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BBXRT AND GINGA OBSERVATIONS OF THE SEYFERT 1 GALAXY MARKARIAN 335

T. J. TURNER,*3 K. NANDRA,>* A. A. ZDZIARSKL, !¢ K. JAHODA,! G. M. MADEJSKL, "3
F. MarsHALL,! R. F. MusHOTZKY,! R. PETRE,' K. A. POUNDS,? A. P. SMALE,!*3
P. SERLEMITSOS,! AND K. WEAVER!"®
Received 1992 June 25 ; accepted 1992 October 28

ABSTRACT

We present new X-ray observations of Mrk 335 in the 0.4-10 keV band using BBXRT and in the 2-20 keV
band with Ginga. The BBXRT data show a break to a softer spectrum below ~1 keV. The Ginga data show
evidence for variability in absorption, uncorrelated with flux changes of the continuum source. The inconsis-
tency between the opacity observed at the iron K edge and at softer X-ray energies implies that the absorber
has an ionization state ~FeXV. We suggest that the nuclear emission can be explained by a self-consistent
pair cascade model as developed by Zdziarski et al. and Zdziarski and Coppi, where the compactness param-
eter inferred from the spectral fits to both data sets is in good agreement with the value calculated from the
ratio of observed X-ray luminosity and variability time scale.

Subject headings: galaxies: individual (Markarian 335) — galaxies: Seyfert — X-rays: galaxies

1. INTRODUCTION

The Seyfert 1 galaxy Mrk 335 (z = 0.026; R.A. (1950) =
00703m4550, Decl. (1950) = 19°55'30”) was first detected in
X-rays by UHURU (Tananbaum et al. 1978). It was observed
with the Einstein Observatory (Halpern 1982), where it
exhibited a soft X-ray flare lasting ~ 10 ks (Lee et al. 1988).
Subsequent EXOSAT observations by Pounds et al. (1987) (see
also Turner & Pounds 1988, herecafter TP88, and Turner &
Pounds 1989) established the existence of a two-component
X-ray spectrum in the 0.1-10 keV band, including a steep spec-
tral component dominating the soft X-ray spectrum. Neither
the form of this soft component nor the break energy between
the two components could be well determined, as the
EXOSAT LE detector/filter combination had very poor
energy resolution. EXOSAT also observed rapid variability in
the soft excess component, with a factor of ~2 increase in 10 hr
during the long observation. Soft X-ray excess components
have been hypothesized to originate in the inner regions of an
accretion disk. In this support of that idea, other waveband
data have suggested that an accretion disk does exist in Mrk
335. IUE observations have shown Mrk 335 to turn up in the
ultraviolet, having an excess continuum component near 3000
A (Malkan & Sargent 1982). In addition, Van Groningen
(1987) suggested an accretion disk to explain the asymmetric
optical line profiles observed in this object. Pounds et al. (1987)
go on to suggest that the observed strong UV component and
the X-ray soft excess could be two ends of a (mainly
unobservable) XUV spectral feature, which they modeled as an
accretion disk radiating locally as a self-consistent atmosphere.
While the hard and soft X-ray components appeared uncor-
related on short (less than 1 day) time scales, six EXOSAT
observations spread over a 2 yr period suggested that the two
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spectral components track each other over the large amplitude
changes in source flux (up to a factor of ~7) which occur on
time scales of years (TP88).

2. THE OBSERVATIONS

2.1. The BBXRT Data

The Broad-Band X-Ray Telescope (BBXRT) was flown with
the ASTRO ultraviolet instruments as part of the Columbia
(STS-35) shuttle payload on a 9 day mission between 1990
December 2-10. The BBXRT instrument was designed and
built at Goddard Space Flight Center and is described in detail
in Serlemitsos et al. (1992). The instrument consisted of two
co-aligned X-ray telescopes, with mirrors made of thin, nested,
gold coated aluminum foils. These mirrors were among the
first allowing reflection of X-ray photons above ~4 keV, focus-
ing X-rays onto cooled segmented lithium-drifted silicon solid
state spectrometers. The effective bandpass of this combination
was ~0.3-12 keV. Each of the telescopes had a detector con-
sisting of 5 pixels, with the central pixel having a 4’ diameter
field of view, and the total diameter of 17'. The effective area of
each telescope was 160 cm? at 1.5 keV and 75 cm? at 7 keV,
with energy resolution of ~0.02 counts s~ ! in the central pixel,
and 0.1 counts s~ ! in each outer pixel. We note here that the
calibration for the BBXRT instrument has improved since the
publication of the preliminary results in Turner et al. (1992),
specifically with regard to the data screening and background
subtraction, and thus this paper should be considered the
definitive result for the BBXRT observation of Mrk 335.

The observation of Mrk 335 began on day 339 of 1990, with
a start time of 20:30 (UT) and an exposure of 2160 s. Although
the observation began during orbit day, after 600 s the shuttle
was in orbit night. The observation was ended when the Earth
angle fell below 90°. The effective exposure time of aceptable
data was thus 1560 s. The observation was free of the South
Atlantic Anomaly, and the data were free of contamination by
Solar X-rays (Sun angle ~114°). Thus, most of the Mrk 335
observation was made during a period of minimum X-ray
background.

