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ABSTRACT 
GING A observations of the Seyfert 1 galaxies NGC 4051 and MCG -6-30-15 have led to new and exciting 

results. (1) Large-amplitude (>50%) variations have been detected, down to time scales of 200 s, that confirm 
and extend previous EXOSAT results. (2) These intensity variations are associated with spectral changes, the 
spectrum being steeper when the source is brighter. Spectral variability is well described by spectral index 
changes that correlates closely with the 2-10 keV luminosity, increasing by ~Aa « 0.4-0.5 and centered on 
a « 1.7 (photon index) when the flux increases by a factor of 3—4. (3) A flat spectral component has been 
detected in the spectrum of MCG -6-30-15 above 10 keV. This component is probably produced by absorp- 
tion and Compton scattering of the central continuum by very thick (jVH > 1024 cm-2) cold matter in the 
environment of the central source. The detection of an iron fluorescence line at 6.4 keV with an equivalent 
width of ~ 200 eV supports this interpretation. 
Subject headings: galaxies: individual (MCG -6-30-15, NGC 4051) — galaxies: Seyfert — galaxies: X-rays 

I. INTRODUCTION 
The first good-quality spectral survey of active galactic 

nuclei (AGNs; hereafter we refer to AGNs not including 
BL Lac objects) in the range 2-30 keV by HEAO 1 A-2 
(Mushotzky 1982, 1984a) showed a remarkable similarity of 
the spectra of these objects, well fitted by a power law with 
spectral index clustering closely around the “ canonical ” value 
a = 1.7 (hereafter a is the photon index) whereas the corre- 
sponding X-ray luminosities were spread over about four 
orders of magnitude. The absorption present in some of these 
spectra was well reproduced by a uniform cold absorber 
model. 

With the increasing sensitivity and wider energy band of 
X-ray instruments, this view has rather changed. In some 
objects the simple absorber model is no longer adequate, data 
requiring departures from uniformity (e.g., Holt et al. 1980; 
Reichert eí al 1985) or neutrality (e.g., Halpern 1984). 

The picture of a “ universal ” or “ canonical ” spectrum has 
been also modified. There are many objects that show a spec- 
tral index significantly different from the “canonical” value 
(e.g., Lightman and Zdziarski 1987; Wilkes and Elvis 1987), 
but yet within a rather small interval of a ^ 1.4-2.0. Some 
AGNs show evidence of spectral variability. In all these objects 
(3C120, Halpern 1985; NGC 4151, Perola et al 1986; NGC 
7314, Turner 1987; NGC 5548, Branduardi-Raymont 1986) 
spectral variations are well described by spectral index changes 
that are correlated with the luminosity, the spectrum being 
steeper when the luminosity is higher. Typically a variation of 
Aa ^ 0.3-0.4, still confined within the interval a ^ 1.4-2.0, is 
associated with an intensity change of a factor of 3-4. 

The LAC detector (Large Area proportional Counters) 

1 On leave from Istituto TE.S.R.E., C.N.R., Bologna. Now at I.A.S., C.N.R., 
Frascati, Italy. 

2 Also Osaka City University. 

abroad GING A (Makino 1987; Turner et al. 1989) with its 
large area and low background is a powerful instrument for 
studying such spectral changes. The Seyfert 1 galaxies NGC 
4051 and MCG -6-30-15, whose GING A observations are 
presented in this paper, were characterized by large-amplitude 
variations in the X-ray range, down to time scales of hours or 
less (NGC 4051 : Lawrence et al. 1985, 1987; MCG -6-30-15: 
Pounds, Turner, and Warwick 1986; Pounds and Turner 
1986). Moreover, in a previous EXOSAT observation of NGC 
4051 (Lawrence et al. 1985) there was an indication of spectral 
variability, the spectrum being steeper when the source was 
brighter. These objects are therefore good targets for a spectral 
variability search during a typical G1NGA observation (1-2 
days). The results of these observations are presented and dis- 
cussed here. 

The absorbing matter, whose effect has been detected in the 
X-ray spectra of AGNs so far, is usually associated with 
the broad-line region (BLR) clouds (Mushotzky 19846). On the 
other hand, in the last few years, an increasing evidence for the 
existence of matter nearby the central “engine,” possibly in 
the form of an accretion disk, has risen, with the observation of 
the “big bump” (Malkan and Sargent 1982; Malkan 1983) and 
soft X-ray excesses (e.g., Arnaud et al. 1985). Recently, several 
authors have discussed the effect of such a matter on the X-ray 
spectra, pointing out the presence of spectral signatures in the 
X-ray band (Guilbert and Rees 1988; Lightman and White 
1988). In this work we present high-quality X-ray spectra 
obtained by GING A observations of MCG -6-30-15 and 
NGC 4051 and discuss how they can constrain the state of the 
matter in the environment of the central “engine.” 

In § II we describe observations and data reduction pro- 
cedures. In §§ HI and IV we present the results on temporal 
behavior, X-ray spectrum and spectral variability for MCG 
-6-30-15 and NGC 4051, respectively. In § V we discuss these 
results and present our conclusions. 
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II. GING A OBSERVATIONS AND DATA REDUCTION 

The LAC instrument aboard GINGA satellite consists of 
eight proportional counters with a total area of 4000 cm2 and 
an energy resolution of 18% (FWHM) at 6 keV (Turner et al. 
1989). Observations with this instrument were performed from 
1987 June 3 to 6 for NGC 4051 and from September 9 to 11 for 
MCG -6-30-15. Data on September 9 until 17:45 UT were 
collected with a low collimator efficiency (<0.3) and are not 
included in this analysis. MPC1 mode was used, which pro- 
vides both detector identification and full spectral resolution in 
48 pulse height channels with a 16 s time resolution. Back- 
ground observations were performed for 1 day adjacent to the 
observations of the sources, pointing a “ blank ” sky nearby the 
two targets. 

Since both sources were variable, with a 2-20 keV count rate 
from 10% to 100% of background, a careful and conservative 
data qualification and background subtraction were carried 
out. Data with a low geomagnetic cutoff rigidity (< 10 GeV/c) 
or with a SUD count rate (surplus over upper 
discriminator = count rate above 37 keV) greater than 7.5 
counts s“1 per detector, that correspond to high background 
regions, were excluded from analysis, as well as data corre- 
sponding to instrumental spikes and flares. Moreover, in the 
analysis of MCG -6-30-15 data, we did not use two external 
detectors, illuminated by the Sun with a ß angle of ~75°. The 
other detectors were in the shadow of a solar panel. To 
improve the signal-to-noise ratio we used only top-layer data, 
because excess fluxes above the background level were found 
mainly in the 2-10 keV range, where the mid-layer has a low 
effective area but a background comparable to that of the 
top-layer. 

Background was evaluated by using two independent 
methods, described in Turner et al. (1989) and in Hayashida et 
al. (1989). The background collected when the satellite is in the 
same position in the orbit, which repeats with a 1 day period, is 
approximately the same on 2 or 3 following days. Therefore we 
divide data of source and adjacent background in 15 parts per 
day, each one corresponding to one orbit of the satellite. Fur- 
thermore, data of each orbit were divided in narrow ranges of 
SUD values, because the SUD count rate is proportional to 
the background level. Background subtraction was finally 
carried out by using on source and background data in the 
same orbital position and with the same SUD distribution. 
When no background with the same orbit was available, we 
used a background of a nearby orbit for producing light 
curves, whereas we excluded those data from spectral analysis. 
This situation occurred for five “contact” orbits of MCG 
-6-30-15, when the satellite is activated by particles in passing 
through the South Atlantic Anomaly region. For spectral 
analysis, spectra from individual orbits were selected for 
having a reasonable statistic (integral counts in 2-20 keV range 
greater than ~1500 counts) and for being not strongly influ- 
enced by systematic effects in background subtraction (see fol- 
lowing discussion), i.e., count rate greater than 3 counts s-1 

(hereafter count rate refers to 2-20 keV range). For these 
reasons, six spectra of NGC 4051 were not considered in spec- 
tral analysis. 

A similar but simpler method of background subtraction has 
been already applied to other Seyfert galaxies, giving reliable 
spectra both for bright (NGC 4151, Warwick et al. 1989b) and 
faint (Mrk 348, Warwick et al. 1989a) objects. In these cases the 
orbital dependence of background was not taken into account, 

but the authors just restricted the analysis to long periods 
when this effect is low, corresponding to orbits that do not pass 
through the South Atlantic Anomaly (“ remote ” orbits). Back- 
ground and source data were then normalized using only the 
average SUD level. 

The quality of the present procedure for data qualification 
and background subtraction is further supported by the 
quality of spectra obtained from the “ contact ” orbits, where 
the background is higher and more dependent on orbital posi- 
tion. These spectra give similar Xv and best-fit parameters as 
the remote orbits with the same flux level when fitted with the 
same model. 

A final test was obtained by applying an independent 
method of background subtraction, as described in Hayashida 
et al. (1989). In this method, background is linearly related to a 
set of housekeeping and environmental parameters whose 
coefficients are evaluated by fitting the model to a set of 
“ blank ” sky observations. This method does not use a back- 
ground measured nearby the source observation. We did not 
find any significant difference in the results obtained by using 
this and the previous method. In particular, best-fit parameters 
of summed spectra presented in § Illfc and IVb were consistent 
with those obtained by the first method. However, we found 
that the spectra obtained by the method of Hayashida et al. 
were more noisy, possibly due to small changes in background 
behavior on very long time scales. For this reason we present 
the results obtained with the first method. 

The similarity of results derived with the two methods sug- 
gests that systematic errors in background subtraction should 
be less than statistical errors. Generally, two kinds of system- 
atic errors could influence data, namely, residual uncertainties 
in calibrations and background subtraction. An estimation of 
the first effect is derived from the fit to the Crab spectrum with 
a power law with uniform absorption (Turner et al. 1989). 
Best-fit parameters are in agreement with previous measure- 
ments, but the value of = 2.6 (v = 37) indicate the presence 
of fluctuations greater than statistical errors. Since the source 
count rate (~ 10000 counts s~x) is much greater than the back- 
ground level (~40 counts s-1), any systematic effect in back- 
ground subtraction is completely negligible. The source of this 
systematic error is thus attributed to residual uncertainties in 
calibrations, corresponding to 0.5% of the count rate per 
channel. A /2 = 0.8 (v = 37) obtains when this value is added 
(quadratically) to the statistical errors. 

