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Summary. NGC4151 has been extensively monitored with/i/E from 1978 
February to 1980 May. The rather erratic behaviour of the ultraviolet light 
curve seems to be mainly due to variations which occur at rates which, if 
extrapolated, would produce factor two changes in time-scales between five 
and 30 days, implying a radius of the order of 0.01 pc for the source. The 
shape of the continuum can be described by a power law longward of X2200 
and by an excess above the extrapolation of that law at shorter wavelengths, 
suggesting the presence of two components. The long wavelength spectrum 
becomes harder when the flux increases. The relationship of the short wave 
excess to the long wavelength component depends on the reddening assumed 
in the fitting and extrapolation of the power law. According to the assump- 
tions made, the excess is either constant or anticorrelated with the long wave- 
length flux but a small number of ‘anomalous’ states exist when the short 
wavelength excess is absent or weaker than otherwise expected. 

^Ultraviolet data based on observations with the International Ultraviolet Explorer collected predomin- 
antly at the European Space Agency’s Villafranca Satellite Tracking Station. 
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Measurements made with the Fine Error Sensor on IUE and photographi- 
cally at the RGO show that the variations in the optical flux are fairly closely 
correlated with those in the mid-ultraviolet (X2500). 

X-ray observations (2-10keV) made with the SSI on Ariel V and with the 
MPC on the Einstein Observatory are compared with those in the ultraviolet. 
The standard deviation about the mean flux is similar in the two bands (about 

30 per cent) but the shortest time-scale in the X-ray variations for large out- 
bursts probably is one order of magnitude shorter than in the ultraviolet. 
Furthermore, during a large ultraviolet outburst (1979 May) simultaneous 
X-rays observations showed no sign of strong activity. The implications are 
that the X-rays come from a much smaller region than the ultraviolet photons 
and that either energetic events occurring in the two bands are not correlated, 
or that the manifestations of the same event in the two bands are separated 
either a few or alternatively more than 10—15 days. 

Some implications for current theoretical models are discussed and sugges- 
tions for further observational work are given. 

1 Introduction 

Based on low dispersion data acquired during the first year of operation of the International 

Ultraviolet Explorer (JUE) satellite, Pension et al (1981, hereinafter Paper I) described the 
complex nature of the ultraviolet spectrum of the nucleus of NGC4151, and identified the 
main properties of the various spectral components (continuum, emission and absorption 
lines), with particular regard to their time variability. Those data consisted of observations 
made at intervals of the order of a month, and it was recognized that, in order to explore the 
detailed temporal behaviour of the spectral components and the possible existence of corre- 
lations between them, further monitoring was needed, at intervals between an hour and a 
month. This programme, carried out between 1979 May and 1980 May, is unique in providing 
very extensive data from detailed monitoring of the ultraviolet spectrum (1150<X< 
3200 Â) of an active galactic nucleus, and has revealed that significant and often large 
variations occur in NGC4151 over intervals of one to a few days. 

Our results will be presented and discussed separately for the continuum, the emission 
lines and the absorption lines. This paper concerns the continuum, and also contains simul- 
taneous or nearly simultaneous measurements made in the optical with the IUE Fine Error 
Sensor (FES) and the 26-inch Thompson refractor at the Royal Greenwich Observatory, and 
in 2—lOkeV X-rays with the Ariel V Sky Survey Instrument (SSI) and the Einstein Observ- 
atory Monitor Proportional Counter (MPC). This has made it possible, for the first time, to 
search for correlations in the temporal behaviour in the three frequency bands. 

2 IUE data description 

The IUE, an ultraviolet spectroscopy satellite, is described by Boggess et al (1978a, b). 
The low dispersion images used in this paper are listed in Table 1, which includes those 
already described in Paper I, and others (indicated by (+)) which were retrieved from the IUE 
data bank. Table 1 contains the starting time and duration of each exposure, the aperture 
used (L = large, S = small), and, when available, the optical magnitude (at about X4800) 

^ fes 5 nieasured during the observing shift with the IUE Fine Error Sensor. 
All the images were processed and reduced in a uniform way: for the LWP images we 
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used the standard processing system {lUESIPS), but with an improved background deter- 
mination; for the SWP images, we adopted a procedure used by Snijders (1980) to correct an 
error in the intensity transfer function, which seriously affected all images, conventionally 
reduced between 1978 July and 1979 August. 

The few small-aperture spectra were corrected for a transmission factor estimated either 

from the ratio of the fluxes through the small and large apertures on the same day, or, 
lacking the large aperture exposure, from the normalization of the strength of the Cm] + 

Sim] X1900 emission feature by reference to other epochs as discussed in Paper I. In the 
latter case (1978 June 17 and October 31; see also Paper I for the 1978 May spectra) the 
absolute flux scale is of lower accuracy, and the continuum values are reported in brackets 
both in Table 3 and in the figures. 

Because of a technical failure, the effective exposure time of the large aperture image 
SWP 5298 (1979 May 19) could not be properly measured, and the absolute flux scale of the 
extracted spectrum was normalized to that of the other five SWP images obtained on the 

same day. 
Further details of the data reduction, and an estimate of the photometric accuracy and 

repeatability are given in Paper 1. 

3 Measurements of the ultraviolet continuum 

The choice of the wavelength intervals representing the continuum distribution was discussed 
in Paper I. Shortward of X2000 two alternatives were considered — a low’ and a ‘high’ 
continuum — and the former was argued to be more plausible. In this paper we shall describe 
only the ‘low’ continuum, and the ten intervals used are listed in Table 2. 

