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A B S T R A C T

We present an analysis and decomposition of the broad-band optical/UV/X-ray/g-ray

spectrum of the Seyfert 1 galaxy NGC 5548. The spectrum consists of an average of

simultaneous optical/IUE/Ginga observations accompanied by ROSAT and CGRO/OSSE

data from non-simultaneous observations. We show that the overall optical/UV/X-ray/g-ray

spectrum can be deconvolved into three basic continuum components: a cool multitemperature

blackbody, a hard thermal Comptonized component and an EUV/soft X-ray component well

described by a thermal Comptonization continuum. Assuming that the optical/IUE spectrum

comes from a cold disc, the maximum disc temperature is very well constrained by the data to

be kTdisc ¼ 3:2þ0:2
¹0:2 eV. This rules out models explaining the soft excess as a far tail of the disc

spectrum. We show that the soft excess inferred by the data requires a separate continuum

component, which is consistent with thermal Comptonization in optically thick (t , 30),

warm (,0:3 keV) plasma. This Comptonization component contains a significant fraction of

the source energy. The plasma parameters of the hard continuum (t , 2, kTHC , 50 keV) are

consistent with those suggested for the average spectrum of Seyferts.

On the basis of the broad-band spectral model, we also re-analyse the simultaneous IUE/

Ginga campaign. We find that the fluxes in all three continuum components are positively

correlated. The total flux emitted in the hard component is positively correlated with both the

spectral index and the solid angle of cold matter seen by the hot source. Such a correlation

suggests that the variability mechanism is related to changes in the geometry of the continuum-

emitting regions, and an excess in the amount of reflection requires deviations from a simple

plane disc picture. The variations in the hard spectral index can then be explained by increased

cooling of the hot plasma caused by the increased number of seed photons. We suggest that the

geometry variations may be related to a transition region between a cold and a hot disc.

Key words: accretion, accretion discs – galaxies: individual: NGC 5548 – galaxies: Seyfert –

ultraviolet: galaxies – X-rays: galaxies.

1 I N T RO D U C T I O N

The optical/UV/X-ray continuum spectrum of NGC 5548 is typical of

type 1 Seyferts, and consists of three main components: the big blue

bump, the soft X-ray excess (modified by a warm absorber) and the

hard X-ray power law with reflection hump and high-energy cut-off.

These components are known to be highly variable, but there have

been no observing campaigns that cover all three simultaneously. The

relationship between them is therefore currently uncertain.

The big blue bump is commonly believed to be thermal emission

from a multitemperature accretion disc, but this explanation has

problems. The long-wavelength portion of the bump is softer

(redder) than Fn ~ n1=3, the expected behaviour for a stationary

accretion disc. In addition, Hopkins Ultraviolet Telescope data

show no absorption or emission edge at the Lyman limit (Kriss et

al. 1997). Both of these problems plague accretion disc models of

Seyfert galaxies and quasars in general (e.g. Barvainis 1993; Blaes

1998; Krolik 1998).

The hard X-ray spectrum is explained rather well by thermal

Comptonization of the UV accretion disc continuum by a hot

Mon. Not. R. Astron. Soc. 301, 179–192 (1998)

q 1998 RAS

*Deceased 1998 August.



corona. Much of the accretion power might be dissipated in this

corona (Haardt & Maraschi 1991), and part of the big blue bump

could then arise from reprocessing of the X-rays by the disc. Strong

support for this picture comes from the existence of the Compton

reflection feature and the fact that the iron Ka line is broad

(Mushotzky et al. 1995; Nandra et al. 1997). This also explains

the fact that the optical and UV emission vary together in a

correlated fashion with the hard X-rays, within time-scales of the

order of several days (Clavel et al. 1992). Occasionally, however,

there are uncorrelated UV outbursts which may be caused by

variations in the accretion rate of the disc (Clavel et al. 1992). A

possible problem with disc–corona models is that they may give

rise to large Lyman emission edges. This is because of the high

density in the accretion disc atmosphere that results when power is

taken out of the disc and placed in the corona (Sincell & Krolik

1997).

The soft X-ray excess in NGC 5548 and in Seyfert 1 galaxies in

general is perhaps the least understood component of all. The few

existing variability studies that include this component have pro-

duced confusing and possibly conflicting results. Done et al. (1995)

studied variability of the soft X-ray excess and the hard power law,

but only in the narrow 0.1–2 keV ROSAT band. During their

monitoring campaign, which spanned two months, the soft X-rays

underwent a flare on a time-scale of ,8 d. There was no corre-

sponding increase in the hard X-ray power law. This suggests that

the two components are decoupled on short time-scales some of the

time. In contrast, Marshall et al. (1997) presented EUVE light

curves which overlapped with IUE, HST and ground-based optical

data (Korista et al. 1995). They found that the EUV flux, which is

associated with the soft X-ray excess, varied simultaneously with

the optical/UV fluxes, and with larger amplitude. Their observa-

tions spanned 8 d and they did not detect any time lag between the

EUVand UV fluxes down to the observational limit of 0.25 d. Given

that the optical/UV photons are known usually to exhibit correlated

variability with the hard X-rays, as noted above, one would expect

that the soft excess would correlate with the hard X-ray flux. Such a

correlation was, in fact, detected previously in EXOSAT monitoring

data by Kaastra & Barr (1989) on a ,1-d time-scale of observa-

tions. They also found a delay of ,5000 s in the hard X-ray

variability with respect to the soft X-rays. However, interpretation

of the EXOSAT data is still unclear, owing to instrumental problems.

The reality of the soft/hard X-ray delay, as well as signatures of

quasi-periodicity found by Papadakis & Lawrence (1993), has been

found to be questionable (Tagliaferri et al. 1996). It may be that

there is both correlated and uncorrelated variability, the latter

perhaps being caused by enhanced dissipation in the accretion

disc. Such dissipation has been suggested as an explanation of the

residual UV flux (with respect to that resulting from reprocessing)

in NGC 4151 (Zdziarski & Magdziarz 1996; Warwick et al. 1996).

The residual flux in NGC 4151 shows probable variability on time-

scales of the order of months.

The soft excess has often been interpreted as the high-energy

extension of the big blue bump (e.g. Walter & Fink 1993). In

addition to the problems they face in the optical/UV, simple thin

accretion discs that radiate as multitemperature blackbodies cannot

explain the soft excess, although it may be that more complicated

atmosphere models could work (e.g. Czerny & Elvis 1987). Haardt,

Maraschi & Ghisellini (1994) have suggested that flaring regions in

a patchy corona on the disc might store accretion energy for a time

before discharging it, thereby producing local bright spots on the

disc. These spots might give rise to a soft excess. Variability in such

a model has been explored by Haardt, Maraschi & Ghisellini

(1997), but, as they point out, it is not clear whether the model

can be made fully consistent with the lowest hardness ratio reported

in the ROSAT band for NGC 5548 by Done et al. (1995). An

important clue to the nature of the soft excess is that it appears to

have a universal spectral shape in Seyferts (Walter & Fink 1993;

Walter et al. 1994). This could be explained as being the result of

atomic physics, e.g. if the soft excess were produced by reflection in

an X-ray photoionized skin of the accretion disc (Ross & Fabian

1993; Matt, Fabian & Ross 1993; Czerny & Życki 1994; Życki et al.

1994). However, this model provides a poor fit to the spectra of

high-luminosity sources (Fiore, Matt & Nicastro 1997). In addition,

there is no evidence in the EUVE data for the strong emission lines

expected from photoionization processes (Marshall et al. 1997).

Several groups have attempted in the past to construct models of

NGC 5548 that explain all the continuum components together,

with varying degrees of success. Kaastra & Barr (1989) concluded

from their analysis of EXOSAT monitoring observations that the

soft excess is produced by the inner parts of the disc and the

variability and soft/hard X-ray time lag are caused by radial

propagation of thermal instabilities towards the centre. Walter &

Courvoisier (1990) also examined EXOSAT variability data, includ-

ing ground-based optical and IUE observations. Most of these data

were non-simultaneous, but they were useful for examining long-

term trends. Walter & Courvoisier concluded that an accretion disc

plus a stratified conical wind with a shock provided a good

description of the data. Loska & Czerny (1997) examined simulta-

neous optical, IUE and Ginga data, and concluded that an accretion

disc with an inner radius cut-off and corona, or a distribution of

optically thin clouds, explained the data equally well.