Although there is no aspect solution available for this obser-
vation, the two axis pointing system gimbal data allowed a
determination of pointing position to within ~ 10’. As there is
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no other X-ray source known within 10’ (confirmed by exami-
nation of the 25 ksec ROSAT PSPC image recently received by
the authors), we can confirm this observation to be of the
Seyfert 1 galaxy Mrk 335.

In this observation, source counts were observed in detec-
tors AO, A2, BO, and B4. As the source counts are approx-
imately equal in BO and B4, we deduce that the source lies
under the B strut. Since the use of the B0, B4, and A2 data does
not significantly improve the signal-to-noise ratio we use only
AOQ data. Since the source counts in A0 are much greater than
in A2, we conclude that the source lies approximately 2" offset
from the center of AO. The response matrix used for spectral
fitting includes a correction for such an offset, and the data are
binned to contain a minimum of 20 counts per channel, so that
a x? spectral fitting algorithm can be applied.

There were two components to the background in the data:
the internal part, and the sky background. As the most difficult
background subtraction problem in BBXRT data is the elimi-
nation of the strong geocoronal lines from the bright Earth,
and as this analysis is sensitive to the exact spectrum at soft
X-ray energies, we used only the nighttime data (1560 s out of
2160 s data set) for spectral fitting.

The internal background rate for any particular observation
is related to the guard A rate (see Weaver et al. 1993). For this
observation, the mean guard rate was determined to be 1700
counts per 8 s bin. The sky background contribution was
determined using a series of background observations made
with the same orbital constraints as our observation (Weaver
et al. 1993). As the night sky background file was made up from
a large number of nighttime sky pointings, this means that a
mean diffuse sky background was subtracted as well. This
approximation is considered acceptable as the diffuse back-
ground yielded a count rate of less than 5% of the count rate of
Mrk 335 in the BBXRT data. To confirm the validity of this
approximation, the diffuse X-ray background component was
varied by +50%, this was found to result in a difference in
derived spectral index of Aa = 0.07, less than the 1 ¢ error
derived for that parameter.

2.2. The Ginga Data

Here we present two Ginga observations of Mrk 335 taken
in 1987 and 1988. The observation log is shown in Table 1.
Standard background subtraction techniques have been
applied (see Hayashida et al. 1989 for details), using multiple
sky pointings to model the background level and spectrum
during the time of the source observation. The diffuse X-ray
background uncertainty was estimated by again undertaking
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spectral fitting with an appropriate portion of the diffuse back-
ground spectrum added to and subtracted from the source
spectrum, and then the derived systematic error was added in
quadrature to the statistical errors already included in the
data. The Ginga spectra described here include only the top-
layer data (to maximize the signal-to-noise ratio below 10 keV)
and are restricted to the 2-10 keV range (to avoid contami-
nation by silver fluorescence K line at 22-25 keV from the
collimator coating).

3. SPECTRAL MODELING

In this section, we present the results of spectral modeling of
the data from both instruments. We use a commonly adopted
parameterization of the spectra as power laws modified by
absorption in the line of sight, both due to the interstellar
medium of our galaxy as well as matter intrinsic to Mrk 335.
However, such an ad hoc parameterization, while generally
providing a satisfactory fit to X-ray AGN data, does not
strongly constrain intrinsic emission mechanisms. In § 5, we
show that a self-consistent physical model, incorporating
electron-positron pairs interacting with the soft UV radiation
from the putative accretion disk, fits the data well.

3.1. The BBXRT Data

The BBXRT data were tested against several spectral
models. The first model, a simple power law plus absorption by
cold, cosmic abundance material (Morrison & McCammon
1983) gave an acceptable fit. The parameters are shown in
Table 2 with their associated 90% confidence limits (Lampton,
Margon, & Bowyer 1976). The fit to the entire BBXRT data
set, covering 0.4-10 keV, yielded an energy index of
1.19 + 0.14 and zero absorption (less than 2.4 x 102° cm™2).
As the best-fit absorption was less than the Galactic value we
fixed absorption at Galactic, 4 x 10?° cm ™2 (derived from 21
cm data; Stark et al. 1992), and refitted (Table 2). We now
obtain an energy index of 1.35 + 0.15. Both of these fits are
statistically acceptable. Fitting the data in a softer bandpass,
0.4-1.0 keV, with fixed Galactic absorption as before, we
obtain an energy index of 2.03 + 0.40. The fits indicate a sig-
nificant spectral steepening towards softer X-ray energies.
Since the EXOSAT data clearly indicate an excess of soft (<1
keV) X-rays over the extrapolated greater than 1 keV contin-
uum, a more complex model is warranted. To establish the
spectral shape of the continuum above 2 keV, we fitted the
2-10keV BBXRT data for comparison and obtained an energy
index of 0.87 +0.32 (Table 2) with a 2-10 keV flux of
~84+05x 10 12ergscm ™25,