Systematic errors in background subtraction can be further 
divided in two parts: reproducibility of the internal (particle- 
induced) instrumental background and spatial fluctuations of 
the X-ray background (XRB). The level of XRB depends on the 
position in the sky, with a r.m.s. of -0.8 counts s“1 in the 2-10 
keV range (Hayashida et al. 1989). On the other hand, the 
photon spectrum of XRB fluctuation has a well-defined fea- 
tureless shape, independent on the position (at high galactic 
latitude as for the present objects), and similar to the spectrum 
of Seyfert galaxies. We conclude that XRB fluctuations will 
neither influence the spectral shape nor increase the variance of 
the spectra of the present objects (or any object with a similar 
spectral shape), but only increase the uncertainty in the absol- 
ute flux of the source of 0.8 counts s~ ^ 

Even though residual uncertainties in the reproducibility of 
internal background produce fluctuations lower than those of 
XRB, they should affect more severely the variance of source 
spectra, because their pulse height spectrum is more randomly 
distributed. The r.m.s. value of these fluctuations has been 
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evaluated by Hayashida et al. (1989), corresponding to 
3 x 10“2 counts s"1 keV-1 below 10 keV and rapidly decreas- 
ing below 10“2 counts s-1 keV“1 at higher energies. These 
values are much lower than statistical errors of spectra of 
single orbits presented in §§ IIIc and IVc, and correspond to 
30%-60% of statistical errors of summed spectra presented in 
§§ Illh and IVh. Given the uncertainty in the contribution of 
these fluctuations to the variance of the source spectra, we 
included in our data only the systematic error in calibrations. 
However, we evaluated that the contribution of fluctuations of 
the instrumental background can at most reduce xl values of 
10%-30%, with no significant effect on the value of best-fit 
parameters. The maximum reduction would obtain for the low 
and mid level spectra of MCG -6-30-15 (§ lllb) and for the 
mid-low and mid-high level spectra of NGC 4051 (§ IVb). 

m. MCG -6-30-15 

a) Light Curve 
The fight curve of MCG -6-30-15 in the energy range 

1.2-22 keV is shown in Figure la, top panel, with a time bin of 
128 s. Empty regions correspond to Earth occultation or high 
background zones. The total five time is ~ 25,000 s. The source 
count rate is highly variable, up to a factor of 3 on a time scale 
of hours of less, and the fight curve is characterized by ampli- 
tude variations on all the time scales detectable by the instru- 
ment. This behavior is similar to that observed by the ME 
instrument aboard EXOSAT (Pounds, Turner, and Warwick, 
et al 1986), but the larger area and lower background of LAC 
allow the detection of variability on shorter time scales. In 
Figure 1, bottom panel, we show, as an example, the enlarge- 
ment of data indicated by the arrow (b) in Figure 1, top panel. 
Variations of 50% or more are clearly seen with a time scale of 
~ 3-5 minutes. 

The typical temporal structure of data stream, 10-20 
minutes of data followed by an empty region of 80-90 minutes, 
which repeats with a periodicity of 100 minutes, and the small 
ratio of the effective/observing time (~ 20%), introduce heavily 
spurious effects (particularly the windowing effect; Deeming 
1975) in a power spectrum obtained from the entire fight curve. 
Nevertheless, a power spectral analysis is possible on shorter 
times scales, by limiting the analysis to the short continuous 
data segments of single orbits. We selected 11 data sets with a 
minimum uninterrupted coverage of 1000 s. Data were binned 
with a 16 s time bin. The corresponding power spectra were 
summed to produce the average spectrum shown in Figure 2. 
Source power above noise level is present up to ~4 x 10-3 

Hz, as already noted from a visual inspection of Figure 1, 
bottom panel. 

b) X-Ray Spectrum 
Spectra from 17 orbits were obtained by using the procedure 

and selection criteria described in § II. As shown in the follow- 
ing, the spectral shape depends on the intensity of the source, 
the spectrum being steeper when the intensity is higher. To 
avoid the introduction of spurious features that could be 
created by adding spectra with different shapes, we summed 
the spectra of single orbits in three ranges of intensity (low, 
middle, and high). The corresponding statistical errors were 
computed taking into account that some spectra (those with 
the same orbit) were obtained by using the same background. 
The average count rate and selected interval, integration time 
and incident flux of each spectrum are given in Table 1. This 
table also gives the background exposure times and the mean 
background count rate. 

Several models were fitted to these spectra in the 2-37 keV 
range. A simple power-law model with uniform cold absorp- 

T I M E ( UT ) 1987 Sep 10 
Fig. 1.—Light curve of MCG -6-30-15 in the energy band 1.2-22 keV summed on six detectors. Top panel : Overall light curve, with a time bin of 128 s. Bottom 

panel : Expanded light curve of data of the orbit corresponding to “ (b) ” in top panel with a time bin of 32 s. 
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FREQUENCY (Hz) 
Fig. 2.—Power spectrum of MCG -6-30-15 in the same energy range as 

Fig. 1. Poissonian noise power is subtracted in this figure. 

tion and solar abundances (cross sections from Morrison and 
McCammon 1983) gives unsatisfactory results: the reduced x2 

for the high-, middle-, low-intensity spectra are, respectively, 
X2 = 2.7, 3.5, 1.5, with v = 20. In Figure 3a the pulse height 
spectrum and the best-fit power law of the middle intensity 
spectrum are plotted. Inspection of residuals shows an emis- 
sion line around 6.4 keV, an enhanced deficit of counts 
between 7 and 15 keV and positive residuals at higher energies. 
Similar features are present in the other spectra. The fitting 
procedure was therefore repeated introducing in the model a 
narrow line (free parameters : energy and intensity) and an edge 
(free parameters: energy and absorption column density). The 
total number of free parameters was 7. The best-fit mean posi- 
tions of line and edge for the three spectra were (6.20 ± 0.15) 
keV and (7.2 ± 0.6) keV, respectively, in agreement with the 
fluorescence line and edge energies from neutral iron, corrected 
for the redshift of the galaxy (corresponding to 6.35 keV and 
7.05 keV, respectively). Best-fit values of the other parameters 
are summarized in Table 2A. The average value of iron column 
density, expressed as NHFe = NFe 104 48, is NHFe = (3.8Í };4) 
1022 cm-2 (hereafter errors and upper limits are at a 90% 
confidence level), whereas the low-energy absorption is consis- 

tent with zero, with an upper limit of 0.25 x 1022 cm-2. The 
optical depth of the iron edge is actually more enhanced, being 
constrained in the previous fit by the iron L shell absorption 
that is equivalent to a low-energy column density of 
-JVHFe/10. Neglecting the L shell absorption we obtained 
average values of NHFe = (Ib.Sí^s) x 1022 cm-2 and NH = 
(0.25íoil!) x 1022 cm-2. These results would imply an iron 
abundance more than one order of magnitude greater than the 
solar value, never observed in other cosmic sources. More 
interestingly, they could be explained by a reduction of opacity 
of atoms lighter than iron, produced by photoionization of the 
hard central continuum (Krolik and Kallman 1984). But, as 
explained in more detail in the discussion, this possibility is 
ruled out by the inconsistency between the high-ionization 
state required to reproduce the opacity ratio at the iron edge 
and lower energies, and the energies of the iron line and iron 
edge, that indicate lowly ionized or cold matter. 

Then we considered another modification to the uniform 
cold absorber, namely the partial covering or “ leaky ” 
absorber model, that could fit these spectra keeping the abun- 
dance to the cosmic value. This model is expressed by the 
formula : 

F(E) = {C£-“[l +/cov/(l -/cov) exp ( — (t(E)NHcov)] + /Fe} 

x Qxp(-a(E)NH) . (1) 

Free parameters of the model were the spectral index of the 
underlying continuum (a), the normalization of the uncovered 
component (C), the uncovered intensity of the iron line (/Fe), 
the fraction of the source (/cov) covered by a column density 
NHcov, and an additional column density (N^) covering uni- 
formly all these components. Hereafter the energy of the line is 
fixed at 6.35 keV. The results are presented in Table 2B. The 
improvement of x2 values compared to the previous model is 
significant at 95, 99, 99% confidence level for the low, middle, 
and high spectra, respectively. The new result, that stands out 
in Table 2B, is the very high column density, NHcov = (6Í4) 
x 1024 cm-2, that covers ~60% of the source. Note that the 

power-law indexes derived for this model are systematically 
greater (steeper) than the indexes derived for the simple power- 
law model. In Figure 3b we present the pulse height spectrum 
of the middle intensity spectrum, along with the best-fit model 
and its separate components. The covered component becomes 
comparable to the uncovered one above 15 keV, producing a 
high-energy bump in the spectrum. 

A more sophisticated partial covering model than the simple 

TABLE 1 
Count Rate, Effective Exposure Time, and Incident Flux of 

the Spectra of MCG -6-30-15 Summed in Three Intensity Levels 

Source 
  Background0 

Count Ratea Exposure Exposure 
(Counts-1) Timeb Time 

Level Range Mean (s) F(2-10 keV)c (s) 

Low   10-14 12.4 5713 3.7 7667 
Mid   14-18 16.2 9464 4.8 9730 
High  18-24 20.4 4559 6.1 6527 

a Count rate in the 2-20 keV range summed on six detectors. 
b The exposure time is not corrected for the collimator efficiency, corresponding to ~ 80%. 
c The incident flux (10 -11 ergs cm - 2 s - ^ is independent from the model within 5%. 
d Background level is similar for the three spectra and corresponds to ~34 counts s-1 for six 

detectors. 
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a 

ENERGY CKEVD 
Fig. 3a 

ENERGY CKEV] 
Fig. 3c 

ENERGY CKEV] 
Fig. 3b 

Fig. 3.—(a) Fit of a power law with uniform cold absorber to the middle 
intensity level spectrum of MCG -6-30-15. The result is not satisfactory 
(Xy = 3.5 with v = 20). Residuals are plotted in units of standard deviation, (b) 
Same as in (a) but with a fit with partial covering model with solar abundances 
and narrow emission line. The result is definitely better (x* = 1.1 with v = 17). 
The emission components of the model are plotted with dashed lines, (c) Same 
as in {a) with a reflection model = 1.2 with v = 18). 

one applied above is the Poissonian absorber model, that is 
more appropriate when the absorber is composed by clouds. In 
this case the fraction of the source covered by a number n of 
clouds is given by the Poisson distribution, whose mean value, 
//, represents the mean number of clouds along the line of sight. 
The other parameter of this absorbing model is the column 
density of a single cloud, NHC. The other free parameters were 
the same as those used in the simple partial covering model, 
with the exception of C, here representing the normalization of 
the underlying continuum. The results of the fit are presented 
in Table 2C, and can be directly compared with those of the 
partial covering model in Table 2B. Both models give an equiv- 
alent good description of the X-ray spectrum of MCG — 6-30- 
15, and, in particular, of its absorbing matter. The column 
density of a single cloud NHC = (5if) x 1024 cm-2, and the 
fraction of the source covered by one or more clouds, 
1 — exp = 0.63, are also consistent with the values of 
column density and covering fraction of the previous model. 