In this paper we re-analyse the available archival data in order to

construct, for the first time, a detailed broad-band continuum model

of the emission from the nucleus of NGC 5548, and attempt to

constrain the geometry and physical emission mechanisms of the

continuum components. We improve over previous work by per-

forming a full spectral decomposition, permitting us to examine in

detail the relation between the shapes and energetics of the different

components. Our data consist of spectra from a simultaneous

optical/IUE/Ginga campaign (Clavel et al. 1992; Nandra et al.

1993), supplemented by ROSAT (Done et al. 1995) and OSSE

(Johnson et al. 1997a) non-simultaneous observations. Using a

recently improved reduction of the Ginga data, we also re-analyse

the variability of the spectral components in the Ginga campaign.

In addition, we discuss EXOSAT monitoring observations

(Branduardi-Raymont 1986, 1989; Turner & Pounds 1989; Kaastra

& Barr 1989; Nandra et al. 1991) in the context of our broad-band

spectral model. Section 2 discusses the data reduction and analysis,

Section 3 presents the average broad-band spectrum and decon-

volved continuum, and Section 4 presents correlations in the flux

variability obtained on the basis of the broad-band model. In

Section 5 we discuss physical models of the central engine

suggested by our analysis, and compare our results with previous

work. In all the analysis in this paper we adopt a redshift of 0.0166

for NGC 5548 (e.g. Walter & Courvoisier 1990). Using a Hubble

constant of .75 km s¹1 Mpc¹1 the distance is d . 70 Mpc.

2 O B S E RVAT I O NA L DATA

2.1 Simultaneous optical/UV/X-ray data

After searching the available public data bases, we have found

optical, ultraviolet, and hard X-ray data that are nearly simulta-

neous for nine epochs, listed in Tables 1–3. The optical data are
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from the ground-based observations reported by Peterson et al.

(1992), and show the flux measured at a rest wavelength of 5100 Å.

The ultraviolet data files come from the IUE electronic archives

(reprocessed with newsips). The Ginga data come from the

monitoring campaign reported by Nandra et al. (1991). The largest

non-simultaneity between the different wavelength regions occurs

during epoch 1, where the ultraviolet and X-ray data are separated

by nearly 2 d. In addition, the only optical data available for this

particular epoch come from a day earlier and a day later than the

observing time of the ultraviolet and X-ray observations.

2.1.1 Ginga data

We extracted data from both the top layer and the mid layer of the

LAC (Large Area Counter) detector (cf. Smith & Done 1996 for a

description of the background subtraction and reduction procedure).

The mid layer gives a larger effective area above ,10 keV, which is

crucial for determining the Compton reflection component. That layer

had previously been ignored because of problems with background

subtraction. However, a recently improved reduction procedure gives

reliable results. We ignore the first three channels of the top layer,

which restricts the low-energy data to > 1:7 keV, and the first 20

channels of the mid layer, which are affected by background subtrac-

tion and give no significant area below 10 keV compared with the top

layer. The observation log is given in Table 3.

In order to understand new information carried by the mid-layer

data, we first re-analysed the total 12-epoch Ginga data set from

Nandra et al. (1991) and compared it against previous results. We

apply a model consisting of a power law with high-energy cut-off,

Compton reflection (Magdziarz & Zdziarski 1995), a Gaussian line

and an ionized absorber implemented as an ABSORI model in xspec

version 9 (Arnaud 1996), and based on that of Done et al. (1992).

The ionization parameter is defined by y ¼ Ln
¹1

r
¹2 erg s¹1 cm¹1,

where L is the 5-eV to 20-keV luminosity in the incident spectrum

and n is the density of the absorber located at distance r from the

illuminating source. Throughout this paper, we use abundances

from Anders & Ebihara (1982), and express the ionization coeffi-

cient in units of erg cm s¹1. The absorber temperature is fixed at 105

K (Krolik & Kallman 1984). We assume that the inclination of the

disc is i ¼ 30◦, the expected average for Seyfert 1s (e.g. Nandra et

al. 1997). This makes the Compton reflection component harder in

the 10–20 keV range compared with the average reflection model

by Lightman & White (1988) applied in Nandra et al.’s (1991)

original analysis. We fix, a posteriori, the high-energy cut-off at

EHC ¼ 100 keV (cf. Section 2.2.2), and include absorption from a

fixed neutral column density along the line of sight of 1:65 × 1020

cm¹2 per hydrogen atom (Nandra et al. 1993). The mid-layer

detector has a larger effective area over 10 keV than the top-layer

detector, and this gives a more reliable determination of the spectral

index and the contribution from Compton reflection. We obtain an

average flux spectral index (Fn ~ n¹a) of aHC ¼ 0:78þ0:04
¹0:03 at

x2
=n ¼ 42=44 d.o.f. (Errors are calculated throughout this paper at

a 90 per cent confidence limit for one parameter, which corresponds

to Dx2
¼ 2:7.) This is significantly harder than a ¼ 0:91 6 0:07

found by Done et al. (1995) for the same data set. Nandra et al.

(1991) applied an iron line which was self-consistent with the

Compton reflection component, and obtained a ¼ 0:85 6 0:05.

Our data averaged over 12 observing epochs give a well-determined
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Table 1. Optical data from Peterson et al. (1992) simultaneous with the

Ginga 1989–1990 observing campaign.

Epoch Julian Date Fl (5100 Å)

(¹244 0000) (10¹15 erg s¹1 cm¹2 Å¹1)

1 (Jan 89) 7535 10:16 6 0:41

7539 10:74 6 0:38

2 (Jan 89) 7556 9:08 6 0:32

3 (Jun 89) 7685 9:52 6 0:38

4 (May 90) 8036 7:73 6 0:43

8037 8:06 6 0:26

5 (May 90) 8039 7:78 6 0:43

8040 8:18 6 0:45

8041 8:08 6 0:44

6 (Jun 90) 8047 7:84 6 0:47

7 (Jun 90) 8056 7:95 6 0:32

8 (Jun 90) 8068 6:96 6 0:23

9 (Jul 90) 8077 6:53 6 0:26

Table 2. IUE data simultaneous with the Ginga campaign.

Epoch Data file Julian Date at start Exposure time

(¹244 0000) (s)

1 SWP35323 7538.17012 5100

SWP35324 7538.26546 4800

SWP35325 7538.35485 4800

LWP14802 7538.23831 3599

2 SWP35461 7557.15933 3600

SWP35462 7557.24372 3600

LWP14945 7557.20728 2700

3 SWP36411 7684.92897 4500

SWP36412 7685.01944 1500

LWP15670 7684.88740 3000

LWP15671 7684.98760 2099

4 SWP38870 8037.37957 4800

LWP17990 8037.33148 3600

5 SWP38881 8039.32074 4500

SWP38882 8039.42044 2700

SWP38903 8040.83304 4800

LWP18006 8039.37745 3300

LWP18009 8040.89591 3600

6 SWP39019 8048.40843 5400

LWP18035 8048.47959 3900

7 SWP39082 8055.42914 4199

SWP39083 8055.52896 2400

LWP18093 8055.48368 3300

8 SWP39153 8068.73464 5100

SWP39154 8068.84789 1800

LWP18197 8068.80128 3600

9 SWP39175 8076.67044 6000

LWP18284 8076.74743 3180

Table 3. Ginga data simultaneous with the available IUE data.

Epoch Julian Date Julian Date Exposure Count rate

at start at end time at 2–10 keV

(¹244 0000) (¹244 0000) (s) (count s¹1)

1 7536.34037 7537.41741 5120 11.960.1

2 7555.22926 7557.12556 28928 20.760.1

3 7685.18486 7686.33449 12672 18.760.1

4 8035.87852 8037.50074 21248 15.860.1

5 8038.81532 8041.41681 10112 15.260.1

6 8047.77704 8048.87628 14464 12.760.1

7 8054.37611 8055.75093 17792 20.760.1

8 8068.42677 8069.45936 12416 9.860.1

9 8075.03949 8076.41727 18304 8.060.1



Compton reflection component fitted independently of the iron

line: the solid angle covered by the reflector as seen from the X/g

source, divided by 2p sr, is R ¼ 0:74þ0:14
¹0:17. Such a fit requires a

substantially ionized warm absorber: y ¼ 1500¹500
þ700 erg s¹1 cm¹1

with NH ¼ ð3:5þ1:1
¹1:2Þ × 1022 cm¹2.