TABLE 1

OBSERVING LOG FOR MARKARIAN 335

Year/day Exposure 2-10 keV Flux
Instrument (UT) (103 5) Count Rate (x10 ' ergscm™2s71)
UHURU .................... 1971/1972* 2 1.2 + 0.42* 2.04 + 0.3*
HEAO I/A2................. 1978/188 5638 0.8 +0.15 1.1 +02
Einstein HRI .... 1981/01 15.0 0.51 1.46 + 0.1
Einstein MPC .............. 1981/01 294 0.50 1.46 + 0.1
EXOSATLT + ME ....... 1983-1984 03 —-19
Ginga ...........ccccovviunin. 1987/337 17.5 4.1+ 0.1 091 + 0.16
Ginga .......cccccovvvinniie. 1988/329 19.8 9.5+ 0.1 2.00 + 0.16
BBXRT .....oovvienenen. 1990/339 1.56 (A0)0.5 + 0.1 0.84 + 0.05

* From scanning observations, using point summation technique (Tananbaum et al. 1978). Flux and count

rate quoted are over the 2-6 keV band.
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TABLE 2
F11s To THE BBXRT DATA
Energy Range Ay A, Ny
Model (keV) (x1073) o (x1073) a, or T (keV) (10! cm™?) x2/d.of.
PL + absorption ................ 0.4-10 1.87 1.19 + 0.14 0.0 <0.24 0.86/30
PL + absorption ................ 0.4-10 2.12 135+ 0.15 0.4(f) 1.13/31
PL + absorption ................ 2-10 1.46 0.87 +0.32 0.4(f) 1.08/13
PL + BB + absorption ......... 0.4-10 1.52 0.87(f) 0.071 0.10 + 0.03 0.4(f) 0.74/30
2 PL + absorption .............. 0.4-10 1.46 0.87(f) 0.55 2951893 0.4(f) 0.64/30

«

Notes—“f” denotes a fixed parameter. Error ranges are 90% confidence for one parameter of interest (x> + 2.7). A, and A4, are the hard
power law and soft component normalizations, respectively, at 1 keV in photonscm ™25~ !,

Extrapolating the 2-10 keV power-law fit (again, absorbed
by our galaxy) down to 0.4 keV, we see that the soft X-ray data
lie systematically above the model below about 1.0 keV (Fig.
1). Fitting a two-power-law model reduced the value of y? by
14 (Table 2), giving an F statistic of 11 (indicating an improve-
ment in the fit at more than 95% confidence) and a soft com-
ponent energy index of 2.95 (Table 2). Alternatively we can
model the soft spectrum as a blackbody of temperature
0.10 £ 0.03 keV, giving an F statistic of 8 (90% confidence). As
the EXOSAT data already excluded partial covering by cold
material or leakage of hard component flux through an ionized
absorber as the sole origin for the soft excess, we do not present
such a parameterization of the BBXRT data. Fitting separate
absorption for each spectral component produces no signifi-
cant (at more than 90% confidence) improvement to any of the
two-component fits.

How constant is the ratio of the hard-to-soft components?
Fitting, for comparison, the best-fit indices derived from the
EXOSAT data (o5, = 0.69, o =2.65, and Galactic
absorption) to our BBXRT data, we measure the ratio of nor-
malizations of the two components (defined as hard/soft at 1
keV) to be 0.89 + 0.15, consistent with the ratio 0.79 + 0.12
observed during the EXOSAT era. This confirms the result of
TP88 that the two spectral components track each other on
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long (years) time scales, having varied together by factors of
~7, over an 8 yr baseline, and thus that the break to the soft
excess has probably been close to 1 keV in all the observations
to date.

Examination of the two power-law model shows that the
soft component quickly becomes insignificant in the hard
X-ray band and provides a negligible contribution to counts
above ~2 keV. This indicates that the soft excess did not
significantly contaminate either the Ginga LAC data
(nominally covering 2-20 keV) or the EXOSAT ME data
(covering 1.5-10 keV). In fact, fitting the ME data alone, TP88
obtained ayg ~ 1.0, which both the BBXRT data and the
Ginga data (see next section) suggest is a better representation
of the hard component.

No significant iron K emission line is observed in the
BBXRT data, with the 1 o upper limit of 200 eV. No significant
iron K edge is observed either, with a 1 ¢ upper limit of 15, < 2
for an edge in the range 7-8 keV. No significant edge is
detected in the soft X-ray regime either.

3.2. The Ginga Data

After background subtraction, the 2-20 keV Ginga data
were tested against the same simple models described in the
preceeding section (Table 3). The mean spectral index a, _,, =

0.01
S
o+
=

Photons/cm? s keV
1073

107

o 1 \
1 10
channel energy (kev)

FiG. 1b

F16. 1.—BBXRT spectrum of Mrk 335. Shown are (a) the counts spectrum and model fitting residuals and (b) the photon spectrum. In both cases the solid line
shows the best-fit 2-10 keV power-law spectrum, absorbed by our galaxy, extrapolated below 2 keV.

