used throughout the observations. This enables us to obtain
pulse-height spectra in 48 channels for individual detector layers with time resolution
of 16s. The counting rate of the medium layer below 8keV is insensitive to incident
X-rays and provides a good measure of non-X-ray background. The method of the
background subtraction is briefly described by Turner et al. (1989). The uncertainty due
to the background subtraction process is a few times 10~ 2countss 'keV~! (~1073
countscm ™25 1keV™1).

3. Results

3.1. Intensity and Spectral Variations

The observed intensity of PKS2155—304 averaged over the typically 20-min
interval of observation in four different energy bands are plotted as a function of time
in figure 1. In this analysis data recorded during high-background conditions [with
SUD > 6.2 counts s~ ! detector ™!, where SUD is the detector counting rate above
37keV and is used as a measure of the non-X-ray background level; see Turner et al.
(1989)] are excluded. The average flux is 5.0 uJy in the 2-10keV band, but variations
of 30-40% are observed in all energy bands. The intensity variation shows a similar
pattern on both days, but we can conclude that the observed variation is intrinsic to
the source for the following reasons:

1. Inthe 1.7-4.0keV band the intensity change is a factor of ~ 100 larger than the
systematic error in the background subtraction, and even in the higher energy band
(9.8-15keV) this factor is nearly 10.

2. We applied the same analysis method on the background data taken on the
previous day and found no significant systematic variation.

3. The pulse-height spectrum is well fitted by a power-law model at all intensity
levels for the entire energy range 2-37keV. If the observed variation is due to an
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Fig. 1. The light curve of PKS2155—304 in four energy bands. Each data point corresponds
to an observation for typically 20 min.

incorrect background subtraction, the spectrum should show contamination by a flat
spectral component (produced by the non X-ray background).

The fastest variation occurred between 14h and 17h on May 26, when the
luminosity of PKS2155—304 in the 2-30keV range increased from 3.1 x 10*°ergs™!
to 4.1 x 10#°ergs™! in 3 hr assuming isotropic emission.

The spectrum from each ~20-min observation can be fitted with a simple
power-law model as mentioned above. We determined the spectral index in each interval
assuming Ny to be 1.3 x 10?! cm ™% after Urry et al. (1986) and we looked for correlation
with the source flux. Figure 2 shows the result. The plotted errors are 90% confidence
limits for a single parameter (i.e., y2;,+2.7 with all “other” parameters readjusted to
minimize the y2). There is a significant variation in the spectral index, but the correlation
between the intensity and the spectral index is poor. The data indicate that the photon
index stays at roughly constant value in each day, i.e., it is around 2.7 on May 26 and
2.8 on May 27, respectively, despite relatively large change in intensity.

3.2. Energy Spectrum

In order to study the X-ray spectrum of PKS2155—304 in detail, the data from
each day have been combined together since the spectral index stays almost constant
within each day. The effective observation time was 5002s and 5760s on May 26 and
27, respectively.

Figures 3a and b show the pulse-height spectrum of PKS2155—304 for each day
fitted with a power-law model. The fit with the simple power-law model with neutral
absorbing gas is good. The x? values are 21.8 and 26.1 for (a) and (b), respectively,
for 26 degrees of freedom. The Ny values are less than 3 x 10%! cm ™2, which is consistent
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Fig. 2. Correlation between the X-ray intensity and the photon index derived from the spectral
fittings with Ny fixed at 1.3 x 102! cm ™2 after Urry et al. (1986). The filled and open circles
are for May 26 and 27, 1987, respectively. Errors for the photon indices are single-parameter
90% errors. The approximate energy flux assuming a photon index of 2.8 is indicated in the
right-side scale. The systematic error due to the difference in the photon index is less than 4%.

with 1.3 x 102! cm ~2 obtained with the Einstein SSS observation (Urry et al. 1986).

To investigate the possible curvature of the spectrum between low- and high-energy
bands as suggested by Urry et al. (1986), each spectrum is divided at 9.8keV and
separately tested with a power-law model. We have fixed the Ny value at 1.3 x 102! cm ™2
in order to improve the sensitivity to a change in the spectral index.

