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SUMMARY 
Spectral analysis of EXOSAT and Ginga observations of the Seyfert galaxy 
NGC 5548 has revealed a complex spectral form. At least four components, a steep 
non-thermal power law, an iron line, a ‘hard tail’ and a soft emission component, have 
been identified in the 0.05-20 keV range. The soft component arises from thermal 
emission by optically thick material. Hard X-ray illumination of this material gives 
rise to the hard tail, by continuum Compton reflection, and the bulk of the iron line, 
via fluorescence. Varying relative levels of the power law and reflected continua result 
in apparent spectral index variations. Spectral and temporal considerations lead us to 
the conclusion that the material lies close to the central energy source. We suggest that 
a region of highly ionized gas also contributes to the observed features, and changes in 
the ionization state of this material cause both variations in the measured low-energy 
column density and the relative amplitudes of hard and soft X-ray variability. The fact 
that the intrinsic power-law index of NGC 5548, r~1.9, is steeper than the 
‘canonical’ index, F = 1.7, has important consequences , both for emission models and 
spectral modelhng of Seyfert type AGN. 

1 INTRODUCTION 

Observational evidence is growing to support the hypothesis 
that dense (> 1010 cm-3), ‘cold’ ( < 106 K) matter surrounds 
the central black hole in Active Galactic Nuclei (AGN). The 
‘big blue bump’ in the ultraviolet (UV) band (e.g. Shields 
1978), and the ‘soft X-ray excesses’ at energies < 2 keV (e.g. 
Arnaud et al 1985; Pounds et al. 1986) are normally 
interpreted as the thermal emission from such material. Both 
have been found to be a common property of AGN (Malkan 
& Sargent 1982; Wilkes & Elvis 1987; Turner & Pounds 
1989). Additional spectral features have been predicted 
due to the reprocessing of the primary X-rays by such 
local cold matter - notably iron X-shell featurs and a 
~ 30-keV ‘Compton reflection hump’ (e.g. Guilbert & 
Rees 1988; Lightman & White 1988; Fabian et al 1989; 
George & Fabian 1991). Until recently, evidence for such 
features in AGN was scarce. Except for the well-studied 
cases of the brightest Seyfert I galaxy NGC 4151 (Warwick et 
al. 1989, and references therein) and the radio galaxy Cen A 
(Mushotzky et al. 1978; Inoue 1985) detections of low sig- 
nificance had been reported in only a handful of cases (e.g. 

NGC 5548, Hayes et al. 1980; NGC 5506, MCG-5-23-16, 
NGC 2992, Mushotzky 1982; Mrk 509, Morini, Lipani & 
Molteni 1987). However, since the launch of Ginga in 1987 
it has become clear that X-shell features are common in the 
X-ray spectra of AGN (e.g. Nandra et al. 1989; Pounds et al. 
1989; Nandra, Pounds & Stewart 1990; Pounds et al. 1990; 
Turner et al. 1990; Matsuoka étal. 1990). 

Such observations raise questions as to the location and 
physical condition of the matter responsible for the re- 
processing. The majority of the sources found to exhibit 
spectral features have low intrinsic line-of-sight column 
densities; hence the reprocessing is, in general, unlikely to 
take place within a shell of covering material, as proposed for 
the heavily obscured sources Cen A and NGC 4151 (Inoue 
1985; Warwick et al. 1989). The mean energy of the 
emission line is, in most cases, ~6.4 keV, consistent with 
K-a fluorescence from iron in a low state of ionization. 
Furthermore, in one source, NGC 6814 (Kunieda et al. 
1990), the line has been seen to respond to variations in the 
continuum on a very short time-scale ( < 300 s). Whilst, as 
discussed below, temporal variations are difficult to 
interpret, it is clear that at least in the case of NGC 6814, the 
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material responsible for the reprocessing lies very close to 
the source of primary radiation. In another case, NGC 3227, 
the apparently broad, asymmetric line profile (Pounds et al 
1989) has been interpreted as evidence for substantial gravi- 
tational and Doppler shifts, again arising from reprocessing 
close to the central black hole (George, Nandra & Fabian 
1990) . Finally, the strengths of the observed fines in most 
AGN (equivalent widths -100-200 eV) indicate that the 
reprocessing material subtends a large solid angle at the 
primary X-ray source. 

Several workers have presented evidence for variability of 
AGN X-ray spectra. Often, this spectral variability is 
parameterized by a change in the power-law index (e.g. 
3C120, Halpern 1985; NGC 4051, Lawrence et al 1985; 
NGC 7314, Turner 1987; MCG-6-30-15, Matsuoka et al 
1990). The complex nature of the spectra as outlined above, 
now makes such a parameterization at best inadequate. 
However, in the case of NGC 4151, a careful recent analysis 
of new Ginga data has provided evidence for intrinsic 
spectral index variability, correlated with flux (Yaqoob & 
Warwick 1991), In some cases, flux-correlated variability, 
particularly in the low-energy region of the spectrum, has 
been interpreted as arising from changes in the ionization 
state of a variable (photo-ionized) absorber in the line-of- 
sight (Halpern 1984; Pan, Stewart & Pounds 1990). Detec- 
tions of substantial ‘warm’ iron absorption edges by Nandra 
et al (1990) and Pounds et al (1990) lend support to such 
an interpretation. In these latter two cases, a composite 
model, consisting of X-ray reflection and fluorescence in 
cold material, together with a photo-ionized absorber, was 
preferred. 

NGC 5548 is a bright Seyfert I galaxy of moderate 
luminosity [^(2-10 keV)~ 1044 erg s"1] at a redshift of 
0.017. It has been observed with all the major X-ray missions 
and seen to be variable by a factor of up to 10 on long time- 
scales (see Hayes et al 1980, and references therein). 
EXOSAT database for this object, comprising 12 observa- 
range close to the ‘canonical’ value (T-1.7), but with a 
substantial excess of photons at energies <2 keV 
(Branduardi-Raymont 1986; Turner & Pounds 1989; Kaastra 
& Barr 1989). Evidence has also been reported for spectral 
variability, in the usual sense that the 2-10 keV spectrum 
softens as the source brightens (Branduardi-Raymont 1989), 
and for a delay of - 1-2 hr between variations in the hard 
and soft X-ray fluxes (Kaastra & Barr 1989). More recently 
an iron X-shell emission fine, first observed in an Ariel V 
observation (Hayes et al 1980), but in none of the subse- 
quent observations, has been confirmed by Ginga (Pounds et 
al 1989). 

Here we present the analysis of multiple Ginga observa- 
tions of NGC 5548 together with a re-analysis of the entire 
EXOSAT database for this object, comprising 12 observa- 
tions with the EXOSAT ME and LE detectors. We find that 
an emission fine, attributed to cold iron, is present in all the 
Ginga data. In addition, we confirm and better quantify the 
spectral variability first reported from the EXOSAT data. We 
conclude that the soft excess, iron line and spectral vari- 
ability can be explained if a power-law source of X-rays 
illuminates a larger region of cold, optically thick material, 
with the spectrum being further modified by highly ionized 
material in the fine-of-sight. 

The variable X-ray spectrum of NGC 5548 761 

Table 1. Log of Ginga observations 
of NGC 5548.a 

Start date Duration Count rate (2-10 keV) 
UT (s) cts s-1 

1. 1988/176 120000 18.6 ±0.1 
2. 1989/009 76000 12.4 ±0.1 
3. 1989/028 140000 22.2 ± 0.1 
4. 1989/159 51000 17.1 ± 0.1 
5. 1989/194 60000 23.9 ± 0.1 
aErrors in this and subsequent tables 
are 1 o. 