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


http://adsabs.harvard.edu/abs/1993ApJ...407..556T

S I o4077755

Agd

No. 2, 1993 OBSERVATIONS OF MRK 335 559
TABLE 3 L7 T
PowEr-LAw FITs TO THE Ginga DATA > =
i 3 ~
Energy Ay Ny o S
Observation  Range (x1073) a« (102* cm™%)  y2/d.of. . .
1987......... 2-20 4.0 0.99 + 0.20 142 0.89/28 1+ u
1988......... 2-20 9.7 1111007 0013 0.37/28 .
1987......... 5-20 2 131 + 031 0.61/23 2 -+
1988......... 5-20 9.7 1.09 £+ 0.14 0.37/23 o
< ——
Notes.—Error ranges are 90% confidence for one parameter of interest E + T
(x* + 2.7). A,,is the normalization at 1 keV in photonscm ™2™, +
o5+ ++ + + 1H
1.10 £+ 0.06 confirms an unusually steep power law for this ++ 4| 1+ |T
Seyfert as compared to other AGN. - <+ 1
To confirm that the soft component, observed in the BBXRT - 1
data does not provide significant counts in the Ginga data, we
fitted the data above S keV and compared the spectral index to obet v v v ey s b ;
5 10 15 20 25 30

that obtained from the broad-band fit. The derived mean 5-20
keV index is consistent with the power law index found in the
broader energy band (a5_,q ~ 1.20 £ 0.11), implying that the
hard X-ray slope of Mrk 335 is in fact intrinsically steep and
that the steepness is not due to any confusion with the known
soft excess.

The power-law index of ~1.1 is steeper than the
“canonical” 2-10 keV index of ~0.7 found in many Seyfert
galaxies (e.g., Mushotzky 1984; Halpern 1982; Turner &
Pounds 1989; Turner et al. 1991). Sensitive observations above
10 keV with Ginga revealed a spectral flattening above ~ 10
keV in many similar Seyferts, interpreted by Pounds et al.
(1990) as evidence for Compton reflection from cold, optically
thick material (e.g., Lightman & White 1988). In this composite
scenario, the sum of the steep intrinsic component of a ~ 0.9
plus the flat Compton hump appear as a single power-law
index of a ~ 0.7. The rather steep Ginga index in this simple
power-law parameterization argues for an absence of the
reflection component in the data available to date. We will
return to this point in the discussion.

No strong evidence for Fe Ko line emission was found in
these spectra. Formally we find values of the F-statistic of 3.0
and 4.1, respectively, for inclusion of a narrow Gaussian line to
the model for the 1987 and 1988 observations, the latter being
a detection at the (~90%) confidence level. However, exami-
nation of the data-model residuals suggests that the observed
excess at ~ 6.5 keV amounts to no more than ~0.04 counts
s~ 1, of the same order as the systematic error arising from the
background subtraction, thus reducing the significance of the
emission line in these data. The derived upper limits to the
equivalent width of an iron K« emission line are less than 500
eV (as noted above) and less than 240 eV for the 1987 and 1988
data, respectively, comparable to the limits from BBXRT data.
This is consistent with the observed mean for Seyfert galaxies
for the Ginga sample as a whole (~ 140 eV).

The main difference between the two Ginga data sets is in the
derived column density. While the 1988 observation shows no
evidence for a column greater than a few x10%! cm™2 to
which Ginga is sensitive, the 1987 observation requires a much
larger column density ~ 1.4 x 1022 cm~2. To further quantify
this spectral variability, the PHA spectra from the two obser-
vations have been divided by each other. The resultant spec-
trum is shown in Figure 2, and clearly indicates that the bulk of
the spectral change occurs below ~ 5keV.

We consider three possible origins for the spectral variabil-
ity:
1. Intrinsic spectral index variations;

PHA Channel

F1G. 2—Ratio of the 1987 to 1988 Ginga spectra, where the 1988 data are
the denominator. The ratio indicates the spectral difference between the two,
which we interpret as a variation in absorption.

2. A variable soft component (relative to the hard
component);

3. Variable absorption.

The first of these can be ruled out at greater than 90%
confidence, as a power-law fit to the 1987 observation with Ny
fixed at the Galactic 21 cm value gives an unacceptable statistic
(% = 1.35/25 d.o.f; cf. Table 3, row 1), whilst allowing Ny, to be
free improves the fit with F = 12.9, significant at a greater than
99% level. Historically, there is no evidence of a variable
energy index for this source. This is illustrated by Figure 3,
which shows the ~2-10 keV spectral indices from HEAO A-2,
Einstein Observatory MPC (Lee et al. 1988), EXOSAT (TP88),
and Ginga and BBXRT (this work) plotted against flux. The
spectral indices are entirely compatible with a constant
Opean = 1.08 + 0.03 (y? = 0.33/12d.0.f).