First we intercompared the continua from spectra taken during the same shift of eight 
hours (see Table 1) to look for variations on this scale. The standard deviation from the 
mean for each of the 10 continuum points was calculated for these nearly simultaneous 
spectra: 3—5 per cent. We regard this as our best estimate of the random errors typically 
affecting the measurements based on a single exposure of good quality; seriously under- or 
over-exposed images, or data affected by image faults (1979 May 4) can have substantially 
larger errors (Table 3). Within an upper limit of five per cent we find no evidence for varia- 

tions on a time-scale of hours. 
Fig. 1 shows the logfv — logu plots of the continua measured on those days when large- 

aperture images were obtained both at short and long wavelengths. The continuum appears 

Table 2. Spectral intervals used to esti- 
mate the continuum. 

Central 
wavelength 
(Â) 

Wavelength 
range 
(Â) 

3020 
2902.5 
2705 
2675 
2410 
2225 
2165 
2055 
1705 
1455 

40 
35 
30 
30 
20 
50 
70 

150 
10 
30 
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Table 3. Parameters of the ultraviolet continuum. 

297 

Date 

1978 Feb 
Apr 

May 

Jun 
Jul 
Aug 
Oct 

Oct 

Dec 
1979 Jan 

May 

May 

May 

May 

May 

May 

May 

Jun 

Aug 

Dec 
Dec 

Dec 

Dec 

10 

28 
16-17 

8-12 
17 
24 
2 

19 

31 
9 
21 

3 

4 

19 
21 

23 

25 

31 
1 

7-8 
7 
12 

13. 5 

13.9 

1980 Jan 1 
Mar 1 

Mar 4.2 

Mar 4.8 

Mar 6 

Apr 21 

May 15 

May 19 

2500 
■26 -2 -1 erg cm s Hz 

21,8±1.0 

(23.5±0.6) 

16.7±0.4 

18.8±0.4 

(11.3±0.4) 

15.2±0.4 

11.0±0.4 

10.8±0.4 

17.7±0.2 

19.4±0.3 

19.0±0.4 

20.0±0.3 

20.4±0.2 

11.9±0.2 

16.0±0.4 
13.5±0.4 

13.5±0.3 

13.3±0.4 
11.0±0.4 

11.2±0.4 

12.910.4 

6.5±0.4 
14.8+0.4 

17.9+0.5 

LW 

- 1.26±0.20 

- 1.95±0.16 

- 1.84±0.16 

- 1.91±0.16 
- 2.10±0.16 

- 1.84±0.16 
- 2.17±0.16 

- 2.80±0.25 

- 1.69±0.08 

- 1.47±0.16 

- 1.77±0.11 
- 1.60±0.11 

- 1.61 ±0.08 

- 2.46±0.08 

- 1.97±0.16 
- 2.37+0.16 

- 2.54±0.11 

- 2.43±0.20 
- 2.78±0.16 

- 2.82±0.16 

- 2.5310.16 
- 2.7310.25 

- 2.11±0.15 

- 1.5210.15 

1455 

13.4±1.0 

15.8±0.5 

(15.1±0.7) 
(11.8±0.6) 
10.910.3 
9.510.5 
9.610.3 

(4.310.2) 

8.310.3 

5.410.2 

8.110.3 

7.011.0 

12.510.4 
13.610.4 

13.110.4 

13.710.4 

13.610.6 

13.610.4 

8.910.3 
11.210.3 
8.710.3 

8.710.4 

9.910.5 

8.510.3 
7.210.3 

7.810.4 

8.210.4 
9.310.5 
2.610.2 

12.710.4 

12.4+0.4 

Af1455 
1_-26 -2 -1„ -1 10 erg cm s Hz 

5.3+0.9 
(6.911.0) 

4.710.6 

2.910.7 

(0.710.4) 

2.710.6 

1.910.4 
5.710.4 

5.510.5 
4.910.9 

5.810.6 
5.310.7 

5.110.6 
5.8+0.3 

5.710.5 
4.910.4 

5.210.4 

4.910.5 
4.710.4 

5.610.4 

6.010.5 
1.110.3 

8.010.6 
4.610.8 

Af 1455 

2.611.7 
(6.111.8) 

3.8±1.1 

0.911.2 

«0.6) 

1.1±1.1 
1.110.7 

7.210.8 

4.410.8 
2.811.6 

4.811.1 

3.511.2 

3.2±1.0 

7.010.5 
5.611.2 
5.210.8 

6.010.6 

5.410.9 
5.810.5 

7.010.6 

7.110.8 
O.81O.5 

9.3+1.0 

2.8H.4 

to vary both in intensity and in shape, thus a description of its variability may require more 

than one parameter. The shape is generally consistent with that discussed in Paper I, namely 
that at long wavelengths the points can be reasonably well fitted by a power law, whose 
extrapolation falls below the flux measured at short wavelengths. In Paper I reddening 
corrections for various values oi E(B — V) were applied, but none would suppress the excess 
at short wavelengths. Hence it was suggested that the ultraviolet continuum is made up of 
two components, one dominating at the long, the other at the short wavelengths. Following 
Paper I we shall call them the long and the short wavelength components, and describe the 
continuum in terms of three parameters: the normalization and the frequency spectral index 
of power law, fv a uaLW, fitted through the points longward of X2200 and the excess above 
this fit at X1455. 
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Figure 1(a). Ultraviolet continuum energy distributions for NGC4151. A typical error bar is given in the 
lower left corner of each plot. 