The fit still shows a clear residuum in the low-energy range of the

spectrum around 2 keV. This cannot be compensated for by high

ionization of the absorber, and presumably comes from the soft excess

component, previously inferred to exist in EXOSAT data (Kaastra &

Barr 1989) and ROSAT data (Walter & Fink 1993; Done et al. 1995).

Such a soft component has also been detected in ASCA data (George et

al. 1998). Including an additional power law with cut-off and fixed

spectral index aSE ¼ 1:2 (Walter et al. 1994), we obtain a signifi-

cantly better fit with x2 erg s¹1 cm¹1
¼ 29=42 for a softer spectral

index aHC ¼ 0:86 6 0:06 and amount of reflection R ¼ 0:96þ0:23
¹0:18.

The fitted cut-off energy of the soft excess component is

ESE ¼ 0:59þ0:05
¹0:14 keV, and no other constraints on the shape can be

made from the Ginga data, which only extend down to 2 keV. The data

show no significant ionization of the reflecting medium:

yR ¼ 0þ0:2 erg s¹1 cm¹1. This is consistent with the previous analysis

by Done et al. (1995), and rules out models with substantial ionization

of the disc surface. However, decomposition of the iron line and the

Compton reflection depends significantly on the modelling of the

continuum (Zdziarski, Johnson & Magdziarz 1996), and is substan-

tially affected by relativistic effects superposed on the reflection

component (Matt, Perola & Piro 1991; Maciolek-Niedźwiecki &

Magdziarz 1998). The ionized absorber inferred by the data allows at

most a moderate ionization coefficient of y ¼ 0þ24 erg s¹1 cm¹1 with

fitted column density NH ¼ ð2:1þ0:9
¹1:0Þ × 1022 cm¹2 when we include

the soft excess component. However, a zero-ionization absorber with

a standard gas-to-dust ratio would be inconsistent with an assumption

of a common UV/X-ray absorber, because the UV flux would then be

blocked, unless there is substantial clumpiness, i.e. partial covering.

The parameters of the ionized absorber we fitted are inconsistent with

those derived by Mathur, Elvis & Wilkes (1995) for a unified UV/X-

ray warm absorber and those suggested by George et al. (1998) from

ASCA 1993 data (Mushotzky et al. 1995). This may be related to the

fact that in both papers the soft excess was not taken into account. In

fact, George et al. (1998) obtained a better fit, which is more

consistent with ours, by approximating the soft excess as a soft

power law. However, their parameters still show the ionized absorber

to be weaker than our preliminary fit to the Ginga data without the

soft excess component. This suggests some variability of the ionized

absorber on a time-scale of years (cf. Done et al. 1995), or that the

models of the warm absorber are still far from physical (see Kallman

1998 for a discussion of the observability of detailed features in the

warm absorber).

Our fit still has some residuum in the region of the iron edge.

However, this cannot be removed by our model, and the data give no

constraints on the iron abundance. For further analysis, we separate a

9-epoch subset from Nandra et al.’s (1991) data set (Table 3), which is

accompanied by simultaneous optical and IUE observations. Our

model fits the total co-added 9-epoch data with the continuum

described by aHC ¼ 0:79þ0:06
¹0:07, R ¼ 0:68þ0:23

¹0:21, ESE ¼ 0:60þ0:05
¹0:11 keV,

and the warm absorber with y ¼ 0þ46 erg s¹1 cm¹1, and

NH ¼ ð2:2þ1:0
¹1:2Þ × 1022 cm¹2 at x2

=n ¼ 42=42.

2.1.2 Optical and IUE data

Optical/UV spectra for each of our nine epochs were produced in

the following way. We replaced all bad pixels in the IUE spectra

with linear interpolation between neighbouring good pixels. For

those epochs in Tables 1 and 2 that have multiple observations, we

took an error-weighted average to combine the data together. We

then assigned errors equal to the greatest standard deviation of the

individual measurements at each wavelength, or the greatest

difference between the individual measurements, whichever was

larger.

Since we are interested in both the spectral shape of the optical/

UV continuum and the total luminosity of this component com-

pared with the X-rays, it is very important to correct the data

properly for interstellar extinction. Unfortunately, the amount of

extinction is uncertain, and there is even disagreement in the

literature on the foreground Galactic contribution. In view of this,

we consider two extreme possibilities. The first is that the reddening

is entirely negligible and the second is that there is an intrinsic

EðB ¹ VÞ ¼ 0:05 in the nucleus of NGC 5548 itself (cf. discussion

in Walter & Courvoisier 1990). We neglect Galactic reddening in

both cases.

The IUE wavelengths were transformed to the rest frame of

NGC 5548, and then starlight subtraction was performed in the

following way. We adopted a 5100-Å (in the rest frame of

NGC 5548) starlight flux of ð3:4 6 0:4Þ × 10¹15 erg s¹1 cm¹2 Å¹1

in the standard optical aperture of 38 arcsec2 (Romanishin et al.

1995), and scaled an M31 bulge template spectrum (Coleman, Wu

& Weedman 1980) to give the same flux at this wavelength. We then

subtracted the starlight spectrum from the optical/UV data, taking

into account the difference in apertures between the IUE cameras

and the ground-based observations. These aperture corrections

were based on the V-band aperture photometry of the underlying

galaxy in table 1 of Romanishin et al. (1995). The SWP and LWP

apertures admit 2:30 6 0:09 and 2:27 6 0:1 times more V-band

starlight flux, respectively. The starlight contribution was less than 2

per cent in the SWP data and 11 per cent in the LWP data. The SWP

and LWP data for each epoch were then joined together by

eliminating the noisier LWP data in the wavelength region of

overlap. Finally, the data were combined with the corresponding

optical fluxes. For the case where we consider reddening by the

nucleus of NGC 5548, the data were then dereddened using the

extinction curve of Cardelli, Clayton & Mathis (1979), assuming

RV ¼ 0:31. Note that we did not include any reddening corrections

in the starlight subtraction phase of the analysis, implying that any

reddening is located well within the nucleus itself. Given that the

starlight corrections are small in the IUE data, and that they are

based on a direct measurement at 5100 Å, we believe our results will

be insensitive to this issue.

We wish to concentrate on the continuum spectrum of NGC 5548

in this paper, and we therefore have to remove the contributions of

the broad-line region from the optical/UV spectra. We did this by

first taking an unweighted average of the spectra from all nine

epochs, adopting as errors at a particular wavelength just the

average of the individual errors. We then fitted this spectrum to a

simple accretion disc continuum plus multiple Gaussians for the

following emission lines: geocoronal Lya, Lya, N v l1240 (includ-

ing its absorption feature, cf. Clavel et al. 1991), O i l1304,

Si ivþO iv] l1402, C iv l1549, He ii l1640, O iii] l1663,

C iii] l1909 and Mg ii l2798. We also included a number of broad

Gaussians to fit the Fe ii pseudocontinuum around the Mg ii l2798

line. We adopted a Shakura & Sunyaev (1973) accretion disc model

for the continuum, assuming each annulus of the disc radiates locally

as a blackbody. The specific flux is given by

Fn ¼
4pR

2
ghn3 cos i

d2c2

�∞

6
dr

r

expðhn=kTÞ ¹ 1
; ð1Þ
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where the local surface temperature T is given by

T
4

¼
3GMṀ

8pR3
gjr3

1 ¹
6

r

� �1=2� �

; ð2Þ

r is the radius in units of the gravitational radius Rg ; GM=c
2, M is

the mass of the black hole, Ṁ is the accretion rate, and all other

symbols have their usual meanings. Only two parameters are

required to specify the accretion disc continuum, M
2 cos i and

Ṁ=M
2. Equations (1) and (2) are admittedly very crude representa-

tions of the spectrum likely to emerge from a realistic accretion

disc, and neglect substantial radiative transfer and relativistic

effects. We intend to fit the data to more realistic models (cf.

Agol, Hubeny & Blaes 1998) in a future paper.

Fig. 1 depicts the average optical/UV spectrum and fit for the

case with no dereddening. The fit to the line fluxes is not perfect,

particularly at the longest wavelengths of the LWP data, where there

remains some Fe ii flux. The continuum fit gives

M . 9 × 107
ðcos iÞ

¹1=2 M( and ṁ . 0:04ðcos iÞ
¹1=2 (where

ṁ ; Ṁc
2
=LEdd), implying a maximum disc temperature of 2.9 eV.