2 OBSERVATION LOG AND BACKGROUND 
MODELLING 

2.1 The G/iiga observations 

A total of five observations of NGC 5548 were made in 
1988/89 using the LAC (Turner et al 1989) aboard Ginga 
(Makino et al 1987), four of which coincided with a major 
/t/E/multi-waveband campaign. Table 1 shows the observing 
log together with the 2-10 keV integrated count rates. The 
background was subtracted by the now standard techniques, 
using several blank sky observations to model systematic 
trends in the particle background levels, and hence to 
estimate the background level at the time of each source 
observations (Hayashida et al 1989). In each case, data were 
taken only from the top-layer of the LAC as the so called 
‘mid-layer’, whilst having a larger effective area above ~ 10 
keV, is subject to greater uncertainty in background esti- 
mation. In addition, contamination due to fluorescence by 
silver atoms in the collimator led to an unacceptable back- 
ground subtraction around 22-25 keV. For this reason, our 
analysis was restricted to the 2-20 keV energy range. In one 
case (Observation 2) the pointing direction of the satellite 
was such that solar X-rays were able to enter the LAC for 
part of the observations, causing a large excess soft flux. 
These periods were therefore excluded. 

2.2 The EXOSAT observations 

Here we present a uniform analysis of all 12 EXOSAT 
observations of NGC 5548. Several of these observations 
have been reported previously (Branduardi-Raymont 1986, 
1989; Turner & Pounds 1989; Kaastra & Barr 1989). Table 
2 shows the observing log and count rates for the EXOSAT 
observations. In each case, data were accumulated using the 
ME proportional counters (2-10 keV) and the LE telescope 
with Channel Multiplier Array (CMA) in the focal plane. 
The 3000-Â Lexan (3 Lx), Aluminium/Parylene (Al/Pa) and 
Boron (B) filters were used in rotation within each observa- 
tion, to derive spectral information from the CMA. The 
4000-À Lexan (4 Lx) filter was placed in the focal plane for 
part of two observations, but these data are excluded for 
consistency in the present work. In most cases, the ME back- 
ground was determined from simultaneous blank sky obser- 
vations using the offset detectors. Otherwise, the ME 
background was estimated from data collected when the 
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762 K. Nandra et al. 

Table 2. Log of EXOSATobservations of NGC 5548. 

Staxt date Duration ME (2-10 keV) 3Lx Al/Pa B 
UT (s) cts s-1 10-2 cts s-1 10“2 cts s-1 10“2 cts s- 

1984/032 
1984/062 
1984/141 
1984/193 
1985/014 

6. 1985/062 
7. 1985/159 
8. 1985/173 
9. 1985/186 
10. 1985/195 
11. 1986/019 
12. 1986/062 

14000 
29000 
34000 
27000 
19000 
20000 
20000 
15000 
18000 
14000 
44000 
59000 

2.95 ±0.08 
4.87 ± 0.06 
2.20 ± 0.04 
3.04 ± 0.04 
4.67 ±0.06 
3.83 ± 0.06 
1.55 ±0.06 
3.27 ±0.07 
1.74 ±0.06 
1.38 ±0.07 
5.36 ± 0.04 
4.18 ± 0.04 

16.1 ±0.8 
31.1 ±0.5 
29.4 ±0.7 
22.1 ± 0.4 
25.2 ±0.9 
22.7 ±0.8 
3.2 ± 0.4 
8.3 ± 0.5 
2.3 ±0.4 
3.2 ±0.4 
31.6 ±0.3 
26.6 ± 0.2 

6.1 ±0.8 
12.7 ±0.7 
10.4 ±0.5 
8.8 ± 0.4 
10.0 ± 0.5 
8.8 ± 0.5 
1.6 ± 0.2 
4.2 ± 0.4 
1.2 ±0.3 
0.9 ±0.3 
11.0 ±1.0 
11.0 ±0.9 

1.3 ± 0.3 
3.2 ± 0.4 
2.1 ±0.2 
1.3 ±0.2 
2.2 ±0.3 
1.4 ±0.2 

< 0.3 
0.6 ±0.3 
0.4 ±0.2 

< 0.4 
2.0 ±0.3 
2.6 ± 0.4 

satellite was slewing on or off source. The LE count rates 
were extracted using a 100 x 100 arcsec2 cell centred on the 
source and subtracting the background count rate, estimated 
from a concentric 300 x 300 arcsec2 box of blank sky. 
Appropriate corrections for dead-time and for scattering in 
the filters were applied. 

3 X-RAY FLUX VARIABILITY 

Long-term X-ray light curves of NGC 5548 are shown in 
Fig. 1. Variations of a factor of ~ 4 are evident in the 2-10 
keV X-ray flux on a time-scale of months. Over the period of 
the EXOSAT observations, the 3 Lx (0.5-2.0 keV) flux, 
although generally correlated with the ME level, varied with 
a much greater amplitude (factor ~ 14). Unfortunately, no 
information in the soft (<2 keV) band is available with 

Ginga. Kaastra & Barr (1989) have reported rapid (-few 
hours) variability in both the LE and ME flux from this 
object. Our analysis confirms this, with low-amplitude 
variability apparent in two of the five Ginga observations. 
Fig. 2 shows the 2-10 keV light curve of the 1989/159 
observation, in which the flux varies by ~ 30 per cent over a 
few hours. In addition, Kaastra & Barr reported evidence for 
a lag of the ME (2-8 keV) flux, compared to the 3 Lx 
(0.5-2.0 keV), based on one ‘event’ in the 86/062 data. In 
Fig. 3 we show the cross-correlation of the ME with the LE 
flux, for this observation. The function peaks at around 
10 000 s indicating a lag of the hard flux with respect to the 
soft in agreement with the findings of Kaastra & Barr. 
Unfortunately the signal-to-noise ratio is too poor to allow 
confirmation of this behaviour in the other EXOSAT obser- 
vations. 

4 PRELIMINARY SPECTRAL ANALYSIS 

4.1 Spectral index 

The details of simple power-law fits to the EXOSAT ME 
data in the 2-10 keV band (with absorption by cold, cosmic 
abundance material; Morrison & McCammon 1983) are 
shown in Table 3. Although there is a suggestion of a trend, 
with the spectral index steepening as the source brightens 
(Fig. 4a), there is no statistically significant correlation 
[%2

r = 1.2 for 12 degrees of freedom (dof) against a constant- 
index hypothesis]; the measurements are consistent with the 
weighted mean value of 1.62 ±0.02. The corresponding 
Ginga fits, in the 2-20 keV range are shown in Table 4, 
where it can be seen that a simple power-law model does not 
provide a satisfactory fit to four of the five Ginga observa- 
tions. However, using such a model as a simple parameteriza- 
tion of the spectral form in order to test for spectral 
variability, as suggested by the EXOSAT data, we find that 

40 
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” 10 

0 
45500 46000 46500 47000 47500 

6 
P 0) 

2 4 I CM 
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45500 46000 46500 47000 47500 

mJ.D. 