The only difference from Paper I is that the two points representing the intervals XX1980- 
2130 and XX2130—2200 have been excluded from the fit, because of their peculiar behaviour. 
In all the continuum distributions shown in Fig. 1 (with the exception of 1978 April 16), 
these two points lie systematically above the best-fit straight line through the six points long- 
ward of X2200. Curiously, this peculiarity did not appear in the 1978 spectra (see Paper I). 
The origin of this ‘excess’ around X2100 is not clear, and some possible explanations are 
discussed in the appendix. Here we note that it prevents a reliable estimate of the X2200 
extinction feature. In this paper we shall still use E{B- F) = 0.05, the value adopted in 
Paper I, but clearly the reddening correction is more uncertain than was thought before. 

The continuum measurements, including the few presented in Paper I, are described in 
Table 3 by means of the following quantities: the flux at \2500, f1S00-, the frequency spectral 
index aLW, obtained from the fit longward of X2200; the flux measured at X1455,/14S5 ; and 
the excess A/i4SS 

=/i4S5 /T455 above the extrapolations of the fit. When a reddening correc- 
tion of the form given by Seaton (1979) is applied, with E(B -V) = 0.05, one finds: f%Soo = 

1-42/2500, «Lw = <*lw + 0.61 and ff4ss = 1.47/14SS. The reddening corrected excess AffASS 

also is given in the Table. 
In the following we shall tentatively regard/«oo and aLW as representing the strength and 

spectral index of the long wavelength component, and A/,455 as a measure of the strength of 
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Figure 1(b). Same as Fig. 1(a). 

the short wavelength component. This rough decomposition obviously is subject to the 
uncertainty in the weaker component in the wavelength range where the other dominates. 
It is noteworthy that on some occasions (e.g. 1979 May 3), the two points at XXI705 and 
1455 define a slope such that its extrapolation to longer wavelengths gives a negligible 

contribution to the points used to estimate f2soo and aLW. Of course, there is no guarantee 
that this is always the case, hence any conclusion concerning the behaviour of the two com- 

ponents taken independently must be considered with caution. 

4 Temporal behaviour of the ultraviolet continuum 

4.1 LIGHT CURVES 

The quantities Asoo* /i4ss» A/wss and Af^4SS are plotted as a function of time in Fig. 2. The 
broken horizontal lines represent a reference value, defined as the straight mean of all the 
points in the light curves. Occasionally we shall call ‘high’ and ‘low’ states the points respec- 
tively above and below this reference line. 

The distributions of f2soo and/^s on the whole look very similar. The high and low states 
are generally simultaneous at the two wavelengths, and are all within ±50 per cent of the 
mean, with the exception of 1980 April 21, a low state 75 per cent below the average. The 
standard deviation from the mean is 26 per cent in/2500 and 30 per cent in^455. 

i 

T— 1 J  1  

Aug 7, 1979 

• • 

1 r 1 1  

Dec 12,1979 

Dec 13,1979 Jan 1, 1980 

_ I 

J I L J 1 L 
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Figure 1(d). Same as Fig. 1(a). The point in brackets in the 1978 April 16 spectrum was excluded from 
the long wavelength fit described in the text. These two distributions are from spectra retrieved from the 
databank. 
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Figure 2. Light curves of the ultraviolet continuum at long and short wavelengths. The excess at short 
wavelengths is plotted before and after correction for reddening with E (B - V) = 0S)5. Note that the 
vertical scale in the upper two panels is double that in the other two. The points in brackets are from 
spectra taken through the small aperture, and their absolute calibration is uncertain. The broken horizon- 
tal lines represent a straight mean of the points in the plots. 

On the contrary, a detailed comparison of the light curves of f2S00 and (E(B -V) = 
0.0) shows little correspondence in the behaviour of the two quantities; this was already 
noted in Paper I. Before discussing the behaviour of A/^ss and A/^s, we shall first consider 
the behaviour of aLW, the other parameter we have chosen to describe the continuum. 

The spectral index aLW undergoes large variations, between minimum and maximum 
recorded values of —2.8 and —1.3. A very striking result is that the variations in o:LW, as 
judged from Fig. 3, are closely correlated with those of/2500, i*1 the sense that the spectrum 
hardens when the flux increases. This correlation is shown in Fig. 4. A linear regression 
analysis to the large aperture data yields a highly significant correlation coefficient of 0.91. 

When the excess at X1455 over the extrapolation of this power law is calculated without 
regard to reddening, it is found to be nearly constant from 1979 May 3 to 1980 March 6, 
independent of /2500 (or ^lw)- We find for this period 4.5 < Afi4ss< 6.0 mly. Between 
1978 October and 1979 January the excess was low: A/^ss < 3mJy. On 1980 April 21 the 
fluxes were the lowest observed so far and the excess was only 1.1 mJy. The single reliable 
measurement of an excess larger than 6mJy is the very next observation on 1980 May 15: 

A/mss = 8.0 ± 0.6 mJy. The overall mean excess is 4.8 mJy with standard deviation 1.5 mJy. 
The lack of any dependence of Af14SS on f2soo for most of the data is evident in the top part 
of Fig. 5. 
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Figure 3. Light curve of the ultraviolet continuum at long wavelengths compared with: variations in the 
best fit power-law slope at long wavelengths (first panel); variations in the optical magnitude (third panel, 
only a typical error bar is shown); variations in the X-ray energy flux (fourth panel; symbols: dots = Ariel V 
SSI measurements, crosses = HEAO-B MPG measurements; the broken line represents the weighted mean 
of all SSI measurements over the years 1974-79). 