The results are summarized in table 1. The statistical error (90% confidence) on
the spectral index is typically 0.02 for 1.7-9.8 keV and 0.2 for 9.8-37 keV, respectively,
however in table 1 we put larger errors by taking the systematic errors into account.
The absolute value of the spectral index measured with the LAC may have a systematic
error of about 0.04 based on the calibration with the Crab Nebula (Turner et al. 1989).
We have included this error as a square sum to the statistical errors. For the energy
band 9.8-37 keV, the background subtraction is a major source of the systematic error.
We have studied this by comparing the results between the top and middle layers, and
increased the errors so that the results of both layers become consistent with each other.
This has the effect of making the fit parameters more uncertain and in that sense is a
conservative procedure.

The results shown in table 1 indicate that no significant change of the spectral
index is detected between the high- and low-energy bands.

We have also investigated possible iron absorption and emission features in the
PKS2155—304 spectrum. First, we assumed the energy of the iron absorption edge to
be 6.36 keV, corresponding to that for neutral iron with a redshift 0.117 (Bowyer et al.
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Fig. 3. Pulse-height spectra accumulated for (a) May 26 and (b) May 27, 1987, respectively.
The best-fit power-law models are fitted to the data. The bottom panels indicate the residuals
of the fit in units of o.

Table 1. Spectralindices in high- and low-energy bands and column density
of absorption edge.

Physical quantity May 26 May 27

Photon index:

1.7-98keV .. ... 2.7410.05 2.8440.05
98-37keV ... ... 2.61+0.24 - 2.404+0.40
Absorption edge (Nge) - vvvvvvvennninn.. <1.8x10cm™2 <3.6x10'7cm™2

1984). As shown in table 1, only an upper limit, N, <1.8—3.6 x 107 cm~2, has been
obtained. [But see also Treves et al. (1989).] This value indicates that if abundances are
solar (e.g., Allen 1973) the amount of intervening cold gas intrinsic to the source is less
than 5 x 102! cm ~2. This is consistent with the Ny values obtained with IPC by Madejski
(1985) and with SSS by Urry et al. (1986). Secondly the upper limit for the equivalent
width of a redshifted iron line (5.7 and 6.0keV from neutral and helium-like irons,
respectively) is 50eV at 90% confidence. This is much smaller than the values (200—
300¢eV) for some AGNs for which significant iron lines are observed (Matsuoka et al.
1986; Wang et al. 1986; Ohashi 1988).
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Fig. 4. Pulse-height spectra accumulated for all of the low-background observations (SUD
<5.7countss ™ ! detector™!). No significant hard tail in excess of the best-fit power-law
model is seen. An expected tail feature for 0.8 uJy level is indicated with a dashed line. The
bottom panel indicates the residual of the single power-law fit in units of o.

3.3. Hard Tail

The data taken under very low background condition (SUD <5.7 countss™ ' de-
tector!) are all accumulated in order to check the presence of the hard tail. A
combination of power-law spectra having different slopes gives a concave spectral shape
(spectrum gets harder toward higher energies), but in the present data the variation
range of the spectral slope is narrow (about 0.2 as shown in figure 2) and very different
from the flat slope. Therefore, we neglect here the effect of the variation of spectral
slope in the study of the flat hard tail. Figure 4 shows the combined pulse-height
spectrum fitted with a single power law. Above 8 keV the fit with the single component
power-law model is good with no systematic deviation at high energies.

We assumed a second component with flat incident spectrum (photon index equals
to zero) and conducted a spectral fitting with a two-component spectrum. The free
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parameters were the interstellar absorption, the intensity and photon index of the first
power-law component, and the intensity of the flat component. The slope of the flat
component was fixed. This analysis gave the intensity level of the flat spectrum to be
less than 0.3 uJy at 20 keV with 90% confidence. The upper limit value is less than half
of the level (0.8 +0.2 uJy) observed with HEAO-1 A-2 by Urry and Mushotzky (1982).
The expected hard tail feature for 0.8 uJy level implies a factor of four higher flux at
20 keV than the level presently observed with Ginga. Note that the 2-10keV flux of the
source was 8.5+1.5x107' and 9.740.5x10 !'ergecm~2s~! for HEAO-1 and
Ginga, respectively.