Figure 1. Long-term light curves of NGC 5548. The 2-10 keV [EXOSAT and Ginga) flux, measured in units of 10“11 erg cm-2 s~1 is shown 
in the lower panel and varies by a factor of > 3. The EXOSAT CMA/3 Lx (upper panel) count rate varies by a factor of ~ 14. Errors on the 
2-10 keV flux are smaller than the symbols shown. The fluxes in the two bands are correlated, but the LE varies with a much larger amplitude. 
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The variable X-ray spectrum of NGC 5548 763 

Figure 2. The 2-10 keV light curve obtained by Ginga on 1989/159. A 30 per cent decrease in the count rate occurs in a few hours. 

Figure 3. Cross-correlation of the ME and LE count rates from the 1986/062 EXOSAT observation. The lag first reported by Kaastra & Barr 
( 1989) of ~ few hr is confirmed. 

the apparent spectral index changes significantly between 
individual Ginga observations, but is not obviously 
correlated with flux (Fig. 4b). Comparable behaviour has 
been reported for 3C273 (Turner et a/. 1990). Also shown in 
Table 4 is the power-law fit in the 10-20 keV energy range. 

The indices derived from these fits are flatter than those 
from the wider energy band, indicating a ‘hard tail’ to the 
data. The weighted mean index from the 10-20 keV fils, 
r = 1.37 ±0.10, is inconsistent with the 2-20 keV mean, 
F = 1.66 ±0.02. 
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764 K. Nandra et al. 

Table 3. Power-law fits to the EXOSATME (2-10 keV) data.3 

Norm6 

10-2 ph s-1 cm- 
Photon index Nh Fc

2_10 

1021cm-2 erg s-1 cm- 
Xr/d-O-f- 

Table 4. Power-law fits to the Ginga data. 

Energy Norm .Photon index Nh Ff_10 Xr/^-o.f. 
Range 10-2ph s-1 cm-2 T 1021cm-2 erg s-1 cm-2 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 

0.8 
1.5 
1.3 
0.8 
1.4 
1.4 
0.3 
0.8 
0.4 
0.3 
1.5 
1.1 

1.45 ±0.10 
1.75 ±0.07 
1.68 ±0.06 
1.58 ±0.06 
1.69 ±0.10 
1.76 ± 0.12 
1.28 ±0.18 
1.50 ±0.16 
1.50 ± 0.27 
1.40 ± 0.30 
1.64 ± 0.03 
1.61 ± 0.03 

0.0ÍJ 
0.0ÍJ 
O.OtJ 
o.oiä 

1.4Í? 
5.6Í1 
o.otj 
l.Slj 
3.6Í1 
1.2Í1 

0.0th 
o.oig 

5.00 ±0.10 
5.83 ± 0.07 
5.27 ±0.06 
3.73 ± 0.05 
5.56 ±0.07 
4.74 ± 0.07 
2.04 ± 0.08 
4.12 ±0.09 
2.23 ± 0.08 
1.83 ±0.05 
6.38 ±0.05 
4.96 ± 0.05 

0.86/32 
1.14/32 
0.79/32 
0.94/32 
0.98/32 
1.63/32 
0.82/32 
1.26/32 
0.82/32 
0.73/32 
1.42/32 
1.28/32 

1. 2-18 
2. 2-18 
3. 2-18 
4. 2-18 
5. 2-18 

2. 
3. 
4. 
5. 

10-18 
10-18 
10-18 
10-18 

1.0 
0.5 
1.0 
0.8 
1.4 

0.6 
0.4 
0.4 
0.7 
0.5 

1.70 ± 0.02 
1.43 ± 0.07 
1.55 ± 0.03 
1.60 ± 0.03 
1.72 ±0.02 

1.44 ±0.12 
1.40 ±0.28 
1.23 ±0.13 
1.56 ± 0.15 
1.31 ±0.11 

O-OÍSio 
12.1S 
4.ií¿:i 
OÄ6 

4.34 ±0.02 1.84/24 
3.23 ±0.04 1.21/24 
5.55 ±0.02 1.81/24 
4.64 ±0.02 1.45/24 
5.81 ±0.02 2.71/24 

- 0.5/16 
0.5/16 
0.6/16 
1.1/16 
1.3/16 

Corrected for absorption. 

aErrors calculated in the spectral fitting procedure are 68 per cent 
confidence (la) with one parameter of no interest; bflux at 1 keV; 
Corrected for absorption. 

2-10 Kev Flux (erg s 1 cm^) 

2-10 Kev Flux (erg s 1 cm2) 

2-10 Kev Flux (erg s 1 cm2) 

2-10 Kev Flux (erg s 1 cm2) 

Figure 4. Flux versus apparent photon index plots for the EXOSAT (left panels) and Ginga (right panels) data. The changes in the EXOSAT 
slope are not statistically significant. However, the Ginga simple power-law fits (upper plot) show significant changes in index, apparently 
uncorrelated with the flux. When an accretion disc reflection component, with / = 30°, is included (lower plots), the intrinsic index is consistent 
with a constant, F = 1.83. Similar results are obtained for i = 60°, although the implied intrinsic index is somewhat steeper (T = 1.91). 
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Table 5. Line parameters for NGC 5548. 

Photon Line flux 
index 10-4 ph s-1 cm" 

Equivalent Width Energy Xr /d-o.f. oa 

eV keV keV 

1. 1.71 ±0.02 0.34 ±0.21 80 ± 50 6.4 ±0.4 1.40/23 <0.9 
2. 1.44 ±0.09 0.87 ±0.45 250 ± 130 6.2 ±0.3 0.57/23 <2.0 
3. 1.57 ±0.04 0.60 ±0.28 110 ± 50 6.1 ± 0.5 1.03/23 0.8Í^ 
4. 1.62 ±0.05 0.58 ±0.17 140 ± 70 6.2 ± 0.4 0.67/23 <1.1 
5. 1.74 ±0.03 0.72 ±0.22 130 ± 40 6.3 ± 0.2 0.84/23 <0.9 
a(j of Gaussian obtained from a fit with finite line width. 

4.2 Iron line emission 

We find that a spectral model comprising of a power law plus 
narrow Gaussian emission line gives significantly improved 
fits (at >99 per cent confidence using the F-test) for all five 
Ginga observations (Table 5). In one case (observation 3) the 
fit requires a finite line width (significant at the ~ 99 per cent 
level); upper limits to the line width are given for the other 
four observations (Table 5, final column). The implied 
equivalent width for this broad line, ~ 200 eV, is somewhat 
larger than the narrow line. In all cases the derived line 
energy is close to 6.4 keV and the line has a mean equivalent 
width of 130 ±40 eV. In contrast, in only one of the 
EXOSAT observations (86/062) is there a statistical require- 
ment for the inclusion of an emission line at 6.4 keV to the 
simple power-law model. The derived equivalent width for 
this observation is similar to that above. It should be noted, 
however, that none of the EXOSAT observations exclude the 
existence of an emission line of this strength and if all the ME 
spectral data are summed, a line is detected with an equiva- 
lent width of ~110 eV. The EXOSAT data are therefore 
entirely consistent with the Ginga line measurements. 

The weighted mean of the Ginga line energies (in the rest 
frame of NGC 5548), 6.31 ± 0.13 keV, excludes recombina- 
tion or fluorescence from highly ionized iron atoms as the 
origin of the line, assuming that the energy of the emission 

The variable X-ray spectrum of NGC 5548 765 

line remains constant. Although variability of the line 
equivalent width is suggested (e.g. by comparison of Ginga 
observations 1 and 2), it is not possible to statistically 
exclude the hypothesis that either the line flux, or the 
equivalent width stays constant. 