However, if we make and extrapolate the fit to the long wavelength data using a power 
law reddened by F) ^ 0.05, we find that the corrected short wavelength excess, 

A/hss, shows the rather different behaviour, illustrated in the lower part of Fig. 5. In this, 
probably more realistic, case we obtain a loose anticorrelation between A/i45S and/250o with 
the same exceptions to the main trend as before: the data from 1978 October to 1979 
January and from 1980 April 21 to 1980 May 15. There is a suggestion that the short wave- 
length excess at the epochs when it is anomalously low has a constant value near Afi45S = 
1 mJy. 

The difference in appearance of the two parts of Fig. 5 and the different physical conclu- 

sions that might be drawn from them underline the call for caution at the end of Section 3 
concerning the interpretation of our decomposition of the continuum energy distributions. 
In the broadest terms, however, our results in this section show a continuum, variable in 
both shape and intensity, which can be specified by a single parameter except for a few 

anomalous epochs when the flux at XI455 is discrepant. Certainly the flux variations at 
different wavelengths are not simply proportional to each other. On the other hand the fact 
that there is an excellent correlation between f2soo and o:LW, which holds up even when the 
XI455 excess is in an ‘anomalous’ state, suggests the existence of an independent short wave 
component with a separate physical origin. The weakness of the excess on 1978 October 
19, when the Civ emission line reached the greatest strength so far observed, argues against 
an interpretation of the excess in terms of unknown or unsuspected emission lines and 
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Figure 4. Showing the correlation between and f2Soo' Th® small aperture data are given in brackets 
and are excluded from the linear least squares fit to the data. 

supports its adoption as a continuum indicator. We return to the discussion of this compo- 
nent in Section 7. 

4.2 ARE THE OBSERVED VARIATIONS INTRINSIC TO THE CONTINUUM OR DUE 
TO A VARIABLE EXTINCTION? 

The type of correlation found between/2500 and aL\y calls for a discussion of the possibility 
that the intensity variations might have an extrinsic origin. Assuming an intrinsically constant 

Figure 5. Top - dependence of A/145S on /2S00 for E(B - F) = 0.0. The two small aperture points are shown 
in brackets. To avoid confusion only one sample error bar is given; below - the same for A/f45S and /2500 

iotE{B—V) = 0.05. 
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continuum and a variable E(B - F), for a wavelength dependence of the extinction as given 
by Seaton (1979), the expected correlation between /250o and o:LW is surprisingly close to 
that observed. Furthermore the variations in f^ss relative to those in/2500 then also agree 
rather well with expectation except, however, for a few cases, namely when Af1455 appears, as 

described above, either exceptionally low or high. The implication would then be that inside 
the nucleus of NGC4151 there is a screen of dust intercepting the continuum, whose optical 

thickness varies substantially on time-scales (see next paragraph) which can be as short as 
five days. 

There are, however, arguments, relying upon the variations observed to occur in the 

emission and absorption lines (Paper I) and in the near infrared continuum, which lead us to 
favour the view that the ultraviolet continuum variations are intrinsic. 

(i) As already shown in Paper I, and as will be described and discussed in more detail using 
the new observations in forthcoming papers, the variations in the broad emission lines and in 
the absorption lines are correlated with the continuum in a way which is most reasonably 
explained in the framework of a photoionization model with a variable continuum. To 
reconcile the observed correlations with an intrinsically constant continuum output we have 
considered two possibilities, neither of which look very realistic. The first is that a variable 
dust screen surrounds the continuum source and is situated between this source and the 
broad line emitting gas. The distance of the screen from the continuum source would have to 
be less than 15 light-days from the lag between continuum and emission line variations — 
(Ulrich et al in preparation). This seems too small for the dust grains to survive evaporation 
since an equilibrium temperature of 1500K is obtained at a distance of ^ one light-month 
for a continuum luminosity of 1.5 x 1O1OZ,0 (cf. Rieke & Lebofsky 1981). 

The second possibility is that the dust is mixed with the broad line gas and that its abun- 
dance changes coherently over the whole region, in such a way as to influence the continuum 
reaching the observer and the gas responsible for the absorption lines, and at the same time 
to mimic on the intensity of the emission lines the effects that one would attribute to the 
observed changes of the continuum. Avariant of this picture is that the dust is not associated 
with the emission line gas, and should be located just outside the broad line region and inside 
the region where the gas responsible for the absorption lines is distributed. 

(ii) In the near-infrared (1.6—2.2jum) variations occur whose amplitudes are nearly com- 
parable to those found in the optical and in the ultraviolet (Pension et al. 1974; Lebofsky & 
Rieke 1980; Rieke & Lebofsky 1981). Since the near-infrared is most likely due to reradia- 

tion by dust grains, its variations are explained in terms of changes in the optical-ultraviolet 
continuum responsible for the heating of the grains. This interpretation is supported by the 
correlation found between the infrared and the optical variations, in fact some evidence 
exists that the infrared lags behind the optical, as one would expect on the basis of a self- 
consistent model. If, alternatively, the infrared variations were merely due to changes in the 
amount of dust, then one would rather expect an anticorrelation with those seen in the 
optical. 