Then we applied the partial covering model with iron abun- 
dance as free parameter and using only the iron K edge photo- 
electric absorption. The reduced x2 for the low-, middle- and 
high-intensity spectra were, respectively,/2 = 1.4,1.0,1.0, with 
v = 16. All the spectra were consistent with a model in which 
35% of the source is covered by matter with NHFe = 
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TABLE 2 
Spectral Fits to the Spectra of MCG -6-30-15 

A. Power Law (v = 16) 

Level C* o'- AV 1W V  
Low   7.0 1 0.8 1.50 1 0.06 0.0íg;S 4.0í|;g 1.13 10.43 1.9 
Mid   11.0 1 0.9 1.63 1 0.04 O.OÍg;^ 3.0íl;S 1.43 10.37 1.5 
High   17.5 1 1.6 1.76 1 0.04 0.0íg;g 4.0 0.60 1 0.50 1.2 
Mean   ... 1.66 1 0.02 O.OÍ^5 3.8Í¡;Í 1.13 10.25 

B. Power Law with Partial Covering and Solar Abundances (v = 17) 

Level C*^ ^ /,oV 

Low   8.1 1 1.5 1.60 1 0.10 0Jt%l 600!*“ 1.26 1 0.47 0.64 1 0.24 1.6 
Mid   12.2+ 1.5 1.7010.07 0.5!g;| 550!*“ 1.60 1 0.40 0.60 1 0.22 1.1 
High   19.6 1 2.4 1.84 1 0.07 0.6 !H 1000!““ 0.77 1 0.53 0.70 1 0.20 0.9 
Mean   ... 1.74 1 0.04 0.57Î“;“ 600!^® 1.29 1 0.26 0.65 1 0.13 

C. Power Law with Poissonian Absorber (v = 17) 

Level  a* ^ 

Low   24.3 1 7.0 1.60 1 0.10 0.7!gj 500!|Sg 1.26 10.46 1.1 10.3 1.6 
Mid   34.7 1 8.0 1.71 10.07 0.5“;* 500!““ 1.60 1 0.40 1.0 1 0.2 1.1 
High   51.3 1 10.0 1.82 1 0.07 0.6 1 0.2 600í¡gg 0.77 1 0.50 1.0 1 0.4 1.0 
Mean   ... 1.74 1 0.04 0.58!^;^ 500!?^ 1.29 1 0.25 1.0 1 0.15 

D. Reflection Model (v = 18) 

Level C*’' ab NH
C rh /le'-r /I 

Low   10.1 13.1 1.79 1 0.12 0.9!g;S 2.31 1.8 1.1310.43 1.7 
Mid   15.7 1 3.5 1.91 10.08 0.8 1 0.4 2.21 1.6 1.43 1 0.40 1.2 
High   24.0 1 5.3 2.01 10.08 0.9 1 0.4 2.01 1.6 0.60 1 0.50 1.1 
Mean   ... 1.93 10.05 0.85 10.25 2.2 1 1.0 1.11 10.25 

E. Two Power Laws (v = 17) 

Level C,* a,b NH
C C2‘ a2

b IF‘ xl 

Low   8.312.0 1.61 10.14 0.7!®;* 7!}®° -(1.1 1 1.2) 1.3010.46 1.8 
Mid   12.7 12.5 1.7310.11 0.5!g;| 13!^® -(1.01 1.0) 1.63 1 0.40 1.3 
High   20.01 3.5 1.85 10.10 0.7 10.3 0.7!““ -(2.0!“) 0.83 1 0.50 0.9 
Mean   ... 1.7510.07 0.61 10.18 ... -(1.3210.65) 1.31 10.26 

F. Thermal Bremsstrahlung Power Law (v = 17) 

Level  kP  V Zv
2 

Low   7.7 ±2.1 18.8 ±3.4 0.6Í°;* -(0.5!°;°) 1.26 ± 0.43 1.8 
Mid   10.8 ±2.2 14.3 ±2.8 0.3!°;f 220!*^° -(0.4!J;2) 1.56 ± 0.40 1.3 
High   15.7 ±3.4 11.6 ±3.4 0.4!°;| 120!f°° ~(0.6!J;°) 0.73 ± 0.50 0.9 
Mean   .. 14.8 ± 1.8 0.4 ±0.2 ... ~(0.5!g;¡) 1.31 ± 0.26 

Notes.—Range of fit 2-37 keV. Errors are 90% confidence level for one interesting parameter. 
a Normalization in 10“3 photons cm-2 s~1 keV-1 at 1 keV. 
b Photon index. 
c Column density in 1022 cm-2. 
d ^HFe = Npe IO4 48 in 1022 cm“2. The iron cross section includes both the K and L shell absorption. e Line intensity in 10-4 photons cm-2 s~1. 
f Normalization of the uncovered or direct component. 
g Normalization of the underlying power law. 
h Normalization of the reflected component relative to the direct component (eq. [2]). 
1 Normalization in 10~7 photons cm" 2 s“1 keV“1 at 1 keV. 
j Temperature in keV. 

(5íi) x 1024 cm-2 and iVHcov = (3.0Í};g) x 1023 cm"2. We 
consider this model unsatisfactory for the following reasons: 
(1) The addition of one more parameter to the partial covering 
model with solar abundances does not yield a significant 
improvement of /2. (2) Such an iron overabundance, when 
explained by a photoionized matter, would imply a high- 

ionization state, with an iron edge around 8.5 keV. We repeat- 
ed fits with iron edge energy as free parameter, obtaining a 
mean energy of (7.0 ± 0.3) keV. (3) The shape of the covered 
component below the iron edge is similar to a wide line cen- 
tered around 6 keV. In fact, the intensity of the iron line 
obtained using this model is zero (we note that this particular 
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shape, where the iron line is reproduced by the covered com- 
ponent, provides a better constraint to the edge energy com- 
pared to the simple power-law model). 

The possibility that the iron line is broad, suggested by the 
previous point, has been explored in more detail by fitting the 
partial covering model with solar abundances with the line 
width as free parameter. Reduced chi-squared values of 1.2,1.0, 
0.9, for the low-, middle-, and high-intensity spectra, respec- 
tively, are obtained, to be compared with the corresponding 
values of 1.6, 1.1, and 0.9 derived from the same model with a 
narrow line (Table 2B). Only for the low-intensity spectrum 
there is a significant improvement of %2 (98% confidence level 
derived by applying the F test) obtained with a width (<t) of 
(1.0 ± 0.5) keV. For the other spectra the value of the width is 
consistent with zero. Since the intensity of the line seems inde- 
pendent on the level of the continuum (Table 1 and discussion 
in § Vb), larger deviations from a narrow line distribution 
would be expected when the continuum level is low, that could 
explain the detection of a broad line only for the low-intensity 
spectrum. On the other hand, systematic effects in background 
subtraction discussed in § II should be also larger for the low- 
intensity spectrum. Taking into account their maximum con- 
tribution to the errors, reduced x2 the partial covering 
model with a narrow line would reduce to satisfactory values 
of 1.2, 0.9, and 0.8 for the low-, middle-, and high-level spectra, 
respectively. 

The value of ATHcov derived from the fit with the partial 
covering model is very high, and the effects of Compton scat- 
tering cannot be neglected. Due to multiple scattering, the path 
length of photons while traversing the medium is increased by 
a factor of about rr, the optical depth for Compton scattering 
(e.g., Rybicki and Lightman 1979). The true value of column 
density, VHtrue, will be then given by NHirue = NHcJtt = 
(^Hcov/^r)1/2_For NUcoy = 6 x 1024 cm 2 it obtains ATHtrue = 
3 x 1024 cm 2, rr = 2. The scattering will not greatly modify 
the emergent spectrum, because the cross section is indepen- 
dent on the energy range in the LAC and the relative change of 
energy of a photon after traversing the medium is very small, 
being about —nE/mc2 « 0.1, where n » is the number of 
scattering (Rybicki and Lightman 1979). Finally, /cov should be 
considered as an upper limit, because of the additional contri- 
bution of photons scattered into our direction from matter 
lying outside our line of sight. The spectral shape of this reflec- 
ted component is roughly similar to the covered component 
(Lightman and White 1988), because photons reflected into our 
direction will traverse an average optical depth of the order of 
ir, thus a column density of ~l/<7r = 2 1024 cm-2. The rela- 
tive weight of the reflected and covered component depends on 
the distribution of the matter around the central source. 
However, if the column density is greater than ~1025 cm-2, 
the covered component will be no longer visible in the LAC 
range, and the spectrum would reduce to the direct and a 
reflected component only. 

We studied in more detail this case. The spectrum of the 
reflected (more correctly, reprocessed) component was com- 
puted by using the formulae given in Lightman and White 
(1988) and White, Lightman, and Zdziarski (1988), which take 
into account both Compton scattering and photoelectric 
absorption in a cold medium of solar abundances. Iron line 
emission, which is expected from fluorescence process follow- 
ing absorption of a photon by the K shell of iron, is not 
included in their formulae, and we add it as a free parameter to 

the model expressed by 

F{E) = {CE-a[l + rA(£, a)] + /Fe} exp {-gN^ , (2) 

where CE * represents the direct component, expressed as a 
simple power law, CE~airA{Ei a) is the reflected (reprocessed) 
component, A(E, a) is the corresponding X-ray albedo of the 
medium, and r is the ratio between the reflected and direct 
components. In the following we will refer to this model as the 
reflection model. It is worth noticing that the spectral shape of 
the reflected component depends only on the spectral index of 
the direct component and is independent of the column density 
of the thick, reflecting medium (Piro et al 1990). Therefore, the 
total number of free parameters is 5, one less than the partial 
covering model. The results of the fit are presented in Table 
2D. Reduced chi-squared values are similar to those obtained 
with the partial covering model. The overall spectral shape is 
again characterized by bump above 8 keV, produced by the 
increasing contribution of the reflected component (Fig. 3c). As 
in the case of the partial covering model, the spectral indexes 
are systematically greater than those derived for the simple 
power-law model. 

So far we have shown as the X-ray spectrum of MCG 
-6-30-15 can be reproduced by taking into account the effects 
produced by matter with a very high column density on to an 
underlying continuum expressed by a simple power law. Now 
we examine the alternative case of a complex continuum emis- 
sion and a simple uniform absorption with solar abundances. 
The continuum emission was described by a two-component 
model, namely, two power laws, and a power law with thermal 
bremsstrahlung. The results are presented in Table 2E and 2F. 
Values of chi square are slightly worse than those obtained by 
the partial covering and the reflection model. The thermal 
bremsstrahlung-power-law model was introduced to verify 
whether the complex spectral shape could be explained by the 
presence of a strong soft X-ray excess (represented by the 
thermal bremsstrahlung) on the top of the primary hard 
power-law emission. However, the best fit is obtained when the 
primary emission component is the thermal bremsstrahlung 
with a very high temperature (kT > 10 keV), whereas the 
power law represents a hard tail which dominates the emission 
above 15 keV. Similar results are obtained for the two power- 
law model, where the crossing point between the primary 
steeper component (a - 1.6-1.8) and the hard tail (a < 0) is 
around 15 keV. Note that the error of the normalization of the 
hard power law is very large because this parameter is strongly 
correlated with the spectral index a2. The flux of the hard 
power law is actually not consistent with zero, as appears from 
the significant improvement of x2 values compared to a fit with 
a single power law. 