4.3 Absorbing column densities 

From Tables 3 and 4, it can be seen that the low-energy 
absorbing column density in NGC 5548 is variable between 
individual observations. Note that the column densities, 7VH, 
derived from the EXOSAT data given in Table 4 are from the 
ME data alone since the ME plus LE data are susceptible to 
confusion by the soft X-ray excess (see Section 7.3). 
However, the interpretation of Nu is somewhat model 
dependent and is discussed more fully in Section 5. 

5 TRANSMISSION MODELS 

Transmission of X-rays through neutral, or partially ionized 
gas results in fluorescent line emission. Indeed, as stated 
above, the measured X-ray column densities in the heavily 
obscured sources NGC 4151 and CenA are sufficient to 
explain the line emission by fluorescence in a spherical shell. 
As has been stated previously (Pounds et al. 1989), however, 
it would appear that the measured soft X-ray absorption 
column density along the line-of-sight to NGC 5548 
(Ah~ 1021-22 cm-2) is insufficient to explain the observed 
equivalent width of the iron line. We have carried out Monte 
Carlo calculations, similar to those described in Inoue (1985) 
and Makishima (1986) to verify this. Photons from a power- 
law source with r=1.7, embedded in the centre of a 
spherical gas cloud, are followed until they emerge from the 
cloud or are absorbed. Thus, the fluorescent line equivalent 
width can be calculated as a function of covering column 
density. The dominant radiative process is bound-free 
absorption (possibly followed by fluorescence); however, 
Compton scattering has a small effect and is included. 

NHFe (1021 cm2) 

Figure 5. Measured column densities versus equivalent width. In the left panel, the solid line is the Monte Carlo prediction assuming full 
spherical coverage by a cold column. The measured soft X-ray columns, 7VH, are clearly insufficient to explain the line strength; however, the 
iron column density, NH¥q, derived from a fit to an iron edge at ~ 8 keV (right panel) may be sufficient to provide a significant proportion of the 
observed line flux. Here the Monte Carlo model assumes highly ionized material. 
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766 K. Nandra et al. 

5.1 A cold spherical shell 

A plot of the observed equivalent widths versus measured 
low-energy column density for the five Ginga observations is 
shown in Fig. 5(a). The solid line is the Monte Carlo 
prediction, assuming complete spherical covering by cold 
cosmic abundance gas (Morrison & McCammon 1983) with 
hydrogen column density Nu. It can be seen that the 
measured values of the equivalent width are considerably in 
excess of those predicted by spherical covering with the 
measured Nu. 

However, a highly ionized medium would be transparent 
at soft X-ray energies (2-3 keV) and may lead us to 
considerably underestimate the line-of-sight column density 
during the spectral fitting. We now consider the posibility 
that this highly ionized gas provides the observed spectral 
features. 

5.2 A photo-ionized absorber 

The substantial flux of ionizing photons from the active 
nucleus will lead to photo-ionization of the line-of-sight 
material. We have approximated a case of extreme photo- 
ionization by assuming all electrons have been stripped, 
except for iron K. Here we define ATHFe as the column density 
of iron divided by the cosmic abundance of iron. /VHFe there- 
fore represents the equivalent hydrogen column density. The 
fluorescence yield, œK (defined as the probability that the 
atom de-excites via a radiative transition rather than the 
Auger process), in this ionization state (Fe xxv - helium like 
iron), is ~ 0.5, compared to œK ~ 0.3 for cold iron (Krolik & 
Kallman 1987, and references therein). Accounting for this, 
the fluorescence line from the highly ionized gas can be 
calculated as above. Note that in the optically thin case, the 
increase in coK leads to a larger equivalent width for a column 
7VHFe, compared to the corresponding cold NH. As this 
material has no effect at low X-ray energies, our only 
observational measure of the column density comes from the 
imprint left at the iron X-edge at 7-9 keV. 

In Table 6 we list the parameters of a spectral model 
consisting of a power law, a narrow emission fine (fixed at 6.4 
keV ) and such an edge when applied to the Ginga data. We 
have performed fits with edge energies fixed at 7.1 keV (cold 
iron), 8.85 keV (helium-like iron) and 8.0 keV (representing 
an intermediate-ionization stage ~ Fe xx). Examining derived 
values of /VHFe and Ax2 we conclude that there is no evidence 
for a helium-like edge. Two of the five observations, 
however, show evidence for an edge at lower X-ray energies. 
An edge at 7.1 keV, implying cold material, seems unlikely as 
in the cases where such an edge is allowed this would imply 
an iron abundance of ~ 20 and ~ 100 times the cosmic 
values (for observations 3 and 4, respectively). An edge at 8 

keV is more likely, although it is possible that such a feature 
could merely represent an artefact of the complex spectral 
model described below. We plot the values of /VHFe derived 
from these fits at 8 keV against our Monte Carlo prediction 
for highly ionized material in Fig. 5(b). It can be seen that the 
theoretical curve still falls short of the measured equivalent 
widths. The line energy of X-shell fluorescence from Fe xx is 
~ 6.5 keV (Makishima 1986), just incompatible with the 
observed line energy. Although the warm absorber cannot 
provide a full explanation for the observed spectrum, we 
conclude it may contribute to both absorption and emission 
features. This is considered further in Section 7. 

5.3 Partialcovering 

If the absorber is cold but non-uniform, which has been 
suggested to explain the complex low-energy X-ray spectrum 
of NGC4151 (e.g. Yaqoob & Warwick 1991), this could 
again confuse our measurement of NH. We have tested such a 
cold partial covering model, including a 6.4-keV emission 
line, against our Ginga data. Since poor constraints are 
obtained when both the covering fraction and partially 
covering column are left free, we have conducted fits with the 
covering fraction fixed at several values. The results are 
summarized in Table 7. This partial covering model 
improves the fit to the data significantly over the power law 
plus line model in two out of the five Ginga observations, 
with a covering fraction of 25 per cent, and explains all the 
data adequately. Two problems exist with this model, 
however. First, the (apparently random) variability in the 
covering column, which parameterizes the spectral vari- 
ability has little physical basis and secondly, the covering 
fraction ( ~ 25 per cent) is insufficient to alone provide the 
necessary iron fluorescence (and larger covering fractions 
are ruled out by the data: see Table 7). 

Such a model, with Nu> 1023 cm-2 as derived here, has 
recently been proposed to account for the high-energy tail 
observed in the X-ray spectra of several Seyferts (Piro, 
Matsuoka & Yamauchi 1990; Matsuoka et al. 1990). Whilst 
the hard tail could arise from transmission of hard X-rays 
through optically thick material, a more likely explanation is 
that the hard X-rays are predominantly reflected from such 
material, unless the covering fraction and column density lie 
in a small range, and are similar for many Seyferts. We 
conclude that this partial covering model is merely a crude 
parameterization of the effects of X-ray reflection from cold 
material described below. 

Summarizing, none of the transmission models can alone 
provide an adequate description of the complex spectrum. 
This leads us to the conclusion that the bulk of the features 
arise in cool dense material out of the line-of-sight to the 
primary source of X-rays. 