A variable soft component, as that observed in our BBXRT
data, seems unlikely to be the cause of the observed spectral
variability between the Ginga data sets. That is because the soft

T

¢ HEAO1/A2

+ HRI+MPC

- o EXOSAT q
¢ Ginga

o BBXRT

i

1.5

Energy index (a)

I PN Y T SN AN S VA S S [ ST ST S T S S SO SR
0 0.5 1 1.5 2 2.5
Flux (2-10 keV) x10(—11) ergs/cm(2)/sec
F1G. 3.—Power-law spectral indices derived from the archival and current
data (HEAO A-2, Einstein Observatory MPC, EXOSAT, Ginga, and BBXRT
values are plotted).
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component is too steep to provide significant counts in the
LAC data, as discussed above.

We conclude that the third mechanism, a variable absorp-
tion column, is the most likely explanation of the observed
spectral changes. A crucial point to note here is that a signifi-
cant improvement in y? is evident when an absorption edge is
added to the model for the 1987 spectrum. In this case we find
F =7, with edge energy E,;, = 7.4*%% keV and depth 1¢, =
0.95%5:3, corresponding to equivalent hydrogen column
density (at Solar abundances) Nyg. = 712 x 10?3 cm™2. A
comparable absorption can be ruled out of the BBXRT data at
greater than 99% confidence, where the source is at a similar
flux state, and so the variable absorption is not directly corre-
lated with flux.

The inconsistency between the opacity at the iron edge and
at soft X-ray energies in the 1987 Ginga data could have one of
two origins, either an overabundance of iron in the absorber,
or partial ionization of the absorber such that elements lighter
than Fe are stripped. The degree of inconsistency between the
two opacities would require a factor ~10-100 overabundance
of iron in this source, which seems somewhat contrived. Also,
with a roughly spherical distribution of absorbing material, a
~800 eV Fe Ku line is predicted for such a large column
(Inoue 1989), while the 68% confidence limit on the Fe line is
500 eV in the 1987 Ginga data. If we increase the Fe abundance
in this material, then the predicted Fe K« line would increase,
resulting in an inconsistency with the observed Fe line limit.

An ionized absorber may provide a more plausible alterna-
tive. Although the edge energy is formally compatible with the
7.1 keV expected for cold iron, the best-fit value is suggestive of
partially ionized line-of-sight material (see, e.g., Turner et al.
1992), in common with ~50% of sources observed with Ginga
(Nandra 1991). This edge energy suggests that the material has
an ionization state such that significant opacity is observed
below the Fe K edge, which could account for the large soft
X-ray column density required for this observation. A fit has
therefore been made to the 1987 Ginga observation with a
partially ionized absorber. We employ the photoionization
code described by Yaqoob & Warwick (1991) and assume a
two power-law ionizing spectrum, with a soft component of the
form suggested by the BBXRT data, and the harder power-law
left free. This gives an ionization parameter U = 20(2-45), cor-
responding to £~ 200 and a column density of 5.5(>0.8)
x 1023 cm™2 (€ is defined as L /nD?, where L, is the lumi-
nosity over 13.6 eV to 13.6 keV band, n = 3 x 10° cm ™3 is the
atom density, D is the distance from the photoionizing source.
The temperature has been fixed at 10° K). However, in this fit
we find a very steep slope (« ~ 1.6) for the hard power law.
Fixing the slope at the mean value of « = 1.08, which may be
more realistic, gives U = 2.2(0.2-30) or £ ~ 20 and Ny =
80(20—400). Inclusion of U as a free parameter gave F = 5.3, an
improvement at greater than 90% confidence. No edge is
required in the 1988 data, with an upper limit of 1, < 0.42,
corresponding to Nyg, < 3 x 10?3 cm~2 at 7.4 keV. We note
that up to ~Fe xvm the fluorescence yield (and hence the
predicted Fe Ka line strength) does not increase appreciably
(cf. Krolik & Kallman 1987; Turner et al. 1992).

4. THE ARCHIVAL DATA

Refitting the archival HEAO 1/A-2 data yields a 2-10 keV
energy index of 0.99 + 0.18 for a 2-10 keV flux level of
1.1 x 107! ergs cm ™2 s~ !, confirming our hypothesis that
this source has never shown any evidence for a flat hard X-ray
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spectrum (Fig. 3). These data also allow us to exclude an iron
edge between 7.1 and 7.7 keV at the level of 7, < 0.80 (at 68%
confidence for n — 1 interesting parameters). At the same level
of confidence, the upper limits on an iron line fitted at 6.4 and
6.7 keV are 320 and 360 eV, respectively.

The published Einstein HRI + MPC data document an
energy index of « = 1.25 + 0.19 for a flux level of 1.46 x 107 !*
ergs cm~2 s™! (Lee et al. 1988). These data also confirm the
variability in the soft excess component in Mrk 335, reporting
an X-ray variation with a doubling time of <10* s, with the
variability being most pronounced at the softest X-ray energies
(also reported in the EXOSAT observations of TP88) and the
spectrum being softer after the observed “flare ” than before it.