These results confirm that the major, deviations from a 
simple model, such as a power law, are produced by a new flat 
component above 8-10 keV. This flat component may be only 
effectively flatter, as in the partial covering and reflection 
models, or it may be intrinsically flatter, as assumed in the 
thermal bremsstrahlung-power law and two power-law 
models. In these latter models, however, the slope of the power 
law is too flat (a < 0) to be consistent with the spectral slope of 
Seyfert galaxies at higher energies (Rothschild et al. 1983). 
These models can be reconciled with the measurements at 
higher energies only if the new hard component recovers a 
steeper spectral index above about 30 keV, as in the partial 
covering and reflection models. 
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A last comment regards the “ iron edge ” feature detected in 
the fit with a simple power law. The spectral flattening around 
8 keV (whether effective or intrinsic) will force the spectral 
index of the simple power law to a lower (flatter) value, thus 
producing negative residuals (data-model) in the 7-10 keV 
range, which simulate an unusually deep iron edge. As an “ a 
posteriori” check, we have produced simulated spectra using 
the partial covering model with solar abundances and param- 
eters as given in Table 2B and integration time as given in 
Table 1, and we have fitted these spectra with a simple power 
law with uniform absorption and iron edge energy and optical 
depth as free parameters. Best-fit parameters, including those 
of the iron edge, were consistent with those obtained per- 
forming a fit with the same model on the real data (Table 2A). 
The real iron edge present in the covered or reflected com- 
ponent with solar abundances, when diluted with the direct 
emission, would produce negligible (<0.5%) deviations in the 
case of the partial covering model, or would be rather small in 
the case of the reflection model (iVHFe « 4 x 1022 cm-2 to be 
compared with a depth corresponding to 16.5 x 1022 cm-2). 

c) Spectral Variability 
Another important and new result obtained from GING A 

observations of MCG —6-30-15 is the detection of spectral 
variability. The spectral shape depends on the luminosity, the 
spectrum being steeper when the source is brighter. This is 
clearly shown in Figure 4, where we present the pulse height 
ratio between the high-intensity and low-intensity spectra. We 
note the following. (1) The reduced %2 for a constant hypothesis 
is Xv = 5.5 (v = 22), that confirms the high statistical signifi- 
cance of spectral variations. (2) The high-intensity spectrum is 
steeper (softer) than the low-intensity one. (3) Such spectral 
changes are not produced by a variation of the covered or 
reflected component. In fact, spectral variations are present 

Fig. 4.—Pulse height ratio of the high-intensity and low-intensity spectra 
of MCG -6-30-15. The reduced chi-square for a constant is = 5.5 with 
v = 22. The continuous line = 0.9) is the expected ratio obtained by fitting 
the spectra with C and a as free parameter and iVH, iVHFe, and /Fe fixed to their 
mean values. 

well below 10 keV, where the contributions of these com- 
ponents is negligible (Fig. 3c). At the end of the section we 
present a direct test that confirms this indication. 

In all the models presented in Table 2, the spectral index of 
the (primary) power law is the only parameter which shows a 
significant correlation with the intensity level. We investigated 
in more detail this behavior, analyzing the spectra of the 17 
single orbits separately. Our aim was to confirm that the 
observed spectral variations were really produced by changes 
of the spectral index and not by variations of low-energy 
absorption. Each spectrum was fitted in the 2-20 keV range by 
a power law, with C, a, and NH as free parameters, whereas the 
iron absorption edge and emission line were fixed to the mean 
values given in Table 2A. This model provides a good fit to the 
spectra of single orbits, that have a lower statistics than 
summed spectra. Then we performed a correlation test on the a 
versus count rate and NH versus count rate distributions. Only 
the spectral index shows a significant correlation with the 
count rate, with the correlation coefficient, r = 0.64, corre- 
sponding to a probability of a random fluctuation from uncor- 
related variables P(|r| > 0.64) = 5.6 x 10-3. No correlation 
between NH and the count rate is present (r = —0.10, 
P(| r I > 0.10) = 0.70). 

As a final check we performed two sets of fit on the spectra of 
single orbits, the first one with a (and C) as free parameters and 
Nh fixed to the mean value of Table 2A, and the second one 
with Nh (and C) as free parameters and a fixed to the mean 
value of 1.66. In both cases we again fixed the iron absorption 
edge and emission line to their mean values. Then, for each 
orbit, we compared the resulting x2, assuming a minimum sig- 
nificant difference of A/2 = 1. We found that fits with a as free 
parameter were preferred in 12 cases, those with NH as free 
parameter in one case, and there was no significant difference 
(Ax2 < 1) in four cases. 

We conclude that the spectral variations observed in MCG 
-6-30-15 are well described by spectral index changes. This is 
clear in Figure 4, where, along with the observed pulse height 
ratio between the high-intensity and low-intensity spectra, we 
plot the expected ratio obtained by fitting these spectra with 
the previous model with only normalization and spectral index 
as free parameters. The agreement is good (x2 = 0.9). 

In Figure 5 we show the a versus unabsorbed 2-10 keV flux 
(Fc in 10-11 ergs cm-2 s-1 units) contained from the fits with 
Nh fixed. The correlation coefficient r = 0.74 corresponds to a 
probability P(| r | > 0.74) = 7 x 10"4 of being a random fluc- 
tuation. Moreover the reduced x2 f°r a constant is x2 = 2.9 
with v = 16, whereas the best-fit linear relationship: 

a = 1.23(±0.09) + 0.081(±0.016)FC (3) 

(in parenthesis 1 o errors) gives /2 = 1.4 with v = 15. The F 
test shows that this improvement is significant at a 99.9% 
confidence level. 

Similar results have been obtained by using the partial 
covering model with /cov and iVHcov fixed to the mean values of 
Table 2D. In this case the spectral indexes were slightly steeper 
(Aa » 0.07), as it is evident by comparing the values of spectral 
indexes in Table 2B with those in Table 2A. 

So far we have shown that the spectral variability observed 
in MCG -6-30-15 is well described by spectral index varia- 
tions correlated with the intensity and not by variations in the 
low-energy absorption. Now we investigate whether the pre- 
sence of the high-energy flatter component could reproduce the 
observed spectral variability. According to the light curves pre- 
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Fig. 5.—The correlation diagram of the spectral index and the unabsorbed 
2-10 keV flux in MCG -6-30-15, obtained from spectra of 17 orbits. Typical 
errors of spectral index are indicated. The correlation coefficient r = 0.74 cor- 
responds to a probability P(| r | > 0.74) = 7 x 10“ 4 of being a random fluctua- 
tion. The dashed line is the best-fit linear relationship. 

sented in the next section, this component might be variable on 
longer time scales than the direct emission or even be constant. 
Its relative contribution will be therefore larger when the inten- 
sity of the source below 10 keV is lower, producing a flattening 
in the overall spectrum. In this hypothesis the spectral variabil- 
ity would be produced only by a change in the relative normal- 
ization of the hard and direct component. Could this effect 
reproduce also quantitatively the observed spectral variabil- 
ity? To test this hypothesis we fitted the low- and mid-level 
spectra with the reflection model (which is the most favorable, 
since its contribution at lower energies is greater than the 
partial covering model), keeping the spectral index fixed to the 
value observed for the high-level spectrum (Table 2D, third 
line), when the relative contribution of the hard component is 
the smallest by assumption. The column density was fixed to 
the average value of Table 2D. The other parameters, C, r, /Fe, 
were free. The reduced x2 obtained for the low- and mid-level 
spectra were x2 = 2.3 and 1.5, respectively, definitely worse 
than those obtained with the spectral index as a free parameter. 
In fact, the covered and reflected component have a small effect 
on the flux below 10 keV, where instead larger spectral varia- 
tions are observed, as shown in Figure 4. 

In order to find other explanations for the spectral variabil- 
ity than that provided by spectral index changes we should 
resort to new spectral components, whose presence is, however, 
not required by the spectral data presented in § Illb. An inter- 
esting possibility is suggested by the existence of a soft X-ray 
excess, detected in MCG -6-30-15 by the LE telescope (0.05-2 
keV) aboard EX OS AT (Pounds, Turner, and Warwick 1986). 
Spectral variability could be produced by a change in the rela- 
tive contribution of this steep component and the flatter power 
law. When the intensity is higher, the contribution of the soft 
component would increase, thus steepening the overall spectral 
shape. We tested this hypothesis by using a thermal bremss- 
trahlung, representing the soft excess, on the top of the harder 

emission produced by the power law and reflected component. 
The spectral index was fixed to the value obtained in the lower- 
level spectrum, when the contribution of the soft excess should 
be the smallest, as implied by the proposed explanation. The 
column density was fixed to the average value and the 
reflected/direct fraction to r = 2.2 (different values of r do not 
influence the results on spectral variability below 10 keV, as 
previously stressed). The other parameters, C, the normal- 
ization and temperature of the soft component, /Fe, were free. 
The fits on the mid- and high-level spectra give x2 values as 
good as those obtained for the Compton reflection model with 
a free (not surprisingly since we have added an additional 
component). At 1 keV the flux of the thermal bremsstrahlung is 
~ 50% (high-level spectrum) and 20% (mid-level spectrum) of 
the power-law emission. However, the temperature 
(kT = 6.1 ± 2.1, 7.6 ± 3.6 keV, for the high- and mid-level 
spectra, respectively) are too high to be consistent with those 
observed in soft X-ray excesses (kT & 0.1 keV, see Piro et al 
1988 for a review). We will further discuss this results in § Vc. 

d) Temporal Behavior and Spectral Variability 
In Figures 6a-6c we present the light curves of data used for 

spectral analysis integrated on one orbit (~ 10-20 min.) in the 
1.7-4.6 keV, 4.6-10.5 keV, and 10.5-27.9 keV bands. The two 
bands below 10 keV can provide further information about the 
observed spectral variability. The light curves appear strongly 
correlated, as confirmed by a cross correlation analysis per- 
formed on the data with a minimum uninterrupted coverage of 
1000 s and shown in Figure 7. Furthermore, no significant lag 
greater than a time bin (64 s) is present within 500 s. Lags 
greater than 500 s could not be detected because of the poor 
statistics and the temporal structure of data series (§ Ilia). 
Even though the shape of the light curves is the same, the 
amplitude of variations in the higher energy range is lower, as 
expected from the observed spectral variability (Fig. 4). All 
these results suggest that the spectral variability is produced by 
a single spectral component. 