Table 6. Absorption edge fits. 
Energy NHFe Ax2 

keV 1021 cm-2 

1. 7.1 lOÍfg 0.0 
2. 7.1 60j;^0 0.8 
3. 7.1 70ífg 5.2 
4. 7.1 90j;¡g 6.4 
5. 7.1 40j;^ 2.6 

Energy NHFe Ax2 

keV 1021 cm”2 

8.0 0Í¿0 0.0 
8.0 70Í2£° 0.6 
8.0 110íj$ 6.6 
8.0 QOÍjjo 4.1 
8.0 60lg| 3.2 

Energy NHFe Ax2 

keV 1021 cm-2 

8.85 Oíá0 0.0 
8.85 40Í2®0 0.1 
8.85 80±¡¿° 1.2 
|.85 30í^° 0.2 
8.85 50+^ 1.3 

6 REFLECTION MODELS 

The material producing the UV/soft X-ray ‘bump’ may well 
be optically thick and is a likely source for the iron 
fluorescence. The expected maximum in the continuum at ~ 
30 keV, produced by Compton down-scattering in such cold 
material (Lightman & White 1988) is then a probable source 
of the X-ray hard tail (Section 4.1 ). 
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The fact that the observed mean equivalent width ( ~ 130 
eV) for NGC 5548, is near the maximum value for a reflec- 
tive ‘slab’ behind an optically thin source ( ~ 150 eV; George 
& Fabian 1991), suggests that if such a slab is the only 
significant source of fluorescence line, it is viewed almost 
face-on and subtends a solid angle ~ In at the X-ray source. 
Alternatives to the geometry described here do exist, e.g. if 
the material was in the form of an accretion disc, expanded 
by its own radiation pressure into a saucer shape or conical 
geometry, or the illuminating X-ray source was anisotropic 
(see Ghisellini et al. 1991), then the viewing angle constraint 
would be relaxed somewhat. 

As any major reprocessing region is likely to be larger 
than the primary X-ray source, the observed intensity of the 
fluorescence line will not instantly respond to variations in 
the illuminating X-ray flux, leading to variations in the 
observed equivalent width of the line. In addition, the albedo 
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of cold matter has a characteristic shape in the X-ray band 
(e.g. Lightman & White 1988; Fig. 6). Changes in the relative 
level of directly viewed to the Compton reflected continua, 
as a result of variability of the illuminating source, will there- 
fore give rise to variability in the observed spectrum. For 
certain modes of variability (e.g. quasi-sinusoidal), if the 
time-scale for changes in the reflected component is longer 
than both the variability time-scale of the primary X-ray 
source and the duration of a typical spectral measurement, 
then an apparent flux-index correlation could result. 

In order to test the hypothesis that the apparent variations 
in the X-ray spectral index in NGC 5548 are due to 
differential variability, we have used the Monte Carlo model 
described in George & Fabian (1991) to simulate the 
reflected continuum and fluorescence line expected from 
cold, optically thick material. Initially, a reflecting slab is 
assumed to lie behind a source isotropically emitting a 

Table 7. Partial covering fits. 

1. 
2. 
3. 
4. 
5. 

Coverage 
% 
25 
25 
25 
25 
25 

Nh 

1021 cm-' 
2100í}^ 

90í®®° 

Ax2 Coverage 

10.7 
1.3 
7.0 
2.0 
1.9 

50 
50 
50 
50 
50 

Nh 

1021 cm-2 

°ío 
40^40 
lOÎÎo 
1ÎÏ 
2Ío 

Ax2 Coverage 

0.0 
1.3 
1.3 
0.0 
0.0 

75 
75 
75 
75 
75 

Nh 

1021 cm- 

oiS 
16ÎÎI 
5ÍÍ 
oíá 
0Í¿ 

Ax2 

0.0 
0.4 
0.2 
0.0 

I? 

4 

2 

0 

-2 

101 

Energy keV 

Figure 6. Best-fit counts spectrum and residuals (left panels) for a composite fit, including an accretion disc reflection component fixed at 
/ = 60°, to the Ginga PHA spectrum of NGC 5548 (1989/028). The disc reflection component, plotted separately, clearly shows the line and 
hard tail. The model iron line is significantly broadened by Doppler, gravitational and Compton effects, as illustrated in the residuals when the 
line is removed (right panels). 
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power-law X-ray spectrum. Photons are injected from this 
source into the reflecting medium and are followed until they 
either re-emerge after Compton scattering or fluorescence or 
are absorbed. Both Fe K-a ( ~ 6.4 keV) and K-ß ( ~ 7.1 keV) 
are included, along with Ni K-a 8.3 keV). The only line- 
broadening process included thus far is Compton scattering 
(which dominates over, e.g. thermal broadening), which is not 
significant when compared to the resolution of the LAC. The 
line equivalent width is a strong function of the inclination, i, 
of the observer relative to the normal to the slab, due to the 
reduction in projected area as i-+90° (edge-on) and the 
increased path length through the absorbing medium for 
photons escaping at grazing angles. 

6.1 Cold matter far from the nucleus 

The results of spectral analysis of the Ginga data using this 
slab reflection model are shown in Table 8. This model is 
only physically realistic if the reflecting material lies far from 
the nucleus, for example in the form of an accretion torus as 
described by Antonucci & Miller (1985), such that there is 
no significant line broadening. Although the reflected 
luminosity depends in detail on the geometry of the cold 
material, the spectral form of the reflected continuum is 
virtually constant. We have therefore arbitrarily chosen an 
inclination, / = 30° for the slab. Statistically acceptable fits 
are obtained for all the Ginga data. In particular, Ginga 
observation 1, for which the ‘power law plus Une’ fit was 
previously unacceptable, shows a greatly improved fit, 
indicating that the continuum curvature inherent in the ref- 
lection model is strongly preferred. 

6.2 A Keplerian accretion disc 

The reprocessing matter may well lie sufficiently close to the 
black hole for Doppler and gravitational effects to signifi- 
cantly broaden the fluorescent emission line. The fact that 
one. of the observation shows, and the others are compatible 

Table 8. Reflection fits to the Ginga data. 

Slab 
Slab 
Slab 
Slab 
Slab 

30 1.78 ± 0.04 
30 1.70 ±0.19 
30 1.69 ±0.07 
30 1.77 ±0.09 
30 1.87 ±0.06 

Nh 
1021 cm“2 

0.0Í»;? 
15.5i£ 
6-2íi:ü 
3.3Í?á 
3.5ÍH 

Direct“ Refl. 
norm 

1.10 ±0.06 0.62 ±0.28 
0.71 ±0.18 1.08 ±0.84 
1.22 ±0.12 0.74 ±0.42 
1.02 ±0.15 0.84 ±0.54 
1.67 ±0.15 1.22 ±0.63 

Rel. 
norm 

0.56 
1.52 
0.61 
0.82 
0.73 

X^/d.o.f. 