Fitting three of the best signal-to-noise EXOSAT spectra
(1985 July 21, November 30, and December 24) we obtained a
marginally significant detection of an 8 keV edge in the 1985
July data with © = 2.1 (Nygp, = 1.6 x 10** cm™2) for a 2-10
keV flux of 1.2 x 10~ ergs cm ™25~ !. No significant edge was
detected for the November 30 or December 24 observations,
which had flux states of 1.64 and 1.60 x 10! ergs cm ™2 s7%,
respectively. The December observation gave an upper limit of
7~ 2(Nype & 1.6 x 10**cm ™% fora ~8 keV edge).

5. DISCUSSION

5.1. The Nuclear Source
The continuum spectrum of the source can be explained as
arising in the nucleus via the e* pair model (e.g., Guilbert,
Fabian, & Rees 1983) for which a schematic diagram is shown
in Figure 4 (Svensson 1987, 1992; Lightman & Zdziarski 1987,
Zdziarski et al. 1990b, hereafter Z90; Zdziarski & Coppi 1991,
hereafter ZC91). In that model, pairs, presumably accelerated

4

absorbing

dlouds \

continuously injected
highly relativistic
non-thermal pairs

nonthermal
source

thermalized
pairs

Compton-reflected

UV emission
/ spectrum

and reemission
BTN

disk or clouds

FI1G. 4—Schematic representation of the nonthermal pair model used to
interpret the data. See the text for details.
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by shocks, magnetic field reconnection, or another mechanism,
are injected at relativistic energies into a compact region. The
resulting pair cascade gives rise to a hard X-ray spectrum with
o ~ 1 through Compton upscattering of UV photons, provid-
ed that the ratio of the source luminosity to source size is
sufficiently large, and the radiation energy density is larger
than the magnetic energy density. The pairs of the cascade
decelerate and thermalize, forming an optically thick thermal
component within the nonthermal source. The thermalized
pairs again Compton upscatter UV photons with the resultant
spectral index being a function of the pair temperature and
optical depth. From energy balance, the soft X-ray spectral
index is greater than 1, and can vary independently of the
variations in the amplitude of the hard power law (ZC91). We
interpret the soft excess observed in the BBXRT data as due to
the upscattering of the UV photons by the thermalized pairs.
In the model, the UV photons originate in cold material such
as an accretion disk or clouds. Compton reflection occurs
when the hard X-rays produced by pair upscattering are inci-
dent on this cold material (e.g. Guilbert & Rees 1988; Light-
man & White 1988).

The main parameter of nonthermal pair models is the hard
compactness, I,, corresponding to the power, L,, supplied to
the relativistic electrons and reradiated as hard radiation
within the nonthermal source of the characteristic size, R,

_ Lyl + wr/3)/At o
Rm,c®™ 10%° ergss™2 °’

where oy is the Thomson cross section and m, is the electron
rest mass. The approximate inequality (cf. egs. [2c]-[2e] in
Lightman & Zdziarski 1987) follows from the light travel argu-
ment and diffusion in an optically thick source, where At is the
doubling time scale of the hard component and 7 is the
Thomson optical depth of thermalized electrons in the non-
thermal source. An important point is that the emergent spec-
tral shape of the primary continuum is sensitively dependent
on I,. Thus, for a given source there are two independent
methods of estimating the hard compactness: from fitting of
data to the pair-cascade model spectral forms (see Table 4
below), and from the ratio of the hard luminosity to the charac-
teristic doubling time scale (see eq. [2] below).

The second most important parameter of the model is the
soft compactness, I, which is defined analogously to I, (eq. [1]),
but with L, replaced by the fraction of the UV luminosity
incident on the nonthermal source. The strength of the soft
X-ray excess depends strongly on /I, (see ZC91). The remain-
ing parameters are: the Lorentz factor y; at which relativistic
pairs are injected, the temperature T of the UV photons, and
the relative normalization of the reflection contribution r,
defined as the ratio of the nonthermal source flux directed
towards the cold matter to the flux directed outward. (r = 1
corresponds to the isotropically-emitting source located above
an infinite slab of cold material.)

The model parameter space is constrained by several con-
siderations. A lower limit on [, can be obtained from time
variability data. Taking the EXOSAT hard X-ray doubling
time scale of ~3000 s (TP88) at a 2-10 keV flux state of
8.4 x 10712 ergs s~ ! (as measured by BBXRT), corresponding
to the 2-10 keV luminosity of ~2.5 x 10** h™2 ergs s, we
estimate (see eq. [1])

I, 2 80h~ (1 + 11/3) ~ 80K~ 2[v + (v — 1)!/2]

_ J200,
T30, h=2,

lh Lh Ot

1l

=1
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where h = Ho/50 km s~ Mpc™!, L, ~ 10L, _ ;¢ xoy, Which is
typically the case for pair model spectra t1/3 ~ I1/2/10 from the
pair theory (Svensson 1987; Lightman & Zdziarski 1987), and
v =1+ 04 h™2 The large value of compactness parameter in
Mrk 335 and the implied likelihood of the presence of e pairs
in this object was originally pointed out by Lee et al. (1988).