In Figure 6c we show the light curve in the 10.5-27.9 keV 
range. In this band the contribution of the covered or reflected 
component, and that of the direct power law are of the same 
order. As discussed in § Va, the light curve of the covered or 
reflected component should be a delayed and smoothed 
version of the light curve of the direct emission, with a lag 
determined by the size of the thick matter regions. Unfor- 
tunately, the statistical quality of data does not allow any sig- 
nificant conclusion. In the same figure we present the light 
curve expected in the extreme cases. In the first (solid curve) the 
two component are fully correlated (lag = 0). In the second 
case (dashed curve) the reflected or absorbed component is 
constant, that is the case when the size of the region is much 
larger than the observing time (lag > 2 days), thus smearing 
out all variations on shorter time scales. Both expected light 
curves are in agreement with data. 

iv. NGC 4051 

a) Light Curve 
The X-ray flux of NGC 4051 was a factor of ~3 lower than 

that of MCG -6-30-15 but the temporal behavior was similar. 
In Figure 8, top panel, we show the light curve, corresponding 
to a total live time of ~ 40,000 s and with a time bin of 128 s. 
Large and erratic variations, up to a factor of 5, on all the time 
scales are evident. A similar behavior was observed by 
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Fig. 6.—(a) Light curve of MCG — 6-30-15 in the 1.7-4.6 keV energy range integrated on one orbit, (b) Same as {a) but in the 4.6-10.5 keV energy range, (c) Same 

as (a) but in the 10.5-27.9 keV energy range. The solid and dashed curves represent the light curves expected when the direct and reflected component are fully 
correlated (solid curve, lag = 0) and when the reflected component is constant (dashed curve, lag > 2 days). 

EXOSAT (Lawrence et al. 1985) but, as for MCG -6-30-15, 
we were able to detect shorter time scales, as shown in Figure 
8, bottom panel, where variations of 50%, on a time scale of 
few minutes, are present. 

Likewise MCG -6-30-15, a power spectral density was 
obtained by summing independent power spectra of short data 
segment from 15 orbits (Fig. 9). Source power extends up to 
~ 5 x 10 ~ 3 Hz, where the noise becomes dominant. 

b) X-ray Spectrum 
Spectra from 31 orbits were available for spectral analysis. 

Spectral variability, similar to that observed in MCG -6-30- 
15, is present also in this object, but the dynamics of amplitude 
variations is greater. Following a procedure similar to that 

Fig. 7.—Cross correlation between the 4.6-10.5 keV and 1.7-4.6 keV time 
series of MCG -6-30-15 with a continuous observational period over 1000 s 
and a time bin of 64 s. Larger lags are not plotted because of the nature of 
GING A timing data (see text). 

used for MCG -6-30-15, we divided the spectra in four inten- 
sity levels (low, middle-low, middle-high, high). The corre- 
sponding count rate, integration time, and incident flux are 
listed in Table 3. This table also gives background exposure 
times and a mean background count rate. 

Spectral fitting was performed in the energy range 2-37 keV 
and best-fit parameters and obtained with different trial 
models are presented in Table 4. The best-fit simple power law 
to the middle-low intensity spectrum, that has the highest inte- 
gration time, is shown in Figure 10a. Inspection of residuals 
shows some evidence of an iron line and iron edge, but the 
significance is not so strong as for MCG -6-30-15, that was 3 
times brighter. Addition of a narrow line at 6.4 keV and iron 
edge at 7.1 keV yields to an improvement in/3 for the middle- 
low and middle-high intensity spectra. The results, listed in 
Table 4A, can be compared with those obtained in MCG 
-6-30-15 using the same model. They are similar in the pre- 
sence of a high iron column density, ATHFe = (4 ± 2) x 1022 

cm-2, with no equivalent absorption at low energies (NH < 0.3 
x 1022 cm-2). This result would indicate that the physical and 

geometrical condition of the absorbing matter in NGC 4051 is 
similar to that in MCG -6-30-15. Hence we applied a partial 
covering model with solar abundance (eq. [1]) and the results, 
shown in Figure 6b for the middle-low intensity spectrum and 
listed in Table 4B for all the spectra, can be compared with 
those obtained for MCG -6-30-15 in Table 3B. The main 
difference is in the column density of the covered component, 
Nhcov = (14^2) x 1022 cm-2, lower than that observed in 
MCG -6-30-15. However, we cannot exclude an additional, 
more heavily absorbed component because NGC 4051 was a 
factor of ~3 fainter than MCG -6-30-15 and data above 10 
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Fig. 8.—Light curve of NGC 4051 in the energy band 1.2-22 keV summed on eight detectors. 
Top panel: Overall light curve, with a time bin of 128 s. Bottom panel: Expanded light curve of 
data of the orbit corresponding to b in top panel of this figure with a time bin of 32 s. 

keV, where a heavily absorbed component might show up, 
have a poorer statistics. 

A fit with the Compton reflection model (2), presented in 
Table 4C, leads to the same conclusion. The normalization of 
the reflected component, mainly constrained by data above 8 
keV, is consistent with zero, but also with a level similar to that 
of MCG -6-30-15. 

Two-component models are not conclusive too. In the fit 
with a two-power-law model, the spectral indexes of the two 
components are practically the same, thus reducing to a simple 
power law. The thermal bremsstrahlung-power-law model 

Fig. 9.—Power spectrum of NGC 4051 in the same energy range as Fig. 8. 
Poissonian noise power is subtracted in this figure. 

(Table 4D) does not give any improvement in x2 compared to 
the simple power law. 

We conclude that the signal-to-noise ratio of the spectra of 
NGC 4051 is too low to constrain the values of parameters of 
complex models. 

c) Spectral Variability 
Spectral variability, like that observed in MCG -60-30-15, 

is also present in NGC 4051. In Figure 11 the pulse height ratio 
between the high and middle-low intensity spectra is shown. 
The ratio is not consistent with a constant (/? = 3.7) and 
indicates that the spectrum becomes steeper when the intensity 
is higher. 

To analyze in more detail this behavior, we fitted the 31 
spectra of single orbits with a simple power law in the 2-20 
keV range, with C, a, and NH as free parameters. This model 
provides a satisfactory fit to the spectra of single orbits. We 
found a significant correlation between the spectral index and 
the count rate (r = 0.55, P(| r | > 0.55) = 4 x 10"3), whereas no 
correlation between NH and count rate is present [r = —0.13, 
P(| r I > 0.13) = 0.5], the absorption column density being con- 
sistent with the mean value Nu = (0.60 ± 0.25) x 1022 cm"2. 

We verified this behavior with a different method. We per- 
formed two sets of fit on the spectra of single orbits, the first 
one with a (and C) as free parameters and NH fixed to the mean 
value of 6 x 1021 cm"2, and the second one with NH (and C) as 
free parameters and a fixed to the mean value of 1.83. Then, for 
each orbit, we compared the resulting /2, assuming a minimum 
significant difference of A/2 = 1. We found that the fits with a 
as free parameters were preferred in 11 cases, those with NH as 
free parameter in four cases and there was no significant differ- 
ence (A/2 < 1) in 16 cases. We conclude that the spectral varia- 
tions observed in this object are well described by changes in 
the spectral index of a simple power law. This is also shown in 
Figure 11, where, along with the observed pulse height ratio 
between the high-intensity and middle-low intensity spectra, 
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TABLE 3 
Count Rate, Effective Exposure Time and Incident Flux of the Spectra 

of NGC 4051 Summed in Four Intensity Levels 

Source 

Count Rate3 Background*1 

(counts s-1) Exposure Exposure 
  Timeb Time 

Level Range Mean (s) F(2-10 keV)c (s) 

Low   3.0-5.0 3.8 7035 0.9 7593 
Mid-Low   5.0-7.5 6.2 10932 1.5 10634 
Mid-High  7.5-10 8.8 7482 1.9 6527 
High   10-15 11.9 4719 2.7 6241 

3 Count rate in the 2-20 keV range sununed on eight detectors. 
b The exposure time is not corrected for the collimator efficiency, corresponding to ~ 92%. 
c The incident flux (10 11 ergs cm-2 s”x) is independent from the model within 5%. 
d Background level is similar for the four spectra and corresponds to ~44 counts s_ 1 for eight 

detectors. 

we plot the expected ratio obtained by fitting these spectra 
with a simple power law with normalization and spectral index 
as free parameters and column density fixed to the mean value. 
The agreement is good (x* = 1.0). 

In Figure 12 we show the a versus unabsorbed 2-10 keV flux 
(Fc in 10“11 ergs cm-2 s-1 units) plot obtained from the fits 
with Nh fixed to the mean value. The correlation coefficient 
r = 0.62 corresponds to a probability of a chance occurrence 

P(|r| > 0.62) = 2 x 10 ~4. Moreover, the reduced chi square 
for a constant is Xv = 2.2 with v = 30, whereas the best-fit 
linear relationship, 

a = 1.35(±0.10) + 0.21(±0.04) x Fc , (4) 

(in parenthesis 1 a errors) gives = 1.4 with v = 29. The F 
test (e.g., Bevington 1969) shows that this improvement is 
significant at more than 99.9% confidence level. 