0.87/23 
0.69/23 
1.21/23 
0.65/23 
1.10/23 

1. Disc 30 1.80 ±0.06 0.0Í^ 1.12 ± 0.08 1.08 ± 0.62 0.96 0.89/23 
2. Disc 30 1.75 ±0.26 15.5Í^ 0.74 ± 0.26 1.93 ±3.18 2.61 0.76/23 
3. Disc 30 1.74 ±0.09 6.6Í^ 1.29 ±0.09 1.55 ±0.97 1.20 1.10/23 
4. Disc 30 1.85 ±0.12 4.ljT! 1.12 ±0.20 1.97 ± 1.76 1.76 0.55/23 
5. Disc 30 1.95 ±0.07 4.4Íjj 1.83 ± 0.20 3.10 ± 1.68 1.69 1.36/23 

Disc 
Disc 
Disc 
Disc 
Disc 

60 1.81 ±0.08 
60 1.94 ±0.29 
60 1.81 ±0.14 
60 1.96 ±0.13 
60 2.00 ± 0.07 

O-Oíao 
16.8Í^ 
7.4Í^ 
4.8i2

2;? 
4.7Í¿;i 

aAll normalizations are in units of 10 2 ph cm 

1.14 ±0.11 
0.91 ± 0.38 
1.40 ±0.26 
1.25 ± 0.23 
1.92 ±0.11 

-2t 

2.8 ±2.1 
9.8 ±7.0 
5.5 ±4.2 
8.0 ± 5.2 
9.6 ±3.5 

2.5 
10.8 
3.9 
6.4 
5.0 

0.86/23 
0.72/23 
0.93/23 
0.47/23 
0.98/23 

i 2 o 1 

with, such a broad line suggests that much of the material 
does indeed lie close to the central hole. Whilst the geometry 
is unclear, either an accretion disc, or a ‘mist’ of small, dense 
cloudlets (as described by Guilbert & Rees 1988) are both 
plausible. We note that such optically thick cloudlets close to 
the X-ray source would produce a similar effect to that of the 
accretion disc model considered here, as long as the solid 
angle subtended at the power-law source is large. Here we 
consider a geometrically thin, optically thick accretion disc, 
assumed dense enough to remain in a low state of ionization 
despite the intense hard photon flux. 

The surface emissivity of the disc reflection was calculated 
as a function of radius, according to the prescription of 
George & Fabian (1991). Power-law fits to this emissivity 
function can then be used in conjunction with the formulae 
of Chen, Halpern & Filippenko (1989) to include a detailed 
calculation of the line profile. These formulae include gravi- 
tation (in the weak gravity approximation) and Doppler 
effects. 

The equivalent width of the line observed in NGC 5548 is 
of a similar order to that expected from a face-on accretion 
disc; however, the broad profile of the line may suggest a 
higher inclination. We have therefore fixed the disc inclina- 
tion at two values, ¿=30° and ¿ = 60°. The main differences 
between these are the width of the line, due to the increased 
Doppler effect at higher inclination, and the luminosity of the 
reflected component relative to the incident X-rays, which 
falls with increasing inclination. 

We find that the disc reflection model provides statistically 
acceptable fits to both the EXOSAT and Ginga data, with 
generally similar ^ J to those obtained for the slab model. The 
parameters for the EXOSAT fits are not well constrained 
(see Fig. 4c), but the Ginga data show that the higher inclina- 
tion (¿ = 60°) is preferred in the spectral fitting (note also the 
substantial improvement over the slab model for observation 
3, which requires a broad line). Fig. 6 shows a typical count 
spectrum, with residuals, for one of the Ginga fits (1989/ 
009). For clarity, the reflection component is plotted separ- 
ately. The emission line is clearly seen (broadened in our 
reflection model by gravity, Compton and Doppler effects), 
as is the flattening due to the Compton reflection hump at 
high energies. The intrinsic spectral indices for all five Ginga 
observations (Table 8) are well constrained and consistent 
with weighted mean values of 1.84 ±0.06 (%J=0.7) and 
1.91±0.07 (%J=0.8) for / = 30° (shown in Fig. 4d) and 
/ = 60°, respectively. These are both fully consistent with 
those derived from the EXOSAT data (Fig. 4c), and again are 
significantly higher than in previous simple power-law fits. 

Comparison of columns 3 and 4 in Table 8 reveals that the 
normalization of the reflected component varies with similar 
amplitude as the directly viewed continuum. Although 
statistically the normalization of the reflected continuum is 
consistent with a constant value, we note that both the 
relative and absolute amplitude of this component must 
change, otherwise a simple flux-index correlation would 
result from simple power-law fits, contrary to our observa- 
tions (Table 4 and Fig. 4a). 

6.2.1 Constraints on the disc inclination 

One puzzling aspect of the above reflection fits is that of the 
preferred disc inclination. For the /=30° case, the average 
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relative normalization between reflected and direct com- 
ponents is close to 1, suggesting that, for a disc-like geometry 
and a covering factor of 2 jt as in our test model, this is the 
preferred value. However, it is clear from Table 8 that the 
higher inclination, i = 60°, provides a statistically better fit to 
the data than in the face-on case. In this case the reflected 
normalization is, on average, ~ 6 times greater than what 
would be expected for the time-averaged spectrum with a 
disc at this angle. Such a large discrepancy could not be 
accounted for by a conical disc, where the maximum increase 
relative to the slab case would be a factor of order 2. Aniso- 
tropic inverse Compton emission of the illuminating hard 
X-ray source, such as that described by Ghisellini et al. 
(1991) might account for this. However, a further problem 
with these highly inclined fits is the implied equivalent width, 
which ranges from ~ 150 to ~750 eV. Presumably these 
large equivalent widths are accommodated because of the 
broad profile of the line, the photons being ‘smeared’ over 
several Ginga bins, consistent with the broad Gaussian line 
fits (Table 5). The appropriate inclination of the disc is 
obviously crucial to a correct interpretation of the physical 
environment. 

We have therefore investigated further the question of the 
disc inclination. As the shape of the reflected continuum is 
virtually independent of /, the main constraint comes from 
the properties of the emission line. Both the time-averaged 
equivalent width of the Fe X-line and its profile are functions 
of i and, therefore, two methods are available to quantify the 
inclination. The normalization of the reflected component 
can be fixed relative to the power-law normalization, 
whereby the value of i derived from the spectral fitting is 
primarily governed by the observed equivalent width. 
Alternatively, both the relative normalization and inclination 
can be left as free parameters in the spectral fitting, whereby 
the line profile will provide the only constraint on i. 

We note that these two fits are necessarily geometry 
dependent. If a disc-like orientation of the cold material does 
not prevail, then these fits will be inappropriate. Also, if the 
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solid angle subtended by the disc at the X-ray source differs 
significantly from that of our test model (2jz) then the first 
method stated above will yield an incorrect value for L It is 
also necessary to fit to a time-averaged spectrum, as signifi- 
cant time-lags between power law and line as described 
above would invalidate the fit. Therefore a fit to the summed 
data from the five Ginga observations was used. The first fit, 
with the disc contribution tied to the direct power law, gave 
an inclination, / = 450±8°. We note that this value is con- 
sistent with that of the host glaxy of NGC 5548, implied 
from the axial ratio (a/b = 0.83; Keel 1980). The second fit, 
in which the line profile is the main constraint on the inclina- 
tion, gave i = 80° Í ^5, but with a normahzation some 50 times 
larger than that expected from such an edge on disc. 
Although this fit represents a significant statistical improve- 
ment over the previous one, the anisotropic emission 
mechanism mentioned above could not account for such a 
large discrepancy. A possible explanation of this puzzling 
dilemma is that the accretion disc is in fact observed close to 
face-on, but is not the only source of fluorescent line 
emission. This possibility is taken up again in Section 7.2. 