For the case with dereddening corresponding to EðB ¹ VÞ ¼ 0:05,

we find instead M . 8 × 107
ðcos iÞ

¹1=2 M( and ṁ . 0:06ðcos iÞ
¹1=2,

giving a maximum disc temperature of 3.3 eV. In both cases, these

parameters are similar to those of the accretion disc fits to the

ultraviolet data of Krolik et al. (1991), although they assumed an

extreme Kerr hole and obtained somewhat higher maximum disc

temperatures. Even so, as noted by those authors, the temperatures

are far too low to explain any soft X-ray excess with a simple bare

disc model. As we stated in the Introduction, the ultraviolet

spectrum of NGC 5548 is redder than Fn ~ n1=3, the long-wave-

length prediction for a bare disc. It is therefore only possible to fit

the spectrum with a simple bare disc model if the disc temperature is

very low. The resulting spectral curvature allows one to explain the

fact that the spectrum hardens as the source gets brighter (Molendi,

Maraschi & Stella 1992; Loska & Czerny 1997).

We used the line and continuum parameters of these fits to the

average spectra as initial trial values to fit the spectra and subtract

the line fluxes for each individual epoch. Next, we converted all of

the optical and UV continuum data into xspec pha format using a

unitary diagonal response matrix. We refitted the average (over all

epochs) dereddened data with the disc spectrum using the maxi-

mum disc temperature as a parameter of the fit. The model over-

estimates the flux at the optical 5100-Å point, which suggests that

the reddening is slightly overestimated. Next, we implemented

Cardelli et al.’s (1989) extinction curve in an xspec model and

refitted the optical/UV data assuming free extinction. The fit

constrains very well the maximum disc temperature

kTdisc ¼ 3:16þ0:17
¹0:15 eV and extinction EðB ¹ VÞ ¼ 0:029þ0:016

¹0:015,

showing that the continuum is well determined from the data

despite some residuals coming from inaccurate line subtraction.

Note that the temperature derived here is a temperature that
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Figure 1. Average optical/UV spectrum (crosses) from all nine epochs (cf. Tables 1 and 2). Error bars have been suppressed for clarity. The solid curve through

the data points represents our best-fitting continuum and emission-line model. The dashed line shows the continuum alone. The residuals to the fit are plotted in

the lower solid curve. No correction for reddening has been applied to the data or the fit in this figure.



describes the average disc spectrum. It is therefore not a physically

well-defined average maximum temperature of the disc itself.

However, both quantities are closely related to each other, a fact

which we tested a posteriori. This confirms our derivation of

EðB ¹ VÞ, which has a value consistent with that resulting from

the average relation between hydrogen column density and red-

dening, assuming the same neutral absorber as observed in X-rays.

This result is related to the fact that the system parameters may be

asymptotically treated as linear, given the limited variability

dynamics with respect to the statistical uncertainties, which

makes the analysis of average spectra reasonable. Generally, this

conclusion is not always true. The problem appears mostly in X-ray

data, since they are affected by poor photon statistics, and thus they

require photon accumulation over long time intervals. However,

taking into account confidence limits of fitted parameters, such a

description is usually successful (e.g. Zdziarski et al. 1995;

Gondek et al. 1996). Here, we treat averaging of the UV and X-ray

broad-band data consistently in the same way, and the spectral

parameters calculated should be understood as parameters of the

average spectrum rather than average parameters.

Fig. 2 shows the spectrum after rebinning the original IUE data

by a factor of 20, and the fitted model. The long- and short-

wavelength residua in the IUE data range come from inaccuracies

in the Fe ii pseudocontinuum and Lya subtraction, respectively.

These do not affect the fit, however. The optical point is still

marginally overestimated, which cannot be corrected by our

model. This may indicate some inaccuracies in the relative calibra-

tion of the instruments, but more exotic continuum models cannot

be rejected. Fig. 3 shows confidence contour plots in the

EðB ¹ VÞ ¹ kTdisc plane. The data clearly reject disc models with

maximum temperatures higher than a few eV, and thus do not allow

for production of the soft excess from a disc component. This

conclusion has been reached previously by Kuraszkiewicz, Loska

& Czerny (1997). They deconvolved a large sample of optical/UV

observations of NGC 5548, and, on the basis of an accretion disc/

corona model by Witt, Czerny & Życki (1997), derived parameters

of the disc entirely consistent with ours.

Additional inaccuracy in the determination of the internal opti-

cal/UV emission may come from the so-called FC2 continuum,

which may contribute to the observed continuum in a manner which

is difficult to deconvolve. The presence of such additional con-

tinuum coming from extended regions has been reported in a

number of active galactic nuclei (AGNs) (cf. Antonucci 1993;

Paltani & Walter 1996). Kuraszkiewicz et al. (1997) found that

the FC2 continuum in NGC 5548 at Hb does not account for more

than 20 per cent at the faintest states of the source and drops down to

a few per cent in bright states. Taking into account that a linear

decomposition of the IUE spectrum (Paltani & Walter 1996; on the

basis of principal component analysis: Kendall & Stuart 1976) gives

a constant component which is softer than the variable continuum,

one would expect that the contribution from FC2 will not signifi-

cantly affect the UV continuum at its maximum, which, therefore,

effectively limits the maximum disc temperature during the fit. At

the faintest historically observed IUE state of NGC 5548, the

contribution to the IUE spectrum from a linearly deconvolved

constant component was about 50 per cent at the low-energy

range of the LWP camera, dropping down to a few per cent at the

high-energy range of the SWP camera (Done, private communica-

tion). This, in fact, gives an upper limit to the contribution from an

extended continuum source, since the accretion disc is not a linear

system and the maximum temperature changes in a correlated

fashion with the total emitted flux (cf. Fig. 8b later).

2.2 Non-simultaneous data

2.2.1 ROSAT 1992 December–1993 January campaign

Until now, the best analysis of the soft X-ray energy range for

NGC 5548 has been that presented by Done et al. (1995) on the basis

of the ROSAT 1992 December–1993 January campaign. However,

this campaign was not associated with any observations by hard X-

ray instruments, and this means that results on spectral variability

are very uncertain, given the low-energy resolution response matrix

of the ROSAT PSPC detector. Done et al. (1995) found the best fit to

the average campaign data with a double blackbody model of the

soft excess. We refitted the average ROSAT spectrum with both the

double blackbody model and the cut-off power-law model which

we applied to the Ginga data set (cf. Section 2.1.1). All the ROSAT

PSPC data that we analyse in this paper have had a 2 per cent error
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Figure 2. The average optical/UV continuum from all nine observing

epochs with no correction for reddening. The IUE spectrum has been

rebinned by a factor of 20. The solid line shows our model, consisting of

a reddened multiblackbody disc spectrum. The inflection between 5 and 6

eV is caused by the 2200-Å bump in the reddening curve. Enhanced residua

below 4 eV come from inaccuracy in the subtraction of the Fe ii pseudo-

continuum and those near 10 eV are caused by poor subtraction of the Lya

line (cf. Fig. 1).

Figure 3. Confidence contours at 68, 90 and 99 per cent (for two parameters)

for the maximum disc temperature and EðB ¹ VÞ in the average optical/UV

continuum.



added to account for instrumental systematics (cf. Done et al. 1995;

see also Osborne 1993 for a discussion of the ROSAT systematic

errors). The double blackbody model constrains the spectral index

of the hard component well, giving a value aHC ¼ 0:83þ0:08
¹0:10 at

x2
=n ¼ 8:8=21. The model needs an ionization coefficient for the

absorber of y ¼ 3700þ∞
¹3000 erg s¹1 cm¹1 and a column density

NH ¼ ð9þ14
¹8 Þ × 1022 cm¹2. Such parameters are within the con-

fidence limits of the fit to the Ginga data when assuming no soft

excess component. This is, however, not consistent with the con-

tribution of the soft excess to the the lowest energy channel of the

Ginga data. Taking into account the contribution from the soft

excess in the Ginga range, the data instead suggest variability in the

ionized absorber on a time-scale of years.