ENERGY C KEV ] 
Fig. 106 

Fig. 10.—(a) Fit of a power law with uniform cold absorber to the mid-low intensity level spectrum of NGC 4051 (/J = 2.0 with v = 19). (6) Same as in Fig. 6a 
but with a fit of partial covering model with solar abundances and narrow iron line. 
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TABLE 4 
Spectral Fits to the Spectra of NGC 4051 

A. Power Law without and with Iron Features 

C“ ab N c N d Ie 
  ”  'VHFe ¡Fe 

Without (v = 19) Iron Features 

Low   2.5 ±1.2 1.67 ± 0.27 2.2Í¡;1 ... ... 1.2 
Mid-Low   4.1 ±0.8 1.73 ±0.11 l.Oígií ••• ••• 16 
Mid-High   5.4 ±1.1 1.79 ±0.10 0.2íg;| ... ... 1.1 
High  10.5 ± 1.7 1.96 ± 0.09 0.5Í... ... 1.2 
Mean  ... 1.83 ± 0.06 0.60 + 0.25 

With (v = 17) Iron Features 

Low   2.2 ± 1.0 1.62 + 0.24 O.OÍJg 16t\l 0.27 + 0.35 1.1 
Mid-Low   4.0+ 0.7 1.74 ±0.11 0.0í¿;g 7ÍJ 0.40 + 0.25 1.3 
Mid-High   5.7 ± 1.1 1.82 ± 0.12 0.0íg;J 2Í| 0.45 ± 0.27 0.9 
High  10.4 ± 1.6 1.96 ± 0.09 O.OÍg J 4ÍJ 0.10 ± 0.35 1.2 
Mean  ... 1.84 ± 0.06 0.0Í4 + 2 0.34 ±0.14 

B. Power Law with Partial Covering and Solar Abundances (v = 16) 

^ c‘,f ^ ^hc /Fe
ef /cov 

Low   2.5 ± 1.5 2.38 ± 0.45 0.0Îg;J 16î| 0.10 ± 0.42 0.78 ± 0.10 0.8 
Mid-Low   4.8 ±1.3 2.21 ±0.28 0.3íg;¡ 13!‘2 0.25 ± 0.27 0.54 ± 0.20 0.9 
Mid-High   5.7 ±1.4 1.91 ± 0.26 O.líg J 8!22 0.42 ± 0.30 0.23 ± 0.26 0.9 
High  11.5 ±2.0 2.25 ± 0.22 0.2Í“;| 10í| 0.00 ± 0.37 0.43 ±0.19 1.0 
Mean  ... 2.16 ±0.14 O.lîg;? 14ÏJ 0.23 ± 0.16 0.64 ± 0.08 

C. Reflection Model (v = 17) 

Level Ca,f ab NH
C r* /Fe

cf Xv 

Low   2.5 ± 1.4 1.71 ± 0.29 2.0 ± 1.0 0.1 ÍJ J 0.31 ± 0.31 1.2 
Mid-Low   4.3 ± 1.6 1.78 + 0.14 0.9íg;J O.OÍJg 0.45 + 0.25 1.3 
Mid-High   6.0 ± 2.0 1.87 + 0.15 0.3íg;¡ 0.3Í?;¡ 0.47 + 0.34 0.9 
High:  11.5 + 2.8 2.03 + 0.12 0.6íg;J 0.4ÍJ;J 0.37 + 0.15 1.2 
Mean  ... 1.90 + 0.08 0.7ÍJ¡;¿ 0.2Í^ 0.39 + 0.11 

D. Thermal Bremsstrahlung Power Law (v = 16) 
Level C/ kt* JV ÇV  /Fe

e xl 
Low   1.8 ±1.0 17.0 + 5.0 0.17 + 0.10 L2ÍH 0.27 + 0.35 1.3 
Mid-Low   3.2 ±1.0 18.3^:? 0.5íg;í 0.0íg;J4 0.9Í^ 0.50 + 0.22 1.2 
Mid-High   2.9 ±2.9 6.3Í¿5

0 O.líg;« 1.7 ± 1.0 1.4ijf 0.45 +0.35 1.0 
High  8.0 ±1.6 8.2ÍÍ;g 0.21™ 0.0íg:; O.O^g 0.25 + 0.35 1.0 
Mean   ... 12.0Í^ 0.3íg;í ••• 0.5íg^ 0.40 + 0.15 

Notes.—Range of fit 2-37 keV. Errors are 90% confidence level for one interesting parameter. 
a Normalization in 10“3 photons cm -2 s"1 keV -1 at 1 keV. 
b Photon index. 
c Column density in 1022 cm-2. 
d ^HFe = Npe x 104 48 in 1022 cm"2. The iron cross section includes both the K and L shell absorption. e Line intensity in 10“4 photons cm“2 s“ ^ 
f Normalization of the uncovered or direct component. 
g Normalization of the reflected component relative to the direct component (eq. [2]). 
h Temperature in keV. 

We investigated other explanations for the spectral variabil- 
ity. As with MCG -6-30-15, we fitted the low-intensity spectra 
with the reflection model with the spectral index fixed to the 
value observed in the high-intensity level (a = 2.03). Again the 
values of (Xv = 1-6, 2.0 for the low- and mid-low intensity 
spectra) rule out this possibility. 

A varying contribution of a thermal bremsstrahlung com- 
ponent on the top of a flat power law (a = 1.67) provides 
instead a satisfactory result in terms of the quality of the fits. At 
1 keV the flux of the thermal bremsstrahlung component is 

about the same of the power-law emission in the high-intensity 
level. However, the temperature of 3.5 ± 1.4 keV is too high to 
identify this component with a soft X-ray excess. 

Finally we note that, unlike MCG -6-30-15, the absorbed 
component in the partial covering model might have a fairly 
large effect below 10 keV (Fig. 106). Spectral variability could 
be produced by a variation of the covering fraction or, more 
generally, by changes in the physical or geometrical structure 
of the absorbing matter, correlated with the luminosity. In fact, 
whereas in power-law fits there is a definite evidence for a 
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Fig. 11.—Pulse height ratio of the high-intensity and middle-low intensity 
spectra of NGC 4051. The reduced chi square for a constant is = 3.7 with 
v = 21. The dashed line (x? = 1.0) is the expected ratio obtained by fitting the 
spectra with C and a as free parameter and NH fixed to the mean value. 

Fig. 12.—The correlation diagram of the spectral index and the unab- 
sorbed 2-10 keV flux in NGC 4051, obtained from spectra of 31 orbits. Typical 
error bars for the spectral index are indicated. The correlation coefficient 
r = 0.62 corresponds to a probability P(|r| > 0.62) = 2 x 10-4 of being a 
random fluctuation. The dotted line is the best-fit linear relationship. 

correlation between the spectral index and intensity, no corre- 
lation between a or any other relevant parameter and intensity 
is evident using a partial covering model (Table 4B). This is not 
surprising, given the low statistics and the number of free 
parameters used in this model. More definite conclusions could 
be derived in future observations with a greater sensitivity or 
with the source in a higher level. 

d) Temporal Behavior and Spectral Variability 
In Figure 13 we present the light curves in the 1.7-4.6 keV 

and 4.6-10.5 keV energy bands. Each point corresponds to the 
average value of data for each orbit. The signal to noise ratio is 
too small to provide an useful light curve above 10 keV. The 

light curves do not show any appreciable difference, but the 
amplitude of variations, like MCG -6-30-15, is lower in the 
higher energy range. A cross correlation analysis with a smaller 
time bin (64 s) on data selected as described in § I Va does not 
show any significant lag greater than one time bin (Fig. 14). A 
correlation of the light curves of two energy bands is similar to 
that obtained for MCG -6-30-15 (Fig. 7). 

V. DISCUSSION AND CONCLUSIONS 

a) Temporal Behavior 
EX OS AT observations of MCG -6-30-15 (Pounds and 

Turner 1986; Pounds, Turner, and Warwick 1986) and NGC 
4051 (Lawrence et al. 1985, 1987) showed light curves charac- 

T I M E ( UT ) 1987 Jun 
Fig. 13.—(a) Light curve of NGC 4051 in the 1.7-4.6 keV energy range integrated on one orbit. (f>) Same as (a) but in the 4.6-10.5 keV energy range. 
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Fig. 14.—Cross correlation between the 4.6-10.5 keV and 1.7-4.6 keV time 
series of NGC 4051 with a continuous observational period over 1000 s and a 
time bin of 64 s. The light curves are well correlated, with no significant lag 
between 64 s and 500 s. Larger lags are not plotted due to the nature of 
GING A timing data (see text). 

terized by variations of similar amplitude on all time scales 
down to 1000 s, where the Poissonian noise becomes domin- 
ant. The corresponding power spectra follow a frequency-1 

distribution. 
The light curves obtained by GINGA are qualitatively 

similar to those observed by EX OS AT, in the presence of large 
and erratic variations, but the structure of GINGA time series 
does not allow a more direct comparison based on a power 
spectral analysis. On the other hand, the larger area and lower 
background of the LAC provided evidence of large intensity 
variations (>50%) on time scales as short as 200 s. Below this 
limit the Poissonian noise becomes dominant. We conclude 
that a “ shortest ” time scale of variability, that could be associ- 
ated with, for example, light travel time across the emitting 
region or dynamical time scale around a black hole, remains 
still undetected. Neverthess, the upper limit of 200 s can be 
used to constrain the black hole mass of the two objects. In the 
assumption that short time-scale variations are produced in 
the innermost stable orbit of a Schwarzschild black hole, the 
light crossing time argument indicates masses less than 4 x 106 

solar masses. 

b) The X-ray-Absorbing Matter in MCG -6-30-15 
and NGC 4051 

The iron abundance in MCG -6-30-15 as obtained by a 
simple power-law model with uniform absorber, would be at 
least 10-20 times greater than the solar value. A similar evi- 
dence, but with a lower statistical significance compared to the 
GINGA data, has been found in a long EXOSAT observation 
of MCG -6-30-15 by Nandra et al. (1989). Such a strong iron 
overabundance seems unlikely. There are two other AGNs 
that show an iron edge in their X-ray spectra, namely, Cen- 
taurus A and NGC 4151. In Centaurus A (Wang et al. 1986) 
the iron abundance is consistent with the solar value, whereas 
in NGC 4151 measurements from different satellites give 
values 2-3 times greater than the solar one (e.g., Holt et al. 
1980; Perola et al. 1986; Matsuoka et al. 1986; Warwick et al. 
1989h). 

An alternative and more attractive explanation for such an 
enhanced edge would obtain if the medium is highly ionized by 
the X-ray continuum. Our results imply that the ratio of opa- 
cities at low energies ( ~ 2-4 keV) and at the iron edge is at least 
a factor of ~ 10 lower than the corresponding ratio in the cold 
case. In presence of ionization the opacity to soft X-ray 
photons is reduced more than the opacity to hard photons, 

mainly because the lighter atoms, which dominate the photo- 
electric absorption at lower energies, are fully ionized. This 
model could therefore provide the required reduction of 
opacity at low energies if there were the matter enough ionized. 
On the other hand, we can put an upper limit to the ionization 
state of matter from the observed energies of the iron edge and 
line. They correspond to an iron ionization state less than the 
XVIII, that implies £ < 100 ergs cm s-1 and T < 105 K 
(Kallman and McCray 1982), where Ç = L/(nr2) (or H = L/ 
(4ncnr2kT)) is the photoionization parameter, L is the lumin- 
osity of the ionizing continuum, and r, n, and T are the 
distance from the continuum source, density, and temperature 
of the gas, respectively. The opacity of a photoionized gas with 
solar abundances has been computed by Krolik and Kallman 
(1984) and is shown in Figure 4 of their paper for some photo- 
ionization parameters. Our upper limit corresponds to the 
curve at S = 13.3, T = 9.1 x 104 K (£ - 100 ergs cm s-1) but 
in this case the reduction in opacity at low energies is only a 
factor of 2-3 compared to the cold case. We conclude that a 
model based on a simple power-law continuum absorbed by a 
photoionization medium with solar abundances cannot 
explain the X-ray spectrum of MCG -6-30-15, and that the 
deviations from a simple power law (Fig. 3a) observed above 7 
keV are produced by a complex spectral shape. 