In the following we shall therefore regard the continuum variations as intrinsic to the 
continuum source. 

4.3 TIME-SCALE OF VARIABILITY 

In Section 3, it is already reported that no significant changes were found among spectra 
taken during the same observing shift, thus implying as far as our evidence goes, that varia- 
tions in the continuum were smaller than five per cent on a time-scale of a few (^ 8) hours. 

On ten occasions IUE observations were made with intervals less than three days 
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(Table 1). These are grouped into six ‘runs’ of data spanning between one and 30 days. 
There are quite significant increases or decreases in flux during five of these six cases. In 
three runs (1979 May 3—June 1; 1980 March 1—6; 1981 April 21—May 19) the continuum 
brightened; in particular during 1979 May and 1980 April—May large outbursts took place. 

On the other two occasions (1978 October 19—31 and 1979 December 7—13) the continuum 
faded; conspicuously in the former case. 

While in none of these five cases can we be sure that our data define the most rapid 

changes that occurred, we can give a lower limit to the rate of change by estimating an 
indicative time-scale from the change in flux between adjacent observations. We define this 
time as 

^ — ^^/min/C/max “/min) 

where Ai is the interval between the two observations and/max and/m^ are respectively the 

larger and smaller fluxes at those two times, and summarize in Table 4 the shortest of these 
during each run at both X2500 and XI455. These times correspond to the time in which the 

flux would increase or decrease by a factor of 2 if the same rate of change continued out- 
side interval between data points, hence we shall call them ‘two-folding time-scales’. These 
time-scales turn out to be similar for intensity increases and decreases, and lie between five 
and 30 days. The significant difference in r at the two wavelengths found on two occasions 
can be interpreted as further evidence that variations in the two components of the con- 
tinuum are not proportional to each other. 

A much shorter rise time, of the order of one day, was tentatively suggested by Boksen- 
berg et al. (1978) from comparison of a SW spectrum taken on 1978 February 11 (during 
the IUE Commissioning Phase) with the previous day’s rocket measurement by Davidson & 
Hartig (1978), when a possible three-fold increase was indicated. The large changes between 
the rocket spectrum of 1978 February 10 and the well-exposed IUE spectrum of February 
28 are similar to the changes we observed in the outburst between 1979 May 3 and 21 in 
respect of the absolute flux levels, continuum slope and differential changes in absorption 
Unes from ions of high and low ionization levels. However, in 1978 we additionally have the 
low quality IUE SW spectrum of February 11 which indicated that the doubling of the 
continuum flux took place in about one day instead of < 20 days as in 1979 May. Since we 
have found no further evidence of doubling times so short, there remains the suspicion that 
an error in the rather uncertain estimated continuum for 1978 February 11 was responsible 
for that result. 

Our data suggest that variations with typical two-folding time-scales of five to 30 days are 
common and that such outbursts cause the rather erratic behaviour of the light curves we 

Table 4. Variability in the ultraviolet: Doubling time-scales. 

Epoch 

1978 Feb 10-28 
Oct 19-30 

1979 May 3-21 
Dec 7-12 

1980 Mar 4-6 
Apr 21-May 15 
May 15-19 

Increase 

X 

X 

X 

X 

Decrease 

X 

X 

r(2500A) 
(day) 

(16 ± 1.5) 
23 ± 1.5 
27 ± 6 
13 ± 5 
19 ± 2 
19 ±4 

r(1455Â) 
(day) 

<15* 
(9 ± 0.5) 
26 ± 2.5 
17 ± 3 
10 ± 4 

6 ±0.5 
no var. 

*Estimated from the results of Davidsen & Hartig (1978) and Boksenberg et al. (1978) as modified in 
Paper I. 
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have constructed. Because of their occurrence a more systematic and regular monitoring is 
needed to establish whether a long-term variability is also present and in particular to look 
for an underlying periodicity. This would also provide us with detailed information on the 
structure and amplitude distribution of each isolated outburst. It would be interesting to 
discover, for example, whether the behaviour during the event in 1979 May, when the flux 
remained near its maximum for at least 12 days, is typical. 

5 Optical observations 

The IUE Fine Error Sensor provides a measurement of the optical light around X4800, at 
the same time as the ultraviolet observations. The magnitudes mFES are given in Table 1, 
where the errors quoted are typically smaller than in Paper 1 as a result of a critical 
re-examination of the FES data. In addition, photographic magnitudes mv% have been 
obtained with the 26-inch Thompson refractor at the RGO (see Cannon, Pension & Brett 
1971 for the technique used), which partly overlap with the ultraviolet measurements. These 
magnitudes are measured through an aperture of about 3 arcsec. Comparing mv% and mFES 

values measured on the same day, we find an extra constant source equivalent to 13.07 mag 
is included in the FES magnitudes, which we attribute primarily to starlight contamination 
from the surrounding galaxy through the larger FES aperture. It also conceals the difference 
in photometric systems which is small (~ 0.2 mag). Both mvg and mFES, the latter corrected 
in this empirical way, are plotted in Fig. 3, where an error bar of 0.05 mag is assigned to each 
point. 