On the other hand, we find that the cut-off power-law model fits

the ROSAT data equally well with x2
=n ¼ 9:5=23, despite its rather

artificial form. Replacing the cut-off power-law with a more

physical thermal Comptonization spectrum (Lightman & Zdziarski

1987), we obtain a better fit with x2
=n ¼ 8:5=23. We find that the

Comptonization model does not constrain the hard continuum

spectral index, and so we fix it at the value of aHC ¼ 0:86 derived

from the fit to the total Ginga data set (cf. Section 2.1.1). The

spectral index of the soft excess is well constrained by the ROSAT

average data to be aSE ¼ 1:13þ0:18
¹0:10, which is consistent with the

index found by Walter et al. (1994) from an analysis of simulta-

neous IUE and ROSAT data obtained during the All Sky Survey. The

same value of aSE=1.1 holds for the average spectrum from the

simultaneous 1993 March–May observing campaign with IUE

and EUVE (Korista et al. 1995; Marshall et al. 1997). The data

weakly constrain the temperature of the soft excess, giving

kTSE ¼ 0:56þ0:40
¹0:32 keV, which results mostly from a degree of free-

dom in the fit related to the relative normalization between the soft

and the hard continuum. The relatively low resolution of the PSPC

cannot constrain such a normalization in the spectral shape. Limited

energy resolution also makes the fit to the ROSAT data dependent on

unresolved details of the ionized absorber and possible line

emission. The Comptonization model fitted to the ROSAT data

gives an ionization coefficient y ¼ 45þ13
¹30 erg s¹1 cm¹1, which is

well within the confidence limits of the Ginga results, but with a

marginally consistent column density NH ¼ ð0:8þ0:2
¹0:2Þ × 1022 cm¹2,

in contrast to the double blackbody model. This result is again

inconsistent with the fits to the ASCA data (George et al. 1998; cf.

Section 2.1.1). We conclude that ROSAT distinguishes poorly

between the various spectral shapes of the continuum. The fact

that Done et al. (1995) were able to determine the hard component

reasonably well came from applying specifically the double black-

body model. In the case of the Comptonization model, we can

determine the spectral index of the soft excess, but no constraints

can be made on the hard continuum.

The soft excess spectral index observed in the ROSAT data is

generally much steeper than that observed in the hard continuum

component. On the other hand, Fiore et al. (1994) found a systema-

tic difference of ,0.5 between PSPC and Einstein IPC spectral

indices for a sample of radio-quiet quasars. If this is true, the fitted

soft X-ray spectral index may be systematically too soft, and

correcting for this may reduce the spectral index to a value

consistent with that of the hard continuum. This may substantially

change the physical parameters of the soft excess inferred by the

data. However, it cannot remove the soft excess completely, since a

clear residuum is detected in the Ginga data and the presence of the

soft excess was established independently by EXOSAT data

(Kaastra & Barr 1989; Nandra et al. 1991). In addition, George et

al. (1998) found a significant improvement in fitting ASCA 1993

data when they included a soft X-ray power law of a , 3:2. While

such a power law provides a good description of the soft excess in

the limited ASCA bandpass, it is inadequate once the ROSAT data

are considered. The ROSAT data show clear curvature in the soft X-

rays (Done et al. 1995), which rules out an extrapolation of a soft

power law below ,0:5 keV. The curvature in the soft X-ray

spectrum is also suggested by EUVE variability (Marshall et al.

1997). George et al. (1998) claim that the ASCA data show

essentially a power-law shape with subtle upturns at both the very

lowest and very highest energies. Such a spectrum cannot be

deconvolved properly given contributions to the underlying hard

continuum from a soft excess of unknown nature and from a

Compton reflection component, and it is no surprise that their

double power-law model is able to mimic such a spectral shape

adequately. This fit cannot be directly compared with our con-

tinuum model, given the complex picture of the warm absorber seen

with ASCA, and we intend to discuss the soft X-ray continuum in a

forthcoming paper (Magdziarz et al., in preparation).

As discussed in the Introduction, Done et al. (1995) found

significant variability in the ROSAT monitoring data, which

showed different behaviour in the soft and hard spectral ranges.

By comparing the count rate ratio for various epochs, they showed

that the soft excess component is highly variable during moderate

changes in the hard power law, which is in contradiction to

reprocessing models. However, the ROSAT data poorly determine

the spectral shape, and thus such variability does not necessarily

mean that the soft and hard continuum are decoupled, especially

given the lack of hard X-ray data in their analysis (e.g. spectral

changes in the hard component could compensate for the total flux

observed in the 1–2 keV ROSAT range). We fit the monitoring data

for each epoch separately with the Comptonization model deter-

mined from the average spectrum. However, the quality of the data

does not allow for determination of spectral shape variations. The

soft X-ray spectral index is consistent with being constant within

large statistical uncertainties, and no constraints can be made on the

temperature and the hard power law for the individual epochs.

2.2.2 OSSE data

In order to determine the energetics of the hard continuum, we also

analyse archival GRO/OSSE observations. The OSSE data con-

strain the high-energy rollover of Seyfert spectra well, and so we

can determine the cut-off energy assuming the continuum to be

produced by thermal Comptonization (e.g. Zdziarski et al. 1997).

We consider here the OSSE spectra from observing Phase 1 and

Phase 3. Phase 1 consists of viewing periods 7.5 (1991 August 17–

23), 12 (1991 October 19–31) and 13 (1991 November 2–7).

Phase 3 consists of viewing periods 302 (1993 September 8–10)

and 303.2 (1993 September 23–October 2). All up-to-date data and

their analysis are presented in Johnson et al. (1997a). The data are

probably affected by a systematic error of unknown nature at 560

keV, so we ignore everything above the 40th OSSE channel.

We fit the spectra from Phases 1 and 3 with a cut-off power law,

which is a good approximation to the thermal Comptonization high-

energy tail observed in Seyferts by the OSSE detectors (Johnson et

al. 1997a; Zdziarski et al. 1997). Our analysis gives no constraints

on the spectral index, but freezing the spectral index and reflection

to aHC ¼ 0:86 and R ¼ 0:96 respectively (the results obtained from

analysis of the Ginga data; cf. Section 2.1.1) gives a cut-off energy

of EHC ¼ 120þ630
¹70 keV at x2

=n ¼ 36=38 for Phase 1 and

EHC ¼ 118þ160
¹50 keV at x2

=n ¼ 28=38 for Phase 3. The poor con-

straint on the high-energy limit for Phase 1 comes from poor
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statistics. Both data sets show the same cut-off energy within the

statistical uncertainties, and they provide a good determination of

the high-energy rollover of the spectrum, thereby giving limits on

the energetics of the source. The total apparent flux in the hard

continuum component is FHC ¼ 0:38þ0:42
¹0:13 keV cm¹2 s¹1 for Phase 1

and FHC ¼ 0:61þ0:36
¹0:18 keV cm¹2 s¹1 for Phase 3, assuming a frozen

aHC and R. The flux difference between Phases 1 and 3 comes

entirely from the difference in the normalization, and there is no

statistical reason to consider the spectra as different.

As our OSSE data give no constraints on the spectral shape, but

are good enough to determine the rollover of the spectrum, we use a

sum of the spectra from Phases 1 and 3 in all further analysis. Fitting

simultaneously the total 12-epoch Ginga data (cf. Section 2.1.1)

and the total OSSE data with free relative normalization, we obtain

EHC ¼ 160þ270
¹70 keV at x2

=n ¼ 59=80, which corresponds to

FHC ¼ 1:79þ0:33
¹0:44 keV cm¹2 s¹1 at the normalization of the Ginga

data set. Including the Ginga data makes the confidence limits for

the cut-off energy wider, but it constrains the total flux emitted in

the hard continuum component very well. On the basis of the above,

we assume from now on that the high-energy cut-off of the hard

continuum is relatively constant over the epochs of observation, and

the g-ray spectrum varies only in normalization. Similar behaviour

is observed in NGC 4151 (Zdziarski et al. 1996; Johnson et al.

1997b) and other Seyferts (Zdziarski et al. 1997).

3 B ROA D - BA N D AV E R AG E S P E C T RU M

We first construct a baseline spectrum by averaging the simulta-

neous optical/IUE/Ginga data sets from all epochs together. The

resulting spectrum gives the correct normalization between the

optical/UV and X-ray spectrum, but it is insufficient for investi-

gating the energetics of the source. The three components char-

acteristic of the X-ray continuum of a Seyfert 1, namely the

Comptonization continuum, Compton reflection and soft excess,

are clearly observed in the spectrum. However, they cannot be

deconvolved from the Ginga data alone (Nandra et al. 1991), even

after we include results from the mid-layer detector (see below). In

order to determine the relative contribution of each component of

the average spectrum, we supplemented the Ginga observations

with ROSAT and OSSE average data and fitted them simulta-

neously, assuming free normalization with respect to the optical/

IUE/ Ginga average spectrum. The free normalizations account for

both physical variability of the source and relative cross-calibration

between the X-ray instruments. We neglect here the problem of

unknown, a priori, cross-calibration uncertainties between the

ultraviolet and X-ray instruments.