Then we consider the most natural modification to the cold 
uniform absorber model, in which the absorbing medium does 
not fully cover the continuum region. Solar abundances were 
assumed. This medium is usually identified with the clouds of 
the broad-line region (BLR) (e.g., Mushotzky 19846; Reichert, 
Mushotzky, and Holt 1986), known from optical observations 
(Kwan and Krolik 1981) to have column densities of the order 
of 1022—1023 cm 2, similar to those observed in X-ray spectra. 
This “leaky” absorber or partial covering model was intro- 
duced by Holt et al. (1980) to explain the soft excess above the 
uniform absorption model in the Einstein/SSS spectrum of 
NGC 4151 and applied more recently by Perola et al. (1986), 
Pounds et al. (1986), and Warwick et al. (1989) to EXOSAT 
and GINGA observations of this galaxy. A similar spectral 
behavior was observed in other AGNs by Reichert et al. (1985). 

The results of the fit with a partial covering model to the 
spectrum of MCG -6-30-15 were rather unexpected and 
hardly fit the equation BLR = X-ray absorber. In fact, they 
indicate that a rather great fraction of the source (up to 60%) is 
covered by a very thick absorber, with a derived column 
density of ~3 x 1024 cm-2 (that effects of scattering increase 
to the observed value of 6 x 1024 cm-2), one order of magni- 
tude greater than that of the BLR clouds. 

A medium with such (or greater) column density can 
produce effects on the spectrum even if it is not along our line 
of sight toward the central object, as required in the partial 
covering model. In fact matter in the environment of the 
central source can intercept and reprocess, through Compton 
scattering and absorption (and fluorescence) processes, a great 
fraction of the nuclear emission (Lightman and White 1988; 
Guilbert and Rees 1988). We found that a model composed by 
a direct and reflected (reprocessed) component provides an 
equally good fit to the spectrum of MCG -6-30-15. 

Both the partial covering and reflection model indicate that 
the main deviations of the observed continuum from a simple 
power law are produced by a spectral flattening above 8-10 
keV, where the covered or reflected component become com- 
parable to the direct emission. We investigated whether this 
spectral shape might be produced by a complex continuum 
emission rather than by the effects of thick and inhomogeneous 
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matter. We used a power law-power law fit and thermal 
bremsstrahlung-power law fit to model the emission. Both fits 
required a very flat (a < 0) hard power law, which dominates 
the spectrum above 10 keV. However, the hard component is 
too flat to be consistent with the spectral index of Seyfert gal- 
axies above 30 keV (Rothschild et al. 1983) and the extrapo- 
lated flux would be much greater than that observed at this 
energies. Furthermore, these models give x2 values slightly 
worse than those obtained with the partial covering and reflec- 
tion model. The spectral flattening observed by GING A can be 
reconciled with the higher energy measurements only if the 
hard component recovers a steeper spectral index above 30-40 
keV, as in the case of the partial covering and reflection 
models. These last models also provide a self-consistent expla- 
nation to the observed iron line, as discussed below. We con- 
clude that the partial covering and reflection models give the 
most likely (given the best x2 values), and natural explanation 
to the spectrum of MCG -6-30-15. We will thus discuss in 
more detail the physical implications of the results obtained 
with these models. 

Both models require the existence of a very thick medium, 
with Nh » 1024 cm-2 for the partial covering model or greater 
for the reflection model. An additional uniform screen, cover- 
ing the entire source with a column density of ~(6-8) x 1021 

cm " 2, is also required by our fits. This uniform absorber could 
be identified with the interstellar matter within the host galaxy, 
with a column density of (4-10) x 1021 cm-2, as estimated by 
optical observation (Pounds, Turner, and Warwick 1986, and 
references therein). 

The origin and location of the thick medium is more 
puzzling. Here we examine some possibilities about its origin. 
First we note that the ideal of very thick absorbers is not a new 
one. It was suggested (e.g., Lawrence and Elvis 1982) that 
Seyfert 2 galaxies have type 1 nuclei hidden by a thick screen. 
This suggestion was supported by optical and X-ray observa- 
tions of NGC 1068 (Antonucci and Miller 1985; Koyama et al 
1989), the prototype of Seyfert 2 galaxies. In this object the line 
of sight to the active nucleus is completely obscured by a thick 
medium (NH > 1024-1025 cm-2), probably a torus with the 
plane lying in our line of sight, and we see only a fraction of the 
central flux scattered by electrons in a cloud surrounding the 
nucleus. According to this interpretation, a thick torus should 
thus exist in some (possibly all) Seyfert 1 galaxies. Depending 
on the inclination of the torus, we would observe a Seyfert 
galaxy as type 1 (torus face on) or type 2 (torus edge on). In the 
framework of the partial covering model, MCG -60-30-15 
might be a transition object between type 1 and 2 Seyfert 
galaxies, with only a fraction of the central source covered by 
this thick screen. A problem of this interpretation is the low 
probability of observing the central source partially covered. 
In fact, the absorbing screen has to cover the BLR and is 
therefore much larger than the central source. Hence, the 
central source would appear partially covered only within a 
very small solid angle, and MCG -6-30-15 should be a unique 
example of this situation. On the other hand, the existence of a 
heavily absorbed component, similar to that observed in MCG 
-6-30-15, has been detected in the GING A spectrum of two 
other Seyfert galaxies, namely, NGC 7469 and IC 3229a 
(Piro, Yamauchi, and Matsuoka 1990; Piro, Matsuoka, and 
Yamauchi 1989), weakening this interpretation. Such a 
problem does not exist for the reflection model, because the 
reprocessing medium is not constrained to lie between us and 
the central source. 

Another more attractive possibility is suggested by the exis- 
tence of a soft X-ray nuclear excess in this object (Pounds, 
Turner, and Warwick 1986), widely recognized as the spectral 
signature of an accretion disk (e.g., Arnaud et al. 1985). The 
matter in an accretion disk can, in fact, be relatively cold 
(T < 105 K) and have column density of 1024-1025 cm-2 

within a wide range of radii (e.g., the standard disk model of 
Shakura and Sunyaev 1973). Such a disk might cover a rather 
great fraction of the central source that produces the X-ray 
continuum. For example, for a spherical source and a geo- 
metrically thin disk, the maximum covering fraction of 0.5 
obtains when the disk is almost edge-on. On the contrary, a 
reflected component should be larger when the disk is face-on. 
The relatively large level of the covered and reflected com- 
ponent observed in MCG -60-30-15 is consistent with these 
extreme cases. Alternatively, accreting matter nearby the black 
hole could be in the form of lowly ionized clouds with column 
densities of the order of 1024-1025 cm-2 (Guilbert and Rees 
1988; Ferland and Rees 1988). 

Information on the size of the thick matter region could be, 
in principle, extracted from the temporal behavior of the 
covered or reflected component. Photons reflected by matter at 
a distance d from the central source follow a longer path length 
than those emitted directly into our direction. We thus expect 
the light curve of the reflected component to be a delayed and 
smoothed version of the direct one, with a lag of the order of 
d/c. A similar effect is expected for the covered component. 
Even though the absorbing matter is located along our line of 
sight, scattering will increase the path length of photons by a 
factor of xrAr = 2Ar, where Ar is the thickness of the region. 
Unfortunately the statistics of light curves above 10 keV, where 
the contribution of the covered or reflected component is of the 
same order of the direct one, is poor and does not allow any 
definite conclusion. 

In NGC 4051 a fit with a simple power-law model with a 
uniform cold absorber yields results similar to those obtained 
for MCG -6-30-15, with the presence of an iron line and some 
evidence for an iron edge, with no equivalent absorption at 
lower energies. These similarities would suggest the presence of 
a covered or reflected component by a very thick medium, as in 
the case of MCG -6-30-15. However, a fit with a partial 
covering model would indicate that the covered component is 
less absorbed than that of MCG -6-30-15, with a column 
density of ~ 1023 cm-2, consistent with the value of the BLR 
clouds. On the other hand, given the poorer signal, in particu- 
lar at high energies, we cannot exclude the presence of an 
additional, more heavily absorbed component or a reflected 
component. Future observations, with the source in a higher 
level, should allow more definite conclusions. 

The iron line emission can provide further informations on 
the matter surrounding the central source. First, it is important 
to understand whether the iron line emission is consistent with 
that expected from the partial covering and reflection model. If 
so, it is reasonable to assume that the medium producing the 
iron line is the same thick matter producing partial covering 
absorption or reflection, and use the iron line measurements to 
further constrain the physical condition and spatial distribu- 
tion of this matter. In fact, other regions in the environment of 
the central “ engine ” could produce the iron line, such as the 
BLR (e.g., Perola et al. 1986). 

In Table 5 we have summarized the relevant parameter of 
the iron line and continuum emission obtained in MCG 
-6-30-15. The statistics of spectra of NGC 4051 is too poor to 
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TABLE 5 
Iron Line and Continuum Parameters in MCG -6-30-15 

Continuum Flux 
(7.1-37 keV)c 

Level /Fe
a E.W.b Direct Reflected 

Low   1.1 ±0.4 280 ±110 2.0 1.33 
Mid  1.4 ± 0.4 290 ± 90 2.2 1.38 
High   0.6 ± 0.5 100 ± 80 2.7 1.43 

a Line intensity in 10-4 photons cm-2 s~ L 
b Equivalent width in eV. 
c Flux of the direct and reflected component in 10“3 photons 

cm“2 s“1. A typical uncertainty is ~50%. 

produce significant results. We stress again that the line energy 
is just that expected from fluorescence emission from cold 
matter, as assumed in the partial covering and reflection 
models. The reflection model can also account for the observed 
level of the iron line. In particular, in a disk like geometry, an 
EW of 100-200 eV is expected (Basko 1978). For the partial 
covering model, a rough estimation obtains by using the 
results given in Leahy et al. (1989), referring to matter with very 
high column density in a spherical geometry. For NHtTue = 
3 x 1024 cm 2, the EW relative to the covered component is 
~ 10-20 keV. Since the direct component is 200 times greater 
than the covered one at 6.4 keV, the expected EW should be 
~ 50-100 eV, slightly lower than observed. 