7 IMPLICATIONS OF THE MODELLING 

7.1 Absorption 

It is clear that the X-ray column measurements in the reflec- 
tion model fits of Table 8 are not constant (this is also true 
for the simple power-law fits - see Section 4.3). The most 
obvious change in column occurs in the lowest-flux Ginga 
observation, with a column larger than all the other Ginga 
absorption measurements. Although these changes could 
arise from the random passage of cold clouds (perhaps 
associated with the BLR?) across the line-of-sight, a more 
attractive explanation for this is that a substantial ( > 1022 

cm-2) amount of photo-ionized material, as discussed in 
Section 5.1.2, exists along the line-of-sight, but is normally 
transparent at soft X-ray energies. If the ionizing X-ray flux 
were unusually low, as in Ginga observation 2, the elements 

2 4 6 
2-10 keV flux (erg s_1 cm^) 

2 4 6 
2-10 keV flux (erg s-1 cm2) 

Figure 7. Derived NH from the power law (left panel) and power law plus disc reflection (right panel) fits to the EXOSAT ME and LE data. 
The solid line represents the absorption by our own Galaxy. An excess of soft photons is inferred in both cases from the fact that the measured 
columns are significantly lower than that expected if the only absorption is that from our Galaxy. 
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responsible for absorption at these energies (e.g. O, Si, S, Ar) 
could recombine. Warm absorber fits [with assumptions as 
described in Yaqoob, Warwick & Pounds (1989), and photon 
number index fixed at the average value of 1.83] indicate that 
a column of ~ 4 x 1022 cm-2 with a changing ionization state 
can describe the variable absorption. For this model, the 
ionization parameter lies in the range U= 0.3-3.3, and the 
implied 0.1-2.0 keV (LE/3 Lx bandpass) flux in the weakest 
state is a factor of 12 lower than in the brightest case. A 
variable ‘warm absorber’ can therefore explain the 
differential variability of the LE and ME fluxes observed by 
EXOSAT(Fig. 1 ). We would expect such material to leave an 
imprint at the iron Ä'-edge. For the material to be transparent 
at soft X-ray energies, we expect the edge to occur at 8-9 
keV. The Ginga data are indeed comparible with such an 
edge at -8 keV (Table 6). The thermal luminosity of a 
spherical distribution of such warm material is negligible; 
however, it may contribute significantly and importantly to 
the iron X-fluorescence, as discussed below. 

7.2 Origin of the line 

From the analysis presented in Section 6.2, we conclude that 
an accretion disc could be responsible for the majority of the 
observed iron K-a line in NGC 5548. However, the photo- 
ionized material described above will also contribute to 
the iron line flux by fluorescence. The suggestion of an iron 
edge at ~ 8 keV implies a mean ionization state of ~ Fe xx. 
The fluorescent line energy for such ionized iron is around 
6.5 eV (Makishima 1986). Such a contribution could resolve 
the discrepancy mentioned in Section 6.2 between the 
statistical requirement for a large disc inclination and the 
large normalization ratio required in such fits. The addition 
of the ‘blue’ (6.5 keV) wing to the observed line from the 
warm material would drive the accretion disc reflection fit to 
a higher inclination, where increased Doppler factors result 
in a higher mean energy compared to the face-on emission 
line. According to our modelling (Section 5.1.2), the column 
density of photo-ionized material required to produce the 
~60-eV line for the blue wing is around 6 x 1022 cm-2, 
accounting both for the reduced opacity at ~ 6-7 keV and 
the increased fluorescence yield in such a high-ionization 
state. Such a column is both implied by the iron edge 
measurements (Table 6) and compatible with the warm 
column deduced from the low-energy absorption variability 
described above (Section 7.1). Fitting the reflection model, 
with i = 30°, together with a line at 6.5 keV provides an 
excellent description of the observed spectrum. We find a 
mean value for the equivalent width of 60 eV, in remarkable 
agreement with the edge measurements. Fits with a line fixed 
at this mean equivalent width, or with a line flux fixed at 
3 x 10-4 ph cm-2 s"1 (again, the mean) give xlas good as to 
those for the disc-only fit at / = 60°. The average relative 
normalization in these fits is now close to 1, and the reflected 
normalization varies with similar amplitude to the direct 
continuum. This yields a self-consistent description for the 
spectrum and its variability. 

7.3 Soft X-ray emission 

The composite nature of the X-ray spectrum of NGC 5548 
described above has important consequences for previous 

models of the soft X-ray emission from the Seyfert nucleus. 
We find an intrinsic power-law index (T - 1.9) systematically 
steeper than previously reported results (Branduardi- 
Raymont 1986; Pounds et al. 1989). Whilst the inclusion of 
the reflected component flattens this to ~ 1.7 in the 2-10 
keV range, the reflection component is negligible below ~ 2 
keV. Fitting a single power-law simultaneously to the 
EXOSAT ME and LE data would then result in an apparent 
excess of soft photons. This feature, which has been 
identified in NGC 5548 (e.g. Branduardi-Raymont 1986), 
does not therefore necessarily represent a separate soft 
emission component. We have included the disc reflection 
spectrum in the fit to the EXOSAT ME and LE data to check 
whether strong evidence for a separate soft emission com- 
ponent still exists. 

The value of AH from our own Galaxy, inferred from 21- 
cm measurements, is 1.6 xlO20 cm-2 (Heiles 1975). As 
found previously, a simple power law yields values for the 
absorption column substantially lower than this value, 
indicating an excess of soft photons (Fig. 7a). When the 
reflection component, with /=30°, is included a significant 
soft excess is still apparent (Fig. 7b) in most cases. The 
evidence for a separate component therefore remains strong, 
but the total luminosity of the soft X-ray component may 
have been overestimated in previous analyses. In fact we find 
that the contribution of any separate soft component to the 
EXOSAT EE flux is not required to be more than 10-20 per 
cent, if there is no additional absorption, other than the 
galactic Ah, below 1 keV. However, the fact that the lowest 
flux states show little evidence for a soft excess supports our 
hypothesis that absorption by photo-ionized material 
is intrinsically important. Our power law plus reflection fits 
will then underestimate the luminosity of the soft component. 
The LE/ME lag requirement is in agreement with the impli- 
cation of a significant contribution below 1 keV from a 
separate component. 

7.4 X-ray variability time-scales 

The X-ray flux in the hard and soft bands from NGC 5548 
varies significantly on time-scales of hours and the flux- 
doubling/halving time-scale is at most a few days. If the LE 
variability is simply an extension into the soft band of the ME 
power-law variability, no useful constraints can be placed on 
the size of the region producing the soft excess. However, the 
observed lag ( ~ few hr) between the hard and soft fluxes in 
NGC 5548 implies that a separate soft component is indeed 
the major contributor to the observed LE count rate. The 
size of the soft X-ray emitting material (which might be 
identified with the inner disc) is therefore similar to that of 
the hard power-law source. 

We can also place a limit on the variability time-scale of 
the reflected component. Comparing the first and third 
Ginga observations we conclude that the reflected flux must 
have changed in the ~ 6 months separating these two 
snapshots. The increase in flux would have otherwise been 
accompanied by a steepening of the photon index, rather 
than the flattening actually observed. A similar upper limit 
( ~ 5 months) is obtained by comparing the third and fourth 
Ginga observations. Unfortunately, due to the poor sampling 
of the present data, it is impossible to predict the intensity of 
the reflected continuum in a given observation, as this is a 
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strong function of the (unobserved) hard X-ray flux history 
and the precise intrinsic variability time-scale. An upper limit 
of ~ 0.1 pc can be set on size of the reflecting region by the 
lack of a positive spectral index correlation between some of 
the Ginga observations, whilst a lower limit of ~ 1 light-day 
is set by the observed spectral variations. The variation in the 
normalization of the reflected component is similar to that of 
the directly viewed power law and suggests that the two 
regions are of a roughly similar size, although there is clearly 
no geometry in which the reflector can be smaller than the 
power-law source, and still subtend a large enough solid 
angle to produce the features observed here. Furthermore, 
we consider it unlikely that the reflector is the dusty torus 
suggested in the Antonucci & Miller scheme since the latter 
lies between the broad- and narrow-line regions at radii ~ 1 
pc. In addition, variability in the reflected component would 
be significantly ‘smoothed out’ by light travel time effects in 
such a scenario contrary to the observed variations. We 
conclude that the reflecting material lies well within such a 
torus. 