3.1 Broad-band X-ray/g-ray spectrum

We found in Section 2.2 that OSSE data show variations in spectral

normalization, but no dramatic variability in spectral shape. The

energetics of the hard continuum in our composite spectrum are

therefore well determined. We note that, generally, a cut-off energy

depends on the spectral index (e.g. Zdziarski et al. 1996), and so fits

with a frozen high-energy cut-off are usually unsuccessful. The

fitted normalization of the OSSE spectrum is COSSE ¼ 0:6þ0:2
¹0:1 with

respect to the Ginga data, suggesting that the source was observed

in a relatively faint state during the Ginga campaign. The ROSAT

data fix the shape of the soft excess, the tail of which contributes to

the Ginga spectrum. This contribution is weakly dependent on the

soft excess shape, but allows the hard continuum spectral index to

be established by the Ginga data. On the other hand, the ROSAT data

poorly constrain the cut-off energy of the soft excess, which is,

however, well determined from Ginga. The shape of the soft excess

is also reasonably fixed by the ROSAT average spectrum, as the

monitoring data show no significant variability of the spectral shape

in the soft X-ray range (cf. Section 2.2.1 and Done et al. 1995). We

expect that our composite X-ray/g-ray spectrum is a reasonable

approximation to the average spectrum, assuming that the source

was not in dramatically different spectral states during the epochs

when the non-simultaneous observations were collected.

We replaced the hard power-law continuum with a thermal

Comptonization model (Lightman & Zdziarski 1987), because a

power law is an insufficient approximation to the Comptonization

continuum in both the high- and low-energy tails of the spectrum.

We use a low-energy spectral index as the fitting parameter, rather

than the geometry-dependent optical depth (cf. Zdziarski et al.

1996). The fit gives: aHC ¼ 0:76þ0:02
¹0:03, R ¼ 0:31þ0:21

¹0:16, kTSE ¼

280þ70
¹50 eV with x2

¼ 86=105. We allowed the ionized absorber to

be different in the ROSAT and Ginga data sets, because the data are

non-simultaneous and show variations in both column density and

ionization coefficient (cf. Section 2.2.1). The x2 obtained agrees

within the limit of Dx2
¼ 2:7 with the sum of the x2s resulting from

fitting each data set separately, thus confirming that the data are

statistically consistent with each other in the sense of our model.

Most of the disagreement between the data is channelled into the

amount of reflection, which appears to be underestimated in the

broad-band fit. Such a fit is preferred because of the rescaling of the

ROSAT data with a fitted factor CROSAT ¼ 0:7þ0:07
¹0:04, which shows

that the source was brighter during the epoch of the ROSAT

campaign than during the Ginga observations. As the X-ray

spectrum is, generally, softer in bright states of the source (see

Section 4 below), its rescaling down leads to a deficit of counts on

the high-energy end of the ROSAT spectrum near 2 keV. This in

effect makes the hard continuum detected by Ginga harder which is,

finally, compensated for in the fit by underestimation of the

reflection component. Such a situation may also be related to the

soft X-ray flare reported by Done et al. (1995), which would make

the tail of the ROSAT spectrum even softer. However, this does not

change our qualitative conclusions, given that the total fit is

statistically self-consistent.

The fit adequately deconvolves the hard continuum from the soft

excess. However, the results should be treated carefully since

averaging a highly variable spectrum is not equivalent to averaging

strongly non-linear model parameters. We also checked, a poster-

iori, that in our composite spectrum the shape of the soft excess is

still best described by an exponential energy cut-off or by a

Comptonization tail when the hard continuum is fixed by the

Ginga data. The fitted spectral index of the hard continuum lies

in the tail of the Seyfert 1 distribution (Nandra & Pounds 1994),

and, together with the temperature of the hot plasma and amount of

reflection, is consistent with the continuum observed in the hard

state of NGC 4151 (Yaqoob et al. 1993; Zdziarski et al. 1996), rather

than the typical Seyfert 1.

3.2 Optical/UV/soft X-ray continuum

Next we included the optical/UV data and the accretion disc

spectrum in the model. The disc temperature predicted from the

optical/UV data is much too low to account for the soft X-ray range.

We therefore tried a simple phenomenological model in which the

soft excess arises from Comptonization of the disc spectrum. The fit

gives aSE ¼ 1:13þ0:14
¹0:12 and, as expected, does not alter the tempera-

ture of the soft excess obtained in the previous fit. The fit is
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consistent with the previous results from simultaneous IUE/ROSAT

observations reported by Walter et al. (1994). The optical/UV data

alone allow, but do not require, the low-energy tail from the soft

excess Comptonization component, because Comptonization does

not significantly change the seed photon continuum (i.e. the disc

spectrum). The presence of the Comptonized low-energy photons

only moves the maximum temperature to a slightly lower value,

kTdisc ¼ 2:5 6 0:3 eV, than we obtained from fitting the optical/UV

data alone (cf. Section 2.1.2). This effect is caused by the contribu-

tion to the UV spectrum from the soft X-ray Comptonization

continuum, which is flatter than the blackbody tail above 0.01

keV (see Section 3.3 below), and thus leaves less room for the disc

component in the total model. In the sense of our model, the disc

temperature fitted in Section 2.1.2, assuming no contribution from

the Comptonization tail, represents the maximum disc temperature

allowed by the optical/UV data. From the point of view of the source

structure, the presence of the low-energy tail from the soft excess

Comptonization reduces the contribution of the cold disc to the total

spectrum of seed photons seen by the hot Comptonizing source. Our

model, in fact, decouples the relative normalization between the

spectra of the blue bump and the soft X-ray components, allowing

the relative normalization to be a free fit parameter, in contrast to

models of high-temperature discs. This treatment also makes the fit

relatively independent of the soft excess spectral index, constrained by

the ROSAT data. This need not be, a priori, consistent with the optical/

IUE/Ginga simultaneous data set, owing to both physical variability

and the possible calibration uncertainties discussed in Section 2.2.1.

On the other hand, the simultaneous optical/ IUE/Ginga data cannot

constrain the relative normalization, because of the limited coverage

of the soft excess component, and they leave an undetermined free

parameter (see Section 4 below).

Depending on the source geometry, we might expect some

photons from the soft excess to act as seed photons for Comptoni-

zation to the hard continuum (e.g. Kaastra & Barr 1989). Thus we

include the soft excess in the Comptonization model, assuming as a

free parameter a relative normalization between the seed photons

from the disc and the seed photons from the low-temperature

Comptonization describing the soft excess. Our data, however,

cannot constrain such an effect, as the fit shows no significant

changes in the spectral parameters with respect to the previous one,

giving finally kTSE ¼ 270þ70
¹50 eV, aSE ¼ 1:13þ0:14

¹0:11 for the soft

excess, and kTHC ¼ 55þ210
¹20 keV, aHC ¼ 0:76þ0:01

¹0:03, and R ¼

0:32þ0:20
¹0:17 for the hard continuum with x2

=n ¼ 754=1113. To make

our determination of the soft excess parameters objective, we

investigate the contours in the kTSE–aSE plane, ignoring the

optical/UV data. Fig. 4 shows that the ROSAT average data

determine the parameters of the Comptonization model quite

reasonably in the presence of the hard continuum and the soft

excess cut-off established by the Ginga spectrum. Thus predictions

of our soft excess model are, a priori, consistent with the optical/UV

data. Interestingly, the spectral index predicted for the soft excess

leads to a significant contribution, or even domination, by the

Comptonization component in the optical/UV range. This naturally

explains the results of Marshall et al. (1997), who find a tight flux

variability correlation between the IUE and EUVE data. The soft

excess spectral index is also consistent with that resulting from the

IUE/EUVE average spectrum.

3.3 Continuum and physical parameters

The resulting spectrum and its deconvolution into continuum

components is presented in Fig. 5. The hard continuum gives

Comptonizing plasma parameters of kTHC , 50 keV and t , 2,

consistent with those typical of Seyfert 1s (Zdziarski et al. 1997).