We need to check the possibility that the background subtraction process has
suppressed the presence of the hard tail, which would occur only if we are using
systematically too high a background throughout the analysis. To check this, the
average SUD rate in the low background region taken on May 26 and 27 when
PKS2155—-304 was in the f.0.v. has been compared with that on May 25 when the
blank sky was observed. In fact the SUD levels agree well within 1%, implying that
the background level from May 25 to 27 was constant within 1%. A change of the
background by 1% results in a hard tail of less than 0.1 uJy at 20keV. Therefore, we
conclude that there was no significant hard spectral component present in the spectrum
of PKS2155—304 in May 1987.

4. Discussion

The Ginga observation has provided a high-quality X-ray spectrum of PKS 2155
—304 in the energy range 2-35keV. During the two days of observation, PKS 2155
—304 showed an intensity variation of ~30% (AL~1x10*°ergs™') in 3hr. The rate
of luminosity change, AL/4t~9 x 10*®ergs ™2, is one order of magnitude smaller than
that observed with EXOSAT in 1984 (Morini et al. 1986). We have searched for various
discrete spectral features (such as emission lines, absorption edges, and spectral
turnovers), but even with the sensitivity of Ginga we could derive only upper limits.
The implications of these results are discussed below.

Canizares and Kruper (1984) detected a pronounced absorption feature at 600 to
700eV with the Einstein Observatory OGS. This feature together with the revised
measurement of the redshift by Bowyer et al. (1984) has been interpreted as due to the
O v resonant line absorption. Krolik et al. (1985) argued that the depth of the iron
K absorption edge will constrain the temperature of the outflowing gas responsible for
the absorption line. The present upper limit of Ng,=2 x 107 cm ™2 corresponds to an
optical depth of 14, =0.007. This implies that if we require simultaneously both the
0.6 keV absorption feature and no iron K edge, the temperature of the gas needs to be
between about 3 x 10K and 2 x 10°K so that the abundance of O v ion is near the
maximum,.

Fluorescent iron lines can provide a powerful probe to investigate the surrounding
matter and the X-ray beaming from the central object in the active galactic nuclei (e.g.
Inoue 1985). The 90% upper limit for thé equivalent width (EW) of the iron K emission
line (redshifted from 6.4 keV and 6.7keV) is 50eV for PKS 2155 —304, consistent with
the non thermal origin of the X-ray emission. Also, the X-ray flux is not irradiating
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cool matter in the system, which is different from some Seyfert galaxies and quasars
showing strong iron line features (Matsuoka et al. 1986; Ohashi 1988; Koyama et al.
1989).

We have performed spectral fitting for each of the data sets (2030 min long) taken
in individual satellite orbits. The result indicates that the spectral index varies
significantly with time between 2.6 and 2.8, but no simple correlation is obtained
between the intensity and the index. Morini et al. (1986) report that, in an EXOSAT
observation of PKS2155—304 in the 2-6 keV band, spectral hardening accompanied
a dramatic intensity increase by a factor of 6. On the other hand, the extensive study of
ultraviolet spectrum with IUE shows that the observed values of spectral index and
intensity of PKS 2155—304 are uncorrelated (Urry et al. 1988).

So far the observational results for BL Lac sources have shown that the relation
of spectral index to the intensity is complicated. The X-ray spectrum of Mrk 421 became
steeper when the intensity decreased (Mushotzky et al. 1979), and a systematic
correlation in the same direction has been reported by George et al. (1988). However,
recent Ginga results show an almost constant spectral index of Mrk 421 for intensity
levels different by a factor of nearly 3 (Ohashi and Makino 1988).

Let us consider the following simple situation. Assume that the X-ray emission is
produced by a synchrotron process and that the X-ray variability is caused by the
change in the injected electron flux. The magnetic field and electron spectrum are
assumed to be constant with time for simplicity. In this case, the X-ray variability is
controlled by the injected electron flux and also by the synchrotron loss. The
synchrotron energy loss of the electrons is proportional to E?. This determines the slope
of the equilibrium photon spectrum. For the same incident electron spectrum, the X-ray
spectrum is flattest when synchrotron loss has negligible effect on electron energy, and
it becomes steepest when synchroton loss dominates the electron energy (Tucker 1975).
However, if the source is observed just after an outburst (fresh injection of electrons),
the high-frequency spectrum will be dominated by the young electrons which have not
decayed yet and the spectrum will flatten (Kellermann 1966).