On the other hand, the sum of the compactnesses in the hard
(direct and reflected) and soft photons is related to the ratio of
the bolometric luminosity in units of the Eddington lumi-
nosity, L/Lg, and the source size in units of the minimum stable
orbit, R/3R, (Svensson 1992), which gives

L\/3R
I+ 1,1 +0.15) <2 x 103 — )| =2
o1 52102 3),

where 0.15 is the approximate value of the integrated albedo
for pair model spectra (Z90), and the presence of the non-
thermal source on both sides of the disk was assumed. We will
assume here L < Lg, R > 3R,. Hence,

I, + (1 +0.151) S 2 x 103 (3b)

The value of T, is determined by the other model parameters
and geometry. We assume here that the cross section of the
nonthermal source equals 7R2. The UV flux incident on the
source is assumed to be diluted blackbody, with the dilution
factor f < 1. Then the corresponding blackbody temperature is
given by

(3a)

l 1/4 l 1/2
kT, ~ 35h”2f“‘/"'(—s> (—”3> eV~30eV, (4
L 10
where 30 eV is an approximately self-consistent value of kT,
i.e., one corresponding to the obtained values of [, and I (see
below) and for h = 1 and f = 1. The latter equality corresponds
to the nonthermal source close to the cold matter, which is
consistent with the result of the fit of I /I, 2 1, see below. We
kept kT, fixed at 30 eV in the presented fits.
The injection Lorentz factor is limited to,

10 $y; < 1400, 5)

where the lower limit is due to the model assumption that the
injected pairs are highly relativistic and the upper limit is given
by the assumption of the Thomson limit for Compton scat-
tering, 4y,(3kT,/m,c?) < 1. The allowed reflection enhancement
factor r, is constrained by the upper limits on the equivalent
width of the Ka line (§ 3.2). The limits of 500, 240, and 200 eV
for the 1987, 1988, and 1990 data, respectively, correspond to

0<r<56(1987), 0<r<27(1988),
0<r<22(1990),

where we used the value of the equivalent width of 90 eV
corresponding to a = 1.1 and semi-isotropically illuminated
slab (i.e., with r = 1) obtained by George & Fabian (1991). Our
obtained upper limits are below the theoretically estimated
maximum values due to anisotropy of relativistic Compton
scattering and geometry (Fabian et al. 1990; Ghisellini et al.
1990; Rogers 1991).
The source size follows from equation (1),

7 x 103h~2
Rey—m
Iy
where we used the same estimate of L, as in equation (2). We

note that the model is very weakly dependent on R, through
the Coulomb and bremsstrahlung rates. In our fits, the size was

(6)

cm, (M
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TABLE 4
FiTs OF THE PAIR MODEL
NH
Observation Energy Range A I/, r (10 cm™2)  yg%/d.of.
1987......... 2-20 880792, 02770322 56%2,° 7.6+11 0.65/26
1988......... 2-20 760120,*  1.1%Q% 27%9,® 0.4(f) 043/27
1990......... 04-10 35073408 1433 07+5350 0.4(f) 0.64/28

Notes—Error ranges are 90% confidence limits for one parameter of interest; y; = 10, kT, = 30 eV,

R=10%cm.
® Parameter range given by eq. (3b).
® Parameter range given by eq. (6).

kept fixed at an approximately self-consistent value of
R = 103 cm (which is also consistent with the time variability
data, cf. eq. [2]).

The pair-cascade model has been incorporated into the stan-
dard X-ray spectral fitting package XSPEC (Schafer, Haberl, &
Arnaud 1991). The pair model used is described in Lightman &
Zdziarski (1987), with modifications given in Zdziarski, Coppi,
& Lamb (1990a). The reflected component is calculated as in
790. We independently fitted the BBXRT and Ginga spectral
data to the pair-cascade model with cold absorption. We give
the fit parameters and the underlying assumptions in Table 4.
Figure 5 shows the intrinsic spectrum of the nuclear region for
the best-fit model of the 1987 Ginga observations.

We see that, remarkably enough, both Ginga and BBXRT
results are best-fitted by similar parameters, i.e., [, ~ 103, [, ~
I,. The high values of [, and I, suggest that the AGN luminosity
is close to Lg and the nonthermal source size is close to 3R, (eq.
[3a]). The large values of I, result from the steep X-ray spec-
trum of the object (« = 1). This is because « = 1 in the pair
models is obtained in the limit of many pair generations, which
occurs at I, » 10? (Svensson 1987). Note that if instead of
monoenergetic injection of primary relativistic electrons a

T T TTTIT

103 T

T T

T T T T T T

Lo

T T

102

LR RRLL
s ol

EFg

10

LENLERL R AL
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T T
o
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0.1 L |
0.3 1 10 102 103 104

E (keV)
FiG. Sa

power law injection is used, large I, would no longer be
required (Lightman & Zdziarski 1987).