The parameters are determined using a Monte Carlo method

(Pozdnyakov, Sobol’ & Sunyaev 1983; Górecki & Wilczewski

1984) and assuming a uniform spherical source. Such a treatment

allows us to translate geometry-independent parameters in the

thermal Comptonization model of Lightman & Zdziarski (1987)

into physical parameters of the plasma (cf. Zdziarski et al. 1996). It

is energetically possible for the entire blue bump (the dot–long-

dashed curve in Fig. 5b) to arise from reprocessing of the hard

continuum, assuming the X/g source forms a patchy corona above

the surface of the disc. However, both the tight correlation in

simultaneous IUE–EUVE data (Marshall et al. 1997) and the

correlation of the soft X-rays with the hard continuum (Kaastra &

Barr 1989) demand a physical connection between the soft excess

and the disc/corona system. In addition, the low-energy extrapola-

tion of the ROSAT soft X-ray power law crosses the UV continuum

level (cf. Walter & Fink 1993), which is consistent with our

assumption of the Comptonization origin of the soft excess. The

blue bump then turns out to be dominated by Comptonization (the

short-dashed and the dot–short-dashed curves in Fig. 5b), and

contains about half of the total flux, which may still be consistent

with the assumption of reprocessing after adjusting the source

geometry. If this is the case, a proper deconvolution of the

optical/UV/soft X-ray component appears to be the most crucial

problem for determining the energetics of the source.

Since the fitted temperature of the soft excess plasma is non-

relativistic and not much higher than that of the seed photons, the

Comptonization process is nearly unsaturated, despite the extreme

optical depth required by the spectrum (t , 30). Such an optical

depth is consistent, however, with that typical for an accretion disc,

and suggests that the soft excess may come from Compton scatter-

ing within the disc itself (Czerny & Elvis 1987; Ross, Fabian &

Mineshige 1992; Done et al. 1995). On the other hand, such a high

optical depth may lead to an important contribution from

bremsstrahlung which we cannot resolve from the observational
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Figure 4. Contour plot of x2 on the plane of the soft excess plasma

temperature kTSE and photon spectral index GSEð¼ aSE þ 1Þ for the average

ROSAT/Ginga/OSSE spectrum and the model including Comptonization of

the soft excess photons to the hard continuum.



data. A pure bremsstrahlung spectrum, however, is rejected by our

data at high significance. Moreover, our approximation using

single-temperature Comptonization may not be appropriate, as

the plasma may be stratified in temperature and optical depth (cf.

Nandra et al. 1995). Such stratification of the plasma parameters

may simply mimic our thick Comptonization fit even in the case

where a significant part of the emission is optically thin. The

resulting diversity in cold plasma parameters may also explain

the lack of atomic signatures observed in the soft excess spectra

(Fiore et al. 1994, 1997). The above conclusions lead to a picture of

the soft excess produced by a complex continuum component, the

nature of which cannot be determined from the data available now,

and new multiwavelength campaigns are extremely important in

order to solve this problem.

4 C O R R E L AT I O N S B E T W E E N S P E C T R A L

C O M P O N E N T S

Our broad-band model continuum finally consists of the cold

(several eV) disc spectrum; the soft, low-temperature (several

hundred eV) Comptonization continuum and the hard Comptoniza-

tion continuum (,100 keV). We assume that the soft excess

photons contribute to the seed photons for Comptonization in the

hot plasma, although we cannot be certain that this is true from

the available data. On the basis of the above model, we analyse the

simultaneous subset of IUE–Ginga observations assuming a con-

stant hot plasma temperature, which is suggested by the OSSE

observations. The Ginga data only allow for a crude approximation

of the soft excess component, since they are only marginally

affected by its far tail. On the other hand, the model allows the

UV continuum to be generally decoupled from the X-rays, thus

leaving a model-dependent factor which determines the normal-

ization of the soft excess. This factor cannot be determined from the

IUE/Ginga data set without assuming some detailed model of the

UV/soft X-ray continuum.

The hard X-ray continuum shows significant correlation

between the total flux changes and the spectral index and amount

of reflection (Fig. 6). A similar steepening of the hard con-

tinuum as the source brightens was also detected in the EXOSAT

data (Nandra et al. 1991). We find in addition that the source

geometry changes in such a way as to produce more reflection

when the source is brighter and softer. The data give no sig-

nificant information on the iron line variability (cf. Nandra et al.

1991).

The soft excess required by the Ginga data seems to vary in a

correlated fashion with the total flux emitted by the X/g continuum

(Fig. 7a). This suggests that the soft excess component is related to

reprocessing, in agreement with the tight UV/EUV correlation

found by Marshall et al. (1997) and the soft X-ray/hard X-ray

correlation found by Kaastra & Barr (1989). However, the cut-off

energy of the soft excess inferred by the Ginga data is consistent

with being constant over the hard continuum changes (Fig. 7b),

which requires some temperature locking process. Such a process

would partly explain why Seyfert galaxies (including NGC 5548)

appear to have a universal soft excess spectral shape (Walter & Fink

1993; Walter et al. 1994). On the other hand, extrapolation of the

soft X-ray flux of our Ginga data to the simultaneous IUE flux

suggests that in some bright epochs the soft excess spectral index is
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Figure 5. The intrinsic (i.e. after the effect of Galactic absorption at the soft excess and reddening at the optical/UV spectrum have been removed) broad-band

average optical/UV/X/g spectrum of NGC 5548. Panel (a) shows the data and fitted model, and panel (b) shows the decomposition of the spectrum into the disc

and thermal Comptonization continuum components. Both ROSATand OSSE data were fitted with free normalizations with respect to the simultaneous optical/

IUE/ Ginga data set, and renormalized on the figure. The energy scale of the plot is in the source frame. The dot–short-dashed and short-dashed curves show the

disc and the soft excess components, respectively. The soft excess component comes from optically thick Comptonization and dominates the spectrum from the

optical/UV up to 1 keV. The long-dashed and dotted curves show the thermal Comptonization X/g continuum and the reflection component, respectively. The

dot–long-dashed curve shows the disc component fitted to the optical/IUE data separately.



rather harder than the canonical value of aSE < 1:2 fitted by Walter

& Fink (1993), despite the fact that the average spectrum gives an

index consistent with this result. The possibility of variability of the

soft excess spectral index cannot be rejected. We note that the

variability of the soft excess flux, combined with the fact that the

hard X-rays are softer when brighter, might explain why Done et al.

(1995) detected flaring in the soft ROSAT bandpass with little

variation in the hard bandpass. This may also explain why

George et al. (1998) detected an insignificant soft excess component

in the ASCA data at > 0:6 keV, since the source was then rather

bright (F2¹10 ¼ 46 × 10¹12 erg cm¹2 s¹1, compared with F2¹10 ¼

37 × 10¹12 erg cm¹2 s¹1 from our average Ginga data) and soft,

which makes the hard tail of the soft excess more difficult to

distinguish from the hard continuum.

The total flux emitted in the disc component is correlated with the

hard X-rays (Fig. 8a; Nandra et al. 1993), again as expected under

the assumption of reprocessing. The correlation appears at a

confidence level of 0.96, which probably reflects both the systema-

tic inaccuracies in the reduction and the various variability modes

likely present in the UVand X-ray data (cf. results from the analysis

of the observing campaign for NGC 4151, see Edelson et al. 1996).

The correlation is consistent with being linear, and shows some

residual flux in the hard X-ray component at zero UV flux. The

residual flux is also visible in the correlation with the soft X-rays

(Fig. 7a). This flux, however, turns out to be artificial when taking

into account the fact that the total flux intercepted (and reprocessed)

by the cold matter is dependent on the amount of reflection in the

spectrum. The amount of reprocessed energy is roughly

,ð1 ¹ AÞRFHC, with some additional factor depending on geo-

metry (2 cos i for a simple disc geometry). The albedo A is roughly

,0:3, depending on the spectral shape of the hard continuum. The

amount of reflection R is positively correlated with the spectral

index (Fig. 6b) and with the total flux emitted in the hard continuum.

However, the second correlation is less pronounced, because our

data do not constrain the high-energy range of the spectrum,

which dominates the energetics. The correlation suggests that cold

matter intercepts a smaller part of the hard continuum in the

fainter state of the source. On the other hand, the smaller number

of seed photons available for the hot plasma makes the Comp-

tonization photon-starved, as expected from variations of the

spectral index in the hard continuum. The same scaling applies

to the correlation of the amount of reflection itself, which on the

scale of the reprocessed flux gives no reflection when extrapolat-

ing FHC to zero.