There is no obviously repeatable periodic behaviour in the optical light curve; nor have 
any confirmed periods been found in the light curves of this or other active nuclei. Because 
the optical light curve contains the most observations (covering 45 different days in the 
period 1978 June—1980 May) it was felt worthwhile to quantify this statement by analysing 
the power spectrum of the combined FES and photographic magnitudes. It was found that 
there is no significant peak in this power spectrum in the period range 10 to 100 days, the 

largest peak corresponding to an amplitude of 0.06 mag. 
The optical light curve shows on the whole a fairly similar behaviour to that at X2500, 

thus supporting the conclusion reached in Paper I that the long wavelength ultraviolet flux 
is probably merely an extrapolation of the optical continuum. The amplitude of the varia- 
tions is somewhat smaller in the optical than in the ultraviolet. The difference could be due 
to a residual starlight contamination or to the correlation between the slope and the strength 
of the continuum which we have found in the ultraviolet, or both. One can also note some 
subtle differences in the relative position of the optical magnitudes and the X2500 flux along 
their respective light curves, the most conspicuous occurring on 1980 April 21, when mFEs 
was close to its average value, while f2soo was at the lowest level recorded. We believe their 
significance is marginal, and that one should await more accurate simultaneous optical 
measurements, possibly including those suitable for determining the slope of the continuum, 
before any conclusion is drawn. 

6 X-ray observations 

6.1 ARIEL V OBSERVATIONS 

An extensive monitoring of the 2—lOkeV flux carried out with the Sky Survey Instrument 
(SSI) on the Ariel V satellite (Lawrence 1980) showed an erratic behaviour, with variations 
up to a factor 2 from the mean value. Prominent features are flare-like events, characterized 
by rise times of the order of half a day and decay times of the order of 2—4 day. Spectral 
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measurements (Ives, Sanford & Pension 1976; Barr et al 1977; Mushotzky et al. 1978,, 
1980) have shown that the medium energy X-ray continuum can be described by a power law 
with a photoelectric cut-off. The energy spectral màQxax, dFE/dE a E** remains practically 
constant, even during an outburst (Mushotzky et al 1978) and equal to - 0.45 ±0.10, while 
the column density 7VH responsible for the cut-off varies on a time-scale of months in the 
range 3.5 to 20 x 1022cm-2. For an otherwise constant spectrum, a change in A^H alone from 
the lowest to the highest of the values recorded implies a decrease of the 2—lOkeV flux by 
60 per cent. 

The last panel of Fig. 3 contains the SSI measurements during the period 1978—79. 
The SSI count rates have been converted into an energy flux using the factor 1 count s-1 = 
5.0x lO^ergcm^s-1, which applies for a spectrum with ax = —0.5 and a column density 

TVh = 8x 1022cm“2. The weighted mean of all SSI measurements over the years 1974—79 
is represented by the broken horizontal line, and the standard deviation about the mean is 
35 per cent, similar to that found in the ultraviolet. 

6.2 EINSTEIN OBSER VA TOR Y OBSERVATIONS 

Some of oui IUE measurements were timed to be quasi-simultaneous with observations done 
with the Einstein Observatory. The latter consisted of long exposures performed either with 
the Imaging Proportional Counter or with the High Resolution Imager, both instruments 
being sensitive in the soft X-rays. During the exposures, counts were recorded also from the 
Monitor Proportional Counter, which is sensitive in the range 2—20keV and has a limited 
spectral resolution (Giacconi et al 1979; Grindlay et al 1980); these counts were used to 
obtain the 2—lOkeV fluxes presented in this paper. 

At the sensitivity required here, the elimination of the background from the MPC counts 

is unreliable above lOkeV, so we used only the counts below this energy. Furthermore, we 
rejected several segments of the exposures when a residual background contamination was 
clearly present in the net counts between 6 and lOkeV. The net count rates from the 
remaining segments are given in Table 5, along with the flux and the absorbing column TVh 

Table 5. Monitor Proportional Counter data from observations with the Einstein Observatory. 

Date 

1979 

May 19.00-19.01 
19.40-19.48 
19.73-19.81 
20.25-20.26 
20.72-20.91 

May 31.19-31.41 

Dec 13.43-13.50 

Count rate 
(2-10 keV) 
(sec-1) 

4.31 ± 0.19 
5.04 ± 0.08 
4.69 ± 0.08 
4.44 ± 0.13 
3.84 ± 0.09 

4.55 ± 0.08 

3.99 ± 0.08 

1980 

May 20.15-20.30 

20.89-20.96 

5.97 ± 0.06 

5.17 ± 0.10 

Flux (2-lOkeV) 
(lO^ergcnTV1) 

7Vh 
(1022 cm’2) 

9.88 ±0.49 
12.82 ± 0.64 
12.31 ± 0.62 
11.66 ± 0.58 
9.32 ± 0.47 

11.70 ± 0.58 

9.66 ± 0.48 

11.5 ± 3.0 

8.4 

11.5 

+ 2.8 
-2.3 
+ 5.3 
-3.0 

14.18 ± 0.71 

12.38 ± 0.62 
14.5 

+ 2.3 
-2.0 
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1979 May 19.0 20.0 21.0 
Figure 6. The small amplitude X-ray flare recorded with the Monitor Proportional Counter on HEAO-B. 

estimated from the fit to the energy distribution of the counts. Because of the strong absorp- 

tion, the spectral index is not as well determined, but the values obtained from the fit are all 
consistent with ax = —0.5. The errors quoted in Table 5 for the count rates are from 
counting statistics only, while those quoted for the fluxes include the uncertainties in the fit 
parameters. 