The X-ray intensity of PKS 2155—304 has decreased and increased by about 30%
within several hours. Figure 2 shows that the spectral slope stays constant during such
intensity change. Under the simple case described above, the observed features will
imply following situations:

1. The synchrotron energy loss is faster than several hours, because the X-ray
flux (assumed to be synchrotron radiation) cannot decrease faster than the synchrotron-
loss timescale.

2. The fact that the X-ray spectrum stays constant for different intensities implies
that the equilibrium spectrum is reached at all energies almost instantaneously (much
faster than several hours).

The energy-loss time scale (z) in terms of the radiated photon energy E ,(keV) is
given by (Tucker 1975)

1~1000B1-5E505s

where B (G) is the magnetic field in the emission region. A timescale less than 3 hr

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1989PASJ...41..709O

AS)I -4 "7090!

718 T. Ohashi et al. [Vol. 41,

corresponds to B>0.2 G. The absence of significant spectral change during the intensity
variation suggests that the magnetic field would be much stronger than this value.
However, note that the present estimation neglects the effect of relativistic beaming. If
more dramatic variability is observed, we can perform a better test of the simple
emission models using the energy dependence of the variability.

The hard tail previously detected by HEAO-1 (Urry and Mushotzky 1982) was
not observed in the present observation, the upper limit for a flat spectral component
being less than 40% of the level observed by Urry and Mushotzky (1982). It is interesting
to point out that except for the hard tail both the 2-10keV intensity and the spectral
slope are consistent between the two observations (~4 uJy at SkeV and photon index
~2.7). Time variation of the hard tail is the possible explanation [see also Urry (1986)
and Bezler et al. (1988)]. Many samples of high-quality spectra of BL Lac objects would
further constrain the nature of the hard tail. So far energy spectra were obtained with
Ginga for two other BL Lac objects, H0323 4+ 022 and Mrk 421, and neither exhibits a
hard tail (Ohashi and Makino 1988). Therefore, the occurrence of the hard tail may
be rather rare.

The synchrotron self-Compton (SSC) model for the continuum emission from
radio through X-ray bands was discussed for PKS2155—304 by Urry and Mushotzky
(1982). Using the shortest time scale of variability (luminosity doubling time of 2 hr)
reported by Morini et al. (1986) and the redshift factor z=0.117 (Bowyer et al. 1984),
one obtains a lower limit of the angular size of the X-ray source to be 8.5x 10735
milli-arcsec (mas), where 6 is the kinematical Doppler factor with the same definition
by Urry and Mushotzky (1982). Using this angular size and the spectral parameters
used by Urry and Mushotzky (1982), in particular the synchrotron self absorption
frequency v, and the energy flux at v, to be 1 GHz and 0.3 Jy, respectively, one needs
the Doppler factor § of more than 400 to reduce the self-Compton flux within the
present upper limit of 0.3 uJy at 20keV. Such a Doppler factor is unreasonably high.
This will be relaxed if v, is 2 x 10° GHz and the energy flux at v, is 0.1Jy. In this case,
the lower limit of & is 6 and the lower limit of the angular size is 5x 10~* mas. The
magnetic field is 12 G and the energy densities of the magnetic field, relativistic electrons
and synchrotron photons become nearly the same at about Sergecm™3. The light
crossing time and the cooling time of electrons are 22 hr and 14 hr, respectively. These
values seem physically acceptable and suggest that the radio emitting region (v<2
x 103 GHz) would be larger than the optical and X-ray emitting region [see e.g.,
Ghisellini et al. (1985) for inhomogeneous SSC models]. However, no observational
data is available in the wavelength region from 2x10'! to 10!4Hz to date. If
correlations in the variability are observed in various wavelength regions, they would
give us crucial information on the emission mechanism and the geometry of the BL
Lac sources.

The authors are grateful to all the members of the Ginga Team in both Japan and

UK for their various forms of support throughout the observations and the data
analysis. T.O. thanks Meg Urry for many useful comments on the manuscript.
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