The maximum disc temperature in our fits is also correlated with

the hard X-ray flux (Fig. 8b), consistent with earlier findings that the
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Figure 6. Correlation between the energy spectral index of the hard X/g continuum and (a) its total flux emitted and (b) amount of reflection, i.e. the solid angle of

cold matter seen by the X/g source. When the source is brighter, it shows a softer spectral index and larger solid angle of cold matter intercepting the hard

continuum. A Spearman rank-order correlation test gives confidence levels of 0.86 and 0.99 for aHC versus FHC and aHC versus R, respectively. The dotted

crosses mark results from the Ginga data that have not been accompanied by IUE observations.

Figure 7. Correlation of (a) the total flux emitted in the soft excess, and (b) the cut-off energy of the soft excess component with the total flux emitted in the X/g

hard continuum. The plotted points come from the fits to the Ginga observations, which require the soft excess component at a confidence level greater than 0.95.

The total flux emitted in the soft excess is positively correlated with that from the hard continuum (at a confidence level of 0.90), while the cut-off energy of the

soft excess is consistent with being constant. The plotted pFSE flux is the soft excess flux multiplied by a model-dependent factor, p, which cannot be determined

from the available Ginga data (cf. Section 3.2 for discussion).



UV spectrum becomes harder as the source brightens (e.g. Korista

et al. 1995).

5 D I S C U S S I O N A N D C O N C L U S I O N S

To summarize, we have found that the overall optical/UV/ X/g

continuum can be deconvolved into three components: a cool

multitemperature blackbody (presumably an accretion disc), a

hard thermal Comptonized component from a hot plasma with

modest optical depth (with reflection from the disc superposed), and

an EUV/soft X-ray component which is well fitted by thermal

Comptonization in a warm (,0:3 keV), optically thick medium.

Parameters of the hot plasma inferred by the fit (t , 2, kTHC , 50

keV) are consistent with those obtained from broad-band fits to

NGC 4151 data (Zdziarski et al. 1996), and with those suggested

from the average spectra of Seyferts (Zdziarski et al. 1997). The

fluxes in all three components are positively correlated. In addition,

as the source gets brighter, the optical/UV spectrum hardens while

the hard continuum softens. Both the soft excess and hard con-

tinuum cut-off energies are consistent with being constant. Finally,

the amount of reflection increases as the source brightens, requiring

that the disc intercepts a greater fraction of the hard continuum.

The last correlation is perhaps the most interesting, because it

suggests that variability in this source is connected to variability in

the geometry of the continuum emission regions. One can easily

rationalize some of the trends using this fact. Suppose for example

that some process redistributes matter in the disc so that it intercepts

(and reflects) more of the hard continuum. This would imply greater

X-ray heating of the disc material, producing a brighter, harder

optical/UV continuum. The increased number of seed photons

would then increase the cooling of the X/g corona, producing a

larger hard continuum flux. Provided the heating of the hot

Comptonizing plasma does not rise quickly, the hard X-ray con-

tinuum would then soften. Enhanced Compton cooling has also

been proposed to explain unusually steep hard X-ray spectra in

other Seyfert galaxies (e.g. Pounds, Done & Osborne 1995). In

addition (or alternatively), the softer hard continuum may be caused

by a drop in the scattering depth of the hot medium. Thus, in the

bright state the optical/UV and X/g continua are radiatively

coupled. On the other hand, in the faint state the two components

asymptotically decouple because of the small solid angle of the cold

matter seen by the X/g source (Fig. 9). In this state, most of the

optical/UV emission might come from viscous heating in the disc,

although our data do not allow for a proper deconvolution of the

energetics.

One possibility for variations in the source geometry which

would be consistent with the observations is a change of the inner

edge of the disc connected to thermal/viscous instabilities near the

innermost stable orbit or to instabilities in a transition region to a

central hot disc (cf. Magdziarz & Blaes 1998). Such a central disc

could be related to an advection-dominated accretion flow and

might itself contain UV-emitting cloudlets (cf. Haardt 1997, and

references therein). A decrease of the inner edge radius would of

course produce an increase in the observed maximum disc tem-

perature and optical/UV flux, and would also cause intercepting and

reflecting more of the X/g continuum. However, an excess in

the amount of reflection suggested from the fits requires some
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Figure 9. The fraction of the observed X/g hard continuum ð1 ¹ AÞR that is

intercepted by the cold matter. The geometrical factor of the reprocessed flux

has been neglected. The correlation is degraded compared with that

expected from Fig. 6, because of the poor determination of the total flux

emitted in the hard continuum.

Figure 8. Correlation of (a) the total flux emitted in the disc component and (b) the maximum disc temperature with the total flux emitted in the X/g hard

continuum. The correlation is calculated under the assumption that the disc component constitutes all of the emission in the UV (cf. Fig. 5). A Spearman rank-

order correlation test gives confidence levels of 0.96 and 0.89 for FHC versus FUV and FHC versus kTdisc, respectively. FUV does not contain the flux emitted in soft

X-rays; thus, it underestimates the total flux emitted in the optical/UV/soft X-ray component, which in the average spectrum (cf. Fig. 5) is comparable to the total

flux emitted in the hard X-ray continuum.



deviations from the plane parallel geometry of cold matter.

Otherwise, the hot plasma, which has optical depth ,2, would

Comptonize away most of the reflected photons, thereby erasing the

reflection component. Recently, Abramowicz, Igumenshchev &

Lasota (1998) have shown that the transition region between the

cold disc (Shakura & Sunyaev 1973) and the hot advection-

dominated disc (Ichimaru 1977) should indeed have complex

dynamical structure. Their two-dimensional hydrodynamical

simulations show vortices and circulations of matter related to

convective instability of viscous flow in the disc transition region.

The conical wind model (Walter & Courvoisier 1990) has

problems explaining the observed variability of the solid angle of

the cold matter seen from the hot source (Fig. 6b), unless we assume

a high propagation velocity of the active region (e.g. ,0:1c) in the

cone and an extremely small diameter (,10Rg) of the accretion

disc. Such relativistic propagation is consistent with non-thermal

emission models (e.g. Ghisellini et al. 1991; Turner et al. 1993).

However, such models seem to be rejected by the (apparently)

thermal cut-off observed by OSSE in NGC 5548 and in other

Seyfert galaxies generally, together with the strong limits on the

presence of annihilation lines (Zdziarski et al. 1997). On the other

hand, the annihilation line may be strongly suppressed by

reacceleration of non-thermal particles in the hot source, leading

to models basically consistent with observations (Henri & Petrucci

1997; Petrucci & Henri 1997; Petrucci et al. 1997).

Real progress in understanding the variability can only be made

after understanding the true nature of the energetically important

soft excess. If the soft excess is actually related to optically thick

Comptonization, the entire big blue bump and the soft excess may

be dominated by the same component (Fig. 5b). This would explain

both the tight IUE–EUVE correlation (Marshall et al. 1997), and

the absence of a Lyman edge in the UV spectrum (Kriss et al. 1997).

It is noteworthy that thermal Comptonization also provides a good

fit to the EUV/soft X-ray component of quasars (Zheng et al. 1997;

Laor et al. 1997). Such a spectral continuum shape is incompatible

with models invoking reprocessing by X-ray-illuminated or photo-

ionized cold matter (e.g. Ross & Fabian 1993), unless substantial

smearing of atomic features appearing in the EUV/soft X-ray range

is assumed. Such smearing may come both from a complex emitting

medium, with some stratification of physical parameters, and from

relativistic transfer effects. However, a contribution from a distant

reprocessor seems to be unlikely, since it cannot be substantially

smeared and cannot produce the apparent positive correlation

between the hard X-ray continuum and the Compton reflection

component. The fact that thermal Comptonization fits to the

soft excess require high optical depths also suggests that the

Comptonization occurs within the inner regions of the disc itself

(e.g. Maraschi & Molendi 1990). It is interesting that Kaastra &

Barr (1989) also suggested that the observed variability in the

EXOSAT data is consistent with the soft X-rays being produced in

an inner, hot part of the disc. How to reconcile this with the changes

in source geometry inferred from the variable reflection component

is an unsolved problem which we leave to a future paper.

We believe that our spectral decomposition is the best that can be

done with the available data, and further improvements can only be

made after the acquisition of simultaneous spectral data which fully

cover all three continuum components of NGC 5548.
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