On two occasions the measurements extend over one or two days, and they clearly show 
intraday variability. The clearest case (1979 May 19—20) is illustrated in Fig. 5; between the 
first and the second record, separated by 10 hours, the flux increased by 30 per cent, and 
then declined by the same amount in about 24 hours. The peak flux was 20 per cent less 
than the average SSI flux, so we would call this variation a mini-flare. In the other case (1980 
May 20), the flux declined by 15 per cent in about 17 hours. 

These measurements are plotted together with those from the SSI in Fig. 3. 

6.3 COMPARISON BETWEEN THE TEMPORAL BEHAVIOUR IN THE ULTRAVIOLET 
AND IN X-RAYS 

Although both the ultraviolet and the X-ray flux have an erratic behaviour, with standard 
deviations about the mean which are similar, the detailed temporal structure of their varia- 
tions are strikingly different. The X-ray flares have a rise-time typically a factor 10 shorter 
than the shortest time-scale we have definitely found for large variations in the ultraviolet. 
Furthermore, while an X-ray flare is immediately followed by a rapid decay, in the 1979 
May outburst the ultraviolet flux remained close to its maximum value for at least 12 days. 
Such differences in the temporal behaviour suggest that the spatial structures of the emission 
mechanisms operating in the two widely separated frequency bands are also quite different. 

However, if the energy source is one and the same, one would expect some kind of 

association in time between the variations in the X-rays and in the ultraviolet. Because of the 

time-scales involved, an investigation of this property would require a systematic simultan- 
eous monitoring at intervals of one or a few days over a period of months. The data we have 
collected so far are on the whole too fragmentary to fulfil this requirement, but fortunately 

the five SSI and MPC measurements made in 1979 May 1—31 overlap with the large ultra- 
violet outburst. No sign of a strong X-ray activity was recorded. In particular it is noteworthy 
that on May 19—20, when the ultraviolet flux reached the high intensity plateau, and on 
May 31, when it was still on the plateau, the X-ray flux remained below the average. We 
cannot exclude the possibility that a large X-ray flare occurred between these two dates, but 
we can at least exclude a simultaneous increase of the X-ray flux when a large energetic 

event occurred in the ultraviolet. The absence of a close correlation is possibly due to a time 
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lag or lead between the ultraviolet and the X-ray variations, which may be of the order of a 
few days, if we happened to miss a large X-ray flare, or by more than 10 or 15 days otherwise. 

7 Discussion and conclusions 

7.1 IMMEDIATE DEDUCTIONS FROM THE DATA 

The fastest ultraviolet variations we have so far detected have (two-folding) time-scales of 
five to 30 days and their immediate imphcation is that a major fraction of the ultraviolet 
continuum comes from a region smaller than 0.01 pc. In the case of the well-observed 1979 
May outburst the total energy emitted in the ultraviolet was at least 3.1048erg (assuming 
a distance of 10 Mpc). 

The variations in the 2—lOkeV X-rays have a similar standard deviation about the average 
flux to those in the ultraviolet, 30 per cent. Furthermore, the energy emitted in the ultra- 
violet outburst of 1979 May is comparable to that emitted in a large X-ray flare. However, 

there are striking differences in the temporal behaviour, the shortest time-scale observed 
being a factor of about 10 shorter in the X-rays than in the ultraviolet. Moreover, on the 

basis of the only extended overlap between the X-ray and ultraviolet monitoring which 
occurred during the 1979 May outburst, we conclude that the variations in the two bands 
are not closely associated in time. The implications are not only that the X-rays apparently 
come from a region about ten times smaller than the ultraviolet photons, but also that if the 
X-ray and the ultraviolet outbursts are manifestations of the same energetic events, there 
must be a time difference between their occurrence, which as far as our evidence goes, could 
be either a few or alternatively more than 10—15 day. 

It is rather less certain exactly what can be deduced from the complex variations of the 
ultraviolet continuum discussed in Section 3 and illustrated in Figs 4 and 5. One relevant 
point, however, is the contribution at X1455 expected from the stellar content of NGC 4151. 
This is difficult to predict because the ultraviolet flux depends on the population of early- 
type stars which cannot be well established by optical observations alone and varies from 
galaxy to galaxy (e.g. Fosbury et al 1981). Adopting, however, = 13.5 for the magnitude 
of the stellar contribution within 5 arcsec of the nucleus (Pension et al 1974) and the blue- 
to-ultraviolet colours of M87 (Bertola et al 1980; Perola & Tarenghi 1980), one finds an 
expected contribution = 0.3 mJy, interestingly close, given the uncertainties, to the 
1 mJy level of A/f45S when NGC 4151 is in its anomalous state (Fig. 5). 

The existence of this anomalous state is fairly well established, regardless of the way in 
which the continuum is actually decomposed, by the separation of the majority of points 
from those representing the anomalous state in both parts of Fig. 5. In all but one case this 
corresponds to a severe weakening or vanishing of any short wavelength excess. This is the 
type of phenomenon which is naturally explained by a partial or total occultation of the 

source of the normal short-wave excess. However, it is clear that other possibilities are not 
excluded. 