A final point regards the correlation of the line intensity with 
the continuum level, which can provide an estimation of the 
size of the line emitting region (Perola et al. 1986). From Table 
5 it appears that the intensity of the line does not correlate with 
the continuum level at 6.4 keV. In fact, the EW is not consis- 
tent with a constant. This result still holds when we consider 
the effect of spectral variability. In fact, the intensity of the line 
holds when we consider the effect of spectral variability. In fact, 
the intensity of the line should be compared with the photon 
flux above the iron K edge at 7.1 keV, which, as appears from 
Table 5 or Figure 4, is less variable than the continuum flux at 
lower energies. The intensity of the line would increase only by 
30% from the low to the high state if it correlates with the 
continuum, which is still not consistent with the measurements. 
This result is not surprising, because we expect a lag between 
line intensity variations and continuum changes, determined 
by the size of the line emitting region. Since the continuum is 
varying on time scales as short as several minutes, we conclude 
that the size of the line emitting region should be greater than 
this value. We have also attempted to find a lag on time scales 
of hours, by using the single orbit spectra, but the correspond- 
ing errors on the line intensity are too large to give any signifi- 
cant result. In the framework of the reflection model we expect 
a direct correlation between the reflected component and the 
iron line, as they are produced by the same region through the 
reprocessing of primary radiation. Actually both the line inten- 
sity and the estimated flux of the reflected component (with a 
typical error of ~ 50%) listed in Table 5 are consistent with a 
constant. 

A final comment regards the possibility that the thick matter 
is located nearby the central black hole, possibly in an accre- 
tion disk. In this case we would expect a Doppler broadening 
of the line due to the Keplerian motion of 10%-20% 
(corresponding to regions from -10-50 Schwarzschild radii; 
see also Fabian et al. 1989), consistently with the possible 

Vol. 361 

detection of a broad line with a width of -1 keV in MCG 
-6-30-15. 

c) Spectral Variability 
Another important result obtained from GING A observa- 

tions of MCG -6-30-15 and NGC 4051, is the detection of 
spectral variability in both objects. The spectral shape is a 
function of the luminosity, the spectrum being steeper when the 
source is higher. These variations are well reproduced by a 
change Aa « 0.3-0.5, centered on a » 1.7, when the luminosity 
increases by a factor of — 3-4. 

There are other Seyfert galaxies showing spectral variability 
above 1 keV with the same correlation between spectral shape 
and luminosity. In these objects spectral variations are repro- 
duced by changes in the spectral index as well. NGC 4051 
itself, observed with EXOSAT by Lawrence et al. (1985), 
showed a positive correlation between the 2-6 keV flux and the 
softness ratio of CMA (0.05-2 keV) to ME (2-6 keV), that can 
be reproduced by a change of spectral index Aa « 0.3 for a 
factor of 4 increase in the ME flux, consistently with our 
results. A positive correlation between spectral index and flux 
has also been observed in NGC 4151 (Perola et al. 1987) and 
NGC 5548 (Branduardi-Raymont 1986) by EXOSAT and in 
3C 120 by Einstein (Halpern 1985). A similar, but less signifi- 
cant, correlation has been found in an EXOSAT observation 
of NGC 7314 by Turner (1987). 

A much more enhanced spectral change (Aa > 2) has been 
observed in the Seyfert 1 galaxy E1615 + 061, but its origin is 
probably due to an extremely variable soft X-ray excess super- 
posed on the hard “canonical” component (Piro et al. 1988). 
In this object, the soft excess, at the highest level of intensity, 
extends and dominates the emission beyond 1 keV. We verified 
whether the spectral variations observed in MCG -6-30-15 
and NGC 4051 might be produced by a variable soft X-ray 
excess, described by a thermal bremsstrahlung model, on the 
top of a hard spectrum of constant shape (§§ IIIc and IVc). The 
temperatures derived for the thermal component were 
kT = 3.5 keV and kT = 6-7 keV for NGC 4051 and MCG 
-6-30-15, respectively, much greater than those of soft X-ray 
excesses (kT » 0.1 keV; see Piro et al. 1988 for a review). This 
thermal component, if existing, cannot therefore be identified 
with a soft excess. Furthermore, it cannot explain the spectral 
shape observed in MCG -6-30-15, where the main deviations 
from a simple power law are produced by a high-energy bump. 
This spectral shape is, in fact, well fitted by a partial covering 
or reflection model, and no additional component is required 
from spectral fitting. Finally, if this component is of thermal 
origin, we would expect an iron line at 6.7 keV in the high state, 
when its contribution is of the same order of the hard power 
law. We conclude that there is no compelling evidence to 
include another new component in the spectra of these objects. 

The presence of a hard component, possibly variable on 
longer time scales than the primary power law, again suggests 
an alternative to spectral index changes. For example, in the 
low state, the relative contribution of the covered or reflected 
component would be greater, thus producing a flatter overall 
spectrum. We have shown in § IIIc that this is not the case for 
MCG -6-30-15 at least, because the contribution of the 
covered or reflected component below 10 keV, where large 
spectral variations are observed, is too small. 

Spectral variations similar to those observed in the present 
objects, might be produced by changes of opacity of a photo- 
ionization or “warm” absorber (Halpern 1984) in response to 
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variations of the ionizing flux. When the luminosity increases, 
the photoionization parameter increases and, correspondingly, 
the opacity to soft X-ray photons is reduced more than the 
opacity to hard X-ray photons, producing a steepening of the 
spectrum. This model has been proposed alternatively to spec- 
tral index changes, to explain the spectral variability in NGC 
4151 (Yaqoob, Warwick, and Pounds 1988) and in the quasar 
MR 2251 — 178 (Pan, Stewart, and Pounds 1988) observed by 
EX OSAT. However, recent observations of NGC 4151 by 
GINGA (Yaqoob and Warwick 1989) have shown that spectral 
variations observed in this object cannot be reproduced by a 
warm absorber model, and that spectral index changes are 
necessary to fit the data. Furthermore, we have shown that a 
warm absorber model cannot explain the spectrum of MCG 
-6-30-15. This spectrum is well reproduced by a direct power- 
law continuum, partially covered or reflected by a cold and 
thick medium, that can also produce an iron line with energy 
and intensity in agreement with those observed. Thus, a warm 
absorber, whose presence is not required by the spectral fitting, 
should be introduced “ad hoc,” in addition to the cold and 
thick medium, only to explain the spectral variability. 

Regarding NGC 4051, we note that the spectral variability 
observed in this object is strikingly similar to that observed in 
MGC -6-30-15, suggesting the same physical origin. 

All the observational evidence indicates that spectral varia- 
tions in the present objects are produced by slope changes. 
We have showed as alternative explanations do not fit the data 
or do resort to “ad hoc” additional components, not sup- 
ported by the observed spectral shape. Summarizing the obser- 
vational picture, there are at least six Seyfert galaxies that show 
spectral variability above 1 keV, well described by variations of 
the spectral index of the continuum. In all these objects the 
spectrum becomes steeper when the (2-10 keV) luminosity is 
higher. The dynamics of spectral variations is also similar, cor- 
responding to Àa » 0.3-0.4 AL/<L>, where <L> is the average 
X-ray luminosity. The spectral index changes are confirmed 
within the interval a « 1.4-2, that is the same interval of values 
observed in different objects with luminosities ranging from 
less than 1041 to 1046 ergs s-1 (Mushotzky 1984; Petre et al 
1984; Reichert et al 1985; Pounds 1985; Urry 1986). Finally, 
as appears from Figures 4 and 11, the spectra of MCG -6-30- 
15 and NGC 4051 corresponding to different intensity levels, 
have an intersection point around 30 keV, where the PHA 
ratio is one. If this spectral behavior extends at higher energies, 
we should expect an anticorrelation between the luminosity 
above 40 keV and the spectral index, the reverse of what 
observed in the LAC range. 

What does this observational picture entail about the radi- 
ative mechanism of the X-ray continuum? First we note that 
the positive correlation between a and luminosity, when 
extrapolated over the five order of magnitude range of AGNs 
luminosities, falls well beyond the observed spectral index 
interval. In fact, this apparent disagreement implies that the 
spectral index is a function of luminosity and some other rele- 
vant parameter that balances the luminosities of different 
objects. For example, a key parameter appearing in many 
models (e.g., Lightman and Zdziarski 1987) is the compactness 
parameter lx = LxaT/(Rmec

3), where Lx is the 2-10 keV 
luminosity and R is the size of source. However, the distribu- 
tion of a versus Lx obtained from the observations of several 
AGNs, does not show any evidence of correlation between the 
two quantities (see Fig. 11 of Lightman and Zdziarski 1987). 
This is not surprising, considering that the following effects can 

spread out this distribution: (1) other parameters, besides the 
compactness parameter, determine the spectral index. (2) The 
size of the source, R, is not well measured by the shortest time 
scale of variability. This effect could be particularly important 
in objects with power spectra as/ - \ as discussed by Lawrence 
et al (1987). In fact, both MCG -6-30-15 and NGC 4051, that 
have this kind of power spectra, showed variability on time 
scale shorter than that observed in previous measurements by 
about one order of magnitude. The new lx would be a factor of 
10 greater than that used in Lightman and Zdziarski (1987). (3) 
Other objects, besides MCG -6-30-15, might be partially 
covered by a very thick screen absorbing the photons below 10 
keV. As quoted previously, there are at least two other Seyfert 
galaxies that show a similar situation. In these objects, the 
observed 2-10 keV luminosity, Lx, would be only a fraction/cov 
of the real luminosity, and the differences in /cov among differ- 
ent objects would spread out the observed lx distribution. 

The observed positive correlation between the spectral index 
and luminosity provides strong constraints to radiative models 
and rules out those where the spectrum becomes harder when 
Lx increases, as Comptonization of seed photons by a hot 
electron gas with varying temperature (Guilbert, Fabian, and 
Ross 1982). A thorough discussion of this issue goes beyond 
the aim of this work. Here we just consider some implications 
on the pair production model of Lightman and Zdziarski 
(1987). They consider a spherical source in which a relativistic 
population of electron and seed photons is continuously 
injected. The output photon spectrum is computed in a sta- 
tionary situation, taking into account Compton scattering of 
seed (and higher order) photons and electron-positron pairs 
produced by y-y process. The main parameters that define the 
spectral shape of the X-ray spectrum are the electron and seed 
photon compactness parameters and the shape of the electron 
distribution. Different relationships between a and lx are 
obtained, according to the varying parameter, and, inter- 
estingly, in all these cases that a increases when lx increases. 
On the other hand, only the spectra where the variations are 
driven by changes in the seed photon luminosity have an inter- 
section energy around 30-50 keV, in agreement with that 
observed in MCG -6-30-15 and NGC 4051 (Derme 1989). 

Finally we note that, with the exception of 3C 120, all the 
objects that show a correlation between a and Lx are low- 
luminosity active galaxies (L* < 3 x 1043 ergs s-1). This 
would be another important constraint for radiative models. 
However, a similar effect could also be explained by a selection 
effect against objects varying on a time scale greater than a 
typical X-ray observation (a few days), as high-luminosity 
AGN generally do (Barr and Mushotzky 1986). 
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