The allowed parameter region obtained is found to be sig-
nificantly constrained by inequality (3b). In Table 4, the con-
fidence regions that are reduced by equation (3b) are denoted
by “a.” We have also found that good fits can be obtained for
almost any y; in the range given by equation (5). This is due
large 1,, at which the self-consistent spectrum is strongly pair-
reprocessed and weakly depend on y; and T,. We kept y; fixed
at 103, close to the boundary of the Thomson limit, which
value is expected from considerations of pair cascades
(Zdziarski 1988).

The large value of the compactness parameter suggested for
Mrk 335 by the pair model implies that this steep observed
spectrum will break to an even steeper spectrum above ~ 10
keV. The reason for this is that the fractional energy loss in a
Thomson downscattering is proportional to the photon
energy, which in turn causes a continuum spectrum to break at
an energy ~m,c?/t3 ~ 10m,c?/l, (see, e.g., Svensson 1987,
1992; ZC91). The fact that we observe no change in power-law
spectral index across the Ginga bandpass suggests that we
should reconsider our earlier conclusion that no Compton

103 SRR B B AR T T T T
10% E
. L 4
=10 b _
= e T E
le
0.1 am| 'i" vl T 1 ||||||||.~“.| L
0.3 1 10 102 103 10+
E (keV)
FiG. 5b

FiG. 5—Intrinsic broad-band spectrum (solid curve) in the pair model corresponding to the best fit to the 1988 Ginga data (a) and 1990 BBXRT data (b) (see § 5.1
for the fit parameters). The plotted quantity is EF, which shows where most of the power is radiated. In hard X-rays, the composite spectrum (solid curve) is much
flatter than the pure pair spectrum (dotted curve) due to the strong contribution from the reflection component (dashed curve). In soft X-rays, one sees the strong
excess above the extrapolation of the hard average power law. The model predicts a break in the spectrum at a few tens of keV, and a thermal annihilation line near
511 keV. The spectrum above the line is strongly pair-absorbed. The kink at 15 keV is numerical, and occurs due to the transition between the two Green’s functions

described in Lightman & White (1988). The Fe Ka line is not shown.
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reflection is present in the spectra. The superposition of the
Compton reflection spectrum and a steepening power law
results in a spectrum (shown in Fig. 5) which, given the modest
energy resolution of Ginga, can be well approximated as a
single power law. The amount of reflection allowed predicts a
reflection-component edge of 7, < 0.1. The optical depth of
the edge detected in the 1987 Ginga data is significantly greater
than this value, and so the requirement for a partially ionized
absorber in this source remains. We cannot constrain the
reflection component in the BBXRT data due to the bandpass.
On the other hand the 1988 Ginga data require r 2 1.5 (Table
4). There is a clear prediction that this two-component picture
of the observed Ginga X-ray spectrum has for higher energies:
the X-ray spectrum should steepen above ~30 keV. This is
illustrated in Figure 5. This steepening should be observable
with XTE.

5.2. The Nature of the Absorber

The reduced low-energy opacity compared to that observed
at the iron edge in the 1987 Ginga data shows that the absorb-
ing material must be ionized or overabundant in iron. The
large overabundance required to explain the edge depth sug-
gests that ionization may be a more reasonable explanation of
this discrepancy. This is further supported by the best-fit iron
edge energy. Fitting to a partially ionized (warm) absorber
model suggests an ionization state for the material of around
Fe XV.

The lack of absorption in the BBXRT and EXOSAT data at
the same flux level as the Ginga 1987 observations suggests
that the absorption variability observed in the Ginga data is
not directly correlated with the continuum flux. If the density
of the absorber is sufficiently low, then the recombination rate
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may be sufficiently slow that an absorption-flux correlation
could not be observed in data with the sampling obtained here.
To observe no correlation in these data then the recombi-
nation time scale must be greater than 1 day, but less than 1 yr.
The absorbing material density can be constrained using n, ~
3 x 10"/t ecomp> Where tr.comp 1S the recombination time in
seconds, thus 10° < n, < 10" atoms cm~3. Alternatively the
partially ionized absorbing material may be patchy, and a vari-
able covering fraction may be responsible for the observed
absorption variability.

6. CONCLUSIONS

The X-ray spectrum of Mrk 335 shows significant softening
below ~1.0 keV. This spectrum is well explained by non-
thermal e* pair models. Such models indicate a very compact
pair region in Mrk 335, consistent with the observed time
variability behavior. However, other models for the soft excess
emission, such as emission from the inner regions of an accre-
tion disk, are not ruled out.

Mrk 335 shows evidence for an ionized line of sight
absorber, which is variable on time scales of less than 1 yr.
Since this variability is not flux correlated, it indicates either a
low density (10° < n, < 107 atoms cm~3) of the absorbing
material or inhomogeneity in the absorber.
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installation of the nonthermal pair model in XSPEC, and
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by the Polish State Committee for Scientific Research grant
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