7.2 COMPARISON WITH THEORETICAL MODELS 

It is worth stressing some implications of our findings for the current theoretical models. 
In the framework of an accretion model (e.g. Rees 1979), Compton scattering of soft 
photons in a very hot (~ 109K) infalling gas can lead to a power-law continuum extending 
from the optical to the X-rays (for a simple model of this type, see Maraschi et al 1979; for 
detailed calculation on this process see Sunyaev & Titarchuk 1980 and references therein). 

The slope of the power law depends on the optical depth, hence on the accretion rate, and 
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the prediction is that the slope should become shallower when the luminosity increases. This 
is qualitatively in agreement with the correlation found between the slope and the strength 
of the continuum at long ultraviolet wavelengths. On the other hand, the bulk of the X-rays 
cannot be due to the same emission mechanism, since the change in slope would imply 
much larger variations in their intensity than is observed, and they should be also closely 
correlated with the ultraviolet variations. This suggests a model where the X-rays are emitted 
through a different process (for example, non-thermal or bremsstrahlung emission, see Rees 
1979) dominating in the innermost regions of the accretion flow. In such a model it might 

be possible to accommodate a substantial lag between the X-ray and the optical—ultraviolet 
variations. 

The excess at short ultraviolet wavelengths is reminiscent of the bump observed in the 

optical—ultraviolet spectrum of the quasar 3C 273 by Ulrich et al (1980), who suggested the 
interpretation of thermal emission from gas around 105K in an accretion flow. A thermal 
explanation for the short wavelength component in NGC4151 was also proposed in Paper I. 
The long and short wavelength components could then be identified with the emission from 
two distinct phases in the accreting gas, and in a non-stationary situation one might perhaps 
explain the observed difference in their variations. 

The small degree of polarization in the optical continuum observed by Thompson et al 
(1979) and by Schmidt & Miller (1980) is an indication that at least part is of synchrotron 
origin. This brings us to the ‘classical’ interpretation of the continuum emission of active 
nuclei involving synchrotron and inverse Compton radiation from relativistic electrons, the 
first responsible mainly for the optical to ultraviolet continuum and the second for the X-ray 

emission. A model where the two processes operate in the same volume of space is excluded 
by the lack of temporal correlation. Cavaliere & Morrison (1980) proposed an inhomogeneous 
version of the model, where the electrons are continuously accelerated over an extended 
region: in the inner parts of this region the magnetic energy density is larger than the radia- 
tion density, so the synchrotron emission dominates; in the outer parts the situation is 
reversed, and the inverse Compton process takes over. An attractive feature of this version is 

that changes in the rate and spatial extent of the acceleration cause variations in the optical- 
ultraviolet and in the X-rays which are not necessarily well correlated in time. However, a 

serious difficulty is that one would expect the time-scales to be shorter in the ultraviolet 
than in the X-rays. A pure non-thermal model matching the properties of the NGC4151 
continuum still needs to be elaborated. 

7.3 FUTURE WORK 

The results presented show that in order to obtain a fully satisfactory picture of the ‘dynamics’ 
of the continuum from the optical to the X-rays further monitoring is needed. This should 
consist of simultaneous observations made at intervals of at most a few days over a period of 
a few months. This is the only way to check whether variations in different components of 
the continuum are associated but far from synchronous because of systematic time lags. 
Optical measurements should if possible be more accurate than those presented in this paper 
and also give the slope of the continuum. Simultaneous measurements of the optical 
polarization would be most valuable, to check whether the polarized flux varies together 
with the total optical—ultraviolet flux. If this were the case, it would represent strong evidence 
that the continuum is totally non-thermal in origin. 

Finally, we recall that the infrared continuum also undergoes variations, which typically 
occur about one month later than those in the optical (Pension et al 1974). The current 

interpretation of the infrared emission (e.g. Lebofsky & Rieke 1980) as due mainly to re- 
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radiation by dust requires a detailed balance between the energy outputs in the infrared and 
ultraviolet, that can only be checked by means of simultaneous and extended observations 

in the two bands. 
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Appendix 

In all the spectra taken since 1979 May 3, the flux in the interval XXI980—2200 lies 

systematically above the extrapolation of the power law fitting the six continuum points 
longward of X2200. The excess above the fit varies from date to date about a mean value of 
3.8 x 10“12 erg ernes'1, with a standard deviation of 35 per cent, but remains practically 
constant (within seven per cent) in spectra taken during the same shift. We have considered 
the following possible explanations but the origin of the excess still is not clear: a) The 
excess is associated with the short wavelength component. This possibility seems excluded 
by the lack of correlation both with the excess at X1455 and the slope defined by the two 
points at XXI710 and 1455. b) Since the LW camera sensitivity is lowest at wavelengths 
shorter than X2200, an underestimate of the background in this region of the spectrum 
could have led us to a conspicuous overestimate of the flux. Then one would expect the 
same scatter among the excess values measured during the same shift and in different shifts, 
contrary to what is found, c) The excess is due to a number of variable emission lines, which 
are difficult to recognize because they fall in the noisiest part of the LW spectra. Then one 
would expect a correlation with the intensity variations observed in other emission lines, 
which is not found, d) The effect is caused by variable absorption associated with the dust 
responsible for infrared variations observed by Lebofsky & Rieke (1980). This appears in 
contradiction with the fact that the effect is seen only on the short wavelength side of the 
X2200 feature. 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 


	Record in ADS