The association of the reflector with the region producing 
the soft excess leads us to the same conclusion. Whether in 
the form of blobs or a disc, the rapid variability, correlation 
with the hard component, of the LE flux observed by 
EXOSATimplies a location close to, and a size similar to the 
hard source. The presence of the lag rules out the possibility 
that the cold matter purely reprocesses the hard continuum, 
contrary to the suggestion of Guilbert & Rees. In fact it 
seems likely such material is intimately involved in the 
accretion process, and its thermal emission may represent 
part of the primary radiation of the active nucleus. 

8 DISCUSSION 

We have shown that both the iron X-line emission and 
apparent spectral index variability observed in NGC 5548 
can be explained by a model in which hard X-rays from a 
power-law source illuminate cold dense material. In order to 
provide the measured line equivalent width, the material 
must subtend a large solid angle at the hard X-ray source. 

The consequences of the above model for previous views 
of medium- and low-energy X-ray continua from active 
galactic nuclei (AGN) are important. First, because the 
reflected continuum was not resolved with the previous gen- 
eration of X-ray detectors (on, e.g. HEAO-1 and EXOSAT), 
the so-called ‘canonical’ value for X-ray photon spectral 
indices in the 2-10 keV band, F = 1.7 (Mushotzky 1984; 
Turner & Pounds 1989), will have to be modified upwards. 
Here the intrinsic spectral index (F= 1.8-2.0) of NGC 5548 
is not well constrained, as it depends on the precise geomet- 
rical model assumed for the reflector. However, we find it to 
be systematically steeper than previous power-law fits sug- 
gest, and steeper than the canonical F= 1.7. In a separate 
analyses of MCG-6-30-15 (Nandra et al. 1990), and a com- 
posite Ginga spectrum (Pounds et al. 1990), inclusion of the 
reflection component resulted in an implied index around 
1.9-2.0. These results have significant implications for mod- 
els of the X-ray emission mechanism in Seyfert-type AGN. In 
particular underlying indices of order ~ 1.9 revive some 
electron-positron pair models (Zdziarski et al. 1990). Also 
of interest is a comparison of this result to those of Wilkes & 
Elvis (1987), who found power-law slopes T ~ 2.0 for similar 
radio-quiet AGN in the Einstein IPC band (0.5-3.5 keV). 
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This is consistent with our model, since reflection effects 
would be negligible in the soft IPC energy band, while the 
generally more luminous IPC sample may show little absorp- 
tion. 

A second consequence of the steeper intrinsic index 
imphed by our model is that the soft excesses identified by 
EXOSAT and Einstein need to be re-assessed. We have 
shown that a soft emission component is still required by the 
EXOSAT data on NGC 5548, but its significance is reduced. 
The existence of the ME/LE lag further supports the exist- 
ence of the soft component in this case, of course. The 
steeper hard power law implies that the temperature of the 
soft component (if its origin is thermal) may be somewhat 
lower than the 0.1-0.2 keV implied by EXOSAT spectral 
fitting to other sources. This has consequences for accretion 
disc modelling of such excesses. We note in passing that the 
ultra-soft components found in the Einstein IPC spectra of 
some AGN (Cordova & Kartje 1990) are unlikely to be 
significantly affected by the assumption of a steeper 
underlying power law. 

The variability time-scales of the various spectral 
components constrain the size of the reflection region to be 
less than ~ 1.0 pc, indicating that the matter is close to the 
central hole. The cold material may be in the form of an 
accretion disc, or in ‘blobs’ of the form described by Guilbert 
& Rees ( 1988). If the reflector is in the form of a disc, the line 
profile suggests this is highly inclined. However, the 
luminosity of the reflected component is then too large to be 
accounted for by such a disc, unless the hard X-rays are 
emitted highly anisotropically. 

However, in addition to the apparent index variability, 
positive detections of absorption at 2-3 keV are found for 
four of the five Ginga observations, with variable column 
density in the range ~ 1021-22 cm“2. Although such column 
densities may be suggestive of broad-line clouds passing 
(randomly) through the line-of-sight, the fact that the largest 
columns (and also the lowest LE band fluxes) are observed in 
the lowest hard flux states suggests a more interesting 
possibihty. If substantial ionized material with column 
density ~ 5 x 1022 cm“2 lies along our line-of-sight, the dif- 
fering amplitudes of variability in the EXOSAT ME and LE 
energy bands can be accounted for by variations in the ioni- 
zation state of this material. In addition, this photo-ionized 
gas could also produce a measurable amount of fluorescent 
iron emission, but at a higher energy compared to the disc 
(although the two components would be unresolved with the 
LAC). The inclusion of this second fluorescent line then 
relaxes the constraints on the disc inclination and 
normalization, the data then being compatible with a face-on 
(/ ~ 30°) disc, without a requirement for significant enhance- 
ment of the reflected component. We believe this composite 
model to be the most plausible description of the X-ray 
emission in NGC 5548. A physically similar model has 
already been proposed to explain the X-ray spectrum of 
MCG-6-30-15 (Nandra, Pounds & Stewart 1990; Nandra et 
al. 1990) and of a composite Ginga spectrum (Pounds et al. 
1990), both of which give similar parameter values to those 
stated here. This suggests that such features may be common 
to many Seyfert-type AGN. 

Longer or more frequent observations will be necessary to 
further constrain both the power-law variability time-scale, 
and that of the reflected flux. Fortunately, these may be 
available within the lifetime of Ginga. 
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9 CONCLUSIONS 

To summarize we find the following. 
(i) The X-ray spectrum of NGC 5548 is complex, with at 

least four components. These are, an underlying power law 
of photon index ~ 1.9, an iron line of equivalent width -130 
eV, a separate soft X-ray emission component and a ‘hard 
tail’. The spectral form is variable, with apparent spectral 
index changes and variable absorption. 

(ii) The bulk of the observed line and the hard tail can be 
explained by X-ray illumination of cold, optically thick 
material close to the central source, possibly an accretion 
disc. The soft emission component may then represent the 
thermal emission of this material. 

(iii) The apparent variability of the spectral index of 
NGC 5548 is accounted for by differential variability of the 
underlying power law and the (flatter) Compton reflected 
continuum radiation. 

(iv) The variations in the derived 7VH arise from changes 
in the ionization state of highly ionized material along the 
line-of-sight to the central source. These changes also 
account for the markedly different amplitudes of hard and 
soft X-ray variability found by EXOSAT. 

(v) This material also contributes to the line emission and 
introduces an absorption edge at ~ 8 keV. 

High-resolution X-ray spectroscopy using CCD instru- 
ments on the next generation of X-ray satellites (ASTRO-D, 
SPECTRUM-X) should be able to establish not only the 
geometry, column density and ionization state of the matter 
close to the central engine in AGN, but could also provide 
information on the dimensions of the emission regions and 
the ultimate energy source. Further Ginga observations, 
perhaps simultaneous with ROS AT may clarify the nature of 
the soft X-rays, and help quantify the relationship between 
the hard features and the soft component. 
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